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We then con51dered mechamcal alloying as an alternate method of

producting B - Fe Siy. This method for elaboratmg the compound from lower

temperature must avoid the difficulties of sublimation and evaporation of

the components. It also allows the optimization of §§ - Fe Sis.

We-compare the results of ine two elaborating methods by x;ray diffraction

measurements. These results on P - Fe Si{ obtained by mechanical alloying,
__as.far we-know, were original. This process now appears to be a reliable

method to introduce amounts of dopant in the material. It must now be
developed. //' O
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January 1990

IMPROVEMENT STUDY OF IRON DISILICIDE
THERMOELECTRIC MATERIALS

This study concerns the first part of the program entitled
"Improvement study ¢4 {ron disilicide thenmoelectric materials”.

In many applications at high temperature, materials for po-
wer Zeneration must have a large figure of merit Z, a stability of sur-
faces with respect to oxidation, sublimation and evaporation, a low
cost for elaboration. The semiconducting compound 8 - Fe 51, meets these
requirements and has been alreacdy provosed for power generations. _ron
disilicide is dored with cobalt to obtain the N-type material. The 2-
type is obtained either by manganese (used by KCOMALSU commercially) or
by aluminium (U. BIRKHOLZ - University of XARLSRUHE). The manganese gi-
ves a Z of around 0.5.10 " !
Z = 1.5.10° <! (uc00 ©).

L

while aluminium is supposed *o give

The goal of this npart of the study is to obtain pure semicon-
ducting 8 - Fe Si: ochase from elemental 325 mesh iron and silicon powder
under the conditions of phase diagram (fig. 1). Thermoelectric oroperties
of this material must be a refarence for later studies. At once, we 2la=-
borate the material by the same classical method as XCMATSU or U. 3IRKHECLD
the synthesis of elemental iren and silicon powder is achieved by mel+ting
at 1250° C and the transition of the -~er=:llic (a) to semiconducting (3)
phase is obtained bv annealing. Then, we nd it is very difficult to main-
tain the stoichiometric composition during the a +~ 8 phase *ransformation.
Consequently %o this method it is impossible to control adjustement of <he
doping material. Using the competence and the experiments of our laborato-
ry, we elaborate with success 3 - Fe 31:; by mechanical alloying. This me-
thod elaborating the compound from low temperature must avoid the difficul-
ties of sublimation, evaporation of the components and ailows the optimisa-

tion of B3 - Fe Si,.
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Figure 1 : Phase diagram of the binary system Fe-Si




I. - CLASSICAL SYNTHESIS OF PURE 8 IRON DISILICIDE (8 =~ Fe Si,). -

Accorcing <¢ a 2lassical crocess it can be obtained bv anrea-
ling 27 1275 € Zyxem o the o metallic ochase. Pure materials Inen (SFMCT
23,985 %), silicen (CZRMC 29,395 %) were ~urified in a recducing aTwos-
chere. Then <he coroounds in a2 steichiomemic zompesizticn were melzad
>y Induction 7€dTing in a quarwz ampoule under Fe-Z; amosphere. I This

way we obtainred The 2 - metallic chase of Te 3i; and Then we musT achiave

~he a ~ 3ohase ransformartion.

After zceling To room “amperature +<he ingot was Tround In 2

A

mill. The powder was filled into a cvlindrical box of 10 mm iIn diamever
3 ram cressure (7C MP3) was applied. The sarmles were annealsd 3T

< under vacuur Ior several hours. “he subsecuent sinTaring trocess

[Wh]

U
53

[

as sertormed Sor ohours at tLE0 W ounder a stream o Fe-r; mixTure. The

<

~ransiticn To the semiconcucting dhase was achleved Ty anrealing Zor se-

seral days at 1C7: X under hizh vacuum. In the *“able Selow '@ shcow <he

measurement of “hermcelectric sower at rToom TempersTire.

i i
N° sample . n (2) 3 ! (4)

au v/, . 50,

i
5) |
_

.

Je notad <hat all samples were always n-tytes. _he “ime neeced
Zor the phase trarsi<tion from <he metallic high —emrerature o <he semi-
conducting phase is Zound to be very sensitive o *he 3Toichlometric zom-
cosition of the material. Thus thermoelectric power changed in <he same

Tanner.




Some measurements on electrical resistivity and thermal concuc-
rivity wereperformed. Samples had a verv high resistivity about 5C m & .m.

This value was not swrorising because the sarmples were undored and h

~ (D

o . - . ~ -1 .=
thermal conductivity was found as a classical value X = 5.395 w.m™ .X

{-ray diffraction measurements on <hese samples showed That
@ - Te 3i, line vanished but we noted the importan* presence of Te Si

o

lines (fig. 2).
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Figure 2 : X-Ray diffraction pattern of B-FeSi, Sample [classical synthesis]

Trom the shase diagram, it seemed that it was very difficult
to keep the stoichiometric composition during the a -3 vhase transforma-
+ion. Consequently to this method it is impossible to contrecl adiustement
of the doping material.




II. - PREPARATION OF PURE B IRON DISILICIDE (8 Fe Si:) BY MECHANICAL
ALLOYING. -

Tre classical orevaraticon of 8 Te Il , 3s we 3aw, was Time-
consuming and di77icul*. Because of *he phase Ziagram Te i or Zi parwi-
cles are oresent zrd therefore result in the croducticn of inhcmogeneous
allovs. In addivion, the high vapour oressure o aluminium (Ior example)
at =2levarted temperatures makes *he controlled addizion of <his Zotan®

difficult in +he melt. These 4ifficulzies with cast allovs led us <o con-

sider mechanical zlloving as an altermate method of oroducing Te B, <her-
mcelecric materials.
YMecharical alloving offers the Dossibility of minimizing corte-

sizicral hetercgereity and =rain size and of evaluatirg zcdizicns which

are notT amenable <o the melzing orocess. It Iz 2 zechnicue in which crvs-

—zlline Intermetallic or 2lemental powders are alloved —hrouch 2 secuence

of collisicn events inside 3 high energy ball mill. Zn 2 macroscopic sca-

le =his oreocess Is accomplished ~hrough a repeated Zractre and ool wel-

ding crocess. It 1s Zesirable —o orepare *thermoelectric mazerials yith low
“hermal conductiviTs so *hat 3 “emperature Zradient can =2asily e mairTai-
¢ In a2 Zevice, crovided “he =2lectrical concductiviwy and Zeebeck coelfli-

zient zan be kept suitably larze. Svidence suggests *hat mechanical alleving
would oroduce a material with axtremely small ( < 1um) tarmicle size which
shculd result in 2 siznificant reducticn in <hermal cenductiviwy. To achie-

ve allcving we usad a vibrating shaker and olanertary —ypes of mills with

mecual success.

IIT. ~ MECHANICAL ALLOYING WITH A VIBRATORY SHAKER TYPE OF MILL. -

~ -

The Fe i, samples werecrepared from elemental 325 mesh silicon
and iren cowder. The amounts of 2ach component were welghed iIn anargon-
filled zlove box <o obtain a nominal composition of Fe Si; and nlaced in
a1 mungsten carbice vial along with a 3 gram 1C mm diameter 'C ball ard
sealed nder argor. In the initial attempts *o achieve alloving “these vials

were loaded into a vibratory shaker type of mill (fig. 3).




WC Vials
Ball
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Shaking mouvement

e

Hgure 5 : libratorv shaker —/te of mill

{(-Pay diZfraction measurements —axker of he Towder

of orecessing showed “hat +the 51 and yxon lires had nc change

alloying had not occurred. In the figure 4 zliches a2 arnd > cormespended <¢

cowder respectively *aken free in *the vial and aggrecatad on

Fe + Si
powder

afrter I hcur

indicaTtinzg

-

~he walls oI

“he vial. No change could be chbserved 3is on cliche ¢ for 2 howrs of Tre-

cessing. Many other attempts were macde up <o 14 hours,

the fizures 3 a, b and = Zor 4, 15 and IC heurs
some changes appeared, 2nlarzing oI (-ray lires and aprearance

X-ray line.

It was felt that in *this <ype 2f —mill, Insufiicient

dissipated to cause alloying +o occur.

[ o)

snergy was
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IV. - MECHANICAL ALLOYING WITH A PLANETARY TYPE OF MILL. -

Tre vials Zfilled uncder <he same conditions 3s belcre wers
“ocaded irTo a plane-ary t.1l which rapidly rotates =2ach izl arc I3
).

N

in opposiTicn o *he orimary votation axds of the platior— (Ilz.
_ome 3iTTempts were —ade <O ObTimise “he comporents mass, nurber o7
balls, and Time of orocessing. Tor 21l the “ollowing atrempts, The
amoun®s of =2ach corponent were weighed (10 zram) iIn an arzen-Illled
zlcre Dox o obtain a nominal corposition of
—ungstan carbide vial §7 ml with seven, 2 gram 1T mm Zlarmeter WC balls
ard sealed under argzen. The tlatiorm rotates at <he rate oI 2T rT

“h2 vizls at 33C rom. {-rays 2ifraction measurements Taxen oI the OCw-
ing were shown in Slgure Ta

e

A . — 1 =
ler 3772y 2 hours 2 ore

% L = .
e Ddhgert/z2 The 2XIzTmerce 27 0

1 T2 S5i; (quadratic) : lines T and 3
- 3 Ta 3i, (crthonrombic) @ line 2
2 21 (cubic) : line &

- -he lire S showz *he simultareous cresenca oF

Af+er 4 nours of orocessing we noted In *he fizxe O

A

- lines 1 and : decrease in a2 significative manner

- line 2 (3 T2 3i:) increases corsileracly

- line 4 shows the disappearance of 2 Si

- “he Zecreasing of line S confirms +the ransformaticn

]

a Si; and

(53]

i

)

in relavion with 2 e

{
(V)]
[N
ty

QO
L]
[V

N
a 1z,

e think that +this is a zood way *o obtain 2
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“he

Scanning Zalcrimetry) with towder <aken af<cer 1 hour of orocessirg.
Al

1

~L(Dif

igure 3 shows an exgeriment of . 5. 7.

we ncrte That the a1 »3-Tansicrmaticon takes place at a lower <amre
—ure (40C-5CC° 2) <han the temperature dredicted -y <he ohase diagram.
This i3 crobably due o the existence of many energetic delfects in The
ccwder wnich are arnealed quickly. These cefects favourise cerwainly

~he ohase transformations.

n the Sfigure 3a are recresentated the {-ravs lires cof the

ccwcer aftar one hour of grinding. Then the towder is anrealed (5CC° 2)

during one hour ard <he ¥-rays soec™ra are representad in Iiz 3b.

3

CONCLUSION. -

The results obtained from 3 clanetary mill were Zocund “o e
suitable %o =laborate the semicenducting 2 Ze 31; phase. The rapidizy oF

the precess (about 2 hours of grinding and anrealing) was nctad.

Pesults about D. 3. C. showed *hat *he a -~ 3 ohase “ransiticn
was at 31 lower rtemperature due to an anrealing of very energetic defects

intreduced Jduring mechanical alloying.

These resul*s on 3 Te Si; obtained bv mechanical alloving,
as far as we know, were original. Then *his Drocess seems a reliable Te-

-

*hod *o introduce amounts of ZJopant in the material and mus*t be develored.
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Figure 8 : o« — [ transition observed by Differential Scanning Calorimetry




Figure 9 :

X-Ray diffraction pattern of mechanical alloyed samples

(a) one hour of ball milling
(b) same plus one hour of annealing (500°C)
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