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Abstract

We have synthesised the room temperature MIII form of alite stabilised by doping with Mg and Al. The complex disordered

superstructure of this tricalcium silicate [Ca3SiO5 (C3S)] sample has been studied by a joint Rietveld refinement of ultra-high-resolution

synchrotron X-ray powder diffraction data, medium-resolution neutron powder diffraction data and soft constraints of interatomic distances.

Alite crystallises in a monoclinic cell with dimensions a = 33.1078(6) Å, b = 7.0355(1) Å, c = 18.5211(4) Å, b = 94.137(1)� and V= 4302.9(2)

Å3. The final R factors were RWP= 8.76% and RF(C3S) = 3.45% for the synchrotron data and RWP= 6.09% and RF(C3S) = 5.10% for the

neutron data. The reported superstructure is simpler than those previously reported, and it fits properly to a variety of Portland clinker and

cement patterns. The Rietveld analyses of four clinkers with variable Mg contents have shown that the refinements are good. The Bogue

approach gave quite poor results when compared to these state-of-the-art powder diffraction analyses. Bogue method slightly underestimates

the C3S +C2S content, overestimates the C3A fraction and underestimates the C4AF content. Similar analyses of Portland cements with nine

crystalline phases are shown to be feasible. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is a great deal of interest in determining the

mineralogical composition of cements from laboratory

X-ray powder diffraction (LXRPD) data. These analyses will

allow to routinely assess the quality of the cements off-

line. The methodology can also be used to monitor the

production process on-line. A prototype of such system has

been recently developed, and it allows to follow the

mineralogical compositions of the clinker and cement

streams on-line in a factory [1,2]. To date, there are several

recent examples of quantitative phase studies, including

Portland cements [3–9], aluminous cements [10] and cal-

cium sulpho-aluminate cements [11], by powder diffraction.

Sometime ago, several approaches were used to analyse the

powder diffraction pattern of Portland cements [12–15], but

nowadays, the reports [1–11] use the Rietveld method

[16–18] to quantify the crystalline components. The quant-

itative phase analysis using the Rietveld method consists of

the comparison between the measured and the calculated

patterns, so, it does not need internal standard, but the crystal

structures of all components must be known.

On the other hand, tricalcium silicate [Ca3SiO5 (C3S)] is

probably the most important component of Portland cem-

ents. The crystal structure of the stable room temperature

(RT) polymorph of stoichiometric C3S is triclinic and known

[19,20]. Stoichiometric C3S exhibits seven polymorphs [21]:

three triclinics (TI, TII, TIII), three monoclinics (MI, MII,

MIII) and one rhombohedral (R). The phase transformations

are TIWTIIWTIIIWMIWMIIWMIIIWR at 620, 920, 980,

990,1060 and 1070 �C, respectively. However, the presence
of foreign ions may stabilise some of the high-temperature

polymorphs at RT. For instance, Mg2 + cations stabilise the

MIII monoclinic form. This ‘‘polymorph’’, alite, is very

important because it is the main component of Portland

clinker and cements [3,21,22]. The crystal structure of
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monoclinic MIII C3S is not simple. Mg-doped C3S crystal-

lises at RT in a monoclinic subcell with the following

parameters: a = 12.2 Å, b = 7.0 Å, c = 9.3 Å and b = 116.3�
[23]. The true cell is sometimes much larger with the follow-

ing dimensions: a = 33.1 Å, b = 7.0 Å, c = 18.5 Å and

b = 94.1�; (3� 1� 2 superstructure). A crystallographic

description for this RT monoclinic superstructure from a tiny

doped single crystal was reported [24]. Structural studies of

different polymorphs, TI [19], MIII [24] and R [25], have

clarified that the orientation of silicate tetrahedra plays a key

role for determining the symmetry of these compounds. It is

also known that this orientation at RT is induced by the

presence of foreign cations such as Mg. However, the

disorder, and even the presence of the superstructure itself

in alite is composition and thermal history dependent as

previously pointed out [23].

The final objective of our project is to demonstrate that

precise and accurate analyses of Portland clinker and

cements are feasible. To do so, we need a good structural

description of the main phase, alite, which is also present in

other industrially important compound such as slags or

some high temperature refractories. Hence, we report a joint

X-ray synchrotron and neutron powder diffraction (NPD)

Rietveld study of alite. Our structural description fits the

Portland patterns slightly better than the previously reported

superstructure [24] and much better than the reported

substructure [23]. This is illustrated by the analyses of alite,

four clinkers and four cements. The quantitative phase

studies using powder diffraction will be compared to those

obtained by the Bogue calculations.

2. Experimental section

Stabilised-by-doping RT monoclinic C3S was prepared as

previously reported [26]. A mixture of the appropriated

amounts of CaCO3 (99.5% from Prolabo), Mg(OH)2�4Mg-

4MgCO3�5H2O (99% from Aldrich), SiO2 (99.7% from

ABCR) and g-Al2O3 (99.997% from Alfa) was prepared to

obtain 5 g of (Ca2.93Mg0.07)O3(SiO2)0.98(Al2O3)0.01. The

sources for Mg and Al were chosen because of their high

reactivities. The mixture was ground in an agate ball mill at

200 rpm for 30min and then heated at 1050 �C in a Pt crucible

for 4 h. The resulting solid was ground in an agate ball mill at

200 rpm for 30 min, pelletised, heated in air at 1450 �C for 6 h

and cooled. Finally, the mixture was ground again in an agate

mortar, pelletised, heated in air at 1500 �C for 6 h and cooled.

A synchrotron X-ray powder diffraction (SXRPD)

pattern for C3S was collected on the BM16 diffractometer

of ESRF (Grenoble, France) in the standard Debye–

Scherrer configuration. The sample was loaded in a

borosilicate glass capillary (f = 2.0 mm) and rotated

during data collection. A short penetrating wavelength,

l = 0.450294(6) Å (27.54 keV), was selected with a

double-crystal Si (111) monochromator and was calibrated

with Si NIST (a = 5.43094 Å). The overall measuring

time was 3 h to have good statistics over the angular

range 4–30� (in 2q) [6.45–0.87 Å]. The raw data were

summed up to 0.005� step size with local software. A

NPD pattern for the same sample was collected at ILL

(Grenoble, France) on the high-resolution diffractometer,

D1A, with l= 1.911 Å, counting for 12 h. The 2q range

was 10–150� [10.96–0.99 Å] and the step size was

0.05�. The standard configuration, with the sample in a

vanadium can with diameter of 6 mm, was used.

In order to test the structure that came out of the joint

SXRPD and NPD Rietveld refinement, we have analysed

four Portland clinkers and four Portland cements. Hereafter,

the clinkers are labelled A1, A2, A3 and A4, and the

cements are labelled B1, B2, B3 and B4. The elemental

compositions were determined by X-ray fluorescence (XRF)

on a Philips PW 1660 spectrometer using the borate glass

bead sample preparation method, which minimises matrix

effects. The clinkers and cements were sampled from the

Goliat factory (Málaga, Spain).

We had collected SXRPD data for A2 clinker as pre-

viously reported [3]. We have collected LXRPD data for the

remaining seven samples on a Siemens D5000 q/2q dif-

fractometer (flat reflection mode). The wavelength, CuKa1,2

1.542 Å (� 8.04 keV), was selected with a secondary

curved graphite monochromator. The finely ground samples

were placed in a methacrylate holder by side loading [27] in

order to minimise preferred orientation. The 2q range was

10–70�, in 0.03� steps, counting by 25 s per step. The

holder was not spun during data collection.

3. Results and discussion

3.1. Structural study of alite

As an initial characterization, the LXRPD pattern for C3S

was indexed in the reported superstructure with unit cell

dimension of 33� 7� 18 Å (Z = 36). The 29Si MAS NMR

spectrum for C3S agrees very well with that previously

reported for the MIII polymorph [28]. Our alite presents three

broad bands at d =� 70.31, � 73.69 and � 75.84 ppm, the

position of the bands previously reported were d =� 70.3,

�73.7 and � 75.8 ppm.

It is worth pointing out that the experimental configura-

tion used in the synchrotron X-ray structural study minimise

the errors usually present in a LXRPD work. The very high

energy of the synchrotron beam allows to collect the data in

transmission testing a very large amount of sample without

worries about absorption [m(C3S) = 8.8 cm
� 1 at l = 0.45 Å].

The rotation of the capillary avoids preferred orientation.

Finally, the high energy of the X-rays also rules out

extinction in the high intense peaks. NPD is usually free

of such errors, and it is a complementary structural tech-

nique since it allows to accurately locate the light atoms

(oxygens). Furthermore, the structure resulting from this

structural study must be more representative of alite than
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that determined from a tiny doped single crystal. In prin-

ciple, these approaches should give the same structural

result for a stoichiometric compound, but it is very import-

ant to test a large amount of sample when characterising a

disordered solid solution.

We have used the superstructures of Nishi et al. [24],

Berliner et al. [29–31] and Simon [30] as starting models

for the joint SXRPD and NPD Rietveld refinement. The

structural description given by Berliner et al. [29] led to a

poorer fit, and it was not further studied. Without disorder,

the monoclinic crystal structure of alite is already very

complex. There are 126 crystallographically independent

sites: 36 Ca [18 in special position (x0z) and 18 in general

position]; 18 Si all in special position (x0y); and 72 O [54 in

special position (x0z) and 18 in general position]; in the

asymmetric part of the unit cell. So, this superstructure has

288 variable positional parameters plus the appropriated

thermal parameters. On top of that, there is disorder in the

superstructure and depending upon the used model for the

disorder, the number of the structural parameters may

increase dramatically.

Due to the above-discussed structural complexity, we

have used a joint refinement of ultra-high-resolution syn-

chrotron X-ray and neutron patterns to increase the number

of observations (partially resolved diffraction peaks). Even

in this case, the observations/refined parameters ratio was

low and the joint SXRPD and NPD refinement gave some

chemically unrealistic interatomic distances. Therefore, a

third histogram containing soft constraints was included to

have a chemically correct structural model. We have soft-

constrained [17] all SiO4 tetrahedra by imposing 96 Si)O
bond distances of 1.63(3) Å and 132 O: : :O intratetrahedral

interacting distances of 2.66(6) Å. This second set of soft

constraints helps to maintain regular tetrahedral angles. We

have also introduced 265 Ca–O soft constraints of 2.40(5) Å

for all Ca–O distances that converged to values shorter than

2.30 Å. Similarly, we introduced 23 O: : :O soft constraints of

2.80(6) Å for all nonintratetrahedral O: : :O distances that

became shorter than 2.60 Å. There is a weighting factor that

allows to use this soft constraints histogram in the Rietveld

procedure. High values of this parameter give more weight to

the prescribed distances. As the refinement progresses, this

number can be lowered allowing a better fit to the observed

powder patterns but keeping a reasonable crystallochemical

model. The final weighting factor for the soft constraint

histogram was only � 110.

Now we will focus on the disorder showed by this

superstructure. The superstructure model reported by Nishi

et al. [24] did not fit our powder diffraction data satisfact-

orily. However, a simplified model in this supercell, but

without disorder, showed a much worse fit. So, to model the

disorder is fundamental if we want to simulate the powder

pattern properly. We have tested, as Nishi et al. did [24], the

disorder of the calcium atoms. We have found that disorder-

ing the calciums located at general positions, the fit

improved notably. We tested the refinement of the occu-

pation factors of these calciums, and they converged to

values close to 0.5. So, they were fixed to 1/2 and not

refined. However, we have found that the disorder of the

calciums at the special positions does not improve the fit

significantly. The splitting of the oxide anions associated to

the calcium did not also improve the fit in the joint

refinement. So, in our final model, these atoms (Ca at spe-

cial position and the oxygens only bonded to the calciums)

are not disordered. This is a first difference with the model

reported by Nishi et al. [24].

We have also checked the orientation of the silicates

tetrahedra. The monoclinic substructure, 12.2� 7.0� 9.3

Å3, contains three silicate tetrahedra (triplet) arranged along

the pseudo-threefold axis of the high-temperature rhom-

bohedral structure. When the six-times-larger superstructure

is taken into account, the number of tetrahedra is 18,

arranged in six triplets. The relation between different C3S

polymorphs lays in the relative orientations of these tet-

rahedra. However, due to steric reasons, the SiO4 tetrahedra

cannot adopt all possible configurations. The direction of

the pseudo-threefold axis of the true monoclinic MIII cell is

along [� 207] that it corresponds to the [001] axis of the R

rhombohedral form. The up orientation along this axis is

labelled U, the down orientation D and an intermediate

disordered configuration is labelled G. We have maintained

the same labelling scheme than previously reported [24,29–

31] for the sake of comparison.

We have tested the relative orientation of the tetrahedra

starting from the Nishi et al. [24] model and keeping the

steric consideration into account. We finally concluded that

eight tetrahedra are U [Si(2), Si(4), Si(5), Si(6), Si(11),

Si(12), Si(15) and Si(18)] and five have the opposite

configuration, D [Si(1), Si(3), Si(7), Si(13) and Si(16)].

These 13 tetrahedra are not disordered. However, three SiO4

are disordered with fractional U and D orientations [Si(9),

Si(10) and Si(14)]. Finally, the remaining two tetrahedra are

out of the pseudo-threefold axis G and therefore disordered

[Si(8), Si(17)]. Hence, the best agreement was ob-

tained with the following configurations of tetrahedra:

Si(1)D–Si(8)G–Si(2)U; Si(7)D–Si(9)UD–Si(10)UD;

Si(3)D–Si(13)D–Si(14)UD; Si(16)D–Si(17)G–Si(5)U;

Si(15)U – Si(18)U – Si(6)U and Si(11)U – Si(12)U –

Si(4)U. This is the second difference with the Nishi

et al. [24] model.

The ultra-high-resolution synchrotron X-ray data showed

that the sample was not phase pure. The presence of dical-

cium silicate (C2S) was readily determined. Its pattern was

taken into account by using the structure ofMumme et al. [36]

without refining the atomic parameters. The joint refinement

showed that the sample contained 5.9(2) wt.% of C2S.

The SXRPD and NPD patterns were analysed by the

Rietveld method with the GSAS suite of programs [32]. The

peak shape function was pseudo-Voigt [33] for SXRPD data

and Gaussian for NPD data, both corrected for axial

divergence [34,35]. The backgrounds were fitted by linear

interpolation function. Scale factors, cell parameters and
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zero shift errors were optimised. Preferred orientation was

checked, and it was found to be negligible as expected. For

C3S, the appropriated atomic parameters were refined.

The pseudo-Voigt parameters were GW (Gaussian part ),

LY (d*-dependent Lorentzian part) and STEC (an ellips-

oidal anisotropic correction for the Lorentzian width) along

a given direction. The final values for C3S were GW=

0.1� 0.01�2, LY= 19.6(3)� 0.01�, STEc =� 2.1(5)� 0.01�
along [1 0 0]. The asymmetry due to axial divergence was

described with S/L= 0.0075 and H/L= 0.0058. The final

Gaussian parameters to model the NPD pattern were

GU= 299(38), GV=� 497(75) and GW=483(31)� 0.01�2.
The axial divergence was taken into account with S/L=

0.044 and H/L= 0.039.

A total of 472 parameters were refined in the final cycle.

C3S has C m space group with a = 33.1078(6) Å,

b = 7.0355(1) Å, c = 18.5211(4) Å, b = 94.137(1)� and

V= 4302.9(2) Å3. C2S has P 21/n space group with a =

5.5087(6) Å , b = 6.7594(6) Å , c = 9.309(1) Å ,

b = 94.464(9)� and V= 345.59(5) Å3. The R factors were

Fig. 1. SXRPD Rietveld plot for C3S. The inset shows the fit to the most representative region for C3S.

Fig. 2. NPD Rietveld plot for C3S.
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Table 1

Refined atom parameters and occupancy factors for C3S from a joint

refinement with SXRPD, NPD and soft constraints data

Atom x y z

Occupation

factor

Ca(1) � 0.0024(11) 0.0 0.0104(19) 1.0

Ca(2) 0.6595(10) 0.0 0.1605(19) 1.0

Ca(3) 0.3113(9) 0.0 0.3342(19) 1.0

Ca(4) � 0.0199(12) 0.0 0.4939(19) 1.0

Ca(5) 0.6531(11) 0.0 0.6651(18) 1.0

Ca(6) 0.3188(11) 0.0 0.8407(19) 1.0

Ca(7) 0.5881(11) 0.0 � 0.0745(20) 1.0

Ca(8) 0.2592(11) 0.0 0.1012(19) 1.0

Ca(9) � 0.0815(11) 0.0 0.2619(19) 1.0

Ca(10) 0.5848(9) 0.0 0.4262(18) 1.0

Ca(11) 0.2494(11) 0.0 0.6061(19) 1.0

Ca(12) � 0.0817(11) 0.0 0.7649(20) 1.0

Ca(13) 0.7322(11) 0.0 � 0.0925(19) 1.0

Ca(14) 0.4019(11) 0.0 0.0778(20) 1.0

Ca(15) 0.0646(10) 0.0 0.2418(19) 1.0

Ca(16) 0.7236(10) 0.0 0.4022(20) 1.0

Ca(17) 0.3895(11) 0.0 0.5731(20) 1.0

Ca(18) 0.0617(11) 0.0 0.7363(19) 1.0

Ca(19a) � 0.0835(10) 0.2749(32) � 0.0847(20) 0.5

Ca(19b) � 0.0833(10) 0.2745(31) � 0.0846(20) 0.5

Ca(20a) 0.5804(12) 0.2773(31) 0.0841(22) 0.5

Ca(20b) 0.5849(11) 0.2807(21) 0.0917(18) 0.5

Ca(21a) 0.2398(11) 0.2499(30) 0.2580(18) 0.5

Ca(21b) 0.2413(11) 0.2565(26) 0.2577(18) 0.5

Ca(22a) � 0.0969(11) 0.265(4) 0.4132(18) 0.5

Ca(22b) � 0.0938(11) 0.2926(31) 0.4099(18) 0.5

Ca(23a) 0.5759(13) 0.250(4) 0.5965(21) 0.5

Ca(23b) 0.5651(11) 0.223(4) 0.5716(24) 0.5

Ca(24a) 0.2436(11) 0.250(4) 0.7523(28) 0.5

Ca(24b) 0.2444(10) 0.2406(32) 0.7620(23) 0.5

Ca(25a) � 0.0023(14) 0.218(5) � 0.1530(25) 0.5

Ca(25b) � 0.0004(14) 0.232(5) � 0.1576(25) 0.5

Ca(26a) 0.6675(10) 0.2316(33) 0.0152(26) 0.5

Ca(26b) 0.6662(10) 0.2410(30) 0.0195(27) 0.5

Ca(27a) 0.3345(12) 0.235(4) 0.1718(21) 0.5

Ca(27b) 0.3388(10) 0.2216(27) 0.1825(18) 0.5

Ca(28a) � 0.0049(10) 0.2346(33) 0.3463(20) 0.5

Ca(28b) � 0.0051(11) 0.2382(31) 0.3444(19) 0.5

Ca(29a) 0.6608(10) 0.2289(28) 0.5199(18) 0.5

Ca(29b) 0.6570(10) 0.2178(21) 0.5225(17) 0.5

Ca(30a) 0.3312(10) 0.240(4) 0.6806(24) 0.5

Ca(30b) 0.3310(10) 0.236(4) 0.6771(28) 0.5

Ca(31a) 0.8260(13) 0.270(4) � 0.0115(21) 0.5

Ca(31b) 0.8268(10) 0.2640(30) � 0.0093(19) 0.5

Ca(32a) 0.4904(10) 0.260(4) 0.1593(19) 0.5

Ca(32b) 0.4906(10) 0.257(4) 0.1601(22) 0.5

Ca(33a) 0.1502(10) 0.254(4) 0.3293(19) 0.5

Ca(33b) 0.1509(9) 0.2540(30) 0.3288(19) 0.5

Ca(34a) 0.8127(11) 0.2600(33) 0.4928(22) 0.5

Ca(34b) 0.8139(10) 0.2611(27) 0.4998(20) 0.5

Ca(35a) 0.4826(13) 0.277(5) 0.6571(19) 0.5

Ca(35b) 0.4821(12) 0.266(4) 0.6563(19) 0.5

Ca(36a) 0.1558(11) 0.2721(31) 0.8212(19) 0.5

Ca(36b) 0.1554(10) 0.2713(27) 0.8206(18) 0.5

Si(1) 0.0816(11) 0.0 0.4254(19) 1.0

Si(2) 0.2329(11) 0.0 � 0.0728(19) 1.0

Si(3) 0.4211(11) 0.0 0.7473(20) 1.0

Si(4) 0.5603(11) 0.0 0.7582(20) 1.0

Si(5) � 0.0976(10) 0.0 0.0775(17) 1.0

Si(6) � 0.1054(10) 0.0 0.5743(18) 1.0

Si(7) 0.0917(10) 0.0 � 0.0895(19) 1.0

Table 1 (continued )

Atom x y z

Occupation

factor

Si(8) 0.1615(10) 0.0 0.1677(18) 1.0

Si(9) 0.1588(11) 0.0 0.6621(18) 1.0

Si(10) 0.2243(9) 0.0 0.4237(17) 1.0

Si(11) 0.4176(4) 0.0 0.2554(8) 1.0

Si(12) 0.5020(10) 0.0 0.0003(19) 1.0

Si(13) 0.4845(10) 0.0 0.4913(18) 1.0

Si(14) 0.5669(9) 0.0 0.2431(17) 1.0

Si(15) 0.7532(10) 0.0 0.0911(19) 1.0

Si(16) 0.7506(10) 0.0 0.5842(19) 1.0

Si(17) � 0.1750(11) 0.0 0.3337(19) 1.0

Si(18) � 0.1757(11) 0.0 � 0.1576(19) 1.0

O(1) 0.9921(13) 0.0 0.2524(21) 1.0

O(2) 0.0342(11) 0.0 0.1221(20) 1.0

O(3) 0.0309(15) 0.0 0.602(4) 1.0

O(4) � 0.0101(14) 0.0 0.7493(21) 1.0

O(5) 0.3664(11) 0.0 � 0.0667(26) 1.0

O(6) 0.3313(13) 0.0 0.0836(19) 1.0

O(7) 0.2830(12) 0.0 0.2215(19) 1.0

O(8) 0.3525(13) 0.0 0.4435(22) 1.0

O(9) 0.3245(22) 0.0 0.5929(26) 1.0

O(10) 0.2857(13) 0.0 0.7233(20) 1.0

O(11) 0.6617(13) 0.0 � 0.0842(21) 1.0

O(12) 0.6170(9) 0.0 0.0406(19) 1.0

O(13) 0.6976(10) 0.0 0.2982(21) 1.0

O(14) 0.6537(10) 0.0 0.4255(19) 1.0

O(15) 0.6147(11) 0.0 0.5497(20) 1.0

O(16) 0.7014(13) 0.0 0.7697(23) 1.0

O(17) 0.9399(13) 0.0 0.3866(21) 1.0

O(18) 0.9564(13) 0.0 0.9030(26) 1.0

O(D11) 0.1052(13) 0.0 0.3522(19) 1.0

O(D12) 0.0327(11) 0.0 0.4098(24) 1.0

O(D13) 0.0937(11) 0.1865(20) 0.4744(19) 1.0

O(U21) 0.2096(12) 0.0 0.0014(20) 1.0

O(U22) 0.2806(11) 0.0 � 0.0530(22) 1.0

O(U23) 0.2187(11) 0.1794(17) � 0.1237(19) 1.0

O(D31) 0.4415(13) 0.0 0.6706(21) 1.0

O(D32) 0.3718(10) 0.0 0.7387(25) 1.0

O(D33) 0.4338(10) 0.1903(20) 0.7927(21) 1.0

O(U41) 0.5376(13) 0.0 0.8319(21) 1.0

O(U42) 0.6091(11) 0.0 0.7699(27) 1.0

O(U43) 0.5460(10) 0.1822(17) 0.7089(20) 1.0

O(U51) � 0.1243(12) 0.0 0.1492(19) 1.0

O(U52) � 0.0504(11) 0.0 0.1068(25) 1.0

O(U53) � 0.1067(11) 0.1899(20) 0.0297(17) 1.0

O(U61) � 0.1283(14) 0.0 0.6495(21) 1.0

O(U62) � 0.0569(10) 0.0 0.5918(24) 1.0

O(U63) � 0.1168(10) 0.1887(17) 0.5270(17) 1.0

O(D71) 0.1130(12) 0.0 � 0.1667(19) 1.0

O(D72) 0.0435(10) 0.0 � 0.1025(25) 1.0

O(D73) 0.1071(11) 0.1873(16) � 0.0459(19) 1.0

O(G81) 0.1382(12) 0.030(5) 0.0880(20) 0.5

O(G82) 0.1298(11) � 0.125(4) 0.2129(22) 0.5

O(G83) 0.2003(10) � 0.136(4) 0.1537(20) 0.5

O(G84) 0.1732(12) 0.1913(20) 0.2111(18) 0.5

O(D91) 0.1803(13) 0.0 0.5844(19) 0.41(3)

O(D92) 0.1104(11) 0.0 0.6479(27) 0.41(3)

O(D93) 0.1762(12) 0.1852(21) 0.7047(19) 0.41(3)

O(U94) 0.1953(13) 0.0 0.7258(25) 0.59(3)

O(U95) 0.1776(12) 0.0 0.5831(20) 0.59(3)

O(U96) 0.1303(12) 0.1876(21) 0.6686(25) 0.59(3)

O(D101) 0.2397(11) 0.0 0.3421(18) 0.41(3)

O(D102) 0.2642(13) 0.0 0.4814(21) 0.41(3)

(continued on next page)
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RWP = 8.76%, RP = 7.13%, RF(C3S) = 3 .45% and

RF(C2S) = 3.23% for the SXRPD data and RWP= 6.09%,

RP= 4.95%, RF(C3S) = 5.10% and RF(C2S) = 5.65% for the

NPD data. The Rietveld plot for the SXRPD data is given in

Fig. 1. The inset shows the most representative Bragg peaks

for C3S. The Rietveld plot for the NPD data is given in Fig. 2.

Our structural model for the superstructure (Table 1)

contains 155 sites (18 Si, 54 Ca and 83 O) with 373 refined

positional parameters. Some sites are disordered with fixed,

0.5, or refined occupation factors (see Table 1). In the final

model, we refined five different Uiso parameters: one for

the Ca atoms in special position, 0.012(1) Å2; a second

for the calciums at general position, 0.0104(8) Å2; another

for the silicons, 0.004(1) Å2; a fourth for the oxygens

belonging to the SiO4 tetrahedra, 0.016(1) Å2; and a final

one for the oxides anions, 0.031(2) Å2. Our joint refinement

does not show any preferential occupation of the Mg cations

in a given Ca site. However, due to the complexity of the

structure we cannot completely rule out this possibility.

Our description of the disorder in the superstructure is

simpler than that previously reported [24]. Nishi et al.

structure contains 226 crystallographically independent sites

and 540 refined positional parameters. However, the struc-

ture reported here fits better the well sample-averaged

SXRPD and NPD patterns for alite. The structure for MIII

reported by Mumme [23] is very much simpler with 21 sites

and 48 refined positional parameters, but it does not fit alite

properly. The R factors using exactly the same overall

parameters and refining the scale factors, background

parameters and unit cell (a = 12.200 Å, b = 7.069 Å,

c = 9.275 Å, b = 116.22�) were: RWP= 23.3%, RP= 26.4%

and RF(C3S) = 17.2% for the SXRPD data and RWP= 15.5%,

RP= 11.5% and RF(C3S) = 18.7% for the NPD data. These

values for the R factors are unacceptably high, and it rules

out the use of the substructure for describing alite when

analysing mixture of phases by Rietveld refinements.

Foreign ions (i.e. Mg2 + ) induce the orientation of the

SiO4 tetrahedra, playing an important role to explain the

Table 1 (continued)

Atom x y z

Occupation

factor

O(D103) 0.1998(11) 0.1918(16) 0.4298(21) 0.41(3)

O(U104) 0.1873(14) 0.0 0.4797(27) 0.59(3)

O(U105) 0.2644(12) 0.0 0.4777(27) 0.59(3)

O(U106) 0.2186(10) 0.1926(19) 0.3763(18) 0.59(3)

O(U111) 0.4467(10) 0.0 0.3284(15) 1.0

O(U112) 0.3699(7) 0.0 0.2682(20) 1.0

O(U113) 0.4281(9) 0.1787(21) 0.2041(15) 1.0

O(U121) 0.4706(11) 0.0 � 0.0695(22) 1.0

O(U122) 0.4794(15) 0.0 0.0762(22) 1.0

O(U123) 0.5329(9) 0.1844(17) 0.0031(20) 1.0

O(D131) 0.5126(10) 0.0 0.4235(18) 1.0

O(D132) 0.4357(10) 0.0 0.4713(20) 1.0

O(D133) 0.4939(11) 0.1927(19) 0.5364(17) 1.0

O(D141) 0.5623(14) 0.0 0.1528(18) 0.41(5)

O(D142) 0.6162(10) 0.0 0.2602(24) 0.41(5)

O(D143) 0.5482(12) 0.1931(20) 0.2718(23) 0.41(5)

O(U144) 0.6030(10) 0.0 0.3053(19) 0.59(5)

O(U145) 0.5860(12) 0.0 0.1658(18) 0.59(5)

O(U146) 0.5393(9) 0.1866(17) 0.2549(19) 0.59(5)

O(U151) 0.7352(11) 0.0 0.1707(19) 1.0

O(U152) 0.7138(10) 0.0 0.0320(20) 1.0

O(U153) 0.7815(10) 0.1871(20) 0.0832(19) 1.0

O(D161) 0.7689(11) 0.0 0.5065(20) 1.0

O(D162) 0.7020(10) 0.0 0.5788(21) 1.0

O(D163) 0.7646(10) 0.1836(17) 0.6330(19) 1.0

O(G171) � 0.1969(11) 0.092(5) 0.2620(21) 0.5

O(G172) � 0.2066(13) � 0.156(5) 0.3627(29) 0.5

O(G173) � 0.1365(12) � 0.133(4) 0.3145(21) 0.5

O(G174) � 0.1556(12) 0.123(4) 0.3998(22) 0.5

O(U181) � 0.1962(11) 0.0 � 0.0796(19) 1.0

O(U182) � 0.1274(11) 0.0 � 0.1410(24) 1.0

O(U183) � 0.1905(12) 0.1912(20) � 0.2011(19) 1.0

The thermal factors are given in the text.

Table 2

Phase composition for the refinements of the Portland clinkers using our superstructure for alite (upper row) and the Nishi et al. [24] structure (italics)

C3S +

Sample C3S/% C2S/% C4AF/% C3A/% NKSa/% C/% C2S/% CaO/% SiO2/% Al2O3/% Fe2O3/% SO3
b/% K2O

c/% Na2O
c/% MgO/% CaOd/%

A1 67.4(2) 10.2(5) 12.8(3) 7.4(2) 2.2(2) – 77.6 67.05 21.30 5.58 4.37 1.06 0.94 0.27 – –

67.9(2) 10.0(5) 12.5(3) 7.4(2) 2.2(2) – 77.9

58.8 16.0 9.6 8.6 – – 74.8 65.42 20.99 5.26 3.17 1.15 1.10 0.41 1.24 1.99

A2 48.9(2) 27.1(2) 15.5(2) 6.33(8) 1.83(6) 0.41(2) 76.0 65.46 22.32 6.81 3.65 0.88 0.78 0.27 – 0.41

48.6(2) 27.3(2) 15.6(5) 6.18(7) 1.93(6) 0.42(2) 75.9

49.0 24.1 10.5 9.3 – – 73.1 64.14 21.20 5.70 3.45 1.72 1.26 0.18 1.38 1.9

A3 64.2(3) 11.6(6) 16.3(3) 4.9(2) 3.0(2) – 75.8 65.72 20.94 5.40 5.56 1.45 1.28 0.27 – –

65.4(3) 11.3(5) 15.8(3) 4.5(2) 3.0(2) – 76.7

65.7 10.5 10.9 6.6 – – 76.2 65.16 20.90 4.76 3.57 1.53 0.83 0.16 1.60 0.88

A4 62.5(3) 17.0(5) 13.3(3) 5.7(2) 1.4(1) – 79.5 67.05 22.38 5.05 4.54 0.67 0.60 0.27 – –

62.6(3) 17.0(5) 13.5(3) 5.7(2) 1.2(2) – 79.6

58.4 16.5 9.6 9.0 – – 74.9 64.93 21.07 5.40 3.15 1.43 0.72 0.20 2.47 1.22

The third row is the mineralogical composition calculated by the Bogue method [41]. Elemental compositions derived from Rietveld results (upper row) and

measured by XRF (third row) are expressed as parent oxide content.
a NKS stands for aphthitalite NaK3(SO4)2.
b SO3 was determined from gravimetry.
c Na and K were determined from emission spectroscopy.
d Free lime was determined from titrimetry.
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disorder and the superstructure itself in MIII C3S. In this

context, it is worth pointing out that the single crystals of

MIII C3S investigated by Mumme [23] almost did not show

the superstructure spots and their average MgO content was

low, 0.76 wt.%. Our alite contains 1.24 wt.% of MgO, and

the single crystal investigated by Nishi et al. [24] contained

1.96 wt.% of MgO. The unit cell volumes of these three

MIII alites are 4328, 4303, and 4289 Å3, respectively.

Obviously, the unit cell volume decreases with the increas-

ing of the Mg content.

3.2. Quantitative analyses of clinkers and cements

The results of the Rietveld analyses for four selected

Portland clinkers with different Mg contents are given in

Table 2. In Fig. 3, as an example, the Rietveld plot for the

A1 clinker is shown. The references for the appropriated

structures of the different phases are given at the bottom of

Table 3. We do not have applied the microabsorption

correction [37] since we have not characterised the particle

sizes of the different phases. However, the absorption

coefficients are given in Table 3. The amount of MgO in

the clinkers is an important parameter in order to describe its

powder pattern since it may induce slight changes in the

superstructure of MIII alite. The wt.% of MgO in clinkers

A1, A2, A3 and A4 are 1.24, 1.38, 1.60 and 2.47, respect-

ively. Alite crystallises as large microcrystals, which show

strong preferred orientation for front-loaded samples in the

Bragg–Brentano reflection geometry. For this phase, we

have tested both March–Dollase [38] and spherical–har-

monic [39] corrections. The improvement with this last

correction is larger in agreement with very recent results

in Rietveld quantitative phase analysis [40].

From the results shown in Table 2, several conclusions

can be drawn. (1) Both superstructures (Ref. [24] and ours)

allow to describe alite satisfactorily. The fits, for complex

disordered solid solutions, are acceptable with relatively

smooth difference curves. The quality of the fits does not

strongly depend on the Mg content, which encourages us

since we do not need several structural descriptions for alite

depending upon the Mg contents. (2) Due to the strong peak

overlapping of C3S and C2S, we also give in Table 2 the

Table 3

Phase composition for the refinements of the Portland cements using our superstructure description for alite

Sample C3S/% C2S/% C4AF/% C3A/% NKS/% CaSO4�2H2O/% CaSO4�1/2H2O/% CaCO3/% MgO/%

B1 57.3(4) 14.9(5) 14.0(3) 5.4(2) 1.5(1) 0.85(8) 3.7(2) 2.4(2) –

B2 58.0(4) 13.1(5) 13.9(4) 4.2(2) 1.3(2) – 4.2(2) 4.5(2) 0.9(1)

B3 55.4(4) 15.2(5) 11.4(3) 6.3(2) 1.4(2) 0.63(8) 4.0(2) 4.8(2) 0.8(1)

B4 55.0(4) 15.9(5) 12.7(3) 5.0(2) 1.6(2) – 4.5(2) 3.1(2) 2.1(1)

m/cm� 1a 305.5 295.1 425.0 261.0 200.9 136.3 191.1 192.0 99.7
b Our work [23] [42] [43] [44] [45] [46] [47] [48]

a The absorption coefficients of the different phases for the CuKa radiation are given in this row.
b The references that contain the appropriated crystal structure descriptions are given in this row.

Fig. 3. LXRPD Rietveld plot for the A1 clinker.
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overall C3S and C2S contents for the clinkers. Bogue

calculation invariably slightly underestimates this quantity.

(3) The Bogue approach severely underestimates the C4AF

content and overestimates the C3A.

Table 2 also shows the elemental compositions, ex-

pressed as parent oxide content, derived from Rietveld

results and those measured by XRF. Although the overall

agreement is quite good some remarks must be done. (1)

Free lime content determined from LXRPD is always

smaller than that from titrimetry as this last method also

includes the amorphous fraction. Furthermore, the titrime-

tries were immediately carried out in the factory, but the

Rietveld-quality LXRPD data were taken several days later

at the University. So, partial carbonation can be expected.

(2) CaO is always overestimated in the Rietveld results as

it includes the Ca/Mg substitution which cannot be mod-

eled. Consequently, MgO is severely underestimated. How-

ever, the results are consistent and the CaO +MgO

elemental composition determined by XRF agrees very

well (inside 1%) with the CaO elemental composition

determined by the Rietveld study. (3) Similarly, SiO2 is

always slightly overestimated in the Rietveld analysis as the

Si/Al substitution cannot be taken into account. (4) The

agreement for Fe2O3 is not very satisfactory probably due to

the nominal stoichiometry (1:1) used to model C4AF.

However, there is not enough information in the LXRPD

data for the refinement of the Fe/Al occupation factors in

C4AF. (5) Finally, the SO3 content is slightly underesti-

mated in the Rietveld analyses. This is not surprising as

sulfates are the last fraction to crystallize, and it can remain

partially amorphous.

The results of the Rietveld analyses for four selected

Portland cements are given in Table 3. In Fig. 4, as an

example, the Rietveld plot for the B1 cement is shown. The

samples contained up to nine crystalline phases, but the

refinements were stable and the fits were satisfactory as

indicated by the smoothness of the difference curve in Fig. 4.

Thewt.%ofMgOincementsB1,B2,B3andB4are1.53,1.68,

2.10 and 2.53, respectively.

Preferred orientation had to be also applied to some

phases in cements with CaSO4�2H2O and CaSO4�1/2H2O

being the extreme cases. March–Dollase correction [38]

gave good fits, and it has a unique refinable parameter per

phase, so this correction was used for all phases excepting

alite. The results are consistent, when CaSO4�2H2O was

detected, then a lower content of CaSO4�1/2H2O was

measured. Therefore, quantitative mineralogical analyses

of Portland cements allow even the analysis of dehydration

reactions of gypsum in the cement ball mills. The content

range of all phases were found to lie within the expected

values for the Portland cement.

4. Conclusions

We report a simpler structural description for the super-

structure of MIII alite from a combined SXRPD, NPD and

interatomic distances soft-constrained Rietveld refinement.

This structure has been proven to refine properly a variety of

Portland clinker and cement specimens. The Rietveld quant-

itative analyses of four clinkers with variable Mg contents

have shown that the refinements are of good quality and that

the Bogue approach repeatedly underestimates the

C3S +C2S content, overestimates the C3A fraction and under-

estimates the C4AF content. Similar analyses of Portland

cements with nine crystalline phases are feasible and even

Fig. 4. LXRPD Rietveld plot for the B1 cement.
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allows data regarding dehydration reactions in the cement

ball mills.
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