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Microstructures and thermoelectric properties of Fe 0.92MnNg 0gSi, alloys
prepared by rapid solidification and hot pressing
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Iron disilicide based thermoelectric materialg 5#Mng oeSiy (1.9<x=<2.5) were prepared by rapid
solidification(melt spinning and hot uniaxial pressing at 1248 K with 50 MPa for 30 min, followed

by annealing at 1073 K for 20 h. X-ray diffraction and scanning electron microscopy showed excess
silicon phase for samples witke=2.1, and both the configurations and the amounts of secondary
silicon particles varied with an increase xnHall measurements carried out at room temperature
showed that the carrier concentrations fog &8Ny oeSiy (1.9<x=<2.5) were between 2:610®

and 5.6< 10*¥cm™ 3. The Seebeck coefficient, electrical conductivity and thermal conductivity were
measured from room temperature to 973 K. It was found that a little excess silicon in the sample,
x=2.1, enhanced the Seebeck coefficient weakly, but was effective for decreasing the thermal
conductivity. A maximum figure of meriZ T=0.17, was obtained for g Mng ¢sSi, o at 973 K.
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I. INTRODUCTION sive factor in improving its figure of merit is to improve the

. . . ratio of the electrical conductivity to the thermal conductiv-
Thermoelectric materials, which can be used to conver&y (o1x) of B-FeSh, which is only 2000 V2K for p-type

energy between heat and electricity directly, are of intereS}B—FeSiz doped with manganese, and much lower than that of

for application as heat.pumps _and power generators. Serr1l§i2-|-e3 based thermoelectric materias 60 000 V-2K).
conductor thermoelectric materials based devices are rugged, It has been shown that rapid solidification is very effec-

durable, solid-state energy converters, and have long begp,o ¢ producing a fine crystalline microstructure: it en-
the choice for providing power for deep-space dem'ss'onhances the phonon scattering on grain boundaries and im-

ZUCh asTfr:)r Voyaglers I a”nd I 3nd the Cassini mission 1q, 65 the thermoelectric propertts? Hot pressing is a
atum. They are also well suited to certain remote, extremg, o nient method by which to compact powders to high

environments, as W?" as to smgll—scale .coolllng f(_)r- qefensﬁensities within a shorter time and at a lower temperature
and aerospace applicatioh$Semiconducting iron disilicide than pressureless sintering processes

(B-FeSp) is a potential thermoelectric candidate for use in Studies on bulk and thin-filns-FeSj, based thermoelec-

the high temperature range up to 1200 K due to its higr’{ric materials to investigate the influence of different Si/Fe

Seebeck coefficient, low cost of raw materials, high OX'da’ratios of thermoelectric properties have also been carried

tion resistance, and nontoxicitySince iron disilicide has a out224 and they have shown some common features but

direct band gap, it also hgs potentl_al as an important Candﬁlso large differences due to different preparation techniques
date for silicon-compatible devices in optoelectronic 4 ha gifferent purity of the source materials

5
technology’ In the present work, a constructive combination of rapid

dBy dopir_wg with diffe.rent elgmentz,_ th CO"(;dPC“O” tydpe solidification and hot pressing was applied@eFeS) based
and properties of3-FeSp can be modified and improved. yhormoelectric materials  with  different  Si/Fe  ratios.

Manganese, chromium, _zli(r)conium, or aluminum doped EeS'Fa) oMno.0:Si (1.9<x=2.5) compounds were chosen for
showsp-type conductiofi*® whereas cobalt or boron doped this study. Except for investigations of the microstructures

. - ,ll . _ 1 ;
FeSp fshow;n—t%/zpef'conductlprl?. OI?esear'c?LFon Sdo"d SOlU- and thermoelectric properties, Hall measurements were also
tion formation;© fine particle dispersiorr; and grain carried out at room temperature.

refinement*®have been carried out to improve the figure of
merit,Z= a0/ k, of B-FeSi, based materials, wheteis the
Seebeck coefficient, ang and « are the electrical and ther-
mal conductivity, respectively. Heavily dopggtFeS} ther- Nonstoichiometric mixtures of commercial pure iron
moelectric materials have a Seebeck coefficientell above  (purity>99.3%, semiconductor grade silicon(purity
200 uV/K, as high as that of the best-known thermoelectric>99.9999%, and commercial pure manganes@urity
materials such as BTe;, PbTe, SiGe, ett>!” So the deci- >99.599  with the desired  composition  of
Fey oMng oeSiy (1.9<x=<2.5) were comelted by levitation

dAuthor to whom correspondence should be addressed; electronic mai_f.nelting (LM) in a high-frequepcy induction furnace. Th'e
zhaoxb@zju.edu.cn ingots obtained were remelted in an arc furnace, then rapidly

II. EXPERIMENTAL PROCEDURE
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FIG. 1. SEM micrographs of rapidly
solidified powders:(a) surface struc-
ture and(b) internal structure.

solidified (RS by sputtering the melt onto the edge of a conductivity x was calculated fronk=pCga wherep is the
chilled rolling molybdenum wheel with a linear speed of density of the specimen.

about 27.5 ms' at the edge. Both LM and RS were carried
out under high purity argon atmosphere.

The rapidly solidified thin ribbons were then milled in a
carnelian mortar to sizes smaller than 1&®. Subsequently, Typical rapidly solidified powders in the present experi-
the powders were hot uniaxially pressgdUP) at 1248 K ment are thin ribbons with thickness less than 0.1 mm. Fig-
with 50 MPa for 30 min under vacuum of about TPPa ure 1 shows micrographs SEM of the surface and internal
using a graphite die with a diameter of 16 mm. The hotstructure. There are even finer grain structures with charac-
pressed samples were then vacuum annealed at 1073 K ftaristic size of about 100 nm in a ribbon as one can see in
20 h. Fig. 1(a). Figure 1b) shows a fine eutectic structure consist-

The densities of the samples were measured using thag of a-FeSj and e-FeSi phases, typical of rapidly solidi-
Archimedes method. The crystalline structure of the anfied powders, with the dark matrix being phase and the
nealed samples was investigated by x-ray diffractlRD)  white stripese phase.
with a D-5000 diffractometer using QU radiation (A Table | gives a comparison of the densities of the hot
=1.5406 A at the Institute of Materials Research at the Ger-pressed FgoMn oSiy (1.9<x<2.5) samples. All these
man Aerospace CentgiDLR). The microstructures were samples have relative density above 90% of the theoretical
characterized by a S-570 scanning electron microscopdensity calculated according to the components.

(SEM), with the specimen etched for 2 min with a solution Figure 2 shows the microstructures  of
of HNO; (65%—68%):HF &40%):HCI (36%—38%):HO  FeyqMng ¢eSiy (2.0=<x<2.5). The FggMng oS, o Sample,
=6:2:3:9. TheHall effect was measured at 300 K on rect- Fig. 2@, shows a homogeneous structure with average grain
angular, 1 mm thick samples with the Bio-Rad HL5500, us-size of about 2um. For x=2.1, the dispersed particles
ing a dc magnetic method under applied magnetic field oshown in Figs. #)—2(d) are excess silicon particles, which
0.324 T. An In-Sn alloy was soldered to act as a contactvere confirmed by energy dispersive x-réegDX) analysis
between the samples and the lead metal wires. Seebeck caad XRD. The contrast between these particles may be
efficient« and electrical conductivity were simultaneously caused by the different degree of etching. Min and?2ee
measured in vacuum of about THPa from room tempera- reported that the particle sizes of dispersed excess silicon in
ture to 973 K using computer-controlled equipment, whichB-FeSj materials prepared by mechanical alloying and sin-
was rebuilt from a self-installed device describedtering grew gradually with an increase of sintering tempera-
elsewheré:*® Each sample was measured at least threé¢ure, and were not affected by compositional variation. But
times, and the average value was chosen as the final resuilt. our experiment for RggMng ¢eSi, (2.0=x=<2.5), both the
The measuring errors were less than 8%. Thermal diffusion amount and the size of coarse silicon particles increased sig-
and specific heaC, were measured at the DLR with a nificantly with an increase of. For the sample witix=2.1
Netzsch LFA-427 laser flash apparatus and a Netzsch DS€hown in Fig. 2b), silicon particles dispersed in thgphase
404 differential scanning calorimeter, respectively. Thermamatrix had particle size of several hundred nanometers. In

llI. RESULTS AND DISCUSSION

TABLE I. Bulk density and relative density of hot presseq i8N ¢eSi, samples.

Spanner Specimen FgMng ¢eSiy (1.9<x=<2.5)

Nondoped
Density x=1.9 x=2.0 x=2.1 x=2.3 x=2.5 FeSp
Bulk density(g cm %) 4.71 4.62 4.34 4.30 4.19 477
Theoretical densityg cm %) 4.92 4.79 4.67 4.46 4.29 4.93
Relative density(%) 95.6 96.5 92.8 96.3 97.8 96.8
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FIG. 2. SEM micrographs of hot
pressed FgyMng ogSiy (2.0<x<2.5)
samples withx=(a) 2.0, (b) 2.1, (c)
2.3, and(d) 2.5.

the sample withx=2.3 in Fig. Zc) the silicon phase has a x=2.0 as shown in the patterns in FiggaB3and 3c). The
morphology with rods with diameters of about 200 nm andpattern in Fig. 8) shows a very weak peak efphase in the
length of more than a few micrometers. The silicon particlessample withx=1.9, due to the silicon content being lower
are quite coarse and show an irregular configuration in théhan the stoichiometric concentration gfFeSj,. And for
sample withx=2.5 in Fig. Zd). x=2.1, 2.3, and 2.5, the silicon peaks apparently become
The formation ofB phase as well as excess silicon phasesharper with an increase of The weight percentages of
was confirmed by the XRD results given in Fig. 3. Oy excess silicon in the samples were obtained from the XRD
phase was observed for both nondogedreS), and sample measurements, and were about 1% and 6%xfe2.1 and
2.3, respectively. These are lower than the theoretical weight
percentages of 2.44% and 6.98%, respectively,xfer2.1

o p-FeSi, and 2.3, possibly due to loss of silicon during the preparation
L
. process.
¢ e-FeSi * Figure 4 gives the temperature dependence of the See-
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FIG. 3. XRD patterns of hot pressedgsgMng ogSiy (1.9<x<2.5) samples:
(a) nondoped Feg$isamples and samples wiks(b) 1.9, (c) 2.0,(d) 2.1, (e) FIG. 4. Temperature dependence of the Seebeck coefficient for various hot
2.3, and(f) 2.5. pressed RggMng ogSiy (1.9<x<2.5) samples.
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TABLE Il. Electrical properties of hot pressed J=gVn, ¢eSiy samples at 20000 — 77— 71—
00K (a) —0O— nondoped FeSi, O/C/o
Carrier Electrical - Ixxf;g A -
Hall coefficient concentration Mobilit conductivit ' [ - o’ 1
X (e cY cmd) (anV’li’l) (Q’lm’l)y é :ﬁ g; /O,o/° . A
1.9 1.4 4.4x 1018 6.3 441 ; —8—x=25 g » A
2.0 11 5.6% 108 17 155 ig 10000 |- T
2.1 1.5 4.3x 10'8 3.0 208 3
2.3 2.4 2.6x 1018 3.6 151 8
25 1.2 5.0¢ 108 1.4 114 g D/n;
m O arh e
ok :gcl,g.n_u-?—n-n-n-c:-a—a—n—‘:l' ' l

beck coefficients(a) of Fe) g MngeSik (1.9<x<2.5) be- 00 a0 00 o0 700 800 900 1000
tween 290 and 980 K. It is seen that the Seebeck coefficient Temperature, T (K)
of the sample withx=1.9 is much lower than that of other
samples below 700 K, due to metalkgphase in the former. @
In the lower temperature region of 290-430 K, the Seebeck . ' . _— —_—
coefficients of all the samples increase with an increase in [ ]
temperatures up to a maximum value of 318 K ~* for x 40 ;%‘ ! ]
=2.0 at 423 K, due to more acute lattice scattering with the ;5 ‘gt ) ]
increase in temperature, then decrease with an increase i  3gf ¢4 h
temperature above 425 K. The decrease in Seebeck coeffi 34[ DDD ]
cient above 425 K could be due to a rapid increase in carrier<> 3.2 - j
concentration with an increase in temperature. The Seebecl‘g 30 1
coefficient forx=2.1 is a little lower than that ok=2.0 g 28F .
below 425 K, and becomes the highest one among all the & 26} (b) ) \o ]
samples in the higher temperature range. This result indicate: 24| i:i'l’d;"ed FeSi, 3
that a small amount of excess silicon increases the Seebec  22[ _a 420 N ]
coefficient, because the dispersed silicon particles contribute ~ 2°f —&—x=2.1 rJ\u ]
as the center for both phonon and carrier scattering. Rathe ™[ I"fg-: ~a )y
surprisingly, as shown in Fig. 4, the excess silicon for the :'j E x_; Ly \_D\;
samples withx=2.3 and 2.5 deteriorates the Seebeck coef- BT 15 20 25 3.0 35
ficients apparently, especially at higher temperatures above 1000/7, (K™)
650 K. The origin of this is the impurities in the raw mate- )

rials, especially sulfufabout 0.0056 at. %and phosphorus
(about 0.0024 at. %in the commercial pure iron used in the FIG. 5. Temperatur‘e dependence of the electrical conductivity for hot
present work. Since sulfur and phosphorus may diffuse int(?lrstsssed FigodMno 06l (1.9<x<2.5): (&) o—T plots and(b) log o—1/T
silicon asn-type dopants in silicon, samples with excess sili- '
con can be considered a composite wittype silicon par-
ticles in ap-type B-FeSjp matrix. It can easily be recognized
that the existence aif-type silicon would decrease the See- the soluability of manganese j8FeSj would be limited at
beck coefficient op-type B-FeSp, since the thermoelectric a value much lower than the doping amount, since there is no
potentials of both phases are opposite each other. disilicide of manganese. In comparing the data in Table |
Table Il shows the results of the Hall effect and electricalwith the work of Nishidd, it is suggested that the carrier
conductivity measurements at 300 K for the manganeseoncentration in manganese dopgdFeS} could be in-
doped samples. The Hall coefficients are not much differentreased by an increase in the of amount of manganese dop-
from those of the RgyMng oSiy sSamples. The carrier con- ing, and would be limited at about&10cm™2. According
centrations are 2.6—5610*cm ™3, which are comparable to Umemotd® the optimal carrier concentration for a
to the concentration of 5.0810"8cm 2 for Fe, oMnooSi,  B-FeSi based thermoelectric material is about 5
at room temperature reported by Nishidaut much lower X 10*cm™3, so other doping methods such as double dop-
than the manganese atom concentration XA®'cm %)  ing with manganese and aluminum should be used to im-
doped in the samples. Since the values of electrical condugrove the thermoelectric properties of iron disilicide based
tivity in Table | obtained by Hall measurement agree wellmaterials.
with the results of the electrical conductivity measurements  Figure §a) shows that the electrical conductivities of all
given in Fig. 5, some reason other than serious measuringpe samples increase exponentially with an increase in tem-
error must be taken into account for the low carrier concenperature, which indicates semiconducting behavior. Com-
tration compared with the amount of doping. The possiblepared to the nondoped FgSithe electrical conductivities of
mechanism is suggested to be the formation of manganegetype Fg oJMng oeSiy are greatly enhanced. Over the whole
silicides such as MnSi and MnSjs. It is also possible that temperature range, FeMng ¢eSi; g Showed the highest elec-
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trical conductivity of all the samples, a result of the second- sl o T J v T LI ]
ary metallic e phase in theB-FeS) matrix. The electrical I : —0O— nondoped FeSi, |
conductivities in the composition range of Z8<2.5 are 16} :Z__xfw i
not much different, except that of=2.1 which shows the & \ _‘_;g:?

lowest value. The log—1/T plots shown in Fig. &) for g“_’ \ —o—x=2.3 i
Fep Mg oeSiy exhibit straight lines with different slopes in & 4, —=—x=2.5 i
the low and high temperature range, which is considered to.é i

correspond to an impurity conductive region and an intrinsic g 0 ‘\ .
conductive region, respectively. Conductive eneggan be g 8 i \8.\ ]
calculated from the log—1/T slopes usingo=oyexp g \\ \&-Q-\. I
(—E/k,T),® where o is a pre-exponential factoE is the E ol S \Et;\g:f
conductive energy, is the Boltzmann constant, afids the F . [ =S e
absolute value. The lag—1/T slope of the nondoped FeSi [
is about 0.87 eV in the intrinsic range of 523—700 K, and 1.7 300 400 500 600 700 800 900 1000 1100
eV in the higher temperature ran¢gbove 700 K It is be- Temperature, T (K)

lieved that the 0.87 eV obtained IS. th(.a energy gﬁ@’_ and FIG. 6. Temperature dependence of thermal conductivities for hot pressed
that 1.7 eV results from double activation of the carriers, thage,  mn, i, (1.9<x=<2.5) samples.

is, the energy needed for activating two carriegg. of the
doped samples is about 0.64, 0.71, 0.70, 0.72 and 0.73 eV for

x=1.9, 2.0, 2.1, 2.3, and 2.5, respectively. Strictly speakingx=2.1 to 0.44 Wm*K ™! for x=1.9. Compared with the
we cannot equak, to the logo—1/T slope for eitherx  data in Fig. 6, one can see that the carrier contribution to the
=19 or =2.1, because these samples contain secondatyptal thermal conductivity is less than 10% for all samples in
e-FeSi phase or silicon phase. Sine&eSi and silicon can  the present work. This means that the rapid decrease of
affect the structural properties ¢f-FeSp,*® the Eq calcu-  with an increase in temperature below 970 K in this study is
lated in this study shows only the total band properties of th&aused by the decrease &f, due to the enhancement of
samples. The highey for x=2.3 and 2.5 somewhat con- phonon scattering. The thermal conductivities of samples
firmed the existence offi-type silicon, since silicon has a with x=1.9, 2.0, and 2.1 are even lower than that of non-
much higher band gafabout 1.12 eYthang-FeS;. Itwas  doped FeSi, although the electrical conductivity of the
reported earliet”?®?’ that the E, value decreased when a manganese doped samples is much higher than that of the
p-type dopant such as Zr, Mn, or Nb was doped, because theéondoped sample. The sample witk=2.1 has the lowest
doping of these impurities expanded the width of the valencehermal conductivity in the whole temperature range with a
band. TheE, values for FggMng eSix in this study also  minimum value of about 4.1 WitK ™ at about 973 K,
agree with these reports. The slopes of theded/T plotsin  which is about 95% compared to that of the sample with
the impurity conductive range give the conductive activation=2.0, and 75% of the nondopggFeSj. This means that
energiesk, of the samplesk, of the nondoped FeSiwas doping elements as well as a small amount of finely dis-
calculated to be 0.83 eV, a little lower than tgof 0.87 eV,  persed excess silicon particles could act as phonon scattering
indicating weak unexpected doping in this sample.centers and are effective for decreasing the thermal conduc-
Fey.9Mng oeSi, shows the highedE, value, 0.78 eV, among tivity. The thermal conductivity of samples with a large
the manganese doped samplEg.increased from 0.72 eV amount of excess silicolx=2.3 and 2.5, is remarkably
for x=2.1 to 0.75 and 0.77 eV fax=2.3 and 2.5, respec- higher than that withk<2.1. This is mainly due to the high
tively. This means that the acceptor levels of E8ng oeSiy ~ thermal conductivity of silicon, which is about 140
become further from the valence band with an increase iWm 1K1 at room temperature, much higher than that of
silicon content. B-FeSp, about 15 Wm*K ™2, at room temperature. In the
The temperature dependence of thermal conductivity case ofx=2.3, the volume influence of high thermally con-
of Fey gIMng oeSiy (1.9<x=<2.5) is shown in Fig. 6. Th& of  ductive silicon phase exceeds the effect of phonon scattering
all the samples decreases sharply with an increase in tenon the phase boundaries, thus the thermal conductivity is
perature below 973 K, followed by a slight increase abovecontrarily increased.
973 K due to intrinsic conduction. The thermal conductivity Figure 7 summarizes the temperature dependence of the
« of a material can be written as= k.+ k|, wherek, isthe  dimensionless figures of meriZ T calculated with ZT
carrier contribution and, is the lattice contributioR® Car- = (a?a/«)T. The figure of merit for FggMng 0eSiy is much
rier contributionx, can be estimated by Wiedemann—Franzhigher than that of the nondoped FgSand increases mo-
law, k,=LoT, whereo is the electrical conductivity and notonously with an increase in temperature. The figure of
is the Lorenz number, which is theoretically equal to aboutmerit for x=2.0 decreases with an increasexinespecially
2.45<10°8V?K 2 in a metal or approximately 1.5 for x=2.3 and 2.5, which results from the reduction in See-
x 10 8V2K~2 in a nondegenerate semiconductor. For thebeck coefficient and the increment in thermal conductivity.
heavily dopedB-FeS) based samples in the present work, The maximum figure of meritZT=0.17, was obtained for
K¢ IS estimated using the Lorenz number of a metal. Thahe sample withx=2.0 at 973 K in this work, and is com-
resulting . increases with the temperature and has a maxiparable to the best results ever reported for manganese doped
mum that varies from 0.33 WitK ! for the sample with B-FeSj materials. The figure of merit for=2.1 is very
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20T T T (4) The maximum figure of merit aZT=0.17 at 973 K was
[ —O— nondoped FeSi, 1 obtained for the sample witk=2.0. An offset ofx from
F —0—x=19 /Aﬁ] 2.0 to smaller than 0.1 has no significant influence on
150 | ;A:Xj?-o /A/A/ /‘-_ ZT. However a large amount of excess silicon deterio-
g __._i;g:; /AA ; rates the thermoelectric properties of the materials due to
= [ —e=—x=25 Va ] the high thermal conductivity of silicon and the possible
; 100 |- }/Aﬁ” ] n-type doping of silicon from impurities such as sulfur
2 /Aﬁ/‘) et and phosphorus in raw material iron.
° /AA) .’.,.,.—"__" ] (5) The increase of the figure of merit is still ongoing to-
% 50 e ././::::.4---—"" - wards higher temperature above 1000 K for
= ﬁ’;,,:;::i-—" I Fep gMnNg 0Siy (1.9<x=<2.5).
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