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Abstract: The presented work demonstrates the capability of obtaining composite powder, silver-
fullerene soot, by the electrolytic deposition of silver from an aqueous solution of silver nitrate.
The morphology of particles was studied as a function of fullerene soot concentration and current
density. The microstructure of compact materials obtained by hot pressing was investigated. The
hardness of the compact material increased up to 30% and the same corrosion properties relative to
pure silver were obtained using a similar technology.
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1. Introduction

Silver has the highest electrical and thermal conductivity of any metal and is widely
used to create electrical contacts, jewelry and cutlery. Since silver has a low strength, and
alloying leads to a decrease in conductivity and corrosion properties, dispersion hardening
can be used to increase the mechanical properties with little loss of conductivity and
corrosion properties The addition of reinforcement to the silver matrix compensates for the
performance deficiencies of the matrix and saves the comprehensive electrical, mechanical,
anticorrosion, and thermal properties of the composite materials [1-3].

Apart from the addition of oxide and ceramic particles into the silver matrix, a number
of works suggest the addition of carbon nanostructures instead of them. The addition
of nanodiamonds [4] and carbon nanotubes (CNTs) [5,6] into the silver matrix made
it possible to increase the strength characteristics. In most works on the addition of
carbon nanostructures into a metal matrix, a high-energy treatment [4-8] is mentioned, the
disadvantage of which is the energy consumption and contamination of the matrix with
the material of the grinding media.

In work [9], Ag/CNT composite films were obtained electrochemically using an iodide
electroplating bath. A slight increase in hardness (from 60.4 to 63.2 HV) and electrical
resistance (from 1.8 to 1.9 uQ) cm) and a decrease in the coefficient of friction were noted.

To date, there is no work devoted to Ag-based materials reinforced with fullerene
soot (mainly amorphous carbon nanoparticles). In previous works, we showed, using the
example of copper—fullerene soot materials, that it is possible to obtain composites with
a combination of hardness—thermal conductivity properties comparable to copper-CNT
materials [10]. In the presented work, a method is proposed for obtaining a composite
powder material, silver—fullerene soot (FS), by electrolytic deposition from an aqueous
solution of silver nitrate.
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2. Materials and Methods

Silver powder was obtained galvanostatically. Titanium plates were used as the
cathode, and silver (fused powder of technical-grade reduced silver oxalate) was used as
the anode. Electrolyte composition was AgNO3;—25 g/L, HNO3—15 g/L. The current
density varied from 2 to 6 A/dm?. The process temperature was 20-30 °C. Fullerene soot
(Suzhou Dade Carbon Nanotechnology Co., Suzhou, Jiangsu, China) in amounts of 0.05 and
0.2 g/L was additionally introduced into the electrolyte directly during the electrochemical
process of obtaining silver powder. Fullerene soot consists of particles with an average
size of 40 nm [10]. In this case, the electrolyte was mixed with an electromagnetic stirrer
with a speed of 500 rpm for a uniform supply of carbon nanostructures to the cathode.
Electrochemical deposition continued for 2 h, and then the electrolyte was filtered. The FS
content in mass% was calculated by dividing the mass of FS by that of the Ag/FS powder.
The samples were compacted by cold pressing at a pressure of 700 MPa, followed by hot
pressing at 720 °C and a pressure of 350 MPa. To select the compacting modes, the data of
paper [11] were taken into account.

To reveal the microstructure, the polished samples were subjected to electrochemical
etching in a commercial electrolyte PLS-12 (NTC Technokom AS, Moscow, Russia) at a
current density of 10 A/dm?, and the cathode was a titanium plate. Scanning electron
microscopy (SEM) images were obtained on Phenom ProX. The hardness was determined
using ZWICK ZHU via the Vickers method at a load of 10 kg, and the load time was 15s.
XRD was carried out on a Bruker D8 Advance diffractometer using Cu Kot monochromatic
radiation (A = 1.5406 A). Polarization measurements of the films were conducted in a 0.01 M
NajyS aqueous solution [6] at 25 °C using an electrochemical measurement system (IRC-
Pro). The Ag/FS composite or Ag composite, a graphite rod, and a Ag/AgCl electrode
(+0.199 V vs. standard hydrogen electrode (SHE)) were used as the working electrode,
counter electrode, and the reference electrode, respectively.

3. Results and Discussion

SEM images of silver particles obtained by electrolysis without additives and with
FS additives at a current density of 2 A/dm? are shown in Figure 1. Silver particles
have granular forms (Figure 1a—c). The mechanisms of silver deposition involve three-
dimensional nucleation and growth as well as the layer-by-layer deposition of {111} close-
packed planes, manifested by the presence of 111 surface steps [12]. The processes of silver
electrodeposition were studied in detail by the authors of the works [12-14].

Fullerene soot from the electrolyte is likely deposited on the surface of the growing
faces. At an FS concentration of 0.2 g /L, pronounced pyramidal pores are observed (inset of
Figure 1c). A large amount of fullerene soot makes it difficult to reduce silver ions directly
on the surface of silver particles, which may explain the presence of pores on the surface of
the particles.

It is also worth paying attention to the fact that with an increase in the content of
carbon structures in the electrolyte, the particle size does not change significantly.

The powders were examined by XRD, and the results are shown in Figure 1d. It can
be seen that the diffraction pattern contains peaks corresponding to the crystallographic
planes of silver; no other phases are found. Carbon in silver practically does not dissolve.
A solid solution with a content of 0.036 atomic % is formed by peritectic transformation
at 962 °C. According to the XRD data, the lattice parameter is determined, which varies
within the error (Figure 1e).

In the second stage, for a concentration of 0.05 g/L, electrolysis was carried out with
varying current density. This concentration was chosen because, with a higher content
of fullerene soot in the electrolyte, a large amount of carbon is located on the surface of
silver particles. Increasing the current density contributes to the production of smaller
particles (Figure 2a,b). The average particle size decreases from 45 um at2 A/ dm? to 42 um
at3 A/dm?, 35 um at4 A/dm?, and 15 um at 6 A/dm?. At6 A/dm?, a large amount of
fine dendritic deposits is observed (Figure 2c).
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Figure 1. SEM images of silver particles obtained by electrolysis without additives (a) and with
0.05 g/L (b) and 0.2 g/L (c) of FS at current density of 2 A/ dm?. XRD of powders (d) and lattice
parameter (e).

Figure 2. SEM images of silver particles obtained by electrolysis with 0.05 g/L of FS at current
densities 3 A/dm? (a), 4 A/dm? (b), 6 A/dm? (c).

The resulting powder materials were compacted by hot pressing. The microstructures
of the etched samples are shown in Figure 3a—e.

The average grain size of pure silver was 33 um; for samples with fullerene soot at
0.05 g/L, it was 27 um; and for 0.2 g/L, it was 22 pm. Increasing the current density led to
a significant decrease in particle size, but not such a significant reduction in grain size. For
4 and 6 A/dm?, the average grain size was 21 and 19 um, respectively. The FS content in
mass% was calculated by dividing the mass of FS by that of the Ag/FS powder. During
electrolysis with the addition of 0.05 g/L FS and 0.2 g/L, the amount of carbon was 0.5
and 0.2 wt %. The lattice parameter of pure silver powder, silver with fullerene soot, and
silver-FS compact material was within the error (Figure 3f).

The hardness values of the resulting compacts are shown in Figure 4a. During deposi-
tion at a current density of 2 A/dm?, the maximum increase in hardness was 19% at an
FS concentration in the electrolyte of 0.05 g/L (relatively pure silver obtained by a similar
technology). An increase in the FS concentration in the electrolyte led to a decrease in
hardness, despite a decrease in the grain size. This may be caused by the agglomeration of
nanocarbon in the pores of silver particles. An increase in the current density during the
deposition of composite particles in an electrolyte containing 0.05 g/L FS led to an increase
in hardness by 30% at 4 A/dm?. The relative density of samples determined by hydrostatic
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weighing, using Ag and FS densities of 10.49 and 1.56 g cm 3 [15], respectively, was more
than 97.5%.

40 pm
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40 pm 40 ym

Figure 3. The microstructures of hot-pressed materials: Ag (a); Ag obtained at current density
2 A/dm? with 0.05 g/L (b) and 0.2 g/L (c) of FS in electrolyte; Ag with 0.05 g/L of FS in electrolyte
obtained at current densities 4 A/dm? (d) and 6 A/dm? (e); lattice parameter (f).
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Figure 4. Hardness values of hot-pressed materials (a). Hall-Petch dependence (b) (closed dots—current
density of 2 A/dm?, open dots—current density of 3-6 A/dm?).

The literature describes a number of mechanisms for strengthening a metal matrix
with carbon nanostructures [16]. The Hall-Petch and Orowan mechanisms are the most
common and applicable for the strengthening phase in the form of nanoparticles.

The grain size directly depends on the length of the grain boundaries, and the influence
of dislocations interacting with the grain boundaries affects the strength of the composite.
The strength of the material will increase as the grain size decreases. This important and
general mechanism for strengthening materials is noted in [17], where the carbon phase
prevents grain growth during sintering or high-temperature annealing, which may be the
primary cause of strengthening. Therefore, the relationship between the yield stress of the
composite and the average grain diameter (d) can be expressed by the Hall-Petch relation
according to Equation (1):

or =0y +Kd 2, (1)
where 0y is the friction stress required for dislocation glide in a single crystal, and K is an

individual constant for each material, also called the “Hall-Petch coefficient”. The hardness
of the material correlates with the yield strength of the material [18].
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Dispersion strengthening according to the Orowan mechanism is such that dispersed
particles are obstacles in the path of dislocations moving in their slip planes.

Silver is not a carbide-forming element and does not form solid solutions with carbon,
so the Orowan dispersion strengthening mechanism can be considered. In [19], hardening
by the Orowan—Ashby mechanism is presented in the form of Equation (2):

0.13Gub, r
ACorovan = ———"In -, )
rovan Lp b

where Gm is the shear modulus of the matrix, b is the Burgers vector, Lp is the average
distance between particles of the strengthening phase, and r is the radius of the particle.

Based on the observations and the Hall-Petch dependence (Figure 4b), it can be
assumed that carbon nanoparticles are located mainly along grain boundaries at a current
density of 2 A/dm?, preventing grain growth. It is worth noting that the size of the
composite particles averages 40-80 um (Figure 1), and the grain size is significantly lower
(up to 33 um for pure silver, Figure 3). In this case, during hot pressing, recrystallization of
silver occurs and the growth of new grains is inhibited by the presence of fullerene soot;
this can explain the decrease in grain size in the composite with an increasing content
of fullerene soot and constant current density. For samples obtained at 3-6 A/dm? (the
particle size is smaller and decreases from 45 to 15 um with increasing current density),
no direct dependence of hardness on grain size is observed, and the hardness values are
higher and do not fall into the Hall-Petch relationship, which may indicate a contribution
to the strengthening of the Orowan mechanism.

Figure 5 shows the polarization curves for the composites. The corrosion potential
of both the Ag and the Ag/FS composite was approximately —152 mV, and their cathode
and anode polarization curves were also similar. Thus, the sulfidation resistance of the Ag
composite and that of the Ag/FS composite differed only slightly.
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Figure 5. Polarization curves for the Ag and Ag/FS composite.

4. Conclusions

A method is proposed for obtaining a composite powder material silver-fullerene soot
(FS) by electrolytic deposition from an aqueous solution of silver nitrate with suspended
carbon nanoparticles in an electrolyte. With an increase in the content of carbon structures
in the electrolyte, the particle size does not change significantly. At an FS concentration of
0.2 g/L, pronounced pyramidal pores are observed. Increasing the current density leads to
a decrease in the average particle size from 45 pm at 2 A/dm? to 15 um at 6 A/dm?.

Compact silver-FS materials obtained by hot pressing have a finer grain structure
compared to pure silver. The maximum increase in hardness is 30% relative to silver.
The density of composites is more than 97.5%. X-ray diffraction analysis showed that no
additional phases and solid solutions are formed. Full strengthening of the composites is
mainly attributed to the Orowan strengthening and the grain-size refinement. The corrosion
potential of both the Ag and the Ag/FS composite is approximately —152 mV, and their
cathode and anode polarization curves are also similar.
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