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Use of emanation thermal analysis in
characterization of the influence of grinding on
textural and structural properties of nanosized
titania powders
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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 TiO,. 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 TiO, prior to
the annealing treatment considerably improves sintering and densification of the material.
© 1998 Kluwer Academic Publishers

1. Introduction grinding would contribute to a better understanding of
Anatase and rutile are two of the three polymorphicthe mechanism of mechanochemical conversion. The
forms of TiG,. It has been reported in the literature thatnew technique of emanation thermal analysis (ETA)
anatase- rutile conversion is an exothermic and irre- would be a powerful tool for this purpose [23].

versible reaction that occurs during the heating oftitania ETA is based on the measurement of radon atoms
[1-3]. Thus, it has been generally assumed that rutile iseleased from solids previously doped with traces of
the thermodynamically stable phase of this compound?®Th and??*Ra. This method makes it possible to ob-
at any temperature at 0.1 MPa [4], although Eiual.  tain information about changes in surface area, microp-
have considered in a recent paper [5] that it is not cereorosity, morphology and formation of new phases tak-
tain which one is the thermodynamically stable TiO ing place during sample heating or cooling. Fine and
polymorph at ambient conditions. To stabilize anatasdwyperfine changes in the solids and their surfaces re-
or rutile in nanosized titania is a matter of great interessult in changes of radon diffusivity that can be revealed
since for most applications, a specific particle size, morunderin situ thermal treatment conditions [23].

phology or crystalline structure is required [6]. Thus, Description of the theory and potential of ETA has
nanosized rutile with a particle size around 200 nm isbeen presented elsewhere [24, 25]. The mechanisms
desired for use as a light scattering white pigment [7]considered for radon release from powder samples are:
because it shows a refractive index higher than anatasé) release due to the recoil energy of the radon atoms,
However, this latter phase is the most effective as a sugii) diffusion in open pores and in intergranular space,
port for a vanadia catalyst for selective o-xylene oxi-and (iii) radon diffusion in the matrix of the solids.
dation to phthalic anhydride [8-10]. Moreover, it has The radon release ratg, (called also emanating rate),
been found [11] that a 70:30 anatase : rutile mixturemeasured is therefore considered as composed of three
is the best photocatalyst for oxidation of organics inconstituents, corresponding to the release mechanism

wastewater. mentioned
The above considerations explain why much work i .
[12—17] has been concerned with the effect of differ- E = E(recoil) + E(poresi E(matrix) (1)

ent additives that would act as promoters or inhibitor
of anatase rutile conversion, provided that this re-
action is very strongly dependent on impurities. The
polymorphic transformation of Ti@induced by ball- E(recoil) = Ky x S 2)
milling at room temperature has also been reported in

the literature [18—22]. Study of the evolution of the lat- whereK is a temperature independent constant, that
tice defects of the two phases of titania as a function oflepends on the path of the recoiled radon atoms in the

SThe termE(recoil) of the emanating rate attributable to
recoil can be expressed as
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solids andS, is the external geometrical surface areawhere Xy is the fraction of anatase, ahnd andl are

of the particles. The path of recoiled atoms for Rn inthe integrated intensities of the reflections for thé 0

titania is 32 nm, the recoil energy of radon being 85 keVplane of rutile and th¢l 0 1) plane of anatase, respec-

[26, 27]. tively. This expression was determined by plotting the
The termE(pores) of the emanating rate which is values oflr/ 14, calculated from the X-ray patterns of a

due to Rn diffusion in the intergranular space and operseries of binary mixtures of both anatase and rutile as a

pores can be expressed as function of Xg/ Xa. Equation 5 was checked by using
litharge, which hasits strongest reflection@t228.6°,
E(pores)= Ky, x $ (3) close to that of anatase, as an internal standard [29].

Both the crystalline size and the degree of microstrain
whereK is a constant that depends on temperature an@f anatase and rutile have been derived from the analysis
S is the internal surface area of the sample dependofthe profile of asingle diffraction ling{ 1 0 for rutile
ing on the surface of the open pores and intergranulaand(1 0 1) for anatase) by means of the variance method

voids. [30]

The termE(matrix) of the emanating rate due to Rn )
diffusion in the solid matrix of the sample can be ex-\y, AA20 A + 4R 0)
pressed as 72D2c0820) 4n2D2coZ ()

(6)

wherea is the wavelength of the X-ray bean®,) and
(20) are the values af and @ at the centroid position,
D is the crystallite size(e?)/? is the root-mean square
strain, A26 represents the range of the 2alue from

E(matrix) = Kzexp(—Q/2RT) x & (4)

whereK3 is a constant reflecting the atomic properties
of the lattice,Q is the activation energy of Rn diffusion
in the solid matrix,S; is the surface area represent- ) X . .
ing the sum of the cross-section of all diffusion pathszjhi.x'r?é pr?}f”? tl(l) the centroid and is the variance
with the surface (dislocations, grain boundaries, etc.), efined by the Tollowing expression
Ris the gas constant, afidthe temperature. 2 )
The use of ETA in the characterization of the influ- Wor — J55(26 — (20))?12 d(26) .
ence of grinding on textural and structural properties of 2= 2 (26) d(20) Y
titania powders constitutes the aim of the present work. -2

wherel (20) is the intensity of the line profile at a given
position 2.

The plot of Wy againstA20 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

2.2. Methods _ Brunaver—-Emmett—Teller (BET) method using a Mi-
A planetary ball-mill, Colerecord 20 A, with & speed .romeritics surface area analyser, model 2200.

of 450 r.p.m. was used. The mill was equipped with & g 4qsorption isotherm of nitrogen, at liquid nitro-

Corindon jar (capacity 300 cfjicontaining ten balls gen temperature (193 K), has been measured for both
of the same material, 20 mm in diameter. Abélg of the as-received and ground samples of sTédter be-

sample were ground in air for 5-180 min. The temper—Ing previously outgassed at 500 under high vacuum

ature of the jar was monitored during the grinding and(o_l mPa). The method of thef*curves” [32] has

it was never higher than room temperature. been used for comparing the shapes of the adsorption
On the other hand, it has been reported [20] thajsotherms of the ground samples with the correspond-

grinding of pure rutile under the above conditions lead§q one of the as-received sample taken as a reference

to a decrease of particle size, while it is increasedy terial. This procedure implies that one plots the

by heating the sample. This suggests that local heajs,rameter as a function of the relative adsorption pres-

ing effects do not produce the textural changes in'sure,P/Po, whereP represents the equilibrium pres-

duced during the grinding of the sample. Moreover, they,,re at which the adsorbed volume of nitrogeXf iand
calcite— aragonite conversion observed in a previousp 'is the saturation pressure (98 kPa for the adsorp-
paper [28], using the same ball-mill as used here, coulgion, of nitrogen at liquid nitrogen temperature). The

not be explained by assuming local heating effects.  ,arameter is defined as the ratio between the volume,
The powder X-ray diffraction spectra (XRD) of the /' of nitrogen adsorbed on a particular sample with

samples were obtained with a Philips PW 1060 instruyegards to the volume of gads, adsorbed on the refer-
ment equipped with a scintillation counter, Kura-  gnce sample at equal relative pressure. A horizoftal
diation and a nickel filter. The fraction of anatase wasy|qt would indicate that the porous distribution of the
calculated from the following expression analysed sample is similar to the corresponding one to
the standard material and, therefore, the pore volume
- 1 4 204 (5) in both samples would be proportional to their corre-
1+218(1r/1a) sponding specific surface areas. The deviation offthe

2. Experimental procedure

2.1. Materials

A sample of TiQ P-25 supplied by Degussa and pre-
pared by hydrolysis of TiGlwas used [20].

Xa
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plot from a horizontal line would point out the change
of the shape of the adsorption isotherm with regards t
the reference material [32].

A Cahn electrobalance, model RG, connected to botl
a conventional vacuum system and a storage gas cylir
der was used. A Mark Il 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 tc
27kPa. The DTG results obtained in this work were
recorded at a heating rate of 10 K mirand a pressure
of helium gas of 20 kPa. Mass spectrometry was use
to check that water vapour was the only gas produc
released during the heating of titania.

ETA is based on the measurement of radon atom
released from powder samples previously doped witt
traces of?%®Th and ?*Ra. The ETA curves were
recorded by heating the labelled sample, under flow o
argon gas, at a linear heating rate up to the maximun
temperature selected followed by subsequent coolin
to ambient temperature. The argon carrier gas swef
the inert gas released by the sample into a scintilla
tion counter and the radioactivity emanation rate mea

TiO,-P-25

A

180min.

sured was plotted as a function of temperature. The L . L L L " L . L L I
ETA diagrams were recorded under an argon flow 0i29 28 27 26 25 2%

40 cn?® min~! using a sample amount of 0.1 g. The
heating and cooling rates were 5 and 2.5 K mirre-
spectively.

The loose powder Tigsamples were labelled for
ETA measurements by adsorption of traces3Th
and??*Ra in acetone solution (specific radioactivity of
the solution 10. 000 Bq mt) and dried at room temper-

20

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

introduction of radon into the surface layers of the sam-
ple, namely the recoil o?*Ra and?°Rn, respectively.

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 radory  Results and discussion
are formed as a result of the spontaneous radioactivgne surface areas calculated for both the as-received

decay according to the reaction

220,

s 220Rn s
t;», =3.8 days t;,=558s

(8)

i) 224Ra
ti2 =19 years

The atoms of Rn are introduced into the Fipowder
sample to a maximum depth of 32 nm due to the recoi

and ground samples of TiQare included in Table |

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
Bymmetry, are also included in Table I. These results

energy of 85 keV that every atom gains during its forma-suggest that an increase of particle size as a function of
tion by the nuclear reaction of alpha radioactive decaygrinding takes place. This is roughly in agreement with

[26, 27]. The double recoil effect is used here for the

TABLE | Characteristics of the three samples of 7iO

the TEM pictures shown in Fig. 2. These results could

D (nmy (e) x 1034
Grinding Anatase SBeT DgeT Weight loss
time (min) (%) (nfg 1) (nmy Anatase Rutile Anatase Rutile up 500 (%)
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

aSzeT, surface area.

bDger, particle size determined froiset. The particle diameter has been determined from the expredBigi:= (6/p SeeT) x 10* nm, p being
the density of the material calculated from the theoretical density of anatase (3.89%parm rutile (4.250 g cm?) after taking into account the

composition of the sample.
D, crystallite size.

d(e) x 10-3, microstrain calculated from the XRD diagrams using the Varianze method.
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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-
tionis 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 thd plots that have been obtained from
nitrogen adsorption isotherms of the ground T78am-
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

1.2
180 min
1000000000000 o o o oo

Figure 2 TEM pictures of the as-received and ground samples 0§:TiO f
(a) 0 min, (b) 15 min, and (c) 180 min. 0.8 -

15 min

) ) ] fR—0—0~0-0-0~0-0~g—0-0—0—0——0—0—0—0—=0
be interpreted by assuming that the lattice defects gene 81

ated during the grinding process promote cold-welding
of the particles. Moreover, Table | points out that a

decrease of the crystallite size of anatase takes plac °"0.0 " o1 o2 03 o4 05 o8
during the grinding process at the time that their cor- P/P
responding microstrain level increases. This behaviou: °

can be understood by assuming that the par_ticles of th@gure 3 f plots of ground Ti@ samples obtained using as standard the
powder samples are formed by small crystallites weldeds-received sample of TiO
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Figure 4 DTG curves showing the desorption of water from the JiO

sample as a function of grinding time. Figure 6 ETA curves of TiQ sample, as-received, measured during
heating from 20 to 1100C and subsequent cooling in air: (1) heating at

. . ._arate 5K min~1, (2) cooling at a rate of 2.5 K mirt.
as-received and ground samples of titania as a function

of temperature. The values of the total weight loss up
10 500°C, as calculated from the TG diagrams of these It is well known that bulk ionic diffusion does not
samples are shown in Table I. The resolution power of ; o

DTG for discriminating overlapping processes is con-Start until the Tamman temperature, which Is very

siderably higher than the corresponding one of TG close to half of the melting point .Of the solid [37].
Thus. the DTG curves of both the as-received an Thus, the radon release rate on Ji&t temperatures
' ower than 700C should be ascribed to recoil and

i lesh h f T :
gcr)?luiﬂdF-iréQfamp es have been chosen for representadlﬁusmn in the intergranular space and open pores as

The XRD patterns of the as-received pi®ample g(_a’l_SAC”bed by Ecll;at'?ns 2 an? 3. respecnvel_y. IThu?I, thte
were obtained at room temperature aftén of heating curves at this temperature range mainly retiec

: : : e changes undergone by the surface properties of
at increasing temperatures. Fig. 5 shows the plots oﬁe sample. At temperatures higher than the Tamman

both the fraction of anatase, as calculated from Equat-

tion 1, and the specific surface as a function of temper_emperatute, radon release due' to its diffusion in the
ature. bulk, as given by the exponential law expressed by

The ETA results are presented as the temperatu%quaﬂon 4, represents the main contribution to_the
dependence of the radon release rEtaormalized to absolute value o. Therefore, the transport properties

the total radioactivity of the parent nuclides adsorbe gi;ﬂiga:;ﬂr:\:ggag (\;\?ttuéhsTt:)étﬁr?é properties in
on the sample surface by labelling. Fig. 6 shows the P 9 :

ETA diagrams recorded at temperatures ranging frorrgj ThidE Vﬁlyhe mer?sure(: at trhoo:n teﬁperat?fﬁ& titani
20 to 1100 C under heating and cooling conditions. €pends on he surface area, e roughness ottne titania

grains and the morphology of the agglomerated grains.
The presence of adsorbed water on the sample surface

60 — T 77— 60 results usually in a decrease of tg; value [38]. This
] L ] is due to the fact that part of the radon atoms released
- ' Seer from the solid grains and their surfaces by recoil is
50 - 50 stopped in the water layer adsorbed on the sample.

In the temperature interval 20-100 a release of
adsorbed water takes place, as indicated by the cor-
40 440 responding DTG curve in Fig. 4. This is reflected by
an increase in the radon release rate in the respective

% A

-
N
>

» . .
& R " o temperature interval on the ETA curve of Fig. 6. In ad-
T 30 {30 13~ dition it should be mentioned that the water adsorbed
< =*  inpores and intergranular spaces contains a rather high
= TiO,-P-25 < ion of24 i i

10, concentration of?*Ra, being the parent nuclide for

20+ 120 220Rn. Thus, the water removed during heating of the
sample up to 110C leads to an additional increase of
the radon release rate; accordingly, a diminutioriEof

10 110 is observed when the water desorption rate decreases
again. The DTG peaks corresponding to desorption of
water recorded at this range of temperatures roughly

0 T T e o o 1008 agree with this interpretation. _
T°C The increase oE in the temperature m_terval 200-
350°C is controlled by the thermal diffusion of radon
Figure 5 Weight fraction of anatase and specific surface area of the asin Open pores and intergranular interstices overlapping
received TiQ after heating fo1 h at diferent temperatures. with the emanation rate, originated by desorption of
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the strongest form of adsorbed water taking place in 200
this temperature range, as Fig. 4 shows. The enhance,
ment of E from 350 to 380C, followed by a decrease

of this parameter up to 50C, is associated neither
with water release nor with the decrease of specific 3
area as shown by Figs 4 and 5. These effects can be a5 '®
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 assumedbe | =~~~ =~ =~ = =
haviour is similar to the one reported from high resolu- 0 100 200 300 40 500 600 700 800 900 1000 1100
tion HRTEM analysis of ribbons of Fe—Cr—Ni austenitic T°C

alloys annealed at temperatures lower than the Tamma"—ribure 7 ETA curves of the as-received Ti@ample at subsequent ther-
temperature [39]. At higher temperatures the annealingal treatments in air at the following temperatures intervals: (1) heating
of emergent dislocations with consequent recrystalliza#om 20 to 400°C with subsequent cooling in air, (2) heating from 20
tion of the material was observed [39]. The small par-© 1000°C with subsequent cooling in air of the sample preheated to
ticle sizes of the Ti@ powders here studied makes it 7%

very difficult to perform HRTEM observations.

¢ The d|m_|nu]E|on 0;8295 r:;gz:n relet?se rat_eb aé E{emperaéubsequent cooling to room temperature. The heating
uresrangingtrom 0 /UTL canbeascrivedlorear g cooling ETA diagrams recorded in the temperature
rangement of lattice defectsin the bulk oxide priortothe, ...\~ "55” 1 900C for the same sample preheated at

5;@5%??%95Taesr;/z?f:éttin;ge;aégfs;?]g?;l%frﬁ? 5 00°C for 1 h are also included in Fig. 7. These re-
I .h' It ; t! ;Jk' yl tt# ' i sults point out that prior heating of the sample at a
polymorphic transformation (taking place at this tem- articular temperature anneals the effects recorded on

perature, as checked by XRD) and by the dramati . .
decrease of the specific surface, as Fig. 5 shows. Thg,?e ETA curve up to this temperature, but does not an

._ITeal the textural and structural modifications occurring
fact that the change of textural and structural propertieg, higher temperatures. Thus, the irreversibility of the

shown in Fig. 5 takes place at slightly lower tempera’(gfferent ETA effects shown in Fig. 6 is confirmed.

tures than t.hat assqmed fOI‘. the_se phenomena in _F|g. The temperature dependence of the radon release rate
can Ee e_aS|Iy eﬁptljallned tagl?g Into ac(:j(_:oung thhe differ, alues taken from cooling curves 1 and 2 of Fig. 7
ggta ?I_?]tijnsg ﬂs]Z rzslljl(tesl:;?:i OL{ Vrvecor L)r;g Oé fstetsl% re represented in Fig. 8 as a semilogarithmic plot, i.e.

: " g. « Were obtained after 1 log (E — E2s) versus X T. It can be observed that the
of cumulative and consecutive isothermal heating at in-

. X . .~ " radon activity of the sample preheated at 1000Gs
creasing temperatures, while the ETA diagram of Fig. gador . s
was obtained under a linear heating rate of@nin-L, considerably lower than the corresponding activity of

; . the sample preheated at 4@D. This behaviour could
It 'E\\/N?”dknfwn [40] thatrthr(;z]t(\e/m?er;}tur:ers\z/:\tlwhlcg air;lge explained by considering that the higher the sam-
activaled process occurs move 1o Nigner values by ple is heated, the lower the concentration of lattice im-
creasing the heating rate. Finally, the increas& af

: perfections will be. On the other hand, Fig. 8 shows
the temperature interval 9701070 reflects the fur- 5y 5 abrupt exponential increase of the radon em-
Fherdengﬂcaﬂon of the mat'e'rlal by annealing of PO, nation rate is observed in the 300-4Qregion of
isolated in intergranular cavities formed between parti4 o curve recorded during cooling from 40D of the
cles welded during the sintering process. The fact th i0, compound previously annealed at this tempera-
f[his therm_al e_ffect is also o_bserved (inthe ETAdiagram[ure_ This behaviour can only be explained by assum-
included in Fig. 9, to be _dlscu_sse.d Iater).for the 70 ing that the emanating rate is due to radon diffusion
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. Ot I

the other hand, it has been previously shown (see Equa %
tion 4) that the bulk diffusion of radon is characterized — 1}

by an exponential relationship between the radon emaw*

nationrate and/AT, leading to an activation energy that w | 1000°¢

depends on the concentration of reticular defects anc®
the densification of the material. Thus, the analysis of o}
the ETA cooling curves, recorded after previous anneal- TiO,-P-25
ing of the TiG, sample at different temperatures, could [
perhaps be used to follow the concentration trend of B . A ! . . . 1
lattice imperfections, provided that the other processes 10 15 20 25
that overlap them have been removed during the previ- 1T x10°
OUS. heat treatment. . . Figure 8 Temperature dependence of 1&g Eys) versus 1T plotted
Fig. 7 shows the ETA traces obtained during heat+rom the values of measured during cooling of the as-received sample
ing of the as-received TiDsample up to 400C and  after thermal treatment at 40C and 1000C.
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in the solid bulk according to Equation [4]. A value of
Q=43.0 KJ mol! 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 1000C (curve 2, Fig. 8) continues to progress
from this temperature down to 77Q, leading to an
activation energyQ =254.1 KJ mot? for the diffu-
sion of radon through the titania matrix. The difference
between these tw@ values clearly demonstrates the

change in the concentration of lattice defects as a con- X

sequence of heat treatment.

The ETA profiles of the ground Ti£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 700-800C. Thus, it is of special interest to
compare the ETA curves at temperatures ranging from
700 to 1100C in order to analyse the influence of
grinding on the texture and structure of BiCFig. 9
shows the heating ETA curves recorded in the temper-
ature interval 700-110@ for samples ground for 15

=3
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<

1.0

®.
ey
®

O
\.
08 15min— ¢ o «— omin
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Figure 10 Weight fraction of anatase, initially contained in the as-

and 180 min, toqether with their SUbsequent CoOllm-:]received and ground samples of BiWhich has been converted to rutile
curves from 1000C down to room temperature. It can after heating fo1 h at diferent temperatures.

be observed that the ETA effects that appear at about

800°C on the heating curve of the as-received samplghe anatase remaining in the sample ground for 15 min
do not appear on the corresponding curves recordelansforms into rutile at lower temperatures compared
for the ground samples. This effect was ascribed towith the ungrounded sample. This behaviour could be
the anatase> rutile transformation, and cannot be easily understood taking into account the lower crystal-

observed in the ETA diagram of the Ti@round for

lite size of anatase in the ground sample with regards to

180 min, because the anatase was completely tranghe as-received one [35]. A comparison of the heating
formed into rutile during the grinding treatment. On cyrves included in Fig. 9 points out that the radon
the other hand, the data included in Fig. 10 show thagmanation rate increases with increasing grinding time.

200

100

E(r.u)

0

600 700 800 900

1000

TC

Figure 9 ETA curves of TiQ samples measured during heating from sround for 15 min 283
700to 1100 C and subsequent cooling in air: (1) as-received, (2) groundgrqund for 180 min 320

for 15 min, and (3) ground for 180 min.

100

1200

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 oE 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 decreases with increas-
ing grinding time. Table Il shows the activation energy
of the bulk diffusion of radon calculated from the expo-
nential part of the plot of the logq — E»s) values taken
from the cooling curves of Fig. 9 as a function of the
corresponding AT values. These results confirm that
the activation energy for the bulk diffusion of radon into
the TiO, samples annealed at 110D increases with

TABLE Il Activation energy of the bulk diffusion of radon calculated
from the cooling curves of as-received and ground samples of TiO
shown in Fig. 8

Sample of TiQ E (KJ mol1)

As-received 254
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increasing prior grinding time at room temperature.12.

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 Ti@ sample is initially 1
higher than the degree of crystallinity in the ground
samples, annealing out of crystal defects during heatyg
ing treatment at 1100C makes the previously milled

powders more perfect materials than the as-receivetl”:

one. A similar behaviour has been previously reported
for the annealing of a series of nickel samples with o
different concentrations of microstrains, as measured

from XRD experiments [33]. It was demonstrated thatzo.

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 supporteg,
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. 23

24.
25.

4. Conclusions
The results indicate that ETA is a suitable method for
characterization of the processes that take place dur-

Moreover, the results suggest that determination of ac-

tivation energy for the diffusion of radon in a titania 28.

matrix could provide valuable information about crys-

tal imperfections. On the other hand, a comparison of®:

radon diffusion release, obtained as a function of temx,
perature from a series of labelled TiGamples sub-
mitted to different mechanical treatments, allows us to

conclude that the ETA method is very sensitive to the31:

concentration of lattice imperfections. Therefore, this

centration of lattice defects in the bulk of a series of

materials after being submitted to different thermal or3a4.

mechanical treatments.

35.
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