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The present paper sets out the optimisation of the mechanochemical synthesis process of the
thermoelectric material Mgz ,Sb; sBig45T€0.05. The current study investigates the effect of varying the
time in the range from 1 to 9 hours on the phase composition, morphology of powders and
thermoelectric properties of the samples obtained. It was established that the formation of the a-phase
is complete after a period of 5 hours of mechanochemical synthesis. It was determined through the
utilisation of scanning electron microscopy, in conjunction with an image analysis algorithm written in
Python, that by 5 hours, a median particle size of 3.7 ym and the most uniform size distribution are
achieved. It has been demonstrated that an increase in the duration to 7-9 hours results in particle
agglomeration without any alteration to the phase composition. It was established that the specimen
extracted from the powder following a period of 5 hours of mechanochemical synthesis possesses
a thermoelectric figure of merit of zT = 0.92 at 765 K. This investigation enabled the determination of
the optimal time for the mechanochemical synthesis of the thermoelectric material Mgz >Sby sBig 45T€0.05

rsc.li/RSCMechanochem

1 Introduction

The development of thermoelectric (TE) materials for utilisation
in thermoelectric generators (TEGs) represents significant
scientific and practical interest, owing to their capacity to
directly convert thermal energy into electricity. TEGs offer
distinct advantages, including autonomous operation, the
absence of moving parts, and the mitigation of vibrations.
Consequently, TEGs have emerged as a promising solution for
the creation of autonomous sources of electricity and for inte-
gration into energy systems with the aim of enhancing overall
efficiency.’

TEGs are composed of n- and p-type legs of TE materials.">
The efficiency of these TEGs is determined by a dimensionless
parameter known as the TE figure of merit:®* zT = (a’a/k)T,
where ¢ is the electrical conductivity (ohm™' em™), « is the
Seebeck coefficient (uWV K '), k = Kia¢ + Kep is the total thermal
conductivity (W (m~* K1), with «j, and k. representing the
lattice and electronic components, respectively, and T is the
absolute temperature (K).

In recent years, there has been a particular focus on mate-
rials with low-symmetry crystal structures, such as Zintl phases,
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through the utilisation of computer vision methodologies.

which are characterised by low lattice thermal conductivity.*
One of the most well-known representatives of this group is
a compound based on Mg;Sb, (space group P3m1), which is
considered to be the most promising for TE applications in the
medium temperature range. The solid solution Mg5(Sb,Bi), has
been shown to exhibit a record zT value of 2.04 at 798 K.” This
material is considered an environmentally friendly alternative
to traditional lead tellurides for n-legs, while possessing
comparable TE characteristics.®®

The hexagonal structure of Mg;Sb, and Mg;Bi, is identical
and contributes to the formation of a continuous series of solid
solutions.”*® In the resulting solid solution, the average effective
electron mass decreases, thereby increasing the mobility and,
accordingly, the electrical conductivity of this compound.™
Furthermore, the lattice thermal conductivity will also decrease
due to the Bi impurity, which is the centre of impurity scat-
tering."> Considering the properties of Mg;Bi, and Mg;Sb,, it
can be concluded that the width of the Mg;Sb,_,Bi, band gap
will decrease with increasing Bi content.®***

In order to regulate the type of conductivity and optimise the
charge carrier concentration, Sb is substituted with elements
from group 16, such as Te.®* The mechanism of action under-
pinning this phenomenon involves the replacement of the Sb*~
anion with Te*”, a process which results in the generation of an
additional free electron for each impurity atom. This, in turn,
ensures stable n-type conductivity.® This doping is critical for
compensating for natural defects—magnesium vacancies,
which in an undoped state create p-type conductivity.'**¢
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Moreover, it is imperative to acknowledge the pivotal influ-
ence of the synthesis method and sintering conditions on the
TE properties of Mg;Sb,.'""?° Presently, the predominant
method for producing this material is mechanochemical
synthesis (MCS), which spans a duration of 10 to 48
hours.*'719202%:293% However, in the majority of studies, MCS
conditions, including grinding duration, are selected empiri-
cally. The optimisation of the MCS time has been demonstrated
to engender a substantial reduction in energy costs, whilst
concomitantly effecting the scale-up of the production of n-type
TEMSs.

The morphological characteristics of powders play a pivotal
role in the development of TE materials. It is imperative to
undertake a comprehensive investigation into the impact of
MCS time on the phase composition and particle size distri-
bution of powders. Determining the particle size distribution of
powders obtained in the MCS process is a laborious task when
using standard methods such as laser diffraction and dynamic
light scattering. The measurement of the particle size distri-
bution of this powder is complicated by the presence of a wide
range of particle sizes, which necessitates the implementation
of a combination of methods to achieve an accurate measure-
ment. It is imperative to note that both methods demand
meticulous sample preparation in accordance with the stipu-
lated methodological regulations. This renders the task
arduous and protracted, and the most minuscule deviation
from the methodological guidelines can result in erroneous
measurements. Therefore, to minimise uncertainties and errors
in particle size measurements and reduce labor intensity, it is
proposed to apply a modern approach to powder morphology
analysis, combining scanning electron microscopy (SEM) with
an image analysis algorithm. This method facilitates more
precise determination of the particle size distribution of
powders comprising a wide range of particle sizes.

The objective of this study is to optimise the time required to
obtain Mg; ,Sb, sBig45T€g 95 using the MCS method, apply
digital methods of image analysis of particle size distribution,
and study the thermoelectric characteristics of the obtained
samples.

2 Experimental
2.1 Materials synthesis

Samples of stoichiometric composition Mg; ,Sb; 5Big.45T€0.05
were obtained by MCS with varying times from 1 to 9 hours. The
following components were used as starting materials: Mg
(powder, 99.5%), Sb (granules, 99.999%), Bi (granules,
99.999%), and Te (granules, 99.999%). The initial components
in stoichiometric proportions were ground in an agate mortar to
a micro-powder state, which was then transferred into a 250 ml
stainless steel milling chamber. The powder was loaded and
unloaded in a glove box under an argon atmosphere. 30 ml of
surfactant-hexane was added to the mixture to inhibit
agglomeration during milling. The synthesis was carried out in
a planetary ball mill (Retsch PM 400 MA). The ball-to-powder
(BPR) weight ratio ranged from 5:1 to 10:1 (d = 5 mm, stain-
less steel). The total number of balls was 700-1000 pcs. The
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rotational speed of the milling chamber was maintained within
the range of 300 to 500 rpm. Following the grinding process, the
hexane was evaporated at ambient temperature. Subsequently,
the powder was subjected to a sieving process, employing
a sieve with a mesh size of 250 pm. The resulting powder was
consolidated using the spark plasma sintering (SPS) method on
an SPS-511S (Dr Sinter Lab., Japan) at 650 °C and 5 min under
50 MPa. The obtained samples were subjected to a process of
annealing for the elimination of residual stresses in crucibles at
temperatures ranging from 400 to 600 °C in an argon
atmosphere.

2.2 Research methods

The phase analysis was performed by X-ray diffraction (XRD)
using a Bruker D2 Phaser diffractometer (Cuy,, radiation, A =
1.5418 A). Phase identification was performed using the ICDD
PDF-4+ database. The morphology of the powders was studied
by SEM using an FEI Quanta FEG 250 microscope. All powders
were imaged at an accelerating voltage of 10 kV in secondary
electron mode.

The particle size distribution of the powders was analysed
using SEM. The powders were dispersed in a specialised appa-
ratus and placed on the surface of double-sided carbon tape
under a powerful air flow. It is evident that the repeated high-
energy collisions of powder particles with the walls of the
device resulted in effective dispersion and the subsequent
monolayer placement of the powder on the stage. Subsequently,
a set of images (8-10 pieces) was processed using an algorithm
written in the Python programming language. The imple-
mentation of this algorithm was facilitated by the utilisation of
open-source libraries: Numpy, scikit-image, Pandas, Matplotlib,
and Seaborn. The primary stages of image processing and
analysis comprised the following: sequential automatic image
loading, noise filtering, brightness thresholding employing
Otsu's method,** powder particle segmentation, calculation of
particle geometric dimensions, and visualisation of the analysis
results.

Electrical resistance was measured using a four-probe
method, while the Seebeck coefficient was measured in
parallel using a differential method. The measurements were
conducted within a helium atmosphere using a ZEM-3 setup
(ULVAC Riko, Japan). Thermal conductivity was measured using
the steady-state heat flow method. The density of the samples
was measured using the hydrostatic weighing method. Given
that the relative density of the samples was 87-94%, porosity
correction according to the Maxwell-Eucken equation was
applied during the processing of the experimental data (¢ and
k).*> The errors in measuring the Seebeck coefficient, electrical
conductivity, and total thermal conductivity were approximately
5%. All measurements were conducted within the temperature
range of 390-770 K.

3 Results and discussion

The diffractograms of powders obtained by MCS with varying
times from 1 to 9 hours are shown in (Fig. 1). A thorough

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Powder XRD patterns of the samples of stoichiometric
composition Mgs »Sb; sBig 45T€g 05 Were obtained by MCS with varying
times from 1 to 9 hours. Bragg's reflections for the MgzSb, phase are
indicated by black ticks on the bottom part of the figure.

analysis of the diffraction patterns revealed that in the samples
after 1 and 3 hours, the initial elements (Mg and Sb) and
intermediate phases predominate. However, after 1 hour, the
formation of the target a-phase has already commenced.
Following a grinding process that lasted for a period of 5 hours,
the a-phase was the only phase detected. An extension of the
grinding time to 9 hours did not result in any discernible
alterations to the phase composition, suggesting that phase-
forming processes are complete by 5 hours. Analysis of the
phase composition of the powders indicates the potential for
the acquisition of the material exhibiting the requisite a-phase
after 5 hours of grinding.

The morphology of powders obtained by MCS with varying
times from 1 to 9 hours is illustrated in (Fig. 2). A thorough
analysis of the morphological characteristics indicated
a discernible alteration in the powder parameters, contingent
on the duration of the processing procedure. Furthermore, the
process of phase formation in a compound can be described by
morphological characteristics. Following a period of grinding
that lasted for 1 hour, a substantial variation in the particle size
was observed, with both large and small fractions being present.
Furthermore, the presence of numerous unreacted precursors
becomes evident, as evidenced by the presence of different
phases in the powder diffractogram. Subsequent to a duration
of 3 hours, no significant alterations in the dimensions of the
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Fig. 3 boxplot of the distribution of the linear dimensions of the
particles and the median values of powders of stoichiometric
composition Mgz »Sb; sBig 45T€0 o5 Obtained by MCS with varying times
from 1 to 9 hours.

particles were detected. However, evidence of mechanical acti-
vation became apparent, as indicated by the partial destruction
of large particles and the subsequent formation of smaller
fragments. Furthermore, there are precursors that have not
reacted. However, the diffractogram presented in (Fig. 1) indi-
cates a quantitative increase in the main phase Mg;Sb,. The
most significant alterations in morphology were documented
following a grinding duration of 5 hours. The powders exhibited
the formation of finely dispersed granules, distinguished by
their irregular morphology. This assertion is substantiated by
the observation that, subsequent to a grinding period of 5
hours, the diffractogram of the samples exhibits exclusively the
presence of the requisite phase. As the duration of the process is
increased to a period of 7 hours, the process of particle aggre-
gation with the formation of large, loose agglomerates becomes
evident. Following a 9-hour grinding process, a slight decrease
in the size of the agglomerates was observed. The data obtained
suggest that the morphological changes undergone during the
MSC process are of a complex nature, encompassing the
dispersion stage (1-5 hours) and subsequent aggregation stage
(7-9 hours) of particles.

The evaluation of the particle size distribution was con-
ducted through the analysis of SEM images of powders obtained
at varying MCS times, employing the technique of particle di-
gitisation. The results of the analysis are presented in (Fig. 3) in
the form of a boxplot, showing the dependence of linear particle
sizes and median values on grinding time. Following a period of
1 hour during which grinding was undertaken, the median

Fig.2 SEM micrographs of powders of stoichiometric composition Mgz 2Sb1 sBig 45 T€0.05 Obtained by MCS with varying times from 1 to 9 hours.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particle size was determined to be 7.1 um, with a significant
spread of values. As demonstrated in Fig. 3, the median size
decreased to 4.9 pm after 3 hours of milling. The most signifi-
cant milling was observed after 5 hours of grinding with
a median size of 3.7 um. It is worthy of note that, at an MCS time
of 7-9 hours, the particle size stabilised at approximately 3 um.
This finding suggests that the grinding limit had been reached
under these specific MCS conditions. The results obtained are
consistent with those of the SEM data. In particular, it was
found that after 5 hours of MCS, the average particle size
reached 3.7 um. The results obtained demonstrate that 100% of
the powder particles after 5 and 9 hours of grinding are in the
range up to 100 um. However after 1 and 7 hours 100% of the
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Fig. 4 Powder XRD patterns of the samples of stoichiometric
composition Mgz »Sbs 5Big 45 T€0.05 Obtained by MCS with varying times
from 1 to 9 hours and after SPS. Bragg's reflections for the MgzSb,
phase are indicated by black ticks on the bottom part of the figure.
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particles are in the range up to 1000 um. This discrepancy is
presumably attributable to the presence of the unmilled mate-
rial for a duration of 1 hour, and to the accumulation of
agglomerates over a period of 7 hours.

Fig. 4 presents the diffractograms of the sintered samples of
Mg;,Sb 5Big.45Teq05s With varying MCS times of the initial
powder. Analysis of the diffraction patterns revealed that the a-
phase was the sole phase detected in all of the samples
analysed.

Fig. 5 presents the SEM images of the fracture. The sample
obtained after 1 hour of MCS was characterised by a loose,
heterogeneous structure with pronounced residual porosity,
indicating insufficient powder grinding for effective compac-
tion. The extension of the grinding time to 3 hours resulted in
the formation of a virtually pore-free, dense structure, charac-
terised by the presence of large, well-defined grains exhibiting
a characteristic lamellar morphology. This phenomenon can be
attributed to the crystallography of the compound. Subsequent
MCS in the samples after 5 and 7 hours resulted in further
grinding of the structural elements. As demonstrated in the
sample after 7 hours, the lamellar structure is observed to
practically disappear, transforming into a fine-grained or
submicron structure. This finding indicates that the peak
structural dispersion has been achieved. However, following
a period of 9 hours of MCS, an unanticipated coarsening of the
structure and a reappearance of lamellarity are observed. This
phenomenon can be interpreted as the result of abnormally
rapid grain growth and recrystallisation during sintering,
caused by excessive accumulation of defects and energy in the
powder due to excessively protracted grinding. Consequently,
the optimal MCS time ensuring maximum structure refinement
is presumably in the range of 5-7 hours.

Fig.5 The SEM micrograph of the fracture surface of bulk Mgz >Sb; sBig 45 T€0.05 Samples obtained by MCS with varying times from 1 to 9 hours

and after SPS.

Table 1 Densities of bulk Mgz »Sb sBig 45T€g.05 sSamples obtained with increasing MCS milling time and after SPS

Sintering Annealing
MCS time, hours Density, g cm Relative density, % Density, g cm * Relative density, %
1 4.0772 87.7 4.0725 87.6
3 4.3582 93.8 4.3580 93.8
5 4.3385 93.3 4.3302 93.2
7 4.3567 93.7 4.3491 93.6
9 4.3163 92.9 4.3098 92.7
RSC Mechanochem. © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature dependencies of (a) electrical conductivity, (b)
Seebeck coefficient, and (c) power factor of bulk Mgz »,Sby sBig 45Te€g 05
samples obtained by MCS with varying times from 1 to 9 hours and
after SPS.

The aforementioned trend is also replicated in the measured
densities of sintered and annealed samples, as presented in
Table 1. Following the completion of the sintering process after

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1 hour of MCS, the resultant sample exhibited the lowest
density, while the remaining samples demonstrated an
approximate density of 93%. Following the process of anneal-
ing, a decline in the density was observed for all samples. This
phenomenon is likely attributable to microstructural alter-
ations and the manner in which substances behave during the
heat treatment process.

Finally, studies were conducted on the TE properties of bulk
samples obtained from powders processed at different MCS
times. As illustrated in (Fig. 6a), the temperature dependence of
the electrical conductivity of Mgs ,Sb; 5Big 45T€ o5 Samples with
varying MCS times is evident. It is notable that all samples
exhibit behaviour consistent with that of heavily doped semi-
conductors. With increasing temperature, the electrical
conductivity, o, initially increases, reaching a maximum in the
range of 550-700 K, and then begins to decrease slightly. The
highest electrical conductivity values across the entire temper-
ature range are demonstrated by the sample obtained after 1
hour of MCS, which may be related to the grain size.

The temperature dependencies of the Seebeck coefficient are
demonstrated in (Fig. 6b). It is evident that all samples exhibit
negative S values, thereby suggesting n-type conductivity. The
absolute value of the Seebeck coefficient |S| increases mono-
tonically with temperature for all samples. The sample obtained
after 1 hour of MCS has the lowest value of || = 205 uv K " at
765 K, while the other samples have higher values with |S| =
255 uv K ' at 765 K. Concurrently, the Seebeck coefficient
values of all samples from 3 to 9 hours of grinding are within
the same range.

As illustrated in (Fig. 6c), the power factor (PF = S%0) is
dependent on temperature. The optimal combination of elec-
trical conductivity and Seebeck coefficient is demonstrated by
the sample sintered after 5 hours of MCS, which exhibits the
best power factor values. The maximum PF value is approxi-
mately 16 uW (cm ™" K~ ?), which is observed at the temperature
around 650 K.

As illustrated in (Fig. 7a), the temperature dependence of the
total thermal conductivity, «, is demonstrated. Within the
temperature range of 395 to 580 K, it is evident that the values of
k undergo a decline in proportion to the rise in temperature. It
is evident from the data that there is a slow decrease in values
for all samples above 580 K. Following a 1-hour MCS, the
sample exhibits elevated thermal conductivity, a phenomenon
attributable primarily to its comparatively larger grain size in
comparison to other samples. The minimum value of k =
1.25 W (m ™" K™ ") is demonstrated by the sample after 3 hours of
MCS at a temperature of 580 K.

The electronic component of thermal conductivity «e,
calculated according to the Wiedemann-Franz law, is demon-
strated in (Fig. 7b). It is evident that, in accordance with the
behaviour of electrical conductivity, there is a monotonic
increase in k. with an increase in temperature. The most
significant contribution of the electronic component is
observed in the sample sintered after 1 hour of MCS, which
demonstrates maximum electrical conductivity.

As illustrated in (Fig. 7c), the temperature dependence of the
lattice thermal conductivity ki, is depicted as the difference k¢

RSC Mechanochem.
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Fig. 7 Temperature dependencies of (a) total, (b) electronic, and (c)
lattice thermal conductivities of bulk Mgz ,Sb; sBig45Teg. 05 samples
obtained by MCS with varying times from 1 to 9 hours and after SPS.

= Kk — Ke. The values obtained for all samples decrease across
the entire temperature range and have a dominant contribution
to the overall thermal conductivity. Within the temperature
range of 395-580 K, the lattice thermal conductivity of all
samples is described by the 7> dependence. This is consistent

RSC Mechanochem.
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with the Klemens-Callaway model,**** which suggests that the
observed scattering is due to point defects. Indeed, such
a dependence is characteristic of the compounds under
consideration, in which point defects such as vacancies, alloy
disorder scattering, interstitial atoms, and impurity atoms are
present.””**%¢ Across the entire temperature range, the lattice
contribution values for the sample sintered after 5 hours of MCS
demonstrate minimal values. Consequently, this particular
sample attains the minimum value of ;. = 0.93 W (m " K %) at
T =765 K, a pivotal factor in attaining a high TE figure of merit.

Fig. 8a presents the temperature dependence of the TE figure
of merit of the samples obtained after varying MCS times. For
all compositions, the dimensionless parameter z7' increases
linearly with increasing temperature, reaching a maximum near
765 K. The maximum value of zT is approximately 0.92 at 765 K,
demonstrated by the sample sintered after 5 hours of MCS. The
elevated figure of merit is indicative of a synergistic optimisa-
tion of transport properties. This specimen exhibits a high
electrical conductivity, which is commensurate with that of the
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Fig. 8 (a) Temperature dependence of the TE figure of merit and (b)
maximum values of the TE figure of merit of bulk Mgz »,Sby sBig 45Teg o5
samples obtained by MCS with varying times from 1 to 9 hours and
after SPS.
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specimen following 1 hour of grinding. This, in turn, results in
a high power factor. Simultaneously, it has been demonstrated
that a duration of 5 hours of grinding results in a substantial
reduction of the total thermal conductivity, achieved by mini-
mising the lattice component. The sample obtained after 1 hour
of MCS demonstrates a considerably diminished figure of
merit, attributable to the low power factor, particularly the
Seebeck coefficient, despite elevated electrical conductivity
values.

Fig. 8b demonstrates that with an augmentation in grinding
time from 1 to 5 hours, the TE figure of merit of the samples
exhibits a 48% increase. An additional augmentation in MCS
time from 7 to 9 hours results in a 13% diminution in the figure
of merit, culminating in stabilisation at zT' = 0.8 at 765 K.

The proposed approach, which combines morphological and
phase analysis, enables significant optimisation of synthesis
parameters. This approach has been shown to reduce process-
ing time without compromising the quality of the final product.
The stabilisation of particle sizes after 5 hours of grinding
indicates the possibility of minimising energy consumption in
the production of TE materials of this class.

4 Conclusions

In this study, powders of the thermoelectric material Mg; ,-
Sb, 5Big 45Teg 05 Were obtained by mechanochemical synthesis
with varying times from 1 to 9 hours. Experimentally, it was
determined that the optimal MCS time for Mg3 ,Sb; 5Big 45T€.05
is 5 hours. Within this time frame, the formation of the target o-
phase is completed, a median particle size of 3.7 pm is achieved,
and the most uniform particle size distribution is observed. The
thermoelectric figure of merit of the sample obtained from the
powder after 5 hours of MCS is zT' = 0.92 at 765 K. This MCS
time is optimal under the existing conditions due to the
resulting particle size distribution, which allows the synthesis
of a microstructure that determines suitable thermoelectric
characteristics. A comprehensive approach combining phase
and morphological analysis allows a significant reduction in the
synthesis time from 10-20 hours to 5 hours.
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