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The paper formulates the problem of joint electrolytic co-deposition of metal ions and ultradispersed diamond
particles into a metal matrix. It presents the developed mathematical model that describes the mechanism and
kinetics of the cathode process, mass transfer of metal ions and ultradispersed diamond particles. A satisfactory
correlation with experimental data was obtained. The contribution of the thermal action of laser radiation to the
intensification of the process of co-deposition of dispersed particles and metal ions was determined. It was found
that the more intense penetration of dispersed phase particles into the forming coating during the laser stimulation
of the electrodeposition process is due to the presence of a temperature gradient, which provides an additional
supply of metal ions in the irradiation region. Based on the theoretical and experimental studies, we established the
regularities of the influence of the number and size of nanoparticles on the strengthening properties of composite
metal coatings. It was found that an increase in the temperature of an aqueous electrolyte solution in the cathode
region during a laser-stimulated deposition process leads to an increase in the flux density of ultradispersed diamond
particles, and, as a result, to an increase in the concentration of the dispersed phase in nickel composite coatings,
which contributes to the formation of a finer crystalline structure of coatings, an improvement in adhesion, strength

properties and increased wear resistance of coatings.
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Introduction

Obtaining composite electrolytic coatings (CEC) is
the most important area of solid state physics. In the
process of applying CEC, it is possible to obtain coatings
that differ significantly from classical galvanic coatings in
terms of their operational characteristics.

Electrolytic co-deposition (ECD) is used in industries
such as automotive, construction, power generation, as
well as in the aerospace and oil and gas sectors. Using the
ECD process, it was possible to obtain coatings from both
soft magnetic materials for the production of sensors [1, 2]
and hard magnetic materials [3, 4]. CECs are widely used
as wear-resistant coatings, low-friction coatings, coatings
for tools with high hardness, coatings for abrasive
tools [5], a component for precipitation hardening of
alloys, as well as for protection against oxidation and high-
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temperature corrosion [6, 7 ].

Earlier, the authors of this work found that the
presence of nanodiamond particles in metal composite
electrolytic ~ coatings  significantly  affects  the
microstructure, protective and mechanical properties of
coatings, which manifests itself in their high hardness,
wear resistance and corrosion resistance [8-10].

The unique physicochemical properties of
electrodeposited metal coatings largely depend on the
concentration of carbon nanomaterial (CNM) particles in
the metal matrix. Therefore, in recent years, special
attention is paid to the control and management of the
content of CNM particles in composite metal coatings.
The solution to this problem is impossible without
studying the mechanism of formation of the structure of
carbon-containing composite metal coatings. However,
the process of co-deposition of metal ions and CNM
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particles on a substrate remains not fully understood.

The purpose of this work is to develop a mathematical
model describing the transfer of ultradispersed diamond
(UDD) particles and metal ions in the volume of an
electrolytic bath and the kinetics of the process of co-
deposition of metal ions and UDD particles on the
cathode, as well as to establish the influence of the thermal
factor during a laser-stimulated electrodeposition process
on the size and concentration of nanoparticles in the metal
matrix and on the strengthening properties of composite
electrolytic coatings.

I. Materials and methods

Composite electrolytic coatings were obtained from
an aqueous solution of nickel-plating electrolyte of the
following composition:  Ni2SO4-7H.O0 - 300 g/,
H3BOs - 30 g/l, Na;SO4-10H.O - 50 g/l, at pH-5,
temperature 293 K and current density 100 A/m?. UDD
nanoparticles were used as a dispersed phase (DP).
Particle sizes — 0,04-15 microns.

In order to intensify the process, the electrodeposition
of the CEC was also carried out on a laser-electrolytic
facility based on a gas-discharge CO.-laser with a power
of 25 W and continuous mode lasing at 10.6 um
wavelength. The temperature of the aqueous electrolyte
solution in the cathode irradiation region increased from
293 K to 351 K [11].

The cathode was a copper substrate (1,8 1,8 cm?),
which was mechanically polished, chemically treated in a
3% nitric acid solution, and degreased with Vienna lime.
A pure nickel plate was used as the anode, which made it
possible to maintain the concentration of the basic metal
salt unchanged and had a positive effect on the
repeatability of the experiments. For the uniformity of the
electric field created by the flow of charged ions, the
electrodes were placed parallel to each other. The
concentration of UDD particles (C, g/l) in the aqueous
electrolyte solution was 2 g/l.

The viscosity of aqueous electrolyte solutions was
determined using a VPZh-2 capillary glass viscometer
with an inner capillary diameter of 0,73 mm in accordance
with GOST 8.265-77.

Due to the developed surface and the presence of a
large  number of functional groups, individual
nanodiamond (ND) particles, with an average particle size
of 4-5 nm, form strong primary aggregates, which, as a
rule, act as indestructible parts of nanodiamond powders.
ND particles are prone to spontaneous aggregation among
themselves into extremely strong aggregates (40-100 nm)
with the subsequent formation of less durable secondary
ones (up to 1-5 pm) [12-14].

To determine the average particle size, we used a
method based on the analysis of the distribution of chord
lengths on the coating surface (chord method) [15].

The microstructure and elemental composition of the
coating surface were investigated using a JSSM-64901LV
scanning electron microscope (Japan) with an INCA
PENTAX3 energy dispersive spectrometer (OXFORD
Instruments).

The microhardness of the coatings (Hu, MPa) was
measured on PMT-3 device with indentation load of
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0,1 N. The microhardness was measured along the sample
diagonal. The wear tests of the samples were carried out
on a friction machine with a reciprocating motion of the
samples with a frequency of 0,5 s and an amplitude of
0,15 m under conditions of dry friction on steel. The
adhesion strength of copper base coatings was determined
by the repeated bending method. The tensile strength of
electrolytic metal films was tested on a tensile testing
machine MI-44. The tensile strength of the samples was
evaluated by the ratio of the longitudinal force to the cross-
sectional area of the sample.

I1. Problem statement

The electrodeposition process is shown schematically
in Fig. 1. At the initial moment of time, the particles of the
nanocarbon material are in suspension in the electrolyte
volume. The electrolytic cell consists of a cathode, an
anode, and an aqueous electrolyte solution containing Ni%*
ions and spherical UDD nanoparticles of radius r with a
concentration Cenm.

Electrolyte aqueous
solution
CEC
An_OdE/ Cathode

A /

Fig. 1. Scheme of electrodeposition process.

The kinetics of the cathodic process is determined by
the concentration of metal ions and DP particles near the
cathode surface, which are known only at the initial
moment of the electrodeposition process. In a stirred
electrolyte solution, they are equal to the corresponding
concentration values in the volume of the electrolyte
solution. However, at the initial moment of deposition, the
concentration values at the cathode-electrolyte interface
change. Near the cathode surface, a mass transfer layer is
formed, over the entire thickness of which the
concentration of metal ions changes. When constructing a
model of the problem under consideration, we make the
following assumptions:

e Outside the mass transfer layer, the
concentrations of metal ions and DF particles do
not change and are equal to the values of the
concentrations in the volume of the electrolyte
solution;

*  Due to the small size of the DP particles and the
vertical arrangement of the electrodes, the
influence of the forces of Archimedes and gravity
can be neglected.
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I11. Simulation of the process of joint
electrolytic deposition of metal ions
and UDD particles

When nickel is electrodeposited from a sulfate
electrolyte solution at the cathode, the reactions of
reduction of nickel ions and hydrogen evolution take
place:

NiZ*+2¢— Ni°,
2H*+2¢'— H. (H*+e"«Haq)

The stage of the discharge of hydrogen ions is
followed by the removal of adsorbed hydrogen atoms
from the cathode surface by their electrochemical
desorption

H*+Hygte—H>
or chemical recombination
Hagt Haac‘_’HZ-

The total cathode stream is equal to the sum of the
streams of each of the reactions. The equation for the total
cathode stream involved in mass transfer can be written as
follows

=gty tlonm 1)
where jr — partial current density of the metal ion
discharge; ju — partial current density of the hydrogen ion
discharge; jenm — partial current density that ensures the
transfer of CNM particles.

To establish the mechanism of incorporation of DP
particles into the forming coating, it is necessary to
estimate the particle flux density. According to the Nernst-
Planck equation [16], the transfer of ions and carbon
nanoparticles in an aqueous electrolyte solution is
determined by two factors: the unevenness of their
distribution, i.e. concentration gradient, and the electric
field effect

J=— dc

DC— 7Zch¢’ _D[$ @di’j 2

dx dx dx RT dx

Where D - dlffusmn coefficient (m?/s).

In the case when the radius of the diffusing particle is
much larger than the radius of the molecule of the liquid
itself, the diffusion coefficient can be estimated from the
Stokes-Einstein relation [17]

L L 3)
6rn-r
where r — particle radius, # — coefficient of internal friction
(dynamic viscosity) of the aqueous electrolyte solution.

Taking the electric field to be uniform and taking into

account that

ZFcdp ZFcAp _v
RT dx RT | |

(4)
where Ag — potential difference in electrical double layer
(EDL), | — EDL thickness (1 =+/Dt , where t — deposition
W= EA(/)

RT
(dimensionless potential), we obtain the Nernst-Planck
equation in the form

process time), auxiliary quantity
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J __D[dcwc] (5)
dx 1
The solution to equation (5) has the form [18]
_Dyce’q 6)
| |

where ¢o and ¢ — concentration of metal ions and CNM
particles in the volume of an aqueous electrolyte solution
and near the cathode surface, respectively.

Equation (6) establishes a relationship between the
flux density of metal ions and CNM particles with two
guantities:

1) concentration of metal ions and CNM particles in
an aqueous electrolyte solution; 2) electric field.

In order to establish the mechanism of transfer and co-
deposition of CNM particles, let us analyse a particular
case of equation (6):

1) w =0 which means either Z=0 (neutral

particles), or the absence of an electric field (Ap=0), or
both. After mathematical transformations, we get

Zeo-a), @

This model (Model 1) takes into account only the
diffusion mechanism of the process of joint electrolytic
deposition of metal ions and UDD particles.

2) the same concentration of carbon nanoparticles in
the volume of the agqueous electrolyte solution (co) and at
the cathode surface (ci), i.e. in the presence of an electric
field.

ZF ap,

RT | ®)

——%c or J=-D

Model 2 considers the transfer of CNM particles in an
aqueous electrolyte solution under the effect of electric
field. The calculations of the CNM particle flux density
took into account that during the deposition of nickel from
simple sulfuric acid aqueous solutions of electrolytes, an
overvoltage of 0.5 V is maintained at the cathode [19-21].

The corresponding data calculated by us according to
(3) and (7) for model 1 and according to (3) and (8) for
model 2 for particles ranging in size from 10 nm to 0.1
mm are shown in Table.

Analysis of the calculation results for mathematical
models of the process of joint electrolytic deposition of
metal ions and UDD particles (Table 1) showed that the
main factor affecting the transfer of CNM particles in the
aqueous electrolyte solution is the potential gradient.
Calculation by formula (6) showed that the contribution of
the concentration gradient to the particle flux density is
insignificant. The experimentally obtained value of the
UDD particle flux density for the DC deposition mode
(J=5.8-107 kg/m?-s) correlates with the calculation
results of the mathematical model 2 (Table) for particles
with a size of ~ 1 pum.

Consequently, the transfer of CNM particles occurs
mainly not by the diffusion mechanism, but under the
effect of an electric field. Also, earlier in the work [22-24],
we found that the transfer of CNM particles from the
volume of an aqueous electrolyte solution to the cathode
surface is possible due to the acquisition of a positive
charge by the CNM/M complex (where M is a metal).
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Table 1.

Flux density of UDD particles in an aqueous solution of nickel plating electrolyte and their concentration in a
composite electrolytic coating

Model
r, um D, m¥/s I, um 1
J, kg/m?-s C, wWt% J, kg/m?-s C, Wt%
100 10°% 2.7 4.7-1010 0.002 1.5-108 0.056
10 10 8.5 1.5-10° 0.006 4.6-10° 0.17
1 1023 27 4.7-10° 0.02 2.9-107 1.08
0.1 1022 85 1.5-108 0.035 9.3-107 3.38
0.01 10 270 4.7-108 0.11 1.5-10 5.2

The flux density of DP particles is determined by the
charge of metal cations adsorbed on the particle surface,
which, due to the positive charging of the particles,
promotes electrophoretic co-deposition. In [22-24], we
showed that a charge greater than +2e (e — electron charge)
is not retained on a CNM particle, since when several
metal ions are successively attached to a CNM particle,
their binding energy decreases. At an electrokinetic

potential of £30 mV, corresponding to a good stability of
the colloidal system [25] (no particle coagulation), an 221
elementary charge of  1.6-101° C can be adsorbed by a
particle of ~1.5-2 um. 2,01

To determine the concentration of the dispersed phase
in the coating (in wt%) (Table) by the expression 1.8+ N

(J
m
C=—_ _CNM___ 100%: (10) 1,6
Menm My *CE
1,4 1 ®

based on the results of calculating the flux density of UDD
particles (Table 1), the following were estimated: CNM 2

mass (mcnm) and nickel mass (myi), taking into account
the metal current efficiency (CE).

Comparison of the results of studying the elemental
composition of coatings and the results of evaluating the
concentration of the dispersed phase in the coating (in
wt%) using formula (10) gives a satisfactory correlation
with the mathematical model 2 (Table) for particles of
~1pum.

When using laser sources, the main mechanism of
laser stimulation of the electrodeposition process is the
metal/electrolyte interface heating [26]. In [27], when
using laser irradiation for the electrodeposition of
composite  coatings, = we  observed increased
electrodeposition current densities due to mixing and an
increase in temperature. Thus, it is of considerable interest
to study the thermal effect of laser radiation on the process
of co-deposition of CNM particles.

Fig. 2 shows the results of studying the dependence of
the kinematic viscosity (v, mm?s) on the temperature
(T, K) of an aqueous solution of nickel-plating electrolyte
at UDD particle solution concentration of 2 g/I.

The analysis of the obtained results show that an
increase in the temperature of the aqueous electrolyte
solution from 293 K to 351 K reduces the solution
viscosity by 1.7 times. As a result, the larger UDD
particles settle in the lower layers of the electrolyte
solution, their amount in the cathode space decreases
sharply and particles of a finer fraction are included in the
coating.
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To analyse the size distribution of dispersed phase
particles on the surface of composite electrolytic nickel
coatings, we carried out statistical processing of the results
of studies of the UDD particle concentration in CEC. To
establish the functional dependence of the concentration
on the particle size (diameter), we used the software
package for statistical analysis STATISTICA 12 [28, 29].

v,mmz/s

T T T T T T T
290 300 310 320 330 340 350 TK

Fig. 2. Dependence of kinematic viscosity on the
temperature of an aqueous solution of nickel plating
electrolyte.

Fig. 3 shows the approximating curves of the
experimental histograms of the fractional composition of
UDD nparticles on the surface of composite electrolytic
nickel coatings.

401

304

n, %

20 1

0 T T T T
0 2 4 6 8 10

d, um
Fig. 3. Dependence of the degree of filling of the CEC
surface with UDD particles (n, %) on their size (d) and the
mode of deposition at direct current (j=100 A/m?):
(1) without laser irradiation; (2) with laser irradiation.
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The results of X-ray microanalysis of the coating
surface elemental composition (Fig. 3) show that the
fraction of particles of certain sizes depends on the
electrodeposition mode. Composite electrolytic nickel
coatings obtained by laser stimulation of the deposition
process are characterized by a higher concentration of
particles in a coating of smaller size d~0.1-1 um (Fig. 3).

The experimentally obtained value of the UDD
particle flux density for the DC deposition mode under
laser irradiation and the result of evaluating the
concentration of the dispersed phase in the coating in the
irradiated region correlate with the calculation results of
the mathematical model 2 (Table 1) for particles of
~0.1 pm.

More intense penetration of the dispersed phase
particles into the forming coating during the laser
stimulation of the electrodeposition process is due to the
presence of the temperature gradient. The temperature rise
of the aqueous electrolyte solution in the cathode region
during the laser-stimulated deposition process leads to the
increased diffusion coefficient, which provides an
additional supply of metal ions to the surface of the
emerging composite coating in the irradiation region. In
addition, it is known [30] that dielectrics, which include
CNM particles introduced into the electrolyte solution, are
involved in the irradiation region during laser irradiation,
which leads to the increased UDD concentration in the
coating.

The structure and mechanical properties of the
emerging composite coating largely depend on the
concentration and size of UDD particles in the coating.
The results of studies of the fractional composition of
UDD particles on the surface of composite electrolytic
nickel coatings show that, during DC electrodeposition,
larger UDD particles reach the cathode surface (Fig. 3
(1)). On the ECC surface, the agglomerates of UDD
particles of 1,5 um are formed, which leads to the
formation of coarse-crystalline coatings (Fig. 4 a), the
microhardness of which is 1800-1950 MPa.

The inclusion of smaller UDD particles (~ 0.1-1 um)
in the coating composition in the laser irradiation region
complicates the surface diffusion of metal adatoms and
prevents the growth of crystalline phase nuclei, which is
the reason for the formation of a finer crystalline structure
of the coatings (Fig. 4b). Composite coatings are formed
more fine-grained, which determined an increase in
microhardness from 2500 MPa outside the irradiation
region to 3700 MPa in the irradiation region (Fig. 5).

The increased content of UDD in nickel films
improves the wear resistance of the coatings. Nickel
coatings electrodeposited from an aqueous electrolyte
solution without the addition of UDD, after 5 hours of
wear, lose 10% of their weight, when added to an aqueous
solution of UDD electrolyte with a concentration of 2 g/l
— 6-8%, and the coatings obtained by laser-stimulated
electrodeposition - 1-2%.

Adhesion tests of the nickel coatings with a thickness
of 15-20 microns by 180° bending of the samples (until
fracture) showed that on the samples electrodeposited at
direct current without inclusions of CNM particles, the
coatings peeled off along the entire fracture line. On CEC
samples, electrodeposited under laser irradiation, the
coatings do not crack or peel off when the copper base is
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bent until fracture.

Fig. 4. Surface morphology of composite electrolytic
nickel coatings: a—direct current without laser irradiation;
b-direct current with laser irradiation.

The measured strength values for composite
electrolytic nickel films obtained at direct current without
laser irradiation are 580 MPa with a coating thickness of
18-20 pum, which exceeds the strength of electrolytic
nickel coatings by 20%. The use of laser irradiation in the
deposition process made it possible to increase the
ultimate strength of the CEC up to 660 MPa.

4000

3500

3000

Hp, MPa

2500

2000

X, mm
Fig. 5. Dependences of the microhardness of the surface
of composite electrolytic nickel coatings on the sample
diagonal coordinate x: 1 — direct current without laser
irradiation; 2 - direct current with laser irradiation.
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Conclusions

1. The developed mathematical model describes the
mechanism and kinetics of the cathode process, the mass
transfer of metal ions and ultradispersed diamond
particles. It was found that the main factor affecting the
transfer of CNM particles in an aqueous electrolyte
solution is the potential gradient. A satisfactory
correlation was obtained between the experimental data on
the UDD particle flux density and the dispersed phase
concentration in the coating with the results of
calculations of the mathematical model 2 (Table 1) for
particles with a size of ~ 1 pm.

2. Studies were conducted on the thermal effect of
laser radiation on the process of co-deposition of CNM
particles. It was found that CECs obtained with laser
stimulation of the deposition process are characterized by
a higher concentration of particles in a coating of a smaller
size of 0.1-1 um due to the presence of a temperature

gradient, which provides an additional supply of metal
ions in the irradiation region.

3. In the laser-stimulated process of CEC
electrodeposition, the emerging coating is reached by
UDD particles of a smaller diameter, which block the
growth of the crystalline phase nuclei, resulting in the
formation of a more close-packed coating, improved
adhesion and strength properties, as well as increased wear
resistance of the coatings.
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KineTrn4Hi 3aKkoHOMipHOCTI GOPMYBaHHA KOMIO3MUIHHUX €JIEKTPOJITHYHHUX

MOKPUTTIB, 10 MiCTATH YACTUHKH YJbTPAAUCIIEPCHOTO AJIMA3Y

Vrpaincokuii 0eporcasnuil ynisepcumem nayku i mexnonoeii, eyi. Jlasapsua, 2, m. /[ninpo, 49010 ,Vxpaina,
tytarenko.valentina@gmail.com

ChopMynpoBaHa 3afaya CyMICHOTO  ENIEKTPOJITUYHOTO OCA/DKCHHS IOHIB MeTaly Ta  YacTHHOK
YIABTPAJAUCIIEPCHOTO ajMa3y B MeTaleBy MaTpuiio. Po3pobieHo MaTeMaTHYHYy MOZENb, L0 OIHCYE MEXaHi3M Ta
KiHETHKY KaTOJJHOTO MPOIECY, MAaCOIIEPEHECEHHs i0HIB METaly Ta YaCTHHOK YJIBTPaJANCIIEpCHOTrO anMa3y. OTpuMaHo
3a[0BUIBHY KOPEISIiI0 3 eKCIIepHMEHTAIbHUMU JaHHMH. BH3HAUYeHO BHECOK TEIUIOBOI Jii  J1a3epHOro
BUNIPOMIHIOBAaHHSA B IHTEHCH(IKAIiI0 TpOIECY CIIBOCAIKEHHS YACTHHOK IHUCIIEPCHOi (a3u Ta iOHIB MeTaiy.
BcranoBneno, mo Ol iHTEHCHBHE MPOHUKHEHHS YaCTHHOK AWCIEPCHOI (a3u y MOKPHUTTS, MO0 (GOpPMYETBCS y
MpoIleci CTUMYIAIII TPOIeCy eNeKTPOOCAIPKEHHS JIa3epHIUM BHUIPOMIHIOBAaHHSAM, OOYMOBJIEHE MPHUCYTHICTIO
TEMIIEPaTypHOTO TPAIi€HTy, 10 3abe3reuye JA0JaTKOBE MiJBCICHHS 10HIB MeTany B obyacTi ompomiHroBaHHs. Ha
MiZICTaBl TEOPETUYHHUX Ta CKCIEPUMEHTAIBHHUX OCHTI[HKEHh BCTAHOBJICHO 3aKOHOMIPHOCTI BIUIMBY KiJIBKOCTI Ta
pO3Mipy HAHOYACTHHOK Ha 3MIIHIOIOYi BJIACTHBOCTI KOMIO3WIIHHMX METaleBUX MOKPUTTIB. BcraHoBneHo, mio
IiIBUIIICHHS TEMIIepaTypyd BOJHOTO PO3YMHY €JIEKTPOJITY Y HMPHKATOAHIN 00JacTi NpH Ja3epHO-CTHMYJIHOBAHOMY
MPOILIECi ENEKTPOOCAKEHHS IPU3BOIUTH JI0 301IbIIEHHS TYCTHHH MOTOKY YaCTHHOK yJIBTPAJUCIIEPCHOTO aaMasy, Ta,
SIK HACIIZIOK, 10 30UIbIICHHS KOHIEHTpaLii AucrepcHoi (a3u y HiKeJIeBHX KOMITO3UIIHHIX MTOKPUTTSX, IO CIIPUSIE
(hopMyBaHHIO OLTBII APIOHOKPUCTANIYHOT CTPYKTYPH MOKPHUTTIB, MOJIMIICHHIO MIITHOCTI, aAre3ifHUX BIaCTHBOCTEH
Ta i IBUIIEHHIO 3HOCOCTIKOCTI MOKPHTTIB.

Ki11040Bi cJI0Ba: YaCTHHKH YIBTPAMCIIEPCHOTO aJIMa3y, eNEKTPOOCAIIKECHHS, JIa3epHE CTUMYJTIOBAHHS IPOLIECY
€JIEKTPOOCAKCHHSI, KOMITO3HIIIHHI €IEKTPOITHYHI MOKPUTTS, MEXaHIYHi BIaCTHBOCTI.
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