Special Review “Launching into The Great New Millennium”

Journal of the Ceramic Society of Japan 109 [ 3] S43-S48 (2001)

Recent Progress in Crystal Chemistry of Belite: Intracrystalline Microtextures
Induced by Phase Transformations and Application of Remelting Reaction
to Improvement of Hydration Reactivity

Koichiro FUKUDA

Department of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya-shi

466-8555, Japan

E—21 ~OFEESREFICH T DRI DED AERRE (C K W FERAEBICH MR S N 2 Sl R &
LR i 72 FIF U 7oK TR SO S
fREDI—EB
HHE THRFAE TR, 466-8555 4 iy BRI G

The microtextures of belite induced by a remelting reaction and other transformations (e.g., the polymorph-
ic phase transitions of a—a'—f) have been reviewed. The remelting reaction, in which the a-phase belite
decomposes into a liquid and the o'-phase during cooling, is necessarily preceded by the phase transition of o
—a'; the o -phase nucleates as lamellae within the parent a-phase so that there is good lattice matching
across the interface. The resulting lamella boundaries provide heterogeneous nucleation sites for the exsolv-
ing liquid by the remelting reaction. A variety of microtextures results depending on the wettability of the
belite lamellae by the exsolved liquid as well as on the cooling rate. The belite in which the remelting reac-
tion occurred to a large extent showed higher hydration reactivity and better grindability than the quenched
material. Recent years have seen developments in a new application for the remelting reaction that involves

modifying belite-rich cement.
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1. Introduction

HE remelting reaction is an unusual decomposition reac-

tion, in which a solid decomposes into a liquid and
another solid during cooling. The reaction rarely occurs in
alloys, for example, of the binary systems Fe-S, Cu-Sn and
Mn-Zn. With the silicates other than belite (CaySiO; solid
solution), the reaction has never been reported.!’=> Belite is
a main constituent of normal Portland cement clinkers, of
which it constitutes 15-30 mass%. The crystal chemistry
has been extensively studied for over a century since the ce-
ments were designed for general constructional use.®-10
However, the remelting reaction of belite was never recog-
nized until 1992,1 despite its great importance in the crystal
chemistry as well as in the hydration kinetics.

Attention has been given to cements in which the major
constituent is belite.!V This is partly because the belite-rich
cement, the belite content of which ranges from ~50 to
~80 mass%, promises better environmental protection, in-
cluding the reduction of CO, gas emission and the conserva-
tion of raw materials. However, the main problems in the
practical use of belite-rich cement are a low hydration reac-
tivity and a strong resistance to fracture on grinding. Re-
cently, the belite in which the remelting reaction sufficiently
occurred (remelted belite) has been revealed to show
higher hydration reactivity and better grindability than the
quenched material.!#-1% Both properties are closely related
to the belite microtextures induced by the remelting reac-
tion.

Highly reactive f-Ca,SiOy crystals without any foreign
oxides have been, on a laboratory scale, successfully synthe-
sized by a sol-gel-type method and hydrothermal
processing.'?-18) The reactivity in such cases is effectively
increased by the high specific surface area of the powder
specimens. On the other hand, the cement rich in the remelt-
ed belite (remelted belite cement) was prepared from the
starting materials of the industrial belite-rich cement

clinkers.'¥) This implies that the mass production of the mo-
dified cement on an industrial scale could be practical. The
remelted belite cement could therefore be a new type of
high-performance cement in the future rather than an ad-
vanced substitute for the conventional belite-rich cement.

The polymorphic sequence and crystal structures of helite
have been considered to be analogous to those of pure
Ca,Si0Oy, of which the polymorphs (Fig. 1) established so
far are, at ordinary pressures, y (orthorhombic), of (or-
thorhombic), o (orthorhombic) and « (trigonal) in the
order of increasing temperature.'’’ The S-phase (monoclin-
ic), stable at high pressures, occurs on rapid cooling. In nor-
mally processed Portland cement clinkers, the belite con-
tains enough foreign oxides and is free of the transformation
to the y-phase, which is unreactive with water. The y-phase
is much less dense than the S-phase so that this transforma-
tion causes the crystals of the S-phase to disintegrate into
fine powders, a phenomenon known as dusting. A one-
dimensional modulated structure has been observed in a
polymorph of belite, which contains certain foreign oxides
(e.g., P,05) in limited concentration ranges.'?

In the present paper, the author has reviewed the trans-
formation-induced microtextures of belite, followed by a
new application for the remelting reaction that involves
modifying the reactivity of the belite-rich cement. The
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Fig. 1. Polymorphism of Ca,SiO,.!V
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remelting reaction necessarily is preceded by the poly-
morphic phase transition of a—a7. The subsequent trans-
formation of ;. — has been reported to be thermoelastic as
well as martensitic. The remelting reaction requires atomic
diffusion, while the rest involves no diffusion process. Be-
cause the ofy-to-af, transition does not affect the relevant
microtextures, both phases are simply represented by o

2. Nucleation of new phases and their morphology

In nucleation and growth transformations, the overall free
energy change (AGro) with the formation of the new
phase within the host crystal comprises the volume
(AGvyomme), surface (AGsuace) and strain energy (4Gsain)
terms:20)

A GTotal =4 GVolumc +4 GSur]‘acc +4 GStraiw

The morphology of the new phase should be determined so
as to make the last two terms minimal. When the strain
energy is important, the new phase may be oriented in the
form of lamellae within the matrix so that there is good lat-
tice matching across the interface. If the surface energy is
important and also isotropic, the precipitated phase can be
spherical in shape as liquid droplets. Situations similar in
principle to those described above are the orto-a’ poly-
morphic phase transition for the former and the remelting
reaction for the latter.

3. a-to-o’ polymorphic phase transition

3.1 Orientation of a'-phase lamellae in host a-phase

The a-to-o polymorphic phase transition is accompanied
by the formation of the intracrystalline lamella structure;
the o -phase nucleates as lamellae in the host a-phase. The
overall lamella structure was determined by the stereo-
graphic analysis of the observed lamella orientation.?” The
results showed that there are six sets of crystallographically
equivalent lamellae, each of which is parallel to <210, and
intersects (001),at an angle of 27 +3° (Fig. 2). During fur-
ther cooling, the o -phase often is inverted to the f-phase,
leading to the formation of polysynthetic twinning at the
submicroscopic level within each lamella.

Perfectly coherent interphase boundaries are expected
between the o -phase lamellae and the a-phase host. The
orientation of such coherent interfaces was found from
calculation based on the matrix algebra analysis as used in
martensitic transformations.??)23) The calculation proce-
dure requires only the lattice parameters of both phases and
their lattice correspondence,?¥-26) which is expressed by
{1120},// (100) , and [0001],//[001],.

Because of the trigonal symmetry for the parent a-phase,
there are six symmetrically related sets of interfaces in all,
which intersect (001), at 26.8° (Fig. 3).22) This is in fair

C(X

Fig. 2. Stereographic drawing of six symmetrically related o -
phase lamellae in the host a-phase. The lamellae are parallel to
{210, and intersect at 27° with (001),. The great circle drawn in a
solid line represents one of the six lamellae.

agreement with 27° obtained experimentally. In a similar
manner, the intersection angle of 29.3+£0.3° is obtained as
the most probable one at the transition temperature,?® tak-
ing into consideration the temperature dependence of cell
parameters for the o~ and o -phases.?”

3.2 Kinetics

The o-to-o/ transition in belite is a nucleation and growth
process. Thus the transition process can be shown on a
time—temperature-transformation (TTT) diagram.?® The
two C-shaped curves in Fig. 4(a), respectively, give the re-
lation between time and temperature for the start (left) and
the finish (right) of the transition. In the region between the
two curves, the belite is composed of both the o and «o'-
phases, and the fraction of ' increases with time for a given
temperature. The broken line in the figure gives the ther-
modynamic transition temperature between o and o' (7¢);
the o -phase exists in equilibrium with the parent o-phase at
~1280°C. The temperature at which the transition occurs at
a maximum rate lies at ~1100°C. Below the kinetic cut-off
temperature of ~700°C, the transition becomes virtually un-
observed.

In general, the rate of transformation in a nucleation and
growth process depends on the rate of stable nuclei forma-
tion and their subsequent growth rate.??) Taking only the
thermodynamic factor into account, the rate equation for the
overall transformation is expressed as

I=K-exp (—AG(T)/RT) exp (—H/RT)
where AG and H are, respectively, the activation energies
for nucleation and growth of the o -phase, R the gas con-
stant and K a constant. The pre-exponential term K in-
cludes the thermal entropy term (S), and hence H is used
instead of G (=H—TS). The AG and H values can be de-
termined on the assumption that the time ¢ for a given frac-
tion of transition is inversely proportional to the nucleation
rate. Putnis and McConnell?® give the solution as:

H=R[d (nt¢)/d (1/T)] for low T ()

AG(T)=RT(AInt) (2)
Equation (1) shows that, when the starting curve in Fig. 4
(a) is re-plotted against In  and 1/ 7, the H value can be ob-
tained from the slope of the linear part of the curve at low
temperatures (Fig. 4(b)). Equation (2) shows that, for a
given temperature, the AG value is derived from the dis-
tance (A4 In ¢) between the extrapolated straight line and the
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Fig. 3. Lattices of the o~ and o -phases fitted together at the co-
herent interface. The interphase boundary forms an angle of 26.8°
with (001),.
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Fig. 4. (a) Time-temperature-transformation diagram for the
a-to-a’ polymorphic phase transition. The cooling curves are for the
linear cooling from 7. (~1280°C). (b) Starting curve replotted
against In time and 1/7" (K ~1). The H value is found to be 350 KJ -
mol~!. Sample with chemical formula of (Ca; g;Nag.13) 52 (Sio.00Alp.04
Feg.03) £0.9703.83.

curve as in Fig. 4(b).

By superposing cooling curves on the TTT diagram, we
can predict the intracrystalline microtexture as well as the
constituent phases. The cooling curves in Fig. 4(a) are for
the linear rates of 30°C/s and 10°C/s from 7. The curve for
a rate higher than 30°C/s does not cross the starting curve,
and hence only the o-phase is obtained at ambient tempera-
ture. For a cooling rate between 30°C/s and 10°C/s, the
transition starts at ~1150°C, though the transition is not
completed. Accordingly, the crystal grains will show the
lamella structure consisting of both the o~ and o -phases.
For a cooling rate lower than 10°C/s, the a-phase will be en-
tirely inverted to the o -phase. After the completion of the
transition, the remelting reaction, as mentioned below, will
immediately occur within the crystal.

4. Remelting reaction

4.1 Phase stability

The Ca0-Si0,-Al,0; ternary phase diagram?’’ shows
that the liquidus field of Ca,SiO; extends toward the
Cay,Al 055 component; the liquid coexisting with CaySiO,
varies in composition along the line Ca,SiO,-Ca;2Al103;.
Thus, the phase stability study has been done in this pseudo-
binary system to confirm the remelting reaction of the o-
phase belite (Fig. 5(a)).3"

To illustrate an ideal sequence of the cooling process in
the system, we will consider the changes which take place in
the a-phase crystal coexisting with a liquid at a temperature

A in Fig. 5(b). When the crystal, of which the Ca;5Al;,04;
content is 2.5 mass %, is cooled rapidly between the temper-
atures C (1395°C) and D (1348°C), it decomposes into a lig-
uid and the o -phase, the CajpAly O3 content of which (~1
mass?%) is lower than the parent a-phase. This reaction is
termed remelting. The remelting reaction ceases at 1348°C,
and the end result is the mixture of the o -phase and the lig-
uid. The proportion of each, as determined by the lever rule,
is ~98 mass% of the o/ -phase and ~2 mass% of the liquid.
The liquid consists of ~17.5 mass% Ca,SiO; and ~82.5
mass% CalgAl]_LO;;g.

4.2 Alternative metastable behavior during cooling

The direct transformation of a—liquid +c«’ shown in the
diagram, however, seems to require a large activation
energy. Accordingly, the a-to-e’ polymorphic transition first
occurs upon cooling without a change in chemical
composition.3t Note that the resulting o -phase is not a sta-
ble phase and represents a kinetically more favorable
method of reducing the overall free energy, having failed in
the thermodynamically more advantageous transformation
to liquid+«'. This type of behavior is termed allernative
metastable behavior.?®) After the transition, the liquid ex-
solves heterogeneously on the lamella boundaries because
of the favorable activation energy for nucleation.!

The o-phase crystal, as it cooled from the temperature A,
will ideally decompose into the - and o -phases between the
temperatures B and C (Fig. 5(b)). However, unless the
cooling rate is extremely slow, this reaction will not virtually
occur. This is because the decomposition reaction requires
an atomic diffusion process in solids and therefore is slug-
gish.

4.3 Wettability of belite lamellae by exsolved liquid

The rate of the remelting reaction depends not only on the
temperature but also on the wettability of the o -phase
lamellae by the exsolved liquid.?3 The difference in wet-
tability should come from the chemical composition of the
exsolved liquid, which is determined by the types of impuri-
ties and their relative concentration (Al/Fe ratio) in the par-
ent a-phase belite.

The belite with Al/Fe (molar ratio) <1 exsolves the lig-
uid with low wettability. Thus the liquid forms droplets on
the lamella boundaries (Fig. 6(a)).!” These droplets with
minimum interfacial area would readily reach a local
equilibrium with the surrounding belite matrix. Inside the
lamellae, the remelting reaction would not occur because of
the large activation energy for homogeneous nucleation of
the liquid. Under these conditions, the rate-determining step
is the volume diffusion of foreign ions from the bulk to the
liquid droplets on the lamella surfaces, and thus the reaction
is very sluggish. The reaction rate after the formation of the
droplets is so low that the outline of the original belite grains
and the intracrystalline lamella structure tend to remain
despite slow cooling.

The liquid, which is exsolved from the belite with Al/Fe
> 1, has high wettability. Hence, it readily spreads over the
lamellae and disintegrates the lamella structure.?’ Because
the large interfacial area is invariably kept between the
lamellae and the liquid, the reaction proceeds until the par-
ent crystals are completely replaced by the new o -phase be-
lite (Fig. 6(b)). During the decomposition process, the im-
purity concentration continues to decrease and various
microtextures, as described in the literatures,’ -3 result.

When the liquid coexisting with the a-phase crystal at the
temperature A in Fig. 5(b) is cooled, the o/ -phase crystal
will be newly nucleated from the liquid between the temper-
atures C and D. The crystals that are precipitated in this
manner are usually observed as overgrowths on the former
o-phase crystals (Fig. 6(b)).?’ During further cooling, the
transition of o —f8 occurs both in the remelted and over-
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Fig. 5. (a) Phase diagram of P,Os-bearing pseudobinary
Ca,Si0,-Ca;pAly 033 system showing the occurrence of the remelt-
ing reaction in the o-Ca,SiO; solid solution. No phase distinction is
made between oY and at, and both are simply represented by o. A
small amount of P,Oj5 is added to prevent the pulverization of the
belite crystals due to the f-to-y phase transition upon quenching.
(b) Part of the CaySi0,~Ca;3Al1,033 system in (a), showing that the
single a-phase decomposes into the two-phase mixture of &’ and lig-
uid upon cooling between the temperatures C and D.

grown crystals, leading to the formation of the polysynthetic
twinning frequently on (100), and rarely on (001) 4.6’
4.4 Kinetics
The quantitative relationship between the fraction remelt-
ed and the cooling rate was determined for the belite doped
with Na,O, Al,O5 and Fe;,05.>) Because the Al/Fe molar ra-
tio of the parent belite was larger than unity, the impurity
concentration continued to decrease during the decomposi-
tion process. The f-angle varied most sensitively with the
Na/(Na+Ca) ratio (=x) according to
B() =94.55-8.86x(0<x<0.03).
The decrease in x caused by the remelting reaction was
therefore detectable by the increase in . When the belite
was cooled at a constant rate 7(°C/s) over the temperature
range in which the remelting reaction occurred, the fraction
remelted ({) was expressed by
(=1—exp (—1.33 77025),
It is noted that this rate equation must be modified on appli-
cation to the belite with different types of foreign oxides.
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Fig. 6. Optical micrographs showing belite microtextures induced
by the remelting reaction. (a) Belite crystals with Al/Fe (parent -
phase) <1. Transmitted light. The liquid droplets are disposed in
lines on the lamella boundaries, indicating that they heterogeneous-
ly nucleate on the boundaries after the a-to-o polymorphic transi-
tion. (b) Belite crystals with Al/Fe (parent a-phase) >1 in an in-
dustrial Portland cement clinker. Reflected light. Etched with nital.
The parent a-phase crystals are completely melted and replaced by
the new « -phase (now fS-phase) crystals.

5. Application of remelting reaction to improvement

of hydration reactivity and grindability

5.1 Hydration behavior of remelted belite

Recently, the hydration reactivity and grindability of the
belite-rich cement have been effectively improved by the
remelting reaction of the constituent belite.!2)-1% The modi-
fied cement, termed remelted belite cement, is mainly com-
posed of belite in which the remelting reaction occurred to a
large extent and is thus distinct from the conventional be-
lite-rich cement. The remelted belite consisted of the poly-
synthetically twinned S-phase, together with the exsolved
liquid in high alkali concentration. On the other hand, the
conventional belite-rich cement, of which the constituent be-
lite was rapidly quenched to depress the occurrence of the
remelting reaction, contained the alkalies (and the other for-
eign oxides) in solid solution to occasionally stabilize the
o -phase.

The rate of heat evolution at 20°C has been, for example,
compared between the modified and conventional belite-rich
cements (Fig. 7).'¥ The main heat evolution peak of the
former began ~7 h earlier and rose more steeply than that
of the latter. Because the two cements showed nearly the
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Fig. 7. Rate of heat evolution at 20°C and water/cement=0.5 by
weight.!*) Sample S-A is analogous to the conventional belite-rich
cement cliker, and that of S-B is mainly composed of the remelted
belite crystals.

same specific surface areas as well as very similar particle
size fractions, the difference in hydration behavior between
them is independent of their powder properties. According-
ly, the early hydration reactivity, evaluated from the heat
evolution, was higher for the former than for the latter.

5.2 Hydration accelerators

In general, the rate of cement hydration is significantly in-
creased by the dissolved alkalies in the water in contact with
hydrating cement.?” When the remelted belite crystals,
together with the exsolved liquid (a solid at ambient temper-
ature), are finely pulverized and mixed with water, the ex-
solved alkalies would readily dissolve into the water. This
leads to the high reactivity during the initial stage of the ce-
ment hydration.13).14)

The grindability of belite-rich cement has been markedly
increased by the remelting reaction.'?-1¥ The better grinda-
bility was derived from the weaker resistance to fracture for
the remelted belite compared to the quenched material. The
resulting powder specimen of the former showed higher
specific surface area than that of the latter, which effectively
improved the early hydration reactivity.

The hydration behavior has been compared between the
a'- and twinned pB-phases with identical chemical
compositions.3® With pulverized crystals, the intersections
of the twin boundaries and the crystal surface behaved like
active centers of the reaction with water. The f-phase,
therefore, showed a much higher hydration reactivity than
the o' -phase during the early stage of the hydration process.
In a manner similar to that above, the hydration reactivity of
the remelted belite consisting of the twinned p-phase was
much higher than that of the quenched material mainly con-
sisting of the o -phase.!

The probable hydration accelerators of the remelted be-
lite proposed so far are the exsolved liquid rich in alkalies,
the high specific surface area of the pulverized crystals, and
the twin boundaries of the B-phase. However, the detailed
hydration mechanism of the remelted belite needs to be in-
vestigated further. The complete clarification could enable
the modified belite-rich cement to be practical on an indus-
trial scale.

6. Miscellaneous transformations
6.1 Thermoelastic martensitic transformation
In a martensitic reaction, the cooperative movement of
many thousands of atoms occurs.?® Thus, the relief effect

on the parent crystal surface is characteristic of such a
transformation.

The o-to-f transformation has been reported to be
martensitic.*®-43) The surface relief induced by the transfor-
mation was quantitatively investigated on a nanometer scale
using an atomic force microscope.**’ The surface relief an-
gle was determined from the observation to compare with
that found from calculation based on the phenomenological
theory.#46) The fair agreement between them implied that
the transformation is definitely martensitic and mainly
governed by a shear mechanism. With ceramic materials
other than belite, the martensitic behavior, which is non-
thermoelastic, is well-known to occur in zirconia.

In situ observation has been made, under a high-tempera-
ture optical microscope, of the prepolished surface of the
parent o -phase belite.*”? The transformation proceeded
with the growth of the martensite (-phase) plates during
cooling. The growth ceased when cooling was stopped and
resumed upon further cooling. Upon heating, the plate
formed last during cooling began to disappear, and the origi-
nal flat surface was eventually restored. The behavior of
this kind is termed shape memory effect. Upon repeated heat-
ing and cooling cycles, the transformation was completely
reversible.

The transformation temperatures have been determined
to show the thermal hysteresis (A,~M) as being negative,
where A and M, are respectively the starting temperatures
of the reverse (f-to-a’) and forward (o'-to-f)
transformations.*® The negative thermal hysteresis as well
as the growth and shrinkage behavior of the martensite
plates strongly suggest that the transformation is
thermoelastic. )49

6.2 Incommensurate phase transformation

An orthorhombic incommensurate superstructure has
been observed in the belites doped with P,O5 and/or other
oxides.19:39)-35) This phase appears when the parent a-phase
fails to undergo the orto-o transition on quenching. The
crystal grain consists of domains related by 120° rotation
around the c¢-axis of the former o-phase.!® The domains
were at the submicroscopic level with irregular domain
boundaries. Thus, the crystal grains showed mottled extinc-
tion under crossed polars. The electron diffraction pattern
has revealed that the modulation is one-dimensional and that
all the reflections are expressed by

Q= ha*+kb*+ lc* +nk

using four indices (%, k, [, and n), where k is the wave
vector.? This vector is redefined using the modulation
wavelength N and the unit vectors a* and ¢* as (1/N)a*+
c*. A good correlation between N and P/(Si+P) indicates
that a commensurate phase with N=4 exists at P/ (Si+P)
=(.148. The crystal structure may be close to that of
6C3.25i04 ‘Cag (PO4)2(P/ (Sl =+ P) =0.250 and N= 375) 5 of
which structural refinement was made assuming N=4.5!

6.3 Transformations of belite in normal cement

clinkers

The belite in industrial Portland cement clinkers is mostly
formed in the stable temperature region of the a-phase.
When the belite, containing a large amount of impurities, is
cooled rapidly, the o-to-’ phase transition can be incom-
plete. The resulting belite is therefore composed of the o -
phase lamellae and the host a-phase. Upon subsequent cool-
ing, the o -phase is inverted to the f-phase. The end result at
ambient temperature is the belite composed of both the o-
and S-phases. With slower cooling, the initial o-phase belite
can be completely inverted to the o -phase. Immediately af-
ter completion of the transition, the remelting reaction oc-
curs heterogeneously on the lamella boundaries. The result-
ing microtexture mainly depends on the Al/Fe ratio of the
parent a-phase as well as on the cooling rate.
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