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Kinetics of Remelting Reaction in Ca,SiO, Solid Solutions

Koichiro FUKUDA, Iwao MAKI, Suketoshi ITO and Kazuhiro TOYODA*

Department of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466
*Graduate School of Science, The University of Tokyo, 7-1-3, Hongo, Bunkyo-ku, Tokyo 113

Ca28i04.lﬁ?éﬁ(:?ﬁﬁéﬁﬁliﬁﬁ@ﬁﬁ?ﬁ
mEAT—BD -4 & - REEEE - BEEL*

AWETEREMBTER, 466 FHE4AHEHRAX HIZHTHET
RRAKFARFEEFE R RS EY, 113 BRE SR AR 7-1-3

[Received November 21, 1994; Accepted February 21, 1995]

The cell dimensions for a series of f-Ca,Si0, solid solu-
tions were determined as a function of concentration
of foreign oxides (NayO, Al;03 and Fe;03). The angle g
varied most sensitively with the Na/(Na+Ca) ratio
(=x) according to g (*) =94.55—8.86 x (0<x<0.03).
The decrease in x that accompanies the remelting reac-
tion was therefore detectable by the increase in g.
When the crystals were cooled at a constant rate r (°C/
s) over the temperature range in which the remelting
reaction occurred, the fraction remelted was ex-
pressed by 1—exp(—1.33 r=025),
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1. Introduction

The CaySiO,4 (C,S) polymorphs established so far
are, at ordinary pressures, «, a'y, «'1, and y in the ord-
er of decreasing temperature.l The g phase, stable
at high pressures, occurs metastably on rapid cool-
ing. The polymorphic sequence and the crystal struc-
tures of Ca,SiOy solid solution (C;S(ss)) or belite in
cement clinkers are considered to be analogous to
those of pure C,S. The a-to-a'y transition of C,S (ss)
is a nucleation and growth process and can be
represented on a time-temperature-transformation
(TTT) diagram.? The o'y phase is further inverted
into the B phase passing through the «'y phase. At
ambient temperature C,S(ss) consists of the « and/
or the f phases depending on cooling rates as well as
initial chemical compositions.

When cooled slowly, a-C,S (ss) with plenty of for-
eign oxides in solid solution undergoes remelting
reaction within the crystals after the transition to
a'g.2-9 In this reaction the a’y phase, consisting of
six sets of lamellae,®? is separated into a liquid ex-
solved heterogeneously on the lamella boundaries
and a new o'y phase lower in impurity concentration.
Fukuda et al.% explicated the decomposition process
by following a series of changes in microtexture.
The rate of decomposition depends on the physical
properties of the exsolved liquid (e.g., wettability)
as well as on temperature. The crystals with Al/
Fe>1 produce liquids as readily spread on the lamel-
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lae and lead to a high rate of decomposition, whereas
those with Al/Fe<1 produce liquid droplets on the
lamella boundaries and are low in the rate of
decomposition.®

In this study we prepared a series of B-C,S(ss)
with varying Na/(Na+Ca) ratios and determined
their accurate cell dimensions. The angle 8 has been
proved to provide a good indicator to show the
progress of remelting reaction with cooling.

2.

2.1 Materials

Using regent-grade chemicals, pure C,S and five
kinds of C,S(ss) doped with Nay0, Al,05 and Fe,04
were prepared (Table 1). The mixtures were
pressed into pellets, heated at 1500°C for 15 min and
quenched in cold water. The specimens thus pre-
pared were termed S-1 (pure C,S) 2, 3, 4, 5and 6in
the order of increasing concentration of foreign
oxides. The C,S(ss) crystals coexisted with a small
amount of interstitial materials consisting mainly of
calcium aluminate.

S-5 and S-6 were reheated at 1500°C for 5 min
and cooled in three different ways: (A) quenching in
air at 1500°C (S-5-A and S-6-A), (B) cooling at
1°C/s followed by quenching at 1000°C in air (S-5-B
and S-6-B) and (C) cooling at 80°C/h followed by
quenching at 1000°C in air (S-5-C and S-6-C).

2.2 Characterization

Thin and polished sections were prepared for all
the samples and their microtextures were observed
under an optical microscope.

The phase constitution of the crystals was exa-
mined by X-ray powder diffractometry (XRD). The
profile data were collected on a diffractometer

Experimental

Table 1. Preparation of Mixtures (mass%)

Sample CaCO3 SiO2 NaHCO, ALO; Fe,0,

S-1
S-2
S-3
S-4
S-5
S-6

76.92
76.18
76.18
75.49
74.80
72.18

23.08
22.86
21.97
21.76
21.57
20.81

0.74
142
2.10
2.78
537

0.11
0.22
0.32
0.43
0.82

0.11
0.22
0.32
0.43
0.82
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(Model PW3050, Philips Co.) using monochroma-
tized Cu Ka radiation (40 kV, 50 mA) and step-scan
technique (step width=0.02° and fixed time=10s)
in the 26 range from 20° to 57.7°. Si powder was used
as an internal standard (sample/Si=7 by weight).
The cell dimensions of the 8 phase for each specimen
were refined by the WPPD (whole-powder-pattern
decomposition without reference to a structural
model) method.®

The compositions of C,S(ss) in S-2, 3, 4, 5and 6
were determined by chemical analysis. The crystals
were separated by dissolving the interstitial materi-
als with an aqueous solution of KOH and saccharose
at 90°C. After alkali-fusion with Nay,COs;, the SiO,
content was determined gravimetrically from the
loss in weight by treating one part of each sample
with HF. The other part was acid-digested and the
filtrate was used for analyzing Al, Ca and Fe with an
inductively coupled plasma atomic emission spec-
trometer (ICP : Model JY48P(V), Seiko Co.) and
Na with an atomic emission spectrometer (Model
SAS-720, Seiko Co.).

3. Results and discussion
3.1 Constituent phases, chemical composition
and microtextures

Both optical microscopy and XRD showed that at
ambient temperature the crystals in S-6 were com-
posed exclusively of the « phase and those in S-1, 2,
3, 4 and 5 of the g phase. On rapid cooling, no com-
positional change occurred during the successive
transitions a—a'yg—a’t—B. The chemical composi-
tions of those crystals are given in Table 2. From the
substitution scheme in the previous papers,® ¥ it is
probable that Al and Fe substitute for Si and Na for
Ca. The chemical formulae have been derived assum-
ing Ca+Na=2 (Table 2). The Si sites were almost
filled with 1 to 5 % of the oxygen sites being vacant.

Thin-section microscopy showed that the crystals
in S-6-A were composed mainly of the « phase as
host with a very small amount of the -phase lamel-
lae. The TTT diagram was prepared in our previous
study for the a-to-a'y transition of the crystals in S-6
(Fig. 1).2 At 30°C/s the cooling curve just passes
through the nose of the C-shaped curve for the start
of transition. This cooling leads to the relevant
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Fig. 1. Time-temperature-transformation diagram for the a-to-
o'y transition of C,S(ss) in S-6.2 The thermodynamic transition
temperature between « and 'y is 1280°C. Curves for cooling at
30°C/s, 1°C/s and 80°C/h are superposed on the diagram.

microtexture and phase constitution of the crystals
in S-6-A. The same cooling rate (30°C/s) is also ex-
pected for S-5-A, which was cooled in the same way
as S-6-A. With decreasing concentration of foreign
oxides in solid solution, both curves for the start and
finish of transition may shift toward left in the
diagram.? Because the crystals in S-5-A were com-
posed entirely of the g phase, the TTT diagram for
the crystals in S-5 should be such that the cooling
curve for 30°C/s crosses both curves.

All the crystals in S-5-B, S-6-B, S-5-C and S-6-
C were composed of the g phase. The occurrence of
the remelting reaction was confirmed microscopical-
ly within those crystals. Because the Al/Fe ratio in
their parent crystals is larger than 1 (Table 2), the
remelting reaction should proceed to its final stage
with prolonged heat treatment as suggested by Fuku-
da et al.®

3.2 Dependence of cell dimensions on Na/

(Na+Ca) ratio

All the refined cell dimensions of the 8 phase are
given in Table 3 together with final reliability fac-
tors. In Fig. 2 the cell dimensions are plotted against
Na/(Na+Ca) ratios (=x). With increasing « the a-
axis shrank while the b- and c-axis expanded with
eventual increase in the unit-cell volume. The angle
B decreased, showing the best correlation with x as

Table 2. Chemical Composition and Formula of the C,S(ss)

Chemical Composition (mass %)

Sample Chemical Formula Na/(Na+Ca) Al/Fe
CaO SO, NaO AlO, Fe,0; Total

s2 646 342 038 012 013 994  (Cay goNag ) (SiogAly 00aFe,008)509903 96 0.01 14

s3 649 337 053 032 025 997  (CayoNag s (SigeeAlyoFeo 050970392 0.015 2.0

S-4 640 335 089 044 042 993 (CaoqNay s (SigoshlyoFe 0150980392 0.025 16

s-5 69 334 101 076 055 996  (CagNag s (SioosAly0sFe000) 500903 93 0.03 22

S-6 620 318 238 120 120 986

(Ca, gNay 13)55(Sig oAl 0F0.03)50.9603 82 0.065 16
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Table 3. Cell Dimensions for the 8-C,S (ss)

Cell dimensions Reliability factors*
Sample
a(am) b (nm) ¢ (nm) B() Volume (nm’) R, R, R (peak)

S-1 0.55089(1) 0.67536(1) 0.93102(2) 94.552(2) 0.34529(2) 0.0388 0.0529 0.0617
S-2 0.55063(1) 0.67571(2) 0.93142(3) 94.465(3) 0.34550(3) 0.0382 0.0531 0.0609
S3 0.55040(2) 0.67593(3) 0.93232(4) 94.415(4) 0.34582(5) 0.0405 0.0579 0.0661
sS4 0.55023(3) 0.67602(3) 0.93274(5) 94.337(4) 0.34595(6) 0.0465 0.0664 0.0762
S-5 0.54985(3) 0.67603(4) 0.93361(10) 94.282(8) 0.34606(9) 0.0490 0.0699 0.0885

0.0460 0.0642 0.0806
0.0425 0.0611 0.0739

S-5-A 0.55029(3) 0.67582(3) 093261(6) 94396(5) 034581(6)
s-5-B 0.55056(2) 0.67550(2) 0.93167(4) 94.494(3) 034543(3)
s-5-C 0.55084(1) 0.67540(2) 0.93132(3) 94.550(3) 034539(3)  0.0439 0.0606 0.0786
S6-B 0.55042(3) 0.67557(3) 093226(6) 94.422(5) 034563(5)  0.0402 00555 0.0789
§-6-C 0.55072(2) 0.675483) 093169(4) 94.526(4) 034551(4)  0.0451 00616 0.0900

Figures in parentheses indicate standard deviations.
*Reliability factors were calculated by
R =3 1y(obs), - y(cale), 1/ £ y(obs),;
P ! L 12 12
R,y = 3w [y(obs), - y(cale), 1/ 3 w, y(obs),
R (peak) = 31 y(obs), - Y(ealo), 1/ 3 [y(obs), - blcalo)]
where y(obs), and y(calc), are respectively ith observed and calculated profile intensities and w; is a weight
assigned to the observed intensity in the form W= y(obs)l.'l. b(calc)‘. is a calculated background intensity.

shown in Fig. 2(D). The Al and Fe had no apprecia-
ble effect on the change in cell dimensions. These
are very similar to the result given by Turnock et
al.1» for monoclinic pyroxene (Ca,Mg,Fe;_,_,)SiOs,
in which the angle 8 changed sensitively with Ca/
(Ca+Mg+Fe) ratios.

The relation between § and x for the S-phase crys-

Table 4. Examples of S and ¢ Values as a Function of Linear
Cooling Rate »

r 30°sec  1°/sec  80°h

S 5.20 1.99 0.34
g 0.41 0.78 0.96

tals in S-1, 2, 3, 4 and 5 is given by

B(°) =94.55—8.86x (R=0.999) ¢))
This equation holds when 0<x<0.03.

It should be noted that, with the remelted crystals,
the x values in Fig. 2 are for their parent crystals be-
fore remelting. The Na/(Na+Ca) ratio is hereafter
denoted by x,,. The three broken lines in Fig. 2(D) re-
late the x, to B as follows:

B()=94.55—S)x, 2)
where S(7) is the slope of the line for the constant
cooling rate 7. The values of S(r) for different 7 are
given in Table 4.

3.3 Compositional change

remelting reaction

During the remelting reaction, the impurity con-
centration in the parent crystals continues to

induced by the
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Fig. 2. Variation of cell dimensions with Na/(Na+Ca) ratio. @ (A), b (B), ¢ (C), 8 (D) and volume (E). Quenched at 1500°C (O).
Cooled at 30°/s (@), 1°/s ((J) and 80°/h (M). Error bars indicate 3 o. The Na/(Na+Ca) ratios for @, [] and Il are those of the parent

crystals before the occurrence of the remelting reaction.
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Fig. 3. Schematic illustration for determining the actual Na/
(Na+Ca) ratio from the angle # after remelting reaction. Na/
(Na+Ca) ratio decreases from x, to x.

decrease.?% Figure 3 shows schematically the rela-
tion between x, and x in the decomposed C,S(ss)
crystals, which can be derived from Egs. (1) and (2)
as
x=[S(r)/8.861x, 3)
Because the S(r) values are smaller than 8.86, the x
values are smaller than the corresponding x, values.
For example, with x,=0.03, x is 0.018 for =30°C/s,
0.007 for r=1°C/s and 0.001 for »=80°C/h.
The fraction remelted (¢) can be defined by
£= (ty—2) / (xp— %) @
where x; is the final Na/ (Na+Ca) ratio of the com-
pletely remelted crystal. The ¢ value is 0 at the begin-
ning of the reaction (¥=x,) and 1 at the end (x=x;).
Supposing that the completely remelted crystal is
free from impurities (x;=0), substitution of Eq. (3)
into Eq. (4) gives
{=1-S(r)/8.86 (5)
Table 4 gives ¢ values in terms of 7 and S.
3.4 Kinetics of the remelting reaction during
cooling
The kinetics for a wide range of mineral reactions
under isothermal conditions can be represented by
the Avrami equation.1V-13) The following equation is
expected to hold for the present remelting reaction.
{=1—exp(—kt") (6)
where #is time, % is a rate constant which depends on
temperature and # is an empirical parameter related
to the reaction mechanism. From Eq. (6), the deriva-
tive of ¢ with respect to ¢ is
d¢/dt=nk(1—-0) 1 )
With cooling at a constant rate 7, temperature (T")
and time (¢) are related by
where T; is the initial temperature at which the
remelting reaction starts. Substitution of Eq. (8)
into Eq. (7), separation of the variables and integra-
tion of both sides give

¢
rﬂS 1-0'd
0

Tt
=—n§ R(T—T)"1dT ©)
T;

where T is the final temperature below which the
remelting reaction no longer occurs. Because the
reaction mechanism is supposed unchanged between
T; and T, n should have a constant value. Replace-
ment of the right side of Eq. (9) by a constant C and
the solution of the left side give

—mIn(1-¢)=C
or

{=1—exp(—Cr ) (10)
This equation is valid when C,S(ss) crystals with
0<Na/(Na+Ca) <0.03 are cooled at a constant rate
from T to T%.

In the present study all the C,S(ss) samples were
cooled from 1500°C, which exceeds the a-to-a'y tran-
sition temperature, i.e., 7;. In our previous
microscopic observations, the remelting reaction
was almost completed before reaching 1200°C
(Ty).» The temperature of quenching in the present
experiment was 1000°C and much lower than 7%.

From Eq. (10),

InIn[1/(1-J=InC—nlnr (11)
This equation gives a straight line when Inln[1/
(1—¢)] is plotted against In 7 (Fig. 4). The # value
derived from the slope of the line is 0.25. The inter-
cept of the line at In»=0 gives In C=0.284

15 — : ; . .
Inln[1/(1-8)] = 0.284 - 0.25Inr

10

05

0OF

Inin[1/(1-%)]

05

40 L— . . . .
-4 2 0 2 4

Inr (°/sec)
Fig. 4. Relationship between In7 and In In[1/(1—9) 1.

r (°/sec)

10010 1 0.1 0.02
1 LI T T

¢ = 1-exp(-1.33r -0.25)

o 1 1
0 1 2
(r )0.25

Fig. 5. The fraction remelted () as a function of cooling rate

(r).
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(C=1.33). Figure 5 shows the relation between {
and 7, in which ( increases steadily with decreasing
7.

According to Christian,¥ the # value less than 1
corresponds to diffusion-controlled reactions. It is
presumable, therefore, that the remelting reaction is
diffusion controlled. Since the progress of the reac-
tion was well represented by the decrease in the Na/
(Na+Ca) ratio irrespective of the concentration of
Al and Fe, the rate-determining step is presumably
the bulk diffusion of Na atoms to the lamella bounda-
ries to form exsolved liquid.

4. Conclusions

(1) With g-C,S(ss) doped with Na,0, Al,O3 and
Fe,03, the angle B varied sensitively with the Na/
(Na+Ca) ratio.

(2) The change in impurity concentration
caused by the remelting reaction of C,S(ss) could
best be followed by the change in the angle §.

(3) For C,S(ss) with 0<Na/(Na+Ca)<0.03
the fraction remelted was expressed by 1—exp
(—1.33 r~925) with 7 as the cooling rate (°C/s).
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