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To automate the processes of calculating elements of state diagrams of multicomponent
eutectic type oxide systems and simulate them, a calculation algorithm and an application
package using function libraries has been developed. On the example of binary and ternary
systems FeO-Cr,05,-Si0,, BeO-MgO-TiO,, BeO-MgO-ZrO,, Cas(PO,),—CaF,, their funec-
tionality was tested. The experimental verification of the compositions of singular points
(binary and triple eutectics and van Rijn points) and melting temperatures in them by high
temperature microscope in situ has shown good correlation between the experimental and
calculated data.
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Ilasi aBTOMAaTHSalUU IIPOLIECCOB PaCYeTa SJIEMEHTOB AMArpaMM COCTOSHUS MHOIOKOMIIO-
HEHTHBIX CHCTEM OKCHUIOB 9BTEKTUYECKOIO THUIIA M KX MOJEJIMPOBAHUS paspaboTaH aJro-
PUTM pacuera M HAKeT IIPUKJAIHBIX IPOrpPaMM C HCIOJIb3oBaHuem Oubiamorex Qyurmuii. Ha
npuMepe 6mHApHBIX U TpoiiHEX cucrem FeO-Cr,0,-Si0,, BeO-MgO-TiO,, BeO-MgO-ZrO,,
Cay(PO,),—CaF, mposegena mposepka ux paborocmocobHocTu. IIpoBeseHHAA SKCIEepHUMeH-
TaJbLHAS TMPOBEPKA TEMIIEPATyp IJIABJIEHUA W COCTABOB OCOOLIX TOUEK — OMHAPHLIX W TPO-
HBIX JBTEKTUK U TOueK Bamn-PeliHa MeTOZOM BLICOKOTEMIIEPATYPHOM MUKPOCKOTWU in situ
TOKAa3ajia XopoIllee COOTBETCTBUE DKCIEPUMEHTANbHLIX W PACUETHLIX JAHHBIX.

ABromMaTmu3sanisa mpomecy po3paxyHKY OCOOJMBHX TOYOK i MOme OBaHHSI miarpam cTany
OaratoxomnoHenTHHX cuctem okcumis. C.J1.Kpusinvosa, O.JO.3arxosopomuuil, B.D.Moicees,
H.I'ITonomapvosa, O.M.Paccoxa, O.I.3invenro.

s aBroMmarusallii IpoleciB po3paxyHKY €JIEMEHTIiB giarpam cTaHy 6araTOKOMIIOHEHT-
HUX CHCTEM OKCH/IIB €BTEKTHUYHOI'O THUITY Ta IX MOAEIIOBAHHA PO3POOGIEHO AITOPUTM POSPAXYHKY
i makeT HIPUKJIATHUX IIPOrpaM 3 BHUKOpHUCTaHHAM 0ibaiorer dyuxmiti. Ha mpuriagi Gimaprumx i
norpifianx cucrem FeO-Cr,05,-Si0,, BeO-MgO-TiO, BeO-MgO-ZrO,, Cas(PO,),—CaF, mposexe-
HO IepeBipxy ix mnpamesgatnocti. IIpoBegena ekciepuMeHTaJbHA IIEPEBipKa TeMIIEpaTyp
IJIaBJEHHS 1 cKJaamiB ocobaMBUX TOUOK — OimapHuX 1 moTpiliHmx eBTeKTHK i Touok BaH-
Peiina merogom BuCOKOTeMIIepaTypHOI MiKpockomii in situ mokasasa rapHy BigmoBigHicTb
€KCIePUMEHTANbHUX 1 POSPAXYHKOBUX TaHUX.

1. Introduction cost-effective methods for constructing
phase diagrams of multicomponent oxide

systems of which they are composed.
creating new functional materials is inextri- Experimental studies of specific points

cably linked with the creation of efficient and and the construction of state diagrams are

The development of the scientific basis for
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achieved through considerable material
costs. These costs increase manifold as the
number of components increases. Therefore,
the automation of calculations and modeling
of state diagrams is acquiring an increas-
ingly large scale.

Phase equilibria and microstructure are
analyzed on the basis of a combination of
thermochemical calculations and experimen-
tal measurements (based on the necessary
thermodynamic parameters). Computational
methods enable to bring to the construction
of state diagrams the achievements of com-
puter technology and success in the study of
components’ thermodynamic and physical
properties. But with the increase in the
number of components, the thermodynamic
model of the system becomes more complex.
Theoretically powerful software tools can
calculate a system with any number of com-
ponents. In practice, their use is limited
due to the insufficient knowledge of the
thermodynamic properties of many com-
pounds and the lack of data on the struc-
ture of state diagrams of a significant num-
ber of ternary and more complex systems.

The modeling of state diagrams’ ele-
ments is based on the values extracted from
special databases. Existing programs for
calculating (for example, ThermoCalc) are
not only very expensive, but also highly
specialized, and therefore in most cases are
either unavailable or unsuitable for the
tasks [1, 2]. The nature of the phase equili-
bria in the state diagrams depends on the
nature of the equilibrium phases and the
conditions of the phase transformations.
The current state of materials science of
oxide systems does not yet allow one to un-
equivocally calculate phase diagrams: there
is no unified theory of phase transforma-
tions and the ability to control the phase
state. Therefore, thermodynamic methods
are mainly used for calculating state dia-
grams, which is associated with a large
amount of computation. Even the widely
used experimental planning methods do not
allow to significantly reduce the amount of
calculations and experimental studies to ob-
tain data on thermodynamic properties of
compounds.

However, computational methods are un-
suitable for a quantitative description of
the formation process of the phase composi-
tion and the structure of multicomponent
oxide systems of a given composition with
equilibrium and non-equilibrium cooling
conditions. With their help, it is impossible
to determine changes in chemical composi-

348

tions and relative amounts of equilibrium
phases and structural components during
phase transformations depending on the
composition of the material and tempera-
ture. It is also impossible to calculate the
critical points of phase transitions, to esti-
mate the volume velocity and the duration
of phase transformations depending on the
composition and rate of cooling.

The aim of this work is to automate the
process of calculating the singular points of
multicomponent oxide systems of the eutec-
tic type and to model their state diagrams.

To achieve this goal it is necessary to
solve the following tasks:

Develop calculation algorithms and an
application package, based on a modular
principle with the application of functions
library, for calculating the singular points
of multicomponent oxide systems.

Conduct a performance check of the de-
veloped algorithms and programs on the ex-
ample of specific binary and ternary sys-
tems: FeO—Cr203—Si02, BeO—MgO—T|02,
BeO-MgO-ZrO,, Cas(PO,),—CaF,.

Conduct experimental verification of the
data obtained (compositions of special
points and melting points in them) on the
preparations of the calculated compositions
using high temperature microscopy in situ.

2. Experimental

The calculation of the liquidus curves for
eutectic systems without solid solutions
with a significant concentration of the sec-
ond and subsequent components is approxi-
mately carried out on the assumption that
an ideal solution is formed in the liquid
state [4, 5, 7]. The basis of the algorithm is
the principle of calculating the eutectic,
which is the upper limit of the subsolidus
state, as the intersection point of the
liquidus curves of the corresponding compo-
nents using the methods of classical chemi-
cal thermodynamics with applying the
Schroeder-Le Chatelier and Epstein-How-
land’s equations.

For N-component systems (N > 2), the
condition Tmeltlng(]) Tmeltlng(Z)
Tmetting(n)> 18 satisfied at the eutectlc
point, and x;+ x5+ ...+ xy =1, where
Tmeltlng(l) is the meltlng temperature of the
i-th component; x; is the concentration
of the i-th component in molar fractions.
The task is reduced to solving a system
of N-transcendental equations with N-un-
knowns, which are the concentrations of the
components 1, 2, ...N at the eutectic point:
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Fig. 1. The position of the singular points on
phase diagram of the Fe,0,—Cr,05;—SiO, system.
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where AS]’ﬂe”i”g is the entropy of the melt-

ing of the i-th component; R — is the uni-
versal gas constant.

An iterative Seidel method, characterized
by a small approximation error and high
convergence, was used as a solution method.
The system of N-equations with N-un-
knowns is represented as follows:

x(1) = @1(x(2),...x(N));
%(2) = @a(2(1),...x(N));

x(N) = op(x(1),...x(N-1)).
Given a certain initial approximation to

the solution of this system x?,x%,x?v =1 and
substituting in the equation x(1) = @;(x(2),
..., X(N)), we calculate the new value x%
Using the newly calculated value x% and the
initial value x9, we calculate from the equa-
tion x(2) = @o(x(1),
x(2): x&l). Finally, using the newly calcu-

..., X(N)) a new value

lated values xf\}), we find the new value of
x(N). This ends the first iteration. Replac-

Functional materials, 26, 2, 2019

Tnput of the melting temperature
Lof the initial components

__Setting the initial
| approximation vector

x(D, x(2), x(3) -~

4 ¢ [Calling a function to solve a system
| Function - - of transcendental equations by the
| Seidel method

A4

—>5
Caleulation | | Calculation melting temperature
temperature L of the eutectic

6 Data [Conclusion of the composition,
ol - - - melting point of the eutectic and the

tput |resulting error

Fig. 2. Algorithm for calculating the composi-
tion and melting point of a triple eutectic for a
three-component system Fe,05;—Cr,05,-SiO,.

ing the original value x(l),x‘z),...,x?] by

DalD,... .20, we calculate the next ap-

proximation with any necessary accuracy.
The convergence of the met hod depends on
the vector of initial approximations. If it is
far from the solution, then there may be an
overflow of order or non-divergence for a
given number of iterations.

When determining the composition and
melting point of a triple eutectic, calcula-
tions are performed in a uniform — bary-
centric coordinate system wherein the posi-
tion of any point A in the P-dimensional
space is determined by (P + 1) coordinates
that are not in the same hyperplane. For the
formation of graphs, a transformation from
the barycentric to the Cartesian coordinate
system is carried out (see Fig. 1). This is
done as follows: using the coordinates of
point A(xq, xg, ..., xy), as well as the vee-
tors el = (al, bl), ez = (az, b2), ceny eN = (aN,
by), we find the coordinates XB and YB of
point A:

XB=xjaq + x9a9 + ... + XNay,
YB=x1b; + x9by + ... + xpbp.

In such a way we get the projection of
the liquidus surface on the concentrations
triangle in the case of a three-component
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Fig. 8. The position of the singular points on phase diagram of the Fe,05;—Cr,05-SiO, system.

system or the melting point and composi-
tion of the eutectic in the form of a Table
with the number of components N > 3.

Testing the efficiency of the calculation
algorithm was performed on binary and ter-
nary systems FeO-Cr,0;-Si0,, BeO-MgO-
T|02 and BeO—MgO—ZrOZ, Ca3(PO4)2—CaF2.
When studying the FeO-Cr,0;-SiO, sys-
tem, the binary eutectic formed by FeO and
Fe,Si0,, was taken as a conventional "com-
ponent” with a melting point of 1177°C, a
formula number of atoms 3.37 in the for-
mula and the position on the line connect-
ing the composition of the binary eutectic
with the opposite phase FeCry,0O,4.

In this work CaF,, Ca(OH),, H3PO,, syn-
thetic wustite (Fegg50), 0-Cr,03, quartz
(more than 99.5 % SiO,), zirconium dioxide
of the ZRO-1 brand, and peroxide MgO were
used. Binary compounds were synthesized in
the solid phase, preparations — by firing
tableted mixtures three times. For sinter-
ing the samples, a high-temperature cham-
ber furnace with Si—C heaters, with air at-
mosphere, as well as an electric furnace
with cryptol resistance and a quartz capsule
with periclase filling were used. The calcu-
lations were carried out according to known
methods and the developed algorithms [4, 5]
using the refined thermodynamic constants
of substances [8] as the initial data.

Experimental verification of calculated
data — compositions of binary and ternary
eutectics, van Rein points, and melting tem-
peratures in them was carried out on prepa-
rations of calculated compositions by high
temperature microscopy in situ on flat-pol-
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ished plates with a thickness of 0.3 mm, as
well as on crushed products with direct ob-
servation in a microscope with a special at-
tachment — a silicon camera of the Mik-
hailov-Shatsky system.

3. Results and discussion

The conducted numerical experiments
confirmed the efficiency of the algorithm
and programs for solving the tasks. The re-
sults obtained allow us to determine the
melting points and compositions of the van
Rein and eutectic melting points, the course
of the liquidus curves and isotherms, the
ratio between the components, solubility
and other properties with any given accu-
racy for multicomponent refractory oxide
systems.

Thus, for the system of Cas(PO,),—CaF,,
which is almost ideal eutectic, with one dou-
ble compound Cag(PO4);F [3, 10, 11] when
calculating by the proposed algorithm with
the use of refined thermodynamic constants
of substances [4] the following calculation
results were obtained: binary eutectic com-
positions — 0.415 mol. shares of Casz(PO,),
and 0.585 mol. the proportion of
Cag(PO,)3F, melting point 1634°C,
0.980 mol.d. Cag(PO4)3F and 0.02 mol.d.
CaF,, melting point 1408°C. The experimen-
tal verification of the calculated data pro-
duced on the preparations of the calculated
compositions by the method of high-tem-
perature microscopy (accuracy +10°) showed
good agreement between the experimental
and the calculated data.

Functional materials, 26, 2, 2019
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Table. The results of the calculation of singular points of the system Fe,0,—Cr,05-Si0O,

Point Melting point: Molar composition, % The melting point
calculated, °C . . of the
FeO Cr,04 Sio, FeO Cr,04 Sio, experimentalny, °C
A, 1168 72.0 1,25 36,75 | 74.20 2.70 23.10 1100
B, 1146 55.5 1.10 43.30 | 59.00 2.50 38.50 1106
C,., 1500 1.20 1.20 97.60 1.40 2.90 95.70 >1430
Dy p 1215 66.4 0.80 32.80 | 69.50 1.80 28.70 1175
Fyp 1527 christobalite 1.6 1.10 97.30 1.50 1.50 2.50 -
1355 quartz 1370

a)

Fig. 4. Microstructures of the ternary eutectic of the composition SiO,—FeCr,0,~FeSiO,, a — 1060°C,
reflected light, x 512, b — 1095°C, reflected light, x 640, ¢ — 1075°C, reflected light, x 400.

For three-component systems BeO-MgO—
TiO, and BeO-MgO-ZrO, [6], which are al-
most ideal eutectic, without formation of
any double or ternary compounds, but with
limited solid solutions in the regions adja-
cent to the BeO angle in the BeO-MgO-TiO,
system and to the BeO-ZrO, side in the
BeO-MgO-ZrO, system when calculating by
the proposed algorithm (see Fig. 2), the fol-
lowing data were obtained: the eutectic
melting points are 1665°C for the eutectic
of 10.4BeO + 5.1MgO + 8.2ZrO, and 1790°C
for the eutectic of 10.4BeO + 5.1MgO + 1.1TiO,
against 1669°C (5BeO + 4MgO + 3ZrO,) and
1801°C  (10BeO + 5MgO + 1.1TiO,), deter-
mined experimentally.

The system Fe,03;—Cr,03-Si0, was stud-
ied by computational methods with experi-
mental control of specific points. Tablel
shows the compositions of the most impor-
tant eutectic points and melting points of
the Van Rhein system Fe,03;—Cr,053-SiO,,
the location of which is shown in Fig. 8 on
the projection of the surface of its liquidus.
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It was found that the lower limit of melt
appearance in the system is the temperature
of 1175°C. For the chromite — quartz
crossing point, the temperature of 1370°C
was obtained, which, being non-equilibrium,
is important for applications in engineering
and geochemistry. The melting microstruc-
tures of the triple eutectic of the composi-
tion SiO,—FeCr,0,-FeSiO, are shown in
Fig. 4. From the data obtained (see Table) it
follows that they are in good agreement
with the calculated data. The results ob-
tained make it possible to better orientate
in issues of high-temperature engineering
and the geochemistry of chromites (when
considering chromites inclusions in olivinite
and similar rocks) [10, 11].

6. Conclusions

To calculate the singular points of multi-
component oxide systems in the present
work, an algorithm for calculating and an
application package using libraries of func-
tions was developed.
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Using the example of specific binary and
ternary systems: FeO-Cr,03-SiO,, BeO-
MgO-TiO,, BeO-MgO-ZrO,, Cas(PO,),—CaF,
their functionality was tested.

Experimental verification of the melting
points and compositions of the singular
points using high temperature microscopy
in situ showed good agreement between ex-
perimental and calculated data.

Automating the process of calculating
the singular points of multicomponent oxide
systems simplifies modeling of their projec-
tions of liquidus surfaces — a heterogeneous
design base that enables to create new materials
with desired properties including functional
polymer composites for medical purposes,
based on phase diagrams by selecting combi-
nations of elements of a multicomponent
heterogeneous mixture.
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