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ABSTRACT

Gadolinium compcsitions with bismuth, antimony, sllicon,
boron, phosphorus and selenium, and hafnium componunds with
gilicon and boron have been examined for thelr potential
as thermo: .ectric materials. Scebeck potentials, resis-~
tivities and melting points have been determined. Several
refractory systems rnove kceu uncovered, with melting points
as high as 3000°C, and compounds in the gadoiinium-selenium
systems have demonstrated a possible value as a thermo-
electric muterial.

In the gadoliniuﬁdselenium system Seebeck outputs as
high as 500<ﬁy/ozkhave been obtained tut this and resis-
tivities have been found to vary unconventionally with
treatment and mild variations in compositi . "Doping”
of the GdoSej compound .omposition with small amounts of
copper appears not to have an advantageous effect upon
electrical characteristics of the material and a tentative
investigation of the chemistry of the system has led to the
velief that the value of the gadolinium selenlum System
for thermoelectric applicatlons depends upon an as yet'

undetermined relationship between GdSe and Gdese3 compounds,

y /f‘w"r'r*”‘
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INTRODYCTION

This final report describes the work performed during
the period May 18,1959 to May 1, 1960, under Contract
NObs-77145 (Index No, &7 -010024-1BR) on refractory gado-

inium and hafnium compounds., Personnel involveq in the
work reported included Messrs. E., Avls, W, Lavold, W. C.
Sexton, V, Newvy, H, M, Muir, L. Thomas and the project
lezder, Dr. R. C. Vickery. Dr. G. Vineyard has contributed
to much of the discussilon,

The aims zund ovbJectives of the work undertaken have
been to investigate compounds of gadolinium and hafnium
with other elements which, while attaining a high degree of
refractoriness, also are so bonded as to develop a signifi-
cant output of thermonelectric power at elevated temperatures,
Measurement of Seebeck coefficients and resistivities for

a group of selecfcd compositions were to be made.
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BACKGROUND CONS1DERATIONS

Theoretical aspects of the development of Lnermo-
electric power have been treated by several authorities
and do not require i1teration here, Of gpecific concern 1s
the material structure r.yuirement leading to both high
tomperature stability and the production of an appreciable
thermoelectric output.

In the purist sense no direct correlation of these
two required parameters can be made, Althouzbh several
formulae nave teen presented from which the thermoelectrin
power ¢l & &ue el can be predicted, such formulae ;equirc
however tne knowledge of precise structural dava which
are Iln many instances, lacking, Thg requirement still
exiats thercefore for examination, on a~gcngra;istic basis,
of mary previously unexamined materials,

Other workers have develecped the concept that mixed
valence compounds should provide valuable thermoelectric
parameters. This interpretation is felt however to be
~ rather ambiguous and a more precise concept s that based
upon systems in which bonding resonates between covalent
{or homopolar) and ionic characteristics. Such resonance
will stren ovhen the boﬁd and thus increase the melting’
point of the system 2nd most probably the energy gap.
Again, because of the covalent bording, 1t 1s to be ex-
pected that such materials will be scmiconducting.

For valuable application to thermoelectricity it is

=Be
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necessary that semi-conductors be extrinsic, since other-
wise h.le and electron conductance will militate against
cach other,

Specifically therefore, with the foregoing generali-
zations in miﬁd, 1t was pertinent fo consider the value of
intermetallic conpounds as thermoelectric materials. The
semicoauucting properties of intermetallics are due to the
number of. .tates and number of available electrons such
that the valence bond comprises @1l the bunding states and
that the conduction .2nd 13 formed by anti-uviiding states,
Tnis also means that the chemical stability of the system
must be higher than that of a metal phase, This stability
is of course further increased by the covalent - ionic
resonance and increase in the energy garp.

Of dircct importance in determining the value of a
material for thermoelectric purposes is electrical resis-
tivityi It has long been knowﬁ that resistivity shows a
sharp increase at compositions satisfying simple chemi:al
valence rules and that the structure of such compositions
1s not metallic, We wonuld therefore, appear to be con-
strained, in the generalistic sense, to examination of
intermetallic comnounds in which iénic - ccvalent resonance
occurs in nQn-stolchiometric compositions, and in which
conduction is électronic rather than ionic, the whole
system being also an extrinsic semiconductor, Through a

constitutlional series however, it 1s alsc noted that

-3-
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resistivity will vary with the degree of order-disorder
obtaining and hence low resistivities are to be expected
where non-stoichiometric intermetzlllic compounds are formed.
In the work now reported, wide spans of composition have
not however been made, arbitrarily chosen compositions only
having veen studied,

It we . suggested that the required varameters of
resistivity, Seebeck e.m,f. and refractoriness might be
met by compositions involviung the rare earth metals. From
the electrical stand-point, the rare earth elements are
interesting since their electron transport properties are
related to the strongly shielded U4f electron component., In
the rare carth series per se, gadolinium is of specific in-
terest because its 4f shell carries the maximum number of
unpaired electrons., However, considering also the end of
the rarc carth serles, lutetium has 14 4f clecirons. ‘The
rarity of this element however, induced censideration of the
next member of the Periodic System - hafnium, which also
carries 14 U4f electrons and an additional electron in the
5d shell,

Conseauently work has centered on studies of ctue
thermoelectric propensities of gadolinium and hafnium with
selected elements to the right of the Zintl boundery in
the Periodic Table. Boron compounds have also been ex-

amined,

In general some correlation of data has been obtained

=
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with previously established theoretical concepts, but
some apparent anomalies have also been observed, These
comparisons and discrepancies will be considered later.

‘In the studies now reported, Seebeck coefficients,
electrical resistivities and melting points only, have been
determined for the materials prepared. It is acccpted that
these aivne cannot determine the value of a2 material for
thermoelec .ric purpéses. Such a criteri~n can only bhe
ascertained by considering the "figure of merit" - 2 -
which relates Seebe~l: coeiiicient, resistivities and thermel
conductivity. Assuming that, for non-anomalous states, the
Weidemann-Franz ratio holds and that the Lorentz number will
relate thermal and electrical conductivities, it might be
considered convenient to accept the free electron model
which gives KR = LT (where L is the Lorentz numbcr). This
does not however, give accurate results for intermetallic
compounds since bonding type affects both lattice and
electron conduction, Moreover, because in at least or.=
instance, the work repofted dealt with a very '"poor" metal,
latticethermal conductivity will be apﬁreciable and the
Weidemann-Franz law applies only to the electronic (cr non-
12ttice) port of therma? conductivity. Because of -this,
no attempt has been made herein to employ the above re-
lation directly,.

. In the work reported therefore, only Seebeck coefficient,

electrical resistivity values, melting point, and general

~-5-
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chemical stability have been considered in order to effect
a preoliminary screening of materials in preparation for
a subsecquent deeper irvestigation of the mere promising

compositions,



RC 145

EXPERIMENTAL

Component Materials, Materials employed in the pre-

paration of the refractory compositions considered in the
work reported have bcei..

A. Gadolinium
Research Chemicals 99.7%

B. Hafnium
Wah Chang Corp. electron bean
ingot grade

C. Bismuth
Baker & Adamson 99.9 %

D.  Auuvimony
Ohio Semiconductors, Inc, electronic
grade 99.999 %

E Silicon
Dupont Company - Solar cell grade

99.999 %

F. Boron
U, S, Borax Corp. Crystalline
boron 99.9%

G. Phosphorus
Baker & Adamson 99.9 %

H. Selenium )
American Smelting & Refining Co.

99.999 %

I Zinc phosphide
Fisher, technical grade, redistilled
by Research Chemicals to 99.9%

J. Calcium phosphide
Baker & Adamson, technical grede

L
Material Preparation Procedures. Four types of re-

action procedures have been employed for the preparation of

polycrystalline, refractory gadolinlum and hafnium

~7-
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compositions. These techniques were direct reaction,
vapor diffusion, arc melting and, in phosphide production,
metathesis,

A, Direct reaction.

The two material components were reacted together
in an inert argon atmosphere, induction heating being used
to trigger the initial reaction. Once %the critical reaction
temperature of the composition under stud,y had been reached,
the heat of reaction of the components supplied the final
heat required to ceor_icte the reaction,

Spun tantalum crucibles 0,030" thick x L 1/2" o.d.
X 2" high were used as containers. A Kinney F-9 high vacuum
induction furnace was employed as the heating source and
the inert atmosphere reaction chamber. The materials to be
reacted were blended togeﬁher anci packed loosely into the
spun tantalum crucible which was fitted with 0,003" thick
téntalum splash covers to prevent loss of material during
the violent exothermic reaction occurring at the critic:l
temperature. The charged crucible was inserted into a
03030" x 5/8" 0.d4. x 6" high tantalum susceptor positioned
in the Kinney furnace,

In operation, the furnace was evacuated to 50
microns pressure from which point two argon purges were
performed. The furnace was then back filled with argon to
a pressure of 10 p.s.i. At this point, induction heating

was commenced, and continued until the critical reaction

s
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temperature, specific for the system was reached. At this
point, violent exothermic rcaction was observed and power
input to the inducticn coill immediately stopped. The heat
of reaction then suppl’~d the heat necessary for the re-
action to go to completion.

Two factors militated against general use of the
foregoing technique. Products formed in this manner were
inhomogenecous and,. for the most part, the melting points of
the systems being examined were in excess of the operational
temperaturc ronge o1 the Kinney F-9 Furnace, (1650 to 1700ﬁC)
So that no reconsolidation melting could be effected.
Another method for forming homogeneous compositions of fhese
refractory materials was therefore required and the non-
consumablé tungsten electrode arc melting procedure (C
below) was examined as an alternative. No success was
achieved in attempting to prepare gadolinium phosphlde by
this procedure,

B. Vaupor Diffusion Reaction

Because of the high vapor pressure of phosphorus
and selenium, the gadolinium-phosphorus and gadolinium-
gseletiium compounds required for stndy could not be prepared
directly vy the teahuniyuc described above. A vcpor dif-
fusion technique was therefore developed for the selenium
bearing system. The products of this technlque were sub-
sequently hom niz+d by the gstandard arc melting process.

Phosphides wer pared only by metathesis (D. below)

-9-
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since in their attempted preparation by vapor diffusion
violent explosions occurred ceven at low heating rates,

Vapor diffusion reaction was effected in a length
of Vycor tubing (1/2" ¢.J., 1/16" wall). After sealing one
end of the tube, gadolinium metal was introduced in the
form of chips of approximately 1/32"™ cube size. A con-
striction was then drawn by melting the tube above the meta:
layer and selenium in 1/1¢" diameter pellets was introduced
above the constriction, Direct, solid contact of the re-
actants was iics prevented. After evacuating the system to
2-5 microng pressurec, the open end of the tube was secaled off
and the whole inserted into a 1 1/2" o.d. tube combustion
furnace,

Furnace temperature was then slowly increased, at
approximately 100°C/hr, up to 900°C, This temperature was
maintained for 24 hours when power input to the furnace was
discontinued. The system then cooled to room temperature
at approximately 200°C/hr.

By enforcing a slower rate of reaction, and hence
better control, this technique also avoided the explosive
reactisn which occurred when the gadolinlum-selenium systems
were reacted directiv in either the 1nduct10n.or arc furnace.
Once formed by this diffusion reactien, the intermetallics
could be remelted in the arc without further danger of
cxplosion,

From the diffusicn reaction, gadolinium-selenium

-10-
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compounds were obtained as powders. These powders were con-
solidated and homogenized by blending and pelletizing

at 10,000 to 15,000 p.s.l. ‘'The resultant pel'ets, approxi-
mately 1 1/4" diameter x } 1/2" thick were then fused by

the standard arc melting process.

C. Arc Melting

The arc melting procedure was conducted in a
furnace consisting of a water cooled vacuum chamber fitted
with a water cooled copper hearth plate and a 1/4" o.d. .
tungsten elestrode. (opper molds approximateliy 1" to 1 1/4"
o.d. x 1/2" high, positioned on the copper hearth plate,
werce used as material containers during the melt, and
viewing ports permitted observation during the melting
process. The furnace was cvacuated to 50-100 microns and
purged twice from this point with a 75% helium, 25% argon
mixture. The system was back-filled with the hellum-argon
mixture to a pressure of 25 mm Hg before‘proceedlng with the
arc mélting opecration,

The tungsten clectrode was positioned to a gap of
approximately 1/16” and arcing initiated through a high
frequency starter, The electrode was then manually po-
sitioncd tu estabiishh a voltage potential or aprroximately
30-60 volts and the current increased to 200-400 amps de-
pending on the material being melted. Current was maintain-
ed and the electrode manually manipulated with a circular

motion until the entire mass became molten. The average

==
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heating cycle for the gadolinium and hafnium containing
systems was approximately 1 to 2 minutes per melting
operation,

The ingot was cooled to room temperature before
examination and the arc melting cycle was rcpcﬁtcd 2 to 3
times with the ingot being inverted betwcen each melt to
insure a homogenecous structure,

. Metathetical Reaction

Although previous studies on gadolinium phosphide
reported its prepsr.i.on by direct reaction, the prescnt
work has becn unable to confirm this and the closest
approximation obtained to the gadolinium phosphide com-
position was through the metathetical reactions.

X3P 4+ 2 Gd — 2 GAP + 3X. (Where X is Zn or Ca.)

The zinc phosphide recaction was preferably employ-
cd because of the relative ease with which the zinc metal
product could be removed by distillation. gxperimental
studies on this procedure were as follows:

(i) Double Decomposition Sintering
TArgon Atmosphere)

Fine gadolinium turnings and powdered zinc phos-
phide (Zn3P2) were lightly packed into a 0.040" tastalum
crucible (2" o.d. x 1" high) covered with a 0.003" tantalum
cap. The charge was placed into a tantalum susceptor in a
Kinney F-9 induction furnace, The furnace was then evacu-

ated to 100 microns at which point it was purged with argon.

-12-
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The system was again evacuated to 100 microns and then back
filled with argoﬁ to a pressure of 15 p.s.i. The tempera-
ture of the charge was next slowly raised to approximately
1100°C at which point an exotherm;c reaction tock place.
Heating was continued until 1500°C was reached at which
point the power input was ceased and the charge a'lowed to
furnace cool in the argon atmosphere,

"ne reacted phosphidic composition from this
procedure was then pulverized in an argon atmosphere until
211 material nassed 200 mesh., This product was then pressed
into a 1" 0.4, x 1/4" disc under 8,000 to 10,000 p.s.1i.

The pellet obtained was placed on a 0,003" tantalum
sheet inside a tantalum susceptor and again set up in the
Kinney F-9 induction furnace. The furnace was evacuated to
100 microns and purged with argon from this point. Another
evacuation of thec syctem to 100 microns was followed by a
back filling to 15 p.s.i. with argon before starting the
sintering cycle.

The heatling input was adjusted to raise the
temperature to 1500°C in two hours., After a one hour soak
at this temperature, the input was stopped and the gadolinium
phecophlioae pollet allewed to furnace cool at anproXimately
800°C per hour.

(1i1) Double Decomposition Sintering
(200 to 500 Microns)

This procedure was simllar to that used above,

The pressure however, was reduced to 200-500 microns rather

_13_
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than the 15 p.s.i. argon atmosphere. Identical heating rates
were used and at approximately 1100°C the exothermic re-
action was again obscrved., Heating wag continued up toa
1500°C and full mechari~al vacuum maintained throughout
the reaction. Power input was contolled to maintain the
temperature of 1500°C for approximately 1/2 hour after
which time the product was allowed to Jurnace cool at
approximately 200°C per hour,

The material was then treated in the manner pre-
viously dereribed .iv (1) except that sintering was carried
out at 200-500 microns presgure.

(111) Double Decomposition (200-500 Microns)
followed ty a vapor reaction,

In this procedure, an attempt was made to increase
the phosphorus content of the product by applying a vapor
reaction technique to a gadolinium-phosphorus composition
previously prepared by the double decomporitinn proceduraz,
It was hoped that a vapor reaction might be thus carried
out without the explosions previously experienced,

A phosphidic product was prepared using the double
decomposition reaction carried cut at 200-500 microns pres-
sure (i1, above), Chemical analysis on this produst showed
it to contain 11,1% phosphorus,

This material was then pulverized and screcened,
in an argon atmosphere, until all material passed 20C mesh.

The product was then blended with zinc phospnide powder in

=78
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amount calculated to give a 3% excegs phosphorus content.,
The blended materials were then sealed into a Vycor tube and
a standard vapor diffusion technique started. Temperature
was raiced slowly in increments of 50°C per two hours.
Temperature had attained, and been maintained at, QOOOC for
approximately two hours when a violently explosive reaction
occurred. The reaction product was r=covered and separace.
from the pulverized Vycor contaminate. Analysis of this
material showed 1t to contain 12,5% phosphorus or'approxi-
masely 1 1/2% phos uorus increase over the pieviously 11.1%
phosphorus in the original double decomposition product.

(iv) Double Decomposition Reaction Employing
Distilled Zinc Phosphigde

The zine phosphide employed in the double de-
composition reaction was a Fisher, technical grade product,
and chemical analysis showed it to contain only E5% zino
phosphide as Zn3P2. Purification of this material was
effected, without difficulty, by vacuum distillation and a
product containing 99.9% Zn3P2 was obtained., Using the
distilled zinc phosphide, a double decomposition reaction
was carried out followed by vacuum sintering of the product,
Analyses showed the reaction product to contuin criy 8, 44% P
instead of the required 16,5%.

A product of slightly higher phosphorus content
was obtained by using calecium phosphide in a double de-

composition reaction, The reaction was carried out in

-15-
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vacuum followed by vacuum sintering. 19.6% calcium
contaminated the product however,

Analytical Procedures, Techniques employed for de-

termination of chemical composition of materials prepared
have followed classical techniques.

Gadolinium-antimony compositions were dissolved in
aqua regia, the antimony precipitated c¢s the sulphide by
use of hyurogen sulphide and finally Jdelermined iodimetri-
cally. Gadolinium in the antiﬁony free solution was then
precipitated as ox :ule and determined gravinetrically
after ignition to oxide.

Bismuth containing compositions were dissolved in
‘hydrochloric acid, the bismuth content hydrolysed as the
cxychloride and weighed as such. Gadolinium was determined
gravimetrically as above,

Selcnium was determined in gadolinium-selenium com-
positions arter fusion of the sample in sodium-potassium
carbonate mixture, by precipitation with sulphurous a. id
and weighing finally as the metal., Gadolinium was deter-
mined gravimetrically in the filtrate,

Silicon alloys with gadolinium wecre decomposed by
fusien with sodium neroxide, the melt taken 1n£n solution
with dilute hydrochloric acid and evaporated to dryness to
insolubilize the gilicon as silicon dioxide which was then
determined gravimetrically.

Gadolinium-pnosphorus compounds required dissclution

~16-
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in nitric acid under reflux conditions and a bromine trap
to ensure that no loss of phosphine occurred. In the final
solution, phocphorus was Jdetermined volumetrically with
ammonlum molybdate and gadolinium by gravimetry.

Boron containing gadolinium systems were decomposed
under reflux in the same way as gadolinium-phosphorus com-
positiung, and the Dcron.content titratcd with standard
alkali af .er the additien of mannitol,

Hafnium-silicon compositions were treated similarly
to the gadolinium-- licon alloys, silicon uvcing determined
gravimetricelly as silicon dioxide, Where hafnium contents
were required, precipitation with diammonium phosphate was
followed by ignition to, and weighing of the hafnium
pyrophogphate.

Hafnium-boron systems were treated identically to the
gadolinium-boron systems except for the addition of
hydrofluoric acid during the cdicomposition step.

Sample Preparation, All of the refractory hafni.m and

gadolinium compositions prepared were found to be hard and
briftle which presented some difficulty in preparing
specimens suitable for the required resistivity and Seebeck
evalusticns, Several grades and thicknesses of silicon
carbide cut off wheels were employed in the inifial specimen
preparations with varying degrees of success depending upon
the refractory system being fabricated, A general purpose

cut off wheel suitable for all materials-cutting requirements
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w7s later developed, congsisting of a 100 mesh siYicon carbide
pfﬁdor bonded in a rubber base matrix, The wheel had a thick-
ness of 0,030" and satisfactory preliminary fabrication of
materials was then possible by its use,

After rough cutting of the specimen to approximately
1.27 x 0.64 x 0,64 cm scveral polishing steps were conducted.
In order to eliminate any surface effect interference, a
“1nal polisn of specimen was carried out on a 600X cmery
cloth immediately before the electrical tests were con-

jucted,
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MEASUREMENTS

Scebeck Coefficient Measurement, Samplegs of approxi-

mately 1.27 x 0.64 x 0.64 cm dimensions were placed with
their polished sides between two platinum plate electrodes
which were maintained in firm contact with the specimen by
pressure from externally spring mounted gtainless steel rods.
The whole unit was contained in a Vycoi tubc through which
argon passed continuously during the heacving and cooling
Y@@,

An alurina thu.mo-couple sheath containing é 20 guage
chromel/aluncl thermo-couple was inserted through the center
of cach stainless steel rod and extended to the platinum
electrodes. A separate cold junction was used for each
thermo-couple employed for measuring the temperature gradi-
ent of the sample. The heat source was a nichrome wi-e
wound heater assembled arcund the Vycor tube,

The platinum electrode system functioned satisfactorily
at temperatures up to 1000°C and showed no evidence of
contamination from any system examined,

A switching circuit was provided to allow the rapid
routing of both chromel/alumel thermo~-couples as well as
the Secheck emf to o Hintel, model No, 2044 clectronic
galvanometer., Accuracy of the Seebeck measurements made
was felt to be +410%. Figure 1 shows the diagram and

electrical schematics for this apparatus.

-19-



RC 145

Resistivity Mecasurements, The brittle nature of many

of the systems being investigated resulted in the disinte-
gration of their fabricated ingots into rclatively small
samples. Where registivity values are not reportcd therc-
fore, it ig to be taken that specimens were too brittle to
permit fabrication into the required goometry.' As indicated
above, a sample size of 0.54x 0.5 x 0.3 ¢m was selected as
the maximw. sample size producable for several of the more
brittle systems, and it is for this reason that the resis-
tivity measurement _pparatus (Figurec 2) was so scaled.

The sample. inserted into a 0.9 cm 1.d. Vycor tube
was seated firmly against four cxternally spring mounted
stainless stcel electrodes (0.08 cm o d, with a O 00 "
ground point)., The two outer electrodes (current) were
spaced 0.53 cm apart ard the inner clectrodes (emf') at 0.156
cm, Current in the 100-200 milli-amp range was supplied to
the sample by dry cecll batteries and measurements were nade
using a Kintel No. 204A electronic galvancmeter. Accucacy
of 5% is felt to have been obtained with contact resis-
tancc negated by this procedure since comparablc resistivity
values werc obtained on standard materials,

A nen inductive ¥orthal wire heater wueg used as the
heat source, maintained to +1°C over thec entire tempera-
ture range, through a Wheelco control unit., The heating
chamber was purged with argon gas throughout the entire

cycle, and no contact contamination was observed from any
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system up to temperatures of 1000°¢C .
Despite the spedific accuracy claimed above for

measurements, resistivity values must always be reéarded

onservatively unless monophase, homogencous materials are
being examined., No claim can be made in the work now pre-
sented for absolute physical integrity of specimens, hence
undetected voids, cracks and other imperfections, may lead
to crroneot 31y high resistivity values. Again, because
compositions only have been examined in this initial study,
without the benefit ¢ struciural X-ray studies, it cannot
bc agssumed that each sample was monophase: indeed, the
converse is probably more correct. Competing order -
disorder transitions may therefore present another source
©l (P,

Melting Point Measurements, The apparatus employed to

determine the melting points of refractory compounds con-
sisted of a water cooled gas~tight chamber iitted with two

1 1/2" o0.d. quartz view ports, and two adjustable 1/4" o.d.
water cooled tungsten electrodes with chamfered ends, (Figure
3). The sample was placed a2s a resistor between these elec-
trodes which were positioned level with the quartz view
ports. Current up to 200 amps, rheostatically controlled,
was passed through the sample to effect melting and an
optical pyrometer, "sighted in" on the melting zonc was

used to measure the melting points., With the reservations

indicated below, this apparatus appears capakble of determining
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melting points of ca 3500°C with an estimated accuracy at
this level of 4509C.

The refractory sample (approximately 1/8" cube) wes
securely wedged betwecn the chamfered electrode tips to
ensure good clectrical contact., The chamber was, then
cvacuated to approximately 200 microns and two argon purges
vwerc made. After back filling the chamber with argon to a
slight positive pressure (25 mm mercuiy), power was applied
to the specimen at a uniform rate and the temperature in-
crease measured continuously up to the melting point of the
material to ensure the best possible accuracy at the in-
stant of melting. This was determined as the point at
which the specimen consolidated as a globule and usually
dropped from the electrode contacts,

Some reservations must however be made for the absolute
validity of data obtained by this procedure since it do=n
not compensate for thermionic emission or radiative effects.
Interanally 1t has been found precferable to consider melting
point data thus obtained as indicative only and to check
apparently anomalous data b» induction heating conjointly
with a reference "black body", of drilled graphits, as

pyrometer sighting location,
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EXPERIMENTAL RESULTS

Gadoliniun-Antimony System, Gadolinium-antimony

compositions were prepared at first by the direct reaction
technique, followed by arc melting. In later work however,
preparation was effected by the arc melting technique only.
Materlal: prepared by both methods appeared to be identical
within the measurement erior n»f +10% bascd upon standard-
1zation of Scebeck emf against Pt-Pt 15% Rh as the reference
material,

Tables I and II 1ist the physical, chemical and elec-
trical data detcrmlned.‘ Seebeck output values are also
shown graphically in Figure 4. Because of sample disruption
1t was not found possible to asscmble a complete resistivity-
composition plot, but from the data obtained, it would appear
that the 3:2 composition represents a disordered phase since
the higher resistivities in this region cannct be Justified
in terms of valence compositions, Resistivity values
between 140 and 300 microhm-cm obtain through the system at
room temperatures and the relationship of room temperature
resistivity and melting poin. to composition is shown in
Figure 5, Figure 6 relates resistivity to tewperature and
composition. It is clear from the melting point curve that
a complicated band structure cxXxists in alloys of the
gadolinium-antimony system. The relatively low valuegs for

Seebeck coefficlents and the high electrical conductivities
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would seem also to confirm that the bonding 1s complex and
semi-metallic The few anomalies apparent in variation of
Secebeck coefficient with temperature may be attributable to
overlap of conduction and valence bands by impurity bands.
Because 1t is obvinus from the peaking of resistivities at

ca 30% antimony that a degrece of ionic binding 1s present,
crystal defects in the samples may alse function as impurities,

Gado. nium-Bismuth System, Gadolii.ium-bismuth compounds

were initially prepared using a combination of the direct
reaction procedure f:llowed by arc melting. ilowever, as :in
the gadolinium-antimony system, a second series of gadolinium-
bismuth compositions was prepared using the arc melting
technique. Analysis of products of both methods of preparation
indicated identity of composition.

Tables III and IV and Figures 7, 8 and 9 present the
data obtzined in this system.

The relatively smooth curve for melving points in this
system suggests a simple variation in energy gap with
average molecular weight; the steep increase in resistivity
at ca 50% gadolinium suggests however, the development of a
high degree of ionic bonding in this area and it is vossible
that, 2s well as the stecichiometric GdBi at 42,6% 6d, a
Gd5B13 cxists at 55.2% Gd, with the bismuth moiety assuming
its pentavalent state, Although the range of resistivity
values attained with compositional change is not wide, ca

150-500 microhm-cm at 30°C, nevertheless the variations which
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do occur are in keeping with the above concepts as well as
with the probability that GJBi2 exlsts as an ordered inter-
metallic structure, The general instability of compositions
in this sytem - rapid oxidation and hydrolysis--militates
however against their further consideration in the present
context.

Gadclinium-Selenium System, Compositions in the

gadolinlum selenium system were prepared by the vapor
diffusion reaction technique, followed by arc nelting to
improve physical homizencity. Tables W, Wi @gsl WDt el
Pigures 10 to 15 present the experimental data obtained on
these gystens.,

Because of the highly significant Seebeck emf's and
resistivities obtained through this series (up to 700 micro
volts/OC and as low as 219 microhm-cm respectively) a
deeper study was made of the processing variables in this
gystem, the cxtent and value of doping with copper and the
preparation chemistry of the materials. The chemistry of
that part of the system examined has been presented in a
paper submitted for publication and reproduced here as the
Appendix,

It would seem significant that the gadsosiinium-selenium
system 1s the only one studied which presents resistivity
values of any magnitude, Also, it is the only system
attaining high Seebeck coefficients. The moderate tendency

for resistivities to parallel thermal emf (Tables VI & Vi)
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ls suggestive of gimple model semiconductor characteristics.
These will be considered Curther in the final discussion,

In earlier work which had produced materials of low
reslstivity and high Seebeck output, copper had been found
present in concentrations above "trace" levels; doping with
this element was therefore examined since 1t was suspected
that GJESCj in stoichiometric single phasc would be an
intrinsic :emiconductor and heace valucliegss for therm ele-
tric purposes. However K with copper present, an excess of
"vacancies" would drrelop wnich would reduce lattice therms)
conductivity by increasing phonon scattering,

Later work showed this assumption of the valuec of cop-
per to be incorrect and that the major influence in thig
area appears to be that exerted by the GdSe compound and
its association with the stoichiometric Gd2Sc3. Because of
tkis and earlier lack of knowledge of the phase construction
of the gadclinium-selenium system, attempts to correlate
resistivity with composition are abortive. Further siudies
shculd be made of the gadolinium-selenium system and the
interrelationship of its thermoelectric value with
GdSe/GdoSey ratio.

The effects of coprer and processing variables are
shown in Tables VI and VII, the data for which were derived
on the following basis:

A 400 gram batch of vapor-reacted Gd2Se3 material

was prepared and thoroughly blended to insure a
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homogeneity so that comparative values might be

obtained for the entire processing evaluation.

The following list indiceates the variable parameters
examined:

A. Vapor reacted material sintered at 1500°C in a 5 p.s.i.
argon atmosphcre,

B. Vapor reacted material sintered at 1590°C in a 200 micron
atmosphere.

C. Vapor reacted material arc-melted on a2 copper hearth
plate,

D. Vapor reacted material with 0.1% copper added sintered
at 1500°C in a 5 p.s.1. argon atmosphere.

E. Vapor recacted material 0.5% copper sintered at 1500°C
in a 5 p.s.1. argon atmosphere.

F. Vapor reacted matcrial 1% copper sintered at 1500°C irn
a 5 p.s.1. argon atmosphere,

G. Vapor reacted material 0.5% copper sintered at 1500°C
in a 200 micron atmosphere.

H. Arc melting on a tantalum hearth plate of a vapor re-
acted material sintered at 1500°C in a 200 micron
atmosphere,

165 Vapour reacted m2tcrial melted in tanta'um ‘n a 5 p.s.i,

argon atmosphere,

* J, Vapor reacted material, cast in graphite,
* K. Vapor reacted material, sintered at 1400°C in argon,
* 1. Vapor reacted material, sintered at 1600°C in argon.
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** M. Vapor reacted material, arc melted.

s N Vapor reacted material, cast in graphite.

X

0, Vapor reacted material, hot pressed,

P.  Vapnr reacted material, arc-melted (Gd28e3)

Q. Vapor recacted material, arc-melted (Gd3Se4)

R. Vapor reacted material, arc-melted (GdSe)

* J. K. & L, material prepared with 3% excess selenium
present during vapor-¢olid reactior,

** M, N, & 0. materials prepared with stoichiometric ratios

present during vapor-solid reaction,

In absence of classical metallographic and X-ray studies
on these materials, uo direct correlation can be made of
electrical characteristics with composition, However,
assuming, possibly invalidly, that the material studied
represented a homogenecus phase, it would appear that
resistivity values can be increased by sintering or arc
melting the vapor-reacted composition. When this treatment
is conducted in vacuum, Seebeck outputs of the products also
increase - possibly due to minor loss of volatile components.

Copper "doping" between 0.1 and 1% has little or no
effect upon Secebeck coefficient or resistivity., Although
geleniun, in exXcens over stoichiometry durirz iiiiial re-
action, would seem to increase both Seebeck and resistivity
values, 1in general, mild variations 1n composition from that
of 2:3 compound lead to both lower Seebeck coefficients and

resistivities.
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Gadolinlum-5ilicon System, The direct reaction pro-

cedure only was usced 1n this series of preparations. Arc
melting wag unneccessary as the melting points of the com-
pounds formed were sufficiently low that complete melting
wag attained in the Kinney F-9 furnace with direct formation
of' homogeneous ingotsg,

Tavles VIIT and IX list the data obtained for composi -
tions ir .ae gadolinium-gilicon system. Seebeck outputs
(20-30 micro volts/°C) are alzo shown in Figure 16, Plots of
resistivity vs comr cition and temperature {(figures 17 & 13)
show clearly the development of ionicity at ihe stoichiometric
cempositlion Gd4813. kesistivity values (900 microhm-cm at
QOOOC) for this composition exceed those of adjacent composi-
tions by factors of two o: . irece and Seebeck outputs arec lower
at this ccmposition, The smoouth variation in melting pointc
(Table VIII) indicates a simple band structure,

Gadolinium-Phosphorus System, As indicated above, we

were unsuccessful in preparing the 16,5% P (GAP) compositic
required for examination. The several processing techniques
employed have heen given previously, Tatle X and Figures

19 and 20 compare composition with Seebeck output and re-
siativaty 4ata at varvirg temperatures. Because of obvious
impurity levels however no sttempt has been made to establish
a theoretical assessment of the system. The gadolinium-
phosphorus system in the low phosphcrus range appears very

stable and refractory with melting points ranging from
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1900 - 2800°¢C depending upon phoaphorus content.

Gadolinium-Boron System, The two compounds required

Tor this system, (GdBy and GdBg) were prepzred using the
standard arc melting procedure. The buttons were each melted
three times to ensure a homogencous structure. Data obtained
on this system are reported in Tables XI and XII and Figures
21 and 22, 1t can clearly be seen tha*t whi .« Seebeck outpuig
for both sy3temg are almost identical, t.ic nexaboride has a
much lower, low temperature resistivity then the tetraboride,

Hafnium-Silicer Zystem, Compounds in tlhis system were
also prepared using the standard arc-melting procedure,
homogeneity of structure being engsured by melting each com-
position 2 or 3 times., Data obtained are shown in Tables
XIII and XIV and Figures 23 and 24, Resistivities seem
generally to decrease with increasing silicon content but
until the HfSip composition is reached, this has no effect
upon Seebeck output,

Hafnium-Boron System, Compounds were prepared us ng

the standard arc-melting procedure. Due to its highly re-
fractory nature, considerable more difficulty was encountered
in arc melting the hafnium-boron system than in the hafnium-
gilicon system, Three to fcour melts were required to form
homogerieous structures suitable for examlnation. Table XV
and Figure 25 present data obtained which show consistent but
low Seeteck output values. Brittleness prevented determina-

tion of most resistivities,
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DISCUSSION

Attention will be devoted, in thls discussion, to the
observations on electrical properties., Examination of the
tables and graphs reveals that most of the materLals con-
s1dered have electrical resistivity and Seebeck coefficlent
values in a range which is rather common for semi-metals and
semi -metalic compounds - abont 20 to 500 miciohm-cm for the
recistivity and perhaps 10 to 30 microvolts per degreec C
for the Scebeck coefficient.. The magnituues of buth of
these quantities are consistent with a situation in which
a conduction band contains a very considcrable number of
carriers, but not as many as in an ordinary metal. This
could be brought about by overlapping of valence and con-
duction bands, or by a very hcavy degreec of doping from
impurities, lattice imperfections, and lack of stoichiometry.
In any of these cases the Fermi energy wou'? lic in a region
with a fairly high density of electronic states and thus
would not shift rapidly with temperature. The tempecrature
dependence of the resistivity would be dominated by the de-
crease of carrier mobility (vausing an increase of res.s-
tivity) with temperaturc. An incrcase of res.stiviiy with
increase of temperature is observed in almost all cases,
(Gd2803 1s an exception which will be considered below).

The dependence of Seebeck coefficient on temperature is more

complex tecause there is an opposition between the contri-
bution: of positive and negative carricrs. With carriers of
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DISCUSSION

Attention will be devoted, in thls discussion, to the
obscrvations on electrical properties., Examination of the
tables and graphs reveals that ﬁost of the materials con-
sidered have electrical resistivity and Seebeck coefficlent
values in a range whilch is rather ccmmon for semi-metals ard
somi -metz?lic compounds -- about 30 to 500 microhm-cm for tne
resistivity and perhaps 10 to 30 microvolis per degre: C
for the Secbeck ccefflclient The magnitudes of toth of
these quantities arc consistent with a situation in which
a conduction band contalns a very considerable number of
carriers, but not as many as iu an ordinary metal. This
could be brought about by overlapping of valence and con-
ducti~n bands, or by a very heavy degrec of doping from
impurities, lattice imperfections, and lack of stoichiometry.
In any of these cases the Ferml cnergy would lie in a region
with a fairly high drnsity of electronic states and thus
would not shift rapidly with temperature. The temperature
dependence of the resistivity would be dominated by the de-
crease of carrier mobility (causing an increase of res.is-
tivity) with temperature. An 1ncreasc of recistiv.vy with
increase of temperature is observed 1n almost all cases,
(Gd28e3 is an exception which will be considered below).

The dependence of Secbeck coefficient on temperature is more

complex because there ig an opposition between the contri-
butions of positive and negative carriers, With carriers of
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both signs present, as therc may wcll be in meny of these
Speclmens, complicated shifts of.compensatlon with tempera-
ture would be expected. The experimeutal results yield no
obvious systematiic troend in the variation with temperature.
which is in accord wit this argument,

It should bte noted that the purity obtained in these
refractory materials is very low by the standards of modern
semiconductors, and the variability between specimens of ti2
same nominal composition is  high,

From an electrical and thermoelectric standpoint, the
most intere.tirg Luostance uncovered is gadolinium selenide
and there is evidence that this material should be classed
as a semiconductor. The most striking difference between
it and all the other materials Investigated here 1s the
high resistivity and higher Seebeck coefficient. The
former i3 higher by one to three orders of magnitude, and
the latter is higher by about one order of magnitude.
Reasons why this material should be more of a semiconductor
than the others are not entirely clear, although 1t should
be noted that the composition corresponds to the principal
valeuce of both ingredients.

Amcng the various samples of gadolinium selenids there
L5 alsc a itendency i the samples of higher resigstivity
to have higher Seebeck coefficients., One example 1s the
pair of specimens P and R. Also the highest resistivity

of all in specimen J (1 ohm-cm at 200°C) and this had one
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of the highest thermoelectric powers (500 micro volts per
degree at the same temperaturc). Although it 1s quite
impossible to infer thce band structure of this material
from such limited data, -~d although its very low purity
and polycfystallinity nake it risky to push too far an
analysic in ordinary semiconductor terms, it is suggestive
to consider a simple semiconductor modeli in comparison with
these results, Thus, consider a semiconductor in which one
kind of charge carrier, moving in one kand, predominates.
Il this carric- Yag wobility m, and is present, at tempera-
ture T, in concentration n (carriers per unit vo'ume), then

the electrical r051st1v1ty/pls given by

2 . (1)
el

Hereeis the charge on an electron, If it is also assumed
that the predominant scattering mechanism lerdc to a mean
free path for the carriersA!related to the kinetic energy

of the carrier & by the law
L~ ¢ (2)

where r i1s an exponcusu chaeracterizing the scatteriug, the

Seebeck coefficient o is given by

Sl {‘”"”’” ["Q"f%"ﬁ%” 3)
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Here k is Boltzmann's coustant, h is Planck's constant, and
m* is the effective mass of the carrliers. The sign in frouv
of this expression is determined by whether the carriers are
p or n type. Note that E{ : 86 ¥/°C which indicates
the general scale of Secebeck coefficlent, The scattering
law (2) gives mobi1lity proportional to T ™ , 80

equation (1) can be rewritten now as

SE— 4
~ enT” -3/2 )

Equation (3) uifivws that, other things being equal, the
Seebeck coefflcient increases with lowering of carrier
density, n, This 15 precisely why metals have very low
Scebeck coefficients and semiconductors generally have
relatively high coefficients. In a simple semiconductor
the carrier concentration at a given temperature varles
enormously with level of doping (or purity). Equation (4)
shows that this may make a very large difference in resis-

tivity, and since n-1

entere resistiviuy%/D, directly,

whereas it enters Seebeck coefficlent,oh, only under a

logarithm, the variation of resistivity with doping will

be much more rapid than tne variation of Seebeck ccei’ficient.
It 1s now a plsucible hypothesis that the chief dif-

ference in the different specimens of gadolinium selenidev

is the effective value of n, caused by differences in purity

(structural as well as chemical). One notices that the

L
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range of resistivity between different specimens is much
larger than the range of Seebeck coefficient. Also the
tendercy of resistivity and Seebeck coefflcient to be large
in the same specimens is explainable in this simple fashion.

The temperature decpendence of electrical resistivity
arises because both n and u (equation 1) vary with tempera-
ture. JIn typicai extrinsic semliconductors, thc most import-
ant dependence is in n, which increases with temperature
approximately like an exponential cof - C/’R7'
where E 13 an activation energy. In highly doped or ex-
trinsic semiconductors, on the other hand, n changes much
more slowly with T, and u, which generally decrease* with
increasing T, can dominate, causing a net increase of re-
sistivity with T. This may be what is occuring in some of
the specimens of gadolinium selenide reported on here,

The temperature dependence of Seebeck coefficient, in
the simple model, arises because of the temperature de-
pendence of n (and also possible of r), as well as from
the explicit appearance of T in equation (3). There are
thus many possible trends, ard the data presented do not

seem to have a simple interpretation.

* With the scattering law (2), « ~ 7" 2% . Mobility will then

decrease with increasing T unless Y s»3h . Such large
values of r occur with scattering by impurity ions, but in

no other important case.
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In addition, 1t must be remembered that the gimultaneous
presence of carriers of opposite'sign complicates the theory
of Scebeck coefficient and introduces further ‘possible
variability impurities and lmperfections, the bands
themselves are altered vy the impurities and é simple semi-
conductor wodel, which assumes (rigid) bands subjected Lo
varying degrees of filling, is inapplicable, 1In the absence
of proof of tne existence of this situation, 1t seems best
to attempt to correlate observatlons with simple models,
Pursuing this course to a satisfactcry conclusion, however,
will require wore work to produce material of high and con-
trollable purity, and measurements of other parameters,
particularly Hall effect and optical properties.

On a more phenomcnological basis also, it is clear that
much has yet to be done to determine the precise compositions
or compounds in the gadolinium-selenium systems, which yleld
optimum thermoelectric parameters. For example it has been
shown that a variation of ca 0.5% seclenium from the Gd25e3
composition reduces by some 75-80% the output obtained from
the 2:3 compound.

Again, it would seem significant that, in the gadolinium-
celenium system, maximum thermoelectric volteges ave obtained
at or near the composition equivalent to Gd25e3. The
significance is associated with contemporary magneto-structural
studies in these laboratories wherein it has becn found that

2:3 intermetallic compounds of the rare earths which adopt
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large cubic cell lattices present "anomalous'" variations in
properties. For example GdgFe3 and Gd2003 have large cubic
cells and present hizh maxima of magnetic moments. ~No
Gd2N13 compound exlstcs and at this composition in the
gadolinium-nickel alloy system magnetlc moment 1s vanishingly
small. Similar "anomalies" have been found in other rare
earth systems and much interest 1s beiug evoked in these
laboratories aimed at developing a structural theory to
account for these phenomena,

If one conaii.rs 'mormal" rare earth ccmpounds such &3
R203, R2(304)3, RQ(CO3)3, etc., the bonding type is found
to be almost completely ionic., 1In rare earth metalloid
systems a newer type of bonding occurs which is almost
purely covalent except when 2:3 compounds can be prepared
and here, when a cubic structure obtains, the bonding appesrs
almost to "resonate" between ionic and metallic i.e. one
R-M bond will be metallic and another ionic, Such a "mixed"
bond system will inevitably 1nvolve dilferent orbltal levels
and, must therefore have marked effects upon electron inter-
actions, energy levels and bond widths, Full elucidation of
thecry 1s as yet incomplete and indeed the hypothesls may be
lamature, aeverth=lecs, suffliclent 1is known to suggest tuat
cubic 2:3 compounds may present characteristics completely
variant from "norm" behavior.

Such a variation may be structurally responsible for

the significant Seebeck and resist.vity values found for
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the GGQSe compound,

Agaii in contemporary studies, indications have been
found that replacement of gadolinium In gadolinium selenide
by other lanthanons will lead to increased values for
Seebeck coefficient and resistivity with increase in atomic
weight . Refractoriness would also appear to increase
similarly., No data have been obtained cvii e.g. SCQSQB or
Yg_Se3 and it 1s felt that for fuller appreciation there
should be examined the rcplacement of gadolinium in
ggdolinlum selenide "y uther members of the ravce earth
series.

It may be found that e.g. neodymium selenidé‘has a
functional optimum over the range 100°-600°C and thet
dysprosium selenide produces high outputs from 500°-1500°C;
the possibility thereby may exist that (Nd Dy)28e3 will be
functional over a very wide range, That the rare earth
metals are highly soluble in each other suggests immediately
the possible preparation of materials of almost any desired

average conduction band width,
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APPENDIX

e ————

OBSERVATIONS ON SOME GADOLINIUM-SELENIUM COMPOUNDS

By: H. M Muir, V F. Novy, and R ¢ Vickery

Studies are in prc_.cess in these laboratories on
the thermoelectric and semi-conductor properties of some
gadolinium intermetallic compounas and these have neces-
sitanted tentative delineation of phase parameters. Pre-
sented here is a preliminary report resulting from this
work, on that portion of the gadolinium-gelenium gystem
between 50 and 70 atomic % selenium, i.e,, correspond-
ing to the region of GdSe, Gd2323 and tiSep intermet-
allic compound formation,

Tn recent studles, rare earth-seleniuvm "compounds"
have been 1nterpgetaﬂ frci Lhe staudpoint <f ionie
stoichiometry.7J~ The semi-conductor nature of some
analogous rare earth compounds3 suggests, however, that
the selenides are not wholly ionic entities but are
probably intermetallic 1in nature and possess a degree
of covalent bonding.

EXPERIMENTAL

The compositions reported here have been pre-
pared by a two state technique. An initlal vapor
phase reacticn is affected between appropriate amounts
of gadolinium and selenium in a length of 1/2" OD
Vycor tubing. After sealing cne end of thc tube, gad-
olinium metal (99,.8% purity) is introduced in the form
of chips of approximately 1/32" cube size. A constric-
tion is then drawn by melting the tube above the metal
chips and, after cooling, selenium metal (99.9% grade)
in 1/16" dia, pellets is introduced above the constric-
tion. Direct -0lid contact of the reactants is thus
prevented, Af.er evacuating the system the open cnd of
the tube 1s sealed off and the whole is inserted into
a tube combustion furnace. The furnace temperaturc is
then slowlv increased at a ratec approximating 10C“C
per hour up to 900%C. This temperature is naintained
for 24 hours and the system then allowed to cool to
room temperature at approximately 200°C per hour,
Reaction tetween gadolinium metal and selenium normally
becomes explosively eXothermic at ca 500°C; by usirg
the gradual heating technique indicated however, sug-
ficient selenium appears to be ahsorbed by the gadclinium
before this point is reached and the reaction then vecomes
controllable,
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From this reaction, the compositions are obtained
a8 powders. These are consolidated by pressing, at
15,000 psi., into pellets approximately 1-1/4" dia. by 1
1/2" thick. From this point treatment involves either
sintering in a Kinney F9 high vacuum furnace at 1650 -
1700°C, or arc melting under argon with a non-consumable
tungsten electrode against 2 water-cooled copper hearth.

Using -200 mesh powders of the materials prepared,
X-ray diffractograms have been obtained through a GE
XRD-5 diffractometer employing nickelfiltered copper
radiation. All materials prepared w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>