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Abstract: The article focuses on the galvanic replacement synthesis of Ti-Ni and Zr-Ni metal systems
with the "core-shell" structure which are potential precursors for intermetallics. The authors defined
the effective synthesis parameters and the formation features of polymetallic systems characterized
by granulometric, phase and elemental composition. The X-ray fluorescence and X-ray phase
analysis methods showed that the deposition of nickel on dispersed titanium and zirconium leads
to the production of test samples with phase composition representing a mechanical mixture of Ni
and Ti, Ni and Zr. The method of X-ray fluorescence analysis showed that the presence of
hydrofluoric acid with a 0.5-1.5 M concentration results in the formation of fixed quantitative ratios
of elements in the precipitate, which allows the quantitative composition of dispersed systems
“titanium - nickel", "zirconium - nickel" to be regulated within a relatively wide range. Scanning
electron microscopy proved that all synthesized systems are characterized by a highly porous
structure that follows the titanium and zirconium particle surface contour and the presence of
spherical nanoscale subunits on the formed particle surface.

Keywords: dispersed titanium and zirconium, mechanical mixture, galvanic replacement, metal
systems Ti-Ni and Zr-Ni; core-shell structure, precursors of intermetallics

1. Introduction

Ti-Ni and Zr-Ni metal-powder systems are widely used to produce bulk materials with excellent
shape memory properties, hydrogen absorption capacity, superelasticity, corrosion resistance, and
biocompatibility [1-4]. Recent years have faced the problem of finding new materials for the rapid
development of additive technologies, including composite metal powders used for molding
products [5-7]. Traditionally, methods for producing composite metal powders are based on
mechanochemistry [8-10], chemical reduction [11, 12], and electrolytic deposition [13-15]. However,
these methods are considered material- and energy-intensive [16]. The main disadvantages of
mechanochemical synthesis are the duration of mixing process (40 h) and contamination of metal
powders with fragments of grinding media. Methods of chemical reduction from solutions are
characterized by the complexity of controlling the quantitative ratio of metals in powders, the
inclusion of components (elements) of a reducing agent in its composition, and the instability of
solutions. Electrodeposition methods require a large amount of electricity from an external source,
which limits its application.

Galvanic replacement process, widely used in hydrometallurgy for metal extraction, is simpler,
more reliable and less energy-intensive [17-22]. The advantages of the process are a more uniform
distribution of the surface layer on a reducing metal and the ability to work without an external
source of electrical energy for coating. The difference in electrochemical potentials between a
reducing metal and ions of elements with more positive potential values initiates the spontaneous
reaction of more noble metal release on the metal surface in a solution [23]:

nM + mM™noble = NM™* + mMnoble
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Uniform distribution of powder components can be used to obtain a homogeneous
microstructure and highly efficient composite materials for powder metallurgy and additive
technologies. For composite materials based on titanium or zirconium, it is more difficult to obtain a
multicomponent metal-powder system with a uniform distribution of elements in it due to the
significant difference between the density of each component and the melting point [24]. According
to the structural-orientation concept, the growing precipitate is to reproduce the crystal structure of
the matrix to ensure good adhesion to the base metal [25]. The studies show that the sediment
distribution uniformity is achieved during the formation of "core-shell" structures in the process of
galvanic replacement [26]. The formation of "core-shell" structures reduces significantly the
interfacial energy, which ensures the sintering activity and a smooth process of powder material
compaction.

The number of articles focused on the galvanic replacement synthesis of powders based on
titanium, zirconium and metals of the iron family elements is very limited [27-29]. In these studies,
titanium and zirconium demonstrate good reducing ability in aqueous solutions in relation to
nickel(Il) ions. The lack of scientific and practical studies of the kinetics and mechanisms of reactions
of galvanic substitution of titanium or zirconium with metals of the iron family elements is a big
barrier to obtaining promising materials with a "core-shell" particle structure [30].

2. Results and Discussion

Titanium and zirconium were used as reducing agents in the process of galvanic replacement of
nickel (II) in an aqueous solution. Their standard potential in aqueous solutions is E°(Ti%*/Ti) =-1.21
V [4], E°(Zr*/Zr) = -1.54 V [31], and their stationary potential ranges Estac= -0.35£0.1 V [32]. A strong
shift in the potential of titanium and zirconium towards more positive values is due to the presence
of an oxide film on their surface, the transformation or removal of which allows us to use metallic
titanium and zirconium as reducing agents of ions of more electropositive metals [33].
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Figure 1. Redox potential changes of platinum electrode in a suspension of dispersed titanium (1) and
zirconium (2) in a 1.00 M NiClz solution in the presence of 0.45 M HF.

Thus, the interaction of dispersed titanium and zirconium with a solution of nickel(II) chloride
was initiated in the presence of hydrofluoric acid with the release of elemental nickel on the surface
of titanium and zirconium microparticles (Figure 1). The process of galvanic replacement in a
suspension of dispersed titanium in a solution of 1.00 M NiClz with the introduction of 0.45; 0.90;
1.20; 1.50 and 2.00 M HF was accompanied by an increase in temperature to 43; 65; 76; 86 and 91°C
(Figure 2a), and the temperature of the suspension of dispersed zirconium under similar conditions
reached 40; 57; 67; 76 and 83°C, respectively (Figure 2b). Suspension heating was a combined result
of redox and other reactions occurring with different thermal effects.
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Figure 2. Temperature changes of suspensions of dispersed titanium (a) and zirconium (b) in aqueous
1.00 M NiClz with the presence of HF, mol/I: 0.45 - 1; 0.90 - 2; 1.20 — 3; 1.50 — 4; 2.00 - 5.

Sampling with titrimetric determination showed that the deposition degree of metallic
nickel in the presence of 0.45; 0.90; 1.20; 1.50 and 2.00 M HF on dispersed titanium reached
21.00, 54.00, 66.50, 74.00, and 77.50 wt.%, respectively. The degree of deposition of nickel on
dispersed zirconium reached 14.00; 30.50; 47.00; 54.50; 33.50% wt., respectively. A
comparative analysis of the nickel yield on dispersed titanium and zirconium showed that
as the concentration of HF in the suspension increased to 1.50 M, the nickel yield increased
monotonically. At an HF content of more than 1.50 M, the yield of nickel on zirconium
decreased compared to a similar process on titanium (Figure 3).
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Figure 3. Dependence of the galvanic replacement degree of dispersed titanium(1) and zirconium(2)
with metallic nickel on the HF concentration after 10 minutes of the process.

The process of galvanic replacement with the iron family elements can be described using the

example of titanium.

According to modern concepts, the process of galvanic replacement of titanium with nickel is

associated with the interaction of fluorides and aqua complexes of these metals with the surface of
dispersed HF preactivated titanium.

TiO2 + 6HF — Hz[TiFs] + 2H20, 1)
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2Ti + 3[Ni(H20)6]2*— 2[Ti(H20)e]>* + 3Ni + 6H:O. @)

When electropositive metals are deposited on the surface of titanium particles, conjugated
hydrogen is released:

2H30* + 2e = H2 + 2H20. 3)

The X-ray fluorescence analysis established the S-shaped dependence of the content (mass. %)
of titanium, zirconium and nickel in the dispersed Ti-Ni and Zr-Ni systems obtained by galvanic
replacement on the concentration of hydrofluoric acid (Figure 4). The data obtained indicate the
possibility of regulating the quantitative composition of titanium or zirconium and nickel in the
dispersed and bulk Ti-Ni or Zr-Ni systems.
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Figure 4. Elemental composition of Ti (1), Ni (2) and Zr (3) of dispersed systems Ti-Ni (a) and Zr-Ni

(b), obtained in solutions with various HF concentrations.

X-ray diffraction showed that in the 20 scanning range from 30 to 80°, microparticles
of the Ti-Ni system are characterized by diffraction peaks corresponding to the hexagonal
close-packed lattice of titanium Ti (002), Ti (101), Ti (102 ), Ti. (110), Ti (103), Ti (112) and Ti
(201) at slip angles: 35.05°, 38.38°, 40.12°, 52.96°, 62.91°, 70.66° and 76, 49° (Figure 5a, Table
1). At the same time, microparticles of the Zr-Ni system are characterized by diffraction
peaks corresponding to the hexagonal close-packed lattice of a-zirconium Zr(100), Zr(002),
Zr(101), Zr(102), Zr(110), Zr(103), Zr (200), Zr (112), Zr (201), Zr(004) and Zr(202) at slip
angles: 31.95°, 34.85°, 36.49°, 47.99°, 56.94 °, 63.58°, 66.79°, 68.52°, 69.56°, 73.58°, and 77.60°,
respectively (Figure 5b, Table 1). The diffraction pattern also showed distinct reflections of
nickel (3-Ni) with a face-centered cubic lattice (fcc).

d0i:10.20944/preprints202306.0132.v1
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Figure 5. XRD-pattern of the Ti-Ni (a) and Zr-Ni(b) systems obtained by galvanic replacement.

Table 1. Results of X-ray phase analysis of bimetallic systems obtained by galvanic replacement.

Lattice
Sample Phase CI;E:::t Coherent scattering Space groups (Hermann- parameters
designationcomposition wt % regions (CSR), nm Mauguin notation) a A o A
TLNG a-Ti 68.40 25.67 P63/mmc 2.95 4.68

B-Ni 31.60 31.63 Fm3m 3.53

o-Zr 4225 71.60 P63/mmc 3.23 5.15

[B-Ni 54.75 19.30 Fm3m 3.53 -
Zr-Ni a= 5169 A,
m-ZrO: 2.00 100.0 m - P21/C b = 5232 A,
c= 5341 A

Scanning electron microscopy showed that the formed dispersed systems Ti-Ni, Zr-Ni have the
same shapes and geometric dimensions as the original particles (Figure 6). This process is
accompanied by the deposition of submicron spherical nickel particles on the surface of titanium and
zirconium microparticles.
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(d)

Figure 6. SEM image in secondary electrons (SEI). The powder particle is on the aluminum foil. The
size of the analysis point is & < 0.02 microns (focused beam).

The distribution of elements in the surface layers of the synthesized Ni-Ti, Ni-Zr polymetallic
systems was studied by Auger electron spectroscopy. Electron microscopic images were used to
select the analyzed areas on the particle surface (Figure 7).
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Figure 7. SEM image and auger-electron spectra of the surface of a zirconium microparticle with
deposited nickel. The powder particle is on the aluminum foil. The size of the analysis point is
@ £0.02 microns (focused beam).
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Figure 8 shows that the nickel amount decreases and zirconium amount increases from the
surface to the center of the particle. This indicates that particle structure of the resulting system can
be characterized as a "core-shell" system. The thickness of the Ni film on zirconium is at least 33 nm
(the rate of ion etching Ar*, 3 kV of the particle surface is approximately 22 to 45 nm/min).
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Figure 8. Element distribution profile according to Auger spectroscopy data: Ti(1); Ni(2); O(3) and
Zr(4), according to the particle depth of the Ti-Zr(a) and Zr-Ni(b) systems.

Laser diffraction analysis of the granulometric composition of powders before (a) and after (b)
galvanic replacement showed a slight increase in the average diameter of the metal powder particles.
At the same time, the average diameter of the particles Ti, Ti-Ni was 30 and 42 microns, Zr and Zr-
Ni 10 and 15 microns, respectively (Figure 9).
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Figure 9. Granulometric composition of initial and nickel-coated titanium and zirconium
microparticles before (Ti-1; Zr-1") and after (Ti-2; Zr-2") galvanic replacement.

The synthesized polymetallic systems Ti-Ni, Zr-Ni can be studied in detail to establish phase
transitions at high-temperatures. The results of these studies can be used to develop new
technological methods for obtaining powders of metallic layered systems "titanium — nickel" and
"zirconium - nickel".
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4. Materials and Methods

Commercially available dispersed forms of titanium and zirconium (American Elements Co)
were used for galvanic replacement synthesis of the dispersed bimetallic systems Ti-Ni and Zr-Ni.
Table 2 presents the chemical composition of dispersed titanium and zirconium.

Table 2. Chemical composition of dispersed titanium and zirconium.

Content, (wt%)

Metal
Ti Zr N C H Fe, Ni Si Ca Cl (0]

Ti
20+40pm 98.80 - 0.08 0.05 0.35 0.40 0.10 0.05 0.004 0.16

Zr
) 99.81 0.01 0.03 0.30 0.05 0.10 0.05 0.001 0.25

5+15 pum

To remove (transform) the oxide film from the surface of titanium and zirconium and initiate
the process of galvanic replacement in aqueous solutions, various concentrations of hydrofluoric acid
solution (high purity) were used.

To better understand the redox process occurring on dispersed titanium and zirconium,
chronopotentiograms were recorded in a three-electrode cell using a P-2X potentiostat. A thin-layer
platinum laboratory electrode was used as an indicator electrode, and a saturated silver chloride with
a Luggin capillary was used as a reference electrode. All values of electrode potentials presented in
this study were relative to the reference saturated silver chloride electrode. In parallel, the
temperature of the reaction mixture was measured using a contact thermometer.

To synthesize the dispersed bimetallic Ti-Ni and Zr-Ni systems, the exact amounts of dispersed
titanium (1.88 mol = 60 g/1), zirconium (1.32 mol = 60 g/1), and hydrofluoric acid were introduced into
the aqueous solutions of 1.00 M NiCl, calculated in terms of stoichiometric excess. The metal deposits
were repeatedly washed with distilled water and acetone. Then, they were kept in a drying cabinet
at 80 ° C for 3 hours.

The degree of galvanic replacement of metallic nickel on dispersed titanium and zirconium was
determined by the method of sampling the reaction mixture followed by quantitative determination
of nickel (II) ions using complexometric titration.

The elemental composition of the dispersed systems was determined by X-ray fluorescence
analysis. The analysis procedure was performed using a S1 TITAN 500 portable X-ray fluorescence
spectrometer (Bruker).

The structural-phase analysis of dispersed systems was carried out using a Rigaku Smart Lab
multi-functional X-ray diffractometer (Rigaku Corporation, Japan). The investigated dispersed
systems were placed in a cuvette made of fused quartz.

In step-by—step scanning mode (step: 20 = 0.05°, exposure time at the point — 2 s, shooting
interval - 20 = 30-80°), the surface of the test powder was irradiated with monochromatized
microwave radiation (30 kV, 10 mA). Calculations were performed using Powdercell and X powder
software. The full-profile analysis of diffractograms was carried out by fitting the theoretical values
of the reflection intensity to the experimental ones and the calculation using corundum coefficients
in the PDXL-2 software package. In all cases, the hardware broadening of diffraction peaks was taken
into account relative to a standard sample of silicon powder free from microstresses and dimensional
widenings.

The surface morphology of dispersed samples containing titanium, zirconium and nickel was
studied using a JEOL JSM-7100F scanning electron microscope using secondary electron detectors
(SEI).

The elemental composition of the near-surface region of dispersed samples was studied by
scanning Auger electron spectroscopy using a JAMP-9500F Auger microprobe with energy resolution
AE/E=0.05% (JEOL Ltd., Japan). The studied dispersed samples were fixed on a conductive carbon


https://doi.org/10.20944/preprints202306.0132.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 June 2023 d0i:10.20944/preprints202306.0132.v1

Preprints.org 9 of 11

tape (cat. No G3939, AgarScientific, UK). To analyze the local distribution of elements in the sample
volume, the surface was periodically treated with Ar+ ions with an energy of 3 keV and a beam
diameter of ~ 0.02 microns in a time interval of up to 90 seconds (the rate of ion etching of Ar* 3 kV
according to Zr is approximately from 22 to 45 nm/min).The analyzed areas were chosen according
to the images of a scanning electron microscope.

Thegranulometric composition of dispersed systems was studied by laser diffraction at the
Mastersizer 2000, Malvern. The test samples placed in a flow cell were illuminated by a laser beam (a
gas He-Ne laser with A =0.63 microns).The average size of microparticles of the studied samples and
their quantitative granulometric composition were calculated by the intensity of radiation using the
Malvern program according to Fraunhofer theory.

5. Conclusions

Dispersed systems based on titanium, zirconium and nickel (Ti-Ni, Zr-Ni) were synthesized by
galvanic replacement. The effective parameters of synthesis such as quantitative ratios of metal ions
and hydrofluoric acid, the duration of the process (no more than 10 minutes), and the formation
features of polymetallic systems characterized by adjustable granulometric, phase and elemental
composition were described.

X-ray phase analysis showed that the deposition of nickel on dispersed titanium and zirconium
in aqueous solutions in the presence of hydrofluoric acid provides the phase composition of binary
systems in the form of a mechanical mixture of nickel and titanium, nickel and zirconium in the
specified ratios.

The Auger electron spectroscopy method proved that the dispersed Ti-Ni, Zr-Ni systems
obtained by galvanic replacement are microparticles with a core-shell structure.

Scanning electron microscopy showed that the synthesized systems are caracterized by a highly
porous structure that follows the contour of titanium and zirconium particle surface and the presence
of nanoscale round-shaped subunits on the formed particle surface.
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