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ABSTRACT

Magnesium silicide have been high performance'in temperature ranges 500 — 800 K which are
medium-temperature and appropriate for applications with waste heat. The Ag and Bi doped Mg2Si
were synthesized by hot press method. The crystal structure was analyzed by X-ray diffraction.
Thermoelectric properties were measured in temperature rang 323 — 473 K. The XRD pattern of all
samples show single crystal and crystallite size slightly increase for doped sample. The doped samples
show thermal conductivity lower than un-depe and Ag-doped show maximum decrease about 44.44%
at 473 K. The electrical resistivity of doped samples was decreased, and decrease 33% for Bi doped at
473 K. The doped materials slightly decreased Seebeck coefficient about 4% and 16% for Ag and Bi
doped, respectively. The highest ZT was found in Ag doped about 0.47 * 107 at 473 K.

KEYWORDS: Alternative Energy; Thermoelectric; Magnesium silicide; Silver; Bismuth
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INTRODUCTION

Thermoelectric (TE) materials has been
investigated in recent years for renewable heat
energy into electricity. The performance of TE
materials were confirmed by dimensionless figure
of merit ZT=S’T/ok, where S is Seebeck
coefficient, T is temperature, o is electrical
resistivity and k is thermal conductivity). Good
TE materials needed to high Seebeck coeflicient,
low electrical  resistivity and  thermal
conductivity. Magnesium silicide have been high
performance in temperature ranges 500-800 K
which are medium-temperature and appropriate
for applications with waste heat. The highest
ZT was reported about 1.4  for the
Mga(Sig4Sngs)Sbo s sample preparing by twice
mechanical alloying and spark plasma sintering

process [1], MgSigs3Sng4GegosBioge preparing
by solid state synthesis and sintering via
hot  pressing  [2], Mgz, 16(Si0.45n0.6)0.97B0.03
preparing by a two-step solid state reaction
followed by spark plasma sintering. [3] and
MgaSigssSngaGeges:Bi=1:0.02  preparing by
powder methods [4]. This research has objective
for improve ZT of Mg,Si by doped with Ag and
Bi.

MATERIALS AND METHODS

The Ag and Bi doped Mg,Si were prepared
by solid state reaction and hot press method. Mg
(99%, Aldrich), Si (99.9%, Aldrich), Ag (99.9%,
Aldrich) and Bi (99%, Aldrich) were used as
starting raw materials. The raw materials were
mixed by ball milling for 12 h and calcined at
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973 K for 1 h in Ar atmosphere. The powder
placed in the graphite mold (020 mm) for hot
press method at 1053 K under pressure 33 MPa
for 1 h in Ar atmosphere.

The crystal structure was characterized by
X-ray diffraction (XRD; Shimadzu 6100, Japan)
method using CuKa radiation at 40 kV, 30 mA
with a scanning speed of 53%min at 20 steps of
0.02°. The morphology was observed by scanning
electron microscope (SEM; JEOL JSM-5401,
Germany).  Seebeck  coefficient, electrical
resistivity and thermal conductivity were measured
by steady state method [5] at temperature ranges of
323 - 473 K.

RESULTS AND DISCUSSION

The X-ray diffraction analysis of Mg,Si,
Mg, 0sBip02Si and Mg, 9gAg02Si after hot press
are compare with PDF#2 00-035-0773 as shown
in Fig. 1. The crystal structure of all samples are
show cubic Fm3m space group as a major phase,
and the minor secondary phase MgO and Si are
detected in all compositions due to the oxidation
of Mg during the solid state reaction [6]. The
SEM  images magnification x3500  show
distribution, size and shape of particle. The
particle size show 2—6 um and evenly distribution
as show in Fig. 2.

Mg]%AgOOZSi
z l A A X x A
E S
-P' MgmxB'(mzs'
U N y !
S
Z —— Mg
£ |y A A A
-
PDF card 00-035-0773 (Mg,Si)
| L, |y [ -
20 30 0 % 60 20 80
20CuKa (deg.)
Fig. 1 XRD pattern of MgSi (blue line)

Mg, sBig02Si (red line) and Mg 9sA g 02Si (green
line).

Electron Image 1

0um

Fig. 2 SEM images of (a) Mg,Si (b) Mg, osBig.02Si
and (¢) Mg;.08AZ0025i.

The Seebeck coefficient increases with
temperature increasing but decreased when doping
with Ag and Bi. The Mg,Si shows highest value
about —150 uV/K at 473 K as shown in Fig. 3.

Temperature  dependence of electrical
resistivity  for  Mg,Si, Mg 9sBipp2Si and
Mg, 9sAZ002S1 shows in Fig. 4. The Ag and Bi
doped effect to decease electrical resistivity due
to increase in carrier concentration and Bi doped
shows lowest value about 60 mQ cm at 473 K.
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Fig. 5 Thermal conductivity of Mg,Si,
Mg1_quig_g'_JSi and Mg1_ggAgQ_ggSi dcpcnd on
temperature.

Temperature  dependence  of  thermal
conductivity for  Mg,Si, Mg, 9sBig,Si  and
Mg 0gAZ2Si shows in Fig. 5. The doped

samples can be decease thermal conductivity and

Ag doped shows lowest thermal conductivity
about 3 W/m K at 473 K as shown in Fig. 3 (c).

The Fig. 6 shows dimensionless figure of
meritof Mg,Si, Mg, 9sBig 02Siand Mg, ggAgpp2Si.
Doped samples show ZT value higher than un-
dope and the Ag doped shows maximum ZT
value about 0.47x107 at 473 K.
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Fig. 6 Dimension less figure of merit of Mg,Si,
MgjosBingSi- and Mg ogAgoeSi depend on
temperature.

CONCLUSION

The doped samples show thermal
conductivity lower than un-dope and Ag doped
show maximum decrease about 44.44% at 473 K.
The electrical resistivity of doped samples was
decreased, and decrease 33% for Bi doped at
473 K. The doped materials slightly decreased
Seebeck coefticient about 4% and 16% for Ag and
Bi doped, respectively. The highest ZT was found
in Ag doped about 0,47 x 10 % at 473 K.
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Abstract

The Higher Manganese Silicide (HMS) was synthesized by solid state reaction and hot pressing.
The various sintering temperature was started from 1123 K t6°1223 K. The crystal structure and
thermoelectric properties of samples were measured. The dimensionless figure of merit (ZT) was
calculated from thermoelectric properties. The tetragonal structure of MnSi; 75 was confirmed by X-ray
diffraction (XRD). The Seebeck coefficient and Eleetrical resistivity are decreases, while the thermal
conductivity increase when increasing sintering temperature. The maximum 27T of MnSi; 75 was found

in 1223 K of sintering temperature about 0,23 at 473 K.

KEYWORDS: Higher Manganese Silicide; Thermoelectric; Hot press
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Introduction

Thermoelectric - materials have been used for
alternative energy wherewith it can convert heat
into electricity. - However, the efliciency of
thermoelectric “material is limited for a wide
variety of applications. The efficiency of the
thermoelectric  materials  is  defined by
dimensionless figure of merit, ZT = (S*/pK)T, S is
theSeebeck coefficient, p is the electrical
resistivity, K is thermal conductivities, and T is
the absolute temperature. The Higher Manganese
Silicide (HMS) was candidate for middle
temperature of thermoelectric application due to
the HMS showed high ZT in temperature ranges
of 673 — 973 K. Recently, the undoped HMS was
reported the ZT about 0.4 0.7 range by
mechanical alloying and pulse discharge sintering
1], spark plasma sintering method [2, 3]. hot
press [4, 5], ete. In this work, has the objective
for prepare the HMS by hot press method with
various the sintering temperature from 1123 K to

2

1223 K to study the impact on thermoelectric
properties

Materials and Methods

The Higher Manganese Silicide was
synthesized by solid state reaction and hot press
method. Mn (99%, Aldrich) and Si (99.9%, Aldrich)
were used raw materials. The raw materials were
weighed in atomic ratio and mixed by ball milling
for 2 h. The powder were placed in the alumina
crucible and calcined in quartz tube furnace at
1073 K for 1 h in Ar ammosphere. The calcined
powder were pressed in graphite mold (020 mm)
and heated in temperature 1123 — 1223 K under
pressure 33 MPa for 1 h in Ar atmosphere. The
pellets were cut in size of 10x10x1 mm* and
3x3x15 mm? for crystal structure analysis and
thermoelectric property measurement, respectively.

The X-ray diffraction (XRD; Shimadzu 6100,
Japan) was used for crystal  structure
characterization. The CuKa radiation at 40 kV, 30

0
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mA and a scanning speed of 5°/min at 20 steps of
0.02° were setups for XRD condition. The
thermoelectric  properties  include  Seebeck
coefficient, electrical resistivity and thermal
conductivity were measured by steady state
method [6] at temperature ranges of 323 - 473 K.

Results and Discussion

The powder XRD patterns of all samples are
given in Fig. 1. The result of XRD show the main
crystalline phase is MnxSiss  with  tetragonal
structure (space group P - 4n2) and agree with PDF
Number 00-026-1251. In addition, the common
impurity phase MnSi was found for all sintering
temperature. The 3x3x15 mm® HMS pellets were
set up in the copper probe for Seebeck coeflicient
and electrical resistivity measurement and show the
result in Fig. 2 and 3, respectively.

J |1
) Tty
N | IV P L’VWW
K} .M..JMW»'MLM&
& a i &
] o o
E 22« 2 E\-“Eg “‘&ﬁ l naK
PDF Card - 00-026-1251 Mn_ iz
Ll
20 30 40 0 60
20CuKa (deg.)
Fig. 1 XRD pattern of MnSijs as sintering

temperature 1123 K, 1173 K and 1223 K

The Seebeck coefficient of all samples are
positive value indicate that p-type thermoelectric
material and decreases when sintering temperature
increasing. The increase of S value with
temperature indicate semiconductor behavior. The
maximum of S value was found in 1123 K
sintering sample about 201 pV K- at 473 K.

The higher sintering temperature can reduce
clectrical resistivity which the 1223 K sample
shows the lowest value about 0.5 mQ c¢cm at 473
K. The electrical resistivity of all samples
increases with temperature increase.

Fig. 4 shows the variation of the power factor
(S?p) in function of temperature for sintered samples.
The power factor shows evolutions of the electrical
conductivity and Seebeck coeflicient in function of
temperature. The 1123 K and 1173 K of sintering
samples are small increases while 1223 K sintering
sample shows the large increase with temperature.
The maximum $%p = 3.02 mW m™' K2 is observed
for the 1223 K sintering sample.

2
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Fig. 2 Seebeck coeflicient of MnSi 7 as sintering
temperature 1123 K, 1173 K and 1223 K depend on
temperature.
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Fig. 3 Electrical resistivity of MnSiy 75 as sintering
temperature 1123 K, 1173 K and 1223 K depend on
temperature
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Fig. 4 The power factor of MnSi, 75 as sintering

temperature 1123 K, 1173 K and 1223 K depend on
temperature

The thermal conductivity of sintered samples
as a function of temperature is shown in Fig. 5.
The thermal conductivity increases with sintering
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temperature. The lowest k = 4.79 Wm™' K is
observed for the 1123 K sintering sample.

Fig. 6 shows the variation of the dimensionless
figure of merit in function of temperature for
sintered samples. The ZT of 1223 K sample shows
the highest value about (.23 at 473 K due to shows

high S and low o although highest .

—O—1223K
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£ - 1123K

Thermal conductivity (W 111'1[('1)

4
300

T T
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400 420 Mo 460

Temperature (K)
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Fig. 5 Thermal coductivity of MnSijzs as
sintering temperature 1123 K, 1173 K and 1223
K depend on temperature
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Fig. 6 Dimension-less figure of merit of MnSi, 75
as sintering temperature 1123 K (black line),
1173 K (red line) and 1223 K (blue line) depend
on Icmpemmre

Conclusion

The synthesis of MnSii;s was completed by
hot press method. The wvarious sintering
temperature  was affected 1o thermoelectric
properties by means of high sintering temperature
render to decrease S and p but increase k. The
maximum power factor is observed in 1223 K
sintering sample about 3.02 mW m' K-2at 473 K.
The highest sintering temperature shows highest
ZT about 0.23 at 473 K.

2

2
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Abstract

We proposed the finite element (FEM) simulation model as an essential tool for understanding thermoelectric (TE) generator
behavior. This model can predict the output power with various temperature difference, number and size of parameter conditions.
It was found that the relationship between temperature difference and output power changed with volume of materials, number of
cells and improved P-N connection design. The p-MnSii 75 and n-MgsSi thermoelectric module Model 2 obtained the maximum
output power about 117 mW at a temperature difference of 200 K. This simulation model was applied to the optimization work on
early designing stages of other material types on thermoeleetric generators and coolers.
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1. Introduction

Thermoelectric technology is promoted for aliernative energy development because the fact that it can convert heat
into e]ectncnty [ 1]. The performance of thermoelectric material depends on the dimensionless figure of merit value (
ZT =S*T ] P,k :Sis Seebeck coefficient, 7' is absolute temperature, p, is electrical resistivity and & is thermal
conductivity). Experimentally, the thermoelectric fabrication is difficult and time consuming due to many conditions
involved. In theory, we can reduce time and resources by using the finite element method for prediction thermal
properties and electric behavior of thermoelectric cell or module [2]. The main equation describing a system of
thermoelectric including heat flow and continuity equations of electric charges as shown in Eq.(1) and (2) [3,4].

o o - .
PC— +Vd=4 )

where, p, is density (k gm™), C is specnﬁc heat capacity (J kg™' K™), § is heat flux vector (W m™) and ¢ is heat
generation rate per unit volume (W m™).

V[.hQ]_O e
| ot

where, D is electric flux density vector (C m?) and J is electric current density vector (A m?). Thermoelectric
constitutive equation must be used as shown in Eq. (3).

g=[nj]-J-[]-vr (©)

where, [T is Peltier coefficient matrix (V) and A is thermal conductivity matrix (W m~1 K~'). The electrical current
density is generated by Seebeck effect and Joule effect, as shown in Eq. (4).

J=lo}-E-[o}{a] VT @

where, o is electrical conductivity matrix (S m™') and « is Seebeck coefficient matrix (V K~'). The constitutive
equation for a dielectric medium is D= g E, where £ _is dielectric permittivity matrix. In the reduced of a time-
variant magnetic field, the electric field is given by: E=—V (@ , where ¢ is an electric potential scalar. The
constitutive equations of thermoelectricity are substituted Eq. (5) and (6).

pc;—TW([u] J)=V-([4]-VT) =g 5)
ﬁ([ﬂ-ff%‘fjﬁ-([a]-[a]-W)+€’-([a]-%):0 (6)

2. Materials and Methods
The procedure of Galerkin FEM modified the thermoelectric equation into system of thermoelectric finite element
equation [ 3, 6]. The tempgrature and electric scalar potent]al over a finite element are approximated by I = N - T

and p=N- que , where T is vector of nodal temperature, ¢, is vector of nodal electric potentials and N s vector
of finite element shape ﬁmctlons The resulting system of finite element equations can be written by Eq. (7),

R e
0 c”|\@g,) K" K”| &, I

where C™" s thermal damping matrix, C* is dielectric damping matrix, K ™ is thermal stiffness matrix, K o i
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Seebeck stiffness matrix, K* is electric stiffness matrix, Q is vector of combined heat generation loads, QP is

Peltier heat load vector and Q° is electric power load vector.

The FEM simulation started from design thermoelectric leg, cell and TE module Model 1, 2 and 3 which the
ingredient of TE is shown in Fig. 1. The materials properties are used in commercial sofiware ANSYS as shown in
Table 1 [7].

HOT SIDE

Plbisiadinld

A1203 —

Solder
TE Material
Solder -
Cu ‘-.‘_\::w
ALO, .7
Resistor — 414
+ 4 & JCOOLSIDE+ &+ & &

Fig. 1. The schematic diagram of thermoelectric cell design

Table 1. Materials properties at room temperature for thermoelectric module

Materials SV K P2 m( )W mT K
MnSi 25 102.75 3.95%10°% 6.71

Mg:Si -112.1 4.70%10+ 3.53

Cu - 1.7210% 400

Solder - 1.23x107 55

Al:Os - - 35

Temperatures at hot side and cool side were set on both sides of TE module (Ty = 36 — 226 °C, T, = 26 °C). The
adjustable resistor was applied on electrode of P-and N type for prediction the matching load resistance. The condition
of voltage was set on electrode of N-type at 0 volt. The output power of TE legs and TE cell various sizes were
simulated as a function of temperature difference. The TE module model 1, 2 and 3 designs are shown in Fig. 2.

Ta[[=] =] [* [=

3 = B E I EEE
=) [zl 5] =] =1 =] [s1[=
TRFEEETE

& =] |2 5] |2l 5] [2] =
| = [ =] = =] = =

=] [=][*

Model 3

Fig. 2. The schematic diagram of TE module design
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4. Results and Discussion

All authors are required to complete the license transfer agreement before the article can be published, which they
can do online. This transfer agreement enables Elsevier to protect the copyrighted material for the authors, but does
not relinquish the authors' proprietary rights. The copyright transfer covers the exclusive rights to reproduce and
distribute the article, including reprints, photographic reproductions, microfilm or any other reproductions of similar
nature and translations. Authors are responsible for obtaining from the copyright holder, the permission to reproduce
any figures for which copyright exists.

4.1 MnSi; 75 and Mg:Si legs analysis

The MnSi;.7s and Mg2Si legs predicted the output power with different volume and temperature condition. The
maximum output power is shown about 0.38 W by MnSij 75 leg size of 4x4x10 mm’ at temperature difference of 200
K as shown in the Fig. 3 (a). The MnSi 75 has low electrical resistivity very close to output power with volume
condition and cross section area. When the legs are higher, the output power is also increased as shown in Fig. 3 (a)
and (b). The maximum output power of Mg,Si at 8x8x6 mm® leg size is exhibited to be about 0.42 W as shown in
Fig. 4 (a). The figure 4 (b) shows the relationship between cross section area and output power of Mg Si legs. The

larger cross section area effected to higher output power. However, the output power is decreased, when the height of
legs is increased.
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—_ * ddAmm z ¥ Buded mil,
= S — - 2:2:6 mm -
= ol 4 aaemm| | =
£ * z26mm t »&semm | E
e A dsmn’ || 48 mm’ 5
E E) mo:.: e .;m J.Im o NI ” : :.: :m ]
2 jurme {mm’ ——gdmm |7 : i
5 0154 . ng 4,48 2 515 Height of TE legs
B ok m —— G- Gal) M’ =1 —a— 4 mm
O: 010 —— BB e’ o Ba.8'mm’ g —&— 5 mm
B8 mm* - N . 3
0054 e D Sy I EP R —h— 8 mm
A1 e o G440 mm —y—10mm
" -s stpmn ) 7y —— 60 10m
L e LTl | e e gag o mm
T T T T e T 0,34 4— T
[ 50 100 150 200 250 200 202 o W 20 30 40 50 g0 70
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Fig. 3. The output power of MnSi, ;s as a function (a) temperature difference and (b) cross section area
045 045
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Fig. 4. The output power of Mg,Si asa function of (a) temperature difference and (b) cross section area
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4.2. TE cell analysis

The output powers were obtained from TE cells with different condition of cross section area of TE legs and
temperature as shown in Fig. 5. This figure shows that the maximum output power of TE cell is about 0.80 W for P
and N legs size 8%8x10 mm’. However, the output power of volume condition for 4x4x10 mm® was compared with
experimental data which it increased with increasing cross section area, as shown in Fig. 3.

08| os P :
- g‘nl . -
ot b £ : 4
T o6 ! A g
06 F iic-:\ AT-200K : ;
= éa«- /
£ 05| <P X;
— o o XN W 0 S0 80 TO t - 7
E 04 2:2x10 A Cross sectian area (mm’l g
= I m 242210 mm
-
g ¢ 4410 mm’ .
o 03} 5 y o
5 A 6610 mm £ '
o 3 -l
5 o0z + 82810 mm =
c ail 7% Exp.4x4x10 mrna__!__-t -
00} H-""ﬁ‘;r*
N P S T T T S S

o 20 40 60 80 100 120 140 160 | _1BO 200

Temperature difference (K)
Fig. 5. The output power of TE cell as a fimction of temperature difference

The output powers were obtained from TE cells with different condition of height TE legs and temperature
as shown in Fig. 6. This figure shows that the maximum output power of TE cell is about 0.72 W for p and n legs size
4x4x4 mm’. In addition, the result of 4x4x10 mm?’ condition when compared with experimental data showed
consistent value. When the height TE legs were increased, output power was decreased at temperature difference of
200 K as shown in Fig. 6.
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— 3 “e.
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Fig. 6. The output power of TE cell as a function of temperature difference
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4.3. TE module analysis

The relationships between output power as a function of electrical current and temperature difference of TE module
Model 1, 2 and 3 are shown in the Fig.7 (a), (b), (¢) and (d). The Matching load of TE module Model 1,2 and 3 are 4
0, 0.8 (2 and 0.2 Q) respectively. In addition, the output power as a function of temperature of TE modules Model 1,
2 and 3 is shown in Fig. 7 (d). The Model 2 shows maximum output power about 117 mW at a temperature difference
of 200 K indicate that the TE module of semiconductor materials are needed to connect by a mixed method between
series and parallel to increase voltage and current.
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Fig. 7. The output power and electrical voltage as a function of electrical current of TE module (a) Model 1, (b) Model 2, (¢) Model 3. (d)
The output power of TE module as a fanction of temperature difference

5. Conclusions

The thermal and electric properties of TE legs, cell and module were simulated by finite element method. The
output power of cell and module of p— and n— legs depended on different volume and electrical resistivity. The TE
cell 4x4x4 mm?® condition showed the best condition and good results. Therefore, we separated into three models;
Model 1 showed maximum voltage, Model 2 showed maximum output power and Model 3 showed maximum
current. However, we suggested the Model 2 showed maximum output power indicating that the TE module of
semiconductor materials needed to connect by a mixed method between series and parallel for increasing voltage
and current.
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