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A novel technique of producing composite electrochemical coatings with non-agglomerated nanodiamond re-
inforcing particles uniformly distributed in the matrix was developed. The technique is intended for coatings to
be applied by transferring material from the anode to the cathode. The anode is fabricated using the mechanical
alloying method that enables a composite with the uniform distribution of non-agglomerated nanoparticles to be

formed.
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1. Introduction

Prospective way of metal electrodeposited coatings [1]
properties improvement is application of nanomateri-
als for reinforcing metal matrix [2-4]. Almost immedi-
ately after their discovery, nanodiamonds [5, 6] began
to be used for reinforcing electrochemical coatings [7, 8].
The existing methods include the incorporation of di-
amond nanopowders (usually as suspensions) into the
electrolyte. In this case, nanoparticles are in an agglom-
erated state. In electrochemical application of coatings,
agglomerates are in practice not split; large agglomerates
are “screened out” and retained in the electrolyte because
primary nanoparticles and fine agglomerates are more
readily transported to the coating application site. Thus,
the existing methods enable the formation of so-called
diamond-cluster coatings [9]. The main drawback of such
coatings is that agglomerates of nanodiamond particles
(clusters) do not possess high strength and break down
under the action of cyclic loads, which leads to stress rais-
ers and breakdown of the coating [10]. Thus, agglomer-
ation of nanoparticles is the main obstacle for extensive
introduction of nanocomposite electrodeposited coatings
into practice. This work is aimed to refine techniques of
applying composite coatings with nanodiamond reinforc-
ing particles.

To eliminate the above-mentioned drawback, it is pro-
posed to use the effect of disintegrating nanoparticle
agglomerates in mechanical alloying [11-14] to produce
coatings with separate reinforcing nanoparticles. That
is, to fabricate the anode by mechanically alloying com-
posite components and consolidating produced granules
into a compact material and then to use the anode for
applying the coating by the electrochemical method [15].
The technique is intended only for those kinds of coatings
(copper, nickel etc.) that can be applied by dissolving
the anode.

2. Materials and methods

A copper-based composite material with 20 vol.% nan-
odiamond reinforcing particles was chosen for studies.
Commercially available copper, grade MO, and nan-
odiamonds produced by Kombinat “Elektrokhimpribor”
(Russia) were used. Primary nanodiamond particles 4-6
nm in size (Fig. la) were combined into agglomerates of
up to 50-100 pm (Fig. 1b) [16, 17].

Fig. 1.

Nanodiamonds of detonation synthesis: (a) ini-
tial prime nanodiamond particle (TEM), (b) agglomer-
ation of nanodiamonds (TEM), (c) electron diffraction
patterns from nanodiamonds (produced with TEM).

Mechanical alloying was carried out in a Retsch PM400
planetary mill in an argon atmosphere, without using
surfactants, in sealed steel grinding jar containers of
500 ml nominal volume. The technological milling tool
was chromium steel balls 12 mm in diameter. The fol-
lowing technological conditions were chosen: (i) the ratio
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of the weight of the balls to that of the treated mix-
ture, (7-10):1; (ii) the rotation velocity of the grinding
jar containers around the common axis (the rotation rate
of the carrier), 300 rpm; (iii) the grinding jar containers
were cooled with air during the operation; (iv) to prevent
strong overheating, the mill was stopped for 5 min after
each 10 min of operation; the treatment time (without
time for stops) was 3-5 h.

The granules produced by mechanical alloying were
compacted into bulk material using a hydraulic press.
At first, composite granules were put in a special press-
mould, the mould was covered by a removable punch,
and the granules were pressed at room temperature un-
der 600 MPa pressure. Then the press-mould with the
pressed granules closed by the removable punch was
heated up to 600°C, put in the integrated with hydraulic
press thermostat heated up to 600°C and kept during
30-40 min under 300 MPa pressure. Granules were com-
pacted into rods 10 x 10 x 80 mm? in size, which were
used as anodes. The electrochemical coating was applied
in a bath with an electrolyte containing CuSOy - 5H50,
80 g/1, and HySOy4, 100 g/1, at a cathode current density
of 10 mA/cm? = 1 A/dm?. Duration of the electrode-
position process was 3 h. The structures and proper-
ties of developed materials were studied by optical mi-
croscopy, transmission (TEM) and scanning electron mi-
croscopy (SEM) and by the microhardness test. Optical
microscopy was carried out at an Axiovert 200M MAT
microscope (Carl Zeiss, Germany). The microhardness
was determined by the Vickers method on a 402MVD
microhardness tester (Wilson & Wolpert) at a load of
10 gf, holding time 10 s (number of measurements, 10).

3. Results and discussion

Studies of the application of composite coatings were
carried out according to the following scheme: mechan-
ical alloying to produce a uniform distribution of non-
agglomerated nanodiamond particles in the copper ma-
trix — compaction to produce compacts in the form of
anodes — electrodeposition of composite coatings by the
electrolytic transfer of material from the anode to the
cathode. Figure 2 demonstrates the appearance of com-
posite granules under different magnifications.

It is seen that the chosen process regimes of mechani-
cal alloying made it possible to produce composite gran-
ules with uniform distribution of non-agglomerated nan-

Fig. 2.

Composite granules under different magnifica-
tions (SEM).
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Fig. 3. Electrochemical composite coating: : (a) and
(b) — cross-section images produced by optical mi-
croscopy before (a) and after (b) the etching, (c) pla-
nar view of coating (SEM), (d) nanodiamonds in the
cross-section (SEM).

odiamond particles in the copper matrix. There is no
increased oxidation of the matrix material, which is pos-
sible [18] through wrongly chosen process regimes. Fol-
lowing the compaction of the anode from these granules,
the composite coating was electrodeposited; herewith,
nanoparticles were transferred in the process of electroly-
sis in the electrolyte medium. The anode is dissolved, sol-
vated nanoparticles are transferred to the cathode, where
under the action of current the nanostructured coating is
being formed. In this variant, during their transfer from
the anode to the cathode the reinforcing nanosized par-
ticles are protected by the medium from agglomeration.

A 38-41 pm thick coating was obtained. Surface and
the cross-sections of the coating were studied with optical
and scanning electron microscopes (Fig. 3). The coating
contains separate nanodiamond particles uniformly dis-
tributed in the matrix. There are no discontinuity de-
fects. The coating has a high adhesion to the base.

Fig. 4. Electron diffraction patterns from composite
coating: point-reflexes are from copper and circles are
from nanodiamonds (produced with TEM).
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Figure 4 shows electron diffraction patterns from com-
posite coating included point reflexes and circles. Point
reflexes are from copper big grains (Fig. 3c) and circles
are from nanodiamonds (see Fig. 1¢). It is proof that nan-
odiamonds are included in composite without any change
of structure.

The composite coating microhardness measured in
cross-sections was 105 £ 5 HV 0.01 (microhardness of
copper coating without reinforcing particles equals 45—
65 HV 0.01).

Thus, the proposed method was shown to enable the
formation of an electrochemical composite coating with
nanosized reinforcing particles. The method can be as-
sumed to be efficient with other metals for the matrix,
for instance, nickel, gold and others.

4. Conclusions

A process scheme of producing a composite coating was
developed, including (a) mechanical alloying to produce a
uniform distribution of non-agglomerated nanodiamond
particles in the copper matrix; (b) compaction to produce
compacts in the form of anodes; (¢) electrodeposition of
composite coatings by the electrolytic transfer of material
from the anode to the cathode.

The studies performed show the following:

— mechanical alloying allows obtaining complete dis-
integration of nanodiamond agglomerates and uniform
distribution of diamond nanoparticles in metal matrix;

— electrochemical method of coating application al-
lows transferring composite material from anode to
cathode;

— no nanoparticle agglomeration is observed during
coating application, i.e. the metal matrix of the coat-
ing is reinforced by evenly distributed non-agglomerated
nanodiamonds;

— good composite coating adhesion to the substrate,
no defects either in the coating body or in the area of
coating contact with the substrate.
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