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Structural Change in Phosphorus-Bearing Dicalcium Silicates
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Structures of (Caz— /2 ]e/2) (Si;—.P.) Oy crystals were examined as a function of x ranging from 0.03 to 0.40.
All of the samples were heated at the stable temperature region of the a-phase and then quenched in water.
The phase constitution at ambient temperature was classified into three categories according to the fraction
of the a-to-o'y transition. When the transition was completed as in the crystals with x<0.100, the - and o'~
phases were obtained, the relative amounts of which were determined by the start and finish temperatures
of the o/ -to-f martensitic transformation. With 0.125 <x<0.150, the a-to-o'y transition was incomplete. Dur-
ing further cooling, the product o’g-phase was inverted to the o' -phase, and the residual a-phase was invert-
ed to the incommensurate phase successively. Because the start temperature of the o/;-to-f transformation
was lower than ambient temperature, the 'L -phase was stabilized. With x>0.175, all of the crystals were
free from the a-to-o'y transition. The crystals with 0.175<x<0.225 were made up exclusively of the incom-
mensurate phase. A good correlation existed between the modulation wavelength (=N) and the P/ (Si+P)
ratio (=x) as N=4.134—1.56 x (0.175<x<0.250). With 0.275<x<0.300, the crystals were isostructural
with 0~Ca,Si0,. The hexagonal phase with 0.350<x<0.400, probably a transition product from the o-phase,

showed two-dimensional modulations along the a-axis with N=2 and along the c-axis with N=3.
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1. Introduction

The phase diagram in the binary system CaySiO4-
Ca3(POy) 2 -9 shows that CaySiOy4 (C,S) incorporates cer-
tain amounts of phosphate to stabilize the high temperature
modifications of 8, ¢ and « with increasing phosphate con-
tent. When these Ca,SiOy4 solid solutions (C,S(ss)) were
quenched from elevated temperatures, they, however, do
not necessarily show exactly the same structures as the
high temperature modifications. They sometimes show
modulated distortions with incommensurate or commen-
surate superstructures.-6)-8

Incorporation of some kinds of foreign oxides into
C3S(ss) can effectively depress the transition rate of a—
o'y and the transformation temperatures of o't —f, leading
to the stabilization of the high temperature modifica-
tions.?-12) The transition of a— o'y is an isothermal nuclea-
tion and growth process. The time and temperature for the
start and finish of the transition have been represented by
two C-shaped curves on the time-temperature-transforma-
tion (TTT) diagram.!® With increasing concentration of
foreign oxides in solid solution, the time for the start of the
transition and that for the finish increased steadily. By su-
perimposing cooling curves on the TTT diagram, we can
predict the intracrystalline microtexture as well as the con-
stituent phases after cooling. The transformation of ot —p8
is martensitic.1-13) The reaction spontaneously begins at a
definite temperature, M, and with decreasing temperature,
the transformed fraction increases to Mg, at which the reac-
tion is completed. Because the transformation is athermal,
the fraction depended entirely on temperature; the phase
constitution at ambient temperature (7,) was determined
to be o, (M<T,), ot and g (M;<T,<M,) and g (T,
< M) 12 With increasing concentration of foreign oxides,
the transformation temperatures of M and M; decreased
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steadily.1V):12)

An incommensurate orthorhombic phase has been ob-
tained for the C;S(ss) quenched from the stable tempera-
ture region of the a-phase.¥.6)-8).14) In the reciprocal space,
the reflections were expressed by

Q=ha*+kb*+Ic*+nk (1)
using four indices (%, &, [ and #), and the wave vector k was
redefined by (1/N)a*+e¢* with N as the modulation
wavelength.) Commensurate modulations were reported
for the hexagonal C,S(ss) with P/(Si+P)=0.398.8) They
were N=2 along the a¢-axis and N=3 along the c-axis with
reference to the underlying a-phase lattice.

The present study deals with the structural change with
concentration of P;0s in C,S(ss) obtained by quenching
from the stable temperature region of the a-phase.

2. Experimental

2.1 Materials

Fifteen kinds of mixtures were prepared from reagent-
grade chemicals, CaCOj3, SiO, and CaHPO,-2H,0. They
were pressed into pellets, heated at 1500°C for 5 days and
then quenched in water. The chemical formulae of the crys-
tals obtained after heating were (Caz—y/al ly/2) (Sij—sPx) Oy
with ¥ ranging from 0.03 to 0.40 (Table 1). During heating,
most of the crystal grains were developed larger than 50 um
(<400 gm) in diameter. The samples were termed S-A to
S-0 in the order of increasing x. Because these composi-
tions varied along the line Ca,SiO4~Ca3(POy) 2 on the binary
phase diagram, they were also represented by (1—y)
CaySiOy4-y Caz(POy) o, where y=2x/(2—x) (0.015<y<0.25).

2.2 Characterization

Thin sections were made of all the samples, and the in-
tracrystalline microtextures were observed under an optical
microscope.

Crystal grains of approximately 100 ym in diameter were
selected for the Laue and precession method (samples S-J,
S-K, S-M, S-N and S-0).

The powder X-ray diffraction (XRD) profiles were ob-



118 Structural Change in Phosphorus-Bearing Dicalcium Silicates

Table 1. Phase Constitution of the (Cag—2( l2) (Si;—.P,) Oy Crystals

Category I I I
\
Sample S-A S-B S-C S-D S-E S-F S-G S-H S-1 S-J S-K S-L S-M S-N S-0
x 0.030 0.080 0.100 0.125 0.150 0.175 0.200 0.225 0.250 0.275 0300 0325 0350 0.375 0.400
Phase B B B+ o +INC o' +INC INC INC INC INC+a « a a+H H H H

INC: Incommensurate phase.

H: Hexagonal phase with modulations N = 2 along the g-axis and N = 3 along the c-axis.

tained on a diffractometer (Philips Co., Model PW3050) us-
ing monochromatized Cu Ko radiation (40 kV, 50 mA) and
the step-scan technique (step width=0.02° and fixed
time=10 s) in the 260 range from 20 to 60°. Silicon powder
was used as an internal standard (sample/Si=7 by weight).
Peak positions were determined by fitting individual line
profiles to the Pearson VI function on a computer program
PRO-FIT.1 With the crystals in S-A, S-B, S-J and S-K,
the relative integrated intensities as well as the cell dimen-
sions were refined by the whole-powder-pattern decomposi-
tion without reference to a structural model (WPPD)
method.1%

X-ray powder diffraction intensities of the incommen-
surate phase were found from calculation on a simulation
mode of the computer program RIETAN.16 The crystallo-
graphic DATA used were those determined by Saalfeld and
Klaska,® who, assuming N=4, refined the structure of
6CazSi04-1Ca3(POy) o (x=0.250 and y=0.143) with N=
3.75.

3. Results and discussion

3.1 Phase constitution with P/ (Si+P) ratio

The phase constitution at ambient temperature (20°C)
was classified into three categories (I, Il and ) accord-
ing to the fraction of the a-to-o'y transition (Table 1). In ac-
cordance with the previous results,!?) the time for the start
of the a-to-a'y transition and that for the finish should in-
crease steadily with increasing x. This leads to a systematic
change in the transformed fraction when the crystals with
various x-values were cooled at the same rate; the resulting
phase constitution will be oy, @5+« and « with increasing
%. These phases may be inverted to thermodynamically
more favorable phases during further cooling.

Powder XRD and thin-section observation showed that
the crystals in S-A and S-B (#<0.080) were composed ex-
clusively of the f-phase and those in S-C (x=0.100) of
both the o't~ and f-phases (Table 1). The intracrystalline
lamella structurel”18) within these crystals indicated that
they were formed in the stable temperature region of the o-
phase. Upon quenching, the phase transition of @ — o'y ter-
minated and, during further cooling, the transitions of a'g—
o't occurred successively. The martensitic transforma-
tion of o'r— 8 was completed within the crystals in S-A and
S-B; however, it was incomplete within the crystals in S-C
because the M; was below ambient temperature. According-
ly, the M; decreased with increasing x as 20°C<M; for
£<0.080 and M;<20°C for x=0.100.

The thin-section observation and precession photographs
showed that the crystals in S-D and S-E (0.125<x<0.150)
consisted of the o1 -phase lamellae with the host incommen-
surate phase (Table 1). Both phases were twinned cyclical-
ly by 120° around the c-axis of the former a-phase.8-14) This
texture implied that the a-to-oy transition was incomplete;
the parent a-phase underwent the transition to form the

lamella structure, and the residual o-phase between the
lamellae was subsequently inverted to the incommensurate
phase. The o/'g-phase was further inverted to the o/ -phase.
Because the M was below ambient temperature, the o'-
phase was stabilized. Thus, the compositional change of M
was determined to be 20°C <M for x=0.100 (sample S-C)
and M;<20°C for x>0.125.

All the crystals with 0.175<x<0.400 were free from the
transition of a—a'y (Table 1). The crystals in S-F, S-G
and S-H (0.175<x<0.225) were composed entirely of the
incommensurate phase without the lamella structure, in-
dicating that they were directly inverted from the a-phase.
The crystals in S-J, S-K, S-L, S-M, S-N and S-O
(0.275<x<0.400) were uniform without twinning under
crossed polars. The powder XRD pattern of the crystal in
S-I (x=0.250) was characterized by overlapping of those
of the crystals in S-H (x=0.225) and S-] (x=0.275).
Thus, the crystal must be composed of the two phases.

The compositional changes of M; and M; were as a result
determined to be 20°C < M for x<0.080, M;:<20°C < M; for
£=0.100 and M;<20°C for x>0.125. In martensitic trans-
formations, deformation above My, which may be achieved
by quenching large crystal grains rapidly as in the present
samples, can result in the formation of the product phase.!?
Thus, the M temperatures as determined may be higher
than those at which the crystals were pulverized. In the
previous studies, the M; temperatures of the powdered sam-
ples were determined by DTA%:20 and high-temperature
powder XRD.12) A similar effect (i.e., grain-size effect) was
observed for the tetragonal-to-monoclinic transition in ZrO,
particles; the M; was raised by increasing the particle
size.21).22)

3.2 Change in modulation wavelength of the incom-

mensurate phase with P/ (Si+P) ratio

The powder XRD intensities of the incommensurate
phase found from calculation were in fair agreement with
those observed. They are summarized in Table 2 together
with the d-values.

The subcell dimensions of the crystals in S-F, S-G and
S-H were determined from the reflections of 0220, 1120,
1300 and 2000 (Table 3). The diffraction profiles for 0220
and 1120 almost coincided with each other because the sub-
cell was nearly orthohexagonal in geometry (v 3 as/bs=~1).

The superstructure reflection with indices 1311 was rela-
tively strong in intensity and overlapped no other reflec-
tions (Table 2). From Eq. (1), the reciprocal vector is

given by
Q1= (1+1/N)a*+3bs* 2
The magnitude is determined from the peak position (26;311)
[ Q1311 =2sin 61371/ (3)

where 1 is the radiation wavelength. The 261311-values were

35.367° (S-F), 35.443° (5-G) and 35.467° (S-H). Substitu-

tion of Eq. (2) into Eq. (3) and separation of N given
N=[a{(2 sin 61511/1)2— (3/by)2}/2—1]"1  (4)
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Table 2. Powder X-ray Diffraction Intensities Found from
Calculation for the Incommensurate Phase: (Caygzsl l.125) (Sio7s0
P0‘250) O4(30°£2 63360, Cu Koq)

h k I n 20 (°) dc alc(nm) Int.
2 1 1 -1 30.36 0.2942 <1
1 1 3 -1 30.45 0.2933 4
1 0 2 0 30.92 0.2889 17
1 2 © 1 30.94 0.2888 1
1 3 1 -1 31.08 0.2875 13
1 2 2 2 31.20 0.2865 <1
0 3 1 0 31.38 0.2848 5
0 3 0 1 31.66 0.2824 2
2 0 2 -1 31.70 0.2821 3
G 2 2 0 32.38 0.2763 37
1 1 2 0 3239 0.2762 86
1 3 3 2 32.48 0.2754 2
@ 2 1 1 32.65 0.2741 <1
1 3 0 0 32.99 0.2713 100
2 0 0 0 33.03 0.2710 55
2 1 2 -1 33.13 0.2702 2
0 2 0 2 33.44 0.2677 2
1 3 2 -1 33.80 0.2650 1
1 20 -1 2 33.91 0.2642 <1
21 0 O 34.41 0.2604 <1
2 2 1 -1 34.66 0.2586 2
1 2 3 -1 34.73 0.2581 4
11 1 1 3474 0.2580 2
1 3 -1 1 3531 0.2540 8
1 3 1 0 35.58 0.2521 <1

Crystallographic data given by Saalfeld and Klaska.®
a=0.542nm, b = 0.940nm, ¢ = 0.683nm and N = 4.
The setting of axes differs from that given in the original article.

The modulation wavelengths determined by substitution in
Eq. (4) of as, bs and 84311 are given in Table 3. A good corre-
lation existed between N and x (Fig. 1). In the figure, the
open square and open circles indicate the previous
results.®® In the latter, the samples contained K,0 (0.12-
0.25 mass%), AloO3 (0.12-0.17 mass%) and Fe;03 (0.63-
0.69 mass%) in addition to PyO0s. The incorporation of
these oxides in solid solution may contribute to increasing
the modulation wavelength, the increment of which is given
by AN=0.236-0.94 x.

3.3 Structures of the hexagonal phases

The intensity distribution on the Laue and upper-level

42 ; . ;

411 o N =4370-250P/SisP) (r =-0.995) -
aof e -
9 f )

38

37 N =4.134-156P/(SiP) (r =-0.983) 1

36 . s .
0.10 0.15 0.20 0.25
P /(Si+P) '

Fig. 1. Modulation wavelength (N) of the incommensurate
phase as a function of P/(Si+P) ratio. (M) Present study (Sam-
ples S-F, S-G and S-H).(O,[]) Previous studies.®® Crystals
represented by the open circles were those doped with K,0, Al,O4
and Fe,03 in addition to P,Os.

Modulation Wavelength (N)

(A)

(B)

Fig. 2. Precession photographs of the single crystal in S-K. Inci-
dent beam parallel to ¢ (A) and « (B). Heavy lines depict reciprocal
unit-cells. Zero level, Zr-filtered Mo Ko, 2=30".

Table 3. Crystallographic Data for C,S (ss)

Subcell Dimensions

Modulation

Sample Crystal System
a, (nm) b 5 (nm) g (nm) B Volume (nm3)
S-A Monoclinic None 0.55075(1) 0.67550(5) 0.93132(4) 94.273(4)  0.34552(5)
S-B Monoclinic None 0.55041(1) 0.67604(5) 0.93191(4) 93.994(4)  0.34592(5)
S-F Orthorhombic 3.87a 0.5439(2)  0.9394(6)  0.6828(4)  ---------- 0.3489(3)
S-G Orthorhombic 38la 0.5435(3) 0.9385(7) 0.6829(4)  -----mmem- 0.3483(4)
S-H Orthorhombic 3.78a 0.5433(2) 0.9386(5) 0.6839(3)  =-=----em- 0.3487(3)
S-J Hexagonal None 0.54003(1)  ---------- 0.71216(3)  -=-=---un- 0.17986(2)
S-K Hexagonal None 0.53991(1)  ----m-me-- 0.71303(2)  --------- 0.18000(1)
S-M Hexagonal 2a and 3¢ 0.54071(3)  --------u- 0.7114(1)  —--m-mme- 0.1801(1)
S-N Hexagonal 2a and 3¢ 0.54030(7)  -----=--n- 0.7123(4) e 0.1801(1)
S-0 Hexagonal 2a and 3¢ 0.53992(3)  ---emo-ee- 0.7129(1)  --eemeem- 0.1800(1)

Figures in parentheses indicate standard deviations.
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precession photographs of the crystals in S-J and S-K was
consistent with hexagonal symmetry. The structure
showed systematic absences I#2n for hh2hl and I+ 2n for
000! (Fig. 2). The probable space group is therefore P63mc,
P6c or P63/mcc. The cell dimensions (Table 3) and intensi-
ty distribution (Table 4) strongly suggest that these crys-
tals are isostructural with -C,S.23)24)

The crystals in S-M, S-N and S-O were hexagonal and
showed two-dimensional modulations along the a-axis with
N=2 and along the c-axis with N=3. The subcell dimen-
sions determined from the main reflections of 102, 110, 201,
202, 212 and 300 are given in Table 3. The superstructure
showed systematic absences /5 2# for 201, I+ 2n for hh2hl
and /# 2n for 000/; thus the probable space group is P6cc or
P6/mcc. These crystallographic data are in accord with
those given by Fukuda et al.,® who considered that their
two-dimensionally modulated phase (x=0.398) was the
transition product from the a-phase. The powder XRD pat-
terns were very similar to that of the crystals composed of
66 mass% Ca,SiO, and 34 mass% Caz(POy); (x=0.364) by

Table 4. X-ray Powder Diffraction Data for Crystals S-J and S-K
(20°<2 0<60°, CuKey)

S-J S-K
h k1
dC alc(nm) Int. dc alc(nm) Int.
1 0 1 0.39092 3 0.39100
0O 0 2 0.35608 2 0.35651 2
1 0 2 0.28331 27 0.28350 29
1 1 0 0.27002 100 0.26995 100
2 0 0 0.23384 2 0.23379 1
2 0 1 0.22217 7 0.22215 8
2 0 2 0.19546 13 0.19550 14
0O 0 4 0.17804 1 0.17826 2
2 1 0 0.17677 <1 0.17673 <1
2 0 3 0.16659 <1 0.16667 <1
1 0 4 0.16639 <1 0.16656 <1
2 1 2 0.15833 6 0.15834 6
3 0 0 0.15589 6 0.15586 7

The integrated intensities and unit-cell dimensions (Table 3)
refined by the WPPD method. The reliability factors are
R =0.0781, R =0.1004 and R (peak)=0.1758 for S-J, and
R =0.0777, R =0.0990 and R (peak)=0.1797 for S-K.

0.5410 T T

(A)

0.5405

a (nm)

0.5400 | D\j

0.5395 L L

a =5.462 - 0.16P/(Si+P)

0.25 0.30 0.35
P/(Si+P)

0.40

0.45

Nurse et al.?)

The subcell dimensions of the hexagonal phases (sam-
ples S-J to S-0) are plotted against ¥ (Fig. 3). In the
figure, the apparent subcell dimensions of the crystal in S-
L (a,=0.54063(5)nm, ¢;=0.7120(3)nm and V=0.1802(1)
nm3) are nearly intermediate between the dimensions of S-
K (e-phase) and S-M (modulated hexagonal phase). Ac-
cordingly, the crystal must be the two-phase mixture. With
the o and modulated phases, the a-axis shrank and the ¢
axis expanded with increasing x. The volume increased for
the a-phase, while it showed a tendency to decrease for the
modulated phase with increasing x.

4. Conclusions

(1) The phase constitution at ambient temperature, de-
pending entirely on the P/(Si+P) ratio (=x), was clas-
sified into three categories according to the fraction of the
a-to-a'y transition.

(2) Both the start and finish temperatures of the L -to-
B martensitic transformation decreased with increasing x;
20°C < M; for x<0.080, M;<20°C<M; for x=0.100 and M;
<20°C for x>0.125.

(3) The incommensurate phase showed a good correla-
tion between modulation wavelength (=N) and x as
N=4.134—1.56x (0.175<x<0.250).

(4) With 0.275<x<0.300, the quenched crystals were
probably isostructural with the o-C,S.

(5) The hexagonal phase with 0.350<x<0.400 showed
two-dimensional modulations (N=2 along the a-axis and
N=3 along the c¢-axis), indicative of the transition product
of the a-phase.
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