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Th e C { S{ H I phase is the mai n comp onent of the cement paste , w hich is

a near-amorpho us, hi ghl y porous gel. Due to high p orosity of the sample in
this phase we can observe a fractal nature of the volume pores distributi on,
similar to that observed for silic a aerogels. T he C{S{H I phase is thermo dy-
namicall y unstable and crystalli ze to a tob ermorite phase, forming crystal

aggregates on the surf ace of the amorphous paste. T he mi xture of these tw o
phases, formed in this w ay, have irregular volume and surf ace structures,
b oth of w hich may exhibit the fractal nature. To study the fractal nature of

the matter the small angle neutron scattering metho d is frequently used. W e
present here the results of small angle neutron scattering studies supported
by the X- ray di ˜raction and scanning electron microscop e observations of

several samples w ith the common molar C /S ratio equal to 1. Some of the
samples w ere auto cla ved during various time perio ds to accelerate trans-
formation of the C{S{H I phase to tob ermorite. W e observed the fractal
prop erties of the volume structure of all samples under study . Moreo ver, w e

observed also the fractal behaviors of the surf aces of the samples which were
auto cla ved.

PACS numb ers: 61.12.Ex, 82.70.Gg
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1. I n t rod uct io n

The C{ S{ H I phase is the m ain com ponent of the cement paste. Al tho ugh i t is
a subj ect of intensi ve studi es, a com plete understa ndi ng of some phenom ena is sti l l
lacki ng. It is pri nci pal ly due to inhom ogeneiti esexi sti ng in the structure of C{ S{H I
phase and changes of i ts chemical com positi on. It is wel l known tha t C{ S{H I phase
is therm odyna m ically unsta ble and presents a tendency to crysta l lizati on [1]. It
tra nsform s to to berm ori te but thi s pro cessis very slow, probably due to di £ cul ti es
in nucl eati on. The elevated tem peratures accelerate the tra nsform ati on and high
pressure seems to be even m ore e£ cient [1]. In the majori ty of casesthe pro duct of
tra nsform ati on presents a mixture of C{ S{ H I and to berm ori te [2]. The C{ S{H I
phase is a near-am orpho us gel wi th a great speciÙc surface exceeding 150 m 2 / g.
It is com posed of a few elementa ry layers form ing wri nkl ed foi ls whose thi ckness
am ounts to several nanometers. Thi s phase is highl y porous.

T oberm orite has a layer structure and when wel l crysta l l ized it form s the
pl ates of hexagonal shape who se size is of the order of several m icrometers and
thei r thi ckness am ounts to 20 nm [2].

The m ixture of these two phases shows up as an i rregul ar volum e structure
wi th a highly porous surface [2]. In recent years a suggestion has been m ade con-
cerni ng the fracta l character of these m ateri als [3{ 6]. Thi s paper aims to pro vi de
a further supp ort of thi s hyp othesis.

2 . P r ep ar at io n of sam pl es an d t h ei r ch ar act er ist ic p r oper t ies

The C{ S{ H I phase was obta ined by long-lasting shaki ng of the water suspen-
sion of Ca(OH) 2 and am orpho us SiO 2 . A com merci al ly avai lable m ateri al Aerosil
(D egussa Co.) was appl ied as sil ica. The molar rati o of Ca O to SiO2 was equal
to 1 (C/ S=1 ). The shaki ng pro cess lasted 2 m onths, at temperature of 2 0 Ï 2 £ C,
and at com plete isolati on from atm ospheri c CO 2 . Fi na l sam ples did not conta in
free Ca(OH) 2 whi ch was conÙrm ed by a di sappearance of characteri stic l ines in
the X- ray di ˜ra ctogram whi ch showed onl y the characteri stic reÛections for the
C{ S{H I phase (Fi g. 1). For the C{ S{H I phase the m ost characteri stic l ines are
tho se at about 1.42, 0.30, 0.28, and 0.18 nm . The characteri sti c basal reÛection is
at 1.42 nm . Thi s corresponds to the thi ckness of the elementa ry layer of a strongly
di sturb ed C{ S{H I phase. The rem aining three l ines at 0.30, 0.28, and 0.18 nm
correspond to shorter di stances between layers in the di sturb ed layer structure of
the C{ S{H I phase.

The C{ S{ H I wi th the low C/ Sm olar rati o were chosen because i t tra nsform s
in hydro therm al trea tm ent in relati vely pure to berm ori te [2]. It is due to the f act
tha t C{ S{ H I is closely related to 1.4 nm to berm ori te [7]. The C{ S{ H I C/ S rati o
equal to 1 is lower tha n in Portl and cement, but i t is very close to tha t in Ûy ash
cement [8].
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Fig. 1. T he di˜ractograms obtained for the initial sample C {S{H I phase (lab eled as

0 H OU RS) and the samples w hich were auto cla ved during 30 and 72 hours (lab eled

as 30 H OU RS and 72 H OU RS, resp ectively). T he di˜ractograms are shif ted along the

intensity axis to clarif y the picture. T he description of the picture is in the main text.

The C{ S{H I phase obta ined in thi s way, was then subj ected to an auto -
cl avi ng process at the tem perature of 1 5 0 £ C in the satura ted wa ter vapor. Thi s
trea tm ent lasted from 10 to 72 hours. As i t is seen in Fi g. 1, the content of to ber-
m ori te increaseswi th the ti me of auto clavi ng. In the sam ple whi ch was auto claved
30 hours tw o smal l reÛecti ons appear at c a : 1 : 4 0 nm and 1.14 nm , instead of the
1.4 nm l ine of the C{ S{H I phase. These two l ines corresp ond to two modiÙcati ons
of to berm ori te, the so-cal led 1.4 and 1.14 ones [1]. Apa rt from these two character-
isti c l ines also further peaks of 1.4 to bermori te appear at ca: 0 : 2 8 1 and 0.297 nm .
In the sam ple whi ch was auto claved 72 hours the intensi ty of the 1.4 nm l ine
increases considerabl y. It is connected wi th the increasing content of the to ber-
m ori te phase in the sampl e. Ho wever, an enhanced and wi de background observed
between 5 £ and 1 0 £ of 2 ˚ , and between 2 5 £ and 3 0 £ of 2 ˚ in the di ˜ra cto grams
pro ves tha t the am orpho us C{ S{ H I phase is sti ll present.

Thi s concl usion seems to be supp orted by the scanni ng electro n micro scope
(SEM) observati ons. As it is shown in Fi g. 2, an ini ti al sampl e presents a typi cal
am orpho us C{ S{ H I phase. The sampl e whi ch wa s auto claved 30 hours presents
onl y a parti al tra nsform ati on of the C{ S{H I phase to to bermori te and the sampl e
trea ted in auto clave duri ng 72 hours has a di stinct predom inant content of the
latter pha se.
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Fig. 2. Scanning electron microscop e pictures: (a) pure C {S{H I phase ; (b) partial

transf ormation of the C {S{H I phase into the tob ermorite phase (auto clavi ng time

30 hours); (c) advanced transf ormation of the C {S{H I phase into the tob ermorite phase

(auto clavi ng time 72 hours).
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3. G en er al in for m ati on co ncer n in g st ud ies of f r act al asp ect s
of m at er ial s vi a t he sm al l an gle neu t r on scat t er i ng

On the basis of inf orm atio n conta ined in the intro ducti on, we may suspect
tha t our m ateri als under study wi l l exhi bi t fracta l pro perti es, l ike, for insta nce,
the porous silica aerogels [4, 5]. A characteri sti c property of such fracta l structures
is a self-sim i lari t y of pores distri buti on in a wi de range of observati on scales [4, 6].
For such m ateri als the scal ing is described by a uni versal exponent. Its va lue is
ca: 2 : 4 [ 4 ; 5 ] . Thi s exponent is kno wn as the vo lume fracta l di mension | D V

(Ha usdor˜ di mension) [4 , 5, 9, 10]. Not onl y pores in a bul k materi al but also a
porous structure of i ts surface may exhi bi t self-sim i lari t y, i .e. fracta l behavi or. In
such cases a surf ace fracta l dim ension | D S i s intro duced [9, 10].

The so-cal led Meng er sponge (Fi g. 3) m ay serve as an exam ple. Thi s is an
ideal (m athem ati cal) fracta l for whi ch there is an unl imited self-sim i lari t y range.
The bul k of Meng er sponge form s a volume f racta l wi th the volume fracta l di -
m ension D V = 2:73, whereas each of i ts 6 faces form s a surface fracta l (the
so-cal led Sierpi¥ski carpet) wi th the surface fracta l dim ension D S = 1:89 [9, 10].
R eal (non- ideal ) fracta l materi als have always a lim ited scal ing range [4{ 6]. The
di stri buti on of pores f or real m ateri als is of course i rregul ar.

Fig. 3. Self -simila rity of the Menger sponge. A ny, arbitrarily chosen, smaller part of

the Menger sponge (f or example, the one in brac kets in the picture) looks similar to the

w hole sponge (in other words: the ob j ect, and its smaller part enlarged to the same scale,

like in the Ùgure, are indisti ngu ishabl e). One face of the sponge is shadow ed and lab eled

by SG letters to show the Sierpi ¥ski gasket, w hich is also self-similar. Both Menger

sponge and Sierpi¥ski gasket are fractals and their H ausdor˜ dimension s are 2. 73 and

1. 89, resp ectively [9, 10]. T he Menger sponge is the volume fractal because its external

edges (envelop e) form 3-dimensi onal obj ect (a cube), and the Sierpi¥s ki gasket is the

surf ace fractal b ecause its external edges form a 2-dimensiona l obj ect (a square).

The smal l angle neutro n scatteri ng (SANS) metho d is one of the metho ds of
studi es of fracta l properti es [3, 4]. The intensi ty of scattered neutro ns vs. neutro n
m omentum tra nsfer obeys (f or f racta ls) the fol lowing scatteri ng law [4, 5]:
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I ( q ) / q À D :

In the doubl e log scale thi s gives

ln I ( q ) = À D ln q + const :

If D < 3 , exp onent D may be interpreted as D V [4; 5]. In some cases, however, i t
m ay happ en tha t D > 3 . For such cases Porod [4, 5, 11] has suggested a di ˜erent
form of the neutro n scatteri ng law

I ( q ) / q À ( 6 À D )

and, consequentl y

ln I ( q ) = À ( 6 À D ) ln q + const ;

where D i s now the Ha usdor˜ dim ension of a surf ace fracta l | D S [4; 5] .

4 . R esul t s of SA NS m easu r em ents

Smal l angle neutro n scatteri ng measurements were carri ed out in the Ris§

Na ti onal Laborato ry in D enmark. The incident neutro n wa velength vari ed f rom
0.3 to 1.4 nm . The sampl e-detecto r di stance varied f rom 1 to 6 m . Background and
empty sam ple-holder correcti ons were made. D ata were norm al ized in relati on to
H 2 O. They were integ rated radi ally.

Fi gure 4 presents SANS spectra for the ini ti al sam ple (C{ S{ H I phase),
and for two sam ples whi ch were auto claved duri ng 30 and 72 hours. The spectra
are presented in the doubl e log scale. Stra ight l ines were Ùtted to the spectra
for evaluati ng the slopes. W hen thei r ta ngents were smal ler tha n 3, they were
interpreted as D V . W hen the ta ngents were larger tha n 3, they were interpreted
as connected wi th the surface fracta l . D S was then calculated from the fol lowi ng
form ula:

j ta n ˜ j = 6 À D S :

The Ùnal results are col lected in the T able. The fol lowing rem arks have to be made:

1. The am orpho us sam ple (C{ S{H I phase) shows vo lume fracta l pro perti es
onl y. D V ¤ 2:4. Thi s value is simi lar to tha t characteri sti c of sil ica aero-
gels [4, 5].

2. The sampl es whi ch were auto claved at 1 5 0 £ C in the satura ted water vapor
show two regions characteri sti c for fracta l pro perti es: at smal l momentum
tra nsfers (corresp ondi ng to large values of correl ati on lengths) these prop-
erti es may be interpreted as volum e fracta ls wi th D V ¤ 2 :4. At large m o-
m entum tra nsfers we observe surf ace fracta ls wi th D S whi ch do not di ˜er
signiÙcantl y f rom D S = 2:6; i t is from the value obta ined by us in an earl ier
paper [3] for the C{ S{H I phase, ha vi ng m olar C/ S rati o equal to 1.
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Fig. 4. T he small angle scattering spectra obtained for the initial sample C{S{H I

phase (lab eled as 0 H OU RS) and the samples w hich w ere auto cla ved during 30 and

72 hours (lab eled as 30 H OU RS and 72 H OU RS, resp ectively). The lines in the picture

represent results of the straight line Ùtting pro cedure. T he Ùtted lines are lab eled by

the symb ols D V and D S w hich denote volume and surf ace fractal ranges on the spectra,

resp ectively . T he numeric results of Ùtting are collected in the Table. T he spectra are

shif ted along the intensity axis to clarif y the picture.

T ABLE
T he results of the straight line Ùtting pro cedure.

D V stands for the volume fractal dimensio n and
D S for the surf ace one. The values of standard
deviation s are also included in the T able (lab eled
as Ï ).

A uto clavin g time D V D S

[hours]

0 2: 37 Ï 0 : N one

30 : : : :

72 : : : :

The C{ S{ H I pha se may be trea ted as the m odel of the real cement mate-
ri als, and theref ore, i t is the subj ect of many experim ents. The very interesti ng
feature of di ˜erent system s conta ined sil ica com ponents (both real and m odel ) is
the uni versal i t y of thei r fracta l behavi or (qual i ta ti ve and quanti ta ti ve) observed
by di ˜erent experim enta l m etho ds. Ni kl asson [12], for exam ple, perform ed BET
(Bruna uer, Em mett, T eller) adsorpti on experim ent for the C{ S{ H I phase and
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for an ordi nary Portl and cement. He observed fracta l behavi ors of tho se m ateri -
als. The fracta l dim ensions of the sam ples were between 2.2 and 2.55 whi ch are
very sim i lar to the values obta ined in thi s work. W insl ow et a l. [13], Kri echbaum
et al . [14], and Beddo e wi th Lang [15] perform ed the smal l angle X- ray scatteri ng
and BET exp eriments for hydra ted Portl and cement pastes. They observed two
ki nds of fracta l behavi ors (surf ace and vo lum e) wi th fracta l dim ensions very sim -
i lar to tho se obta ined in our experim ents. However, the sam ples under study in
the above-m enti oned papers are di ˜erent tha n the m ateri als we used, but the f act
of the sim i larit y of the chemical com positi on and strong sim i lari t y of the physi cal
behavi or (qua l i ta ti ve and quanti ta ti ve) m ay show certa in general uni versa l it y of
the inner structure of cement m ateri als.

5 . Co n cl usion s

The evidence of fracta l properti es of C{ S{ H I phase wa s obta ined by using
the smal l angle neutro n scatteri ng. The vo lum e fracta l dim ension value of ca: 2 : 4

wa s obta ined for al l sam pl es studi ed.
The sam ples wi th an increasing content of to berm ori te showed tw o regions

of fracta l pro perti es: one corresponded to the volum e fracta ls wi th D V ¤ 2:4 and
one corresp onded to the surface fracta ls wi th D S ¤ 2:6.

Thi s interpreta ti on agrees qual ita ti vely wi th the m icro scopic observati ons:
the volum e fracta ls are connected wi th gel pores characteri sti c of the C{ S{H I
phase. These gel pores survi ve parti al ly after auto clavi ng, i .e. som e quanti t y of
C{ S{H I gel rem ains in the sampl e. The surface fracta ls are connected wi th ran-
dom ly distri buted polycrysta ll ine aggregates, form ed of to berm ori te crysta ls.

The resul ts presented in thi s work are in good qual i ta ti ve and quanti ta tiv e
agreem ent wi th the resul ts obta ined by other autho rs for very simi lar system s but
usi ng di ˜erent experim enta l metho ds. It may suggest the existence of the certa in
general uni versal i ty of the inner structure of cement materi als.
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