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Abstract

Although the reaction of LyO3 (where Ln=La and Sm) powders with €&as is a widely used method for preparing &g the synthetic
powders contain the impurities of oxygen and carbon. The behavior of these impurities in the sinteringoWhar studied using X-
ray diffractometry and scanning electron microscopy. The sintering techniques used in this study were a pressure-assisted sintering and a
pressureless sintering. While tReo y phase transformation is dependent on the impurities content of oxygen and carboto thphase
transformation is not affected by the impurities content. Moreover, the grain size of sintered compact decreases with increasing carbon content.
We confirmed that the carbon is removed from synthetic powder usinggssl
© 2005 Published by Elsevier B.V.
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1. Introduction terials because of its high melting point, low lattice ther-
mal conductivity, and degenerate semiconducting behavior
It is well known that LpS3 (where Ln=La and Sm)  [4-9].
has three structure types; 8, andwy [1]. The a-phase has The usual preparation route for thedSa consists of the
an orthorhombic structure, and is exactly stoichiometric. At sulfurization of LiOs using C$ or HyS gas. The prepara-
1173 K, thea-phase transforms to thgephase. Th@-phase tion of LnyS3 using C$ gas became feasible at low temper-
is actually Lnp$14(0,S1—,) with 0 < x < 1, which has a  ature in comparison with the reaction with&lgag10,11]
tetragonal structur]. In its structure, the oxygen atom oc- However, the LaS3 powder prepared using G§as contains
cupies a special position at the center of a regular tetrahedrorthe impurities of oxygen and carb¢b2]. While the sinter-
of Ln atoms[2,3]. While the 3-Ln,Sz (x = 0) transforms ing technique is a widely used method for fabricating the
to they-phase at 1573 K, LipS140 (x = 1) is stabilized in thermoelectric elements of the Lpnf&.3], the thermoelectric
this phase over a wide range of temperaty&gs The - performance is affected by the microstructures.
phase has the cubic defectsH type structure with metal In order to obtain thermoelectric elements obBg, it is
vacancies. Since the metal vacancies can be occupied by Lrimportantto form Ln$ (y-phase) and control the microstruc-
atoms, they-phase exists in the compositional range from tures. The microstructures of 8 prepared using b5 gas
LnS; 33 (LN3Sy) to LnS; 50 (LN2Sg). The LnS, with 1.33 < have been characterized for IR window materjaly. How-
y < 1.50 is attractive high-temperature thermoelectric ma- ever, no results have ever been reported on the behavior of
impurities in the sintering of L#S3. In present work, we re-
* Corresponding author. port the influence of the impurities of oxygen and carbon on
E-mail address: ohtam@mmm.muroran-it.ac.jp (M. Ohta). the phase transformation and the microstructures.
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2. Experimental 21052051 ] 2.08 E
The formation behavior of L#Ss; in the sulfurization . E
of Ln,O3 powders using CSgas was described elsewhere — ool > 2% ¢
[10,12] The starting powders were commerciapa which "l: i 4 %
had a particle size of 1,8m (Anan Kasei Co.) and commer- QO o4l Joos §
cial SmpO3 which had a particle size of 3dm (Shin-Etsu Uj—* s X ’
Chemical Co.). In order to obtain the single-phase powders, = L <« €
the sulfurization was carried out in temperature range from j:' 08 I 1 =
1023 to 1323 K for 10.8-28.8ks. ' C ] g
The synthetic powders were sintered by pressureless sin- 12 = T=>» 15 ¢
tering technique and hot-pressing technique. Before the sin- a i °
tering, the tablets of 10—-15 mm diameter and 2—4 mm thick- S I Py %

ness were fabricated by cold pressing under a uniaxial pres- 1000 1100 1200 1300 1400

sure of 30-50 MPa. For the pressureless sintering, the tablets, Reaction Temperature (K)

placed on a BN boat, were heated at 1773K for 3.6ks in

5 x 1.0-3Pa vacuum. In the case of the hot-pressing, the Fig. 1. Tetragonal lattice constants of the 4%u4(0;S; ) powders and the
tablets, placed in the die which was coated with BN, were oxygen content in same powdéig] as a function of the reaction tempera-
heated at 1773K for 3.6ks under an uniaxial pressure of U

30 MPain 7x 1.0~3 Pavacuum. The both heating rates were As shown irFig. 2, the carbon contentin 4gS14(0; St._)
. X —X

1

0.17Ks™ _ ) powders increases almost linearly with reaction temperature
Furthermo_re, the synthetic pqwders were sm_tered by a[12]. The carbon content was caused by the thermal dissoci-

pressure-assisted pulsed electric current sintering (PECS) 401 reaction of a part of the GRjas. Thus, the synthetic

technique using spgrk plasmasintering apparatus.(SPS-5;1SpOWderS consist of L@S14(0,S1_,) and a few carbon. It is
Sumitomo Coal Mining Co.). The powders, placedingraphite | i known that the color of LasS14(0,S1_,) is a faint yel-

die of 10 mm diameter, were introduced ;nto PECS apparatus. - however, the color of synthetic powders changes from
The chamberwas pumped downte7.0™° Pa. The powd_ers faint yellow to gray with increasing carbon content.
were heated at rate of 0.42 K5up to 1573 K. After being The single-phasa-SmySs was confirmed by the sulfur-
held for 3.6 ks, the samples were cooled at rate of 0.84%K s ization at 1023-1323 K. As reaction temperature increases,
to 873K, followed by slow cooling to room temperature. An - yho oyvoen content decreases from 0.52 to 0.24 wt.% while
uniaxial pressure of 50 MPa in the die was applied during the o ~rhon content increases from 0.03 to 0.06 W24,
heating and ho_Idmg. _ The carbon was mixed by the thermal dissociation reaction
The synthetic powders and the sintered compacts Wereqs 5 nart of the Cg gas, as mentioned above. In contrast,
characterized by X-ray diffractometry (XRD; Rint-Ultima+, o \yere unsuccessful in finding origin of the oxygen content
Rl.gaku Co.) using Cu K radiation and scanning eIectr_on which was found by chemical analysis. Eo6mySs, there is
microscopy (SEM; JSM-5310LV, JEOL). For the determina- , jngication that the oxygen atom substitutes for the sulfur

tio'n of If':\ttice parameters, the XRD patterns were corrected 4;0m A small amount of oxygen may remain as,Emor
using Si powder as an external standard. Sm0,S

Fig. 3shows SEM micrographs of the @3 powder and

. . the La0S14(0,S1—,) powders. As shown ifrig. 3a@), we
3. Results and discussion

i 12
The synthetic powders which were prepared by the reac- _ o0 L L210514(O0xS 1)
tion of La,O3 with CS, consisted of the L&S14(0:S1—x) ® 05 - 10
phase. Besaon found that the tetragonal lattice parame- 2 o4l 1s 75_;
ters are decreased by the substitution of oxygen atom for g L R
sulfur atom[2]. Our result agrees with that found in that pa- g 031 16 &
per. As shown irFig. 1, the oxygen content determined by © o2l 14 g
chemical analysis shows a sharp decrease at about 1200 K 8 - {1 ©
[12]. The tetragonal lattice constantsand ¢ show a sharp 8 o1 ) 12
increase in temperature range of 1150-1250K, in agree- o ]

0
ment with the oxygen content data. It is evident that the 1000 R”°°, T12°° 13°°K 1400
unit cell is expanding as the oxygen content decreases; eaction Temperature (K)
therefore, the result suggests that the substitutional oxy- Fig. 2. Carbon content in the kgD14(0, Sy._.) powders12] and the grain

gen content in LepS14(O, Sy ) decreases abruptly at about  gjze of Lao014(0:S1_,) after a pulsed electric current sintering at 1573 K
1200K. as a function of the reaction temperature.
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Fig. 4. XRD patterns of compacts obtained by pressureless sintering at
1773 K. The starting powders were: (a) the;4%40 with 0.02wt.% C
prepared at 1023 K for 28.8 ks, (b) theig&;40 with 0.13 wt.% C prepared

at 1123 K for 28.8ks, (c) the 1aS14(0p 2Sp.8) with 0.31 wt.% C prepared

at 1273 K for 28.8 ks, and (d) the powder (a) with 0.20 wt.% carbon black.

La10$14(0,S1—x) phase. Furthermore, one can find the influ-
ence of carbon on the phase transformation fieim 4(b)

and (c). InFig. 4(c), the formation of Lag due to carbon
content of 0.13wt.% was confirmed after the sintering of
Laz0S140 powder, unlike LagS;40 with 0.02 wt.% C shown

in Fig. 4(b). In order to investigate the influence of the carbon
content, the carbon black powder which has a particle size
of 0.022um was added to the 18S140 with 0.02wt.% C
powder. As shown itfrig. 4(d), the sintered compact consists

of LaS,; therefore, the result suggests that the phase transfor-
mation is accelerated by containing a large amount of carbon.
Since the pressureless sintering caused a 25% decrease in the
oxygen content and a 75% decrease in the carbon content,
the acceleration is most likely attributed to the carbothermic
reduction. Similarly, in the hot-pressing, we found that the
impurities content of oxygen and carbon have influence on
phase transformation from kg514(OxS1-x) to LaS,. The

low temperature formation of LnSlue to the carbon in the

Fig. 3. SEM micrograph of (a) l®3 powder, (b) LagS;140 powder pre- precursor like malonate has been already rep([ﬂtﬁ]j
pared at 1023 K for 28.8 ks, and (c)1g%14(00.1550.85) powder prepared at For a hot-pressing af-SmpS3 at 1773 K, the XRD pat-
1323K for 28.8ks. terns of compacts are shownfiig. 5. While an increase in

the reaction temperature was observed to decrease the oxy-
found the primary particles dispersing. In contrast, for the gen content and increase the carbon content in the synthetic
synthetic powdetf-igs. 3b) and (c) show the agglomeration a-SnmpSz powder, the all compacts consisted of the single-
of the primary particles. The SEM microscopy revealed that phase Smg It is clear that the phase transformation from
the agglomerate size increases with reaction temperature. The.-SmSz to SmS, was independent of the oxygen content
important point to note is increase in the size of primary less than 0.52wt.% and the carbon less than 0.06 wt.%, un-

particle with the reaction temperature increase. like the phase transformation from 1g5,4(0,S1—;) to LaS,
The XRD patterns after pressureless sintering of shown inFig. 4.
La;0S14(0,S1—,) are shown irFig. 4. While the phase trans- XRD analysis of compacts sintered by PECS at 1573 K

formation from La0S14(00.2Sp8) to LaS, was observed  shows that all samples consisted of the;d914(0,S1—»)

at 1773K and 0.31wt.% C, the k5140 maintained in phase. The large linear shrinkage of the sample was observed
La10$14(0,S1—x) phase at 1773K and 0.02wt.% C. The in the temperature range of 1023-1473 K. As a result, the

results imply that the substitution of oxygen stabilizes the compacts close to the theoretical density were obtained by
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Fig. 5. XRD patterns of compacts obtained by hot-pressing at 1773 K. The
starting powders were: (a) theSmpS; with 0.77 wt.% O and 0.02 wt.%

C prepared at 1223K for 10.8ks, (b) theSmpSz with 0.64 wt.% O and
0.02wt.% C prepared at 1273K for 14.4ks, and (c) th€mpSz with
0.24wt.% O and 0.06 wt.% C prepared at 1323 K for 28.8 ks.

the sintering at temperatures above 1473 K. For cerium sul-
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Fig. 6shows SEM micrographs of fracture surfaces of the
La10S14(0,S:1—,) sintered by PECS at 1573 K. We confirm
that the LapS14(0,S:1-—) have few pores. The grain size is
plotted as a function of the reaction temperature of starting
powder, as shown iRig. 2 Although the primary particle size
of starting powder increases with reaction temperature shown
in Fig. 3, the grain size of compacts shows an abrupt decrease
up to 1123 K and then a gradual increase. It appeared that the
abrupt decrease up to 1123 K is due to the carbon content in-
crease. We believe that the growth of the grain size is affected
by the carbon content more than about 0.1 wt.%. However,
since the oxygen content increase with reaction temperature,
the effect of the carbon impurity is not fully understood. In
order to investigate the effect of carbon content on grain size,
the carbon black powder was added to thegSa4O with
0.02 wt.% C powder. After being thoroughly mixed, the pow-
ders were sintered under the same PECS conditions. SEM
micrographs revealed that the grain size showFign 6(d) is
small compared to that shownkig. 6(a); therefore, we can

fide, the large linear shrinkage has been found in the sameconclude that the grain size is controlled by the carbon con-

temperature rangd 1]. Vaughan-Forster and White have re-
ported that the LySs powders sintered by pressureless sin-
tering at 1623-1673 K in k6 gas achieved relative densities
of 92—-98%][16].

l(a)L

(©

tent. The carbon content from 0.1 to 0.2 wt.% has a dramatic
effect on the growth of grain size. In contrast, the gradual
increase in the grain size at temperatures above 1123K is
attributed to increase in the particle size of starting powder.

Fig. 6. SEM micrographs of fracture surfaces for thedSas(O,S;—,) compacts obtained by a pulsed electric pulsed sintering at 1573 K. The starting
powders were: (a) the LgS140 with 0.02wt.% C prepared at 1023 K for 28.8 ks, (b) thedSa,O with 0.07 wt.% C prepared at 1173 K for 28.8ks, (c) the
La10S14(00.1550.85) with 0.42 wt.% C prepared at 1323 K for 28.8 ks, and (d) the powder (a) with 0.20 wt.% carbon black.



M. Ohta et al. / Journal of Alloys and Compounds 408—412 (2006) 551-555 555

As the reaction temperature increases, the carbon con-We also acknowledge Nitto Denko Corporation for financial
tent increases while the oxygen content decreases. Thereassistance throughout this investigation. The present work
fore, it is difficult to obtain the synthetic powder containing was partially supported by Grant-in-Aid for JSPS Fellows
small amount of impurities. In particular, the carbon content No. 15-01304 and Scientific Research No. 16360369 from
has important influences on the phase transformation fromthe Ministry of Education, Science, Sports and Culture of
La;0S14(0xS;-,) to LaS, and the microstructures. Sato et Japan, by Grant from New Energy and Industrial Technology
al. have proposed the reaction with plifor removing the Development Organization (NEDO).
carbon impurity in NdSz powder{17]. Using similarly tech-
nique, we investigated the decarburization of$a NH3 gas
is used for the reaction: References

4NHg + 3C = 2N + 3CHq (1) [1] J. Flahaut, in: K.A. Gschneidner Jr., L. Eyring (Eds.), Handbook on the
The standard free-energy changes for the related reactions Physics and Chemistry of Rare-earths, vol. 4, North-Holland, Amster-

. dam, 1979, p. 1.
have been calculated from the thermodynamic §E8al9] [2] P. Besanon, J. Solid State Chem. 7 (1973) 232.

As a result, we conclude calculatedly that the carbon impu- [3] T. Schleid, F. Lissner, J. Less-Common Met. 175 (1991) 309.

rity is removed by the reaction in temperature above 500K, [4] T. Takeshita, K.A. Gschneidner Jr., B.J. Beaudry, J. Appl. Phys. 57
without affecting LaSz. The synthetic L&yS14(0xS1—x) (1985) 4633.

powder, placed on a BN boat, was introduced into fur- [5] C.Wood, A. Lockwood, J. Parker, A. Zoltan, D. Zoltan, L.R. Danielson,

. . V. Raag, J. Appl. Phys. 58 (1985) 1542.
nace with Nk atmosphere. After bemg heated at 1273K [6] K.A. Gschneidner Jr., J.F. Nakahara, B.J. Beaudry, T. Takeshita, Mater.

for 3.6 ks, the carbon content decreased from 0.23 to 0.07  Res. Soc. Symp. Proc. 97 (1987) 359.
wt.%. [7] C. Wood, Rep. Prog. Phys. 51 (1988) 459.
[8] B.J. Beaudry, K.A. Gschneidner Jr., in: D.M. Rowe (Ed.), CRC Hand-
book of Thermoelectrics, CRC Press, Boca Raton, 1995, p. 399.
[9] G.G. Gadzhiev, Sh.M. Ismailov, M.M. Khamidov, Kh.Kh. Abdullaev,
V.V. Sokolov, High Temp. (USSR) 38 (2000) 875.
[10] T. Toide, T. Utsunomiya, M. Sato, Y. Hoshino, T. Hatano, Y. Akimoto,
We conclude that the impurities of oxygen and carbon Bull. Tokyo Inst. Tech. 117 (1973) 41.
in the synthetic powder have influence on the phase trans-[11] S. Hirai, K. Shimakage, Y. Saitou, T. Nishimura, Y. Uemura, M. Mit-
formation from LaeS14(0:S1—x) to LaS,. In contrast, the omo, L. Brewer, J. Am. Ceram. Soc. 81 (1998) 145.

. . [12] M. Ohta, H. Yuan, S. Hirai, Y. Uemura, K. Shimakage, J. Alloys Compd.
phase transformation from-Snmp Sz to SmS is not affected 374 (2004) 112.

by the impurities. While the compacts densities near theo- [13] k.A. Gschneidner Jr., J. Mater. Eng. Perform. 7 (1998) 656.

retical density were achieved by the sintering at temperature[14] P.N. Kumta, S. Risbud, J. Mater. Res. 8 (1993) 1394.

above 1473 K, the grain size decreases as the carbon conkl5] S. Ronero, A. Mosset, P. Macaugiie, J.C. Trombe, J. Alloys Compd.

tent increases. The carbon impurity in the synthetic powder 302 (2000) 118. _

. . . [16] C.M. Vaughan-Forster, W.B. White, J. Am. Ceram. Soc. 80 (1997)

is removed by the reaction with N 273-276

[17] N. Sato, T. Darjaa, K. Yamada, T. Fujino, Y. Waseda, Shigen-to-Sozai
114 (1998) 971.

Acknowledgements [18] I. Barin, O. Knacke, Thermochemical Properties of Inorganic Sub-
stance, Springer-Verlag, Berlin, 1973.

[19] I. Barin, O. Knacke, O. Kubaschewski, Thermochemical Properties of
Inorganic Substances Supplement, Springer-Verlag, Berlin, 1977.

4. Conclusion

We would like to thank valuable discussion with Chief
Researcher Dr. Shigenori Morita of Nitto Denko Corporation.



	Phase transformation and microstructures of Ln2S3 (Ln = La, Sm) with different impurities content of oxygen and carbon
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


