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Abstract:

The synthesis of active silicate phases by combined sol gel and high-temperature self-
propagating wave method, is described in this paper. They show a significant decrease of
setting time and good mechanical properties, which are very important for its potential
application in endodontic practice.

Particularly, process of hydration of calcium silicate phases is carefully analyzed,
from the aspect of phase changes during their soaking in water for 1, 3, 7 and 28 days. XRD
and FTIR methods were used for phase analysis of all samples, while morphological
characteristics and chemical composition of the given phases were investigated by SEM and
EDS.
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1. Introduction

Mineral trioxide aggregate (MTA) is a material with broad indications in endodontics.
It is used in the treatment of various perforations of the root canal, pulpotomy and treatment
of vital pulp as well as an apical barrier in teeth with necrotic pulp and open apex [1, 2].

Numerous investigations on direct pulp capping in permanent teeth were performed
in order to evaluate formation, quality and thickness of calcified bridges, presence of
inflammatory cells, and the efficiency of pulp protection as important criteria for assessing
pulp vitality after the treatment. Comparative analysis of MTA and Ca(OH), as materials for
direct pulp capping, pointed to the significant differences. After application of MTA, the
appearance of calcified bridge was observed after only one week [1, 2], while for Ca(OH),
this time was much longer (up to five months). Beside, the increasing number of inflamed
pulps in the Ca(OH), treated cases was caused by formation of voids between dentin bridges
and medicament interface. This facilitated the entrance of irritants through dentin bridges
toward the pulps over tunnel defects. Also, bacterial micro leakages at restoration margins
induce the pulp inflammation [3-5].

Therefore, MTA is considered to be a potentially ideal material for perforation repair,
retrograde filling, apexification and vital pulp therapy [6]. Several in vitro and in vivo studies
have demonstrated that the sealing abilities of MTA are superior to those of amalgam, IRM
and super EBA [1, 6-9]. However, some researchers had shown several very important
disadvantages of MTA, related to its very long setting time and week rheological properties,
due to which the results during its application may be non-consistent. Besides, particle size,
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powder to liquid ratio, temperature and presence of air in the mixture may influence the
physical properties of MTA. During hydration in acidic environment, the weakening of the
material structure was also noticed [9]. Therefore, any material with similar composition
which shows higher degree of activity of silicate phases is welcome.

The synthesis method, described in this paper, based on the combination of sol-gel
process and self-propagating synthesis, can significantly improve setting time of obtained
calcium silicate phases (CS), through their accelerated hydration. Such kind of synthesis of
silicate phases, to the best of our knowledge, is original and for the first time applied in
literature. The process of material hydration, as the most responsible for its behavior, was
carefully investigated.

2. Material and Methods
2.1. Synthesis and characterization methods of obtained inorganic phases

The calcium silicates were synthesized as follows: CaCl,:5SH,O (Merck, Germany)
and silica sol obtained by hydrothermal treatment were used in stoichiometric quantities
(42.41 g of CaCly-5H,0 and 15 g of 30% silica sol solution [10], corresponding to the ratio
Ca3SiOs: 2B-CaSiOy4 (C3S: B-C,S) = 2:1) to obtain silicate active phase. Al(C,H;0,) was
added to the mixture to provide the production of small amount (3.01 %) of active C3A phase.
In order to start the combustion reaction [11], ammonium nitrate (NH4NOs3), as an oxidation
agent, and citric acid (CsHgO,CH,0), as a fuel, were added to the mixture.

First, the mixture of silica sol and CaCl,"5H,O was dried at 80 °C until the gel is
obtained, and then was heated at 150 °C to remove water among the silica particles. As the
water was evaporating, the silica gel was becoming more and more viscous, reaching high
viscosity level at the end of reaction. In the next stage, the temperature was increased to 180
°C and the ignition the gel happened. The gel swelled into foam during the strong reaction of
self-propagating combustion. The black ashes were obtained as a product of auto-ignition.
During the combustion, a large volume of the gaseous products released and thus dissipated
the heat and limited the temperature rise. This is important because it reduces the possibility
of premature local partial sintering among the primary particles, which is important for
maintaining the final powder activity. After this the sample was exposed to the thermal
treatment at high temperatures and was quickly cooled using cooper plates, in order to obtain
a high reactivity and low crystallinity of B-C,S and C;S phases. Finally, the resulting black
powder, which contained some carbon residues, was calcined in air at 650°C for 4 h to obtain
the desired products with small crystallite sizes. In order to obtain the final silicate phases,
powder was additionally milled after the calcination.

CS were then mixed with water (water-to-powder ratio about 1:2) and compacted using
a stainless steel plunger. Cement was allowed to set up to 28 days at 37 °C in sealed
polyethylene containers.

Phase compositions of each sample were analyzed before soaking in water and 1, 3, 7
and 28 days after soaking using X-ray diffractometry, XRD (Philips PW 1050, Almelo, The
Netherlands), with Ni—filtered Cu-Ka,, radiation. The patterns were registered in the 20
range 9-67° with a scanning step size of 0.02°. IR analysis (Nicollet 380 FT-IR, Termo
Electron Corporation) was done for the sample before soaking and for samples soaked for 7
and 28 days. The morphology and the agglomerate size distribution of the milled powders
were studied using scanning electron microscopy, SEM (JEOL, JSM-5300,Tokyo, Japan)
under vacuum pressure of 1.33-107 Pa and voltage of 20 kV. EDS (energy dispersive
analysis) measurements were performed in order to detect chemical homogeneity of obtained
phases and ratio of Ca and Si in various areas of silicate active phase.
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3. Results and discussion

3.1. Phase and structural analysis of CS phases before soaking in water

XRD. X-ray diffraction patterns of C3S and -C,S phases of the given CS system are

shown in Fig. 1.
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Fig. 1. XRD patterns of CS phases

The peaks at angles 11.7, 23.6, 29.6, 32.5, 32.8, 33.4, 34.6 and 41.5° (with
corresponding planes: (-401), (-114), (422), (-715), (224), (-424), (1004) and (-626),
respectively) correspond to C;S phase, while peaks at angles 23.3, 29.7, 32.3, 33, 34.6, 41.6,
46.9, 51.9, 56.8, 60.2 and 62.7° (with corresponding planes: (012), (120), (-121), (121),
(103), (031), (024), (310), (-303), (303) and (043), respectively) corresponded to B-C,S phase.
Based on Sherrer equation (calculated for highly pronounced planes at 32.1° (plane -121) for
B-C,S and (plane -715) for CsS), the obtained values of crystallite sizes of these phases were

about 19.9 nm.
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Fig. 2. FT-IR spectrum of CS phases

FTIR. The FTIR spectrum of CS phases is shown in Fig.2. The characteristic sharp and
pronounced band at 2364 cm™ and 2334 cm™ can be probably assigned to the combination of
band at 871 cm™ and broad band at 1414 cm™. This characteristic doublet recorded between
2334 and 2364 cm™ can be assigned to the stretching vibration of OH groups, and explained
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by the corresponding decrease in hydrogen bond length, caused by steric effects [10, 12].
According to this explanation, fine structure of these bands may be generated by a strong
anharmonic coupling mechanism, with the most prominent role of the high frequency proton
stretching vibrations, anharmonically coupled with the low frequency hydrogen bond
stretching vibration [12, 13]. The band at 2172 cm™ can be assigned to SiH stretching mode in
the small grains, gradually exposed to oxidation developed during combustion process at
intermediate temperature during the synthesis of given phases. This is some kind of
fingerprints of the oxidation state of silica during synthesis of these powders [10]. The band at
1968 cm™ corresponds to SiO, vibrational modes [12].

The band at 1651 cm™ can be ascribed to the liberation mode of OH, while the broad
and unresolved asymmetric band with a minimum at 1414 cm™ may be ascribed to vibrations
corresponding to partially hydrated C;S and C,S phases. This band and band at 1334 cm™ can
be also assigned to the splitting of v; vibration of calcium carbonate obtained on the surface of
the silicate particles, influenced by adsorption of CO, from atmosphere during the synthesis
(exposure of C;S and C,S mixture to CO, results very quickly in its surface carbonation) [14].
The bands at 1334 cm™' region and 871 cm™ observed in spectrum come from asymmetric
stretch and out-of-plane bending of the C-O, respectively, and the medium intensity one at
738 cm™ is due to angular bending of the O-C-O. The band at 1121 cm™ can be assigned to
vibration of C,S units, while small band (shoulder) at 921 cm™ can be indication of slight
hydration of C;S or C,S [15, 16]. This factor is probably responsible for the appearance of a
small band at 458 cm™. Generally, the spectra show that, as the C/S ratio increases, the broad
band at around 940 cm™ not only becomes narrower but also shifts to higher wave numbers,
due to stretching vibration of the SiO,. In addition, a weak band in the 1600-1500 cm™ region
appears, whereas the 500 cm™ band almost disappears. The band at 940 cm™ shifted to 960 or
989 cm™ (whereas the band at 878 cm™ remains unaffected) is an indication of hydration of
C5S [15, 16]. The shifting of the band at 940 cm™ to higher wave number in the C-S-H
suggests the possibility of continuous changes in the C;S structure as the hydration takes
places. The chemical environment of the bending vibrations of the bonds changes as
hydration occurs. This factor is probably responsible for the appearance of a well-defined
band at around 460 cm™. The band at 664 cm™ can be attributed to the Si-O-Si symmetric
vibration and band at 516 cm ™' to the out-of-plane bending vibration of SiO, [15, 16].

SEM and EDS. Structure of calcium silicate, as it is shown in Fig. 3, consists
preferentially of agglomerates with sizes of the several micrometers, built up from smaller
particles which dimensions are between 117 and 477 nm. These particles are preferentially of
spherical or ellipsoidal shape, more or less elongated along one direction.
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Fig. 3. Typical appearance of calcium-silicate agglomerates and particles

EDS picture of typical spot (Fig. 4) shows that chemical composition of calcium
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silicate (Ca- 22.21; Si- 8.22 and O- 69.7 at. %) corresponds to ratio Ca: Si of approximately
2.7:1 (at. %). Simple calculation can show that this value is close to the theoretical ratio of
Ca: Si (2.66:1), for given mixture, corresponding to the ratio C;S/C,S=2:1), showing
obviously homogenous distribution of both these phases within the sample. Comparing
particle sizes obtained by SEM and crystallite sizes obtained from XRD spectra, it is clear that
these particles consist of smaller building elements (crystallites), showing a significant
potential activity of this system. Structures built on three hierarchical levels (agglomerates,
particles and crystallites) may be promising because they cannot be biologically destructive
(dimensions of agglomerates are not comparable with channels inside of cell membranes),
whereas their nano-elements (nano crystallites) enable them very pronounced activity,
important for quick bonding of these mixtures in endodontic therapy.
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Fig. 4. a) SEM micrograph of chosen spot of calcium silicate particles, with
b) Typical EDS spectra
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3.2. Hydration of calcium silicates

XRD. From XRD patterns for samples hydrated for 1, 3, 7 and 28 days (Fig.5), it is
obvious that the quantity of hydrated phase tobermorite relative to sum of B-C,S and C;S
phases was quite different, depending on the hydration time.
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Fig. 5. XRD patterns of hydrated calcium silicates: 1- nonhydrated sample, 2- sample
hydrated for 1 day, 3- sample hydrated for 3 days, 4- sample hydrated for 7 days, 5- sample
hydrated for 28 days (T-tobermorite, P-portlandite)
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For the sample hydrated for 1 day, beside the presence of hydrated phase of
tobermorite (planes (006), (112), (202) and (213)) and portlandite (planes (011), (012) and
(001) which showed the progress of hydration; significant amounts of B-C,S and C;S were
noticed (the diffraction planes (012), (-121) and (310) for B-C,S and (422), (-715), (1004)
and (-626) for C;S remained pronounced. For the sample hydrated for 3 days, only the plane
(-626) corresponding to C;S and the plane (310) corresponding to B-C,S were present, but
their diffraction intensity was decreased. This trend was continued and for the sample
hydrated for 7 only the plane (-626) corresponding to C;S was present, while the peaks of the
main hydrated phase- tobermorite were more pronounced. Finally, for the sample hydrated for
28 days, B-C,S and C;S phases were completely transformed into the tobermorite, with small
amounts of portlandite because the rest of Ca(OH), was present as amorphous phase.

FTIR. FT-IR spectra of hydrated calcium silicates are shown on Fig.6. The bands at
3726 cm™ (sample hydrated for 1 day (S-1)) and 3718 cm™ (sample hydrated for 28 days (S-
28)) indicates the presence of the 1.4 tobermorite which contains poorly resolved band in the
range of 2800-3700 cm ' due to larger content of molecular H,O, compared to 1.1 nm
tobermorite. This result is expected from its larger basal spacing. The bands at 3726 cm ™' and
3718 cm™ can be assigned to vibrations which involve less hydrogen bonded protons in water
molecules, including intensity corresponding to Ca-OH groups in the structure. The weak
bands at 3740 cm ™' can be also assigned to Si—OH vibrations. The bands at 2997, 2938 and
2880 cm™ (S-1), and 2990, 2938 and 2872 cm™ (S-28), due to corresponding investigations of
Cong and Kirkpatrick (1996), also proved the presence of tobermorite 1.4 nm.

150

|
\ V/"v
WVW o /M ‘\*“ mwwWw«M%/\}
R

2938\360 Mot | /1561
2997 1407%°
1709 959'
100— 3726 ;\f;sw
6640
2327

2357

Fos Aot AN

1568 1121

y /684
\‘ 1414 \
2364

516

Intensity, a. u.

4000 I 35I00 I 30I00 I 25I00 ' 20I00 ' 15I00 ' 10I00 ' 5(I)0
Wave number, cm’
Fig. 6. FT-IR spectra of hydrated calcium silicates: 1- nonhydrated sample, 2- sample
hydrated for 1 day, 3- sample hydrated for 28 days

The characteristic sharp and pronounced band at 2357 cm’ can be assigned to
combination of bands at 959 ¢cm™ and broad band 1407 cm™, the band at 2327 cm™ to the
combination of bands at 1407 cm™ and 878 cm™ while the band at 2364 cm™ probably
belongs to the combination of bands at 1489 cm™ and 871 cm™. This characteristic doublet
recorded between 2327 and 2357 cm™ (S-1) and 2364 and 2320 cm™ (S-28) can be stretching
vibration of OH groups, and explained by the corresponding decrease in hydrogen bond
length, caused by steric effects. The weak bands at 1407 and 1458 cm™ and its combination,
and overtone bands observed at 2997, 2938 and 2880 cm’’ (S-1) and 2990, 2938 and 2872 cm’
' (S-28) and week vibrations at 1407 and 1414 cm™ indicate the presence of carbonate species
in the samples. The band at 1614 cm™ belongs to the water bending vibration. In the sample
hydrated for 28 days two bending water vibrations are noticed. According to the above given
explanation, fine structure of these bands may be generated by a strong anharmonic coupling
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mechanism, with the most prominent role of the high frequency proton stretching vibrations,
anharmonically coupled with the low frequency hydrogen bond stretching vibration. The
bands at 2159 cm™ (S-1) and 2165 cm™ (S-28) can be assigned to SiH stretching mode in the
small grains, gradually exposed to oxidation during combustion process at intermediate
temperature during synthesis given phases. This is some kind of fingerprints of the oxidation
state of silica during synthesis of these powders. The bands at 1709 cm™ and 1702 cm™
correspond probably to water bending vibration inside of gypsum dehydrate contained in
small amount of samples. The band at 1216 cm™ (S-28) can be assigned to the Si-O stretching
vibrations in Q3 site, characteristic for presence of 1.1 nm tobermorite, while the bands at
1061 and 1054 cm™ belong to the Si-O stretching vibrations in Q2 site of 1.1 nm tobermorite.
This proves possible combination of tobermorite 1.4 nm and 1.1nm. The bands at 955 cm™
(S-1) and 966 cm™ (S-28) belong to Si-O lattice vibrations, while the bans at 878 cm™ (S-1)
and 871 cm™ (S-28) belong to out of plane vibrations of the C-O. The bands at 664 cm™ (S-1)
and 671 cm™ (S-28) probably correspond to Si-O-Si bending vibrations inside of silica chains
and v, SO4~ bending vibrations. These bands can be also attributed to the Si-O-Si symmetric
vibration, while the bands at 494 cm™ (S-1) and 509 cm™ (S-28) belong to the out-of-plane
bending vibration of SiO,. Finally, the bands at 406 cm™ (S-1) and 414 cm™ (S-28) belong to
the deformations of the SiO, tetrahedra.

3.3. Hydration process of calcium silicate pastes

The most important process for setting and mechanical properties of calcium silicate
phases is the rate of their hydration. As it is well-known from the hydration theory of cement
pastes, the hydration of B-C,S and C;S phases is the most important process for curing those
phases during their ageing inside of water solution. It seems, following various reference
sources [10, 12-15], that the reaction between C;S and water is the main factor in the setting
and hardening of cement mixtures. During this reaction, calcium silicate grains inside of
mixture are wetted, causing a rapid release of Ca®" and OH™ ions from each grain surface. In
this process, transformation of C;S in amorphous calcium silicate hydrate (C-S-H), well-
known as tobermorite gel, and calcium hydroxide (Ca(OH),) occurs through reaction with
water given by Eq(1):

2C3S +7H,0 = C-S-H + 3CH. (1)
Similarly, reaction between B-C,S and water gives C-S-H and Ca(OH),, as it is shown in
Eq(2):

2C,8+5H,0 ™ C-S-H + CH (2)

The obtained amorphous C-S-H can have variable composition (C: S varies with the
concentration of released OH™ ions). The number of water molecules bound to product of
hydrate gel is also variable. It is expected that the most of Ca(OH), might be crystalline.
Smaller XRD peaks for characteristic planes of portlandite, present in all samples, indicated
that Ca(OH), might be prevailing amorphous phase, found on the surface of tobermorite
phase (gel). Following the hydration theory of calcium silicates, it can be assumed that overall
hydration process proceeds with several steps, which can be roughly summarized in reaction,
given by Eq(3) [10, 12-15]:

Ca;Si0s+(3+y-x)H,0 > (CaO)y (Si0,) (H,0)y+(3-x)Ca(OH),, 3)
where x determines Ca to Si ratio of Ca-S-H and y is the sum of OH" ions and bound water
molecules that are incorporated into C-S-H structure. Both x and y vary throughout the
reaction causing variation in the C-S-H composition. The composition of C-S-H gel is
believed to be responsible for the strength of cured pastes. Previous reaction of formation of
C-S-H gel is consisted from several steps, following Egs. (4) and (5):

Ca;Si0s+3H,0 > 3Ca*+40H +H,Si04” 4)
and



348 B. Colovi¢ et al. /Science of Sintering, 45 (2013) 341-350

H,Si0,” +xCa”" + (2x-2)OH" +(y-x)H,0 ™ (Ca0),(Si0,) (H,0),. (5)

The ratio Ca/Si in C-S-H varies with hydration time and temperature (mostly is
between 1 and 2). In agreement with Eq(5), the precipitation of Ca(OH), results when critical
concentration of Ca®" ions has been reached, following Eq(6) [10, 12-15]:

Ca®+20H > [Ca(OH),]. (6)

The C-S-H produced in both reactions was the high-lime end-member of a series of
hydrates designated by Taylor as calcium silicate hydrate (I) or CSH(1). Bernal tentatively
assigned the structural formula Ca,[SiO(OH),], [Ca(OH);] to this compound. Also, it has
been long known that the hydration of C;S in paste form is much faster than that of §-C,S.
Besides, the obtained amount of Ca(OH), phase during the hydration is frequently
significantly less then it is theoretically expected. This discrepancy can be assigned to the
adsorption of Ca(OH), on the surface of the C-S-H, to high degree of present amorphous or
very poorly crystallized phase, or its partial participation inside of calcium silicate hydrate
phase [10, 12-19].

Considering the XRD data and taking into account the differences between the
surface areas under corresponding characteristics peaks, it is possible to show more exactly
the improvement of calcium silicate phase hydration. After one day hydration, the reaction
can be written in the form:

C;S+3H,0=0.67Ca00.17Ca(OH),Si0,-0.67TH,0+2.16Ca(OH), (7)

and

C,S+2H,0=0.67Ca00.17Ca(OH),Si0,-0.67H,0+1.16 Ca(OH), (8)

Taking into account that the ratio between C;S and C,S=2:1, it follows:
0.66C3S+0.33C,S+2.64H,0=0.67Ca00.17Ca(OH),Si0,-0.67TH,0+1.81Ca(OH), )

The degree of transformation in tobermorite, obtained by comparison of surface under
the peak of characteristic plane (-2-21) between S-1 and S-28, was found to be 0.85.
Accordingly, the reaction after one day can be expressed by:

0.66C;S+0.33C,S+2.64H,0=0.85[0.67Ca00.17Ca(OH),Si0,:0.67H,0]+
1.91Ca(OH),+ 0.15Si0, (10)

After the hydration for 3 or 7 days, degree of transformation in tobermorite was 0.95,
and corresponding reaction can be written in the form:

0.66C;S+0.33C,S+2.67H,0= 0.95[0.67Ca00.17Ca(OH),Si0,-0.67H,01+1.84
Ca(OH),+0.05Si0, (11

Finally, after 28 days of hydration, the reaction can be written as follows:
0.66C;S+0.33C,S+2.64H,0=0.67Ca00.17Ca(OH),S10,:0.67H,0+1.81Ca(OH), (12)

These data clearly show that, beside tobermorite, the main phase during the hydration
was Ca(OH),, which is adsorbed on the surface of tobermorite, as mostly amorphous layer.
The presence of crystalline portlandite phase is almost negligible, while the small amounts of
unreacted amorphous silicate phase is also probably present.

4. Conclusions

The advantages of synthesis of active silicate phases by combined sol gel and high-
temperature self-propagating wave method, for the first time applied in this paper, are clearly
shown. The obtained nanostructured silicate phases are very active. They show significant
increase of setting properties of active silicate phase, as the most important phase in any
endodontic mixture.

Process of hydration of calcium silicate phases is carefully analyzed by XRD and
FTIR, from the aspect of structural changes inside of mixture during its wetting for 1, 3, 7 and
28 days. After 3 days, B-C,S and C;S phases were mostly transformed into tobermorite, while
after 7 day they were completely transformed.
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The morphological characteristics of the given phase are investigated by SEM, while

the uniformity of chemical composition is analyzed by EDS. It was shown that calcium
silicate mixture is consisted preferentially of agglomerates with sizes of a several
micrometers, built up from particles of spherical or ellipsoidal shape, more or less elongated
along one direction, with dimensions between 117 and 477 nm.
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Cadpocaj: Y osom pady onucana je cunmesa aKmuGHUX CUTUKAMHUX aA3a KOMOUHOBAFEM
con-een  memooe U  GUCOKO-MeMnepamypHe memooe camopacnpocmupyhiux —maiaca
cazopesarva, Ose hase nokazyjy 3HAYAJHO CMAFERE BPEMEHA 8e3UBAFA U 00OPA MEXAHUYKA
C60jCmMBaA, KOja Cy jako 8adCHA 3d FoUX08Y NOMEHYUJAIHY NPUMEH) V eHOO0OHMCKO] RPAKCU.
Ilpoyec xudpamayuje Kanyujym-cuiukamuux ¢haza naxcaopueo je auaiusupan ca
acnekma ¢hazuux npomena 3a @peme buxogoz nomanarwa y 600y wa I, 3, 7 uiu 28 dana.
Memooa ougpparyuje X-3paxa u ungpaypsena cnekmpockonuja kopuuthene cy 3a gasuy
amanuzy y3opaxa, 00K Cy MOp@OIOwWKaA C8OjCmea U XeMujcku cacmae oamux gasza
ucnumuseanu nomohy cxenupajyhe eirexkmpoHcke MUKpOCKOnuje u eHepeemcKku Oucnep3ugHe
CneKkmpocKonuje.
Kuwyune peuu: xanyujym-cunuxamu, eHOOOOHYUja, epeme 6e3usarod, npumucHa uspcmohia,
XRD




