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Abstract

The effect of titania on clinker formation has been studied by many researchers [1-5]. Its effect on the formation of pure tricalcium sili-
cate phase and the formation of titanium compounds at 1450°C, has rarely been investigated. The present work relates to the investigation of
the formation of titanium compoundsin the C;S-TiO,, system and to find the polymorphic forms of C;S. The study also attempts to establish
the limit of incorporation of TiO, in C;S at 1450°C, at different levels of TiO, in the concentration range of 0.5-6% of TiO.,. It isfound that
TiO, affects the polymorphic form differently at different concentrations. Up to 2% TiO,, triclinic form, 4-5% TiO, monoclinic, and with
6% rhombohedral form is stabilized. TiO, is incorporated into C;S up to 4.5% at 1450°C and beyond this limit a compound CaOTiO, is
formed. Techniques used for the investigations are X-ray diffraction, optical microscopy (OM), scanning electron microscopy, with energy
dispersive analysis of X-rays (EDAX) and chemical analysis. © 1999 Elsevier Science Ltd. All rights reserved.
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Titania is generally present in small amounts (approxi-
mately 0.2-0.3%) in al portland cements, being derived
from the clay or shale bearing TiO,. The influence of mod-
erate additions of titania to common portland cement raw
mixes is considered that of a mineralizer. Decarbonation in
raw mix is enhanced, assimilation and binding of limeis ac-
celerated, crystallization of alite to unusually large individu-
als (upto 120 umin size) isfavored [6]. In small concentra-
tions (0.5-1.0%), titania is favorable for clinkerisation. It
also forms solid solutions with 3Ca0SIO, and 2Ca0SIO,
[6]. In the system CaOTiO,, there is formation of CaOTiO,
and 3Ca0TiO,, possessing hydraulic properties [2].

The presence of a small quantity (<5%) of TiO, in-
creases the hydraulic activity of cement [1] because of the
distortion of the crystal lattice of belite and alite as a result
of substitution of the Si** ion by the Ti** ion and formation
of corresponding solid solutions[2].

Kuhl [7] found that in portland cement the substitution of
silica by titania in small amounts slightly increased the
strengths, but that in larger amounts a reduction in strength
occurred. The optimum content was found to be 4.5%. He
suggested that a compound 3CaOTiO, is formed, and early
workers on the system CaO-TiO, claimed to have prepared
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both 3CaOTiO, and 2CaOTiO,. One other compound,
4Ca03Ti0,, melting incongruently at 1755°C has also been
reported [8], but its existence has not been confirmed [9].

Electron probe analysis of clinkers has shown that TiO,
ispresent in small amounts, presumably in solid solution, in
all of the four major compounds of portland cement [10].
Therefore, only any residual amount of titaniaisavailableto
form the 3Ca02TiO, (C4T,), 3Ca0TiO, (C,T), or CaOTiO,
(CT) solid solution [7].

The present work mainly concerns the investigation of the
formation of titanium compounds in the system 3CaOSiO,-
TiO, at 1450°C. Its effect on the clinkerisation, stabilization
of various polymorphic forms, and the limit of incorporation
in C;S has a'so been studied.

1. Experimental
1.1. Preparation of specimens

Pure tricalcium silicate and its solid solutions with titania
were made by repeated firings of calcium carbonate and
guartz in the stoichiometric ratio of 3:1 in the presence of
varying amounts of TiO, from 0.5-6% by weight at 1450°C.
All the materials used were of analytical reagent grade. Cal-
cium carbonate and quartz were ground to a fine powder
and homogenized with TiO, in anhydrous acetone. The
dried mass was pressed into pellets and fired at 1450°C for
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Table1 Table4
% TiO,/C;S content % Freelime/% TiO,
CS CsS
Specimen Pure 0.5% 1% 2% 5% 6% Specimen Pure 0.5% 1% 2% 4% 6%
% C;S 20 28 45 30 35 24 % freelime
After 3h 45 3.82 2.38 2.95 35 3.96
After6h 1.98 1.21 0.90 1.25 1.60 1.90
Table 2
Crystal size of C;S/%TiO, Tables
Crystal size of alite/C;S % Freelimeinfinal products/% TiO,
m
() CS

o - )
Author % TiO, Min Max  Average Specimen Specimen Pue  05% 1% % 1% 5% 6%
This study 00 5 % 140 ;::gg‘“m %freelime 005 004 006 008 010 098 152

05 8 50 200

1.0 10 80 320

g-g g ‘2‘2 18-8 and morphological features, limit of incorporation of TiO,

60 5 0 120 into C;S, and its distribution.
Kurdowski [14] 0.0 — — 17.9 Clinker

02 - = 19.7 1.4. X-ray diffraction studies

0.4 — — 21.3
Knofel [4] 0.0 5 S0 200 Clinker Samples were powdered to pass a 45-um sieve and ex-

15 10 100 400

3 hin a platinum dish in an electric furnace. The sintered
pellets were ground to pass a 63-pm sieve and reformed
into pellets and fired again at 1450°C for 3 h. Samples were
cooled at room temperature (~27°C). This process was re-
peated till free lime reduced to <0.1% in the pure C;S. The
final products were examined using techniques of micros-
copy, chemical analysis, and X-ray diffraction (XRD).

1.2. Optical microscopy

The polished sections of the samples were etched with hy-
drofluoric acid (HF) and examined under a Zeiss polarising
microscope (Carl Zeiss, Oberkochem, Germany) with ocular
micrometer for quditative and quantitative estimation of
phases. Results are presented in Table 1 and Table 2.

1.3. Electron microscopy

Scanning electron microscope (SEM) and energy disper-
sive analysis of X-rays (EDAX) studies were carried out on
a Philips SEM 515 with EDAX PV 9900 (EDAX Interna-
tional, Inc., Prairie View, IL, USA) for the microstructural

amined using Rigaku Rad Max system (Rigaku Interna-
tional Co., Tokyo, Japan), with Co Ka radiations and wide
angle horizontal goniometer and graphite monochromator.
Results are presented in Table 3.

1.5. Chemical analysis

Free lime was estimated using ethylene glycol method
[10]. Results are presented in Table 4 and Table 5.

1.6. Separation of titanium compounds

Maleic acid and methanol digestion method [11] was
adopted to separate the titanium compounds formed. The
nonsilicate residue left behind after the separation could
not be digested with hydrochloric acid, hence it was solu-
bilized by fusing with sodium carbonate at 1050°C for 20
min in a furnace. Subsequently it was treated with hydro-
chloric acid, evaporated to dryness in a beaker, and baked
a 110°C to remove any SO, present. Again, it was treated
with concentrated hydrochloric acid and ditilled water,
heated to below boailing, filtered, and prepared up to 500
ml. Calcium was estimated in the solution by titrating with
0.01 M-EDTA, using Patton & Reeders reagent indicator
a pH 12 [12]. TiO, was estimated by colorimetric method by
complexing with hydrogen peroxide [13].

Table3

Polymorphs of C;5% TiO,

This study Kondo [15] VKM [18]

(1450°C) (1500°C) (1500°C) Knofel [16] (1550°C) Maki [19](1600°C)
CsST, CsST, C,ST, — CsSTyy

CsS1%T, — C;S 1% M, — CsS1% M,
CisS2% Ty, CsSupto 1.75% Ty C3S2% My, C;Supto3.50% T, —

C;S4-5% M, — CS>2%R 3.5-4.5% Ty, above 4.5% M, —

C,S6%R
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Fig. 1. Crystals of C;S with varying percent of TiO,: (A) 1%; (B) 2%.
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Fig. 2. (A-D) Distribution of TiO,. C;Swith 4% TiO, (A, C); C;Swith 6% TiO, (B, D).
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Fig. 3. C5S (6% TiO,), rhombohedral form.

2. Results and discussion
2.1. Optical microscopy

After first firing of the pure C;S and TiO, doped speci-
mens at 1450°C for 3 h, the quantitative estimation of the
C;S content was done by point count method. Results are
given in Table 1. The crystal size of C;S formed in the fi-
nal products was aso estimated with optical microscopy
(OM). Results are presented in Table 2, along with data re-
ported by other workers. Results prove that the crystal sizeis
increased with the introduction of TiO, and is maximum
when TiO, is 1%. Size begins diminishing with TiO, >1%.

2.2. Electron microscopy

The microstructural and morphological features of the
tricalcium silicate samples doped with various concen-
trations of TiO, (0.5, 1, 2-6%) were anayzed under
scanning electron microscope and EDAX including elec-
tron probe X-ray mapping to determine the distribution of
Ti. Samples with 0.5% and 1% TiO, show well-formed
larger size hexagonal C;S crystals as compared to pure
undoped C;S phase. Specimens with higher content of
TiO, show distorted crystals. Micrographs are presented
inFig. 1.

The elemental distribution for Ti X-ray mapping indi-
cate an even distribution of Ti in the tricalcium silicate up
to 4%. Beyond 4% it is mainly located in the interdtitial.
Micrographs are presented in Fig. 2. EDAX anayss
showed C;S to contain up to 4.5% TiO,, indicating the

limit of incorporation of TiO, to be 4.5% at 1450°C (aver-
age of six samples and five point anaysis on each sam-
ple). Kondo and Yoshida [15] reported this limit to be 0.13
mole of 3Ca0TiO, (TiO, = 4.6% by weight) a 1500°C
and 0.14 mole 3CaOTiO, (TiO, = 4.9% by wt.) a 1600°C
respectively. Knofel [16] reported the limit of incorporation
of TiO,in C;Stobe 5 + 0.3% at 1500°C.

The formation of any titanium compounds could not be de-
tected, probably because of the smal amount of these com-
pounds, athough these compounds have been detected by
XRD and chemica anaysis. Knofel [16] detected CasTi,O;
(CsTy) in the sample of C;S containing 6% TiO, fired at
1500°C for 12 h using el ectron beam microanaysis. In addition
to C;T,, another compound having formula 14Ca05S O,2TiO,
(C14SsT,, cdculated from its composition as analyzed by eec-
tron beam microanalysis) was also detected.

2.3. XRD analysis

There are basically seven polymorphic forms in which
C;S exists. TiO, if present in the lattice of C;S leads to
the formation of monoclinic or rhombohedral form of C;S
[17]. The various polymorphs with different concentra-
tions of TiO, as detected by XRD are given in Table 3, in
comparison to the findings of the other researchers. Fig. 3
shows the rhombohedral form of C;S containing 6% TiO,.

XRD studies of the specimens do not reveal any tita-
nium compound up to 2% TiO,. In the specimens con-
taining 5 and 6% TiO,, C,S and calcium titanium oxide
CaOTiO, have been identified. The two peaks obtained
at 20 = 27.02 (d = 3.824 A) and 20 = 38.62 (d = 2.701)
(CoKa) show the presence of CaOTiO, (Fig. 4).

As the pesks representing CaOTiO, were not very
sharp, it was difficult to ascertain the formation of the
Ca0TiO, phase. The sample containing 6% TiO, was di-
gested with maleic acid and methanol [11] to remove all
the dilicate phases and free lime. The residue obtained
was examined by XRD. The presence of CaOTiO, was
confirmed (Fig. 5). Pesks representing CaOTiO, are 20 =
27.02 (d = 3.824 A), 20 = 38.62 (d = 2.701 A), 20 =
45740 (d = 2.303 A) and 20 = 47.64 (d = 2.217 A).
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Fig. 4. XRD of C,Swith 6% TiO, (1 C,S; 2 CaOTiO,; 3 C,9).
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Fig. 5. XRD of chemically separated nonsilicate residue.

Knofel [4] studied the effect of TiO, on a laboratory
clinker. TiO, in graduated quantities of up to 3.9% was
mixed with the raw materias for this clinker. The speci-
mens were burned at 1450°C. The XRD investigation of
the fired specimens confirmed the decrease in dite with
increasing TiO, content. Titanium phases [titanite (CaO-
TiO,S0O,), pervoskite (CaOTiO,), etc.] were not detected by
X-ray examinations in any specimen.

2.4. Chemical analysis

Free lime content of the specimens fired repeatedly for
3 h at 1450°C (results of two firings) is as presented in Ta
ble 4. With up to 1% TiO, there is a decrease in the free
lime and beyond this there is an increasing trend. Addition
of 1% TiO, reducesthe freelimein one firing to almost same
level as obtained by two firings in the case of pure C;S.

Free lime content in the final products (when % freelime
in pure C;S is reduced <0.1%) is as reported in Table 5.
The free lime content is found to be <0.1% when the
amounts of TiO, were in the range of 0-4%. Presence of
free lime is observed only when TiO, is 5.0%. This shows
that TiO, is substituted for SiO, up to approximately 4-5%.

Knofel [16] reported that TiO, is substituted for SIO, up
to approximately 4.5-5.0% in tricalcium silicate at 1550°C.
Volkonskii et a. [2] reported that the maximum content of
TiO, in tricalcium silicate in the form of solid solution may
reach 2—3%. The nonincorporated TiO, combines with CaO
to form the crystalline product CaOTiO,.

Ca0 as determined by EDTA titration in the solution of
the residue obtained by maleic acid-methanol treatment
gave avaue of 41.01%. TiO, in the same residue was found
to be 58.43%. The molar ratio of CaO to TiO, from these re-
sults equals one, which confirms the presence of CaOTiO,
compound.

3. Conclusions

Titanium dioxide has a positive effect on the formation
of tricalcium silicate up to 1% only. Crystal size of C;Sis

increased. Higher concentrations have a deleterious effect
on its formation. C;S up to 2% TiO, adopts triclinic form,
4-5% adopts monoclinic form, and 6% adopts rhombohe-
dral form at 1450°C.

TiO, is incorporated in C;S up to 4.5% at 1450°C. Be-
yond thislimit, acompound CaOTiO, isformed at 1450°C.
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