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Abstract

TheB-FeS} (n-type Fg9sCp 02Sky) sintered bodies with dispersion ob®; particles were synthesized by mechanical alloying of Fe—Si
powder with Y,O5; powder and subsequent hot pressing. The effects,0kaddition on the thermoelectric properties of eSS} were
investigated. The thermal conductivity of the-e S} was significantly reduced by dispersion of fingd¢ particles on th@ phase matrix. On
the other hand, the electrical resistivity increased with increasing amountif Yhe Seebeck coefficient was enhanced b@yaddition,
especially below 800 K, corresponding to the extrinsic conductive region @@-#eSp. Consequently, the figure of merit was significantly
improved by 2 mass% O3 addition. The energy dispersive X-ray spectroscopy (EDX) analysis revealed that the aiadas partially
decomposed and a small amount of Y was dissolved irBthbase matrix. Based on this fact, the enhancement of the Seebeck coefficient
caused by ¥Os addition is considered to be due to reduction in carrier concentration which resulted from this Y solution as a p-type dopantin
theB phase matrix, and the behavior of the Seebeck coefficient was found to be well consistent with that of the Y-doped samples synthesized
by Y powder addition.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The performance of a thermoelectric material is generally
evaluated by the figure of merig, which is calculated
Thermoelectric power generation, which can directly con- from the Seebeck coefficiens, electrical resistivity, p,
vert heat energy into electricity, has been attractive as a clearand thermal conductivityy, in the equatiorZ = $%/plk. In
means of generating electricity. It can generate electrical en-order to improve the electrical properties of tReFeSp,
ergy without any exhaust gases, mechanical vibration, or such as Seebeck coefficient and electrical resistivity, the
noise, and there is no maintenance required. Semiconduct-doping of various elements has been attempted during
ing iron disilicide,3-FeSp, is one of the potential candidates sample preparation. J@—4] and Mn[5-7] are well known
for practical use in the high temperature range (up to 1200 K) as good dopants for n-type and p-type-eSp materials,
because of its abundance as a raw material, its good resistanceespectively. On the other hand, a decrease in thermal
to oxidation and its non-toxicity. However, the performance conductivity is also crucial for improving the figure of merit.
of B-FeSp is still not good for practical use compared to other Generally, it is considered that second phase dispersion in
thermoelectric materials, such agBes and CoSh systems, the B phase matrix is effective for reducing the thermal
etc., so its thermoelectric properties need to be imprél/led  conductivity due to enhancing phonon scattering. However,
when dispersion of Zrg) which comparably has a good
mpondmg author chemical stability by mechanipal aIon_ing _(MA), was t_ried;
E-mail address. ito@mat.eng.osaka-u.ac,jp (M. Ito). ZrOy decomposed in thp-FeSp, resulting in deterioration
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to be more stable than ZpOTherefore, in the present study,
arare-earth oxide, 203, was dispersed in the typical n-type
Co-dopedp-FeSp (Fey.9sCop.02Si2) by MA, and then the
powder was sintered by hot pressing. The microstructure of
the sample with ¥O3 addition was revealed by transmission
electron microscopy (TEM). Additionally, the effects of
Y203 addition on the thermoelectric properties, such as
the Seebeck coefficient, electrical resistivity and thermal
conductivity were investigated, and their mechanisms were
discussed.

2. Experimental procedure

Mixtures of Fe, Si and Co powders in the composition
of Fep.9gCy.02Si; were arc-melted in an argon atmosphere |
to form a button composed of theande phases. The ar- : 100nm
gon gas was purified by melting zirconium and allowing it "=
to react with residual oxygen and nitrogen. The buttons were _. o
pulverized under 25@m using a mortar and pestle ,®z 5'29031 TEM photograph of the hot-pressech eCon.oaSiz with 2mass%
powder (0—-6 mass%) was added to the pulverized powder.

These powders were mechanically alloyed for 72 ks in an ar- )

gon atmosphere. The MA powders with or without oxides ~ Fi9- 2 shows the temperature dependence of the thermal
were hot pressed at 1173 K for 3.6 ks under 25 MPa in a vac- conductivity, «, of the hot-pressed samples wittmass%
uum using carbon dies. The phases and microstructures ofY 203. The thermal conductivity was significantly reduced
these hot-pressed samples were determined by XRD (X-rayby Y,03 dispersion oyer.the ent'lre temperature range. The
diffraction analysis), TEM and EDX (energy dispersive X- ¥ values d_ecreased with increasing amount gd¥, and the

ray spectroscopy). The Seebeck coeffici§rand the electri- ~ Sample with 6 mass% X0 showed ther values about half

cal resistivity,p, were simultaneously measured from room the values of thermal conductivity of the sample without ad-
temperature to about 1100 K by the ordinary four-probe d.c. d|_t|on at low ter.n.perature range. Additionally, these samples
method in a flowing argon gas atmosphere using computer-With Y203 addition showed the values by 20% smaller
controlled equipment. The thermal diffusivify, and the spe-  than the samples with the same amount of SiC in the previ-
cific heat,C,,, were measured from room temperature to about 0US Study9], indicating that fine dispersion of a rare-earth
1100 K by the laser flash method using the thermal constant
analyzer (ULVAC TC-7000). The thermal conductivity,of

the hot-pressed samples was calculated from the thermal dif-
fusivity, D, the specific heat(,, and the densityy, in the 6.0 ® =0 O x= .
equationk =D x C, x d.

3. Results and discussion

XRD analysis revealed that all the samples were mostly
composed of thgd phase with a small amount of resid-
ual e-FeSi phase. Even when 6 mass%40¢ was added, a
peak from Y203 phase was not observed in the XRD pattern
clearly, suggesting that D3 was finely dispersed in th@g
phase matrixFig. 1 shows the TEM photograph of the hot- -
pressed samples with 2 mass%04. The grain size of the
B phase was found to be around 50-100 nm. Besides that, it
was also found that several small particles around 10 nm in
size were dispersed in sorghase grains. These small par-
ticles were considered to be®3 phase pulverized during
MA. For the sample with 4 mass%®s, the number of these

Y203 particles in thed phase grains increased as compared Fig. 2. Temperature dependence of the thermal conductivityt the hot-
to the sample with 2 mass%,©s3. pressed RgogCop.02Sih With x mass% %0s.
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and Zr atom was doped into tife phase, resulting in the
deterioration of the thermoelectric performarigg On the
basis of this fact, itis expected that even whexD¥is added,

the Y203 phase decomposes slightly and a small amount of
Y atoms was dissolved in th& phase. This Y solution may

be associated with the enhancement of the Seebeck coeffi-

cient. Based on this consideration, 1-6 mass% of Y pow-
der was added to thg-FeSp and the effects of Y addition

1 on the electrical resistivity and the Seebeck coefficient were
investigated.

The hot-pressed samples with Y addition were synthe-
sized through the same preparation process as the samples
with Y203 addition, except for addition of Y powder in-
stead of %03 powder. The XRD patterns of the samples
with 1-4 mass% Y were almost the same as that of the sam-
ple without addition. When 6 mass% Y was added, a small
peak from YFe phase was detected in its XRD pattern. EDX
analysis revealed that Y contentin fhehase varied and was
about 0.76-1.85 at.%, supporting the solution of Y in fhe
phase. In the preparation proceBseSp was formed from
the mixture of thex-Fe,Sis phase and the-FeSi phase. The
EDX analysis also showed that thghase could contain Y
only up to 0.4 at.%, and the rest of Y is considered to be dis-
solved in thex phase. This fact supported that fhe@hases
formed from thes phase and the phase contained a small
and large amount of Y, respectively, resulting in that vari-
ety of the Y amounts. Based on these results, it was found
that the Y-dope@-FeSp could be obtained by the Y powder
oxide with low thermal conductivity is effective for reducing addition.
thermal conductivity of th@-FeSp. The electrical transport properties were evaluated for the

Fig. 3shows the temperature dependence of (a) the elec-hot-pressed samples with 1-4 mass% Y, which were mostly
trical resistivity, p, and (b) the Seebeck coefficierst, of composed of th@ phase without YFgprecipitation.Fig. 4
the hot-pressed samples witlmass% ¥Os. As shown in shows the temperature dependence of (a) the electrical resis-
Fig. 3a, the electrical resistivity increased with increasing tivity, p, and (b) the Seebeck coefficiefif,of these samples.
amount of .03, especially in the lower temperature range. As shown inFig. 4a, the electrical resistivity of the samples
This is considered to be due to the enhancement of carrierwith Y addition was almost the same as that of the sample
scattering caused by insulating rare-earth oxide dispersion.without addition, and a significant increase in thealues
On the other hand, the Seebeck coefficient was improved byshown in the case of the, 03 addition did not occur. On
Y 203 addition below about 800K in the extrinsic conduc- the other hand, the Seebeck coefficient was improved by ad-
tion region of -FeSp. The maximum Seebeck coefficient dition of a small amount of Y; 1 and 2 mass% Y, especially
was obtained for the sample with 2 mass%0¥, and then, below 800 K, which is well consistent with the behavior of
the samples with 4 and 6 mass%Q3 showed thgS| val- theS values when ¥Os was added, as shownliig. 3b. The
ues smaller than those of the sample with 2 massi@sy increase inS| values due to Y addition indicates that Y so-
which were still larger than those of the sample without addi- lution in thep phase is effective for enhancing the Seebeck
tion. Generally, increase in electrical resistivity and Seebeck coefficient. Based on this fact, EDX analysis on fhghase
coefficient is considered to be caused by a decrease in carmatrix of the samples with 2 and 4 mass%04 was also
rier concentration. However, in this study, such a decrease inperformed on areas where®3 particles were not detected
carrier concentration is difficult to explain only by the insu- in the TEM observation. Th@ phases of the samples with
lating rare-earth oxide dispersion. Although the increase in 2 and 4 mass% XOs were found to contain about 0.68 and
the electrical resistivity is considered to be mainly caused by 1.14 at.% Y, respectively, supporting that even whex®y
enhancing carrier scattering due to dispersion of fin®3yr was added, partial decomposition of addegD¥ occurred
particles, the behavior of these electrical transport propertiesand a certain amount of Y was dissolved in fhghase.
induced by %Oz addition is similar to a behavior when the Based on the results of the EDX analysis, it is supported that
carrier concentration decreases. On the other hand, it waghe improvement of the Seebeck coefficient shown in the case
reported that when Zr@with a relatively high chemical sta-  of the Y>03 addition was also caused by the Y solution in the
bility was added to th@-FeSp, the Zr phase decomposed B phase matrix. Itis considered that the Y atoms dissolved in
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Fig. 3. Temperature dependence of (a) the electrical resistivignd (b)
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Fig. 4. Temperature dependence of (a) the electrical resistiwjtynd these samples showed th@alues smaller than those of the
(b) theo Seebeck coefficiens, of the hot-pressed G@sC0.02Skz with sample without addition, because of the significant increase
xmass% Y.

in the electrical resistivity. Thus, it was found that addition
of a small amount of ¥O3 was effective in improving the
thep phase are probably easier to be substituted for Fe atomghermoelectric performance of tigeFeSp.

than Siatoms because of its atomic radius, and act as a p-type

dopant. The solution of Y as a p-type dopant in the n-type

Fey.908C0p.02Si> causes a reduction in the carrier concentra- 4. Conclusion

tion in the system due to carrier compensation. This is the

reason why the Seebeck coefficient was improved @3y The effects of ¥O3 and Y addition on the thermoelectric
addition, especially in the low temperature range, the extrin- properties of FggsCop.02Si> were investigated. When 03
sic conductive region of thg-FeSp. Actually, the Hall coef- powder was added, small,®3 particles around 10nm in

ficient measurement performed in the sample with 2 mass%size were dispersed in tifiephase matrix by mechanical al-

Y 203 showed that the carrier concentration decreased fromloying for 72 ks. The thermal conductivity was significantly
2.0x 1071t02.4x 10°°cm3 of the sample withoutaddition,  reduced with increasing amount 0§®s over the entire tem-
which also supports the solution of Y as a p-type dopant. The perature range because of enhancing phonon scattering due
Seebeck coefficient decreased with increasing amount of adto dispersion of fine ¥O3 particles. The ¥O3 dispersion
ditives beyond 2 mass% in both samples witsO¢ and Y also enhanced carrier scattering, resulting in the increase in

addition, indicating that addition of a small amount gf(¥; the electrical resistivity with increasing amount of(33. The
or Y, which is less than or around 1 mass%, is effective for Seebeck coefficient was improved byQ3 addition, espe-
enhancing the Seebeck coefficient. cially below 800K, in the extrinsic region of tigeFeSp. In

The figure of meritZ, of the samples with ¥O3 addition the case of the Y addition to tieFeSp, the|S| values of the
was calculated from the Seebeck coefficishthe electrical samples with 1 and 2 mass% Y were also larger than those
resistivity, p, and the thermal conductivity, in the equation of the sample without addition below 800 K, indicating that
Z=S%Iplk. Fig. 5 shows the temperature dependence of the Y doping in Fe 9sC0p.02Si> was effective for enhancing the
figure of merit,Z, of the hot-pressed samples witimass% Seebeck coefficient. The TEM observation and EDX analysis
Y 203. The figure of merit was significantly improved by ad- revealed that when O3 was added, partial decomposition
dition of 2 mass% ¥Os, because the thermal conductivity of Y03 occurred and a smallamount of Y was doped inghe
and the Seebeck coefficient were reduced and enhanced, rephase matrix. Therefore, the enhancement of the Seebeck co-
spectively, in spite of the increase in the electrical resistiv- efficient of the sample with ¥O3 addition was considered to
ity. On the other hand, though the addition of 4 or 6 mass% be due to reduction in its carrier concentration because of the
Y203 was effective for reducing the thermal conductivity, Y solution as a p-type dopant in the n-typeylggCap.02Sio.
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