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Work are considered theoretical aspects of modeling amorphous and nanocrystalline alloys of
transition metals and metalloids. Modeling of the close order of amorphous Cr—C alloys obtained by
the electrodeposition method was carried out, depending on the current density and temperature of the
electrolyte. The dependence between the production conditions and the close order of amorphous al-
loys was established. A technique for deciphering the radial distribution function of atoms (RDF)
based on the concept of the cluster structure of amorphous metals has been developed. Modeling of
the close order of amorphous Cr—C alloys was carried out using the approximation of the peaks of
FRPA atoms, which are characteristic of the amorphous NigsP14 alloy. The structure of electrodepo-
sited Cr—C precipitates at different values of current density and electrolyte temperatures was investi-
gated. It was established that the structure of the material is amorphous, and the sizes of the oriented
random regions (ORA) vary from 3.6 to 5 nm. The lattice parameters of the samples increase slightly,
which is associated with a change in the amount of carbon. The volume of the sediment consists of
ORA, the shape of which is close to cuboctahedra, and the volume fraction decreases with an increase
in the temperature of the electrolyte.

Keywords: structure modeling, oriented random domains, amorphous alloys, electrodeposi-
tion, radial distribution function of atoms.


https://orcid.org/0000-0003-0846-9869
https://orcid.org/0000-0003-0846-9869

Poznin 2. MonentoBanHs Ta ONTUMi3allisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiaiB 117

Y pobomi posensoaromvcs meopemuyni acnekmu MoOeno8ants AMOPOHUX | HAHOKPUCTNANTY-
HUX CHIABI8 nepexionux memanie i memanoiois. [Iposedeno mooentosants 61U3bK020 NOPOKY amMopgh-
Hux cnnagie Cr—C, sxi ompumari Memooom enexmpooCcaoiCertsl, 8 3a1ediCHOCMI 8I0 2yCIMUHU CMPYMY
ma memnepamypu eieKmponimy. Bcmanogieno 3anexicHicms Midic yMoeamu OmpumManis ma Onu3vKum
nopsiokom amopprux cniaeig. Pozpobneno memoouxky posuu@posxku yukyii padianbhoeo po3nodiny
amomis (DPPA) na ocnosi konyenyii kiacmepnoi cmpykmypu amopgnux memanie. Ilposedeno mode-
JI0BAHHA OIU3LK020 NOPsAOKY amop@rux cniasie Cr-C 3 suxopucmanuam anpoxcumayii nikie @PPA
amomis, wo xapaxmepHi 0ns amoppuoeo cnnasy NigsPi4. Jocnionceno cmpykmypy enexmpoocadaice-
Hux ocadie Cr-C 3a pisnux sHauens sycmuHu cmpymy ma memnepamyp enekmponiny. Bemanoaneno,
wo cmpykmypa mamepiany € amoppuoro, a posmipu opicnmosanux eunaokosux oonacmetl (OBPA)
3MiHIoOmMbCs 6 medcax 6i0 3,6 00 5 um. Ilapamempu pewiimku 3pasKkie He3HAYHO 30LILUYIOMbCS, WO
nos'szamo 3i 3miHo0 Kitbkocmi kapoorny. O6'em ocady cknadoacmocsa 3 OBPA, ¢hopma sixux Habaudicena
00 Ky60OKmMAedpis, a 00'eMHA YACNKA 3MEHULYEMBCA 31 30INbULEHHAM MEMNEPAmYPU e1eKmpoaimy.

Knrouosi cnosa: mooenrosanns cmpykmypu, opieHmo8ani unadkosi oonacmi, amop@ui cnia-
8U, €LEKMPOOCAONCEHH S, (DYHKYIA padiaibHO20 PO3NOOILY AmMomMis.

Problem’s Formulation

In modern materials science and metallurgy, there is an urgent problem of studying the
structure and properties of amorphous and nanocrystalline alloys of transition metals and metalloids,
in particular, Cr-C alloys obtained by electrodeposition. Determining the close order of atoms, the
conditions for obtaining amorphous phases, and the influence of technological parameters on the
structure and properties of alloys is an unsolved problem.

It is necessary to solve the issue of modeling the structure of amorphous alloys at different
temperatures and current densities using methods of approximating the peaks of the function of radial
distribution of atoms. It is also important to establish the relationship between the conditions of
electrodeposition and the close order of amorphous phases, as well as to study changes in the structure
and bulk properties of alloys depending on the temperature conditions of production. This will open up
new opportunities to improve the production of materials with improved thermal and mechanical
properties.

Formulation of the research goal

The aim of our study is to develop and improve the theoretical basis for modeling the structure
of amorphous and nanocrystalline transition metal and metalloid alloys, in particular, Cr-C alloys
obtained by electrodeposition. Specific tasks include determining the close order of atoms and their
influence on material properties, modeling the structure at different temperature and density conditions
of electrodeposition, and establishing dependencies between the conditions of preparation and the
close order of amorphous phases. The realization of these tasks will expand our understanding of the
properties of amorphous alloys and make a significant contribution to the improvement of
technologies for obtaining materials with improved thermal and mechanical characteristics for various
industrial applications.

Presenting main material

The profile of the model peak of the radial scattering function of FRRA atoms in transition

metal-phosphorus alloys is determined on the basis of the ideas about the symmetry of the function

peaks rp(r), r? p(r) and represented by a Gaussian exponent [1—3]:

2
hm(r): An exp —(r—rm] 20‘r2n , 1)

whose parameters An, I'm, vm are related to the structural characteristics of the system under study, i.e.,
the average values of coordination numbers, interatomic distances, and relative rms displacements of
atoms from the equilibrium position. Depending on specific considerations, the peaks can be approx-
imated by the expressions [1—3]:
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rp(r)=> Bmexp[— (rz——rrg)z} , )
rzp(r)=ZCmeXp[—(r2_+'2)2]- 3)

To determine the parameters of the average values of the coordination numbers, we use the rela-
tion (1), which characterizes the m — coordination sphere and for which we used the approximation of
the peaks by the expressions (2—3) [1—3]:

© B _ 2]
Zp =478y [ rexp —m -dr = 47B i 2707, ; ©
0 i 201
) B = 2]
Zm :47szjexp _% -dr = 47C 2765 . ()
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0 m

The average distances between an arbitrary central atom and an atom in the mth coordination
sphere are calculated using the formula:

= [Fam3 * : 6
(r) Io 4ar p(r)dr/_l'O 4zrp(r)dr (6)
Then from (6) we obtain:

<rm>:rm(l+(crr%/rrﬁ». @)
The latter expression is the most convenient for modeling the apodized FRRA, which can be

represented by the relation [1—3]:
z

G(r):Z(\/_m V202 + 4wt Jexp(—(r -1, )2 /(202 +47)) =
m T Im
Sm
:4m’p0+% [[(i(s)~1)-5-exp(~ss2)-sin(sr)ds - (8)
0

Since the sign of the integral (8) includes the square of the exponent, the result of integration is
proportional to r?, and the FRRA peaks will be close to Gaussian. If (8) is multiplied by r and the ex-
pression proportional to r? is used, the model peaks will no longer be Gaussian, and this worsens the
approximation of the peaks and, accordingly, the truth of the structure decoding results.

The average distance between an arbitrary central atom and an atom in the m-coordination layer

is given by [1—3]:
2
<y >= r,{l#’%] . ©)]
m

The dispersions of the corresponding atomic distances are defined as:

2
W2 ag{l_c%j . (10)
m

When modeling FRRA peaks, it is necessary to take into account the type of relative
displacements of atoms from the equilibrium position. It is known that the symmetry of the XRD
peaks relative to the maximum position is related to the type of harmonic vibrations of the atoms. If
the structural factor is written in the form [1]:

i(5) = %ZZ)exp( 570 ) - Jexp( 7 ){ (11)

and the first factor under the sign of the sums is conserved in all orientations Fonn with respect to S,
then instead of (11) we have [1]:

i(3) =%ZZM~>eXp(i§\7mn ) - (12)

Slmn
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Further averaging will be performed taking into account that the vibrations of atoms are
harmonic:

i(s)=~ Zzsm(srmn ) 1 512 N s% 532 (13)
Sfmn 4 Pom1 Pmn2 ﬁmn3
where the conditions of |sotrop|c distribution of relative displacements of atoms are taken into account,
1 .
at Bon1 = Bmnz = Bmnz = Bon = ——— Ur?m — is the root mean square value of the square of the
“Umn

one-dimensional relative displacement of atoms. In this case, we obtain the well-known expression [1]:

i(s)= - Zzsm(srmn) { um;s ] (14)
2 2 2 2

where s =s{ + 55 +s3 — is the square of the modulus of the scattering vector.
Let's rewrite expression (14) in a different form, taking into account the same terms:

=2 2
i(s)=1+ zs'”(srm”) exp| —JmnS” | (15)
m=1 mn 2
Relationship (14) is used in the case of linear oscillators. Comparison of expressions (15) and
_ o2s?

i(s)= 1+Nzlz e 2 sinSR¢ allows us to build a model for the function P(X) that determines the
SR
k=1 k

probability of the existence of a pair of atoms separated by a radius vector X , or its analog, the
function of the radial distribution of atoms p(i):%P()‘(). If an object scatters radiation

isotropically, then instead of equation (15), its spherical analog should be considered:

i(s)=1+1j4n-Xp(x)sin(sx)dx (16)
S
and comparing (15) with (16), we obtain the equation:
¢ : ~Zm - U2s?
j47z-Xp(x)sm(sx)dx= D =Msin( sty Jexp| - , (17)
0 o1 m 2
whose transformation leads to the relation [4]:
(r—tm)? (r+n)?
G(r)= — " |-exp| ———— . (18)
\/Emz:lrm m{ [ 2u 2u2

The contribution of the second term in the curly brackets is insignificant, but this term ensures

the symmetry of the function rc(r) and the coordination peaks Im of the isotropic oscillators are
symmetrical. The values of the most probable coordination layers are found from the condition of

modeling the type of structure of amorphous alloys Uri — from formula (10), and Zy — the area of
the model peak.

Separation of peaks in the radial distribution function curve.

The separation of model peaks from the FRRA is possible under certain conditions if the curve
consists of visible peaks. Visually, two peaks are separated when a minimum is observed between
them [1]:

G(r):sin(sm(r—rl))Jrsin(sm(r—rz)). (19)
r-n r—r

Two conditions must (") be met at the minimum point:
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dG(r) _, d%6(r) _,

) 20
dr d2r ( )
that lead to a claim:
tgsm(rz—rl)2 Sm(2— 1) ’ (21)
2 Z{Sm(rz_rl)}
2

from which it follows that the peaks of function (19) are separated in the best case when the distance
between the maxima is equal:
416
rh—n>—. (22)
m
The relation (22) is a condition for visual separation of FRRA peaks of the same height (8),
and if the peak heights are different, the resolution will be lower. Reducing the resolution is not the
only manifestation of the scattering intensity break effect. The FRRA peaks also have oscillating
wings, the size of which is significant. Thus, if the height of the main maximum of a single peak is
equal to one, the depth of the first minimum will be 0.22. In this case, the area of the main peak will be
1.18 times larger than the real coordination number. The shape of the main peak also changes under
the influence of overlap with other maxima, and its position also changes.
Since the parameters of the model FRRA peaks (7) are completely determined by the basic
structural characteristics of the atomic system (9—10), it is better to model the FRRA curve by
minimizing the function [5]:

Q=I{G(r)—G(r)ekcn}2dr:>min, (23)

where G(r) — is the function determined by the FRRA modeling, and is the G(r),., FRRA

obtained from the experimental structural factor. As an example, Fig. 1 shows the XRD of the
amorphous Nig;Py3, alloy, approximated by Gaussian peaks (18) to a value of r = 1 nm with a relative
error of less than 2 %. This curve is approximated by a set of Gaussian peaks calculated using formula
(8), assuming that the OVRAs have a structure close to the HCC.

G(r)
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Fig. 1. Approximation by Gaussian peaks of FRRA NigsPi,at 7 =0,01.
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As a result of theoretical studies, the influence of basic experimental data on the conditions for
modeling the FRA was determined. It was found that the best results are obtained when modeling
close-order PM-P alloys by the FRRA using a symmetric Gaussian exponent. At the same time, the
FRRA G(r) (8) is a linear transformation of the true function 4pc(r)r and depends on the basic
structural characteristics of the system of atoms.

Using formula (8), the FRRA (Fig. 2) was calculated by the structural factor (Fig. 3) and the
type of ordering existing in the Cr-C precipitation was modeled by the peak blurring method. As
shown by the simulation data (Tabl. 1), the radii of the first coordination layers for the interatomic
distances in nanocrystalline Cr-C alloys are in the range of 0.2471-0.2477 nm, while for crystalline Cr
it is equal to 0.250 nm.
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Fig. 2. Structural factors of Cr-C alloys  Fig. 3. Function of the radial distribution of Cr-C
depending on the current density: 1-30 A/mm®  alloy atoms depending on the current density:
2-35 A/nv’, 3-40 A/nm® 1-30 A/nv?, 2-35 A/nm?, 3-40 A/nm?

Table 1. Close-order decryption data precipitation Cr—C Nel-3

GCC =* Nel CrggCar Ne2—Cr71Cyg Ne3-Cr3Cy;

No [ (rw/ro)| Z rm | (Fml/to) Zy I'm (rm/ro) Zy rm | (rm/o) Zy
1* |1 1,000f 8 |0,2477| 1,000 | 10,381 | 0,2474 | 1,000 9,521 (0,2471| 1,000 | 9,913
>* | 1,155 6 | - _ _ Z _ _ _ _ _
3* 11,633 12 (0,4081| 1,645 | 14,149| 0,4045 | 1,634 | 12,796 | 0,4050| 1,639 | 13,043
4* 1,914 24 10,4738 1,912 | 15,325| 0,4748 | 1,919 | 15,109 [0,4712| 1,910 | 16,241
5~ 2,000 8 | - _ - Z _ - Z _ -
5 12,236 24 [0,5471| 2,208 | 4,084 | 0,5473 | 2,207 | 22,312 | 0,5491 | 2,225 | 16,933
6~ |2,309] 6 | - _ _ Z _ _ Z _ _
7* | 2,516| 24 (0,6215| 2,509 | 24,418 | 0,6200 | 2,505 | 24,084 |0,6184| 2,503 | 26,632

where is the coordination number of the crystal structure of the OCC or GCC;
I'm is the radius m of the coordination sphere.

The first coordination numbers are larger for similar crystal structures, the second and fifth
disappear, and the rest differ from integer numbers because, as a result of the high deposition rate and
the penetration of carbon atoms into the structure of the chromium matrix, chromium atoms are
displaced from equilibrium positions and distort the structure.

Structural factors made it possible to determine the following patterns for samples No. 4—6 of
alloys obtained at different electrolyte temperatures (-25°, 2-30°, 3-40°) (Fig. 4) [3].

For samples No. 4—&6, similar studies were conducted as for samples No. 1—3 (Figs. 4—5
and Tabl. 2).
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Fig. 4. Structural factors of Cr-C alloys Fig. 5. Function of radial distribution of
No.4-6 obtained at:1-25° 2-30°, 3-40% alloy atoms Ne4—-6 Cr—C:1-25°2 — 30°,3-40°

Table 2. Close-order decoding data for alloys of samples No. 4—&6 Cr-C

OCC GCC;* No—4 Cr-C Ne5-C-C Ne6-Cr-C
Ne | (rn/ro) Z rn | (ra/ro) Zn n (rafro) Zn rn |(ra/ro) Zn
1*| 1,000 8 0,2462| 1,000| 10,807 | 0,2465 | 1,000 | 10,593(0,2467| 1,000| 10,372
2* | 1,155 6 - - - - - - - - -
3*| 1,633 12 |0,4011| 1,629 11,751 | 0,4006 | 1,625 | 11,738|0,4018| 1,628 12,101
4* | 1914 24 10,4693| 1,906 20,726 | 0,4710 | 1,911 | 17,502(0,4728| 1,916| 20,118
5% 2,000 8 - - - - - - - - -
5 2,236 24 0,5485| 2,228 | 17,046 | 0,5716 | 2,214 | 19,377(0,5491| 2,225| 16,933
6* | 2,309 6 - - - - - - - - -
7| 2,516 24 10,6117| 2,509 23,202 | 0,6183 | 2,507 | 24,704/0,6183| 2,508| 24,172

The height of the main peak of the structural factor decreases, and its position slightly shifts
toward larger angles with increasing electrolyte temperature. At the same time, the heights of the first
peaks are higher than in Fig. 4, which means that the crystallinity is higher. The second maxima of the
structural factor for Cr-C have different shapes. Thus, the second maxima of the structural factor have
a pronounced asymmetric shape with an influx to the left, which slowly decreases with increasing
carbon content. Using formula (8), we calculated the FRRA (Fig. 5) and modeled the type of ordering
that exists in the OVRAs of Cr-C sediments.

Conclusions

A methodology for deciphering the FRRA has been developed based on the concept of the
cluster structure of amorphous metals and the statement that the OVRAs have the structure of the base
metal. The close-order modeling of amorphous Cr-C alloys was performed on the basis of
approximation of the peaks of the function of radial distribution of atoms of a typical amorphous alloy
NigsP14. By modeling the close order of amorphous Cr-C alloys obtained by electrodeposition as a
function of current density and electrolyte temperature, the dependence between the conditions of
preparation and the close order was established.

It was found that the structure of electrodeposited precipitates obtained at different electric
current values and at different electrolyte temperatures is amorphous, with average sizes of the PWAs
varying from 3.6 to 5 nm. The lattice parameters of the samples increase slightly, which is associated
with a change in the amount of carbon, and the volume of the precipitate consists of OVRAs whose
shape is close to cuboctahedra, the volume fraction of which decreases with increasing electrolyte
temperature.
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