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theoretical X-ray patterns were calculated using Debye’s method and were compared with the experimental curves.
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containing 12096 atoms. The increase of grinding intensity led to the sharp decrease of sizes of small cluster.
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1. Introduction

Titanite powders are extensively used in the construction

industry as pigments [1,2]. Ultrafine mechanical grinding of

CaTiSiO5 is the basis of technology for production of fillers.

It is known that the optical properties of titanite powders

change during grinding [1]. In this case, the specific surface

increases 30−50 times and its reactivity also increases [1–9].
Recently, titanite has attracted attention as biomedical mate-

rial because of its high chemical stability [5]. Amorphization

of the surface layer leads to titanite effectively absorbing

both organic and inorganic substances. Functional materials

(sorbents, pigments) can be obtained using this effect [6,7].

The structural state of metamict titanites was investigated

by T. Beirau [10–12] using synchrotron XRD and vibration

(Raman and IR) spectroscopy. It was shown that radiation-

induced damage led to the formation of partially amorphous

titanite with coexisting aperiodic and defect-enriched crystal

regions. Basically, the space group of radiation-damaged

titanite was C2/c , but there were regions with the space

group P21/c . Radiation damage led to an increase of unit

cell volume and a decrease of the coordination of Ti atoms

from six to five and/or four. The transformation from an

octahedral to a pyramidal and/or tetrahedral arrangement

of the surrounding oxygen atoms led to a decrease of the

Ti−O bond length, so the bond strength was increased.

The lowering of Ti coordination violates the Ti−O−Ti

interchain bonds, which was accompanied by a displacement

of Ca atoms [10–12].

The method of mechanical activation (MA) can change

crystals’ characteristics. Different crystallite microstructures

can be achieved by selecting between grinding modes and

environments.

There is much scope for pair distribution functions (PDF)
application, especially to describe the changes in atomic

structure of solids during grinding [13]. The quantification

of the degree of amorphicity in a mineral resulting from

grinding is relevant to further technological process.

Previous similar studies [14] were performed for pseu-

dowollastonite CaSiO3. In [14], the model of structure

of a mechanically activated for 30min. pseudowollastonite

was represented by a cluster consisting of four pseudowol-

lastonite unit cells disordered as the result of molecular

dynamics experiment, one unit cell of vaterite (CaCO3),

and one unit cell of quartz (SiO2).

In this paper, mechanical activation of titanite mineral

(orthosilicate) in mills with different centrifugal factors (CF)

in air and in carbon dioxide atmosphere was studied. The

structural analysis of atoms arrangement in a short-range

order region in the amorphous-crystalline titanite was

provided by two approaches: wide-angle X-ray diffraction

and computer simulation. In the previously published

work [14], we examined the effect of mechanical activation

on the structure of pseudowollastonite, which belongs to

the class of ring silicates. In terms of fundamental science,

present studies are of interest because titanite belongs to

orthosilicates.

254



X-ray Study and Computer Simulation of the Structure of Amorphous-Crystalline... 255

2. Samples and methods

2.1. Samples

Titanite powders (CaTiSiO5) were provided by the

I.V. Tananaev Institute of Chemistry and Technology of

Rare Elements and Mineral Raw Materials of the Russian

Academy of Sciences Kola Science Center (Apatites). The
crystalline titanite was synthesized by sintering of CaCO3

(reagent grade), TiO2 (reagent grade), and amorphous SiO2

taken in stoichiometric proportions, at 1200◦C for 10 hours.

The samples of titanite were mechanically activated in

a centrifugal planetary mill AGO-2 [15] (CF of 40 g) in

air and in CO2 for 30min. and in a planetary micro mill

Pulverisette 7 (CF of 95 g) in air for 30min. Steel balls of

5-mm diameter were used as milling bodies. The weight of

titanite was 10 g resulting in the ball-to-powder weight ratio

of 20 : 1. The grinding process was dry.

2.2. X-ray diffraction experiment
and data processing

X-ray patterns of titanite powders were obtained in

symmetric reflection geometry on a DRON 6.0 diffrac-

tometer (U = 40 kV, I = 21mA) using CuKα radiation

(λ = 1.54178 Å, the angular range 2θ from 2 to 145◦ with

0.02◦ step in the region of the peaks and with 0.2◦ step

in the region of the background) and MoKα radiation

(λ = 0.7107 Å, U = 37 kV, I = 30mA, angular range 2θ

from 2 to 70◦ with step 0.2◦ and the angular range 2θ from

70 to 145◦ with steps 0.5◦). The diffraction patterns were

recorded 5 times. X-ray pattern of the air was measured

without a sample in the range 2θ from 2 to 145◦ with 1◦

step. The crystal monochromator of pyrolytic graphite was

located in the primary beams.

Unit cell parameters for the initial and the crystalline

components of the titanite mechanically activated for 30min.

were determined using a full-profile analysis. Refinement of

the atomic structure of the samples was performed with

MRIA software systems [16].
The methodology for processing experimental data, cal-

culating PDF, and determining from them the coordination

numbers, radii, and blurring of coordination spheres, was

implemented in the software package which was designed

at Department of Solid State Physics of Petrozavodsk

State University [14,17–24]. It is described in detail

and implemented in studies of a number of materials, in

particular [14,22,24].
According to Warren [17–24], the D(r) curve may be

presented as a sum of pair functions:

D(r) =

N
∑

j=1

M
∑

i=1

Ni j

r i j
P ′

i j(r), (1)

where N is the number of coordination sphere; M is the

number of atoms in the formula unit; Ni j is the coordination

number or the number of atoms j on the i-th coordination

sphere with radius r i j . The effective pair function P′

i j(r)

is the convolution of a pair function P i j(r) with a Gauss

function Gi j(r).

The pair function characterizes the electron density

distribution of one separate pair of atoms. The effective

pair function is

P′(i, j) =

smax
∫

0

f i(s) f j(s) exp[−(α2 + σ 2
i j)s

2]g−2(s)

× sin(sr i j ) sin(sr)ds, (2)

where s = 4π sin θ
λ

is the length of the diffraction vector

(smax = 16.86 Å−1 for MoKα radiation), α is a coefficient

of attenuation factor exp[−(α2 + σ 2
i j)]s

2, σi j is blurring of

coordinate spheres, g(s) =
6 j f j (s)

6 j z j(s)
is the peaking factor,

where Z j is the atomic number of the j th elment.

The coordination numbers Ni j were calculated from the

PDF by the least squares method (LSM) using singular

values decomposition (SVD), while radii r i j and blurring

σi j of coordination spheres were estimated by the method

of successive approximations [23–26].

The starting values of the coordination spheres radii r i j

were data for crystalline phases of titanite. The blurring

σi j was changed gradually from zero to a finite value

corresponding to aminimum difference between D(r) and

DLSM(r). DLSM(r) curves were obtained by Eq. (1) for each

set of r i j , σi j , and Ni j estimated by the LSM. The set of the

obtained short-range order characteristics (Ni j , r i j , and σi j)

should be analyzed for reliability, and primarily by taking

the crystal-chemical principle into consideration.

In multicomponent materials, different atoms may be

located at interatomic distances of the same magnitude.

In these cases, the resolution of D(r) calculated for

non-crystalline materials is not sufficient for a separate

calculation of the coordination numbers even when the

SVD method is used. Therefore, to compare the ex-

perimental data with the corresponding values for the

crystals, it was necessary to calculate the values of the

radii and coordination numbers, combining the coordination

spheres. In the case when spheres composing pairs of

atoms of different types (i, j ; i1, j1) are combined, the

coordination numbers for the crystals must be recalculated

according to the relation Ni j = Ni1, j1 ·
Zi1Z j1

Zi Z j
, which results

from the equality of areas under the maxima of the

PDF [23,24].

The discrepancy degree q of the experimental D(r) curve

and DLSM(r) curve was estimated as follows [23]:

q =

lmax
∑

k=lmin

|D(r k)−DLSM(r k)|

D(r k)

(lmax − lmin) + 1
· 100%, (3)
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where

1D(rk) =

√

√

√

√

√

n
∑

m=1

[

Dm(rk) − D(rk)
]2

n(n − 1)
(4)

and

D(rk) =
1

n

n
∑

m=1

Dm(rk). (5)

The values of lmin and lmax limit the area of fitting of

DLSM(r) and D(r) by the values of rmin and rmax. That

is, rmin corresponds to the beginning of the first maximum,

while rmax is the radius of the last coordination sphere. In

addition, the degree of coincidence of DLSM(r) and D(r)

was evaluated visually from the plot.

2.3. Methods of a structural model construction

and theoretical X-ray patterns calculation

In order to describe three-dimensional atoms arrange-

ment, the construction of clusters was performed in two

ways. In the first case, the clusters were built by translation

of a monoclinic unit cell of titanite phases along both

the crystallographic directions (X ,Y, Z) and the Cartesian

axes (x , y, z ). We varied the sizes of the clusters by

changing the number of translations along the coordinate

axes.

In the second case, monoclinic unit cells were shifted

by the parallel displacements along each of three directions

of the Cartesian axes (x , y, z ) relative to the first unit cell.

The displacements were within the periods of the unit cell.

The interatomic distances on the boundary between the unit

cells were controlled.

Theoretical X-ray patterns of atoms configurations were

calculated using modified Debye’s formula [14,27–31]:

I(s) =
1

Nc

[ N
∑

i−1

f 2
i +

Nmax
∑

i=1

( f ∗

pi f qi + f pi f ∗

qi)

× Npqr i

sin(sr i )

(sr i )
exp(−0.5ε2i s2)

]

, (6)

where the first term in square brackets describes indepen-

dent scattering of cluster atoms; the second term is due

to the interference of the scattered waves; f pi , f qi are

the atomic scattering functions for the atoms pair of p
and q sorts with the distance r i ; Nmax is the number of

different interatomic distances r i ; εi is the variance of r i ; N
is the number of atoms; Nc is the number of composition

units. Instead of summing over p and q, the expression

in parentheses is multiplied by Npqi (the number of atoms

pairs of p and q sorts in the cluster that are at the same

”
average“ distance r i from each other).

Table 1. Parameters Ai j , pi j , and C i j of the Born–Mayer–Higgins
semi-empirical interaction potential; qi and q j are the charges

of ions of i and j types

Ion−Ion Ai j , eV ρi j , Å C i j , eV Å6 qi q j

Ca−O [33] 1996.35 0.3189 26.57 +2 −2

Ti−O [34] 2272.741 0.2986 0.0 +4 −2

Si−O [30] (orthosilicate) 417.19 0.4297 0.0 +4 −2

O−O [35] 15123.6 0.2230 28.43 −2 −2

The reliability of the constructed models was assessed

using a profile R-factor, which was calculated by the

formula:

Rp =

N
∑

i=1

|Iexpi − Icalci |

N
∑

i=1

Iexpi

, (7)

where Iexpi and Icalci are the observed and the calculated

values of the scattering intensity at each point of the X-ray

pattern, N is the number of measurement points.

Two order-disturbance methods in the arrangement of

cluster atoms were realized in this study. In the first

case, the atoms of different sorts in the cluster were

displaced at random from the initial positions within the

range 0.1−0.2 Å.

Otherwise, the cluster was relaxed using molecular

dynamics (MD) methods. MD experiments were conducted

using the program designed at Department of Solid State

Physics of Petrozavodsk State University (A.D. Fofanov,

M.E. Prokhorskiy [32]). MD simulation of mechanically

activated titanite was carried out in the canonical ensemble

NV T (N is the number of particles, V is the volume, and

T is absolute temperature). The calculation procedure is

similar to that used in [14].

The used values of the parameters Ai j , ρi j , C i j of the

Born−Mayer−Higgins semi-empirical interaction potential

are presented in Table 1.

The interactions of metal’s ions with themselves and with

the silicon were considered to be purely Coulombian, since

there is no direct contact of the ions’ electron shells in the

structure.

The concentration of clusters of a certain type for the

samples, in which the clusters with different sizes were

observed, was calculated by the following formula:

C f =
6 j I

f
j (s j )c0s2j

6 j Isum(s j)s2j
· 100% (8)

where I f
j (s) is a scattering intensity of the cluster with f

number normalized per unit of the composition; Isum(s j) is

a total scattering intensity (sum of the scattering intensity

of individual components); c0 is a contribution of the

scattering intensity of the cluster to the total scattering

Physics of the Solid State, 2022, Vol. 64, No. 2
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Table 2. The refined unit cell parameters for the crystalline component of the titanite samples

P21/a , initial MA for 30min. MA for 30min. MA for 30min.

crystalline titanite in air (40 g) in CO2 (40 g) in air (95 g)

a , Å 7.055(2) 7.057(8) 7.057(7) 7.058(6)
b, Å 8.715(2) 8.717(1) 8.718(9) 8.721(7)
c, Å 6.559(6) 6.551(8) 6.556(7) 6.562(5)
β, ◦ 113.78(3) 113.65(5) 113.68(4) 113.78(3)

Rwp, % 5.59 2.55 2.25 4.19

Rp, % 4.21 1.95 1.59 3.26

pattern. Summation was carried out across the region in

which the experimental curve was registered.

The coordination numbers for the models were deter-

mined from function D(r) calculated by the formula:

D(r) = 2π2rρe ·

M
∑

j=1

Z j +

smax
∫

0

H(s) sin(sr)ds, (9)

H(s) = s · i(s) exp(−α2s2)g−2(s), (10)

where s -weighted interference H(s) function and the inter-

ference function i(s) are obtained for the model; ρe is the

average electron density of the material; α is a coefficient of

attenuation factor exp(−α2s2), which is usually equal to 0.1;

the peaking factor g(s) =

∑

j
f j (s)

∑

j
Z j

, where Z j is the atomic

number of the jth element.

2.4. Method of determining particles sizes

(coherent scattering region) and microstrains
values and cristallinity degree

The peak broadening analysis was performed by the

method of Williamson and Hall [36]. The Cauchy and

Gauss functions were used to determine particle sizes and

microstrains [37,38]. In the first case, the width of the

reflection β is related to the size of crystallites D and the

value of microstrains ε by the ratio

β cos θ =
λ

D
+ 4ε sin θ, (11)

where λ is the wavelength of CuKα radiation, θ is a

diffraction angle.

In the second case, the size of crystallites D and the value

of microstrains ε were determined from the ratio

(β cos θ)2 =

(

λ

D

)2

+ (4ε sin θ)2. (12)

The width β is the difference between the widths

of XRD lines of the mechanically activated (w ′) and

of the initial (w) samples. The X-ray pattern of the

initial non-deformed powder was used to account for the

instrumental contribution. The values of 1D and 1ε were

calculated from errors in determining the width of the

corresponding reflections in the X-ray diffraction patterns.

The crystallinity degree (CD) was calculated using the

modified Ruland’s method [39] as a ratio of the scattering

intensity of the crystalline phase to the total scatterimg

intensity of the crystalline and the amorphous phases

according to Eq. (13):

CD =

(

I − Iam
I

)

· 100%, (13)

where I is the total integrated scattering intensity of

the crystalline and amorphous phases, calculated as the

area under the entire experimental curve or selected for

calculating the region of scattering angles 2θ:

I =

2θ2
∫

2θ1

I(2θ)d(2θ) (14)

and Iam is integrated scattering intensity of the amorphous

phase of the sample:

Iam =

2θ2
∫

2θ1

Iam(2θ)d(2θ). (15)

3. Results and discussion

3.1. Structural characteristics of the crystalline
component of the initial and mechanically
activated for 30min. titanite

The diffraction patterns of mechanically activated titanite

showed that the samples had amorphous-crystalline struc-

ture (Fig. 1). Fig. 1 presents the results of the full-profile

refinement of both the initial titanite and the crystalline

components of mechanically activated (MA) samples.

It was established that the initial titanite structure and

the crystalline phases of all MA samples correspond to

the monoclinic syngony, space group P21/a . The refined

parameters of the unit cell are shown in Table 2.

All parameters corresponded to the data for the initial

powder within the error. Thus, mechanical activation for

30min. did not lead to the unit cell deformation.

The particles size D and the values of strains are

calculated orthogonal to diffraction planes (011) according

8 Physics of the Solid State, 2022, Vol. 64, No. 2
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Figure 1. The X-ray diffraction patterns obtained in CuKα radiation. Result of the full-profile refinement of a) initial titanite (Rp = 8.94%)
and the crystalline components of mechanically activated (MA) samples: b) in air in AGO-2 (Rp = 2.55%); c) in CO2 in AGO-2

(Rp = 2.25%); d) in air in Pulverisette 7 (Rp = 4.19%). The bottom curves show the difference between the calculated and the

experimental profiles.

to the Eq. (11), for the samples mechanically activated in

air and in the atmosphere of carbon dioxide, and are given

in Table 3.

Analysis of the peaks broadening on the XRD patterns of

MA samples has shown that in mechanical activation, the

reducing of particle size was more effective in the carbon

dioxide than in the air atmosphere while the strains were

higher.

When titanite was ground in the air and CF g was

increased, the particle sizes were larger and microstrains

were smaller (Table 3). It should be noted that the

mechanical activation of pseudowollastonite for 30min. at

40 g led to its complete amorphization [14].

Table 3. Particle sizes D (1D = ±5 Å) and microstrains ε

(1ε = 0.0001) of titanite samples mechanically activated for

30min.; hkl are indexes of reflections; 2θ is scattering angle

MA 30min.

hkl 2θ, ◦ in the air, 40 g in the CO2, 40 g in the air, 95 g

D, Å ε D, Å ε D, Å ε

011 17.93
226 0.003 188 0.003 330 0.0003

033 55.75

3.2. Short-range order characteristics
of mechanically activated titanite

The radii and blurring of coordination spheres and the co-

ordination numbers were calculated using Finbak−Warren’s

method from the curves, obtained in MoKα radiations

(Fig. 2). The intense diffuse maximum at s ∼ 0.9 Å−1

(in the range of the scattering angles 2θMoKα = 5.8◦) was

observed on the X-ray pattern of the titanite mechanically

activated in the mill with CF of 40 g for 30min. in both

atmospheres (Fig. 2, a). The diffuse maximum in this range

of the scattering angles did not increase with the CF increase

to 95 g (Fig. 2, a). This maximum is usually associated with

the correlation between the coherent scattering regions. The

distance between regions centers was calculated from the

position of the first maximum and equaled to 7 Å.

The s -weighted interference function H(s) and pair func-

tions D(r) are shown in Fig. 3. Despite the difference I(s)
in the region of s ∼ 1 Å−1 (Fig. 2), the PDF for the titanite

samples mechanically activated for 30min. in both mills

differs slightly (Fig. 3).
The initial values of the radii of the coordination

spheres were determined based on theoretical calculations

for two polymorphs of titanite belonging to the mono-

clinic syngony. The phase of space group of symmetry

P21/a is stable at room temperature and normal pres-

sure [40–42]. Phase transition in the high-temperature

Physics of the Solid State, 2022, Vol. 64, No. 2
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activated for 30min: solid line — in air in AGO-2, dashed line — in CO2 in AGO-2, dash-and-dot line — in air in Pulverisette 7.
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titanite mechanically activated for 30min.: solid line — in air in AGO-2, dashed line — in CO2 in AGO-2, dash-and-dot line — in air in

Pulverisette 7.

form with the space group of symmetry A2/a is caused

at 270◦C [40,42,43]. In both phases the tetrahedra of

silicon are not connected with each other and interconnect

with the chains of TiO6 octahedra, forming a unified lattice

(Fig. 4, a).
The calcium atoms are located in the voids of the

lattice and surrounded by 7 oxygen atoms, forming a

polyhedron of an irregular shape. The calcium polyhedra

are orientated along the c axis and arranged in the layers

ordered checkerwise (Fig. 4, b). The titanium atoms are

displaced from the geometric center of the octahedra

in the low-temperature phase of symmetry P21/a . As

a result, four Ti−O bonds have lengths from 1.984

to 2.025 Å, and two ones have lengths of 1.974 and

1.766 Å. The average radius of the first coordination sphere

rTi−O(1) is 1.88 Å.

8∗ Physics of the Solid State, 2022, Vol. 64, No. 2
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Figure 4. a) Bonds between octahedra TiO6 and tetrahedra SiO4, b) arrangement of Ca atoms in the voids of the lattice of octahedra

and tetrahedra, the projection onto the ab plane.

The form of the TiO6 octahedron is more regular in the

A2/a phase. Titanium cations are displaced to the geometric

center of the octahedron, so that the Ti−O distances are in

pair equaled 1.867, 1.994, 2.016 Å. The average radius of

the first coordination sphere rTi−O(1) is 1.95 Å. It is larger

than in phase P21/a .
The first coordination spheres Ca−O(1), Si−O(1),

Ti−O(1), O−O(1), the second coordination sphere of

oxygen O−O(2), and the sphere of Ca−Si(1) in crystals

have radii that differ significantly from each other. The

coordination spheres of different types with larger radii may

be similar. For example, Ca−O, Ti−Si, and Si−O spheres

have similar radii (∼ 3.26 Å, Table 4) and the coordination

numbers of Ca−O and Si−O spheres were recalculated on

Ti−Si(1) sphere (Table 4):

N′

Ti−Si(1) = NCa−O ·
ZCaZO

ZTiZSi

= 2 ·
20 · 8

22 · 14
= 1.039,

N′′

Ti−Si(1) = NSi−O ·
ZSiZO

ZTiZSi

= 0.727,

N∗

Ti−Si(1) = N′

Ti−Si(1) + N′′

Ti−Si(1) + N′

Ti−Si(1)

= 2 + 1.039 + 0.727 = 3.766.

The details of this recalculation were described in [22,24,44].
The positions of the spheres are indicated by vertical lines

on W (r) curves in Fig. 5.

The line heights for the different bonds correspond to the

coordination number of sphere. Corresponding calculations

from the experimental D(r) are presented in Table 5. As

follows from Tables 4 and 5, the radii of the coordination

spheres for two polymorphs of titanite differ significantly

for the first sphere Ti−O(1) and for the last four spheres of

Tables 4 and 5.

The average value of the interatomic distance Ti−O(1)
for the sample mechanically activated for 30min. in air

in both mills coincided in magnitude with the one for the

high temperature phase of titanite (A2/a), whereas it almost

equaled to the value for the low-temperature phase (P21/a)
for the sample mechanically activated in CO2.

Other radii calculated from the experiment for all

MA samples corresponded to the values given for the

P21/a phase. However, the coordination numbers differed

markedly. The exception was the coordination of silicon

(SiO4) which didn’t change in the structure of mechanically

activated samples. The number of oxygen neighbors around

Ti and Ca atoms reduced during grinding. In case of the

mechanical activation in the mill with CF of 95 g for 30min.,

the number of oxygen neighbors around titanium atoms
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Figure 5. Pair correlation functions W(r) calculated from

experiment for titanite mechanically activated for 30min.: solid

line — in air in AGO-2, dashed line — in CO2 in AGO-2,

dash-and-dot line — in air in Pulverisette; ∗ shows the combined

spheres.
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Table 4. The radii of the coordination spheres r i j , the coordination numbers Ni j , weighted average radii 〈r i j 〉, and summary coordination

numbers N′

i j calculated for both titanite modifications [44]

Titanite P21/a Titanite A2/a 270◦C Titanite P21/a Titanite A2/a 270◦C

r i j , Å
Ni j ,

r i j , Å
Ni j , 〈r i j 〉, N′

i j , 〈r i j〉, N′

i j ,

atoms atoms Å atoms Å atoms

Si−O 1.64 4.0 Si−O 1.64 4.0 Si−O(1) 1.64 4.00 Si−O(1) 1.64 4.00

Ti−O 1.77 1.0 Ti−O 1.87 2.0 Ti−O(1) 1.88 6.00 Ti−O(1) 1.94 6.00

Ti−O 2.00 5.0 Ti−O 2.01 4.0

Ca−O 2.27 1.0 Ca−O 2.29 1.0 Ca−O(1) 2.44 7.00 Ca−O(1) 2.44 7.00

Ca−O 2.41 4.0 Ca−O 2.41 4.0

Ca−O 2.63 2.0 Ca−O 2.63 2.0

O−O 2.60 0.8 O−O 2.63 1.2 O−O(1) 2.80 8.40 O−O(1) 2.81 8.40

O−O 2.74 7.0 O−O 2.72 3.6

O−O 3.06 0.6 O−O 2.82 2.4

O−O 3.07 1.2

Ca−Si 3.06 1.0 Ca−Si 3.07 1.0 Ca−Si(1) 3.06 1.00 Ca−Si(1) 3.07 1.00

Ca−O 3.22 2.0 Ca−O 3.22 2.0 Ti−Si(1) 3.26 3.77 Ti-Si(1) 3.26 3.77

Ti−Si 3.28 2.0 Ti−Si 3.28 2.0

Si−O 3.29 2.0 Si−O 3.29 2.0

O−O 3.33 1.4 O−O 3.32 1.2 O−O(2) 3.33 1.40 O−O(2) 3.38 1.60

O−O 3.44 0.4

Ca−Ti 3.38 4.0 Ca−Ti 3.38 4.0 Ca−Ti(1) 3.41 6.16 Ca−Ti(1) 3.41 6.16

Si−O 3.41 3.0 Si−O 3.41 3.0

Ti−Si 3.43 2.0 Ti−Si 3.43 2.0

Ca−Si 3.53 4.0 Ca−Si 3.53 4.0 Ti−Ti(1) 3.55 5.70 Ti−Ti(1) 3.55 5.81

Ti−Ti 3.53 2.0 Ti−Ti 3.53 2.0

Ti−O 3.49 1.0 Ti−O 3.55 2.0

Ca−O 3.58 2.0 Ca−O 3.58 2.0

Ti−O 3.60 1.0 O−O 3.57 0.8

O−O 3.69 2.2 O−O 3.75 2.0 Ti−O(2) 3.75 5.34 Ti−O(2) 3.79 7.27

Si−O 3.77 4.0 Si−O 3.77 4.0

Ti−O 3.78 2.0 Ti−O 3.86 4.0

Ca−O 3.86 4.0 Ca−O 3.86 4.0 Ti−O(3) 3.89 8.86 Ti−O(3) 3.91 7.86

Si−Si 3.91 2.0 Si−Si 3.91 2.0

Ti−O 3.92 3.0 Ti−O 3.95 2.0

Ca−Ca 3.99 2.0 Ca−Ca 3.99 2.0 Ca−Ca(1) 4.06 5.57 Ca−Ca(1) 4.09 4.82

O−O 4.00 0.8 O−O 4.01 0.8

O−O 4.17 0.8

Ti−O 4.09 4.0 Ti−O 4.11 2.0

Si−O 4.16 6.0 Si−O 4.16 6.0
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Table 5. The radii (1r i j = ±0.01 Å) and blurring σi j (1σi j = ±0.2 Å) of the coordination spheres and the coordination numbers

for the ground titanite samples and the corresponding data for the crystal

MA in the air, 30min. (40 g) MA in CO2, 30min. (40 g) MA in the air, 30min. (95 g) P21/a /A2/a
[41] [41]

Type of
r i j , Å σi j , Å

Ni j , r i j , Å σi j , Å
Ni j , r i j , Å σi j , Å

Ni j ,
〈r i j 〉, Å

Ni j ,

sphere atoms atoms atoms atoms

Si−O(1) 1.64 0.18 3.94± 0.02 1.67 0.27 3.99± 0.02 1.64 0.23 3.93± 0.04 1.64 4.00

Ti−O(1) 1.95 0.25 5.76± 0.05 1.90 0.25 5.55± 0.05 1.95 0.28 4.50± 0.05 1.88/1.94 6.00

Ca−O(1) 2.44 0.19 5.59± 0.02 2.44 0.17 6.84± 0.12 2.44 0.30 6.85± 0.06 2.44 7.00

O−O(1) 2.80 0.20 7.12± 0.04 2.80 0.17 6.41± 0.06 2.80 0.20 6.62± 0.08 2.80 8.40

Ca−Si(1) 3.06 0.20 0.92± 0.10 3.00 0.02 1.20± 0.24 3.06 0.11 0.94± 0.05 3.06 1.00

O−O(2) 3.33 0.17 1.32± 0.45 3.32 0.01 1.88± 0.41 3.31 0.01 1.47± 0.07 3.33 1.40

Data, calculated for combined coordination spheres

Ti−Si(1) 3.26 0.20 3.16± 0.17 3.25 0.08 2.10± 0.15 3.23 0.22 3.61± 0.20 3.26 3.77

Ca−Ti(1) 3.41 0.24 3.70± 0.34 3.41 0.27 5.09± 0.64 3.41 0.25 3.77± 0.32 3.41 6.16

Ti−Ti(1) 3.55 0.13 10.11± 1.24 3.56 0.01 7.59± 0.75 3.55 0.08 7.76± 0.57 3.55 5.70/5.81

Ti−O(2) 3.75 0.15 7.60± 0.87 3.75 0.15 7.67± 0.87 3.76 0.15 7.53± 0.86 3.75/3.79 5.34/7.27

Ti−O(3) 3.89 0.20 3.89± 0.66 3.89 0.11 7.81± 0.46 3.89 0.15 9.51± 1.33 3.89/3.91 8.86/7.86

Ca−Ca(1) 4.06 0.20 12.83± 0.18 4.06 0.07 7.48± 0.86 4.06 0.12 6.78± 0.75 4.06/4.09 5.57/4.82

decreased by 1.5 (Table 5). Similar results were observed

in the studies of radiation damaged titanite [10–12]. The

number of oxygen neighbors of calcium atoms sharply

decreased only after grinding in air in the mill with CF of

40 g (Table 5). As a consequence, the coordination number

of NO−O(1) of the mechanically activated samples became

lower than the one in crystal modification.

Thus, mechanical activation in air for 30min. in both

mills led to the difference between the distributions of

atoms over the coordination spheres for these samples. The

obtained r i j and Ni j differed from these for both crystal

modifications. In the samples mechanically activated in

CO2, the atoms distribution over the coordination spheres

basically corresponded to the data calculated for the low-

temperature phase of the titanite with space group P21/a .

3.3. Analysis of atoms arrangement
in short-range order region
by modeling XRD patterns

3.3.1. Titanite mechanically activated at 40 g
for 30min.

Scattering intensity I(s) and s -weighted interference

function were calculated using modified Debye’s for-

mula [14,27–31] for one unit cell and for the clusters

obtained by the translation of unit cells of both titanite mo-

difications (with space groups P21/a and A2/a). We consi-

dered the clusters consisting of various number of unit cells.

For the titanite mechanically activated for 30min. in the

mill with CF of 40 g, the intensity calculated for the clusters

with sizes 1a × 3b × 4c (1, 3, and 4 are the numbers

of translations along corresponding crystallographic axes of

unit cell with group symmetry P21/a) were closer to the

experimental ones (Fig. 6, a and b). The cluster contained

384 atoms: 48 of Ca, 48 of Ti, 48 of Si, and 240 of O.

Construction of the clusters was performed in two ways,

described in Section 2.2. The cluster built using the first

method is presented in Fig. 6, c. As per the second method,

the unit cell was shifted by the parallel transport along the

Cartesian z -axis to 6.6 Å and along the Cartesian y -axis to

8.72 Å relative to the first unit cell (the given distances were

within the periods of unit cells of both titanite crystalline

modification with space groups P21/a and A2/a) (Fig. 6, d).
Fig. 6 shows that the difference in the construction

method of the cluster led to a distinction in the shape of

the I(s) curve in the field of s = 0.9 Å−1 (2θ ∼ 5.8◦). In

case of the cluster obtained by translation of unit cell along

the crystallographic axes (X ,Y, Z), this diffuse maximum

did not occur on the theoretical I(s) curve. The profile

R-factor in both cases amounted to Rp = 16%.

Disordering of the cluster of the above-mentioned size

with the MD method did not improve the coincidence with

the experiment. Thereby, the clusters of various sizes and

forms were constructed using both methods for the phases

of both P21/a and A2/a and were relaxed using the MD

method. The calculated I(s) and H(s) curves matched
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Table 6. The radii (1r i j = ±0.02Å) and blurring σi j (1σi j = ±0.1Å) of the coordination spheres and the coordination numbers

for the ground titanite samples and the corresponding data for the model of mechanical mixture consisting of the clusters of both

3a × 3b × 7c and 6a × 9b × 7c

MA in the air, 30min. (40 g) Mechanical mixture consisting
P21/a/A2/a

[41] of the clusters 3a × 3b × 7c and 6a × 9b × 7c

Type of sphere r i j , Å σi j , Å Ni j , atoms r i j , Å σi j , Å Ni j , atoms 〈r i j 〉, Å Ni j , atoms

Si−O(1) 1.64 0.18 3.94± 0.02 1.64 0.14 3.97± 0.03 1.64 4.00

Ti−O(1) 1.95 0.25 5.76± 0.05 1.93 0.10 4.75± 0.05 1.88 / 1.94 6.00

Ca−O(1) 2.44 0.19 5.59± 0.02 2.44 0.28 6.81± 0.05 2.44 7.00

O−O(1) 2.80 0.20 7.12± 0.04 2.78 0.17 6.15± 0.06 2.80 8.40

Ca−Si(1) 3.06 0.20 0.92± 0.10 3.00 0.01 0.18± 0.10 3.06 1.00

O−O(2) 3.33 0.17 1.32± 0.45 3.2 0.01 3.11± 0.16 3.33 1.40

with the experimental ones in case of the cluster with size

3a × 3b × 7c obtained by the translation of unit cell in

phase A2/a along the crystallographic axes (X ,Y, Z) and

relaxed by the MD method (Fig. 7, a and b, Fig. 8). The

profile R-factor was 13%. Rp was 9% when the maximum

at s = 0.95 Å−1 on the experimental curve was excluded

from the calculation.

The atomic structure of the cluster before and after MD

experiment is shown in Fig. 8.

The cluster analysis showed that the TiO6 octahedra

chains are present in the configuration that was disordered

by the MD method. However, the coordination of Ti

atom decreased. Specifically, 131 of 253 Ti atoms were

surrounded by five oxygen atoms, 80 atoms of Ti had

the coordination equal to 6. There were Ti atoms with

the coordination of 4 and 3 on the cluster surface. This

result was consistent with the calculation of the coordination

numbers obtained using Finbak’s method (Table 4). The

coordination of Ca atoms in the cluster disordered by MD

equaled to 3−12.6% (32 of Ca atoms), 4−22.9% (58 of

Ca atoms), 5−24.5% (62 of Ca atoms) 6−18.6% (47 of

Ca atoms), 7−15.4% (39 of Ca atoms).
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Figure 6. XRD patterns, the experimental (solid line) and the calculated (dashed line) ones for the clusters with sizes of 1a × 3b × 4c
and atoms arrangement in them at two different orientations in the space: a) and c) the first method of construction; b) and d) the second

method of construction.

However, the broad diffuse maximum at s = 0.9 Å−1 did

not occur and the narrow diffraction peak (s = 2.375 Å−1)
belonging to crystalline phase was not described in this

model. The degree of crystallinity calculated from expe-

rimental XRD pattern according to Eq. (13) was 37%. The

sizes of coherent scattering regions were calculated for all

peaks on XRD pattern of titanite according of Sherrer’s

formula [45] and were in the range from 26 to 80 Å. The

error in the sizes of coherent scattering regions was 5 Å.

We varied the sizes of the cluster of the crystalline

component within these limits. The number of translations

(a, b, c) was ranged from 1 to 10 for the crystallographic

axes (X ,Y , and Z). Within these limits, all possible

translations combinations were considered.

It was found that the best match between the experi-

mental and calculated curves was obtained in the case of

mechanical mixture of the cluster of 3a × 3b × 7c disor-

dered by MD and clusters of 6a × 9b × 7c size describing

the scattering of the amorphous and crystalline phases.

The final theoretical scattering intensity I(s) was calcu-

lated by adding 0.8 of scattering intensity of the cluster with

sizes 3a × 3b × 7c (21; 26; 46 Å (2016 atoms)) disordered
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Figure 6 (continued).

by MD experiment and by adding 0.2 of scattering intensity
of the cluster with sizes 6a × 9b × 7c (59.5; 78; 41 Å
(12096 atoms)) (Fig. 7, c). The values of phase concen-
trations calculated for the model were 80 and 20%.

Calculations of the coordination spheres radii and the
coordination numbers from the experimental D(r) (Fig. 9)
and for the model of mechanical mixture consisting of the
clusters 3a × 3b × 7c and 6a × 9b × 7c are presented in

Table 6.
The analysis of Table 6 showed that the data calculated

for the model were close to the experimental data. The

curves differ due to blurring the maxima while keeping the
same area under themselves. It means that the blurring is

caused by a higher dispersion of interatomic distances in the
sample compared to that in the model.

Thus, the structure of the titanite mechanically activated
for 30min. in the mill with CF of 40 g (AGO-2) is satis-

factorily described by the mechanical mixture of randomly
disoriented clusters with size of 6a × 9b × 7c and one with

linear size of 3a × 3b × 7c (2016 atoms) constructed by
the translation along the crystallographic axes (X ,Y, Z) and

disordered as a result of the MD experiment.
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Figure 10. Scattering intensity, experimental (solid line) and calculated (dashed line) for the mechanical mixtures of the clusters:

a) 1a × 1b × 2c and 5a × 4b × 10c, Rp = 9.6%; b) 1a × 1b × 2c cluster and the disordered one of 5a × 4b × 10c, Rp = 6.9%.

The maximum in the region s = 0.9 Å−1 occurred at the

theoretically calculated intensity only for the model, which

is a set of randomly disoriented clusters with 1a × 3b × 4c
size, constructed by shifting unit cell with P21/a symmetry

along the Cartesian axes (x , y, z ). This cluster consists of

384 atoms: 48 of Ca, 48 of Ti, 48 of Si, and 240 of O.

As there was not the full amorphization of titanite during

mechanical activation for 30min. at 40 g, the centrifugal

factor was increased.

3.3.2. Titanite mechanically activated
in the mill with CF of 95 g for 30min.

To describe the structure of the titanite mechanically

activated in the mill with CF of 95 g for the same time

(30min.), the clusters of different sizes were constructed

by the translation of unit cells of both modifications along

the crystallographic axes (X ,Y, Z). The variations were

performed within the same limits as mentioned above

for CF of 40 g. The sizes of coherent scattering regions

calculated according to the Sherrer’s formula [45] were from
60 to 80 Å for the crystalline component and up to 13 Å
for the amorphous component. The error in the sizes of
coherent scattering regions was 5 Å.

The scattering pattern calculated for the mechani-
cal mixture of the clusters of A2/a phase with two

sizes: 5a × 4b × 10c (35; 35; 66 Å (6400 atoms)) and
1a × 1b × 2c (7; 9; 12 Å (64 atoms)) matched the

experiment well (Figs 10, b and 11, b). The atoms in

5a × 4b × 10c clusters were displaced randomly from
the initial positions with Gaussian’s distribution dispersion

equaled to 0.1 Å for the atoms of Ca, Si, O and to 0.12 Å
for atoms Ti along the x , y, z axes of Cartesian coordinate

system.
The theoretical scattering intensity I(s) was calculated

by adding 0.5 of scattering intensity of the cluster with
1a × 1b × 2c size and 0.5 of one of the cluster with

5a × 4b × 10c size. The calculated Rp factor for scattering
intensity I(s) of the mechanical mixtures was 6.9% (for the
case of the disordered cluster of 5a × 4b × 10c) and was
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Figure 12. Nanosized clusters in the model of the mechanical mixture: a) 1a × 1b × 2c (64 atoms) and b) 5a × 4b × 10c (6400 atoms).

slightly higher than the Rietveld’s R-factor for the data of

the crystalline component of this sample (Fig. 1).

The first cluster consisted of 8 Ca atoms, 8 Si atoms, and

8 Ti atoms and 40 O atoms (Fig. 12, a). The second cluster

consisted of 800 Ca atoms, 800 Si atoms, 800 Ti atoms

and 4000 O atoms (Fig. 12, b). Calculated by Eq. (7), the
concentrations of the model components were 50% for the

cluster with 5a × 4b × 10c size and 50% for the one with

1a × 1b × 2c size.

Thus, the model of the mechanical mixture of the

nanosized clusters of the A2/a phase with sizes of both

1a × 1b × 2c and 5a × 4b × 10c (the cations were dis-

placed at random from the initial position in the latter

cluster) described satisfactorily the structure of the titanite

mechanically activated for 30min. in the mill with CF

of 95 g (Pulverisette 7). Based on this model, it can be

explained that the decrease of the coordination numbers

of metal atoms was a consequence of a large number of

boundary atoms (Table 7).

The comparison of the W (r) curves calculated from the

experiment with one calculated for the model of mechanical

mixture consisting of the clusters of both 1a × 1b × 2c and

5a × 4b × 10c shows that the order of atoms arrangement

in the model is higher than in the experiment (Fig. 13).

In our model, the low number of oxygen atoms near

Ti and the excessive number of those near Ca lead to the

difference of far distances on the calculated for the model

and experimental functions W (r).
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Table 7. The radii (1r i j = ±0.02 Å) and blurring σi j (1σi j = ±0.1 Å) of the coordination spheres and the coordination numbers

for the ground titanite sample for 30min. in air (95 g) and the corresponding data calculated for the mechanical mixture of clusters

of both 1a × 1b × 2c and 5a × 4b × 10c

MA for 30min. in air Mechanical mixture of clusters
P21/a / A2/a

(95 g) 1a × 1b × 2c and 5a × 4b × 10c

Type of sphere r i j , Å σi j , Å 〈r i j 〉, Å r i j , Å σi j , Å
Ni j ,

〈r i j 〉, Å
Ni j ,

atoms atoms

Si−O(1) 1.64 0.23 3.93± 0.04 1.65 0.17 3.93± 0.02 1.64 4.00

Ti−O(1) 1.95 0.28 4.50± 0.05 1.955 0.10 3.46± 0.03 1.88/1.94 6.00

Ca−O(1) 2.44 0.30 6.85± 0.06 2.42 0.28 7.70± 0.08 2.44 7.00

O−O(1) 2.80 0.20 6.62± 0.08 2.81 0.23 6.03± 0.16 2.80 8.40

Ca−Si(1) 3.06 0.11 0.94± 0.05 3.06 0.01 1.23± 0.02 3.06 1.00
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Figure 13. Pair correlation functions, solid line: calculated

from the experiment, dashed line: calculated for the model of

mechanical mixture consisting of the both clusters.

Conclusion

Thus, mechanical activation of titanite in the mill with

CF of 40 g in air and in CO2 atmosphere led to formation

of amorphous and crystalline phases. The structure of the

crystalline component corresponded to the P21/a phase

with a partial change in the coordination of Ti and Ca atoms.

This result was in good agreement with the data reported

in [10–12].
The theoretical diffraction pattern calculated for mechan-

ical mixture of the randomly disordered clusters with linear

21; 26; 46 Å sizes (2016 atoms) distorted in MD experiment

and the clusters with 59.5; 78; 41 Å (12096 atoms) sizes

were the closest to the experimental pattern of mechanically

activated titanite for 30min. in the mill with CF of 40 g.

The main difference of grinding in the mill with 95 g is

the size reducing of clusters to 7; 9; 12 Å (64 atoms) and 35;

35; 66 Å (6400 atoms). Disordering of large clusters was by

static displacement of atoms. The ratio between large and

small clusters also changes. In the first case, the values of

phase concentrations calculated for the model were 80 and

20%. In the second case, the contribution to the scattering

intensity of large clusters increased and the values of phase

concentrations were 50 and 50%. The models proposed in

the paper are more suitable for describing the structure of

studied materials.
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