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MATHEMATICAL MODEL OF EXPERIMENTAL METHODS FOR OBTAINING THE
STRUCTURE FACTOR WHEN STUDYING THE INFLUENCE OF CATHODIC
OVERVOLTAGE ON THE STRUCTURE OF ELECTRODEPOSITED
ALLOYS NI-P, FE-P AND CO-P

MATEMATHNYHA MOJEJIb EKCIEPUMEHTAJIBHUX METOAIB OTPUMAHHS
CTPYKTYPHOI'O ®AKTOPY IIPU JOCJIPKEHHI BIJIUBY KATOJHOI
HEPEHAIIPYI'N HA CTPYKTYPY EJIEKTPOOCA/UKEHUX
CIIJIABIB NI-P, FE-P I CO-P

The paper considers the diffractograms obtained during X-ray studies that have relative units,
and for the study of close order, the structural factor that has electronic units is used. It is emphasized
that the nonlinearity of the mathematical model necessitates the use of numerical methods and means
of their computer implementation. The structure factor is obtained from experimental data by intro-
ducing various corrections that depend on the wavelength of the radiation, the geometry of the survey,
the shape of the samples and their composition. Electrolyte solutions with a minimum concentration of
Na,HPO,. were used to determine the effect of pulsed current regimes on the close order of Ni-P,
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Co-P and Fe-P alloys. To clarify the phase state of the alloys, the micro electronograms of the alloys
with the maximum phosphorus content were considered. The described approach is implemented for
the case of research of cathodes overvoltage on the structure of electrodeposited alloys.

Keywords: mathematical model, structure factor, diffractogram, scattering intensity, norma-
lizing factor, structure modeling.

Y pobomi poszensndaemucs ougppaxmozpamu, wo 00epHCYIOmMb Ni0 YAC PEHMEEHIBCLKUX OOCTi-
00ICEeHb MAIOMb GIOHOCHI 0OUHUYI, A 011 OOCTIONCEHHS ONUZLKO20 NOPAOKY GUKOPUCTIOBYIOMb CIPYK-
MYpHULL (haxmop, AKUll Mae ereKmpoHHi oounuyi. Iliokpecieno, wo HeniHiiHicms MamemMamuyHol
MoO0eni 3yMOGII0E HeODXIOHICb 3ACMOCYBAHHSL YUCETLHUX MemOo0ie ma 3aco0is ix komn 1omepHoi pe-
anizayii.

CmpyxkmypHui haxmop ompumyoms 3 eKCNepUMEHMANbHUX OAHUX 66€0CHHAM PI3HUX NONpa-
80K, SKI 3a1ecamov 8i0 O0BINHCUHU XBUTI SUNPOMIHIOBAHHS, ceoMmempii 3UOMKU, hopmu 3paskie ma ix
CcKAaoy. YV unaoxy HOpMY8aHHs THMEHCUBHOCMI OAHUM MemoOoM OilomMb MAKUM YUHOM: 3HAXOO0SMb
BIOHOWEHHS eKCNEPUMEHMANbHOT THIMEHCUBHOCME 00 THMEHCUBHOCMI DO3CISHHA OOHUM AMOMOM,
moomo cymy K6aopamie amomHo2o paxmopy i KOMIMOHIBCbKO20 po3Cianis. Axuo 6 excnepumenma-
JIbHY THMEHCUBHICMb 68€0eHi [HULl NOXUOKU ma GIOCYMHI CUCMEMAMUYHI NOXUOKU, MO OMPUMAHE
CNi6BIOHOWEHHS NPU BENIUKUX SHAYEHHS S NOGUHHO DIGHOMIDHO OCYUNIO8AMU HABKOIO 0eIK020 NOC-
MitiHO20 YUCHA, 0OepHEHa BETUYUHA AKO20 € HOPMYTIOUUM MHONCHUKOM.

Jns usHAUeHHs 6NAUBY PENCUMIE IMNYIbCHO20 cmpymy Ha Oausbkuil nopsiook cnaagie Ni-P,
Co-P i Fe-P suxopucmosysanu po3uurnu enekmponimis 3 minimanvrorw kouyeumpayicto NayHPO,. /[ns
VMOUHEHHs (Pa306020 CMAHY CHAABIE PO32NAHYMO MIKPOENIEKMPOHOSPAMU CHAABI8 3 MAKCUMATLHUM
emicmom gocgopy. Onucaruil nioxio peanizo8anuil 05 BUNAOKY 00CAIONCEHHs KAMOOHOI nepeHanpyeu
Ha cmpykmypy eaexmpoocadicenux cniasie NI-P, FE-P ma CO-P euxopucmanns pecypcis y 3aniznuy-
Hill cghepi disnbnocmi. Odeparcari pe3ynvmamu 000pe Y3200H4CYIOMbCs 3 OAHUMU THUUX A8MOPIE.

Knrwowuosi cnosa: mamemamuuna mooeib, CMpYKmMypHuti (paxmop, ougppaxmozpama, inmeHcu-
BHICMb PO3CIANHS, HOPMYIOUUL MHOJICHUK, MOOENIOBAHHS CIPYKMYPU.

Formulation of the problem

When studying diffractograms obtained during X-ray studies, they have relative units, and for
the study of close order, the structure factor is used, which has electronic units. The structure factor is
obtained from experimental data by introducing various corrections that depend on the wavelength of
the radiation, the geometry of the survey, the shape of the samples and their composition. Monochro-
matization methods are based on the selective reflection of radiation with a wavelength 4 from a
number of atomic planes of a single crystal with an interplane distance d and use the Wolff-Bragg
condition. When studying diffractograms obtained during X-ray studies, they have relative units, and
for the study of close order, the structure factor is used, which has electronic units. The structure factor
is obtained from experimental data by introducing various corrections that depend on the wavelength
of the radiation, the geometry of the survey, the shape of the samples and their composition.

Monochromatization methods are based on the selective reflection of radiation with a wave-
length of A from a number of atomic planes of a single crystal with an interlunar distance and use the
Wolff-Bragg condition. The peculiarity of this method is that it is at an angle 26 there is a reflection of
higher orders of radiation with wavelengths % ‘ % etc. To obtain the structure factor, it is necessary

to convert the experimental scattering intensity, which is obtained in an arbitrary scale of units, with the
help of normalizing factors to electronic scattering units. As a result of modeling, the nature of the
structural factor was studied, which was translated into the experimental intensity of scattering, which is
obtained in an arbitrary scale of units, with the help of normalizing factors to electronic scattering units.
For this purpose, the property of scattering intensity is used: when the modulus of the scattering vector

increases S structure factor 1(S) goes to unity (s — oo ,i(o0) = 1 ). It was also established that dur-

ing pulsed electrodepositing to achieve an amorphous state in alloys Ni-P, Co-P, Fe-P a 1—2 % lower
phosphorus content is required, compared to alloys deposited using direct current.
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Analysis of recent research and publications
Diffractograms obtained during X-ray studies have relative units, and for the study of close or-
der, the structure factor is used, which has electronic units. The structure factor is obtained from experi-
mental data by introducing various corrections that depend on the wavelength of the radiation, the geo-
metry of the survey, the shape of the samples, and their composition [1—3]. Monochromatization me-
thods are based on the selective reflection of radiation with a wavelength of A from a number of atomic
planes of a single crystal with an interplane distance of d and use the Wolf-Bragg condition [4]:
2dsin & =ni, 1)
where @ — half the scattering angle, n=1,2,... — reflection order.

The peculiarity of this method is that it is at an angle 260 there is a reflection of higher orders
of radiation with wavelengths % , % etc. To get rid of harmonics in the registered radiation, modern

methods of radio electronics allow using a discriminator to limit the energy of pulses from the upper
and lower limits and select the maximum amplification factor [1—3].
For a flat sample, the absorption coefficient has the following expression [5]:

AROEE)=— PSINB g 4B HE) L 2)
U(E)sing + u(E"siny siny sing
reflected rays and the surface of the sample, respectively; (E)— absorption coefficient with energy

E, t— sample thickness, where A;— cross section of the primary beam; ¥ and [ — angles

between incident and reflected rays.

In addition, the reflection of X-ray radiation from a single crystal is accompanied by a partial
polarization of the radiation. The same polarization occurs during the scattering of radiation by the
sample, therefore, a polarization correction is introduced into the experimental intensity associated
with the difference in polarization conditions during scattering at different angles:

(1+ k cos®(20))

PEO =" ®

(for the focus system used k'=1).

To obtain the structure factor, it is necessary to convert the experimental scattering intensity,
which is obtained in an arbitrary scale of units, with the help of normalizing factors to electronic scat-
tering units. For this purpose, the property of scattering intensity is used: when the modulus of the

scattering vector increases S structure factor i(S) strive to one (S — 0, i(OO) = 1), but the val-

ue i(S) should be transformed in such a way that for the case when Compton scattering is registered,
it would be included in the expression of the structure factor [3]:

I(S) _ [I (S)+ Ikz(S)]_ Ik(s) |
f<(s)

where |, (S) — intensity of compton scattering of an atom.

(4)

The first term in square brackets (4) is related to the experimental scattering intensity |e (S)
using an unknown constant multiplier A , which is the normalizing factor for the experimental scat-

tering intensity:
Al (S)=1(s)+1,(3). (5)

| — |
i(s) = A e(:)z(s)k(s) . (6)

The ratio (5) has the form:
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Since, at s - o i(s) —» 1, then it follows the normalizing factor A should be chosen in such a

way that at large values S multiplication was approaching Alg(S) — f 2 (s) + 1 (S) . This fact

iS not easy to use, because significant errors are possible during experimental measurements of scatter-
ing intensity.

In the case of normalization of the intensity by this method, they act as follows: the ratio of the
experimental intensity to the intensity of scattering by one atom is found, that is, the sum of the
squares of the atomic factor and Compton scattering. If other errors are introduced into the experimen-
tal intensity and there are no systematic errors, then the obtained ratio at large values should oscillate
evenly around some constant number, the inverse of which is the normalizing factor. Other methods of
finding the normalizing factor are less effective and poorly substantiated.

Scattering intensity normalization in the case of polyatomic objects does not fundamentally
differ from those considered above and can be carried out similarly, using summation by the number
of components, their quantitative composition and tables of X-ray scattering factors [6].

If the normalizing factor A’ determined with some error A from its exact meaning

A'1(S) = 1.(S)
f2(S)

A (A'=A+A), is a structural factor 1(S) = , which is included in FRRA can be

written as [2]:

A1)~ 1.(8) _AN(S)~1.(S)  A-1(S)

i S eKcn = " 7
® () HONERO "
Then FRRA will have the form:
A 2A ° 1L(S) .

G'(r) = 4rnp(r)r +{— -dro(r)r’ +=——. -sin(Sr)ds

(1) =4mp(r)r +1-=-47p(r) +7rA£f2(S) (Sr)ds +

. zi {sm(Smr) - fgr -sln(Smr)}: 4mp(r)r +1G, 4 G, +G, . ©

TT

Influence G, comes down to the fact that the maxima on the FRRA curve become more

blurred, and the addn G, describes oscillations that decay quickly. The main error is introduced by

the third term in (8) Error A in the determination of the structural factor gives maxima at small values
when calculating the FRRA r. Using this statement and the results of calculations, it is possible to ap-
proach the true value of the structural factor, minimizing all errors, which means to correctly model
the structure of alloys and find many physical quantities.
Formulation of the purpose of the research

The purpose of researching the effect of cathodic overvoltage on the structure of electrodepo-
sited Ni-P, Fe-P, and Co-P alloys is to show the possibilities of using a mathematical model of the
dependence of the phase state of Ni-P, Co-P, and Fe-P alloys on pulsed current deposition modes.

Presenting main material

Electrolyte solutions with a minimum concentration were used to determine the influence of
pulsed current regimes on the close order of Ni-P, Co-P, and Fe-P alloys Na,HPO, in such a way that
the structure of the alloys is crystalline during deposition using direct current, and amorphous during
pulsed current. The samples were deposited with a pulsed current at a frequency of 30 Hz with a
change in pitch from 2 to 32. The magnitude of the overvoltage on the cathode did not change for all
deposition modes, but the average current density increased. At the same current density with a de-
crease in the split ratio from 32 to 2, the maximum value of the cathodes overvoltage dropped more
than twice, regardless of the concentration Na,HPO, in the electrolyte solution [7—10].

Depending on the concentration Na,HPO; in the electrolyte solution, the resulting Ni-P, Fe-P,
Co-P alloys had a microcrystalline or amorphous state [9—12]. During deposition using a direct cur-
rent, the amorphous state was fixed at a sodium hypophosphite concentration of at least 10, 12, and
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14 kg/m® (respectively for alloys Ni-P, Co-P and Fe-P). The use of pulsed current made it possible to
reduce the concentration of sodium hypophosphite in the electrolyte solution to 8 kg/m?® for Ni-P, and
up to 4 kg/m * for Co-P and Fe-P. Moreover, in alloys deposited using a pulsed current, the amorphous
state was fixed at a lower phosphorus content (10, 10,5, and 15 at. %) compared to films obtained us-
ing a direct current (12, 12,5, and 17 at. %). This fact is explained by the fact that the yield of metal in
the current during deposition with the help of a pulsed current (f = 30 Hz, Q = 32) was no more than
45—50 %. This mode of deposition contributed to the penetration of about 1,5—2 at. % of hydrogen
into the crystal lattice of the metal along with phosphorus during the amorphization of alloys based on
cobalt, nickels, and iron [13—15].

It was established that the main influence on the formation of close-order amorphous alloys is
caused by the amount of cathodes overvoltage [9, 10, 12]. Tabl. 1—3 show the dependences of the
phase state of Ni-P, Co-P, and Fe-P alloys on pulsed current deposition modes.

Table 1. Dependence of the phase state of Ni-P alloys on deposition modes

Ne Modes of deposition P, at. % Structure
f,Hz | Q [j, A/m’ Nwax, | Mees, [Vive VIS Ven
\V/ \V/ A\
1 30 32 | 200 0,92 0,65 270 4,3 14 A
2 30 16 | 250 0,92 0,68 120 5,6 12 A+MK
3 30 8 300 0,92 0,72 50 6,4 11 MK
4 30 4 350 0,92 0,76 20 7 10 MK
5 30 2 400 0,92 0,8 7,5 7,5 8 MK

Table 2. Dependence of the phase state of Co-P alloys on deposition regimes

Ne Modes of deposition P, at.% Structure
FoHZL Q [l AN | | Mpes, | Vine VIs| Ven,
vV vV V/s
1 30 32 200 0,92 0,65 154 4 17 A
2 30 16 250 0,92 0,68 70,3 4,35 13 A+MK
3 30 8 300 0,92 0,72 28,6 4,7 11 MK
4 30 4 350 0,92 0,76 10,8 5,15 10 MK
5 30 2 400 0,92 0,8 54 54 8 MK
Table 3. Dependence of the phase state of Fe-P alloys on deposition regimes
Ne Modes of deposition P, at. % Structure
f1 HZ Q j1 A/m2 nMAX, T]RES, V|NC1 VCHr
\V/ \V/ VI/s VI/s
1 30 32 200 0,92 0,65 260 4,5 17 A
2 30 16 250 0,92 0,68 190 4,6 15 A+MK
3 30 8 300 0,92 0,72 95 4,85 11 MK
4 30 4 350 0,92 0,76 23 5,2 10 MK
5 30 2 400 0,92 0,8 7,3 5,55 8 MK

In the alloy NiggP14, despite the same maximum value of the overvoltage on the cathode
(0.92 V), the residual value of the overvoltage increases from 0.65 to 0.8 V with a decrease in the gap
ratio from 32 to 2, which leads to a decrease in the degree of imbalance of the crystallization process,
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the rate of potential increase from 270 to 7,5 V/c, the phosphorus content and to the change in the al-
loy structure from amorphous to microcrystalline (tabl. 1).

Tabl. 1—3 show the following designations: f and Q — frequency and frequency of current
pulses; j is the current density; nuax and n res — maximum and residual value of cathodes overvol-
tage; Vinc and Ve — speed of rise and fall of cathodes overvoltage; P is the phosphorus content in the
film. Structure: (A) — amorphous, (MC) — microcrystalline.

Similar results are observed for alloys CogsP17 and FegsPy7, in which a decrease in sparability
from 32 to 2 causes a decrease in the potential rise from 154 to 5,4 V/s and from 260 to 7,3 V/s, re-
spectively, and this changes the structure of the alloys from amorphous to crystalline. Fig. 2.1 shows
the diffractograms of the alloys NigsP14, NigoP10, Obtained at different pulse current regimes. As can be
seen from Fig. 1 and Tabl. 1, a decrease in the rate of potential growth from 270 to 7,5 V/s leads to a
change in the formed structure from amorphous to microcrystalline. Alloy composition NiggP14, 0b-
tained at a potential growth rate of 270 V/s, has diffuse maxima (Fig. 1, curve 1) [16—19].
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Fig. 1. Diffractograms of Ni-P alloys depending on pulse current regimes: 1 — NigsPy4 (f= 30
HZ, Q — 32), 2— Ni36P14 (f: 30 HZ, Q — 16), 3— Nigoplo (f: 30 HZ, Q — 4), 4 — Nigoplo (f: 30
Hz, Q — 2). Cu-K, radiation

Decreasing the pitch to 16 leads to a decrease in the potential growth rate to 120 V/s and, ac-
cordingly, to a decrease in the degree of imbalance of the obtained alloys. This contributes to the for-
mation of a microcrystalline structure in the deposited alloys NigsP14. On the diffractograms of alloys,
diffraction maxima from lattices of crystalline fcc Ni and low-intensity lines from lattices of non-
equilibrium phosphides appear against the background of diffuse maxima of the amorphous compo-
nent NisP, and Ni,Pss. A further decrease in the sparability to 4 leads to a decrease in the potential
growth rate to 20 V/s, a decrease in the disequilibrium of the alloy deposition process and the phos-
phorus content in the film to 10 at. %, which contributes to the formation of a microcrystalline struc-
ture. On the diffractograms (Fig. 1, curves 3, 4) there are lines of microcrystalline Ni and phosphide
NisP. With a gap of 2, a decrease in the rate of potential growth to 7.5 V/s contributes to the formation
of a crystal structure NigoP1o, Which is indicated by clearer diffraction lines of the equilibrium phases
of Ni and its phosphide NizP. A similar picture of the dependence of the structure on pulsed current
regimes is also characteristic of the Co-P alloy. As can be seen from fig. 2, curves 1—3, a decrease in
the rate of potential growth from 154 to 5,4 V/s leads to a change in the formed structure from
amorphous to a mixture of equilibrium crystalline phases b—Co and Co2P (Fig. 2, curves 2 and 3). In
the Fe-P alloy, as the potential growth rate decreases from 260 to 7,3 V/s, the amorphous structure
changes to a mixture of crystalline b—Fe and amorphous Fe3P (Fig. 3).
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Fig. 2. Diffractograms of Co-P alloys depending on pulse current regimes: 1 — CogsP17 (f= 30
Hz, Q — 32); 2 — Cog3P17 (f= 30 Hz, Q — 16); 3 — CogoP1o (f= 30 Hz, Q — 4). Co-K, radiation
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Fig. 3. Diffractograms of Fe-P alloys depending on pulse current regimes: 1 — FegoP1o (f= 30
Hz, Q — 32), 2 — FeyP1p (f = 30 Hz, Q — 16), 3 — FeyP1o (f: 30 Hz, Q — 4), 4 — FeggP1g (f= 30
Hz, Q — 2). Co-K, radiation

To clarify the phase state of the alloys, the microelectronograms of the alloys with the maxi-
mum phosphorus content were considered. Thus, in the NiggP14 alloy (Fig. 4), the width of the diffuse
ring corresponds to the amorphous state with the dimensions of the OVRA up to 2 nm. Structure of
alloys CogsPy7 (Fig. 5) and FegsPy7 (Fig. 6) differs from amorphous because there are no continuous
diffuse rings on microelectronograms. The presence of discontinuous rings with separate reflexes indi-
cates that there are OVRASs larger than 2 nm in the volume, which can also be classified as amorphous,

but with the presence of a more ordered composition [20].
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Fig. 4. Mcroeectronogram Fig. 5. Microelectronogram Fig. 6. Microelectronogram of
of the alloy NigPis (EMV- of the alloy CogPyi; (EMV- the alloy FegPy; (EMV-100L,
100L, U=75 kB). 100L, U=75 kB). U=75 kB).

The diffractograms of amorphous Co-P alloys, which were obtained using a pulsed current
with a frequency of 30 Hz and a pitch of 32, show that they have three diffuse maxima each, similar to
the typical diffractograms of amorphous PM-M alloys and have different degrees of amorphousness,
which means that their close order has significant differences. As a result of experimental studies of
the influence of deposition modes on the structure of alloys, it is shown that the formation of the
amorphous state in Ni-P, Co-P, and Fe-P alloys is significantly influenced by the imbalance of the
crystallization process during pulsed electrodepositing, which depends on the rate of increase of over-
voltage on the cathode. It was also established that, in order to achieve an amorphous state in Ni-P,
Co-P, and Fe-P alloys during pulsed electrodepositing, a 1—2 % lower phosphorus content is re-
quired, compared to alloys deposited using direct current.

Conclusions

The study of the effect of cathodic overvoltage on the structure of electrodeposited Ni-P, Fe-P,
and Co-P alloys was conducted, which showed the possibility of using a mathematical model of the
dependence of the phase state of Ni-P, Co-P, and Fe-P alloys on pulsed current deposition modes.
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