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MICROSTRUCTURE FEATURES OF METAL-MATRIX COMPOSITES
BASED ON THERMOELECTRIC BISMUTH TELLURIDE MATRIX

AND FERROMAGNETIC FILLER
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The formative predictables of the microstructure of metal-matrix composites, obtained using spark plasma
sintering and consisting of polycrystalline thermoelectric bismuth telluride Bi,Te; (composite matrix) and a
ferromagnetic filler (Ni or Fe), were examined. It was determined that, in the course of spark plasma sintering,
filler inclusions in the form of locally gradient inclusions of the nucleus—shell type (Ni@NiTe, and
Fe@FeTe, ) are formed and randomly distributed in the Bi,Te, textured matrix. The basic parameters of the
microstructure of composites (inclusion size and extent of texturing of the matrix) strongly depend on the

filler content.

Key words: metal-matrix composites, spark plasma sintering, thermoelectric properties, texturing, locally

gradient inclusions.

Composite materials, or composites, consist of two or
more components differing in their physical and/or chemical
properties [1,2]. A composite consists of a matrix and a
filler, which are its essential structural elements. As a rule,
the filler is added to improve certain properties of the matrix
material. Ordinarily, any properties of a composite which are
of practical importance surpass the corresponding properties
of its individual components. In addition, even new proper-
ties which are uncharacteristic for the components them-
selves can appear in the composite.

The specific properties of composites of different classes
are mainly determined by the properties of the matrix mate-
rial and the filler material as well as by the size, shape,
dimensionality, concentration, and distribution of filler inclu-
sions. A class of composites that is important from the ap-
plied standpoint is metal-matrix composites consisting of a
ceramic matrix (Al,O3, ZrO,, SiC, etc.) and a metal filler (Cr,
Ti, Al, etc.) [3—5]. The introduction of a metal filler in-
creases strength, wear-resistance, and heat resistance and im-
proves the anticorrosive properties of metal-matrix compo-
site composites. For this reason such metal-ceramic compo-
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sites are customarily structural materials widely used in air-
craft construction, automotive and mechanical engineering,
and so on [1].

In a number of cases metal-matrix composites are deve-
loped in order to improve their functional (mainly electrical
or magnetic) properties [6]. In particular, nowadays, as a
promising scientific approach to thermoelectric materials
science, a method of obtaining composites based on a con-
ventional thermoelectric material, playing the role of a ce-
ramic (polycrystalline) matrix, and a ferromagnetic metal
filler (transition d-metals) is being used [7 — 11].

In such composites the introduction of a ferromagnetic
metal filler can improve the thermoelectric properties —
electrical conductivity, thermoEMF, and thermal conducti-
vity — and, consequently, raise the thermoelectric figure of
merit of the matrix material via the implementation of spe-
cific physical mechanisms determined by both the properties,
size, and structure of the inclusions of the filler itself as well
as the properties matrix/filler interfaces. As with customary
composites, the thermoelectric properties of composites with
a metal ferromagnetic filler will be largely determined by
features of their microstructure: grain size, type and degree
of grain ordering, size, shape, and internal structure of filler
inclusions, and inclusion distribution in the matrix (ordered
or random).
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The purpose of the present work was to establish the for-
mative predictables of the microstructure of metal-matrix
composites obtained using spark plasma sintering and con-
sisting of polycrystalline thermoelectric bismuth telluride
Bi,Te; (matrix of the composite) and a ferromagnetic filler
(Ni, Curie temperature 7= 627K, or Fe, T =1043 K).
Bi,Te; itself is one of the boundary components in solid solu-
tions Bi,Te; . Se, and Bi, ,Sb Te;, which are used to produce
different low-temperature thermoelectric generation and re-
frigeration devices [12]. However, the thermoelectric figure
of merit ZT of bismuth telluride is not very high (ZT'<1).
The point of developing composites based on a Bi,Te; matrix
with a ferromagnetic filler is to improve the thermoelectric
properties of the matrix material.

SAMPLE PREPARATION AND INVESTIGATIVE
PROCEDURES

In the course of this work, samples of metal-matrix
composite composites were obtained in the systems
Bi,Te; + xNi and Bi,Te; + xFe with different atomic content
of the filler (x=0, 0.5, 0.75, 1.0, 1.25, and 1.5%).
Composites were obtained by subjecting mixtures of initial
powders of Bi,Te; and Ni or Bi,Te; and Fe taken in the
required ratio to spark plasma sintering (SPS-25/10 system)
at 40 MPa and temperature 573 K for 2 min. The initial
Bi,Te; powder was obtained by dissolving the precursors
(high purity) Bi,05, SeO,, and TeO,, taken in a stoichio-
metric ratio, in ethylene glycol with the addition of a small
amount of an alkaline agent (KOH) for pH control. The
resulting solution was poured into a flask and heated to
boiling. After the water evaporated, the flask with the
solution was hermetically sealed with a reflux condenser and
kept at temperature 458 K for 4 h, and then the resulting
suspension was cooled to room temperature. Further, the
powder was purified by filtration and triple washing with
ethanol and acetone and dried in an argon atmosphere at
523 K for 2 h.

To synthesize Ni powder, first, 5 g of Ni(NO;) - 6H,0
were dissolved in 400 ml of ethylene glycol. Then 10 g of
KOH was added to the solution. The mixture was heated to
353 K, stirring intensively until a homogeneous state was
reached. The resulting sol was cooled to room temperature
and then hydrazine hydrate was added slowly. The reaction
mixture was heated to 373 K and kept for 1 h until comple-
tion of the reduction process Ni** — NiC. The resulting Ni
powder was collected with a neodymium magnet and washed
with ethanol and acetone to remove organic impurities. In
contrast to independently synthesized Bi,Te; and Ni pow-
ders, a commercial powder with purity 99.995% was used as
the initial Fe powder (Khimkraft LLC, Kaliningrad, Russia).
Prior to spark plasma sintering, the initial powders of Bi,Te;
and Ni or Bi,Te; and Fe, taken in a ratio corresponding to a
certain value of x, were thoroughly mixed in a planetary mill
for 30 min.

X-ray phase analysis of the initial powders and bulk sam-
ples of the composites was performed with a Rigaku
SmartLab x-ray diffractometer (CuK, radiation). The mor-
phology of the initial Bi,Te; and Ni powders was studied by
means of transmission electron microscopy (TEM) using a
Jeol 2100 microscope. The morphological features of the ini-
tial Fe powder and the grain structure of the bulk samples of
the composites were studied by means of scanning electron
microscopy (SEM) with a Quanta 600 microscope. The same
microscope was used to study the elemental composition
(EDS — energy-dispersive x-ray spectroscopy), and the
phase contrast (BSE — back-scattered electrons) of the sur-
face of the samples was determined.

EXPERIMENTAL RESULTS

The synthesized Bi,Te; powder corresponded to a hexa-
gonal phase (R3m space symmetry group and crystal lattice
parameters a = 0.4354 nm and ¢ = 3.035 nm) and consisted
mainly of hexagonal plates of average size several hundred
nanometers and thickness about 100 nm. The synthesized Ni
powder was a face-centered cubic phase Fm3m with lattice
parameter @ = 0.3525 nm and consisted of almost spherical
agglomerated formations with diameter 150 — 200 nm. Indi-
vidual particles, several tens of nanometers in size, forming
agglomerates had an irregular shape. Agglomeration of Ni
particles can be associated with their ferromagnetic interac-
tion. The commercial Fe powder likewise was uniphase
(space symmetry group Im3m (a = 0.2867 nm) and consisted
of individual spherical particles with average diameter about
3 um.

The data presented in Fig. 1 confirm the formation of the
required matrix-filler microstructure in the composites being
developed.

Spark plasma sintering of the initial Bi,Te; and Ni or
Bi,Te; and Fe powders (SEM images of individual powder
particles are shown on the left-hand side of the figure) indeed
leads to the formation of a microstructure represented by
filler inclusions embedded in the matrix of the composites
(BSE images of polished surfaces of Bi,Te; + 0.5 at.% Ni
and Bi,Te; + 0.5 at.% Fe are displayed in the right-hand part
of the figure). In the BSE images, filler inclusions are shown
as small, dark-gray islands randomly distributed in a
light-gray matrix. Mapping of the distribution of different
elements over the surface of the developed metal-matrix
composite composites, performed by means of EDS, made it
possible to determine their elemental composition.

The results of mapping Te, Bi, and Fe distributed over
the surface of the Bi,Te; + 0.5 at.% Fe are displayed in
Fig. 2.

It is clear that Te and Bi are uniformly distributed within
the light-gray matrix, while Fe is present only in dark-gray
filler inclusions. As will be shown below, the composition
and structure of these inclusions are rather complex. As-
suming that there is no chemical interaction between the ma-
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Fig. 1. Formation of the matrix-filler structure of the composites Bi, Te; + 0.5 at.% Ni and Bi, Te; +
0.5 at.% Fe (BSE images on the right-hand size) in the course of spark plasma sintering of the initial
Bi,Tes, Ni, and Fe powders (SEM images on the left-hand side).

trix and filler materials, the phase composition of the deve-
loped metal-matrix composite composites should be a simple
superposition of the matrix and filler phases. Then the
diffractogram of the composite should also be a superposi-
tion of the diffractograms of the matrix and filler materials. It
should be noted that the diffraction peaks of the Ni and Fe
phases in the diffraction patterns of the composites are weak
(because of the low content of these phases); moreover, most
of these peaks are completely or partially obscured by the
diffraction peaks of the Bi,Te; phase, which makes reliable
identification of the phase composition of the composites dif-
ficult.

However, at least for Bi,Te; + xNi the phase composition
of composites can be determined reliably enough. For these
composites some diffraction peaks of the Ni phase can be re-
solved. Likewise, it was also determined that, in addition to

.°.. | Bi,Test+Fe

Fig. 2. BSE image of the polished surface of the metal-matrix com-
posite composite Bi,Tes + 0.5 at.% (atomic) Fe and the correspond-
ing EDS maps of Te, Bi, and Fe distributions over the surface.

the peaks of the Bi,Te; and Ni phases, the diffraction patterns
of these composites include additional peaks corresponding
to a new phase formed during spark plasma sintering of a
mixture of the initial Bi,Te; and Ni powders. The indicated
change in the phase composition for the composite with
x =1.25 at.% is illustrated in Fig. 3.

It is clear that the diffractogram of the composite com-
ports with three phases: a dominant matrix phase Bi,Te; and
a weakly expressed phase of the Ni filler (triangles mark the
diffraction peaks of this phase), which correspond to the ini-
tial powders, as well as the new phase (circles mark the
peaks of this phase).

The new phase corresponds to the compound NiTe,,
having the trigonal spatial symmetry group P3m1 and lattice
parameters a = 0.3895 nm and ¢ = 0.5470 nm.

The inclusions in the composites being developed pos-
sess a nucleus—shell structure. This structure is most clearly
observed for inclusions of the Bi,Te; +xNi composite (in
these inclusions the nucleus and shell fractions are approxi-
mately comparable), while for of the Bi,Te; + xFe inclusions
the nucleus—shell structure is much less pronounced (the
overwhelming share of the inclusion falls on the nucleus).
Typical BSE images of nucleus—shell inclusions in the com-
posites Bi,Te; + xNi and Bi,Te; + xFe are shown in Fig. 4.

To identify the elemental composition of these inclusions
by means of EDS method, the distribution of the correspond-
ing chemical elements along the lines intersecting the inclu-
sions was studied. On the basis of an analysis of the scanning
profiles of various elements it was found that the nucleus of
an inclusion consists of Ni (in the Bi,Te; + xNi composite) or
Fe (in the Bi,Te; +xFe composite). The shell of the inclu-
sions contains Ni and Te atoms (in the Bi,Te; + xNi compos-
ite) or Fe and Te (in the Bi,Te; + xFe composite).

Far from inclusions all filler atoms are absent in compo-
sites of both types, and Bi and Te are uniformly distributed.
Since a gradient distribution of elements exists in inclusions
it is logical to call such inclusions locally gradient inclusions.
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Fig. 3. Change in the phase composition of the composite Bi,Te; + 1.5% (atomic) Ni during spark plasma

sintering of the initial Bi,Te; and Ni powders.

Since a new phase NiTe, is formed in the Bi,Te; + xNi
composite during spark plasma sintering (see Fig. 3), and
taking into account the identification of the elemental com-
position of inclusions in this composite (see Fig. 4), it can be
concluded that In this case the shell of the composite corre-
sponds precisely to the NiTe, compound (Ni@NiTe, inclu-
sions). Although a new phase similar to NiTe, is not ob-
served in the diffractogram of the Bi,Te; + xFe composite
the inclusions for this composite also have a nucleus—shell
structure with gradient variation of the elemental composi-
tion, similar to Ni@NiTe, inclusions in the Bi,Te; +xNi
composite. Then it can be assumed that the shell in the inclu-
sions of the Bi,Te; + xFe composite corresponds to the FeTe,
phase, i.e. these inclusions can be thought of as Fe@FeTe,
inclusions.

The formation of NiTe, or FeTe, shells surrounding Ni
or Fe nuclei, respectively, is associated with high-tempera-
ture diffusion redistribution of matrix atoms and initial filler
inclusions in the course of spark plasma sintering of initial
powders. This redistribution is accompanied by a chemical
reaction leading to the formation of the new compounds
NiTe, or FeTe,. It is obvious that the NiTe, compound is
formed more quickly, since the shell in the Ni@NiTe, inclu-
sions is larger than in the Fe@FeTe, inclusions. The differ-
ence in the sizes of the shells of inclusions in the composites
Bi,Te; +xNi and Bi,Te; + xFe could be associated with dif-
ferent values of the diffusion coefficient of Ni and Fe and the
activation energy of the chemical reactions Ni — NiTe, and
Fe — FeTe,. Filler inclusions for both types of composites
are several microns in size, have nearly spherical shapes, and
can be visualized not only on BSE images (see Fig. 4) but
also on the corresponding SEM images (Fig. 5).

Spark plasma sintering of samples of the composites
made from the initial powders leads to the development of
strong texturing in the samples, which is easily observed on

SEM images of the grain structure obtained from a cleaved
surface oriented perpendicularly and parallel to the direction
of pressure application during spark plasma sintering.

The texturing of the samples is associated with the pref-
erential ordering of grains in a plane oriented perpendicular
to the direction of pressure application during sintering (this
direction is the texture axis). Texture formation is a typical
phenomenon observed in Bi,Te;-based polycrystalline com-

EDS scan line

Intensity, arb. units

Distance, pm

Fig. 4. BSE images of filler inclusions and scanning profiles of var-
ious elements taken along the line intersecting the inclusions for the
Bi,Te; + Ni (left-hand side) and Bi,Te; + Fe (right-hand side) com-
posites.
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Fig. 5. SEM images of Ni inclusions in the Bi,Te; + 0.5 at.% Ni
(left-hand side) and Fe inclusions in the Bi,Te; + 0.5 at.% Fe com-
posite (right-hand side).

Fig. 6. SEM images of the grain structure of the composite Bi,Te; +
0.5 at.% Fe obtained from surfaces oriented perpendicular (top) and
parallel (bottom) to the direction of pressure application during
spark plasma sintering.

pounds obtained using various technological methods based
on uniaxial pressing of initial powders [13 — 17]. SEM im-
ages of perpendicular and parallel surfaces for the composite
Bi,Te; + 0.5 at.% Fe are shown in Fig. 6.

The grain structure is a lamellar structure with the
lamellar layers lying in a plane perpendicular to the direction
of pressure application. The lamellar layers consist of grains
elongated in a plane parallel to the direction of pressure ap-
plication (SEM image of a parallel surface).
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Fig. 7. Influence of the filler content on the size of Ni@NiTe, inclu-
sions in the Bi,Te; + Ni composite () and the Lotgering factor for
the Bi,Te; + Fe composite (b ).

The grain structure in the SEM image of the perpendicu-
lar surface is represented by randomly oriented grains of ir-
regular shape and size < 1 um.

It was determined that both the degree of texturing and
the size of the inclusions in composites depend on the filler
content. The results of a detailed study of the effect of the
filler content on the microstructure and thermoelectric pro-
perties of composites will be reported in a separate article.
Here, as preliminary results demonstrating the existence of
such an effect, we offer the dependence of the size d of
Ni@NiTe, inclusions on the Ni content in the Bi,Te; + xNi
composite (Fig. 7a ) and the dependence of the degree of tex-
turing, determined using the Lotgering factor LF [17], on the
Fe content in the Bi,Te; + xFe composite (Fig. 75). Gene-
rally, d trends upward with increasing Ni content and the
Lotgering factor gradually increases with increasing Fe
content.

CONCLUSIONS

Spark plasma sintering of powder mixtures of thermo-
electric Bi,Te; and ferromagnetic metal Ni or Fe was used to
obtain metal-matrix composite composites Bi,Te; + xNi and
Bi,Te; + xFe was used to obtain. Filler inclusions in the form
of locally gradient nucleus—shell inclusions (Ni@NiTe, and
Fe@FeTe,) randomly distributed in the textured Bi,Te; ma-
trix are produced. The nucleus—shell inclusions are formed as
a result of high-temperature diffusion redistribution of matrix
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and filler atoms during sintering, which is accompanied by
the initiation of the chemical reactions Ni — NiTe, and
Fe — FeTe,. The microstructure parameters of the compos-
ites, such as the extent of texturing of the matrix and the size
of the inclusions, strongly depend on the filler content.

This work was performed with the financial support of
the RF Ministry of Education and Science under project
No. 0625-2020-0015.
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