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Abstract

This paper reviews the literature devoted to structural investigations, with a special concern to the various notations used by different
authors. A unified analysis of the known T1, M1, M3 and R polymorphs is proposed. The superstructure relations between the various unit
cells are discussed, together with the evidence of common 1D and 2D structural elements in all these polymorphs. These structural elements

are related to the observed properties.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper reviews the literature and presents a unified
analysis of the crystal structure of the known polymorphs of
tricalcium silicate. A forthcoming paper will use the various
models discussed here to perform Rietveld analyses of X-
ray powder diffraction data of industrial clinkers.

Anhydrous Portland cement is essentially made of a
synthetic rock, referred to as “clinker”, which contains at
least four major phases. Alite and belite are two solid
solutions of two calcium silicates, Ca3SiOs and Ca,SiOy,
respectively, with a few percent of impurities. Two calcium
aluminate phases are also observed: they constitute an
interstitial phase between the larger crystals of both silicates.
Within the compact mineralogical stoechiometric notation,
C=Ca0, S=Si0,, A=Al,03, F=Fe,05 these compounds are
designated as CsS, C,S, C3A and C4AF. Either C3S or
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tricalcium silicate will be used as generic names for the
phases with or without impurities. Whenever the presence of
impurities is important for the discussion, a distinction
between alite and “pure” tricalcium silicate will be made.

The structures of dicalcium silicate (C,S) and the
aluminates C;A and C4AF are relatively well known since
structural models are available from the literature for all
their polymorphs (C,S: [1,2]; C5A: [3.,4]; C4AF: [5,6]). This
is not the case for the major phase, tricalcium silicate C3S,
which exhibits a complex polymorphism still not fully
understood.

This paper is organised as follows. The first part is
devoted to a chronological review of the structural studies of
tricalcium silicate, including a clarification of the different
notations used in the literature to name a given polymorph.
The aim of the second part is to highlight the superstructure
links between the various structures and to propose a
revisited description of the average structure of the poly-
morphs. 1D and 2D structural objects are introduced and
discussed in relation with the effects of some impurities on
the structure and with the orientational disorder of silicates.
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2. Polymorphism of C;S: chronological review of the
literature

2.1. The polymorphs and their various notations

Tricalcium silicate exhibits seven polymorphs depending
on temperature or impurities. In his famous text book,
Taylor used the following notations [7]: T1, T2, T3 for the
three triclinic forms, M1, M2, M3 for the three monoclinic
forms, and R for the rhombohedral one. Both Roman and
Arabic figures can be found in the literature: in the present
paper, we have chosen the Arabic figures.

Due to very similar X-ray diffraction patterns and very low
transformation enthalpies, these polymorphs have been

620°C 920°C 980 °C 990°C

T1

Depending on the impurities, various polymorphs can be
stabilised at room temperature [11-13,15,17,18]. The M1
and M3 polymorphs are the most frequently observed in
industrial clinkers [19-21]. Maki and co-workers have
shown that the M1 and M3 polymorphs can be distinguished
by means of birefringence measurements.

2.2. Crystallographic data of C3S: unit cell parameters and
structural models

The unit cell parameters of the various polymorphs are

given in Table 3. They were determined either by single
crystal or by powder diffraction experiments.

Table 1

M2
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difficult to distinguish. They were identified by combining
differential thermal analysis (DTA), X-ray diffraction (XRD)
[8-13] and optical microscopy [14] (see Table 1). In pure
C3S, the M3 polymorph was observed only by high temper-
ature light microscopy. To observe it by other techniques, it
was necessary to dope it with impurities. For the monoclinic
polymorphs, there has been some confusion in defining and
naming these polymorphs: for example, reported monoclinic
MIb [15] and MIIb [13] forms are identical with the M3
polymorph [16]. Equivalent notations of the polymorphs
used by different authors can be found in Table 2.

Pure tricalcium silicate exhibits seven polymorphs
between room temperature and 1070 °C, according to the
following sequence:

1060 °C 3 1070°C

The first and pioneering work was that of Jeffery in
early 1950s [8-10]. Using Weissenberg method, he was
able to investigate various single crystals: pure C3S and
alite, the latter either recrystallized from molten CaCl,
(MgO and Al,O; impurities) or extracted from clinkers
MgO, Al,05, FeO, Fe,03, MnO and P,0Os impurities).
Pure C3;S and alite were shown to be triclinic (T1
polymorph) and monoclinic (M3 polymorph), respec-
tively. In his thesis work [8], Jeffery made the
hypothesis of a true rhombohedral structure for the
high temperature polymorph (R). He determined a
pseudo-rhombohedral average structure (space group
R3m; a=7.0 A, ¢=25.0 A) that he considered as a

The seven polymorphs of tricalcium silicate observed by X-ray diffraction (XRD), differential thermal analysis (DTA) and optical microscopy: XRD and DTA
results on pure C;S or alite [12,13], and optical microscopy observations on pure C3S [14]

T(C) XRD DTA Microscopy
Observed signal (cal g7
1070 R MIIb—R - R
pure None M3—R: twinning and
optical distinct properties
1060 MIIb Mlla—MIIb - M3
ZnO-doped None (M1,M2)—M3: twinning
and optical distinct properties
990 Mlla Mla—Mlla 0.05 M1, M2
pure Weak reversible signal no difference
980 Mla TIHI—MlIa 0.5 T3—M1: twinning and
pure Intense signal, brief; reversible, optical distinct properties
weak hysteresis (10 °C)
920 TII TH—TII 1 T2, T3
pure Intense signal, brief; reversible, no difference
without hysteresis
620 TII TI—TII 0.6 T1—(T2, T3): distinct
pure Large signal; reversible; optical properties
strong hysteresis (2040 °C)
on cooling
20 TI None - Tl
pure

T=triclinic, M=monoclinic, R=rhombohedral.
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Table 2
Different notations for the seven polymorphs of tricalcium silicate and their location in the literature
T1 T2 T3 M1 M2 M3 R
Triclinic: Monoclinic, Monoclinic: Rhombohedral:

Jeffery [8-10];
II’inets [46]

TI: Bigaré [11];
Eysel [15];
Golovastikov [24];
Guinier [12];
Hahn [17];
Iinets [47];
Regourd
[13,48-50];
Sinclair [30];
Urabe [42.,43];
Woermann [18]

T1: Maki [14,19];
Regourd [52];
Taylor [7]

TII: Bigaré [11];
Eysel [15];
Guinier [12];
Hahn [17];
I’inets [47];
Regourd
[13,48-50];
Sinclair [30];
Urabe [42,43];
Woermann [18]

T2: Maki [14,19];
Taylor [7]

TIII: Bigaré [11];
Eysel [15];
Guinier [12];
Hahn [17];
I’inets [47];
Regourd
[13,48-50];
Sinclair [30];
Urabe [42,43];
Woermann [18]

T3: Maki [14,19];
Taylor [7]

pseudo-orthorhombic:

Yamaguchi [53]

MI: Bigaré [11];
Guinier [12];
Hahn [17];
Regourd [48-50];
Sinclair [30];
Urabe [42,43];
Woermann [18]

Mla: Eysel [15];
Regourd [13,51]

MII: Bigaré [11];
Guinier [12];
Hahn [17];
Regourd [48-50];
Sinclair [30];
Urabe [42,43];
‘Woermann [18]

Mlla: Eysel [15];
Regourd [13,51]

Jeffery [8-10]

MIIL:

Guinier [12];
II’inets [47];

Sinclair [30];
Urabe [42.,43]

Mllb:
Regourd [13,51]
Mib: Eysel [13]

Jeffery [8-10];
I’Inets [26];
Nishi [25]
R=R(a,c): Bigaré
[11]; Eysel [15];
Guinier [12];
Hahn [17]; Maki
[14,54]; Nishi
[16]; Regourd
[48-50,52]; Taylor
[7]; Urabe [42,43];
Woermann [18]

R=R(2a,c):
I’inets [47]

T: Nishi [16]

MI: Maki M2: M3: Maki
[14,19-21,54]; Maki [14,19,21]; [14,19-21,54];

Taylor [7] Regourd [52]; Nishi [16];
Taylor [7] Regourd [52];

Taylor [7]

According to Taylor [7], the notations T1, T2, T3, M1, M2, M3, R are now accepted. Each column is devoted to a given polymorph, including its different

names. For example, M3 has been called MIII, MIIb or M1b.

valid approximation for all the true structures. The
structure is based on calcium ions, silicate ions' and
isolated oxide ions, each lying in a separate column
parallel to the hexagonal ¢y axis, each oxide ions being
octahedrally coordinated by calcium. Two of the three
independent silicate tetrahedra have the same orientation.
Due to the very large unit cell, from the Weissenberg
data, it was not possible to derive an atomic model for
the M3 alite itself. But from the extra Bragg spots,
Jeffery was able to determine the true symmetry of the
lattice (space group Cm; a=33.08 A, b=7.07 A,
c=18.56 A, p=94.17°) and the metric relations between
this large unit cell and his pseudo-rhombohedral average
unit cell.

The first systematic work on powder samples was
performed later by Regourd, Guinier and co-workers
[11,12,22,23], including the six polymorphs of pure C3S
between room temperature and melting point. The similar
patterns observed for the different modifications clearly
revealed the same underlying average structure, with
displacive transformations between the polymorphs. Weak
reflections in the powder diagrams suggested superstruc-
tures. The orthohexagonal pseudo-symmetry exhibited by
tricalcium silicate was described by using either pseudo-
hexagonal H or pseudo-orthorhombic OH (orthohexagonal)

! The silicate ions are independent and not linked into chains or sheets.

unit cells, with monoclinic or triclinic sets of cell
parameters. By indexing all the monoclinic and triclinic
polymorphs in the same® pseudo-orthorhombic or pseudo-
hexagonal unit cells (Table 3), Regourd et al. [11-13]
showed how each polymorph could be identified in two
narrow angular ranges (20,=32-33° and 20,=60-62°) by
one characteristic splitting sequence of the rhombohedral
reflections. The powder diffraction patterns allowed to
determine the dimensions and symmetries of the various
lattices, but gave no information on the structures. The
monoclinic Cm and triclinic P1° or C1 space groups were
respectively proposed for the three monoclinic and triclinic
polymorphs since they are subgroups of the R3m space
group of the high temperature polymorph. Another
interesting result is that the monoclinic M3 polymorph
found by Jeffery is never observed in the pure compound.
It only appears in doped compounds (with ZnO or MgO
impurities).

More than 20 years elapsed after Jeffery’s first results
before the resolution of the structure of another polymorph:
the T1 structure was established by Golovastikov et al.

2 With a doubling of the ¢ and b cell parameters in the triclinic
polymorph, suggesting a possible superstructure.

3 A triclinic pseudo-hexagonal (H) unit cell with P1 space group becomes
a pseudo-orthohexagonal (OH) non-primitive unit cell with the C1 space
group.
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Table 3
Crystallographic data of the seven polymorphs known for tricalcium silicate

Sample Reference Space group  a (A) b (A) c (A) o (%) B () 7 () V(A z
R, pseudo-structure S Jeffery, 1952 [9] R3m H 7 7 25 90 90 120 1061 9
OH 12.124 7 25 90 90 90 2122
C5S: T=1100 °C P Bigare et al,, R3m H 7.15 7.15 25.560 90 90 120 1132 9
1967 [11]
P Guinier and Regourd, OH 12.384 7.15 25.560 90 90 90 2263
1969 [12]
Cay 95Si.98Alp 040s: S Nishi and Takéuchi, R3m H 7.135 7.135 25.586 90 90 120 1128 9
T=1200 °C 1984 [25] OH  12.358 7.135 25.586 90 90 90 2256
C;8S, SrO-doped: II’inets and R3m H 7.0567 7.0567  24.974 90 90 120 1078 9
T=1400 °C Malinovskii, OH 12222 7.0567  24.974 90 90 90 2256
1985 [26]
M3, C5S + S Jeffery, 1952 [9] Cm 33.08 7.07 18.56 90 94.17 90 4330 36
(MgO, Al,05) OH  12.245 7.07 25.004 90 90.01 90 2165
C;3S + 0.5% ZnO: P Regourd, 1979 [13] OH 12372 7.123 25.440 90 90 90 2242 ?
7=1020-90°C
Cay, g9SiMgg 1,05 S Nishi et al., 1985 [16] Cm 33.083 7.027 18.499 90 94.12 90 4289 36
OH  12.242 7.027 24.932 90 90.14 90 2145
Alite from a clinker S Mumme, 1995 [31] Cm 12.235 7.073 9.298 90 116.31 90 721 6
OH  12.235 7.073 25.005 90 89.71 90 2164 6
P de Noirfontaine OH  12.2313 7.033 24.9573 90 90.09 90 2147
et al. [35,44]
M2, C5S: P Bigare et al., 1967 [11] Cm OH 12.342 7.143 25.434 90 90 90 2242 ?
T=1000 °C
C;38+0.5% ZnO: P Regourd, 1979 [13] ? OH  12.333 7.137 25.442 90 90 90 2239 ?
7=990°C
M1, C;S: 7=980 °C P Bigare et al., 1967 [11] Cm OH 12.332 7.142 25.420 90 89.95 90 2239 ?
Taylor, 1964 [55] ? OH  12.426 7.045 24.985 90 90.07 90 2155 ?
P de Noirfontaine OH 12.2575 7.059 25.0462 90 90.06 90 2167

et al. [35,44]

T3, C3S: T=940 °C P Bigare et al, 1967 [11]  C1 OH 24633 14290 25412 90.06  89.86  89.91 8945 2
T2, C5S: 7=680 °C P Bigare et al, 1967 [11]  C1 OH 24528 14270  25.298 89.98  89.75  89.82 8854 9
T1, C5S: T=20 °C P Bigare et al, 1967 [11]  C1 OH 24398 14212  25.103 89.91  89.69  89.69 8704 2
S Golovastikov et al., P-1 11.67 14.24 13.72 105.5 9433 90 2190 18
1975 [24]
OH 1232 7.05 25.21 89.95 9041  89.66 2190
P de Noirfontaine OH  12.307 7041  25.097 89.74 9023  89.7 2175

et al. [35,44]

The “S” and “P” letters stand for single crystal or powder diffraction data, respectively. The “H” and “OH” notations refer to (pseudo)hexagonal and
(pseudo)orthohexagonal sets of unit cell parameters. In the rhombohedral R3m space group, they are threefold or sixfold unit cells. For the non-rhombohedral
polymorphs, they are related to pseudo-symmetries.

[24] (space group PI; a=11.67 A, b=1424 A, c=13.72 A,
o=105.5°, =94.33°, y=90°), after an impressive work also
based upon Weissenberg method. Three types of hexagonal
planes were discussed, with one type of Ca-polyhedron per
layer.

Ten years later, thanks to automatic four-circle diffrac-
tometry, things became much easier than with the
pioneering Weissenberg experiments: within a couple of
years the structures of two new polymorphs were
resolved.

The R structure (space group R3m) was resolved quite
simultaneously by Nishi and Takéuchi [25] (a=7.1350 A,
¢=25.586 A) and by Il’inets and Malinovskii [26]
(a=7.0567 A, ¢=24.974 A). Nishi and Takéuchi [25]
proposed a model very similar to the average unit cell
proposed by Jeffery [9], but they introduced two orienta-

tions* of the SiOy tetrahedra, Up and Down, with respect to
the pseudo-hexagonal ¢y axis. Except for the silicate
orientation, they also showed that their structure was similar
to the arrangement found by Golovastikov in the low
temperature polymorph.

At the same time, II’inets and Malinovskii [26] proposed
another structure determination of the R form, with a
discussion focused on the arrangements of the calcium
polyhedra.

A complex model (space group Cm; a=33.083 A,
b=7.027 A, ¢=18.499 A, f=94.12°) was also proposed
by Nishi et al. for the M3 polymorph [16]. They

4 In Jeffery’s model, the three tetrahedra have an Up configuration, and
their orientations only differ by a rotation of one of them around the
threefold axis.
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described a large superstructure of an average monoclinic
unit cell, referred to as (M) (a=12.242 A, »=7.027 A,
¢=9.250 A, B=116.04°), with three types of split (i.e.
disordered) ions: calcium ions in special positions,
calcium ions in general positions, isolated oxygen ions.
This superstructure is described in terms of the same Up
and Down orientations of the silicate tetrahedra than in
their R structure analysis, but with additional ill-defined
G—gauche—orientations.

Simultaneously, some relations between several unit cells
were obtained by transmission electron microscopy (TEM)
experiments. It is important to underline that using the
results from the literature is not a straightforward task due to
a mixture of both reverse and obverse conventions in
hexagonal setting, and various matrix definitions>. Hudson
and Groves [29] confirmed the relationship between the
large monoclinic unit cell of Jeffery (the M3 polymorph)
and the pseudo-hexagonal unit cell. Sinclair and Groves
[30] determined a transformation matrix between the T1
structure of Golovastikov et al. [24] and the (pseudo)hex-
agonal unit cell.

Ten years later, Mumme [31] determined the structure of a
crystal of alite, extracted from a clinker, by Weissenberg and
four-circle diffractometry experiments (space group Cm;
a=12.235 A, b=7.073 A, ¢=9.298 A, p=116.31°). He
described a unit cell similar to the (M) unit cell of Nishi et
al. [16], but an important difference was that no super-
structure lines were observed.

At that time, both the lowering cost of the laboratory
diffraction instruments and the availability of widely
distributed and well documented Rietveld-like analysis
software made it possible to use this method as an
alternative method for an industrial quantitative analysis
of clinkers. The most frequent polymorphs found in
clinkers are the M3, M1 and sometimes T1 polymorphs.
For the M3 polymorph, the Nishi et al. and Mumme
models have been tested in many studies [31-37] using
standard laboratory equipment available in an industrial
context. For the M1 polymorph, a model was proposed
by de Noirfontaine et al. [35-39] (space group Pc;
a=27.8736 A, b=7.0590 A, ¢=12.2575 A, p=116.03°).
Its application to industrial clinkers will be described in
a forthcoming paper.

At the same time, other authors used large instruments
such as neutron reactors or synchrotrons to investigate
simpler models than the very complicated alite structural
model of Nishi et al.

Using neutron powder diffraction data of a synthetic
alite, Berliner et al. [40] have shown that the splitting of
two types of calcium ions can be neglected without

3 For example, in his paper, p. 50, Ordway [27] gave the relation between
M and H bases, but the relation used between the R and H bases [28] was
related to a R3 reverse transformation, which is different from that used by
Jeffery (reverse R1).

important changes, with the number of independent sites
decreasing from 226 to 190. Very recently, de la Torre et al.
[41] used high resolution synchrotron X-ray powder
diffraction and high resolution neutron powder diffraction
data to find a model without splitting for the calcium ions
in special positions and the isolated oxygen ions, with a
decrease of the independent sites from 226 to 155: the
simplified model and the model of Nishi et al. led to similar
Rietveld refinements as well in synthetic alite as in
industrial clinkers.

A parallel approach is the analysis of the various
polymorphs in terms of superstructures with the determi-
nation of propagation vectors related to a given average unit
cell. Many studies can be found. Urabe et al. [42,43] were
able to interpret the diffraction patterns of triclinic and
monoclinic polymorphs by TEM investigation in terms of
superstructures of a pseudo-hexagonal subcell. At the same
time, a propagation vector was determined for the M3
superstructure related to the (M) subcell [33,35,36,44].

Superstructure relations between the T1, M1 and M3
polymorphs have been recently proposed, together with a
structural model for the M1 polymorph determined on the
basis of powder X-ray diffraction data [35,38,39].

In short, no structural model is still available for the T2,
T3 and M2 polymorphs. Various models are available for
the T1, M1, M3 and R polymorphs. Two distinct approaches
can be found in literature:

— a structural approach, aiming to investigate the atomic
structure of the polymorphs and to understand the
relations between the polymorphs.

— an approximate approach within the industrial context of
Rietveld refinement of powder diffraction data of clinkers.
A popular idea is to simplify the exact structural models in
order to reduce the number or refined parameters. One can
either average the disordered atomic positions or use
smaller averaged unit cells.

The metric relations between the conventional unit cells
of the known polymorphs cannot be easily related to an
underlying common average structure, especially for the
Golovastikov unit cell of the T1 polymorph. The following
section is devoted to a detailed discussion of the metric
relation between the various unit cells found in the
literature, in order to relate the triclinic T1 polymorph to
the other polymorphs by using unit cells easier to handle
than the Golovastikov unit cell.

3. Superstructure relations between the polymorphs

Looking throughout the known polymorphs, three dis-
tinct elementary blocks must be considered, each of them
being related to a given symmetry.

In the following, we shall name & the unit vector parallel
to a vector a.
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Fig. 1. Hexagonal and monoclinic planes (H and M planes) related to the unit cells of the literature. (a) Unit cell vectors associated to the pseudo-
rhombohedral symmetry: rhombohedral R, hexagonal H and orthohexagonal OH unit cells. Vou=2Vy; Vy=3Vgr. (b) Average monoclinic (M) unit cell
of Nishi et al., related to the orthohexagonal and rhombohedral unit cell vectors. The thombohedral ag vector is located in the monoclinic plane. The
dotted lines illustrate the construction given by Nishi et al. [16]. (c) Average triclinic (T) unit cell, related to the (M) and rhombohedral unit cell

vectors.

3.1. Three symmetries and three elementary blocks

As shown by Fig. 1 three important symmetry elements
appear, each of them being related to a given symmetry:
the rhombohedral axis, the hexagonal plane and the
monoclinic plane. These planes, referred to as the
hexagonal (H) and monoclinic (M) planes are orthogonal
to the hexagonal and monoclinic vectors ey and by,
respectively.

3.1.1. High temperature rhombohedral polymorph R

Two types of non-primitive unit cells are usually
preferred to the rhombohedral unit cell (Fig. la): the
threefold hexagonal unit cell (H) and the sixfold orthohex-
agonal unit cell (OH), which is nothing but a body centred
orthorhombic unit cell with a ratio aon/bon = v/3. Both
the pseudo-hexagonal and the pseudo-orthohexagonal unit
cells have been used by Regourd et al. to describe the
deformation of the less symmetric polymorphs on the

basis of their powder X-ray diffraction data already
mentioned.

3.1.2. Monoclinic polymorphs M3 and MI: the (M)
elementary block

Jeffery and later Nishi et al. have shown the persistence
of the directions ay and l;OH as unit cell vectors and the
direction 4oy as the diagonal of the basis of the
monoclinic M3 polymorph: c¢yz=2agr, byz=bonp and
ayizteyz=3apy. Nishi et al. first introduced the small
averaged unit cell (M) (Fig. 1b) of the M3 large unit cell,
also found by Mumme, with a volume Vn=Vu3/6=2Vk.
They gave the metric relationship between the rhombohe-
dral and monoclinic unit cells: Jeffery for the M3 unit cell
and Nishi et al. for the (M) unit cell. De Noirfontaine et al.
have recently shown that a similar average unit cell (M),
but with a distinct space group, can also be introduced as
an averaged unit cell for the three times larger M1
polymorph unit cell.

Table 4

Unit cell parameters of our M3, M1 and T1 samples

Sample a (A) b (A) c (A) a (%) B () 7 () V(A
M3 M 3: 6(M)Cm choice 1 33.0577 7.0330 18.5179 94.18 4294
M3 M’'3: 6(M)Im choice 3 18.5179(10) 7.0330(4) 36.694(19) 116.038(4) 4294
M3 (M)Am average 9.259 7.0330 12.231 116.04 716
M1 M 1: 3(M)Pa choice 1 12.2575 7.059 25.0462 90.06 2167
Ml M’ 1:3(M)Pc choice 2 27.8736(2) 7.0590(5) 12.2575(8) 116.030(6) 2167
M1 (M)Pc average 9.2912 7.059 12.2575 116.03 722
Tl G 11.631 14.2115 13.688 105.32 94.56 89.84 2175
T1 G 18.389 14.2115 17.243 102 76.93 39.23 2175
Tl 3G: 9(T)P1 27.909(1) 21.123(1) 18.390(1) 90.390(2) 143.000(2) 89.630(2) 6524
T1 (T)P1 9.303 7.041 18.39 90.39 143 89.63 725

For each sample, the various unit cells discussed in the main text (equivalent or averaged unit cells) are given.
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Fig. 2. The monoclinic plane. (M) and (T) elementary blocks and superstructure relationships between the C5S polymorphs discussed in the text. Tripling the

unit cell along the b vector transforms the unit cell 3(T) into 9(T) 3G).

Things become easier if one introduces some change in
the notation of the cell axes, by reversing the a and ¢ axes of
the unit cell with respect to the notation of Nishi et al. [16]
and Mumme [31]°.

Within this notation, agn=ag, aan=bon and €ny=—aon.

3.1.3. Triclinic polymorph T1: the (T) elementary block

Letus call G the unit cell introduced by Golovastikov et al.
[24] for the T1 polymorph. De Noirfontaine et al. [35,38,39]
have shown the possibility to introduce an average unit cell
(T) of the triclinic unit cell in the following way (Fig. 1c):
starting from another triclinic unit cell, G’ equivalent to the
Golovastikov unit cell G, then introducing three centring
translations, a non-primitive threefold unit cell, 3G, is found
with V3=3Vg (Table 4). The most interesting result is that
this 3G’ unit cell is pseudo-monoclinic with two unit cell
vectors parallel to directions 4r and B<M> and the third vector
lying in the monoclinic plane: a3g=3a.vy, bsg=3b ), and
€36 =C(wmy—am)- The relationship with the previous unit cell
(M) seems clear. Introducing the unit cell (T) defined by
amy=aAmy, b<T>=b<M> and Cmy=Cmm)y—a(m), ONe ﬁnally finds
this (T) unit cell to be an averaged unit cell of the 3G’ non-
primitive unit cell, with V=V35/9=Vs/3 (note that
¢my=—an—bg)). One recognises between the (T) and
(M) unit cells the same relationships than between two
equivalent monoclinic unit cells (Fig. 2c).

3.2. Elementary blocks and superstructures

3.2.1. Metric relations and space groups
Jeffery [9] first introduced some metric relations between
his M3 averaged rhombohedral pseudo-structure and the M3

© The choice of the axes in (M) unit cells of Nishi et al. [16] and of
Mumme [31] (conventional cells with a>c) leads to a vector b in the
direction opposite to the vector b of M3 (bny=—bwmsz). Throughout all
this paper, we chose to swap the a and ¢ axes of (M): then bpy=bys.
With this convention, the cell parameters of the (M) average structure
of Nishi et al. becomes: ¢=9.250 A, b5=7.027 A, ¢=12.242 A,
B=116.04°, and those of (M) unit cell of Mumme: @=9.298 A,
b=7.073 A, ¢=12.235 A, p=116.31°. This permutation transforms the
Cm space group into Am.

unit cell. Nishi et al. [16] later introduced the atomic
positions in the M3 unit cell and introduced the (M)
averaged unit cell. The superstructure becomes more evident
using another choice for the monoclinic unit cell, i.e. non-
conventional unit cells (M) and M’3 (Fig. 2a; Table 4).

M'3=6(M)

(2,1,3)(M)

Here the notation n(M), where n=pqr, stands for
(p,q,1)(M) as a condensed notation for a (pagy, gbowy,
revry) supercell of (M).

De Noirfontaine et al. [35,38,39] have shown a similar
situation (Fig. 2b; Table 4) for the M1 polymorph by XRD
and TEM:

M 1=3(M)=(3, 1, 1) (M)

Here the M’1 unit cell is equivalent to the M1 pseudo-
orthohexagonal monoclinic unit cell introduced by Regourd
etal. [11,12].

The case of the triclinic T1 polymorph is similar when
referring to the non-primitive 3G’ unit cell described above
(Fig. 2d):

3G/ =9(T)=(3,3, 1)(T)

At this stage, three elementary blocks are highlighted, with
distinct shapes. Various superstructures can be derived,
sometimes using non-conventional unit cells in order to
clarify the superstructure relationships. But for a given
shape’ of the elementary block (e.g. (M) or (T)), the content
of the unit cell varies from one polymorph to another. This
content is defined by the asymmetric unit of the true unit
cell (e.g. 6(M) or 9(T)) and the space group (e.g. Cm or P1)
which generates the remaining atoms of the unit cell by
acting on the content of the asymmetric unit.

Therefore, the various models can be labelled by
combining the shape of the unit cell (i.e 6(M)=(2,1,3)(M))

7 Here “shape” has to be understood as a rather general word neglecting
the small variation of the cell parameters, such as a triclinisation of the unit
cell. The two “shapes” to be considered here are given by Fig. 1b and c.
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<M>P1

I AUANAN

9<M>PI 3<M>Pl

<T>PI

Fig. 3. P1 space group: conservation of inversion centres in the (M) and
(T) unit cells, but not in the 3(M) and 9(T) unit cells.

(M)) and the space group (i.e. Im), which depends on the
choice of the unit cell axes: conventional or equivalent non-
conventional unit cell (i.e. Cm or Im).

Within these notations, the known structures of the

polymorphs can be written:

M3 polymorph: 6(M)Im or 6(M)Cm within Nishi et al.
conventional choice

Mumme sample: (M)4m or (M)Cm within Mumme
conventional choice

M1 polymorph: 3(M)Pc
T1 polymorph: 9(T)P1 Fig. 3 states that (T)P1 =(M)P1

Hexagonal plane

Fig. 5. Link between our Fig. 4 and Fig. 1 of Golovastikov et al.’s paper
[24]. The coordinates x" and y are taken along the directions ag—¢g and bg,
respectively.

Fig. 4 summarises the different unit cells, either
conventional or non-conventional, either taking or not
taking the superstructures into account. The link between
our Fig. 4 and Fig. 1 of Golovastikov et al. [24] is given
by Fig. 5.

Coy = , A
OH = CH ds s M3 \\ o
OH LA \ \ A\ 3“-\1
- | M3 . y S\
agn Cwg N
///EQM A at> ™~
[
pd <M> <M> NG|
aN C<\/1> (T\
3 C<M> N
Cy T Ay, Cy N
] \“ L -é Cars
! R R
H TIL(G) M1
- ! H,R (@) Colw M1 <M> \>
5 ~ {
Cvi1 ™~ ™
Monoclinic plane

Hexagonal plane

(@)

Hexagona plane

(b)

Fig. 4. Projections of the unit cells of the various polymorphs onto the hexagonal and monoclinic planes. All the axes are chosen in such a way that the
monoclinic axes (b;) are parallel to the same direction. (a) Unit cells as defined in the literature: R rhombohedral, H hexagonal, OH orthohexagonal; M1,
M3, (M) monoclinic; T1(G) triclinic as introduced by Golovastikov et al. For the T1(G) unit cell, (ag)n, (¢c)n, (ag)m and (eg)y are the projections of the
cell basis vectors onto the hexagonal H and monoclinic M planes. (b) The various monoclinic and triclinic unit cells, most of them non-conventional,

introduced in the text.
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3.2.2. Experimental evidence: propagation vectors

The extensive TEM studies made by Urabe et al. [42,43]
aimed at finding—in a systematic way and for all the
polymorphs—some propagation vectors related to a hexag-
onal averaged unit cell. Starting from XRD data, Courtial et
al. [44] gave another propagation vector for M3, related to
the (M) averaged unit cell.

Whatever the experimental technique, TEM or XRD, the
superstructures produce additional weak characteristic
Bragg lines. The case of the monoclinic polymorphs was
discussed by Courtial et al. [44]: five angular windows are
introduced, among which two were discussed since the
1960s in the literature (Regourd et al. [11,13]). They contain
all the significant Bragg lines characteristic of such
polymorphs.

One can notice that the two average structures
3(T)P1=(3,1,1) (T)P1 and (T)P1 are both able to
reproduce the strongest lines of the X-ray powder diffraction
pattern of the triclinic T1 polymorph. But they cannot
reproduce the observed fine structure of the triclinic T1
pattern (de Noirfontaine [35]). However, a-triclinic—(T)P1
model with rigid bodies refinement is able to reproduce
rather closely the XRD data of the—monoclinic-M1 alite.
Despite its lack of physical meaning, it may be used in a
phenomenological way for the high temperature triclinic
polymorphs T2 and T3 as long as no accurate atomic model
is known.

3.3. Persistence of the rhombohedral directions and common
repeats

It is interesting to note the persistence of the four main
directions and distances (or their multiples) found in the
rhombohedral unit cell throughout the various polymorphs
(Table 5).

The direction of the thombohedral unit cell vector ag is
always found:

aR, ag = ag, aw| = 3ap, ay; = 2ag,

am =ag, ay = 3ag.

The two diagonals br+eg and br—cr of the face of the
rhombohedral unit cell do not persist in all the polymorphs:

— the diagonal bR_cR:aH+bH:bOH:b(M>:bM’1:bM’3:
b(r)=b3g/3 is always found,

Table 5
Occurrence of the main directions of the rthombohedral unit cell in the
known polymorphs

aR bny=br—cr dr=bgr+eg cy=agtbrteg
R, H, OH X X X
M3 X X
M1 X X X
T1 X X X

(b<M>rC<M>)

(bapy>Cets)

Fig. 6. Orientation of the pseudo-repeat d=17.33 A discussed by
Golovastikov et al. with respect to the basal planes of the (M) and (T)
unit cells. The angle 80°45" mentioned in their paper seems irrelevant: the
proper value is 75.87°.

— but the diagonal br+ecr=a3;g+e3g=agtcg located in the
monoclinic plane is only found in the triclinic poly-
morph, and therefore referred to as dr.

The bOdy diagonal aR+bR+cR:cH:cOH:ch:aM’l+cM’l
disappears in the monoclinic M3 and the triclinic T1
polymorph.

A rotation from the hexagonal or pseudo-hexagonal
direction ¢y related to the trigonal symmetry or pseudo-
symmetry to the dr pseudo-hexagonal direction occurs
when passing from the monoclinic to the triclinic symmetry.
As sketched by Fig. 6, dr is normal to a plane roughly
intermediate between the monoclinic basal plane (b¢,€ )
and the triclinic basal plane (b€ (r)).

In the conclusion of their paper, Golovastikov et al. [24]
already explained that the common repeat ¢;=25.29 A is
related to a 10-layer stacking whereas the common repeat
d=17.33 A is related to a 7-layer stacking, with a lateral
shift of the layers. In the next paragraph, we discuss the link
between these important directions and planes and the
structural elements.

4. Persistence of 1D and 2D structural elements and their
link with observed properties

4.1. Polymorphism and average unit cell

Regourd and co-workers [11] determined the displacive
type of the transformations on the basis of their metric work
(dimensions and symmetries of the various lattices). The
authors discussed the evolution of the cell parameters of a
same pseudo-hexagonal or ortho-hexagonal unit cell refined
on the X-ray powder diffraction data of all the polymorphs.

The true structures introduced later confirmed the
existence of a persistent average unit cell. An approximate
structure can be built starting from the known T1, M1 and
M3 structures interpreted as superstructures of (T) and (M)
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Table 6
Approximate fractional positions of the atoms of the average unit cell
(M)Am

Sijz000 Siy: 2/3 0 1/4 Siy: 1/3 0 3/4 (0,1/2,1/2)+
Cay: 2/3 0 3/4 Cas: 1/3 0 1/4 Cag: 00172 (0,1/2,1/2)+
04 1120 1/2 0,:7/8 0 5/8 Og: 1/8 0 3/8 (0,1/2,1/2)+

Ca;: 13 1/4 0 Cay: 2/3 1/4 0 Ca: 0 1/4 1/4 (0,1/2,172)+

(0,0,1/2)+

The oxygen ions of the silicates are not given, due to the orientational
disorder of the tetrahedra. The numbering of the atoms is that of the
Mumme structural model [31]. The translations given in the last column are
used to generate the other atoms.

average unit cells, with a subsequent transformation from
the (T) to a (M) equivalent (pseudo-monoclinic) unit cell.
The differences consist in small displacements of calcium
atoms and changes in the orientational order or disorder of
the SiOy, tetrahedra [35,38]. The local deformations become
more and more important when passing from rhombohedral

to triclinic symmetry. In this (M) average structure, the
positions of the atoms are always close to simple fractional
values (Table 6), except for the oxygen of the tetrahedra. In
what follows, we consider only the central silicon ion
positions. Persistent 1D and 2D structural objects can now
be introduced.

4.2. Persistent 1D and 2D structural elements

4.2.1. Layers and chains

Looking at the atomic content of the planes intro-
duced in Section 3.1, three hexagonal planes H;, H,, H;
(x=0, 2/3, 1/3) and four monoclinic planes Mgy, M4, M5,
Ms,4 (y=0, 1/4, 1/2, 3/4) have to be considered.

The calcium polyhedra are organised in three families of
hexagonal layers (b, ¢ovy), the Hy, Hy, Hs layers of Fig.
7a,b, discussed by Il’inets and Malinovskii [26] and
Golovastikov et al. [24] for the R and T1 polymorphs.

_Hl
A<M> _H2
_H3
Mai ] CCZ 0 y=3/ B
a, Jl,
Mgt y=12
My y=14 / (b) HB(Ca) HB(S)
Ca S, 0
M, <F——""—y=0
\ \
e ORI
Com> t‘)\ag Q“Q}» _H3
a.<M> S JA‘Q;@:E"\JA‘Qr _Hl
Ry
o900 Sy ey
() 0o memme (% :
P’ P P P
® Ca(MyMy4)
® s My - M,
O S' (Myy) Z M
- MM
0

&y
Z(P) Z(P)

Z(P) Z(P)

Fig. 7. Structural elements associated with the monoclinic symmetry. (a, b) The two families of alternate monoclinic layers. The mixed layers (M, and M, )
contain silicate, calcium and isolated oxygen ions. The other layers (M;,4 and M3,4) only contain calcium ions. (a) Monoclinic layers M4 and M3/4: zigzag
chains of calcium along the dr direction. (b) Monoclinic layers My and M, »: herringbone-like chains (HB) along the thombohedral axis ag=a(\y). (¢) Zigzag
chains of silicates. Z(P) and Z(P") are zigzag chains, located in the P and P’ planes, respectively. The P and P’ planes are parallel (avy,bmy) planes as sketched

in (a,b). The big circles are the envelopes of the silicates.
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Table 7
Average distances between silicon ions in R [25], (M) [31], M3 [16], M1
[39] and T1 [24] known structural models

Type of R (M) M3 Ml Tl
distances
d, (A) Si>—Si3 4.79 4.75 4.79 4.81 4.84
dza (A) Si,—Si3 4.79 4.77 4.74 4.84 4.80

dr (A) Si1—Siz 5 5.11 5.04 5.03 4.99 5.05

dzs (A)  Si;-Siys 5.11 5.02 5.01 5.01 5.01
dy (A Sij-Siys 5.49 5.40 5.39 5.46 545
duy (A)  Si-Sis 7.34 7.14 7.13 7.10 7.20
diz (A)  SiySis 7.34 7.16 7.13 7.07 7.18
Al (%) 0 0.67 1.63 3.63 327
Az (°) 0.69 0.21 1.71 299 285
0p () 5322 5448 5453 5468  54.69

The distances and angles are defined at Fig. 8. dza, dzg and dyz are
respectively related to dp, dt and dpy by the pseudo-ternary axis parallel to
dy and ¢y. dyy and dyz are inter-herringbones and inter-zigzag distances.

One observes an alternation of monoclinic layers, the M,
M, 4, M5, M3, layers of Fig. 7a, described by Nishi et al.
in the R and M3 polymorphs. They contain either calcium
ions only (the My, and M, layers related by the by
pseudo-translation) or a mixture of calcium, silicate and
isolated oxygen ions (the M, and M, layers related by the
same by pseudo-translation).

Silicate and calcium ions are organised in three types
of chains: herringbone-like chains of silicate or calcium
ions (HB(Si) and HB(Ca) in Fig. 7b) along the a axes
(aR=a\n=ar)), zigzag chains of calcium ions along the
dr diagonal (Fig. 7a), and zigzag chains of silicate ions
along the b monoclinic axes (bny=bm=ag+tby) (Z in
Fig. 7¢) [35,36,38]. Two consecutive silicate ions in a
zigzag chain belong to two adjacent H, and H3 hexagonal
sheets and to two distinct herringbone-like chains of the
monoclinic layers.

As shown in the previous paragraph (Table 5), the a and
b directions associated with the silicates chains are
important directions in all the polymorphs, which is not
the case for the dt and ¢y directions.

® S (Mylayer): 1 2 3
OS (My,layer):1' 20 3

(@)

(a) I ® S (Mglayer): 1 2 3
O S (My,layer):1' 22 3

— H1

— H,

— H,

— Hl

< Si(H2layer): 2 2
» Si(H3layer): 3 3

Z'3

S (Hllayer): ®1 O1

Fig. 9. Layout of the three families of zigzag connected by the ternary
pseudo-symmetry (a and b) and the two families of layers (b and ¢). The
letters between parentheses are the centres of the chair conformation rings of
six silicates, also used for Fig. 10, occupied by the triplets of isolated oxygen
ions, normal to the layers. (a) Projection of the monoclinic layers M, and
M, 5. (b) Projection of the hexagonal layers H, and Hj: the central holes of
the hexagons are oblique quasi-cylindrical cavities parallel to the
rhombohedral axis a(\); they contain the herringbone-like chains of calcium
ions. Note: ds;] Sil/:dSi2 SiZ’:dSiZn Si3f:aH:bH27 A are the pseudo-
hexagonal unit cell parameters. (c) Projection of the hexagonal H1 layers.

Cy

<< Hexagona >>
triplet

<< Triclinic>>

drp—"" et

Cer>

(b)

Fig. 8. Definition of the distances and angles of Table 7. (a) Projection of the monoclinic layers My and M ,: the thick dashes (2-3" and 2'-3) are the
projections of the zigzag chains along by of Fig 7c. The herringbone-like silicate chains HB(Si) and HB'(Si) are located respectively in the My and M,
layers. The chain HB/(Si) is above the HB(Ca) chain of Fig. 7b. (b) The so-called hexagonal and triclinic silicate triplets are respectively parallel or quite

parallel to the hexagonal axis ¢y and quite parallel to the triclinic axis ¢(r).
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4.2.2. Organisation of the silicon ions

Averaging the distances between silicon ions in each
structure (R, (M), M3, M1 and T1), one observes (Table 7;
Fig. 8) three distinct silicon-silicon distances—d =4.8 A
for the Si,~Si; pairs, d =5 A and d =5.4 A for the Si;~Si, 3
pairs (dr, dzp, dy)—and then a gap until d>7 A. The
shortest d =4.8 A distances link the Si, and Si; kinds of
atoms in herringbone-like chains (dp) and in zigzag chains
(dza). The largest d>7 A distances include the various
lattice translations (hexagonal or monoclinic) observed in
the different polymorphs. The gap between 5.4 A and 7 A is
the result of the organisation in silicate chains, with a clear
separation between short intra-chains Si—Si distances and
larger inter-chains Si—Si distances.

The chains of silicate ions in the monoclinic layers are
made of a herringbone-like combination of two types of
silicate triplets respectively parallel to the (pseudo)hexago-
nal axis ey and quite parallel to the triclinic axis ¢y (Fig.
8b), so-called “hexagonal” and “triclinic” triplets. A defor-
mation of these triplets with the polymorph, with both a
bending and a pinching (Table 7; Fig. 8b) can be observed.
AOy=180°—0y and AO1=180°—0r are the bending angles of
the two triplets, 0p is the pinching angle.

4.2.3. Organisation of the hexagonal layers

It is now interesting to look at the distribution of the
various dg;_g; distances among the various layers. The three
families of zigzag chains (Z1, Z2 and Z3 in Figs. 9 and 10)
related by the pseudo-ternary symmetry constitute a 2-D

network of first Si,—Si3 neighbours (Fig. 9) which constitute
thick hexagonal layers (the set of H,+Hj sheets) containing
all the first-neighbour silicate ions. Fig. 10 clearly shows
that this thick layer, with a 2D array of cyclohexanic-like
rings of six silicates in chair conformation, is similar to the
sets of neighbouring (111) sheets of a diamond cubic
structure [45].

The holes in the thick layers of Fig. 9 are crossed by the
oblique herringbone-chains of calcium of the monoclinic
layers of Fig. 7b. These thick layers (H,*+Hj3) are separated
by the hexagonal layers H; containing silicates Si; only,
each of them being located at larger distances from its
neighbours (dsij_si23 =5 A). The local order is identical for
the ions of the H, and Hj sheets. It is different for the ions of
the H; sheets due to the out-of-plane stacking of the
hexagonal sheet with a lateral shift.

Despite the existence of three hexagonal sheets with an
identical chemical content (hexagonal 2D network of
silicate and calcium ions), we are led to the idea of only
two distinct families of layers.

4.3. Link with the orientational disorder

Two Si;—Si, ; distances are related to the herringbone-like
chains: dr=5 A and d;=5.4 A. The former is related to
silicate ions located in adjacent hexagonal layers, whereas the
latter is related to silicate ions located in non-adjacent
hexagonal layers. For this reason, the reference to the only
hexagonal direction ¢y along dy; to define “Up” and “Down”

Fig. 10. Split perspective view of the two types of layers H1 and H2+H3. The dotted H1 planes are the splitted positions, and the continuous H1 planes are the

real places.
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orientations of the silicate ions is not sufficient. One also
needs to consider the other direction along dr, i.e. along the
triclinic triplets (Fig. 8), with a more physically relevant
meaning. Thereby, the ill-defined “G” orientations introduced
by Nishi et al. for the M3 polymorph can be interpreted as
“Up” and “Down” orientations along the directions of these
triclinic triplets.

As shown above, a stacking of two types of silicate
layers in the hexagonal direction can be observed.

It is interesting now to connect this discussion with the
orientational disorder of the silicate ions. Each type of
hexagonal layer is related to a given type of orientational
order or disorder (depending on the polymorph):

— the H,+H; “thick” hexagonal layer (Fig. 11) contains
silicate ions with rather simple orientations. They can be
described as “Up” or “Down” with respect to the
orientation of the hexagonal or triclinic triplets, with
gear-like configurations.

— the H; hexagonal layer contains silicates with more
distant silicate neighbours owing to a more complex and
frustrated orientational disorder in the high temperature
polymorphs.

4.4. Link with chemistry: effect of impurities

A systematic study by Maki and co-workers [19,20] of
alite crystals found in various clinkers, using X-ray diffrac-
tion and optical observations, have shown the correlation
between the type and amount of impurity and the stabilised
polymorph. Sulphate or magnesium impurities induce the
stabilisation of the M1 or M3 polymorphs, respectively.

The structure, as described below, allows an interpretation
of some observations in the literature. In M1 alite, the
observed superstructure along the axis a can probably be
ascribed to the substitution of the silicate ions SiOf~ by

H1 } V//} QL . /

H2 ///z ‘/ 2 / corlrs)llgtred
AP,

<G

Cab Si1 Cab

Fig. 11. The two types of layers of silicates: fuzzy layer: H, hexagonal layer
of frustrated and orientationally disorder Si; silicates; correlated layer:
H,+H; hexagonal layers of gear-like Si, and Sij silicates. The cut is along
the M layer of Fig. 9A.

sulphate ions SiO . In M3 alite, the observed superstructure
in the monoclinic (a, ¢) plane can probably be related to a
substitution of the calcium ions Ca®" in the calcium-only
monoclinic sheets (Fig. 7a). This allows a higher freedom of
the position of the calcium and silicate ions along the
direction normal to the layer, due to the lack of mirror.

5. Conclusion

The various polymorphs were described in a complex
way in the literature. A first complication arises from the
description in terms of packing of calcium polyhedra of
complex shape. In this paper, we have mainly described the
various infinite 1D and 2D structural elements constituting
the network of silicates ions. The network of the calcium
ions located in the My and M;, monoclinic layers is
identical, with a ¢(\)/2 translation. The calcium monoclinic
layers M, ,4 and M3, located in between have no equivalent
silicon network.

Another complication arises from the description in
terms of conventional unit cell, which conceals the links
between the various unit cells. Using non-conventional and
non-primitive unit cells clarifies the relations between the
polymorphs:

— The T1, M1, M3 and R polymorphs can be described in
terms of superstructures of three related elementary
blocks: the R rhombohedral unit cell, the (M) and (T)
unit cells.

— The ar and by directions are found in all the
polymorphs and they are parallel to the 1D chains
(zigzag or herringbone-like chains) of silicates or
calcium ions.

— The two common repeats, respectively associated to the
mean diagonal ¢y of the rhombohedral unit cell and to
the diagonal dt of the basis of the triclinic unit cell,
already discussed by Golovastikov et al., are only found
in some polymorphs.

— No simple direction seems to correspond to the M3
observed superstructure in which the modulation may be
located in the calcium planes, which permit a higher
degree of freedom due to the lack of mirror.

The interpretation of the orientational disorder is easier
when considering two families of hexagonal layers
showing different orientational disorder and two favoured
directions parallel to two types of triplets of silicates. We
are led with the image of an alternation of thick
orientationally “correlated” layers (with a diamond-like
conformation of the silicates) separated by more disor-
dered and frustrated layers of graphite-like silicates Sij.
We call them “fuzzy” layers. One can wonder whether
these “fuzzy” layers constitute the weak points of the
structure, responsible for the hexagonal cleavage fre-
quently observed.
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