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a b s t r a c ta r t i c l e i n f o

The thermoelectric generators reliability is highly sensitive to the materials they are made off. This work aims to
characterize the structure, microstructure, emissivity and thermo-mechanical properties of p-type (MnSi1.77)
and n-type (Mg2Si0.6Sn0.4) highly promising thermoelectricmaterials. In particular, the temperature dependence
of the Young's modulus, evaluated by impulse excitation technique, shows for both materials values higher than
those reported in literature. Fracture toughness measured by both single edge notched beam and indentation
methods exhibits similar values to those reported in the literature. Micro-indentation measurements reveal
that the hardness values of the MnSi1.77 are significantly higher than the Mg2Si0.6Sn0.4 one.
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A thermoelectric generator (TEG) is a static and autonomous system
that converts thermal energy into electrical energy and vice-versa. TEG
are constituted by pairs of n-type and p-type thermoelectric materials
(also called legs) which are electrically connected in series and ther-
mally in parallel. These thermoelectricmaterials are put in sandwichbe-
tween two metallized ceramic plates (π geometry) and brazed on
electrical tracks which provide a good electrical and thermal transfer
and insure a high mechanical cohesion of the whole set [1].

The thermoelectricity markets are in full development with the
growing interest in the recovery of dissipated thermal energy and tem-
perature management of electronic components [2–6]. Industrial needs
are mainly limited to a low (0–250 °C) andmedium (250–500 °C) tem-
perature ranges [7,8]. For low temperatures, the devices available on the
market are based on bismuth telluride alloys. However, for medium
temperatures range, to this day, very few TEGmodules are commercial-
ized while numerous industrial applications dissipate thermal waste in
this range of temperatures [2,3,9]. Due to their good thermoelectric per-
formances, some compounds were identified for medium temperatures
applications, as silicides [10–15] or skutterudites [16] which are under
development. However, crucial challenges remain to be solved in
terms of i) robustness (mechanical), ii) chemical stability, iii) toxicity
of thematerials, iv) fabrication cost and v)mass production capacity be-
fore they could be put on the market.

Degenerated semiconductors, includingMg2Si1-xSnx [11,16–19] and
MnSi1.77 also called high manganese silicide (HMS) [10–15,19], belong
to the family of the most promising thermoelectric materials for me-
dium temperature applications. Mg2X intermetallic compounds (X =
Si, Ge and Sn) and their solid solutions (Mg2Si1-xSnx) are high quality
thermoelectric candidates [16]. The synthesis of these materials is the
subject of several research studies [10–15]. However, in only few of
them [11], the characterization of their thermo-mechanical properties
have been carried outwhile for thermoelectric applications their knowl-
edge is crucial to improve the reliability of the generators.

The TEG, usually assembled by brazing, is subjected to temperature
cycles of high amplitude, long durations depending on the type of appli-
cations (i.e.: automotive, aeronautic…), but also to very important ther-
mal gradients (i.e. hundreds of degree/cm). The reliability of
thermoelectric devices is dependent on the cyclic thermal loads they
undergo which cause thermo-mechanical stresses at different packag-
ing interfaces due to the diversity of materials used in the manufacture
of the system (i.e.: Ag, AlN, Cu, TE materials). This is mainly due to the
mismatch of the of thermal expansion coefficients (TEC) between
these materials (metallization-substrate/TE materials) [20,21]. In addi-
tion, thermoelectric materials are brittle (low toughness) with re-
stricted plastic accommodation that limits their use, the difference in
stiffness and TEC of these materials can generate stresses at the inter-
faces of the TE module, which can lead to cracks. The presence of the
latter's in themodule induces an increase in thermal and electrical resis-
tances leading to system overheating and its failure [22–24].
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To better optimize TEG's design, it is essential that their thermoelec-
tric materials are both highly-performing and mechanically reliable. In
addition to the thermoelectric properties, it is important to know the
thermo-mechanical characteristics of thermoelectric materials such as
their thermal expansion coefficient (TEC), Young's modulus (E), tough-
ness as well as their hardness to validate their performances and reli-
ability in operating thermoelectric devices. This work aims at
characterizing the structure, the microstructure, the emissivity (ε) and
thermo-mechanical properties of two promising thermoelectric mate-
rials (Mg2Si0.6Sn0.4 and MnSi1.77) and comparing them, when they are
available, with those reported in the literature.

Our industrial partner HotBlock OnBoard has manufactured legs of
two thermoelectric materials of respective composition: MnSi1.77
(HMS) andMg2Si0.6Sn0.4, through the spark plasma sintering (SPS) pro-
cess [25]. After sintering, the relative density of bothmaterialswasmea-
sured by the Archimedes.Method. Values of 96% and 99%were obtained
for respectivelyMnSi1.77 andMg2Si1-xSnx indicating that SPS led to fully
dense pellets. Then, the latter have been cut by a micro-cutter with a
specific lubricant for each of them: water for the MnSi1.77 and oil for
the Mg2Si0.6Sn0.4 (to protect it against oxidation).

The different crystallographic phases were analyzed by X-ray dif-
fraction using a D4 Endeavor diffractometer (λCuKα1&2

= 1.541 Å). The
microstructures were characterized using a scanning electron micro-
scope JEOL JSM-7100 TTLS LV with an energy dispersive spectroscopy
(EDS) detector SDD X-Max 80 mm2 Oxford Instruments Aztec Energy
and an electron backscatter diffraction (EBSD) detector AZtec HKL Ad-
vanced Nordlys Nano and an optical microscope NIKON ECLIPSE
MA200 (without etching).

TEC analyses were performed on both thermoelectric materials
using a Setaram Setsys Evo dilatometer using heating and cooling
rates of 5 °C/min. The testswere conducted under argon gas to avoid ox-
idation. MnSi1.77 has undergone two heating cycles with a 3-hour hold
at 1050 °C. Mg2Si0.6Sn0.4 has undergone two heating cycles with a 3-
hour hold at 600 °C.

The single edge notched beam(SENB) technique [26,27]was used to
measure the fracture toughness (KIC) of parallelepipedic samples using
relation (1) [27].
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where F (N) is the maximum load, L (mm) is the span between the two
outer supports, a (mm) is thewidth, b (mm) is the thickness and c (mm)
is the size of the notch in the specimen.

Notches were created with a diamond wire saw (200 μm in diame-
ter), their deepness were measured precisely (±0.5 μm) using an opti-
cal microscope. The tests (10 specimens for each materials) were
conducted on anMTS tensile system equipped with a cell with a capac-
ity of 5 kN. The toughness values via SENB technique (Table 1)were per-
formed with a c/b ratio between 0.46 and 0.55. The SENB tests until
failure were performed with a loading speed of 3 mm/min on and a
reach of 13 mm.

The micro-indentation was used to measure the Vickers hardness
(Hv) of both thermoelectric materials. The tests were carried out
using a micro-hardness tester (HM 200 – MITUTOYO) with a square-
based pyramidal diamond indenter tip. The indentations were per-
formed on polished surfaces of the samples. The Vickers microhardness
of bothmaterials wasmeasured at several charges (0.03 kg, 0.05 kg and
0.1 kg). To determine the mean hardness, a minimum of 10 indents
were made at each load. The microhardness is calculated from the ap-
plied load P (N) and the length of both diagonal d1 (mm) and d2 (mm)
of this indentation according to the following relation [28]:
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Through the Vickers indentation tests, toughness is evaluated by the
measurement of the length of radial cracks (Fig. 3) formed at the cor-
ners of the hardness indentation marks [29,30]. The determination of
toughness is then obtained by applying the Charles and Evans' analytical
relation (3), which integrates the geometric specifications of the radial
crack [31]:

KIC ¼ 0:0752
F

c
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2
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where F (N) is the applied force and c (mm) is the average length of the
cracks created at the corners of the indentation and measured from its
center.

E measurements were conducted by impulse excitation technique
(IET) [32–34]. The measurement is based on the theory of the propaga-
tion of mechanical waves in solids. A pulse is given on beam or cylinder
shapematerialwith a small hammer. The soundwaves propagate in the
material, as a result of this shock, the sound is listened with a micro-
phone.While thematerial vibrates at its resonance frequency, themea-
sured frequency will be a characteristic of the mechanical support
points (tensile or torsion) of the specimen, its geometry and its elastic
properties. A series of measurements were made with an appropriate
experimental set-up (fundamental flexure or torsion mode) for each

Table 1

Mechanical proprieties of MnSi1.77 and Mg2Si0.6Sn0.4.

Material Fracture toughness Vickers hardness Thermal expansion coefficient Young modulus

Via SNEB Via hardness 25 °C 500 °C

KIC [MPa.m0.5] Hv [GPa] α [10−6 K−1] E [GPa]

MnSi1.77 2.5 ± 0.3 1.60 ± 0.15 16.0 ± 1.1 12 281 263
Mg2Si0.6Sn0.4 1.0 ± 0.1 0.70 ± 0.15 4.5 ± 0.4 17 90 82

Fig. 1. X-ray diffraction patterns for: a) MnSi1.77 and b) Mg2Si0.6Sn0.4.



sample for temperatures between 25 °C and 500 °C with a heating rate
of 2 °C/min. The temperature is expressed in °C and the E is given in GPa.
E measurements in temperature using this method were carried out at
Aurock company according to ASTM E 1876, ISO 12680-1, ENV 843-2
corresponding to the first mode of vibration.

Emissivity of both materials was measured at 60 °C thank to a AEL
Device Service emissiometer with an accuracy of (+/− 0.01).

The XRD patterns of MnSi1.77 and Mg2Si0.6Sn0.4 (Fig. 1) obtained
on the sintered samples, after baseline subtraction, have shown in-
tense and fine peaks indicating a good crystallization of elaborated
materials. On one hand, pattern analysis of MnSi1.77 has revealed
the presence of themajor phaseMn15Si26which crystalized in the te-
tragonal system (JCPDS file n°00-020-0724) with some weak peaks
of the silicon phase (JCPDS file n°00-027-1402). On The other hand,
concerning the Mg2Si0.6Sn0.4 material, the Mg2Sn0.6Si0.4 phase crys-
tallized in the cubic system (JCPDS file n°01-077-2914) has been
identified on the X-ray pattern. For this compound, the asymmetric
form of the diffraction lines is due to the presence of several families
of the same phase but with different lattice parameters, sizes and
micro-deformation of crystallites.

The microstructures of the investigated materials are illustrated in
the Fig. 2. The microstructure of MnSi1.77 (Fig. 2a) is mainly composed

of a gray matrix (HMS saturated in Manganese) in which minor silicon
inclusions (blue phase) are located at the grains boundaries. Due to the
manufacturing process and the dispersion of the powder grain size (20–
50 μm), some voids (black spots) are also located at the grains bound-
aries in agreement with the relative density (96%) reported previously.
The size of the MnSi1.77 grains measured by EBSD analysis on sintered
samples varies from 2 to 67 μm. The average grain size is 6 μm (statistic
on 2495 grains). For Mg2Si0.6Sn0.4 material microstructure (Fig. 2b), it
can be noted the presence of two phases homogeneously distributed
in the material. On the basis of EDS analysis, it is deduced that the
gray phase corresponds to the Mg2Si and the white phase corresponds
to the Mg2Si0.6Sn0.4 matrix. Here again the microstructure is in agree-
ment with the relative density measurement (99%) since no significant
porosity is observed, Mg2Si0.6Sn0.4 has a higher relative density com-
pared to MnSi1.77. The size of the Mg2Si0.6Sn0.4 grains measured by
EBSD analysis after sintering varies between 3 and 46 μm. The average
grain size is 7 μm (statistic on 4521 grains).

The average values of the Vickers hardness (load of 0.1 kg for 10 s) at
room temperature ofMnSi1.77 andMg2Si0.6Sn0.4 are 15±1GPa and 4.20
± 0.35 GPa respectively, (Table 1). MnSi1.77 and Mg2Si0.6Sn0.4 have a
higher hardness than those found in the literature (HMS: 11.85 GPa,

Fig. 2. Optical micrographs of: a) MnSi1.77 and b) Mg2Si0.6Sn0.4. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

Fig. 3. Vickers microhardness indentations of a) MnSi1.77 and b) Mg2Si0.6Sn0.4.



Mg2Si1-xSnx: 3.54 GPa, load of 1 Kg for 10 s) [11]. This can be explained
by the fact that the hardness of a such material is highly dependent on
its microstructure, silicon content and stress state of each material
after shaping. In addition, the use of heavy loads for indentation favors
the generation of cracks (dissipated energy) which reduces the mea-
sured Vickers hardness of the materials.

When the indenter penetrates, visible cracks on the surface of the
sample (MnSi1.77 and Mg2Si0.6Sn0.4) are created and extend from the
center of the indentation through its corners (Fig. 3). Once initiated,
these cracks propagate under residual contact stresses and this propa-
gation stops when the stress intensity factor at the crack base becomes
equal or lower to the toughness of the material.

In the present work, two techniques were used to evaluate the frac-
ture toughness of the both materials. It is known that the toughness
value depends on the nature of materials investigated but also to the
chosen technique used to evaluate it [27]. The toughness values ob-
tained from indentation test using Eq. (3) are reported in Table 1. The
toughness values of both thermoelectric materials were also deter-
mined fromSENB technique using Eq. (1). The average toughness values
of MnSi1.77 using the SENB technique and indentation fracture test are

2.5 ± 0.3 MPa.m0.5 and 1.60 ± 0.15 MPa.m0.5 respectively. The average
toughness values of Mg2Si0.6Sn0.4 using the SENB technique and inden-
tation fracture test are 1.0 ± 0.1MPa.m0.5 and 0.70± 0.15MPa.m0.5 re-
spectively. The values found are close to those found in the literature
(HMS: 1.63 MPa.m0.5, Mg2Si1-xSnx: 0.99 MPa.m0.5) [11]. Both materials
have very low toughness values which could have detrimental conse-
quences during the TEG device assembling and for their reliability. The
application of heavy loads during the brazing step can initiate and pro-
mote the propagation of lateral cracks that can cause flaking by opening
onto the surface of the specimen.

The evolution of the TEC of MnSi1.77 and Mg2Si0.6Sn0.4 are re-
ported in Fig. 4a. For the MnSi1.77, we have noticed that the overall
shape of the cycle during heating is almost the same (around 12
10−6 K−1). In all tests, the material underwent substantial densifica-
tion after 1 h of holding at 1050 °C. Mg2Si0.6Sn0.4 is stable for both
heaters in the room and 600 °C. The TEC mean value of Mg2Si0.6Sn0.4

(17 10−6 K−1) is higher than that of MnSi1.77 (12 10−6 K−1). This dif-
ference between the two thermoelectric materials generates me-
chanical stresses and induces an asymmetric global thermal
expansion during the operation of TEG.

Fig. 4. (a) Thermal expansion coefficient vs temperature and (b) Young's modulus vs temperature of MnSi1.77 and Mg2Si0.6Sn0.4.



In the present study, the mean values of Young's modulus at room
temperature of MnSi1.77 and Mg2Si0.6Sn0.4 are 281 ± 2 GPa and 90 ±
1 GPa respectively. The elastic modulus obtained for Mg2Si0.6Sn0.4 is in
good agreement with the values given in the literature (83 ± 25 GPa)
[5]. On the other hand, Young's modulus obtained for MnSi1.77 is higher
than the values given in the literature (160 ± 30 GPa) [5]. Their evolu-
tion with temperature is also reported in Fig. 4b. A monotonous de-
crease is noted when the temperature increases up to 500 °C for both
materials. Young's modulus of MnSi1.77 decreases from 281 GPa at 25
°C to 263 GPa at 500 °C and from 90 GPa at 25 °C to 82 GPa at 500 °C
for Mg2Si0.6Sn0.4. Several studies have revealed the temperature depen-
dence of Young'smodulus via IET [33,34]. Dependingon the authors, Ar-
rhenius or polynomial law are used to describe their temperature
dependence. It depends on the thermal behavior of the sample. Here,
the evolution of Young's modulus of MnSi1.77 and Mg2Si0.6Sn0.4 as a
function of temperature can be well fitted (R2) using three order poly-
nomial laws; thus their behavior law can be described by the relations
(4) and (5).

MnSi1:77 : E ¼ 280:70−2610−3T−2010−6T2 þ 610−9T3 ð4Þ

Mg2Si0:6Sn0:4 : E ¼ 90:66−14:910−3T−310−6T2
−410−9T3 ð5Þ

Finally, the measured emissivity values are 0.60 and 0.70 for
MnSi1.77 and Mg2Si0.6Sn0.4 respectively.

Although considerable researches have been carried out to inves-
tigate the synthesis and thermoelectric properties of MnSi1.77 and
Mg2Si0.6Sn0.4, very little information is available in the literature re-
garding their thermomechanical properties (TEC, Hv, K1C). In this
paper, we fill this gap investigating the mechanical properties of as
well as the structure, microstructure of MnSi1.77 and Mg2Si0.6Sn0.4.
In particular, to the best of our knowledge, for the first time the ther-
mal dependence of Youngmodulus of both materials has been deter-
mined using impulse excitation technique and a behavior law has
been proposed.

TEGmodules of 24 legs have already beenproduced exhibiting inter-
esting performances (Power max delivered= ~1W/cm2with a yield of
~4.5% for Thot=450 °C and Tlow=50 °C). All the propertiesmeasured in
this work will be very helpful to supply a numerical model to simulate
the thermo-mechanical behavior of the TEG and to optimize their de-
sign and performances.
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