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The theory of evolutionary algorithms for predicting crystal structures al-
lows to calculate the maximum content of the second alloying component in
binary materials, at which martensitic transformation can take place. As cal-
culated, in the alloys of the Zr—Nb system the formation of the martensitic
phase is possible up to 20 at.% Nb, while for the Hf—Nb system the maximum
concentration of Nb is 35 at.% . A new physical parameter is proposed—the
specific doping force, which determines the degree of influence of several
alloying elements on the characteristic temperatures of martensitic trans-
formation by estimating their corresponding electron concentration and its
features.
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Teopist eBOMIOIINHUX aJTOPUTMIB IJId IIepef0aueHHA KPUCTATIUHUX CTPYKTYP
IO3BOJISIE PO3PaxXyBaTU MAKCUMAJLHUN BMIiCT APYTOro JeIr'yBaJbHOTO KOMIIO-
HeHTa B 6iHAapHUX MaTepisgiaax, 3a SKOr0 MOKe MaTH MicIlle MApTEeHCUTHE Iepe-
TBOpeHHsi. Po3paxoBaHo, 1110 B cTomax cucremu Zr—Nb yTBOpeHHS MapTeHCHUT-
HOI (pasu moxxyause 10 20 at.% Nb, y Toii uac ak mis cucremu Hf—Nb makcu-
MasabHa KoHIeHTpalid Nb cranoButs 35 at.% . 3anpornoHoBaHO HOBUM (hisuu-
HUU ITapaMeTp — OUTOMY CUJIYy JeTyBaHHSA, AKa BUBHAYAE CTYIiHb BILJIUBY Je-
KiTBbKOX JIeI'yBaJIbHUX €JIEeMEHTiB Ha XapaKTepUCTUUHI TeMIIepaTypu MapTeH-
CHUTHOTO IIEPETBOPEHHS IILJIAXOM OIIiHKM BiAITIOBiAHOI iM eJIeKTPOHHOI KOHIIEH-
Tpaiiii Ta ii ocobmBocTel (AKIITO TaKi €).
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The study of the martensitic transformation (MT) characteristics be-
low the temperature of liquid nitrogen is technologically complicated.
Therefore, to estimate the maximum concentration of niobium at
which MT is possible (M, — 0 K), and to study all possible stable and
metastable structures of the Zr—Nb and Hf-Nb systems, calculations
using the USPEX program on the MIPT supercomputer cluster are car-
ried out [1-5]. The calculations used a supercell consisting of a maxi-
mum of 50 atoms. The calculation is performed for a temperature of 0
K. In the first generation, 80 structures of any composition, from pure
zirconium or hafnium to pure niobium, are randomly created. Each of
the next 59 generations consisted of 50 structures created by 30%,
30%, 20% and 20% with the help of heredity operators, the algorithm
for creating random structures, soft mutation and transmutation, re-
spectively. The obtained structures are relaxed using the VASP pack-
age [6—8], using the generalized gradient approximation (GGA) in the
form of Perdew—Burke—Ernzerhof [9]. To regard the inner shell elec-
trons used the Projector augmented-wave method (PAW)[10, 11]. The
trimming energy is 700 eV. A grid with a resolution of 21-:0.05 A in
the centre of the first Brillouin zone is used. To determine the stability
of the obtained structures a thermodynamic construction of a convex
hull is used, a graph showing the thermodynamic stability. If the
structure is on the convex hull, it is stable, if above it—metastable.

Figure 1 shows a calculated energy distribution graph of the for-
mation of various structures that the program created during the sim-
ulation of the Zr—Nb system. It is obvious that most structures with a
large enthalpy of formation are impossible under normal conditions in
macrocrystals. In the framework of this task, we are interested in
structures with a hexagonal syngony of minimum energy that can cor-
respond to the martensitic phase in the alloys of the Zr—Nb system.
Compositions with such hep or distorted hep structures in the simulat-
ed data are observed up to 20 at.% of Nb. In Figure 1 they are high-
lighted in dark grey colour.

To predict the properties of material during doping of Zr with niobi-
um in an amount of less than 20 at.% , We consider a new physical pa-
rameter—the specific doping force, the essence of which will be pre-
sented below.

One of the most important characteristics of functional materials is
the operating temperature of the demonstration of unusual properties.
The main way to manage it is to change the chemical composition of the
material. The choice of the required content of elements can be made
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empirically, experimentally determining the dependence of the charac-
teristic temperatures of martensitic transformation on the concentra-
tion (atomic or weight) of a particular element. Another way to control
the transformation temperatures involves calculating the electron
concentration of the material and comparing the results with data on
the stability of a structure. Such studies are of particular interest in
terms of the development of multicomponent and high entropy alloys.

One of the first researchers who drew attention to the relationship
between the stability of different structures with the number of va-
lence electrons per atom (e/a) is Pettifor [12], who calculated the dif-
ference in the energies of b.c.c., h.c.p., and f.c.c. structures depending
on the parameter e/a for pure metals (Fig. 2). We are interested in the
range of values of 4.2 el./at., where there is a phase instability between
the bee and hep structures.

One of the parameters used to measure the effect of valence elec-
trons on the transformation of martensitic phases is the ratio of the
concentration of valence electrons to the total number of electrons in
the alloy (¢,). This value is obtained by dividing the number of valence
electrons of the atom (e,) by the total number of electrons. In the case
of an alloy, the expressions of these values are given in equations (1)
and (2) [13], which represent the weighted average value of valence

0.6

04

0.3

0.2

0.1

Enthalpy of formation, eV/atom

—0.1 1 L 1 L Il 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Composition ratio Nb/(Zr+Nb)

Fig. 1. Formation enthalpy of various structures for the Zr—Nb system de-
pending on the concentration of elements. The h.c.p. structures are high-
lighted in dark grey colour.
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Fig. 2. The differences in total energy between the b.c.c., h.c.p., and f.c.c.
structures [12].

electrons relative to the atomic fraction of each element in the alloy.
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Alloys of Ti, Zr and Hf with niobium belong to the group of materi-
als with ‘low concentration of valence electrons’ (<5 el./at.)[13]. Table
1 shows the data about Zr—Nb, Hf—Nb alloys and calculated their elec-
tron concentration at which martensitic transformation is possible.

Thus, the maximum concentration of niobium at which is possible
the occurrence of MT in the alloys of the Zr—Nb system is 20 at.%.
That is, the start temperature of the direct MT in Zr—Nb alloys in the

TABLE 1. Valence electrons concentration of Zr—Nb and Hf—Nb alloys.

Alloy Range of Range of ¢,, | Range of possible | The structure of
e,/at., where | where MTis |MT temperatures,| the martensitic

MT is possible possible K phase

Zr—Nb 4-4.2 0.1-0.104 1130-0 h.c.p.

Hf-Nb 4-4.35 0.056-007 2010-0 h.c.p.
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concentration range from pure zirconium to Zrg Nb,, will decrease to 0
K. In the first approximation, the change in MT temperature with in-
creasing of valence electron concentration by 0.01 is ‘-57 K’. This pa-
rameter we will call the ‘specific doping force’. It makes it possible to
evaluate the effect of an individual element on the functional proper-
ties of the entire material system due to changes in the electron con-
centration. The obtained data correlate with our interpolated to low
temperatures experimental results on the study of MT in Zr—Nb alloys.
It should also be noted that the result of estimating the maximum con-
centration of niobium in 20 at.% coincides with the literature data
[14], where similar simulations are performed, but by other methods
using the program WIEN2k [15].

Figure 3 shows a calculated energy distribution graph of the for-
mation of various structures, which the program USPEX created dur-
ing the simulation of the Hf—Nb system. The nature of the behaviour
of the martensitic phase formation for this system is similar to the Zr—
Nb system. However, the presence of f-electrons in the Hf element
makes its adjustments. For example, the temperature of the beginning
of MT in pure hafnium is more than 1740°C. In the simulated struc-
tures, compositions with a potential hep martensitic structure are ob-
served at niobium concentrations up to 35 at.%.
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Fig. 3. Formation enthalpy of various structures for the Hf—Nb system de-
pending on the concentration of elements. The h.c.p. structures are high-
lighted in dark grey colour.
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Thus, the effect of niobium on the temperature of MT in the Hf—Nb
systemis ‘-57K/at.%’.

The literature does not consider the issue of such modelling of MT in
alloys of the Hf—Nb system. However, our experimental results indicate
the presence of MT in the Hf,;Nb,; alloy, and its absence in the alloy
Hf,,Nb;,. Extrapolation of the dependence of experimentally deter-
mined MT characteristic temperatures on the concentration of niobium
to 0 K does not contradict the data obtained in the USPEX program.

To predict the temperature range of MT in the manufacture of bina-
ry alloys of Zr—Nb and Hf-Nb systems, the following formulas can be
used:

M(Zr)=1130 - 57°Cxs,
M (Hf) = 2010 - 57°Cyy,

where M,—direct MT start temperature, Cy,—niobium concentration
inat.%.

CONCLUSION

Using computer simulation methods of the USPEX program, the effect
of niobium doping on the MT characteristic temperatures in alloys of
Zr—Nb, Hf—Nb systems is evaluated and the maximum value of niobi-
um concentration at which the MT can flow in these alloys is deter-
mined. For alloys of the Zr—Nb system, the formation of the martensit-
ic phase is possible up to 20 at.% Nb, while for the Hf—Nb system, the
maximum concentration of Nbis 35 at.% . A method for estimating the
anticipated temperatures of MT in the manufacture of binary alloys of
Zr—Nb and Hf —-Nb systems is proposed.
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