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Abstract: In the present study Cu2MnSnS4/Se4 nanostructured 

material is synthesized using mechanical alloying. The elemental 
powders were alloyed in a high-energy ball mill under the 
following conditions: milling time 25 hours, ball-to-powder mass 
ratio (BPR) 10:1 and a rotation speed of 300 rpm. Detailed 
investigation of the microstructure of the synthesized alloy was 
carried out. The starting elemental powders size and morphology 
were characterized using Apreo field emission gun scanning 
electron microscope (FEGSEM). Elemental mapping of the 
synthesized alloy was characterized using energy dispersive 
spectroscopy (EDS) attached to FEGSEM system. Analysis of 
microstructure was performed using EDAX-TEAM advanced 
software. A dynamic laser light scattering was used for particle 
size analysis. The results showed that Cu2MnSnS4/Se4 
nanostructured is successfully synthesized by ball milling. The 
Z-average size distribution of the particle reveals that ball milling 
results in a considerable refining in the particle size from 44 
micron down to 923.5 nm. Further, it was observed that 94.4% 
showed an average size of 725.8±233 nm. Microstructural 
analysis confirmed the formation of a homogenous structure of 
Cu2MnSnS4/Se4 alloy in the powder and green samples. The 
elemental mapping confirmed the formation of solid solution of 
the processed alloy with homogenous distribution of all elements 
in the examined region. Quantitative analysis performed by 
EDAX-TEAM software confirmed the chemical composition and 
homogeneity of the processed material. 
 

Keywords: Cu2MnSnS4/Se4 Alloy, Thermoelectric Materials, 
Ball Milling, Microstrucre Characterization.  

I. INTRODUCTION 

Presently, worldwide extraordinary research interest for 
utilization of renewable energy technology is aimed due to the 
dramatic climate change, exhausting of fossil fuels, and 
energy protective concerns. The present area of 
thermoelectric technology is one of the solid-state energy 
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conversion technologies which change thermal energy to 
electricity directly using thermoelectric materials. According 
to Seebeck effect, the thermoelectric generator (TEG) is 
working in which voltage would generate when temperature 
differences occurs between hot and cold junction; this was 
invented by Thomas Seebeck in 1821 [1]. The main features 
of this technology are that there are no moving parts, compact 
in size, quite easy for operation, highly reliable and more over 
it is eco-friendly [2-7]. Though, this technology is limited as 
low in energy conversion efficiency. Therefore, nowadays 
researchers are concentrating to develop and get high energy 
conversion efficiency in thermoelectric materials by 
Nanotechnology.  

Development along with improvement of thermoelectric 
properties can be explored and achieved through 
nanotechnology/nanomaterials. Hence, it is necessary to 
develop nano-thermoelectric materials that would improve 
the efficiency of thermoelectric generator for house hold and 
industrial appliances. Mostly, unidirectional solidification 
and/or powder metallurgy techniques are being used for the 
fabrication of thermoelectric materials. It was observed from 
researchers [8-10] that the thermoelectric materials produced 
from unidirectional solidification had offered poor 
mechanical strength due to large grain sizes even though it 
gives higher value of Fig. of merit (ZT) at room temperature. 
However, thermoelectric materials fabricated via hot-pressing 
technique had produced more mechanical strength due to full 
densification; but the performance results from thermoelectric 
materials were not up to the level.  

     The thermoelectric materials of n-type 
Bi2Te2.85Se0.15 developed by Svechnikova et al. [11] had 
reported that they had achieved Fig. of merit (ZT) value of 
~0.93 (250-340 K) but low mechanical bending strength of 
43MPa. One more thermoelectric material of 
Bi2Te2.85Se0.15 by Fan et al [12] had produced by ball 
milling and plasma-activated sintering technique. Based on 
these researchers, it can be identified that the mechanical 
alloying (MA) for synthesizing nano-thermoelectric materials 
would give more benefits for the fabrication of thermoelectric 
materials by which it is expected to get fine grain 
microstructure with improved thermoelectric along with 
mechanical properties.    

     The bulk dense Cu2SnSe3 thermoelectric materials with 
less than 2% porosity by self-sustained combustion reaction 
from elemental powders had successfully fabricated by Liu et 
al [13]. The authors found improvement in electrical 
conductivity of this material which was developed by partial 
substitution of Sn with In. 
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 The Sn-doped thermoelectrical material and In-doped 
thermoelectric materials were produced Fig. of merit values 
of 0.51 and 0.62 at 773K, respectively.  

PbS nanostructured thermoelectric materials were 
fabricated by Chang et al [14]. The main objectives of these 
authors were focused to reduce the value of lattice thermal 
conductivity. It was found that the PbS thermal conductivity 
decreased to around 0.50 Wm-1 K-1 as under nanostructured 
nature at the same temperature condition. Further, the authors 
were achieved the value of Fig. of merit (ZT) of 0.80 at 723 K. 
Mechanically sound (good strength) Bi2Te2.85Se0.15 material 
was developed by Wang et al [15] in which the authors were 
used mechanical alloying for synthetization. Lie et al [16] 
were used combustion synthesis technique to enhance 
thermoelectric material properties on highly-dense 
Cu2ZnSnSe4 thermoelectric material. The authors found that 
the increased value of Fig. of merit for Cu2ZnSnSe4 
thermoelectric sample was due to substitutional solid solution 
of Sn and In in the system. Si-Ge nanostructured based 
thermoelectric materials was synthesized by high-energy ball 
milling which was carried out by Usenko et al [17]. High 
configurational entropy with high thermal stability can be 
achieved by applying the concept of high-entropy alloys 
which is a multicomponent alloy. These high entropy alloys 
can be synthesized by severe plastic deformation technique of 
high-energy ball milling [18]. 

Based on several literatures, there is no work related to the 
development nanostructured Cu2MnSnS4/Se4 thermoelectric 
materials prepared by high-energy mechanical alloying 
method. It is expected that this alloy to be a promising 
candidate for thermoelectric applications. This research paper 
will focus on synthesis and microstructural characterization of 
Cu2MnSnS4/Se4 nanomaterials. 

II. EXPERIMENTAL PROCEDURE 

The as-received powders of pure elements (Cu, Mn, Sn, S 
and Se) with a minimum purity of 99.9% and an average 
particle size of -325 mesh/44μm were obtained from 

Nanografi Company, Turkey. The chemical composition of 
the fabricated sample is 16.8wt.% Cu, 8.3wt.% Mn, 8.3wt.% 
Sn, 33.3wt.% S and 33.3wt.% Se. These powders were 
mechanically alloyed using planetary mill Pulverisette 5/2 
classic line. Tungsten-carbide (WC) vails of 250 ml capacity 
and WC balls of 10 mm diameter were used as grinding 
media. The mixed powders were milled for 25 hours with 
BPR of 10:1 and a rotation speed of 300 rpm. The milling was 
conducted in a liquid media of absolute ethanol (purity 
>99.99%). For the purpose of reducing the heat accumulation 
in the container, milling was performed in the sequence of 15 
min clockwise rotation, pause for 15 min, anticlockwise 
rotation for 15 min and one more pause for 15 min, this cycle 
is repeated to achieve 25 hours of actual milling, as a 
continuous milling operation. The processed powders were 
then dried for microstructural analysis. Green samples were 
prepared using MTS universal test machine where the alloy 
powders were compacted in H13-steel die (15 mm 
inner-diameter) under a load of 400 MPa. The as-received 
elemental powders size and morphology were characterized 
using Apreo field emission gun scanning electron microscope 

(FEGSEM). Elemental mapping of the fabricated alloy in its 
powder and green compact forms was characterized using 
energy dispersive spectroscopy (EDS) attached to FEGSEM 
system. EDAX-TEAM advanced software was used for 
analyzing the microstructure of the sample. A dynamic laser 
light scattering (Malvern instrument) was used for measuring 
the average particle size of the fabricated alloy in its powder 
form. 

III. RESULTS AND DISCUSSION 

The average size of the starting elemental powders is 
-325mesh/44μm. The powders display different 

morphologies, as shown in Fig. 1. Copper reveals dendritic 
shape; manganese displays acicular/faceted fragments, sulfur 
shows asymmetrical nature, selenium reveals aggregated 
sphere-like morphology and tin has rounded shape. 
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Fig. 1. The as-received powders shape and size: (a) Cu; 
(b) Mn; (c) S; (d) Se; and (e) Sn. 

Fig. 2 shows the particle size distribution by intensity 
where the main peaks showed that the average particle size is 
923.5 nm. The Z-average size distribution of the particle 
reveals that ball milling results in a considerable refining in 
particle size from 44 micron down to 923.5 nm. Further, it 
was observed that 94.4% showed an average size of 
725.8±233 nm, as observed from the main peak in Fig. 2, this 
also gives an indication to the homogenous particle size 
obtained from milling process. Table I lists of the average 
particle size obtained from dynamic laser light scattering 
experiment. 

Fig. 3 shows the microstructural characterization of 
Cu2MnSnS4/Se4 alloy in its powder form after ball milling for 
25 hours. The elemental mapping shown in Fig. 3 confirms 
the homogeneity of the alloy produced and the formation of a 
solid solution since uniform distribution of all elements could 
be observed through the examined area. Fig. 3(a) illustrates an 
overlay of the distribution of five elements (S, Sn, Mn, Cu, 
Se) used in production of Cu2MnSnS4/Se4 thermoelectric 
materials. Fig. 3(b) shows the elemental distribution of sulfur; 
Fig. 3(c) displays the distribution of tin; Fig. 3(d) reveals the 
dispersion of manganese; Fig. 3(e) shows the map of copper; 
Fig. 3(f) displays the elemental dispersion of selenium. Fig. 4 
shows the EDS sum spectrum as a plot of counts on vertical 
axis against energy range on horizontal axis, all elements in 
the synthesized alloy are well identified with a proper 
quantitative analysis, as shown in Table II. 
For further analysis of the microstructure, the elemental 
mapping of a green sample is shown in Fig. 5 where the 
elements distribution in Cu2MnSnS4/Se4 green sample is 
displayed. The elemental mapping shown in Fig. 5 further 
confirms the homogeneity of the alloy and the formation of a 
solid solution since more uniform distribution of all elements 

could be observed as compared to Fig. 3. The porosity level in 
the green sample is lower than that in the powder sample. 
Consequently, green sample displays better map in terms of 
homogeneity and the uniform dispersion of all elements. Fig. 
5(a) illustrates an overlay of the dispersion of S, Sn, Mn, Cu 
and Se used in production of Cu2MnSnS4/Se4 thermoelectric 
materials. Fig. 5(b) shows the elemental distribution of sulfur; 
Fig. 5(c) displays the distribution of tin; Fig. 5(d) reveals the 
dispersion of manganese; Fig. 5(e) shows the map of copper; 
Fig. 5(f) displays the elemental dispersion of selenium. Fig. 6 
shows the EDS sum spectrum as a plot of counts against 
energy range, all elements in the fabricated alloy are well 
identified with appropriate quantitative analysis, as shown in 
Table III.  

 
Fig. 2. The Z-average powders size distribution by 

intensity. 
 

Table- I: Summary of the average particle size obtained 
from dynamic laser light scattering experiment. 

Peak # Size 
(d.nm) 

% Intensity Standard 
Deviation (d.nm) 

Peak 1 725.8 94.4 233 
Peak 2 5187 3.8 482.5 
Peak 3 200 1.8 35.51 

Z-Average (d.nm) = 923.5, PDI = 0.417 
Fig. 7 displays the results of a live map analysis of the green 

sample. Live map obtained from EDAX-TEAM software 
collects chemical composition of the selected region over the 
specimen in Fig. 7(a) and identify phase and elemental data, 
as shown in the map in Fig. 7(b). During the mapping process 
dynamic phase and elemental information will be displayed, 
as illustrated in Fig. 7(c). This live mapping is used to display 
phase to element or element to phase information, as 
summarized in Table IV which lists the live map analysis 
results of the green sample. In Table IV, phase composition in 
atomic % and the percent of each phase are listed. The live 
map results revealed a uniform dispersion of all elements with 
a complete solubility where all phases are containing 
S/Cu/Mn/Se/Sn with uniform dispersion in the selected region 
as shown from Fig. 7(b) and (c) and also listed in Table IV. 
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Fig. 3. Composition mapping of the powder sample: (a) an overlay of the distribution of five elements (S, Sn, Mn, Cu, 

Se); (b) S; (c) Sn; (d) Mn; (e) Cu; and (f) Se distribution through the selected region 
 

 
Fig. 4. EDS sum spectrum corresponding to the map region shown in Fig. 3. 

 
Table- II: Quantitative analysis of the elements identified in the map region shown in Fig. 3. 

Element Weight% Atomic% Error% 
S 13.25 25.79 1.68 

Sn 8.98 4.72 1.38 
Mn 10.17 11.56 1.53 
Cu 23.47 23.05 1.92 
Se 44.13 34.88 2.26 
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Fig.5. Composition mapping of the green sample: (a) an overlay of the distribution of five elements (S, Sn, Mn, Cu, 

Se); (b) S; (c) Sn; (d) Mn; (e) Cu; and (f) Se distribution through the selected region 
 

 
Fig. 6. EDS sum spectrum corresponding to the map region shown in Fig. 5. 

 
Table- III: Quantitative analysis of the elements identified in the map region shown in Fig. 5. 

Element Weight% Atomic% Error% 
S 13.29 25.97 1.79 

Sn 12.35 6.52 1.23 
Mn 12.08 13.77 1.45 
Cu 22.41 22.09 1.73 
Se 39.88 31.65 2.24 
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Fig.7. Live map analysis results: (a) the examined area in the green sample; (b) live map image; and (c) live map 
constituents. 

 
Table-IV: Live map analysis results of green sample 

Live Map Analysis Results 
Phase Composition in Atomic % % of the Phase 

(30.92)S-(4.78)Cu-(9.10)Mn-(30.93)Se-(24.27)Sn 10% 
(23.15)S-(3.98)Se-(8.54)Cu-(14.89)Mn-(49.45)Sn 9% 

(18.83)Mn-(5.10)S-(36.39)Cu-(15.59)Sn-(24.09)Se 5% 
(32.91)S-(9.68)Sn-(10.90)Cu-(16.79)Mn-(29.73)Se 8% 
(14.23)Se-(4.48)Cu-(8.95)S-(18.17)Mn-(54.17)Sn 6% 
(20.12)Cu-(5.42)Mn-(19.11)S-(28.52)Sn-(26.82) 9% 

(30.84)S-(6.03)Mn-(20.87)Cu-(18.94)Sn-(23.32)Se 11% 
(28.30)S-(8.01)Cu-(10.88)Sn-(27.69)Mn-(25.11)Se 11% 

(22.34)Sn-(11.92)S-(11.72)Cu-(21.98)Mn-(32.50)Se 6% 
(40.77)S-(6.56)Cu-(10.01)Mn-(17.76)Sn-(24.90)Se 8% 

(21.50)S-(7.68)Mn-(20.50)Sn-(15)Cu-()Se 8% 
(18.28)Sn-(27.99)S-(11.35)Mn-(15.54)Cu-(26.84)Se 1% 
 (20.50)Cu-(5.73)S-(8.79)Sn-(35.49)Mn-(29.50)Se 7% 

 

IV. CONCLUSIONS 

In the present study Cu2MnSnS4/Se4 nanostructured 
material is synthesized using high-energy mechanical 
alloying. The powders were alloyed in a high-energy ball mill 
under the following conditions: milling time 25 hours, BPR 
10:1 with a revolution of 300 rpm. Elemental mapping of the 
synthesized alloy was characterized using EDS attached to 
FEGSEM system. Analysis of microstructure was performed 
using EDAX-TEAM advanced software. The distribution of 
particle size was analyzed. The Cu2MnSnS4/Se4 

nanostructured is successfully synthesized by ball milling. 
The Z-average size distribution of the particle reveals that ball 
milling results in a considerable refining in the particle size 
from 44 micron down to 923.5 nm. Further, it was observed 
that 94.4% showed an average size of 725.8±233 nm. 
Microstructural analysis confirmed the formation of a 
homogenous structure of Cu2MnSnS4/Se4 alloy in the powder 
and green samples. The elemental mapping confirmed the 
formation of solid solution of the processed alloy with 
homogenous distribution of all elements in the examined 
region. Quantitative analysis confirmed the chemical 
composition and homogeneity of the processed material.  
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