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INTRODUCTION

Ordinary Portland Cement (OPC) is the most
widely used binding material in civil censtruction in-
dustries. With the high degree of industrialisation
in addition to the massive construction of buildings,
roads. bridges, dams, etc., its requirement is enor-
mous i the present day modern society, throught
out the world. Portland cement is conventionally pro-
duced in modern industries by the processing of nat-
ural raw materials such as limestone, clay and some
anount of correctives, iron ore or bauxite in proper
proportion to fine powder. Then the fine powder is
sintered in rotary kiln at 1450 °C to produce elinker,
requiring about 3244 kJ/kg (800 keal/kg) of clinker.
The chinker is ground to fine powder, in addition with
gypsum in small proportion, to produce QOPC. The
whole process consunes enormous amount of energy,
in terms of thermal as well as electrical. Thus OPC
is one of the most energy consurming product in pro-
cessing industries, _

" Since the invention of Portland cement by Joseph
Aspdinin the year 1824, no efforts have been reported
on modifying its potential compounds with the pur-
pose of making a product capable of showing the same
setting and hardening properties but requiring con-
siderably lower energy input. In the year 1980 P. K.
Mehta came out with a series of energy saving mod-
ified Portland cements. Portland cement derives its
strength and water resistance mainly from the cal-
cium silicate hydrates, paticularly due to the quick
hydration of C3S to form C-5-1 gel. Instead of the
high lime containing main silicate phase CsS, which
also requires high temperature for its formation, these
modified Portland cements contain low lime contain-
ing phase CuS. So the over-all lime requirement in
these modified Portland cements is lower and lead-
ing to energy saving, as in the process of clinkeriza~
tion the major amount of energy is consumed in the
dissociation of CaCO3 to CaO. Since the formation
of C28 is completed at a much lower temperature
than that of C35, is also another way of energy sav-
ing. Instead of C3A these cements contain two low
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lime containing phases C4A35 and CS. That means
the over-all sulphate content in these cements is quite
high in comparison to OPC. Cements of these type
can accommodate higher amount of C4AF, which is
also a low lime containing phase leading to energy
saving.

The sulphate and aluminate contents of these ce-
ments are quite high in comparison to OPC, which
provides an opportunity to use industrial wastes such
as gypsum containing high amount of sulphate and fly
ash containing high amount of alumina. Such a mod-
ifled cement can also accommodate high amount of
iron, This provides another opportunity to utilise
some of the wastes containing high amount of iron,
such as red-mud. Besides the sulfoaluminate type
modified cement there are some other approaches by
which some energy can be saved such as active belite
cement, alinite cement, flurcaluminate cement. The
main aim of this paper is to review and discuss the
present state of the art in the area of low energy clink-
ers with respect to their hydration behaviour, hard-
ening property and durability aspects. :

1. CLINKERS IN THE SYSTEM C-5-A-F

Ordinary Portland Cement clinker is traditionally
prepared on the basis of four component oxide sys-
tem CaO-5103-A1303-Fe303 and is a most energy
consuming industrial product. To reduce the burning
temperature in order to save some energy, without
changing the potential phase composition some mi-
nor oxides are used as mineralizers and fluxes. These
are added in the amounts up to 3 Wt. % to the raw
mix. Mineralizers even in small amounts promote the
formation of clinker compounds, especially the for-
mation of C38. Fluxes are substances which lower the
temperature af which the formation of liquid phase
commences and decrease the viscostty of the clinker
melt. But it is very difficult to derive a clear cut dis-
tinciton between these two, as many substances have
both mineralising as well as fluxing action. Incorpora-
tion of such fluxes and mineralizers one can save only
a very small amount of energy, approximately 5%. So
there is a need of some other approaches to reduce
the energy demand dramatically.
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Tuble 1.

Compressive Strength of Belite Cement

Clinkers Compressive Strength (MPa)
LSF SM AM 1d 74d 28 d 90 d
1 0.79 3.4 2.2 18 30 49 90
0,80 3.0 23 18 29 44 53
3 .80 2.3 0.9 10 17 35 51

Active Belite Clinker (ABC):
The basic concept that reduction in lime satura-
tion factor can reduce energy consumption during
the burning proecss initiated the research attention
to develop an active belite cement. The average the-
oretical heat required to prepare OPC is 1750 kJ /kg
{420 keal/kg). For example a clinker having the lime
saturation factor (LSF)} 0.97 the theoretical heat re-
quired ts 1850 kJ/kg (440 kcal/kg), this can be re-
duced to 1650 kJ/kg (390 kcal/kg)} by lowering the
LST 1o 0.80 that means a net decrease of 210 kJ /kg.
The clinkerisation temperature can thus be reduced
from 1450° C to 1300° C. By reducing the LSF the
dominaut silicate phase is dicalcium silicate at the
cost of tricalcium silicate, the main early hydrating
phase responsible for hardening and strength devel-
opment. The problem associated in having high per-
centage of dicaleinm silicate in the clinker is that, it is
a slow hydraling phase and leading to very low early
strength, Moreover this phase has different polymor-
phism and v C2S s non hydraulic. Whereas the 7, o,
and o’ modifications are hydraulic. So there is a need
to stabilise the # C3S or the high temperature modifi-
cations in the system, which is also the common form
in the Portland cement. The stabilisation of this form
can be achieved by fast cooling. On the other hand
fast cooling means more heat losses from the cooler.
So the over-all saving in energy is questionable. So
far the application is concerned the initial strength
development is low so the use is limited. The litera-
ture survey shows that a lot of research attention has
been paid to improve the hardening capacity [1-10].
The several approaches of improving the hardening
capacity are as follows.
1. Rapid quenching of clinker by which the high
temperature polymorph of C3S are stabilised and
the reactivity of the cement is improved {1-4].

1I. Introduction of some minor oxides (Alkalies, Sul-
fates) to stabilise the @8, o, or o’ form of CyS
i5, 6].

III. Addition of ground clinker of normal composi-
tion by which the hydration process is'accelerated
[7-10].

Principally the hydration of ABC is not different
form that of OPC. But the only main difference is
that ABC hydrates more slowly and less portlandite
is produced during hydration. There are two different
resulis reported regarding the stability of ettringite
in belite cement. According to Ftikos [13] part of the
ettringite is transformed to monosulphate. The less
workability of belite cement has been explained due
to the rapid formation of ettringite in the relatively
lower alkaline medium than that of alite rich cement
[14]. On the other hand it has been established that
monosulphate is the stable phase in higher pH than
ettringite [15]. The strength development of some of
the industrial clinkers are summarised in Table I [16].
The durability of belite cement concrete is expected
to be more than that of OPC as very small amount
of Ca(OH); is released during hydration.

2. CLINKERS. IN THE SYSTEM C-5-A-5

Several attempts have been made to develop ce-
ments in the system containing the phases C,S,
Ci24A7, CA, C4AsS, CS and some amount of free
lime [18-22 and 30-32]. The presented results are
varying from each other. In the presence of gyp-
sum/anhydrite in the system CaO-5i02-Al203 two
ternary compounds containing sulphate are formed,
they are C5S28 and C4A3S. Out of these two phases
the former phase is stable at a narrow range of tem-
perature from 1100-1180° C [17} which decomposes
to form (S and C§, whereas the phase CuAsS is
stable up to 1400 °C. The sequence of reactions that
take place in the presence of sulfate are as follows,
at about 800-900°C intensive formation of CqS takes
place in addition to the phase C;AS. Above 1000°
C CS takes part in the reaction to form C5S29 and
C4A3S, and CuAS disappears form the systemn. Inten-
sive formation of these ternary sulphate phases takes
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_ Tuble 1.
Phase Composition and Compressive Strength of Some of the Typical Cements
Phase Compositions of cements Compressive Strength (MPa)
28 CsAsS C8 CA 1d 7d 28d Ref.
1. 74.2 17.8 1.2 - 8 10 12 21
2 56.3 20.1 1.7 13 15 26 30
3. 40.8 28.8 1.2 20 28 35 55
4. 32.8 38.7 0.7 1% 31 55 60
5. 20 80 .- - 42.5 44.0 - 24
6. 16.9 64.35 19.56 - 24.5 34.5 -
7. 10.14 40.55 49.31 - 18.5 25.0 -

place above 1100° C. The Phase C55,5 than decom-
poses above 1180° C to form a’CaS and CS. About
1200° C the quantity of CﬂAgg reaches its maximum.
The phase Cs5S2S does not have hydraulic property
[30}, whereas the phase CyA3S is the most impor-
tant hydraulic phase. That is why for the preparation
of clinkers in this system the preferred lemperature
regime is above 1200° C. Depending upon the ratio
of C / 8+A+S and A / S, the phases C12A7 and CA
also appear in the system. The phase C4A3S reacts
in the presence of calcium sulphate and lime to form
ettringite according to the following schemes:

C4SsS + qS + H30 — C2A(CS)Hsz + Al(OM)s (1)
(2)
(3)
(4)

C4AsS 4+ Ca0 + CS + H;0 — C3A.3(CS)Ha,
C3S + HyO — C — S —H + Ca(OH),
Ca(OM)s + AIOH; + CSH, + HyO

— C3A.(CS)Has

Den Jun-An et al. [20] investigated the possibility
of obtaining a series of cements by taking the phases
(58-C4A35-CSH; in different proportions to produce
rapid hardening, slight expansive, expansive and self
stressing cements. Some attempts were made to de-
velop such type of cements from industrial wastes, K.
Tkeda tried to prepare them from blast furnace slag
and waste gypsum [21]. These cements also contain
the CA phase. The resuits show that such type of
cements can very well be prepared from waste mate-
rials for common applications. Some of the strength
development data reported by different authors are
given in Table IL. It is very important to note that
depending wpon the proportion of different phases
the development in mechanical properties, porosity,

microstructure g5 well as the expansive behaviour
changes. When higher amount of C3A4S is present in
the system than the cernent has high early strength,
but the ratio of C4A35/CS has significant influence
in determining the ratio of AFm to AFt phase in the
hydrated product and the microstructure. The type
of calcium sulphate supplied has a role in changing
the mechanism of ettringite formation as well as in
the microstructure development [23)]. '

3. CLINKERS IN THE SYSTEM C-S-A-F-5

The phase composition of this type of clinker is
almost the same as in the system C-S-A-S. The in-
troduction of Fez Qs in the system leads to the ini-
tial formation of C4AT, which starts at about 850°
C and reaches its maximum at 1200° C. This sys-
tem has additional interest in preparing high iron ce-
ment besides the normal sulfoaluminate cement. Sev-
eral results are existing regarding the preparation of
cements in this system contalning the main phases
(28, C4A3S, C4AF, CS from natural raw materials or
pure chemicals [24-33). Mehta P. K., for the first time
undertook more detailed study on the phase composi-
tion and their influence and a wide verity of cemicnts
are reported [24]. Depending upon the phase com-
position various cements such as normal hardening,
rapid hardening, slow hardening and low durable ce-
ments can be prepared. Similarly a series of cements
containing the phases C33, CaA3S, C4AF, CSH, and
free CaO is prepared by Sudho et al. from natural
raw materials and pure chemicals [25. It is observed
that such type of cement can accommodate upto 10-
12% of free lime without any adverse effect. Wang
Yanmou et al. have reported the industrial produe-

tion of cements containing the phases C»S, C4A3S,
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" Fig. 1. Changes in phase composition in the system Limestone-Fly Ash-Gypsum (5 wt. % of Gypsum)

Table II1.
Phase Composition and Compressive Strengths of Some of the Typical Cements
Phase Composition (Wt. %) Compressive Strength (MPa)

G258 CiAF CyAsS Cs CaC 14 7d 28 d Ref.
1. 25 40 20 15 - 34.8 37.4 - 24
2. 45 15 20 20 - 9.5 271 49.8
3. 36 4 41 [ 18 - 15.0 25.1 31.2 25
4, 17 4 40 31 9 40.6 45.4 52.0
5. - 53 8 16 13 10 310 35.0 37.0 28
6. 50 8 15 17 10 20.3 42.5 50.0

C4AF, CS from natural raw materials [26]. Mudb-
hatkul et al. have reported that cement having the
following parameters: A/S = 2.5, A/S = 3.81, show
better strength properties and is suitable for zub-zero
applications [27].

Considering the potentials of using a variety of
industrial waste products to prepare such type of
cements, a systematic study was carried out [38].
The scattered thermodynamic and phase compatibil-
ity data in the system C-$-A-F-§ were collected and
the phases which are compatible with C5S in this sys-
tem were established [34]. As we have seen from the

earlier studies [24-27] the variation in quantities of
phases and the changes in chemical composition lead
to the formation of different type of cements from
high early strength and long durable to low strength
and low durable cements. So stringent quality control
is required to prepare such type of cements. These
phase compatibility data have been used to estab-
lish the phase assemblies and consequently the phase
field map. For this purpose three component raw mix
system Limestone-Fly ash-Gypsum has been used for
computation to study their feasibility for the prepara-
tion of such type of cements [35]. Figure 1, the result
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of such a computation showing the changes in min-
eralogical composition with change in the proportion
of the raw mix. Cements of this type has been pre-
pared from industrial wastes showing superior prop-
erties [28-30]. , :

The hydration of these type of cernents are sim-
ilar to that of cements.in the system C-S-A-S and
C4AF also participates in the formation of AFm or
AFt phase in the system depending upon the SQOj
available in the system. Some of the typical results of
strength development reported by different authors
are given in Table II1.

The speciality of these type of cements are as fol-
lows :

e Excellent high early strength (1 day strength up

Lo 40 MPa). _
¢ (Good anti seepage properties due to low porosity.
Good frost resistance ability.

¢ (Good low temperature strength development due

to liberation of high heat of hydration

o High Corrosion resistance, especially SO3~, CI-
-« Controlled expansion

-

4. CLINKERS IN. THE SYSTEM C-S-A-F-M-§

Ounly one work [36] has been reported in the last -

congress in New Delhi regarding the possibility of
preparation of clinkers in this oxide system, it is of
paramount importance in the utilisation of low grade
limestone containing high armount of magnesia and in
certain cases dolomite. These raw materials are not
usable in OPC clinker preparation due to the forma-
tion of periclase, which hydrates slowly in thée hard-
ened cement paste thus leading to unsoundness.

Though there are no detailed phase equilibrium
studies in this system but it has been shown MgO
present up to 12 Wt. % forms the stable phase C3MS2
at the cost of CpS at 1350° C. The stable phase com-
position of the clinker in this temperature range is
(a8, C3MS,, C.A3S, CS. In some clinkers the pres-
ence of additional phase C3AS is also observed.

The main hydrated product in the initial period is
ettringite. The one and twenty-eight days compressive
strength was 37 and 49 MPa respectively. This shows
that high early strength cements can be prepared on
this basis. The dimensional change measurement by
‘autoclave shows that in the presence of M O up to
10% there is shrinkage in the range of 0.02 to 0.05%
but further increase in the content shows expansion.

5. CLINKERS IN THE SYSTEM C-S-A-F-T-§

Sulfoaluminate belite cement is generally preparéed
from the natural raw materials such as limestone,
bauxite, and gypsum. Bauxite being the source of
aluminiumoxide, the other oxides present are iron
and titanium. The presence of CT phase in indus-
trial sulfoaluminate belite clinkers is reported [37]. So

far industrial waste product utilisation is eoncerned
some of them contain TiOg e.g. fly ash and red mud.
An attempt was made to establish phase compatibil-
ity in the system C-S-A-F-T-§ and it was observed
that all the three calcium titanate compounds CaT'y,
C4Ty, CT are compatible with C4A3S, and CS [38].
There are altogether thirty phase assemblages con-
taining C,5, the main compound of sulfoaluminate
helite clinker was established. On the basis of the

-computation {35] in order to establish the phase field

map form the phase compatibility data a fly ash con-
taining 6.96 Wt. % of TiO, has been estimated for the
preparation of clinkers. A clinker prepared at 1200°
C by using 16.5 Wt. % of this fly ash, 20 Wt. % gyp-
sum and limestone have the phase composition CaS,
C4A3S, C4AF and CS, calcium titanate and free lime
[38]. The main hydrated product in the initial period
is ettringite. The one day and twenty-eight days com-
pressive strength of this cement mortar is 23 and 55
MPa respectively. The presence of calcium titanate as
a minor phase has no harmful effect in the strength
development in the initial period.

6. CLINKERS IN THE SYSTEM C-S-A-CaF.

if one will feview the presentations in the last New
Delhi Congress, it is obvious that numerous papers
have been devoted to study the influence of CalF,

‘as a mineraliser in lowering the clinkerisation tem-

perature and its influence in the phase development,
microstructure of the clinker and its hydration be-
haviour. But how a low energy clinkers have been de-
veloped on the basis of these informations gathered
is pointed out here. - .

It is well established that the incorporation of CaFs
in the above system lowers the clinkering temperature
significantly. In the presence of CaFy, formation of
o’CyS takes place at about 800° C and this compound
reacts with CaFs at about 900° C to form an inter-
mediate non-hydraulic phase 2C,5.Cal’y which is sta-
ble in the temperature range 900-1040° C. This com-
pound decornposes at higher temperature to CaQ +
Liquid [32]. At about 1100° C another non-hydraulic
phase C1184. CaF; forms [39]. This phase decomposes
at about 1150 °C to form CzS (Containing about
1.5% fluorine). So the formation temperature of C3S
is dropped by et least 200 °C. In the presence of Alo Oy
another ternary compound Ci1A7CaF, is formed at
about 1050° C being stable up to 1300° C and above
this temperature it decomposes to form CzA [33]. The
compatible phase assemblage which is of interest to
prepare low energy clinker is CaO-C3A-C; | A7Cal-
CoS. The presence of C3A is dependent on the guan-
tity of CaF; introduced into the system and the tem-
perature of burning. By adjusting the proportion of
limestone, alumina and fluorine two types of clinkers
are produced having the following mineralogy [33].
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Clinker T. Cy1ArCalFy = 65-75%, 28 = 25-15%

Clinker IT Cy1 A7CaFs = 20 -30%. (48 = 10-15%,

- Hydration Behaviour: The hydration mechanism
of the phase Cy;A7CaFs in the presence of different
forms of calcium sulfates, calcium hydroxide and car-
boxylic acid was.stidied by Uchikawa et al. [40-42].
Conduction ‘calorietric study shows the presence of
three peaks. The second and third peak usually ap-
peared after Th and 1 day of hydration. The second
peak corresponds to the formation of hexagonal cal-
ciin aluminate hydrate C3AHg and C4AH,5. The
third peak represents the conversion of hexagonal cal-
chinraluminate hydrate to cubic C3AHg. In the pres-
enee of Ca{OH); the formation of hexagonal calcium
hydrates and their-conversion to cubic hydrates are
accelerated. In the presence of sulfates the main hy-
drated product is ettringite. In the presence of plaster
of paris the rate of reaction is faster. The rate of hy-
dratton of alite in Jet cement (cement corresponding
ta the clinker 11} is almaost twice as faster as mon-
oclinic alite in Portland cement. So a much denser
structure of hardened Jet cement than Portland ce-
ment was also confirmed. The hydrated produts of
these cements are ettringite and C-S-H gel.

C11A7.CaFs + CaSO4 + Hy0 — (5)
— C3A3(CaS04) 32H,0 + Caly
oS+ Ho O - C - 5—H gel -+ Ca(()H)g (6)

These are quick setting and rapid hardening ce-
ments. The final setting time is less than 10 min. The
compresgive strength fo the cement paste after one
hour is about:30 MPa, and concrete strength of 20-
30 MPa can be achieved after 3—4 hours of hydration
[43]. This cement is generally used in rapid repair
work and in sub-zero application.

7. CLINKERS IN THE SYSTEM C-S-A-F-CaFy

The introduction of high amount of iron oxide in
the basic system C-S-A-CalFy has further posstbility
of reducing the clinkering tempetature. A clinker con-
taining high amount of iron in the above system can
be prepared at 1050° C. The reactions in the system
take place according to the following sequence [44].

800°C - CaCQs — Ca0 + CO-

860°C - CaO -f' FeqO3 — Ca0.Fes Q3 —
— CaO.FegO:a,

900°C - Ca0 + Al;03 — Ca0 Al O3 —
— 12Ca0.7A105

950°C -~ Ca0 4+ Si0z — 2Ca0.8i0,

980°C - 2Ca0.AlyO3 + FeyOs —

— 6Ca0.Al303.2Fes 03

1000°C - 12Ca0.7AL O + CaFy — -
— 11Ca0.7A1,04.CaF,

The composition of feroaluminate phase present in
the system is CgAF, instead of C4AF. The phase
composition of the clinkers varies in the following
range: o

C11A7=5—-60%

CeAFy = 20~ 80%

CaS = 10 — 40%

The main hydrated products in the initial period
are ettringite and AHs gel + CaF,. As the hydra-
tion continues C4AF participates, increasing the AFt
phase further and formation of FHg gel takes place.
And C,S hydrates to form C-S-H gel. Due to the
formation of ettringite it gives the skeletal structure
which is filled by the formation of large amount of
gels and a compact structure is resulted, which con-,
tributes for high compressive strength. An industrial
clinker containing 40 and 50% of ferrite phase gave
17.5 and 19.5 MPa after 6 hrs and 56.4 and 63.5 MPa
after 28 days of hydration, respectively. The setting
time of iron rich fluroaluminate cement is relatively
higher than the only fluroaluminate cement (around
1.36 min).

8. CLINKERS IN THE SYSTEM C-S-A-F-CaS0,-CaF;

In the studies of influence of different mineralisers
in the production of OPC it was found that CaF
has a good mineralising effect. But the combination
of CaS04 nad CaFy has much more effect than CaF,

~ alone, or vice versa. The combined influence of sulfate

and fluoride was studied in works [45-58]. After re-
viewing the literature [46-56] the following important
information can be derived. There are four alumirate
phases present in the high lime region which are im-
portant to cement chemistry i.e. C3A, CgAFs, C_4A3S,
Ci1A7CaF,. The phases C3A and Ci;A7CaF; are co-
existing [56]. But in the clinker coexistence of these
phases is. dependent upon the ratio A/F+S+F and
the temperature regime. At temperature > 1350° C
the phase Ci1A7CaF 4 decomposes to form more CaA,
whereas at lower temperature Ciq A7CaF 5 is the dom-
inant phase. The ratio of C;; A7CaF3 to C4AsS is de-
pendent on F/S. From the change in free energy of
formation of C4AF, C11AvCaF,, CyA3S the reactiv-
ity of CaFy; CaS0Q4, Fey 03 with CaQ and  Al,O3 in.
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the following order was determined: CaFy > CaSQ4
> Fep 3. During the clinkerization process there are
four intermediate silicate phases formed, these are
2025.Ca804, 2C35.CaF;, 3C35.3CaS04.CaFy and
01184 C;d.Fz The phases 202S CaFg and 01;S7CaF2
do not co-exist. The thermal stability of these phases
are as follows: formation of the quaternary phase
Huro-ellestadite, 3C,S. 303504 CaF, beg;ns at 900°
C and is stable up to its incongruent melting at
1240° C. But’ according to [56] it decomnposes at 1035°
C. During the clinkerization process 2C45.CaSO0y,
2C.5. CaFy, and C1154 (,.aFg are not. formed directly
from their oxides but through the intérmediate phase
CsS. The introduction of sufficient amount of F and
S into the system lowers the formation temperature
of liquid phase in the system by 200° C compared to
the systemn C-S-A-F. From the point of intermediate
mineral formation this system is much more compli-
cated but in the temperature range of 1250-1300° C
the stable phases present in the system are C38, Cy8,
('4A3S, C4AF, Cy A7 7CaFg; or CsA. The phase com-
pesition of the clinker produced in this system is C3S
= 30-50%, C.:8 = 30—50%, Cq'Aag pauc 5—20%, C4AF

3 10%.

f\H ('45 is present in the system it hydrates quickly
to form C-S-H gel in addition to ettringite in the ini-
tial period of hydration. The typical strength: devel-
opment of this cement is 34 MPa a.fter one day and
63 5 MPa after 28 ([ays

‘5, CLINKERS IN THE SYSTEM C-S-A-F-CaCly

So far the production of alinite cement is concerned
this system is very important. Alinite cement has
heen developed in the former USSR, where it has been
patented since May 1977 and also produced indus-
trially. B. I. Noudelman and his co-workers. are the
mventors |57, 58, 66, 67]. The raw mix for making
alinite clinker contains between 6-23 Wt. % CaCl2,
and the proportion of other oxides remains almost
the same as in OPC except MgQ; which has to be
inereased a little in order to stabilize alinite. But the
optimun CaCly addition to the raw mix was found
to be T-8 wt % [59]. Since calcium chloride melts at
772 °C, a salt melt {eutectic Ca,Clo—CaCO; or CaCly-
CaO) is formed already at rtelatively lower temper-
ature, This promotes the chemical reaction between
components of the raw mix. At temperatures below
that of the melt formation solid state reaction gc-
curs in which calcium chloride participates or pro-
motes the reaction. The formation and decomposition
of the compound CaCO3.CaCly takes place close to
the temperature 570 °C [60, 61}. The decompdsition
of CaC'Qy to CaQ and COj starts at 780 *C. Small
amount of Ce8.Callly forms at 630° C and reaches
the maximurmn at 950° C. At 1037° C C,S. (”aCiz melts
incongruently and clecomposes to C2S and CaCly: In

this way the presence of CaCl; in this system accel-
erates the formation of C,8 [62, 63]. The compound
C4S.CaCly is not hydrauhc At about 700° C the. for-
mation of another compound Calcium Chloroalumi-
nate (011A7CaCIg) starts and this compound is sta-
ble upto 1350° C. At about 1050° C the formation of
alinite begins and is stable up to 1250° C. At about
1100°, C the main co- ex1sf;mg stable. phases in the
system are CglssA CaCly (allmte) CaS, C11A7Ca012
and C4AF So the c]mkenzatlon temperature of alin-
ite clinker is stated to be 1050-1100° C. The over- all
saving in energy in the production of such clinkers is
about 1250 kJ /kg [68). The clinkers are more appre-
ciably easily grindable, so the electrlcal energy con-
sumptlon for cement grinding is lower. The overall
saving in fuel and electrical energy is up to 30% and
a reduction in the cost of production of 10— 12% in
comparison to OPC is claimed. $6 far the production
process is concerned éven ‘at such a low burnmg tem-
perature the chioride already Vaponses cons1derably
and gives rise to the chlorids cyc[c whlch may upset
the klln and the productlon

Structure of Allmte

The crystal structure of alinite as detetmmed by
various authors .differs .from: each other. The. crys-
tal structure was determined by Iyukin et al. [57,
58] and according to them the composition should
be Cayi[(Si04)s (Al104]O:Cl-with Si:ani Al statis-
tically distributed in the :XO4 tetrahedra. But it is
not possible to synthesise a'mineral having the above
composition without the. addition of ‘MgO {64, 65].
It is obvious from the industrial alinite that MgO is
present as a minor oxide [66]. So all the XOy tetra-
hedra in the crystal structure are occupied by Si
and Al and gets the formula {64, 65] Cage Mgssn
[Siz.a Alp.e015]01.9Clps. According to Noudelman et
al. [67] four modifications of alinite exastsi they are
B, o', a, where the hight tempora.ture forms have cu-
bic syngonia. The alinite mineral is characterized by
a considerable number of defective centers, namely
oxygen vacancies. and their a.ssomatlon w1th ollwi
atom vacancies. h

The presence of chloride atom'in the structure of
alinite has a number of advantages over OPC e.g. low
formation temperature (1050--1100° CY and having
high degree of grindability, dissolution of mixed ‘and
modifying elerments, and high abl ity of interaction
with water,

Phase Clomposition and Hydration

The _phase composition of a typlml almlte clmk-
ers is as follows, aliuite = 60 -80%), belite = 10-30%,
Calcium aluminochioride = 5- 10%, Calcium alumino-
ferrite = 2-10%. The main hydrrwed product of alin-
ite cement is C-S-H besides the ¢alcium chloride. The
SEM observation shows thdt the (-8-H formed in the

‘case Qf ELhI]!_f(.‘_ Lias A <i§_[_[u_ent ::}0;])l1r)logjy than that
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of OPC. The C-S-H produced from alinite is mostly
having a spongy morphology [69]. The presence of
calcium chloride favours the dissociation of ettringite
to form the secondary gypsum. The rate of hydration
of alinite is higher than that of aline and the amount
of liberated Ca(OH); is relatively lower.

Performance and Durablhty The strength devel-
opment of alinite cerent is not significantly affected
ap to. 90 days by the gquantities of the added gypsum
(4-8% of $03). The water to cement ratio affects the
strength -development remarkably. The standard con-
sistency meaurement shows that alinite cement re-
quires lower W/C ratio than Portland cement. Even
at low chloride content the stength of alinite cement
is comparable ta that of OPC.

The. utilization of such cement in the steel rein-
forced concrete is questionable for the reason of re-
lease of chloride ions during the hydration process
and which accelerates the corrosion process. The in-
vestigation of the corrosion process of alinite cement
shows that steel bars embedded axially in 4x4x16 em
mortar prism are completely corroded at the surface
after 5
ride content of the alinite clinkers can be reduced af-
ter the burning process by exposing the clinker to'the
action of a gas-vapour-air mixture to less than 1%.

10. CLINKERS IN THE SYSTEM C-A-$-F-CaBr,

The synonymous of chloride alinite has been pre-
pared on the basis of bromide {70, 71] having the
chemical compositions

3[((‘ﬂ'a())t;.sm(MEO)0.07(@73012)0.055]
[(5102)0.865(A1203)0.1 15]_

3[(an)b.39(Mg0)0.055(CaClz}p.055]
[(Sio.g).o_gg(AlgOs)o_ 115(F3203)0.07]

and

3[(Caol)o.sg(Mgo)d.oss(CaBl‘z)0.055]
[(5102)0.88(Al203)0.5(Fe20a)o.07]

These compounds having hydraulic properties.
Clinkers on the basis of the above system can very
well be prepared.

CONCLUSION

The main idea behind the development of different
kinds of low energy clinkers described in this article is

to substitute the high lime containing C3S phase by‘

a suitable alternative low-lime containing phase i.e.
C4._A3S, C11A7CaFq, C11A7CaCl; and active Cs8 (ﬁ,
o’ Cs8) or an alinite phase, which could be synthe-
sized at relatively lower temperature. The setting and
hardening properties are mainly derived from main

5 years of storage in open air [68]. But the chlo-

~ [10] Ludwig, U., Péhlmann, R.,

initial hydrated product ettringite except alinite and
active belite cement. Thé ettringite formation leads
to quick setting and hardening and in achieving low
porosity, which enable these cements in special appli-
cations such a rusch repair work and sub-zero tem-
perature applications. Besides these the main benefit
in producing such clinkers are
¢ Energy Conservation
» Reduction in the productlon of pollutmg gases
such as COg, 50, NO,
‘o Industrial waste utlhza,tlon _
e Saving in natural raw material and utilization of
low grade raw materials.
Considering these facts there is an urgent need to
study the feasibility of different: alternatives for mass
production.
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