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ABSTRACT

This dissertation presents the results of experimental studies on
the rare earth borides and rare earth borocarbides. The wox"k consisted
of six parts: (1) the ternary phaseg and equlilibria in Pn-B-C systens;
(2) the étructure of tﬁe phase, LnByCp; (3) the discovery of the new
hectobbride phase; (4) the vaporization characteristics of the rare earth
‘borides 5 (5) the decomposition préssures and the heat of sublimation of
GdB),; end (6) ternary Lp-M-B compatiil)i-lity studies and.the' boron poten=-
tial series. | |

-The ternary Ln-B-C systems were investigated.by a.ré melting and
X—ré& diffraction techniques; .Emphasis was placed on the metal-deficient

)y

'~ portion of the ternary Gd-B-C system. . Five ternary phases were. identified'
GdBoCa, Gdo,35B0.19C0.465 Gd7BoCL, GAgBLC3 and GAgBrCs.
| The LnB,C, phase was prepared for the lanthanides, N4, G4, Tb, Dy,

Ho, Er, and Yb, by reaction of their tetraborides with graphite. It is
proposed that the tetragonal LnBoCo structure contains_ continuous planar
sheets of alternate boron and carbon afoms a.rra.néed in eight~- and four-
‘membered aromatic rings between which lie the metal atoms.

A primitive cubic phase of composition near InBjgo was found for
Gd and Yb. The cell parameters were 16.50 and 16.56 X respectively

By free evaporation and Knudsen effusion techniques, it was found

that tetraborides of the light lanthanide metals, La, Ce, Pr, Nd and Sm,
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(
;ose metal gas preferentially to éroduce 8 hexeboride residue, which
vaporizes congruently. Hexaborides of Gd, Tb, Dy, and Y vaporize with
preferential loss Sf boron gas to a tetraboride residue, which vaporizes
congrﬁently, Ytterbium gas is lost from YbB), YbBg and YbByp to a YbBygg
residue, A mass spectrometric study revealed only atomic species in the
gas phase.

The decomposition pressures of congruently vaporizing GdB) from
ZrB, crucibles were measured in the range 1599-2403°K. by Langmuir, mass
spectrometric and Knudsen effusion techniques.

It was demonstrated that variation in metal volatility alone was
not sufficient to account for the difference in the vaporization behaviors
of the borides. The stability of the borides with respect to condensed
elements decreases with increasing atomic number, and the hexaboride be-
comes less stable faster than the tetraboride.

Ternary compatibility studies between the lanthanide borides and
Ta, Zr, W and C were performed with arc melting and X-ray diffraction
techniques to define the limits on the free energy of formation of the
lanthanide borides. Emphasis was placed on the gadolinium borides. The
concept of a boron potential series was developed to order the boride

systems with respect to their ability to give up boron.
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INTRODUCTION -

General and Long-Range Incentives

Chemistry is a science which characterizes matter and its inter-
actions. From observations of the behavior of countless chemical
systems, chemists have developed increasingly complex tools to categorize
these observations and allow predictions of chemical behavior under many
conditions. The formulations of quantum mechanics, kinetics, statistical
mechanics, and thermodynamics are among the tools that have been developed
in an attempt to explain the nature of the chemical bond.

The application of quantum theory to simple systems of gaseous
matter has been most fruitful in lending insight into the role of elec-
trons in determining bond strengths in molecules. However, in c&mplex
chemical systems where many atomic interactions are present, as in the
condensed state, the tool of quantum mechanics is noﬁ nearly as well
developed in its ability to‘define'thoSe factors which determine bond
strength, In order for the theoretician to expand his tools for use in
the condensed state, many experimental observations must be made on the
effects of varying environments on condensed systems.

One Such.environmental variable 1s temperature. The influence
of temperature on the equation of state of materials accounts for be-
haviors at high temperature considerably different from the behavior of
materials at low temperatures, Unusual oxidation states, wvaried structures
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and different kinetic effects exist at high temperatures. Further,
chemical reactions which are not energetically favored at ordinary
temperatures may become important at elevated temperatures because of the
enhanced TAS éontribution to the free’energy available for the reaction.

At sufficiently high temperatures any material can be made to
vaporize to gaseous atoms or molecules. If one measures the rate of
,véporization as a function of temperature, information concerning the
stability of the solid with respect to the gas phase is gained. Further,
if the volatility of the constituents of the gas is known, information
concerning the stability of the solid with respect to its condensed
components is available. Still further, the observation of the process
by which a material vaporizes contributes to the understanding of the
bond strengths in the solid and the gas phases.

With the above framework this thesis was undertaken to study the
féctors which contribute to the stability of the lanthanide borides.
From this information and many, many more experiments on related systems,
our understanding of chemical bonding will increase. More specifically,
from many such experiments, theory describing the equations of state for

condensed materials will eventualiy be developed.

Tmmediate Incentives

Borides

In the last twenty years the demands of our rapidly expanding
curiosity, and the development of nuclear and space sciences have forced
inter-disciplinary focus on ‘the physical and chemical behavior of ma-
terials at high temperatures. In the field of materials science,
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. inorganic and physical chemists, solid state physicists, ceramists,
metallurgists and chemical engineers are losing their identities in their
common efforts to contribufe to the understanding and development of re-
fractory materials.

Among the materials most suited for applications at high
temperatures are carbides and borides. Very little is known concerning
the existence of boride and carbide phases, much less their stabilities
and interactions at high temperatures. thwarzkopf and Kieffer (0l) dis-
cuss the preparations,. phases and structures of‘transition metal borides
and carbides. Heat capacity data and heats of formation are being deter-
. mined, with most emphasis to>date placed on carbides. In the past ten

years some thermochemical information, based on low temperature heat
capacity measurements and vaporization studies, has been presented for
the Periodic Groups IVB, VB and VIB metal borides. The high temperature
behavior and thermodynamicskof B4C and BN have been fairly well charact-
erized. Some thermochemical data are available for MgB4, UB4’ UB12 and
SiB6. Other than these few data; information on the high temperature
behavior of borides is woefully absent.

Borides, in general, are extremely interesting from the viewpoint
.of their structures and high stability. The complex cageé, nets and
sheets that boron atoms assume in elemental boron and in borides have
been described by X-ray structure analysis., Using quantum mechanics,
chemists have attempted to describe the boron covalent binding in metal
borides. In general, their interpretations are supported by experiment,
However, considerable additional experimental work must yet be done to

provide a foundation for expansion of their theories. The factors which
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influence the boride structures and stabilities must be ascertained.

In this Laboratory some experiments on the preparation of, and
the determination of precise lattice parameters for, some lanthanide
tetra- and hexaborides were performed by Dr. H. A. Eick (02). His work
initiated a program to study the influence of metal volatility on the
vaporization prpcessés of metal borides, which is developed as the
principal subject of this thesis.

The lanthanides were chosen for study not only because of their
extreme variance in metal volatility, but also because the lanthanide
series is long and because the compounds existing for one lanthanide
generally exist for all. This fact affords an opportunity to compare
the effects of many different lanthanides on boridé stability with the
same foundation of structure and composition. In effect, this similarity
of structure and composition for the solid minimizes the heat effects of

~breaking up structures in which coordination spheres are different for
different lanthanides, and allows the effect of metal volatility to be
isolated from other facﬁors. With such a wide choice of metal volatility
and relatively fixed boride heats of formation, perhaps two constant
vaporizing single phase compositions at the same temperature in the same

metal-boron system may be found.

Borocarbides

An obvious extension of the work on boride and carbide refractory
materials is the study of M-B-C ternary compounds., No thermochemical
data exist for M-B-C ternary compounds. In fact, while researchers have
been looking for such ternary compounds for twelve years, only in the last
four years have any ternary compounds been found. 1In Vienna, as noted

4



later, Nowotny.has found borocarbides of uranium, thorium and molyb-
denum.

In view of the similarity between the metal-boron and metal-
carbon systems of thorium and uranium and those of lanthanide metals,
ternary compounds might exist in lanthanide systems that are similar to
those in the actinide systems. Further incentive for an examination of
the lanthanide-boron-carbon system for refractory phases arises from the
observation of a gadolinium borocarbide forﬁed on interaction of gado-

linium borides with graphite crucibles.

Structure of the Thesis

This work deals with phase relations, stabglities and high
temperature properties of refractory lanthanide borides and borocarbides.
The thesis is divided into two parts, Part I is concerned with the solid
phases in the lanthanide-boron-carbon system. Phase relations were estab-
lished from fifty synthetic compositions in the Gd-B-C field. The
structure of Ln3202 is discussed. Part II, the principal effort of this
work, discusses the existence and stability of lanthanide borides both
with respect to condensed elements and with respect to gaseous elements
from an examination of the vaporization properties and from ternary
cqmpatibility studies with transition metals and graphite. As a reference

point for the relative stabilities, the decomposition pressures of GdB4

are determined as a function of temperature.



PART I

LANTHANIDE-BORON-CARBON SYSTEMS



CHAPTER 1
BACKGROUND

1. 1 Transition Metal Borocarbides

Steinitz (03) in 1951 studied the interaction of titanium borides
with titanium carbides and tantalum borides with tantalum carbides with-
out findihg any ternary phases. Similarly, Nelson, Willmore and
Womeldorph (04), and Greenhouse, Accountius and S{sler (05), investi-
gated the Ti-B-C system and reported no ternary phases. Glaser (06) in
1952 surveyed the metal-boron-carbon fields for Ti, Zr, V, Nb, Ta, Cr,
Mo, W and Th and found no ternary compounds in any of these systems.

More recently, Nowotny, Benesovsky, Brukl, Schob, Rudy and Toth (07, 08,
09, 10), have investigated in detail the systems Zr-, Hf-, Mo-, V-, Nb~-,

Ta- and W-B-C. Only one ternary compound was found, Mo,BC. This phase

2
has been found by Nowotny to melt congruently at 2800 t 10°c. (11).
Jeitschko, Nowotny and Benesovsky (12) determined the crystal structure
of MozBC as D2h17’ orthorhombic, with all atoms in position 4(c). The
atoms are located at (0, y, 1/4; 0, v, 3/4)+(O, 0, 0; 1/2, 1/2, 0) with
Yg = 0.027 and Yo = 0.192. The cell parameters are 3.086, 17.35 and
3.0478 for as bo and c, respectively. The phase, WZBC, could not be
made. An iron phase of composition Fe230333 has been reported by

Stadelmaier (13).



1. 2 Alkaline Earth Borocarbides

.Markovskii and Vekshina (14) reported the existence of an

alkaline earth borocarbide of composition Ca-, Sr-, and BaBC This

2°
phase was formed on reaction of metal oxide, B203 and graphite. A more
détailed study (15) set the compo;ition at MBZC4, rather than MBCZ.

This phase appeared in reaction products at 1300°c. along with MCZ’ B4C
and MB6. At higher temperatures only borates, borides, graphite and/or

340 appeared. They attempted to prepare this phase in the lanthanide

system, but produced only the LnBX phase, noted in Chapter 1.4, along

273 273

.

with LnB6 for the reaction of CeO2 or La,0, with B,0, and graphite (16).

1. 3 Actinide Borocarbides

' The investigations of Nowotny, Benesovsky and Rudy (1?), in the
U-B-C system revealed a single ternary phase, UBC, with extensive solid
solution. This phase is orthorhombic, D;;, with a,s b0 and oo 3.591,
11.95 and‘3.372 X, respectively. Further research by Nowotny, Toth,
Benesovsky and Rudy (18), in the Th-B-C system exposed, .in addition to
ThBC with the UBC symmetry and extensive solid solution, Th2B02 which
oxidizes in air and has a struéture closely related to ThC,; ThBC, which
has a structure too complex for easy identification; and ThBZC which was
indexed as a C-32 type hexagonal phase with a, and s 3.872 and 3.812 R,
respectively. There is a summary of the M-B-C systems studied by
Nowotny's group by Rudy (19) with a discussion of the use of phase re-

lations to derive heats of formation and related thermochemical data

for binary and ternary refractories.



1. 4 Lanthanide Borocarbides

The existence of ternary borocarbide phases with the lanthanide
and actinide metals has been partially studied by Brewer and Heraldsen
(20) in their nitride, boride, carbide compatibility studies. Much of
the behavior aﬁong unfilled d-orbital transition metals noted in Chaptérs
1.1 and 1.3 was confirmed. In additioﬁ they found that CeB6 and carbon
will not ?eact, but that CeB4 reacts with carbon to form some uncharac-

terized Ce-B-C compound. Thé CeC-CeBa, Cezc3-CeB4 and CeC,-CeB, two

2 4
phase joins which they have inferréd‘mnst be corrected in view of the
ternary phases found in the present work.

Hoyt, Chorne and Cummingé (21) hot pressed-lanthanide tetra- and
hexaborides with carbon in graphite dies., However, the only products
they observed were B4C and 1an£hanide carbides. The attempts of Post,
Moskowitz and Glaser (22) to prepare lanthanide borides by reaction of
lanthanide sesquioxides with boron in the presence of carbon at 1500 to
180000. in graphite crucibles under inert atmospheres produced the phases
listed in Table 1.

Table 1

Lan Lattice Parameters and Symmetry

Ln ad ' s Symmetry
@) - ® |
La . 3.82 3.96 tetragonal
Pr 3.81 - cubic or pseudocubic
Gd : 3.79 3.63 tetragonal
Yb 3.77 3.56 tetragonal
Y 3.78 3.55 ,tetragonal




The cubic phase, Per, occurs when the a_ and <, variations with atomic
number cross at Pr, making a nearly equal to c, - The phase, YBX,‘was
made by Binder in a similar study of yttrium borides (23). These LnB,
phases were suggested as borides (3 < x < 4) stabilized by carbon or
oxygen, Later, Binder (24) suggested that carbon was needed to stabilize

this phase, and that the composition migbt better be described as MB,C.

2
vlﬁ‘thé work of Johnson and Daane (25) on the La-B system, an unindexed
ternary phase was‘found, whose composition was estimated as LaBC.

In view of the close similarity between Ln~-B, Th-B and U-B and
between Ln-C, Th-C and U;C binary systems, similar ternary phases might
be expected to be formed in the lanthanide'systemg. For example, ThBC
and UBC were found by Nowotny, et al. (18), and ha;e the same structure.
2> ThBC2 and ThBZC in the
U-B-C ternary field were abéent. The Th-B-C phases were studied in the

However, the analagous counterparts to TthC

same 800 to 140000.-température range as the U-B-~C system study.
Tetragonal and cubic phases in the Ln-B-C system reported by Post cannot
be indexed with the ThBC, UBC or Tthc symmetry. The investigation of
the Gd-B-C ternary field was undertaken with the above observations in

mind.
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CHAPTER 2
PREPARATION AND CHARACTERIZATION OF SAMPLES

2, 1 Materials

Gadolinium rod, 32 g., was obt#ined from Michigan Chemical Corp.
The’assay provided with the sample specified Gd content as 994 percent.
This sample, lot 8859, was designated Gd-1.

Amorphous boron, grade AA, 325 mesh, was obtained from Cooper
Metallurgical Associates. The assay accompanying the sample specified
B content at 99.5%, Fe at'O.ISZ and carbon at 0.10%. This sample, lot
number 1414, lab sample B-8, was used in preparing GdB4 samples, 16 GdAM,
17 GdAM and 51 GdAM, and in preparing GdBg samples, 15 GdAM and 50 GdAM.

Spectroscopic grade graphite, SP-1, from Lots 329 and 513, was
obtained from National Carbon Co., Inc.

The samples of GdB,, 16 GdAM, 17 GdAM and 51 GdAM, and of GdBy,
15 GdAM and 50 GdAM, were prepared as indicated in Chapter 2. 2, 2. of
Part II. Preparations and materials of other lanthanide borides in
Table 3. 1 are specified in Part II, Chapter 2, 2, 1 and 2. 2. 2,
Emission spectrographic analysis of GdB,, 16 GdAM, showed Cr, Cu and Fe,

less than 0.1%; Si, barely detectable; and no other impurities.
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2. 2 Preparation and Characterization

Synﬁhetic compositioﬁs in the ternary field on the boron side of

the GdB4-C join were prepared with GdB6, B and C or with GdBa, B and C.
About 0.2g of sample was prepared from 325 mesh powdered‘reagents for
each synthetic ternary composition. The blended mixture was compacted at
2000 psi in a onerquarter inch hafdened steel die. The resultant cylin-
drical pellef was twice melted on a water-cooled copper héarth under an
oxXygen-purged, argoﬁ atmosphere in an arc melter. Heating cycle durations
were typically 30 seconds to two minutes at 200 amperes for each melting.
On and around some cooled buttons for a radius of one or two inches was a
light vapor deposit of mostly graphite. While thié,deposit could be
Wiped from the buttons before they were crushed and ground, the graphite
contamination of adjacent samples in the arc melter was observed in some
cases discussed later. The resultant cooled button was crushed in a
diamond mortar (hardened steel), ground in an agate mortar and X-rayed
by Guinier focusing or Debje—S;herrer powder diffraction cameras with
CUfK“' .(1.540508) radiation from a Philips Electronics, Inc., generatdr.

‘ The Guinier (26) forward focusing camera emplo&ed the 10T1 re-
flection from a curved quartz‘crystal to focus aﬁd separate Cu-Kc<1
(1.540508) or Cu-K,‘2 (1.544348) from the primary beam. The primary
copper radiation passed through the line source side of the Philips
Electronics'x-ray tube mounted horizontally and driven externally from
the generator. The focusing cameras have a film radius of 83.9mm. Slits,

monochromator, sample holder and rotating motor and f£ilm cassette were

mounted inside a sealed box capable of being evacuated to 10-4mm. during
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the exposure. These two cameras were purchased from Forsvarets,
Forskningsanstalt, Avdelning 1, Stockholm, Sweden.

From computational methods with IBM 653 and 1620 machines d-
spacings were generated from the reading of X-ray powder films. From
these d-spacings and by comparison of these films with films made on
reference binary‘phases, all the lines on the film of the sample could
be assigned to their appropriate phases in most cases in spite of the
complexity of the sample composition.

The preparations in the ternary field on the metal-rich side of
.the GdB4-C join were done with B, C and Gd reactants. All gadolinium
handling was done in a nitrogen atmosphere dry box, in view of the air
oxidation characteristic of lanthanide metals. Gédolinium metal filings,
from which iron contamination was magnetically removed, were collected
in a tared weighing bottle. This weight of gadolinium was matched with
the proper amount of boron and graphite to produce the desired synthetic
stoichiometry. Total sample weights were about 0.5 to 1.2g. After
being mixed‘in the weighing bottle, the material was loaded into a three-
eighths inch hard steel die, removed from the glove bog, and, in a time
interval of no more than five minutes, pressed at 6000 psi. The pellét
was mounted in the arc furnace, melted twice under oxygen-purged argon,
and the cooled button returned into the glove box. The button was crushed
and ground as above, but in the glove box. A portion of the sample was
removed from the bog and loaded into the Guinier camera, which was then
pumped out to 10-3mm. The bulk of the sample was sealed into a weighing

bottle with paraffin while still in the dry box.
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The care to exclude oxygen is probably not very important with
gadolinium, but some of the carbon-rich products wefe quite pyrophoric.
For instance, GdC2 powder will oxidize completely to Gd203 and carbon in
one hour in air. The maximum time these preparations were exposed to
air between melting and X-fay analysis was five minutes.

Chemical analyses of the ternary preparations generally were not
performed. The preferential loss of constituents after mixing during
handling and arc melting was thought to be less than one percent by

weight.
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CHAPTER 3

~ PHASE DIAGRAM RESULTS AND DISCUSSION

3. 1 Ternary Diagram and Experimental Observations

Table 3. 1 contains a listing of the synthetic metal-boron-carbon
compositions for gadolinium’and for other lanthanide metals, The first
column contains the sample identification. The atomic proportions of
the components in tﬁe synthetic composition in thousandths are listed
in the second column. Columns three and four reveal the diffraction
camera used, the photbgraph number and the phases identified in the
reaction product. The weights of the starting materials are shown in
the fifth column,

Figure 3. 1 summarizes the fifty synthetic compositions listed
in Table 3. 1 for the gadolinium-boron-carbon field. 1In view of the
heavy concentration of experimental compositions in the GdBa-C-B tri-
angle, a key is provided with the figure to identify the equilibria
observed at each synthetic composition in this region.y

Figure 3. 2 is a non-isothermal phase diagram derived from the
observations of Table 3. 1 and Figure 3. 1. The phases on the gadolinium
side of the GdB4-Gd3202 and GdB,C,-C joins were not investigated in
nearly the detail of the metal deficient portion of the ternary field.
Thus, much of this portion of the diagram is assumed. In addition to
the GdB202 phase, which is discussed in great detail in Chapter 4, four
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TABLE 3. 1

Synthetic Lanthanide-Boron-Carbon Compositions and Observed Phases

D = Guinier film mjr = major tr = trace
C = Debye-Scherrer film mnr = minor ) eqge = equal concentrations
Sample Composition Film Product Phases Starting Material NB page
In B C.
2LaAM 091 546 363 C-2401 . ILaBg only - .11336¢g LaB6(1La.AM) L6T,
~ . .02618 - C
TNGAM 105 526 369, C-2353  NdByCp, mir 16452 NdB)(5NaAMb)  L51
NdB),, mnr .02650 C
NdBg, tr .00953- B
8NdAM 105 526 369  €-2355  NdBpCp, mjr .1500  NdBj,NaBg, Lol
‘ NdBj, mnr. NdB,Cp, (TNAAM) k51
¢, mjr .00106 ¢ ‘
28mAM 091 3546 363  C-2357  SmBg only .12018 smBg(lsmAM) 456
' .02710 ¢ :
20GAAM 167 688 164 C-2274 GdB),, mjr .20244  GdB), (16GaAM) k28
GdBsCo, tr 01195 ¢
\ .
21GdAM 181 725 09%  C-2276  GdBy, mir .20002 Gch(l6GdAM) 428
GdByCo, tr .00623 ¢
22GdAM 143 570 287  C-2277  GdByCp .20134 GaB), (16GdAM) 429
GdB), eqec .02432 ¢
23GdAM 112 L7 441 c-2e78 GdB,C, .19315 GAdB) (16GaAM) k29
GdBz, ege .0ls572 €
C, or
2hGdAM 091 363 546  C-2308 GdB,Cy .14898 Gch(l6GdAM) 439
~ GaBg .05379 ¢C
C, eqec _
25GAAM 091 5k 366  C-2298  GABsCp, mir 16505 GdBg(15GAAM) 439
GdBg, tr 03608 ¢
2663AM 066 398 535  C-2309  GdB,Cy, mir 17588 GaABg(15GaAM) 439
GdBg 07680 ¢
C, eqe, mnr
27GAAM 111 556 332  C-2299  GdByCp, mir 17046 GaB) (16CAAM) 439
GdBg .00924 B
C, eqe, tr .03055 ¢C
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TABLE 3. 1, continued

Sample Composition Film Product Phases Starting Material NB page
In B c
28GdAM 077 536 387 C-2302  GAB,C,, mjr 13262 GAB) (16GdAM) Lk
GdBg, mnr .021k9 B
.0k015 ¢
29GdAM 063 428 509 C-2310  GdBsCp, mjr .12205 GABy(16GdAM)  Lko
GdB .01856 B
C, eqc, mnr .05931 C
30GdAM 126 503 372 C-2313  GdBsCs, mjr .17067 GdBu(l6GdAM) 4ho
C-2316  GdBg, mnr to tr  .03027 C
32GdAM 132 795 073 C-2319  GdBg only .19391 GdBg(1504AM)  Lho
.00579 ¢
33GAAM 12h  Thlh 132 C-2320  GdBg only .19012 GdBg(15GdAM)  4ko
.01096 ¢
34GaAM 111 668 221 C-2318  GdBg, mjr 17945  GdBg(156AAM) 4hs
GdB>Cp, mnr .01933 C
35GdAM 122 732 146 C-2323  GdBg, mjr 11780 GdBg(15GAAM) L5
GdBpCo .07643 ¢ :
C, eqc, mnr
36GAAM 066 267 667  C-2324  GAB,Co .12939 GdB, (16GAAM)  Lhs
: GdBg, eqc, mjr 07765 C
Cc, tr
LoGdAM 125 500 375 c-257h  GdB,Cp, mir 3.30808 Gap)(16caaM) ko
GdB), .58724 ¢
- GdBg, eqe, mnr
Cc, tr
L1GaAm 143 572 286 . D-1092  GdBsCo 1.00065 GdB), (17GdAM) 576
GdB),, eqc .12055 ¢ 581
h2caam 133 533 33%  D-1111  GdB,Cp, mjr .57512 GdB), (176aAM) 586
GdBg, mnr .08637 ¢
GdB), tr .
43GdAm 100 600 300  D-1112  GdB,Cp, mir .T3548 GdBg(L50aAM) 586
GdBg, mnr .11946 C
LhGaam 100 500 k40O D-1113  GdB,C,, mjr .52525 Gch(l'TGdAM) 586
GdBg, “mnr .02839 B
.12619 ¢
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TABLE 3. 1, continued

Sample Composition Film Product Phases Starting Material NB page
In B o
L5GaAM 118 529 353 D-1116 GdB,Cy, mir .58123 GdBu(lTGdAM) 587
GdBg, mnr .01571 B
.10k61 ¢
52GdAM 050 800 150 D-1220  GdB., mjr .12119 GABg(15GaAM) 618
: GdB>Cp, mnr .05912 B 628
B,C, mnr .01969 C
C, tr
53GdAM 050 900 050 D-1221  GdBg, mjr .12199 GABg(15GAAM) 618
- ByC, mnr .07140 B 629
GdBlOO’ mnr .00660 C
54GAAM oko 160 800 D-1222  GAB,C, .09090 GdB), (51GdAM) 618
‘ caBg 10017 ¢
C, eqc
55GAAM 130 610 260 D-1223  GdByCp, mjr 17279 GdBy, (51GaAM) 618
GdB),, mor .00647 B
GdBg, mnr .0207h ¢ ‘
56GdAM 130 610 260 D-122k  GdByCo, mjr .17280 GaBy(51GaAM) 618
GdBg .006k7 B
GdB), eqc, mnr .02073 C
5TGAAM 080 470 450  D-1225 GdAB5Co .13898 GdB),(51GAAM) 618
» GdBg, eqe, mjr .01409 B
GdB), tr .0k692 ¢
T2GdAM 020 960 020 D-1269  GdByg, .0968 GdB6(15GdAM) Snn
GdBg, eqc, mjr L1981 B ,
c, tr .0052 ¢
T3GAAM 050 650 300  D-1324  GdBoCp, mjr .18003 - GdBg(15GAAM) 6kl
GAB o .0614k7 B
C, éqe, tr .0584k9 ¢
ThGAAM 050 580 370 D-1328 GdIbCé, mir L17922 GdB6(15GdAM) 6k
GABg, “mnr .04L896 B
¢, tr 07181 ¢
T5GAAM Oko 450 510  D-1329  GdB,C,, mjr 15413 GABg(15GAAM) 64k
GdBg, mar .03947 B
¢, tr .1064k0 ¢ ‘
T6GAAM 030 300 670 D-1330  GdB,C,, mjr " .12478 GdB6(15GdAM) 6Lk
GABg 02434 B
C, egc, mnr .15088 ¢
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TABLE 3. 1, continued

Sample Composition Film Product Phases Starting Material NB page
In B c
T7GAAM 010 900 090  D-1331 ' GdBg .05372  GABg(15GAAM)  6hh
B),C .22011 B
GgBlOO, eqc .02618 ¢
C, mnr
78GdAM 070 920 010 D-1332  GdBypqg, mjr .06579 GdB6(15GdAM) 64k
22917 B
C, edqc, mnr .00508 ¢
T9GAAM 010 980 010  D-1333 GdB) 0, mJr .05413  CaB (150aAM) 64k
¢, fmAr .2kogh B
GdBg, tr .00293 C
oLGd AM 333 333 333 D-1671  GAKS9 .54815 @4 766
C-2871  1lines .03780 B 998
Cc-287h .04196 ¢
95GAAM 4oo 200 %00 D-1675  GdKS5, mjr .58115 Gd 766
c-2872  GACy, tr .02004 B 998
c-2875 .okkhg ¢
96GAAM 250 250 500  D-1681  (dByCp, mjr .71256 Gd T66
D-1683  GdC,, tr .0kolh B 998
C-2873 .10909 ¢
- ¢c-2876
97GAAM 250 500 250 D-1674  GAKS9, mjr .35235 Gd 766
C-2879  GdB),, mnr .04860 B 998
lines .02697 ¢
98GaAM 200 L4OO LOO  D-16T2  GAByCp, mjr .82980 a4 TTh
D-1676  GdC,, tr L1145 B 998
Cc-2893 .12704 ¢
98aGdAM 200 Loo LoO D-1668  GAB,Cyonly .92105 Gd TTh
D-1670 .54079 B 998
.60031 ¢
99GAAM 400 400 200 D-1669 Gd L7347 Gd TTh
c-2899  GAKS10, eqc .05334 B 998
.02961 ¢
100GAAM 600 200 200 D-1677 Gd .50529 Gd e
GdKS10, eqc .01170 B 998
01292 ¢
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TABLE 3. 1, continued

Sample Composition Film Product Phases Starting Material - NB page
In B c
101 GAAM 200 400 400  D-1682 GdBg 1.08993 aa e
C-2913  GdB,Cp, mjr .15028 B 998
C, tr .16687 ¢
(0, present on melting)
102GdAM 750 125 125 = D-1684 Gd only .56000 Gd T4
D-1673 .00663 B 998
D-1679 .00722 ¢
103GAAM 333 167 500 D-1680  GAdKS5 only .51023 Gd 783
.01756 B 998
.05860 C
104GaAM 333 500 167 D-1678  GAKST, mjr .50296 Gd 783
GdB), mnr .05026 B 998
.01928 ¢
105Gd AM 200 k400 LoO D-1691  GdB,C, only 4., 02112 Ga 783
55424 B 998
61575 C
3TbAM 118 588 294 C-2352  TbB,C,, mjr .16910 TbBu(2TbAMa) 451
TbB),, tr to mnr 02533 C
.00885 B
2DyAM 091 546 363  C-2375 DyB,Cp, mjr .20399 DyBg(1DyAMb) 482
DyB),, mnr .0k32L ¢ 475
C, tr Le7
2HoAM 112 555 333 C-2501L HoB.C, only .2361  HoB 511
272 (ngAgalZ
.0388 ¢ 489, 509
2ErAM 112 555 333  C-2498  ErBsCp, mjr .1155  ErBy ;,(1ErAM) 507
ErB), tr .0198 ¢ 50k
.0059 B 490
2YbAM 091 546 363 C-2356 YbB,Cy, mjr .12056  YbEBg u(leAM) k56
YbBg, mnr .02hk25 ¢ 77
5YbAM 091 546 363  C-2567 YbByCo, mjr 1.0439  YbBg ), (1¥bAM) 523
YbEg, mnr 2098 ¢ 77
C, tr
5YbAMa 091 546 363  C-25T71  YbBsCp remelt of 5YbAM 528
' YbBg, eqc
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other ternary Gd-B-C phases were found. These are called GdKS5, GdKS7,

GdKS9 and GdKS10. i iti i
and G Their compositions are estimated at Gd0.35B0’1900.46,

Gd,BoC,, Gd;B,Cy and GdgB.Cy, respectively.

The gadolinium borides, GdB,,, GdB, and GdB ‘are discussed in

6 100°
Part II, Chapter 2. Crystallographic information on all binary compoundé

is listed in Table 5. 8 and in Table 2. 1, Part II.

3. 2 Gadolinium Deficient Region

The two-phase region, GdB4-GdB202, is established clearly by

preparations 41GdAM, 22GdAM, 21GdAM and 20GdAM. Carbon solubility in
GdBa is at most 10 atomic percent, as indicated by 21GdAM. The three-

4 2
56GdAM, 57GdAM, 42GdAM and 40GdAM. The presence of graphite in 40GdAM

phase equilibria field, GdBé-GdB -GdB CZ’ is established by 55GdAM,

" is attributed to contamination from neighboring pellets during their
melting in the same copper hearth (cf. Chapter 2. 2).

The GdB6-GdBZC2 two-phase region was found in 45GdAM, 43GdAM,
44GdAM, 25GdAM, 28GdAM, 3OGdAM and 34GdAM. Apparently, there is much
more solid solubility of graphite in GdB, than in GdB,.. This fact is
revealed by 32- and 33GdAM. An esfimate of 15 atomic percent graphite
solution in GdB6 is also reflected in the considerable carbon content of
the Gst-GdB100

reflection Debye-Scherrer powder pattern lines indicated no change in

two-phase region. Comparison of the d-spacings of back

GdB, lattice parameter as a function of carbon content. However, Johmson

6
and Daane (25) observed no change in lattice parameter for LaB6 as they
varied the boron content from 85 to 88 atomic percent through the homo-

geneity raﬁge of LaB6.
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The GdB6-C-GdB2C2 ternary phase field is demonstrated in 73-,

74-, 75-, 76-, 54-, 24-, 26-, 27-, 29-, 35-, 36- and 23GdAM. Proper
compositions were not investigated to demonstrate the GdBG-Béc-C equili-
brium, but it is implied by other observed triangles. In 52GdAM GdB6,

GdBZC2 and a single B4C line were observed. But graphite was also ob-

served, and the overwhelming evidence for a GdB6-GdB202-C triangle pro-

hibits a GdB6-B4C-GdBZC2 triangle. This weak B4C line and graphite are

attributed to contamination or incomplete reaction. The GdB6-BAC two-

phase field was not demonstfated. But the GdB6-B4C-CdB100 field is

established by 77- and 53GdAM. Further, the GdB6-GdB100

equilibrium is revealed by 72-, 78- and 79GdAM, as well as additional

two-phase

binary preparations discussed in Part II, Chapter 2. 3. 4, Samples 72-,
78- and 79GdAM contained small amounts of graphite. Either a GdBlOO-BAC-
GdB

equilibrium or a GdB -C-GdB; equilibrium exists. The beautiful

6 100
match of sin29 values for the phases in 77- and 53GdAM with reference
film and literature values is convincing eviaence in favor of the GdBloo-
B4C-GdB6 equilibrium, Further support of this conclusion lies in the
observation of the CeB6-ch-C equilibrium by Brewer and Heraldsen (20).
The presence of graphite in 72-, 78- and 79GdAM is, again, explained by
incomplete reaction or contamination from neighboring pellets during the

arc melting. No attempt was made to demonstrate GdBlOO-Bac and GdBlOO—

B4C-B equilibria; however, these equilibria must exist.

3. 3 Gadolinium Rich Region

3. 3. 1 GdKS5

The X-ray pattern of GdKS5 is fairly simple, i.e., it contains
relatively few lines. Excellent patterns of GdKS5 were obtained in 95-
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and 103GdAM. Even though these patterns do not overlap exactly, their
symmetries appear quite similar. The differences might be explained by
extensive anisotropic solid solution ranges. From the synthetic compo-
sition and the phases observed in equilibrium with GdKS5, the compositibn
BC,. This

0.3580.19%. 46> close to Gd,EBC,
material is black and very brittle.

of this phase is estimated as Gd

~ Since Nowotny (17) did not report a diffraction record for ThZBCZ’
the symmetries cannot be compared. Nowotny stated that the structure of
ThZBC2 is closely related to ThC

from its diffraction record, Gd

9 which is monoclinic (7). However,

0.3530.19C0.46 is not at all similar to

GdCz, which is reported by Spedding, Gschneidner and Daane (28) to be

body-centered tetragonal of the C-1lla type. The Gd cell is

0.35%0.19%.46

either of lower symmetry or has a large unit cell compared to GdCz.

Nowotny reported that Th B02 oxidizes quickly in air similarly

2
to ThCz. The same behavior occurs with Gd0.3530.1900.46; however, Gd0.35

BO.19CO.46 is more stable in air than GdCz. The crushed arc melted buttons

containing Gd2302

air. The sample, 103GdAM (GdZBCB)’ must have contained more GdC2 than did

95GdAM (GdzBCZ)’ even though the X-ray pattern revealed none. The powdered

turn to a white chalky powder in a few hours exposed to

sample of 103GdAM had oxidized to almost white; but the carbon deficient
sample, 95GdAM, on Eeing exposed for the same length of time, was still
nearly black. The inability to see GdC2 in 103GdAM probably arises from
oxidation to finely divided oxides during the Guinier exposure.

An attempt has been made to index GdKS5. It isvnot cubic,
tetragonal or hexagonal in symmetry. It is believed that the phase can
be indexed on orthorhombic axes. A partial indexing was achieved with
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ao and c.» 6.09 and 8.56 8, respectively. The b-axis must be at least
as large as eight Angstroms to fit the low angle lines. Table 3. 2 contains

the diffraction record of both 95- and 103GdAM.

3. 3. 2 GdKS?

The X-ray pattern of GdKS7 is given by 104GdAM (GdzB3C). This
preparation clearly shows a significant amount of GdB4. In view of the
complexity of the GdKS7 diffraction record (cf. Table 3. 2) no attempt
was made to index the pattern. On the basis that this phase must have a
composition richer in metal and carbon than Gd2B3C, the stoichiometry has
been estimated as Gd7Bgc4. This choice was made considering how the
overall ternary phase equilibria can best be made to agree with the ob-
served experimental results. However, the stoichiometry of this phase
mighf well be GdZBZC’ for which thére is no Th-B-C counterpart. The

phase, GdKS7, is a brittle black material, apparently stable to air at

room temperature.

3. 3. 3 GdKsl1o0

The diffraction record of GdKS10, taken from 99- and 100GdAM, is
very complex, and the powder photographs are of poor quality. This
phase is also black, brittle and stable to air at room temperature. While
comparison is difficult, GdKS10 and GdKS7 are obviously different phases.
The stoichiometry of GdKS10 is estimated at Gd8B7CS‘ GdKS7 and GdKS10
diffraction records appear in Table 3. 2 along with the lines of the

minor phases present.
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TABLE 3. 2

GdKS5, GAKST and GAKS10 Diffraction Records,

CuK«i, 1.540508, Radiation.

95GdAM---GAKS5

103GAAM---GdKS5

Film D-1675 Film D-1680

I/IO d, 8. singe I/ T 4, s sin26
s 3.490 0.04868 M 3.515 0.04803
Vs 3.044 .06403 S 3.155 .05960
M 2.712 .08071 1 3.089 .06220
S 2.606 .08737 S 2.738 .07915
S 2.586 .08876 A S 2,587 .08869
S 2.532 .09257 S 2.535 .09231
W 2,113 .13292 W 2,186 .12hk12
M 1.877 .16847 M 1.979 .15145
M -1.840 L17522 W 1.825 .17809
M 1.813 . 18044 W 1.807 .18169
M 1.665 .21393 W 1.782 .18693
W 1.625 .e2h71 M 1.578 .23833
M 1.57Th .23934 W 1.518 25757
W 1.520 .25686 VW 1.468 27522
W 1.497 26466

W 1.ko5 .29204

VW 1.403 .30153
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TABLE 3. 2, continued

104GAAM---GAKST

99Gd AM -~ --GdKS10

Film D-1678 Film D-1669

1/1, a, & sine 1/1, a, & sin”e

W 3.98L 0.037hk M 3.375 0.05207
M 3.509 ok81T W 3.091 .06205
M 3.1k .05091 M 3.004 .06576
M 3.380 .05193 M 2.967 .06738
M 3.133 .06046 M 2.921 .06956
W 3.071 .06290 W 2.848 L0731k
W 3.04k .06403 W 2,822 .07448
M 2.991 .06632 M 2.71h4 .08057
W 2.979 .06728 M 2.646 .o8LTh
M 2.916 .06978 W 2.611 .08706
W 2.853 .07294 W 2.486 .09597
W 2.733 07945 W 2.274 .11475
W 2.670 ,08321 W 2.240 .11824
M 2.626 .08607 W 2.214 .12109
M 2,54} .09170 M 1.784 .186L0
M 2.482 .09627 W 1.689 .20866
M 2.460 .09801 W 1.652 .21738
M 2.214 .12100 W 1.529 .25397
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3. 3. 4 GdKs9

GdKS9 -also has a complex diffraction record (Table 3. 3) for
which no indexing scheme has been obtained. The phase is observed in
94~ and 97GdAM. It too is stable to air at room temperature. While the
composition is estimated at GdBB4C3, GdBC is also possible. No agree-
ment between the diffraction records of ThBC or UBC and GdKS9 was found.

There apparently is quite a range of solid solution for GdKS9, as indicated

by the variation in d-spacings between 94- and 97GdAM.

3. 4 Limitations and Qualifications

No Gd-B-C counterpart was found for Nowotny's hexagonal ThBZC or
for the orthorhombic ThBC (18). GdKS7 and GdKS10 did not contain any
Gde in view of the high temperature of the arc melting (cf. Part II,
Chapter 2, 1. 2). None of these ternaries could be matched with the
powdér films or diffraction records of GdCZ, GdZCB’ GdBC, GdCB, GdBZ,
ThBC, ThBZC, Gd or Gd203.

This survey of the Gd-B-C ternary field by the arc melting and
- X-ray techniques should not be regarded.as representing an equilibrium
temperature-composition study. The compositions, phase équilibria and
temperatures are generally poorly defined. 1In the GdBé-Gdecz-C-B
region it was the intention of this study to define the behavior of GdBa,

GdB6 and GdB100

equilibria found in this region are those observed after rapid cooling

in graphite at high temperatures. The compositions and

of melted samples each of which melts at a different temperature.
Certainly different solid solution ranges, phase transitions and other
equilibria might exist at lower temperatures. However, it is believed
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TABLE 3. 3

GAKS9 Diffraction Records. Cukxy, 1.540508, Radiation.

9lGd AM- - -GAKS9 97GAAM-~--GAKS9
| Film D-1671 o Film D-167%
I/Io d, sin“e I/IO d, sin“8
M 3.782 0.04149 VW 4,118 0.03501
S 3.733 .0LkasT7 W 3.757 .0Lk2olk
W 3.502 .0k 838 W 3.622 .0k521
M 3.440 L0501k M 3.h71 | .okt
M . 3.353 .05277 VW 3.391 .05160
M 3.1kh1 .06016 VW 3.309 .05421
W 3.008 .06557 W 3.234 .05676
M 2.934 .06892 VW 2.968 .06738
S 2.753 - .07830 W S 2.791 .07613
M 2.688 .08211 M 2,712 ~.08067
W 2.573 .08961 W 2.599 .08787
W 2.537 .09217 M . 2,545 .09159
s 2.502 © .09330 M 2.510 09417
M 2.491 .09564 VW 2,284 .11375
W 2.212 .12125 W 2.241 .11808
W 1.950 .15605 W 1.872 .16922
M 1.855 - .17238 W 1.746 .19456
S 1.720 .2004L W 1.730 .19829
VW 1.630 .22335 W 1.646 .21914
W 1.618 22675 W 1.636 .221Th
S 1.55k4 ohhi1 W 1.604 .23069
W 1.574 .23945
W 1.566 .2h197
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that the behaviors in this region generally represent those at lower

temperatures and may be used to catalogue relative stabilities (cf. Part
II, Chapter 14). The even more cursory examination of the GdB4-GdB202-
C-Gd region was performed only to uncover the ternary phases that might

exist.
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CHAPTER 4
PREPARATION AND PROPERTIES OF LnBZC2

4. 1 Description and Properties

GdB202 has no counterpart in the phases of the Th-B-C system
(18). This phase is a black brittle solid, stable in air at room
temperature, and does not decompose or melt in the presence of graphite
up to 2400°K. in vacuum. This refractory materiai‘is not soluSle in
acetone, ether, alcohol, carbon tetrachloride, ethylene trichloride or
water, It is attacked very slowly by concentrated HCl and will dissolve
slowly in hot concentrated nitric, sulfuric or perchloric acids.

Table 4. 1 contains the diffraction rdcord of this ternary
compound with the indexing. Column one contains the relative intensi-
ties estimated from the Debye-Scherref film. Columns three and four
contain the computed d-spacings and sin29 values from the film reading.
Calculated sin29 values are based on the indexing in column two with
tetragonal unit cell having a and c, Parameters, 3.79198 and 3.63992,
respectively. These parameters are in agreement with the lattice
‘parameters and symmetry that Post (22) reported for Gde (cf. Table 1).

The crystallographic density calculated with one GdBZC2 unit in
this cell is 6.44g/cm3.4 The density determined on powdered GdBZCZ’
98aGdAM, in a 10 ml. pycnometer was 6.1g/cm.3 in nitrobenzene and
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TABIE 4, 1
GAB,Cp Diffraction Record. Cu-K,Rediation. Film C-20LT.

Calculated Values of S9in2@ and Values of hkl are Bagéd on
Cell Parameters, a5 = 3.7919 and cy = 3.6399A.

D
I/IQ : hkl a, & Sinzeobs. 8107610
50 100 ‘ 3.780 | 0.04159 0.04140
30 001 3.628 .0k516 .04500
30 110 2.67h .08313 .08280
100 011 2.617 .08679 ,08640
20 111 2,154 . 12809 .1278
30 200 1.893 .16583 .1656
30 002 .1.817 - .18007 : .1800
4o 120 1.694 20703 .2070
L0 201 1.678 .21094 .2106
Lo 102 1.638 22139 L2214
Lo . 121 1.535 . .25227 ' .2520
Lo 112 1.503 .26299 .2628
30 202 1.313 . 34496 .3456
30 : 221 1.257 . 37606 .3762
4o 122 1.239 38711 .3870
30 130 1.198 .41370 4133
eo:% ‘ ; L1716 JAash
306, 013 1.155 400 Lhs6
204, L7551 JAh79
T 131 ' 1.139 45753 ' U582
20*2 L6014 ‘ 4605
20« 113 1.104 148637 4870
10%, ‘ - .48855 - .480h
304 231 1.010 L5814k .5802
20ap .58532 .5851
306t | 132 1.0005 .59264 .5930
20, .59522 , .5960
30 123 9857 - 6106k .6110
gozé .61149 - .61k
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TABLE 4. 1, continued.

I/1, hkl a, 8 singeobs. Sineecalc.
3080 1o 0.9194 1 0.70192 0.7026
20% . 70592 .T061
ooy 232 .9101 71624 .T170
3090 . 71860 . 7206
304 223 . 9003 .73189 7349
2005 ) . 73460 .7386
3094 S .8920 TU5T3 .TUT6
20ep . 74991 L7513
204 014 . 8846 .75820 .T601
10 . 76269 . 7639
3094 033 8754 LT3 7763
200 .TT960 . 7802
304 331 . 8689 L7857k .7889
2006 <T9217 7928
304, 11k .8618 .79888 .8014
20ep ' .80307 .05k
Loeg 133 .8528 .81579 -, 8176
3090 .81951 .8217
Loey ok2: 811 .83862 .8410
3000 .8h3k2 8452
Loeq 2l 8262 .86919 8715
30 4 .87329 .8759
Loty 1h2, 024 .8209 .88o48 .8823
30%o : .88527 .8867
50% 332, 12k . .8018 92275 .9237
Aoo<2 .9284k9 " .9283
hoy 323 . T948 .9391h .oh16
30%, .9kl .9463
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3 . .
5.5g/cm.” in water, glycerol and benzene, which is in sufficient agreement
with the crystallographic density to preclude the occupancy of'more than

one Gd32C2 formula unit for this cell volume.

4. 2 Analysis and Composition

An analysis of 105 GdAM (Table 3. 1) for gadolinium and for
boron was performed on a pair of one-gram sampleé. The borocarbide
sample from the arc melter was crushed in a steel mortar, ground in an

"agate mortar, washed successively with warm 507 HCl to remove oxides;
dried at 110°C. in air, weighed and dissolved into 2 warm perchloric-
nitric acid mixture in a reflux vessel. The resultant solution was
saturated with oxalic acid and digested overnight. Gadolinium oxalate
precipitate was filtered and ignited in air to Gd203, from which the
gadolinium content was calculated., After adjusting the filtrate to

pH = 6.0 with NaOH or HCl solution, solid mannitol was added and the
solﬁtion quickly titrated to the’phenophthaléin end point of the mono-
protic boric acid complex with potassium acid phthalate-gtandardized
sodiuﬁ hydroxide solution. The carbon percentage was obtained by the
‘difference of the sum of the gadolinium and boron analyseé and the
total sample weight. This analysis revealed a composition of Gdl.OOt.OZ
If the sample had a three weight percent impurity,

By.03 + .01%.66"

the Gd/B/C ratio would have been Gd Further, evidence that

1.00%2.03% .0
this phase has appreciable carbon solid solution is given in Chapter 4. 3.

Additibnal information of the Gd3202

reproducibility of the arc melted compositions is given in Table 3. 1

stoichiometry and of the

by the four preparations of GdBZCZ’ 98-, 98a~, 101~ and 105 GdAM. These
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samples ail were prepared with a synthetic composition of GdBZC2 and

showed only GdBZC2 or principally Gd3202 as the reaction product. A
trace of GdC2 was noted in 98 GdAM. Sample 101 GJAM was known to have
been melted with a large air leak in the arc furnace, thus explaining

the abstraction of carbon. Samples 98a- and 105 GdAM, gave no indica-

tions by X-ray analysis of anything but GdBZCZ'

4, 3 Solid Solution

As discussed above, solid solution between tetragonal GdB4 and
tetragonal Gd3202 is not large. Further, the solid solution between
GdBZC2 and tetrégonal'GdC2 is not extensive, as illustrated by the ob-

servation of both GdC, and GdB,C, in 96 GdAM. The equilibrium between

2 272

GdBZC2 and GdB6 as well as graphite has also Been demonstrated.
However, some solid sdlutioﬁ effects are noted in GdBZCZ‘ The
variation of 1a£tice parameters for three ternary compositions contain-
ing GdB6 and/or GdB4 as minor phases is illustrated in Table 4, 2,
Column one lists the synthetic compositions and column two the phases
preseﬁt as identified in the film of column seven. Columns three and
‘four conﬁain the aé parameter and its associated error. Simiiarly,
columns fiﬁe and six contain the s parameter with its error. These
precise parameters and their errors were computed from diffraction
records with an IBM 653 computer, using the least squares téchnique de~
scribed by Hess (29). The variation in ¢, is just outside the error and,
therefore, not considered significant. The carbon-rich composition,
however, has a value of the a parametér significantly smaller than the

other preparations. This deviation can be explained by the substitution
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of carbon atoms with é covalent radius of 0.772 for boron atoms with

a 0. 872 radius,

TABLE 4. 2

GdB202 Lattice Parameter Variation Demonstrating Solid Solution

\

Synthetic Solid . Phases delta delta
Composition Present %o a, o Co film
6d 1268.503C.372  €9B,005mIT 3 7757 0058 3.6379 .0034  C-2047
GdB,, mnr .
6
Gd B C
+1437.5727.286  GdB,)Cy,miT 4 ;995 0017 3.6421 .0010  D-0884

GdB4, mny
GdB6, tr

Unknown | GdB,C,, mjr 3.7919  .0007 3.6399 .0003  D-1092
GdB6, mr

4. 4 LnB,C, Existence and Lattice Parameters

The existence of LnBzczfor lanthanides other than Gdec2 was
investigated. Samples were prepared by the reaction of mixtures of LnB6
and/or LnB4 with graphite in the arc melter furnace (cf. TableIB. 1).
Exceptions to this were erbium, where the reactants were ErB4, ErB12 and
graphite, and holmium, where the holmium reactant contained HoBa, HoB6

and HoB An attempt to produce LaBZCZ(Z LaAM) by the reaction of LaB6

12°
with graphité yielded a proauct with an X-ray pattern containing only
LaB6 lines, Similarly, SmB202 could not be prepared by the reaction of
SmB, and graphite (2 SmAM). The phase, LnB,C,, was observed with the
metals, Nd, Gd, Tb, Dy, Ho, Er and Yb. No attempt was made to prepare
this borocarbide for other lanthanides.
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An investigation of the lattice parameters of Ln3202 for different
lanthanides is illustrated in Table 4. 3. Column one contains the parti-
cular lanthanide metal designation, Columns two and three and columns
‘four and five contain the computed values of a_ with its error and of c,
with its error. Column six lists the increment in a, as a function of
the lanthanide. Similarly, column seven lists the c, incfement with
lanthanide, -

The parameters in Table 4. 3 were computed in the fashion de-
scribed above, 1In this table, all compositions showed excess'LnB4 or
LnB6 as the minor phases except the holmium system, which showed only
HOBZCZ' Since the minor bhases present are nearly the same in all cases,
the compositioﬁs of the LnB202 phase may be consid;red the same in all
cases. Thus, the variation in lattice parameters as a function of
lanthanide may be determined.

Figure 4 graphically illustrates the lattice parameter variation
over all thé lanthanides and YBZCZ' The parameters for La-, Pr- and Y'BZC2
are thoée reported by Post (22) (cf. Table 1). Parameters for the com-
pound with other lanthanides determined in this work are listed in
Table 4. 3. The scale on a and c, are the‘same to dramatize the extreme
variation in <, compared to that in a,. While'ao changes only one per-
cent from La to Lu, <, changes 13 percent., The variation in <, is about

twice that of a_ in Ln36 and of a, and c, in an2’ and even greater than

the parameter variation in the lanthanide metals (30).
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Precise Lattice Parameters of InB,C

TABLE 4. 3

Determined by the Hess Method

272
In a de:ta c, deita a ¢y
o o increment  increment

Nd  3.803 % 008 3.7% .009 2011 .i54
Gd 3.7919 .0007 3.6399 .0003 .0079 .0487

- Tb 3.7840 ,0016 3.5912 .0003 .0022 .0313
Dy 3.7818 .0019 3.5599 .0010 » .0017 .0225
Ho 3.7801  .0003 3.5374 .0001 .0024 .0297
Er 3.7777  .0006 3.5077 .0003 .0025 -.0521
Yb 3.7752  .0014 3.5598 .0006 |
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CHAPTER 5

STRUCTURE OF LnBZC2

5. 1 Experimental

With the use of a Weissenberg single crystal camera with a 57.3
mn., diameter (Charles Supper Co., Newton Center, Massachusetts), a
Philips Electronics Co. X-ray diffractometer and the employment of
techniques discussed by Buerger (31, 32) for singie crystal photograph
interprgtétion and structure analysis, the structure of LnB202 has been
fairly well eétablished. Mo-K (MoK _ = 0.70926, 0.71354, 0.71078)
radiation from a Philips Electronics Co. generator and tube was used in
the single crystal studies, and Cu-K, (Cu-K4= 1.54050, 1.54434,
1;541802) radiation was employed to obtain an intensity record with the
Philips diffractometer, which was equipped with a proportionai gounting
system,

From the crushed, arc melted button of 3 TbAM (Table 3. 1), single
crystals of TbBZC2 were found. Two crystals from this sample were chosen
for single crystal analysis. Crystal no. 1 had dimensions, 0.1 x .05 x
.01 mm, Crystal no. 2 haddﬁnensions, 0.2 x 0.1 x 0.03 mm. While these

Acrystals were not spherical, they had dimensions which were large enough

to allow appreciable diffraction, but small enough so that absorption was

not too great. More specifically,
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-dI = M 1dt . 1)

relates the linear absorption coefficient, /A , for a particular wave-
length radiation, the intensity, I, and the thickness of the crystal, dt,

to the attenuation of the beam. Further,

Foor oo e P R ) e 6

where p is the fraction by weight of that element in the compound, f9

is the crystal density and (fl /‘f ).is the mass absorption coefficient
taken from the literature (33) for that particular element. For a
crystal density of 6.62g/cm.3, /A‘(TbBZCZ) is 347 cm:1 for Mo radiation.
An optimum size crystal has linear dimensions such that the beam travels
through a path distance of 2//1 . The intensity of diffracted radiation
increases to this thickness and decreases beyond this thickness (31, p.
180). Thus, the dimensions of the crystal should be near 0.05 mm. to an
order of magnitude, which matches the size of crystal from which the
TbB202 symmetry properties were determined. ‘

With a 400-mesh powdered sample of HoB, C, (2 HoAM) and with the
use of the Philips diffractometer, an intensity reéord containing thirty
diffraction angles was determined on charts C-2553, C-2555 and C-2557.
The sample was mixed with a small amouﬁt of powdéred guﬁ arabic and a
drop of water. 1In this fashion preferred orientation of the micro-
crystals was avoided. Integrated areas under the one-eighth degree per

minute diffractometer trace were determined with a Keuffel and Esser
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calibrated planimeter (Ser. No. 98759). It is believed that these
relative intensities are determined with at least ten percent precision

and generally to better than five percent.

5. 2 Single Crystal X-ray Analysis and Point Group

Oscillation and rotation photographs were taken to align crystal
no. 1 along each of two différent directions. Normal beam, zero-layer,
Weissenberg photographs about the crystal [110] axis (film D-0886) and
the [100] axis (film D-0889) were taken. These films allowed the mapping
of reciprocal lattice planes on cylindrical cooxdinates, g’ and fYﬁ "
from the film coordinates, x and y. From these reciprocal lattice mappings
thg value of ¢ was caiculated as 3.61 & and a as 3.82 R to be compared
with powder photograph parameter values of 3.59 and 3.78 R, respectively.

A rotation photograph about [001] (D-0911), equiinclination
Weissenberg photographs for the (kh0), (hkl), (hk2), (hk3) and (hké4) layers
(£ilms D-0914, D-0915, D-0917, D-0918 and D-0919) and an anti-equiinclina-
tion photograph of the (hk0) layer (film D-0920) were taken on TbB202
crystal no. 2. The layer line coordinateé were determined from the [001]
rotation film (D-0911), Table 5. 1 summarizes the films, layers, layer
line coordinates, inclination angles, exposure times and layer screen
settings, TFigure 5. 1 illustrates these mappings with the size of the
lattice point increasing with the intensity of the reflection.

Figure 5. 1. 1 is the reciprocal léttice determined with [110]
rotation from the normal beam Weissenberg £ilm, D-0886. Figure 5. 1. 2
is the reciprocal lattice mapped from the (0kl) layer Weissenberg film,

D-0889. Figure 5. 1. 3 shows the tetragonal axis from a graphing of the
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spots on the (hk0) layer Wéissenberg film, D-0920. Reciprocal cell

dimensions are shown on each figure.

TABLE 5. 1

TbBZC2 Single Crystal Analysis Photographs; Mo-K  Radiation

D-0911

D-0912
D-0913
D-0914
D-0915
D-0916
D-0917
D-0918
D-0919
D-0920

Crystal No. 1l:

D-0885 Oscillation about [110].

D-0886 Weissenberg, Rotation about [110], normal beam. Nine hours.

D-0887 Oscillation about [100]. |

D-0888 Rotation about [100],normal beam, 14 hours. |

D-0889 Weissenberg, rotation about [100], normal beam, (Okl) layer,
. three f£ilms,

Crystal No. 2

D-0910 Oscillation about [001].

Rotation about .[001], normal beam.

Layer line coordinates determined as:

" Layer v (mm.) 8
(hkl) 5.30 .19
(hk2) 12.35 .39
(hk3) 21.15 .59
(hk4) 36.9 .78

Weissenberg, anti-equiinclination,/{_=11.5°,X;5.2mm. (hk0), 12 hrs,
Weissenberg, normal beam, (hk0), 190-3900, 12 hrs.

Weissenberg, normal beam, (hk0), 0-2000, 20 hrs,

Weissenberg, eqpiinclination,'fi=S.2°, X=2. 3mm, (hk1), 20 hrs.
Weissenberg, equiinclination,‘f*=11.4°,X=5.1mm,(hk2),-20 hrs.
Weissenberg, equiinclination, fl=11.4°,x=5.1mm,(hk2), 20 hrs.
Weissenberg, equiinclination,lﬂ =17.3°,XF7.9mm,(hk3), 20 hrs.
Weissenberg, equiinclination, fl=23.2°,X=10.9mm,(hk4), 20 hrs.
Weissenberg, anti-equiinclination, M =-17.32X=7.9mm,(hk0),20 hrs,

X, layer screen setting

/4, inclination angle
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These films confirm tﬁe symmetry and unit cell dimensions assigned
to the powder photographs., In addition, they reveal that there are no
extinctions among the reciprocal lattice points for the cell chosen
(cf. Figures 5. 1. 1, 5. 1. 2 and 5. 1. 3). The absence of an extin-
guished class implies the absence of any symmetry element with a trans- -
lation component, i.e., glide planes or screw axes, and also implies that
the cell is primitive.

The point group from X-ray diffraction observations is 4/mmm.

The symmetry elements of the point group are summarized in Figure 5. 2.
There is a four-fold axis of rotation on the [001] axis, vertical mirroi
planes both diagonal and perpendicular\to the cell edges, and a horizontal
mirror which reflects any point aboﬁe the plane through the plané. The
possible space groups that this phase might have are P422-No. 89, P4mm-
No. 99, éEZm-No. 111, Pim2-No. 115 and P4/mm-No. 123 (33). The first

four of these space groups exhibit no center of symmetry. If a center

of symmetry were added to each of these, P4/mmm would result.

5. 3 Intensity, Structure Factor and Phase Problem

In order to decide among these space groups and to ascertain the
locations of the atoms in the structure, a measurement of the intensities

from the diffracting planes must be made. The intensity is given by

I = KipmA | F(hk1) |, . 3)

where I is the intensity of the diffracted beam in arbitrary units; K is
the proportionality constant for the experiment; L is the Lorentz factor;
p, the polarization factor; m, the multiplicity; A, the absorption
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factor; and F, the structure factor. The structure factor is given by

F(ikl) = £ £, el2m(hxHhy +lzy) (5. 4)
k|

th

where fj is the atomic scattering factor for the j atom; x,, yj and z

J i
are the position parameters for the jth atom in the cell as fractions of.
the unit cell lengths; and the sum is over all atoms in the cell. Obvi-
ously, the quantities wé wish to determine are xj, yj and Zj' The
structure factor may be considefed a resultant vector of vectors,
fjeizn(hxj+kyj+1zj), whose amplitudes for scattering are fj’ and whose
directions into the complex plane are.determined by the phase of the

scattered wave, i.e.,

eLZmhxytky Hlzg) _ oo 21 (b Fey #1z,) + 4 sin 2n(hx oty 4z ).

(5. 5)
F(hkl) =| 5 £ cos 2m(hx,+ky +lz.)J+i Lf sin 2r(hx,+ky,.+lz,)
i j 377373 i3 7171
(5. 6)
|F(hk1) | = lfz £ cos 2m(hx +kyj+1z )]
(. 7)

+ [g £sin 211(hx.+ky.+lz?]2} 1/2

PR J J v
1 3

From equations 5, 6 and 5, 7, it is apparent that when one computes

|F(hk1)|2 from measured intensities he obtains only the scattering ampli=~

tude of the structure factors and not the phase angles. The inability

to measure experimentally a quantity which will allow one to calculate
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the phases of the diffraction spectra is the so-called "phase problem"
" of crystallography.’

Buerger (32) discusses this problem and summarizes the many
methods that have been devised to extract the most information about the
phasesAof scattering centers from intensity measurements. Very often a
kndwledge of the numﬁer of atoms per cell and their radii will allow one
to guess the position parameters of the atoms. From this guess, the
structure. factors and their absolute values may be computed. When the

quantity,

m | [Fatyons | - [Faxn |
M |F(hk1)obs.| '

) (5. 8)

is less than 0,4, the structure is assumed solved (32, p. 586).

5. 4 ZElectron Density and Patterson Functions

One powerful tool for the location of scattering maxima in a
crystal was devised by Patterson (32, p. 5545 34). One can consider
that the structure exhibits an electron density,-fD(XXZ), which varies

continuously over the cell volume and has a value at any XYZ in the cell

as well as at x , yj and z,. Then equation 5. 4 may be replaced by

3

v

F(hkl) = f £ @iz o 2L (KXHYHIZ) 4y . 9

o

V = abc and dV = dxdydz. Hence, dV = V (dx/a)(dy/b)(dz/c). Then in
fractional coordinates,

dV = V dX dY dz. (5.10)
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Thus,

| :
F(hkl) = f f f (xyz)e M (XYL g v avaz (5.11)

9 00

GeneLally, a three dimensional Fourier series is given by

+ o0
P (X¥z) = L % ¥ K(h'k'l")e
hlklll

- 00

- ] ! !

2ni(h'X+k 'Y+l Z)a (5.12)

where K(h'k'l') is a Fourier coefficient. Substituting equation 5.12

into equation 5.11, one derives the relationm,

' + O - 1 [} '

F(hkl)= 555 Kh'k'l')e 2qiCh "X+ 'Y+l Z)eZUi(hX'i-kY'i'lZ)
h'k'l'

© 00 -

VdXdYdz.

(5.13)

Rearranging equation 5,13,

F(hkl)= 5 5 Efffl{(h' 110y 2m [(h-h )X (kYT (1-1") 2] gy 4047

h'k'l
(5.14)

For h=h', k =k' and 1 = 1'

£y

f f f K(hk1)e® vdXdydz = VK(hkl). (5.15)

0 0o

If one or more pairs of Indices are not equal,

t 4

jffK(h,k.l,)ezni(h-h')Xe2ni(k-k‘)Ye2111(1-1')Z vdxdydz
°ee (5.16)
will vanish on integration from zero to one. Therefore, in the non-
vanishing condition of equal indices,
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F(hkl) = VK(hkl) . (5.17)

Substituting equation 5.17 into equation 5.12, one finds the following

expression for electron density:

-2m7i (hXHkY+12)

P w2y = —‘17— Ekgz; F (hk1)e (5.18)

This is the electron density function.
Patterson noted that if two Fourier series, each representing
the electron density of a crystal, are multiplied together, terms such

as F(hk1)~F(ﬁEi)* occur,

F(ukl) - FQRRD)™ = FQuk1) - Fuk1)™ = [F(uk1) |?, (5.19)

which is the phaseless quantity determined by experimentél intensity
measurements. Therefore, a Fourier synthesis with coefficients,
|F(hk1)|2, defines a relation between the phase dependent structure
factor and its complex conjugate. The general Patterson function is

given in equation 5.20.

+00 ’
PRYZ) = =5 135 |F (k1) |Ze 2t (hKHITHE) (5.20)
¥V ohkl S
- 00

The electron density map will have maxima at atomic positions.
But the Patterson synthesis map will have maxima at the ends of vectors

between the atomic positions revealed by the electron density map. Thus,.
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for every pair of electron density maxima one Patterson maximum will
exist., As a result, the Patterson map will reveal many maxima only a
specific few of which would be observed as atomic positions in the
electron density map. The population of the cell and steric considera-
tions will force a choice for atomic positions from these Patterson
maxima that, for simple structures, may be unequivocable.

A point should be made about the possibility of positioning the
light atoms, boron’énd carbon, in the presence of lanthanide atoms by
the use of g@e Patterson function. The scattering amplitude, fj’
decreases as sin 8/ AN increases. The relative scattering power of one
atom compared to another is in the same relation as their atomic number,
Z. 1In particular, the contribution to the amplitude of diffractioﬁ of
X-rays from planes, (hkl), by the terbium, boron and carbon atoms, which
populate that plane to equal atomic concentrations, will be, to a first
approximation, in the ratio of their atomic numbers or 65:5:6. In the
case of a Patterson function, which involves the scattering power
squared, the ratio of the atomic scattéring amplitudes in their contri-
bution to the function will be 4225:25:36. Obviously, unless planes
which contain large numbers of the light atoms relative to terbium can
be included in the synthesis and unless precise intensity measurements
can be made, there is little chance of locating the light atoms in the
structure, much less distinguishing between the boron and carbon
equivalent positions.

Another problem with the Patterson synthesis is its inherent
centrosymmetry, For each interatomic vector there exists the reverse
interatomic vector. Thus, the Patterson function for each éf the five
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possible space groups will contain many equivalent positions related not
only by the space group symmetry, but by centrosymﬁetry. Again, one

" cannot decide the space group from a Patterson synthesis alone.

5.5 Exgerimental Intensity Measurement

Without a single crystal diffractometer the determination of
accurate intensities from (hkl) reflections from single crystals is
difficult. When pfeciée intensities are needed, as is the case for
LnBZCZ’ multiple film techniques are not very useful. An examination of
the intensities of spots on three film layers for each of the Weissenberg
films of Table 5. 1 demonstrated that all spots, which represent planes
that reflect at the same Bragg angle in powder diffraction, had édual
intensity (cf. Figure 5. 1). This is a consequence of Friedel's Law (32)
and the point group. TFriedel's Law states that, since phases cannot be
measured in X-ray diffraction experimentation, it follows that reflections
from (bkl) and (hkiI) have the same intensities. Thus, with the four-fold
rotation axis of Figure 5.2,
|F (nic1) |=|F (hk1) | =|F (k1) [=|F (hkI) | = |F (hic1) |= |F (hicI) |=|F (ukI) |=|F (REI) | .

' - (5.21)
Therefére, the number of planes contributing to each element of the powder
diffraction record is known, and the extent of their contribution to the
intensity is equal. This observation enables one to measure intensities
precisely with the use of a diffractometer and proportional counting
equipment,

Using tﬁe appropriate multiplicities and measuring the intensities
on a powdered specimen on a Philips Electronics Co. diffractometer with a
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proportional counter (cf. Chapter 5. 1), one may calculate the intensity
from each reflecting plane, (hkl). Table 5. 2 contains these data taken
from diffraction charts, €-2553, C-2555 and C-2557. Column one contains
the indices bgséd'on a primitive tetragonal cell with a and ¢, 3.7801
and 3.53748, respectively. Column two contains the diffraction angle in
degrees. Relative intensity in units of square centimeters as determined
with the planimeter are listed in column three. The statistical devia-
tiong from the mean of the four measurements of relative intensity for a
particular diffraction angle are listed in column four. Columh five con-~
tains the Lorentz and polarization factors at the diffraction angle of
column two for powdered samples taken from Henry, Lipson and Wooster

(35, Table 9).- The multiplicity determined from the point group'is listed
in column six. Finally, the square of the absolute structure factor, as
calculated from equation 5. 3 , is contained in column seven. The

absorption factor was assumed unity.

5, 6 Patterson Synthesis

Since the space group will be decided finally by choosing likely
positions for the atoms from many possible équivalent positions, the
Patterson fﬁnction for the centrosymmetric space group P4/mmm, No. 123,
was used to treat the data in order to expose all possible maxima. From

the International Tables of Crystallography (33) the Patterson function is

8 - 8050

paw) = 2 355 |F (bk1) |*cos 2rhU cos 2nkV cos 2qIW.  (5.22)
v 000

hkl
The |F(hk1)|2 values were not normalized to absolute values by applying
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TABLE 5. 2

Powder Intensity Record for HoBoCo

Obtained with Diffractometer and Proportional Counter, Copper Radiation

nkl 29, (°) IObs._W} (I-Im)® 1L+ cos?26  m lF(hkl)obS_|2
N ) sinEGCose ]
100 23.52 11.9 0.2 38,14 L 0.780
001 25.17 5.0 .1 39.22 2 .637
110 33.L4 5.2 .3 21.40 L L0607
101 3,75 17.9 .1 19.67 8 .11k
111 ko .37 7.4 .2 12,71 8 .0728
200 48,14 1.28 .01 9.516 L .0336
002 51.70 1.49 .09 8.090 2 .0921
210 5k .25 2.50 .05 7.248 8 .0hk31
201 55.11 1.78 .02 6.998 8 .0318
102 57.51 1.85 .02 6.354 8 .0364
211 60.72 2.08 .02 5.622 16 .0231
112 62.98 1.18 .06 5.185 8 .028k4
220 70.h2 0.38 .02 L.095 L .0232
202 73.38 .835 .015 3.779 8 L0276
030 75.41 .199 .02k 3.594 L .0138
221 76.18 1.322 .154 3.529 8 .0L68
122 78.22 1.658 .19h 3.37h 16 .0307
130 80.35 0.636 0Tk 3.233 8 .0246
031 81.00 LTAT .087 3. 194 8 .0292
131 85.81 .858 2.962 16 .0181
103 86.39 .829 2.939 8 .0353
113 91.31 o2 2.799 8 .0220
222 2.58 .178 2.775 8 .00802
230 k.67 . 340 o 2.7hT 8 .0155
032 7.4k L1h 2.729 8 .006L6
231 100.14 .361 2.732 16 .00826
023 100.67 .363 2.73k4 8 .0166
132 102.25 .60k - 2.748 16 L0137
123 105.75 Joe 2.798 16 .0110
oko 109.36 262 2. 88k L .0286
232 117.46 .588 3,198 16 ,0115
141 120.75 .502 3.377 16 .00929
223 121.Lk5 .662 3.420 8 .02L2
014 127.19 .Th8 3.828 8 024k
133 133.5k4 .790 L 416 16 .0l12
ok2 135.4k 76 L. 645 8 .0128
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scale and temperature factors. This omission does not change the location
of the maxima. The values of |F(hk1)|2 for reflections for which there
was no observed intensity were set equal to zero. The quantity, |F(000)|2,
wasbalso set equal to zero; although, iﬁ(ooo)'z = 22, where Z is the total
number of electrons in the unit cell ( 32; p. 375 ). The effect of set-
ting IF(OOO)]2 to zero is to subtract out a constant from each vector. The
relative peaks are affected uniformly.

One must be careful in using the multiplicity. The multiplicity
generated from Friedal's Law and the 4/mmm point group is already included
in the Patterson function by the factor eight (cf. Chapter 5. 5). How-
ever, this eight-fold multiplicity inherent in the Patterson function is
not the correct multiplicity for all (hkl) reflections. As noted in
Table 5. 2, coiumn six, the point group multiplicity may be 1, 2, 4, 8
or 16, depending on the orientation of the reflecting planes. Since the
Patterson map is generated from relative |F[2 values, the factor eight in
equation 5.22 may be effectively treated as a scale constant affecting
the Patterson maxima amplitude at each point of generation in the unit
cell to the same extent without affecting the position of the maxima.
Thus, the values of IF(hkl)lz used in the Patterson function calculations
were taken as those of Table 5. 2, column seven, multiplied by the multi-
plicity of column six, Table 5. 2.

There is yet another complicating factor in determining the
proper multiplicity. The procedure for introduction of the (hkl) values
and their accompanying lF(hkl)lz values into the computer causes reflec-
tions (hkl) and (khl) to be picked up separately. However, these two
sets represent planes reflecting at the same Bragg angle and, therefore,
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are considered together in the multiplicity of Table 5. 2. Thus, the
|F(hk1)|2 values, with the appropriate multiplicity factor of Table 5. 2
already included, must be divided by two on introduction into the com-
puter for reflections of the type hkl, htk. For h=k, (hhl), the computer
only reads one |F(hh1)l2 value; and no additional computer multiplicity
factor is needed.

Table 5. 3 contains a record of the Patterson input data in the -
order of introduction to the computer. The hkl values are listed in
column one from 000 to 444. The accompanying |F(hk1)|2 values are listed
in column two and include all the multiplicity considerations discussed
above.

The three-dimensional Fourier synthesis was programmed generally
for hkl from 000 to 555 to compute the Patterson function‘in sixteenths
of the unit cell. An IBM 653 computer was employed for these computa-
tions. Only one-eighth of the unit cell was combuted, since the rest of
the cell can be generated by symmetry. These computed values are listed
by layers in Table 5. 4., The nine layers are taken at increments of
one-eighth of the c-axis., Since there is a diagonal mirror perpendicular
to the XYO plane and passing through the origin, the field for Y greater
than X need not be shown. Negative values arise from failure to scale
the |F(hk1)|2 values,

The conclusions to be drawn from this Fourier synthesis are these:
First, and most important, there can be no possibility of holmium atoms
in any position other than the»corners of this unit cell of a and ¢,
dimensions, 3.7801 and 3.53748, respectively. Second, with such a domi-
nating influence on the positions displayed by the large scattering holmium
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TABLE 5. 3

Input Data for HOB202 Patterson Synthesis for Space Group Ph/mmm.

2
hk1 lF(hkl)obs.| nkl [F(nk1), |2 el [pc1) o |2 me1 [p(okn) g | 2
000 0 113 L1760 231 L0661 34k 0
001 .637 114 0 232 - ,0920 koo .0572
002 .0921 120 L172h 233 0 o1 0
003 0 121 .1848 234 0 Lo2 .0512
o004 0 122 2456 240 0 403 0
010 1.560 123 .0880 2k 0 Lok 0
011 456 124 0 ol 0 410 0
012 . 1456 130 .0984 243 0 h11 L0743
013 L1lh2 131 L1448 a4l 0 412 0
01k .0976 132 .1096 300 .0276 13 0
020 L0672 133 .0896 301 .1168 bk - 0
021 1272 134 0 302 .0258 420 0
022 L1104 140 0 303 0 ho1 0
023 .066L 141 L0743 304 0 Yoo 0
o2k 0 142 0 310 .0984 Lo3 0
030 .0276 143 0 311 L1h48 Lol 0
031 .1168 14k 0 312 .1096 430 0
032 .0258 200 L0672 313 .0896 k31 0
033 0 201 1272 31k 0 L32 0
o34 0 202 .110L 320 .0620 433 0
oLo .0572 203 L0664 321 .0661 L3k 0
okl 0 204 0 322 .0920 4ho 0
ok2 .0512 210 L1724 323 0 Ly 0
oh3 0 211 .1848 3ok 0 hho 0
Ohly 0 212 2456 330 0 443 0
100 1.560 213 .0880 331 0 bk - 0
101 456 21k 0 332 0
102 . 1456 220 .0928 333 0
103 L1412 221 374k 334 0
104 .0976 222 L0642 340 0
110 .2ho8 223 .1936 341 0
111 .5824 o224 0 3k2 0
112 2272 230 .0620 343 0
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TABLE 5. 4

Patterson Synthesis Output Data on HoBpCo with Space Group Ph/mmm
x/16 0 1 2 3 L 5 6 7 8
Y/l6_ 0O 1.8+ 1.58 1.02 0.544% 0.309 .202  0.121 0.0651 0.0475
1 1.35 877 485 .292 .192 .103 .okok 0206
2 .590  .373 .262 .165 .0539 -.0240 -.0478
3 296 229 .11 -.0275 -.11h4 -.138
Y (L7 -.0019 -.148 -.223  -.239
5 .159 © .28 -.330 -.334
7 = 0/16 A
&t -.37h  -.397  -.39%
T -.413  -.k10
8 -.4o9
X/16 0 1 2 3 L 5 6 . 7 8
Y/16
‘ 0 1.56 1.35 0.884 0.498 0.301 .200  0.118 0.0614 0.0440
1 1.16 76T JW4s 282 .187 .0985 .0373  .018k4
2 .528 .345 247 154 0485 -.0237 -.0W5h
3 27k .208 .0982 -.0270 -.104 -.126
I .130 .0025 -.131 -.198 -.212
7 = 1/16
5 .138  -.2h7  -.291 -.296
6 -.329 -.358 -.360
7 -.387  -.392
8 -.400
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TABLE 5. 4, continued

X/16
Y/16

X/16
Y/16

X/16
Y/16

0
1
2
3
I
>
6
T
8

© N O 1 & w M+ O

@ 1 O v & w BB O

0 1 2
0.981 0.86 0.620
. 765 .553
ik
Z = 2/16
0 12
0.55% 0.512 0.4h3
87 115
.351
7 = 3/16
0 1 2
0.423 0.414  0.384
.4o3 .368
.324
'z =416

3
0.41k
.376
.301
.235

0.364

.339
.280

.210

0.325

.306

255
.182

62

L

0.291
269
.221
.166
.089%k

.259
.201
.128
.Ohk2

0.239
.219
.166
.0925
.0055

197
178
.130
L0671
.0152
.113

.18k
.161
.10k
.030h
.0kol
133

.139
.120
.0681
.0043
.0901
.184

.108
.0867

.0330
0357
.113
.196
267

.0889
.0665
.0098
.0628
<137
.211
.283

.0522
.0329
.0195
.09h1
.181
272
.351

o

7 8
.495  0.0318
L0264 ,0082
.0306 -.04k95
.0989 -.117
.168  -.183
.2k -,252
.31 -.32k
.365  -.385
-.ko9
T 8
.0278 0.0088
.0054 -.0137
.0521  -.0T1T
J2h -1k
.196 -.216
267  -.287
340 -.362
Loz -.ke8
-.4s5h
7 8
.0027 -.0207
.0228 -.0k1h
.0782 -.0985
.158  -.18
.2h8  -.273
.336 -.359
Jbos  -.ke3
Ah6 0 - hsg
-. k69



TABLE 5. 4, continued

X/16

Y/16

X/16
Y/16

X/16
Y/16

o N O F W D O

o ~~ O v & Ww b = O

0 1 2
0.411 0.393 0.339
.375 .321
.269
'z =5/16
0 1 2
0.357 0.333 0.272
.310 .252
.199
Z = 6/16
0 1 2
0.273 0.259 0.224
.24) .207
.165

= 7/16

3

0.256

0.

0.

.239
.193-
127

193

175
.130
.0733

3

181

.160
L111
.0523

63
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0.161
.146
.105
.0LT5

-.0297

0.113

.0ohkT
.0539
.0032
-.0663

L

0.126

.0985
.0Lk05
-.0223
-.0985

0]

1

5

07kl
.0593
.0203
.0378
121
.222

0407
.0212
.0209
.0718
.1h48
248

.0556
.0238
.0395
.100
178
.27Th

6

.0084
.00T78

.0Lk96

.113
.20k
.310
.392

0156
.0357
L0764
.12k
.20k
.318
.hok

.0115
.0k19
.0951
137
.207
.328
b2l

T

.0330
.0502
.0948
.162
255
.358
426
Lo

0509
.0692
.103
.1ko
.213
.330
.23
46

.0542
.0782
.110
.120
L 172
.305
ilyly
.505

-.0k72
-.0649
-.110
-.178
-.272
-.371
-.h32
-.438
-.431

-.0628
-.0798
-.109
-.139
-.208
-.323
- b7
-
-.h435

-.0676
-.0878
-.108
-.103
-.143
-.280
- b3k
-.512

-.527



TABLE 5. 4, continued

X/16
Y/16

= w (o}

o =N O W

0 1
0.236 0.228
.218
= 8/16

2
0.212

.196
161

3
0.189

. 166

L1114

.051k

L

0.1h5
.113
.0k36

;.0289

-.112

0]

)

.0723
.0337
.oh2h
111
.193
.289

6
L0041
.0ko2
.102
L
.2li
.334
RIVTo)

T
.0530
.080k
11k
115
157
+300
463
.546

8
-.0680
-.090k
-.109
-.0896

-.119

--0.267

-.hsh
-.562
-.588

ol



atoms, there is no chance to locate the light atoms from a Patterson
map. Third, even though the structure is centrosymmetriq with respect
to the holmiuﬁ atoms, the structure may not be centrosymmetric with
respect to the 1ight atoms too. Therefore, the space group is still
unknown. The slight troughs and ridges may be due to diffraction rings
arising from errors from cutting off the Fourier series before the limit-

ing convergence has been reached.

2. 7 Light Atom Structure Factor

The position of the holmium atoms in the corners of the unit cell
determines the phase of the holmium atoms. Thus, the structure factor

becomes:

P = £, o2mi (hotkotlo) | o
o R

eZni(hxj+kyj+1zj) (5.23)

where the sum is now over equivalent positions for boron and carbon atoms

only.
F(hkl) = £ +3 £ ] 2l (hx ey +lz,) (5.24)
g
[o]
FQikl) - £, =3 £ oD ey, (5.25)

o 3

This derivation points out the fact that if the sign of the total
structure factor, F(hkl), could be ascertained, after scaling the intens
sity data and correcting for temperature, the scaled and corrected
scattering factor of holmium could be subtracted out from the tétal
structure factor. An electron density map (cf. equation 5.18 and
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Chapter 5, 4) of the residual structure factor would be a function only
of the positions of the boron and carbon atoms.

The total structure factor is always positive because the
holmium atom d&ﬁinates the diffraction pattern as can be seen ffom the‘
following arguments. Consider Figure 5. 3. _This graph is a plot of the
atomic séattering factors for boron, carbon and holmium atoms versus
sin@/ N . The scattering factors for boron were taken from Ibers (36);
for carbon, from Bérghuis, et al. (37); and for holmium, from Inter-

nationale Tabellen (38). The scattering factors decrease with sin8/ A .,

However, OfHO decreases less rapidly than either ofB or ch.

the amplitude of the structure factors for boron and carbon are most

Therefore,

important relative to that of holmium at sin8/ A equal to zero. VIf in
addition the phase contribution to the structure factor from the light
atoms is taken to be minus one as the absolute minimum, the largest
possible negative structure factor sum for the two boron and two carbon

atoms per cell will be given by

'33 ] 2milhxytky Hz) (5.26)

Therefore, from equation 5. 26
F(hkl) = 67 =~ 22 = 45 > 0, (5.27)

It is then possiblg to compute the electron density map from the
temperature-corrected and scaled intensity measurements with the holmium
contribution removed. If the intensity measurements were accurate enough’
and if sufficient terms in the Fourier series are available, the boron
and carbon atomic pqsitions can be revealed.
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5. 8 Light Atom Electron Density; Scale and Temperature Factors

It should be pointed out that this electron density map will

include the inverse mapping as well as the real mapping.

1) |? = pu) - Frgw1), (5.28)
= (gt = £ My (e, 4 5 £ 70y (5.29)
i1 j 3
2
f; WOR: Q2miby v f e-2n1¢j) +3 f
°1 1 i i o
=3
+ py £ £l 2By (5.30)
17 1 j -
itj

If the sum or the average is taken over a large number of hkl values,
the last term tends to zero, since it contains as many positive as nega-

tive components. Therefore,

1 /2 : ?_nm]L 2mw)j 2y 1/2
(IF(hkl)I [f + £, (zfe +xfe )+ZfJ , (5.31)
i kN j 3 '
- F(hkl) = f . 1+;-—-(zfe +3T fe )+-—-2f ., (5.32)
Ho 1 i I | H J 3
Expanding the right hand side into a binomial series, one finds:
' 1 znwi -2ni¢j 1 2
F(hkl1)€ £ [1+ 5E (nfe + 5f e )+ 7 S f +......]1.(5.33)
Ho i1 i3 26,0 3 3
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Hence,

F(hkl) - £

F'(hkl) =
Ho
=__;_ o £e2Mifi 4o ¢ e~ 2mif3y +'2'El_ £, (5.34)
ij i3 Ho j ] '

The structure factor Fourier coefficients, F'(hkl), in the electron

density synthesis will involve the inverse terms, —%— rf e-2n$¢j s

j

as well as the real terms., But, again, atomic size considerations will
force a choice of ﬁhe positions revealed by the electron density map.

A scale factor, which could be ignored in the Patterson synthesis,
must be applied to the observed F(hkl) values and a temperature factor
applied to ofHo in order that the F'(hkl) values represent the difference
between numbers on the same scale and at the same temperature. These

factors are determined in the following fashion: Recall equations 5.28

and 5. 4. In general,

P | = ¢ £ ?™Piy g gm0y, (5.35)
j 3 i3
=YY ff 8211‘1[h(Xi“Xj)-l-k(Yi'Yj)+1(Zi“'Zj)]’ (5.36)
1ij 1]
I 2, 55 ferni[h(xi-xj)+k(yi-yj)+1(zi~zj)] ' (5.37)
j 3 i3 13

i=j  i#j

As pointed out in equation 5,30, the last term of 5, 37 approaches zero

- for an average over all hkl, Therefore,

[F(hkl)]2 = gtfz . - (5.38)

i
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Further,

Fak1) |2 =k |1y, |2, (5.39)

obs. abs.

where K is the scale factor., From equation 5,38

Py, |*=x z£2 . | (5.40)

The temperature factor correction (32) is given by

2
sin“@
£ o o2 o £C7) (5.41)
where °f is the atomic scattering factor at zero degrees absolute.
Consequently,
sin@ 2
f(—-—;\-z—) |F(hk1) o o |
Ke = . : (5.42)
z Z
f
i
and
IF(hkl)obs |2 sin29
in . = InK+£f 7). (5.43)
o_2 = A
L f
i3
Equation 5.43 1is of the form,
sin29
y=a+f 6_7{2—) . - (5.44)

Thus, a plot of the left hand side of equation 5.43 versus sin29/ XZ
in the limit of sinze/ Az equal to zero produces the scale factor, K.
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The temperature factor, f(gigz—), can be calculated from this curve for

each sin29/ Kz desired.

Figure 5. 4 is a graph of equation 5.43 for HoB The data

9Co e
were taken from"Table 5. 5, columns five and seven., The five numbers
arranged horizontally halfway up the figure represent the average values
for the vertical coordinates of experimental points lying between the
brackets on either side of the average value.

Normally, such a curve as defined by equation 5.43 is a straight
line with siope gqual to -2B. This factor is theDebye-Waliertempérature
factor. However, in this case (Figure 5. 4) a parabolic plot resulted.
The parabolic behavior is attributed to an error in the 0fHo+3 litera-
fure values (38). However, a scale and temperature correction can still

be made.-

The corrections applied are of the form,

o (Sln 9)/2
F'(hkl) = F(hkl)- £, = Mk%bﬁsl - fH e , (5.45)
. K (o]

where f(ﬁigz—) is taken from Figure 5. 4 as the difference between the
two curves on the graph,
For F'(hkl) values below the series cut-off point where sin29/ Az

is .360 at 444 and for which no experimental intensity was observed,

F'(hkl) = F(hkl) -£ Ho 5 (5.46)
o (sin G)/Z
=0~ £ e ,
Ho
sin2@
- 2% L IGSIZ (5.47)
Ho
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The F'(hkl) values should be small positive or negative numbers,
Any small error in the measured intensities will be amplified considerably
in F'(hkl) after subtracting_fHo. Thus, the maxima in the electron density
map due to the light atoms may be obscured by series termination maxima,
and the location of the maxima representing atomic positions may be
shifted from their real position because of intensity measurement error.

The light atom structure factor data aré lisﬁed in Table 5. 5.

The indexing applies to the cell with a, and c, dimensions, 3.7801 and
3.53742, respectively, Columns one through five contain the indices of
the reflecting planes, the atomic scattering factors at 0°k. for covalent
boron and carbon atoms and for trivalent holmium ions, and (siany A?.
Column six lists |F(hk1)|2 observed experimentally from Table S..Z. In
addition, hkl values, such that sin @ is less than one and for which no
reflection was observed, are listed with |F(hk1)|2 set equal to zero.
Column seven lists the left side of equation 5.43. Column eight contains
scaled structure factors at the room temperature of the intensity data
collection. GColumn nine contéins the holmium structure factor at room
femperature, and column ten contains the absolute light atom structure
factor at room temperature.

The 100 and 001l values in Table 5. 5 were omitted from the electron
 density computations because of their obviously too large size. As in
the Patterson synthesis, this omission will have some effect on the
amplitude of the maxima, but not on the position of the electron density
maxima.

For the same reasons discussed in the Patterson synthesis, the
electron density functions for space group, P4/mmm, were computed rather
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TABLE 5. 5

HoBpCo Light Atom Structure Factors Corrected for Scale and Temperature Factors. K = 3.439 x 10-5

o ° o sin20 o _1 ’F;(hkl)obs.l 2
hkl %, fy fo A2 (F(hkl)obs'\ B n“fiiggg""' F(hkl)gps,  THo  F(bk1)gps=Tgo
1

000 67.00 5.00 6.00 .00000 .00000 , .000 67.0 -67.0
100 59.67 3.575 4.50 .01748 .T780 8.4k9 151. 55.83 . 95.2
001 58.98 3.44 4,37 .0199% .637 8.625 136. 54,66 81.3
110 55.49 2.8 3,85 ,03482 L0607 10.851 k2.0 48.63 -6.57
101 54.96 2.76 3.65 .03752 .11h 10.200 57.6 .91 9.69
111 52.05 2.38 3.24  .05490 .0728 10.538 46.0 ho.62 3.38
200 49,82 2.17 2.8 .0699%6 .0336 11.222 31.3 38.76 -7.46
002 48.52 2.07 2.65 -.07998 .0921 10.160 51.8 36.64 15.16
210 47.59 2.01 2.55 .08750 L0431 10,880 35.4 35.17 .23
201 47.30 1.98 2.54  .09000 .0318 11.173 30.4 3k.65 - o5
102 46,56 1.9% 2.4h 0973k .0364 11.006 32.5 33.40 -.90
211 L4556  1.88 2.37 .10745 .0231 11.417 25.9 31. -5.90
112 44,88 1.8 2,30 .11ko2 .0284 11.181 28.7 27.81 .89
220 ha,71 1.75 2.08 .13988 .0232 11.260 26.0 27.56 -1.56
202 41,84 1.72 2.03 .15015 .0276 11.068 28.3 26.540 1.90
030 L41.29 1.70 1.99 .1572h .0138 11.734 20.0 25.70 -5.70
221 Li.10 1.69 1.98 .16008 .0L68 10. 504 36.9 25.42 11.52
122 L40.65 1.68 1.93 .16736 .0307 10.903 29.9 2L, .81 5.09
130 L40.15 1.66 1.90 .1751k .02L46 11.123 26.7 24,18 2.52
031 L40.05 1.66 1.89 .177h1 .0292 10.924 29.1 23.99 5.11
003 39.8 .17981 .0000 .000 23.8 -23.8
131  39.00 1.62 1.85 ,19Lko2 .0181 11.350 22.9 22.79 .11
103 38.90 1.62 1.83 .1971k .0353 10.676 32.0 22,6k 9.36
113 37.90 1.59 1.80 .21511 .0220 11.120 25.3 21.62 3.68
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TABLE 5. 5, continued

sin®e lF(hkl)Obs |2
nkl  °fy °fp  °fg “‘5\'2— [F(hkl) obsl ""2—5‘;2‘—“ F(hkl)po  fro - F(bk1)gp -Tio
222 37.65 1.58 1.79 .21977 .00802 12.093 15.3 21.38 -6.08
230 37.25 1.57 1.76 .22753 .0155 11.413 21.2 21.02 .18
032 36.75 1.56 1.74 .23756 .006L46 12.262 13.7 20,60 -6.90
231 36.25 1.54% 1.72  .2h7hl .00826 11.989 15.5 20.28 -4 78
023 36.10 1.54% 1.71 .24930 L0166 11.281 22.0 20.17 1.83
132 35.93 1.53 1l.71 .25502 L0137 11464 20.0 20.07 -.07
123 35.52 1.52 1.68 .26750 .0110 11.661 17.9 19.86 -1.96
ok  35.11 1.50 1.67 .28005 .0286 10.681 28.8 19.71 9.09
1iko  34.9 29741 .00000 .000 19.9 -19.9
4o1  3L.7 .29991 .00000 .000 19.8 -19.8
232  3hk.26 1.47 1.63 .30736 .0115 11.54% 18.3 19.77 -1.47
330 3k.b4 V31492 .00000 .000 20.0 -20.0
141 33.92  1.h5 1.62  .31787. .00929 11.739 16.4 19.9%4 -3.54
ook 3h.2 . . 31966 .00000 .0000 20.1 -20.1
223  33.86 1.4k 1.61 .32013 .02k 10.753 26.5 19.95 6.55
331 33.6 .33491 .00000 .000 20.6 -20.6
033 33.6 -.33727 .00000 .000 21.1 -21.1
014 33.35 1.43 1.58 .33756 .024lh 10.737 26.6 20.54 6.06
240  33.1 .34991 .00000 .000 21.2 -21.2
114 33.0 . 35465 .00000 .000 21.6 -21.6
133 32.84 1.4 1.56 .35522 .0l112 11.486 18.0 21.46 -3.46
Ok2 32,70 1.hb0 1.55 .36024 .0128 11.341 19.3 21.83 -2.53

~ [IF(mK1) 6 |2 o £(sin%/ A%)/2

F(hkl) g = + K == o = THo ©




than one of the other four possible space groups. Minor changes in the
computer program discussed above, mostly concerned with the adaptation
of the program to the IEM 1620 computer, were made. The expression for

the electron density function for space group P4/mmm is given by

+o0
Jf°(XXZ) = -%— ¥ F'(hkl) cos 2phX cos 2nkY cos 2mlZ .
il , (5.48)

This function was computed in units of sixteenths of the unit cell edges
for one-eighth of the cell. Again the rest.of the cell is obtained by
symmetry,

The computer input data are listed in Table 5. 6 in the same
format and with the same multiplicity considerations of Table 5. 3. The
computer output data are listed in Table 5. 7 again in the same format
and unit cell choice as for the Patterson computations of Table 5., 4,
These electron density data are mapped by layers up the c-axis in
Figure 5. 5. Contour lines on the nine layers define the positions of
the centers of electron concentration. Figure 5. 6 is a ﬁXYO} projection
of the maxima of Figure 5. 5 with the radius of the circles indicative
of the size of the maxima. The fractional heighth up the c-axis is
indicated with each circle.

While there are many more maxima than there axre atoms to put in
them, the four maxima at 1/4, 1/2, 1/2; 1/2, 1/4, 1/2; 3/4, 1/2, 1/2
and 1/2, 3/4, 1/2 do stand out as nearly twice as intense as the next

most intense maxima.
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TABLE 5. 6

Input Data for HoBoCp Light Atom Electron Density Synthesis for Space Group Pl /mmm.

nkl F(bkl)gps-Tho bkl P(hkl)gpo-f bkl F(hkl)go-fro bkl F(hkl)gpg-fio

000 -8.38 113 3.68 231 -4.78 34k .000
001 .000 11k -21.6 232 -1.h47 400 2.27
002 3.79 - 120 .12 233 .000 Lol -9.90
003 -5.95 121 -5.90 23k .000 Lo2 -1.27
00k -5.03 122 5.09 240 -10.6 403 .000
010 .000 123 -1.96 2h1 .000 Lok .000
01l 4.85 12k .000 oo .000 410 -9.95
012 -.45 130 1.26 243 .000 411 -3.54
013 4,68 131 L1l oLl .000 hio .000
o14 3.03 132 -.07 300 -1.43 413 .000
020 -1.83 133 -3.46 301 2.56 Lk .000
021 -2.13 134 .000 302 -3.45 koo -10.6
022 .95 140 -9.95 303 -10.5 ko1 .000
023 .915 141 -3.54 304 .000 ho2 .000
02k .000 142 .000 310 1.26 ho3 .000
030 -1.43 43 - .000 311 J11 © Lok .000
031 2.56 14k .000 312 -.07 430 .000
032 -3.45 200 -1.83 313 -3.46 431 .000
033 -10.5 201 -2.13 314 .000 432 .000
o3k .000 202 .95 320 .09 433 .000
oko 2.27 203 .915 321 -4, 78 43k .000
okl -9.90 204 .000 322 -1.h7 440 .000
ok2 -1.27 210 .12 323 .000 L1 .000
043 .000 211 -5.90 2L .000 Lhp .000
Ol .000 - 212 5.09 330  -10.0 Lh3 .000
100 .000 213 -1.96 331 -20.6 Lhl .000
101 4,85 214 .000 332 .000

102 -.h4s 220 -.78 333 .000

103 4 .68 221 11.5 334 .000

104 3.03 222 -6.08 340 .000

110 -3.29 223 6.55 341 .000

111 3.38 22k .000 342 .000

112 .89 230 .09 343 .000
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TABLE 5. T

HOB2C2 Light Atom Electron Density Synthesis Output Data with

Space Group, P/Ymmm

X/16
Y/16

X/16
Y/16

s w

o = O WU

;= w

o =N O W

0 1 2 3 h
23.0 -12.0 k.11  3.00 -7.91
=4 .37 5.52 2.32  -6.43
5.53 356 -2.92
-1.23 | .183
.508
Z = 0/16
0 1 2 3 L
-17.5 -7.91 5.72 3.97 -5.78
-1.57 6.26 2.4h7  -5.16
L. 58 -.803 -3.02
-2. bk .078
1.78

Z = 1/16

7

-9.33
-5.96
.653
3.17
-1.92
-9.56

-6.25
-4 22
1.10
3.87

611

-5.32

6
-2.30

.103
3.77
2.48
-k .70
11.5

11.7

-1.45
.362
3.35
2.9
-1.98
-6.85
-6.48

T
1.0k
1.19

.307

-2.76
-6.00
-7.01
-6.45

-6.20

-. 766
-.825
-1.55

-3.0L
-3.7h
-2.81
-1.70

-1.77

8
0.680
-.236

-3.00
-6.01
-6.20
-3.81
-3.29
-6.31
-8.45

-2.38
-3.32
-5.52
-6.64
- 22

075
1.15
-2.12
-4 45



TABLE 5. T, continued

X/16 0 1 2 3 L 5 6 T 8
Y/16 .
0 -9.65 -2.88 6.18 h,ah -2.05 -1.09 1.68 -2.04 -5.72
1 1.02  5.04 1.26 -3.10 -.488 1.95 2.8+ -6.98
2 .911 -3.99 -3.57 1.78 2.7+ -4.09 -8.86
3 -5.17 -.437 k.57 3.15 =3.60 -T7.47
L 3.69 4,35 1.75 -.73% -1.54
5 1.01 -.363 2.51 4, 76
z=2/16
6 .133  3.60 5.73
T 2.50 1.62
8 -1.10
x/16 0 1 2 3 L 5 6 T 8
Y/16
0 -9.82 -4.98 1.60 1.03 -.919 2.63 5.29 0.811 -3.11
1 -2.47 .0k8 -1.98 -2.82 1.58 3.92 -.945 -4, 92
2 -3.86 -6.72 -k4.35 1.13 1.93 -3.78 -3.66
3 -6.35 -.847 3.26 1.1 -3.9% -5.7h
L 3.89 3.93 .554  3.93 -1.82
‘ 622 -1.8 .2 .
5 2 = 3/16 6 1.83 32 2.30
6 -2.73 -.b37  1.34
T -2.30 -3.22
8 -5.78
x/16 . 0 1 2 3 N 5 6 7 8
Y/16 : !
0 -12.7 -8.57 -2.50 -1.88 -2.61 0.983 L.k 2.5h 0.24}4
1 -6.12 -2.99 -3.55 -k.00 -.57T3 3.25 641 -1.35
2 4,33 -5.29 -4,17 -1.66 -.801 -2.53 -3.84
3 -3.20 .210 L7 -1.99  -3.6hF 0 -3.95
L 3.47 .528 -3.7h .528 -2.27
-4h.36  -7.6 =L, -1.
6 9.4k - 6,46 -k.01
T -6.86 -6.64
8 -T.75
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TABLE 5. T, continued
X/16 0 1 2 3 i 5 6 7 8
Y/16 ,
0 -9.38 -5.9% -1.01 -1.22 -3.66 -2.84 -.601 -.961 -1.99
1 -3.64 -.611 -1.6F -Lhe b ho 249 -1.89 -2.16
2 -.116 -.856 -3.06 -5.03 -4.8 -2.81 -1.62
3 1.90 2.15 -1.91 -hk.56 -2.12 .212
b h.o2 -1.21 -5.27T -2.07 1.20
5 7 = 5/16 -6.17 -8.80 -3.95 .050
6 -9.54 -4, 61 -1.07
T -2.18 -.349
8 469
X/16 0 1 2 3 L 5 6 T 8
Y/16
0 -3.65 -1l.62 1.03 0.200 -1.96 -2.10 -1.98 =3.9% -5.45
1 -.311  1.13 -.356 -3.28 447 -4.,05 -3.93 -hk.12
2 1.25 270 -2.85 -6.27 -6.16 -2.k2 -.077
3 2.79 2.1+ -2.79 -k.kho .910 4.88
L k.31 -.358 -3.00 2.38 6.79
5 }z - 6/16 -3.63 -5.1h 486 4.83
6 -5.45 k23 3,16
7 '2.32 4. 45
8 5.77
X/16 0 1 2 3 in 5 6 7 8
Y/16
0 -2.91 -2.29 -1.k46 .87+ 1.10 3.83 3.20 -1.46 k.37
1 2,22 -2.35 -2.5% -1.718  -.18k 167 -1.39  -2.48
2 -3.59 -3.8% -h.25 5.0k -3.63 451 2.85
3 -1.59 -.k26 -2.87 -2.38 4. 34 8.84
L 3.16 L7211 -.333 5.69 0.2
5 7 = 7/16 -1.02  -2.50 2.00 5.68
6 -4.63 -2.15 Lolh
T -2.52  -1.67
8 -1.58

-~
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TABLE 5. 7, continued
X/16 0 1 2 3 L 5 6 7 8
Y/16
0 -k.17 -k.20 -3.87 -2.11 2.58 7.46 6.97 1.10 -2.52
1 -4.59 5,27 b4y 21,16 2.56 3.32 .965  -.657
2 -7.17 -6.79 -5.23 -L.ok -1.69 2.40 k.66
3 4,58 2,10 -2.83 -1.23 5.90 10.5
i 2,18 1.00 608 6.62 11.0
-.270 -2.06 1.54 L, 73
Z = 8/16
6 -5.56  =h.7T7 -3.16
T -7.25  -7.28
8 -8.08




HoB, C; LIGHT ATOM 3-D ELECTRON DENSITY CONTOURS
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5. 9 Light Atom Positions; Space Group;

General Structure Discussion

There are several arguments and observations which define the
space group of f.nBZC2 and the boron andbcarbon positions, First, the
chemical analysis and preparative techniques discussed in Chapter 4, 2
fix the boron to metal and carBon to metal ratios at two. Second, the
density measurements of Chapter 4. 1 fix the unit cell content at one
formula unit -- one metal, two boron and two‘carbon atoms -- for a cell
with a_ and c_, 3.7801 and 3.53748, respectively.

Third, the X-ray information ié quite restrictive on the atomic
positions. 1In Chapter 5. 6 a Patterson synthesis left no doubt that the
metal atoms were located only in the corners of the primitive ceil
chosen for the analysis. It is very inviting to place the two boron and
two carbon atoms in the four (o) equivalent positions, f(i, 1/2, 1/2;
1/2, x, 1/2), found for the light atom electron density ﬁap of Chapter
5. 8. However, one must appreciate that the symmetry demands of the
computations force the equivalence of these possible positions and the
equivalence of other maxima observed in the mapping.

There are three distinct symmetry considerations. The, first
is the inherent centrosymmetry of the reciprocal lattice, This centro-
symmetry arises from the phase problem (cf. Chapter 5. 3, Friedel's Law)
involving inverse as well as real structure factors in the |F(hk1)|2
values measured, and introduces both structure factors into the point
group. Thus, the use of the centrosymmetric 4/mmm point group in
generating the electron density map is required. A second consideration,
related to the first, is the unavoidable inclusion of inverse 1light atom
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structure factors in the synthesis from the light atom phase problem,
even with the phase problem of the metal atoms solved. Finally, there
is the inability of X-rays to distinguish between carbon and boron atoms.

Selection of other maxima in the electron deﬁsity map at which
four atoms may be located was attempted. In order to limit the choices
to a total of four positions, symmetry elements were removed, i.e., the
diagdnal mirror planes, the four-fold axis, and each of the mutually per-
pendicular mirror plénes of Figure 5. 2. All combinations of four maxima
with different point groups could be rejected with steric arguments ex-
cept the obvious equivalent positions describgd above.

If these four equivalent positions had not occurred along the
lines representing the intersection of two mutually perpendicular mirroxr
planes, then the number of observed equivalent maxima in Figure 5, 6
would have been eight or sixteen, depending on whether the maxima were
locéted in a_mirror plane or not. Then the choice for atomic positions
would have been more difficult. Thus, since the light atoms have two
position coordinates equal to 1/2, the point group must contain three
mutually perpendicular mirror planes. No diagonal mirrors are required,

Fourth, the agreement betwéen the atomic position arrangement in
the LnB202 structure and those of LnB6 and LnB4 is remarkable. Figure
5.7 iilustrates structures reported for.LnB4, LnBﬁ, LnBlZ’ LnC2 and~
LnZC3. In the cubic hexaboride described b& Blum and Bertant (39) the
cell is primitive with respect to the metal ions. Boron posifions are
observed at t(1/2, 1/2, .207; 1/2, .207, 1/2; .207, 1/2, 1/2). Four of
these six positions agree precisely with the four largest maxima found

in the HoBZC light atom electron density map. While the tetragonal

2
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tetraboride structure discussed by Blum and Bertant and by Zalkin aﬁd
Templeton (39, 40) is more complex than LnBZCZ’ a tetragonal cell can
be chosen that is primitive with respect'to the metal ions and contains
a boron octahedron, which has four boron sites in positions equivalent

to those for the light atoms in LnB202 just as.in LnB There is no such

6
striking similarity to the icosahedral boron structure of LnB12 (39, 41),
to LnC, (42, 28, 43), to LnZC3 (42-3, 28) or to Ln,C (28). 1It is apparent,
then,'since there are four positions needed and four obvious maxima
available, and since the resemblance to LnB4 and LnB6 structures is so
striking, that the boron and carbon atoms are probably located at

T@/2, x, 1/2; x, 1/2, 1/2) with x approximately 1/4.

The questions of a four-fold, two-fold or one-fold axis ﬁust be
resolved. It should be noted that because of the inaccuracy in the light
atoﬁ structure factors the remaining light atom position parameter to be
specified need not be fixed at>1/4, but could vary as much as one-eighth
of the unit cell dimensioﬁ in either direction, staying in the mirror
planes. Further, if one recalls that the four-fold axis was an assumption
included in the tetragonal P4/mmm space group application, the possibility
that only a(two-fold axis exists cannot be overlooked. This would define
two sets of equivalent positions, t(x, 1/2, 1/2) and Ta/z, v, 1/2). A
one-fold axis would arise, if the equivalent positions were (x, 1/2, 1/2;
1/2, 1-x, 1/2) and (1/2, y, 1/2; 1-y, 1/2, 1/2).

There are six possible arrangements of the boron and carbon
atoms to be considered. These are illustrated in Figure 5. 8 by projec-
tions on the (XY0) plane. Sheets of metal atoms are at the zero level
and sheets of boron and carbon atoms are located between metal sheets at
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a heighth of one-half of the c, dimension. The two carbon and two boron
sites might be adjacent (one-fold axis), as in Figure 5. 1. 1, or oppo-
site (two-fold axis), as in Figure 5. 8. 2. All four of these positions
might contain only boron atoms or only carbon atoms, and an adjacent cell
would contain only carbon atoms or boron atoms (two-fold axis), as in
Figure 5. 8. 3. Necessarily, then, a larger unit cell to define the
crystal motif would be needed. A fourth possibility would be a random
ordering of boron and carbon atoms into these four sites (four-fold axis),
as shown in Figure 5. 8. 4. Fifth, the boron and carbon atoms could be
arranged in an alternating arrangement going around light atom rings.
This arrangement would necessitate the choice of the larger unit cell
shown in Figure 5. 8. 5. Finally, there may be a screw axis applied to
all theée possibilities, depending how each light atom sheet is oriented
with respect to aﬂother.

The choice between these sets of equivalent positions would be
easy if the boron and carbon atoms could be distinguished in the electron
density map. Intensity data are not accurate enough to distinguish these
possibilities. Recall from above that with such a disparity in the
scattering power between the dominant lanthanide atom and the boron and
carbon atomic scattering power and with such a limiﬁed set of measured
intensities in the diffraction recoxrd, it is difficult to locate the
positions of the light atoms at all, much less distinguish between
carbon and boron atoms. |

Let us examine the light atom arrangements in Figure 5. 8 in .
more detail. From the average boron-boron separation indicated in
borides of Table 5. 8 the boron covalent radius is about 0.878. Also,
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from Table 5. 8, the covalent carbon radius is about 0.70%. 1In Figure

5. 8. 1, then, the boron-boron distance will be greater than the carbon-
carbon separation. Thus, even though carbon and boron atoms are indis-
tinguishable by-x-ray diffraction, this arrangement can be eliminated .

as a possible structure on the basis of the structure's failure to exhibit
any four-fold axis. While-it might be a coincidence that TbBZC2 would
exhibit this apparent tetragonal symmetry, it is fortuitous that all the
lanthanides which have wide ionic radius variation should show the tetra-
gonal symmetry as discussed in Chapter 4. 4. Never in the high angle
powder photographs or in the single crystal studies were superlattice
lines or spots observed indicative of lower symmetry than a four-fold
axis, | |

Similarly, the light atom arrangement in Figure 5. 8. 2 can be
eliminated. The metal separation in the Y-direction should be largex
than that in the X-dimension because of the disparity in boron-boron and
carbon-carbon distances, This disparity does not allow any four-fold
axes,

While there are four-fold axes in the center of the light-atom,
four-membered'rings of the arrangement in Figure 5. 8., 3, there is no
four-fold axis at the metal ions, as is demanded by the Welssenberg
photographs coupled with the positioning of the metal atoms in the corner
of the érimitive tetragonal cell chosen for the Fourier analyses.

The arrangements in Figures 5. 8.1, 5.8, 2and 5. 8. 3, wiﬁh
their screw axis counterparts are, hence, all eliminated as possible
structures. However, both the random orientation of Figure 5. 8. 4 and

the alternating arrangement of Figure 5, 8. 5 with its screw counterpart
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meet the requirements of a four-fold axis and the light atoms positioned
as required by the electron density analysis. Since boron and carbon
have equal numbers of core electrons, the differences in their scattering
amplitude will depend on the valence electrons. It is conceivable that
bonding requirements would set the scattering abilities equal or even
reversed from the atomic number ratio. Also, as discussed in the above
paragraph, from the centrosymmetric space group for which the computa-
tions were done, vectors in fhe synthesis contributed from carbon sites
and those contributed from Boron sites were set equal by s&mmetry.
Therefore, the intensities of the four electron density maxima must be
equal. E

If a random filling of these positions is allowed, it wouih
appear that a solid solution range from the tetragonal tetraboride to the
tetragonal dicarbide ought to exist, While there is some evidence of
solid solution in Gdﬁzc2 there is not anything like the solid solution
renge one might expect for such random filling. If such were the case,
the space group would be P4/mmm, Dzh, No. 123 (33). However, the random
arrangement seems very improbable,

Therefore, the only possible light atom arrangement remaining is
that of Figure 5. 8. 5 with its screw axis counterpart. This alternat-
ing arrangement of boron and carbon atoms in eight- and four-membered
rings satisfies the symmetry and position requirements established by
X-ray analysis,

This structure belongs to the tetragonal space group P4/mbm, No., 127

(33). There are two LnBZC2 formula units per cell. The atoms and their
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equivalent positions are:

Two Ln at 2(a); 000; 1/2, 1/2, 0;

Four B at 4(h); x, 1/2+x, 1/2; X, 1/2-x, 1/2; 1/2+x, &, 1/2;

1/2-x, x, 1/2;
Four C at 4(h);.x, 1/24+x, 1/2; x, 1/2-x, 1/2; 1/2+x, %, 1/2;
1/2-x, x, 1/2; ‘

Figure 5. 9 contains the symmetry elements of this space group and
Figure 5.10 is a pfojection onto the (XYO) plane of the actual structure.
There are four-folﬁ inversion axes at the corners of the cell and at the
center of the cell. Two-fold inversion axes are found half-way along
the cell edges. .There are diagonal mirror planes between adjacent two-
fold inversion axis positions and a mirror plane perpendicular to énd
half-way up the c-&xis. There are two-fold rotation axes parallel to the
paper half-way up the c, dimension and defined by the mirror plane inter-
sections. Perpendicular glide planes passing through 1/4, 0, O and O,
1/4, 0 and cell diagonal glide planes exist. Diagonal and perpendicular
screw diads parallel to the paper and half-way up the cd dimension also
exist,

The possibility of light atom sheets being alternately in or out
of phase with respect to superposition down the c-axis must be éonsidered,
i.e., will a boron atom of.one light atom sheet superimpose onto the
boron atom of the adjacent sheet on projection, or will a carbon atom
superimpose on a boron atom? As a matter of fact, many alternate orien-
tations up the c-axis are possible, The space group considered above
would be an AAAAA . . . arrangement of light atom sheets. For an
ABABAB . . . arrangement, the point group would involve two-fold screw
axes. In particular, the space group would be P4/mnc, No. 128, with
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four formula units per cell. ‘The ﬁetals would be at 2(a) and 2(b)
positions; eight boron atoms, at 8(g); and eight carbon atoms, at 8(g).
More complex sheet ofdering is possible.'vIn an effort to choose the
smallest dell the space.gfoup is assumed to be P4/mbm with an AAAA . .
light atom plane orientation. The bonding considerations of. Chapter 6
and the above discussion constitute a fifth argument favoring the selec-
tion of.this space group.

It is now necessary to fix the boron‘positibn parameter, Xps and
the carbon position parameter, Xas in order to completely define the
structure. The electron density map does not fix these parameters any
better than 0.25 t .1. These pérameters for HoB,C, have been established
by comparing interatomic distances in related compounds.‘

Table 5. 8 summarizes crystallographic information for «-B,
B4C, tetragonal -B, HoB4, H0B6, HoB Ho HoC

C, HOZC UBC, ThBZC, and

12> 773 3’ 2?
HOBZCZ’ The table lists space groups, gymmetries, lattice parameters,
formula units/cell and interatomic distances. All data, except for
HOBZCZ’ were taken from the literature references cited at the heads of
the columns. ' The space groub assignment for ThBC is tentative and intex-
atomic dis;ances ére nominal. |

The boron-carbon distance in B4C is 1,648 and in UBC is }.64&.'The
boron-carbon distance in HoB,C, is assumed to be that distance required by

a regular octagon of light atoms all in the diagonal mirrors. Thus, the

boron-carbon distance is 1.582, which agrees quite well with the 1.648

AN

spacing expected. With this aSSumption, the holmium~-boron and holmium-
carbon distances will be equal at 2.70R. This metal-light atom distance
is in excellent agreement with metal-boron distances in related compounds,

98



but a little higher than metal-carbon distances in carbides. The boron-
boron and carbon-carbon separations across the square four-membered rings
are both 2.238. Arguments are presented in Chapter 6 for aromatic eight-
membered boron-carbbn rings. Aromaticity would account for the decrease

in the boron-carbon separation in HoB compared to 1.648. The inter-

2%
atomic distances in HoBZC2 are in striking agreement with the expected
separations (cf. Table 5. 8). The excellent agreement between the
interatomic distances in H03202 and those of the related compounds is the
sixth argument confirming the structure.

Optimization of the position parameters within the restrictions
of the above space group and the required light-atom regular octagon pro-
duced the distances for HoBZC2 in Table 5. 8. As a result, the boron

parameter, x_, is 0.352; and the carbon parameter, x,, is 0.148. These

B’ c’
position parameters are not outside the variation allowed by the electron
density map in terms of the smaller cell.

Finally, a seventh point in support of this structure is found
in the variation of the a = bo and the <, lattice parameters for LnBZCZ‘
In Figuré 4, it was observed that the a paiameter of the smaller unit
cell chosen at first changes only a total of one percent as atomic number
increases through the lanthanides., This change compares to lattice para-
meter changes in tetraboride parameters of six percent and in hexabérides
parameters of seven percent (02). On the other hand, the <, parameter
decreases by thirteen percent, a rate greater than the pure metal lat-
tice parameter decrease with increasing atomic number (30).

This disparity in a and c, behavior in LnB202 is not at all

surprising if the structure is examined. Consider LnB2C2 to be made up
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of sheets of interconnected alternate borén and carbon atoms interspersed
by metal ions centered between holes in the eight-membered boron-carbon
rings. It is very gasy_for these sheets, separated by 3.5 & and thus

too far for much light atom bonding between sheets, to get closer together
as the radius of the 1anthanide décreaées. HoweVer, the metal atoms lying
in a plane parallel to the light atom sheet are fairly well constrained

to their respective éosition& regardless of the metal radius, since they
are required to stay centered with respect to the holes in the eight-
membered light atom rings whose dimensions do not change with metal,

This effect is dramatically illustrated in thevcase of ¥bB,C,.
Normally, both parameters would show alkaline earth deviation from the
lanthanide contraction at ytterbium. In the case of YbBZCZ’ <, is no
exception., However, ag deviates only very slightly.

The crossing of the a, and <, parameters at praseodymium produces
van interesting situation. Where ¢ was larger than a, for lanthanum,
the reverse situation occurs at Pr or Nd with increasing diversity through
the lanthanides beyond Nd. The cubic symmetry that would result if a,
equals <, would explain Post's cubic or pseudocubicfPer observation

(Table 1). Even NdB c, has an apparent cubic symmetry unless high angle

2
lines are available or long wavelength rgdiation is used to detect line
splitting.

With the assignment of the tetragonal cell defined in the above
discussion, it is necessary to re-index the data in Tables 4. 1, 5. 1,
5.2,5.3,5. 4, 5.5,5., 6 and 5. 7 for this end-centered cell with

twice the volume of the unit cell chosen for these data. This new index-

ing scheme is listed in Table 5. 9. As prescribed by the P4/mbm space
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TABLE 5. 8

Crystallographic Data and Interatomic Distances in Lanthanide Borides and Carbides and Related Compounds

% -B B),C B HoB, HoBg HoBjp HosC HonCy HoGy UBC  ThB,C HoB,C,
_ ' - (39,40,46, (39, (39,41, (42,28, (42,28,
(4b)  (bb,b5) (bh) 30,31)  Be} 6 © (e8) u3)  u3) (1) (18)
Space R3m R3m Ph2/nnm o Pm3m Fm3m  Fm3m,  143@  14/mmm  Cmem  (P6/mm) P/hmbm
Group ' n .(Fi3m) .

Symmetry . Rhombe- Rhoimbo- Tetrag- Tetrag- Cubic Cubic Cubic Cubic Tetrag- Ortho- Hexag- Tetrag-
hedral hedral -onal onal onal rhombic onal onal

Lattice ao;S;OST 5.19 8.75 7.08  2.096 T.492 5.06L 8.176 3.643  3.591  3.872  5.3459

P t b_; : 11.95
a?§§e ors cg; 5.06  k.008 6.139 3.5%2 3.812  3.537h
(deg.) o 358.06 65.3
Formula
Weights/Cell 12 15 50 L 1 L LIn 8 2 L 1 2
Interatomic
Distance, (X)
M-B; 2.78 3.02 2.792 2.57 (2.70) 2.70
2.72 2.75
M-C; 2.53 2.51 2.47 2.25 (2.70) 2.70
2.40
M-M; 3.64 h.096 3.818 3.578 3.34 3.6L4 3.58 3.537
.01 3.7h 3.780
B-C; 1.64 1.6+ (1.95) 1.58
1.92 (1.95) 2.23

B-B; 1.74-1.80 1.74 €1.68) 1.704 1.766

H
o
'.—l
p -
L el
333
[0o] W}

Cc-C; 1.39 ' ' 1.53  1.226 1.28 2.23




group, there are two classes of possible reflections h + k = 2n for
general hkl and k = 2n for Okl.

Further, new unit cell parameters must replace those assigned in
Tables 1, 4. 2 and 4. 3, and in Figure 4. 1 and 5. 8. These corrected
parameters are contained in Table.5.10. The c-axis has the same length
as that in Tables 1 and 4. 2; but the a-axis of the correct unit cell is
(2)1/2 times the a, parameter of the primitive unit cell of Tables 1 and
4, 2,

Final confirmation of the LﬁBZCZ structure is shown by a compari-
son of the observed and calculated structure factors listed in Table 5.11.
Columns one and two contain hkl values for the original tetragonal cell
and the correct'la;ger cell, respectively. Column three lists the ob-
served, scaled structure factors from Table 5. 5 taken at room temperature.
The structure factors at absolute zero, calculated with the position
parameters described above for space group no. 127, are listed in column
four. Column five contains the observed structure factors corrected to
absolute zero with the same temperature factor used to correct ofHo in
Pable 5. 5. A corrected scale factor, K' = 1.98, was chosen, which
minimized R of equation 5. 8 on application to oF(hkl)obs.' These re-
scaled, ébserved structure factors are listed in column six. The agree-

ment between observed and calculated structure factors is indicated in

column seven.

The residual,R, calculated from equation 5. 8, was found to be
0.13, which is considerably less than 0.4, the maximum for which the

structure can be considered solved (cf. Chapter 5. 3). Hence, the
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structure is fairly well defined. 1In view of the uncertainties in the
measured intensities, the poor data on ofHo+3’ the small contributions of
the 1ight atoms to the structure factors (< 15%), the few terms in the
Fourier series and the variance in the difference between observed and
calculated structure factors, refinement to define the light atom posi-
tion parameters more precisely is not worth doing. The exact positions
of the light atoms must await neutron diffraction on a B-11 preparatioﬁ
of this phase or X-ray diffraction studies with a lighter metal in the
phase, such as with ScBZCZ.

-C equilibrium and the CeB

The GdB -C- equilibrium (cf. Chapter 3)

6 6
lead one to infer that all LnB6 phases exist in equilibrium with graphite.

202 or SmB202 by reaction of LaB6 or Sm.B6 with

graphite supports this argument. It is almost certain that the LnBZC2

The inability to prepare LaB

phase can be made for all the lanthanides and certain other metals as

well. :
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TABIE 5. 9

Corrected Tetragonal Unit Cell Indexing of LnBoCo

hkl hkl hkl hkl hkl hkl
Small Cell Correct Cell Small Cell Correct Cell Small Cell Correct Cell
100,010 110 122,212 312,132 232,322 512,152
001 001 130,310 420,240 223 403,043
110 200,020 031,301 331 141,012 531,351
101,011 111 031,103 113 01k ,10k 114
111 201,021 131,311 L2y,2h1 033,303 333
200,020 220 113 203,023 331 601,061
002 002 222 402,042 11k 20h,024
120,210 310,130 230,032 510,150 133,313 423,243
201,021 221 032,302 332 ok2,402 hh2
102,012 112 231,321 511,155 2h1 k21 621,261
121,211 311,131 123,203 223 12,h2 532,352
112 202,022 132,312 ho2,2k2 02k ,20h 224
220 400,040 123,213 313,133 332 602,062
202,022 222 040,400 ) 12h,21h 314,134
030,300 330 140,410 530,350 323,233 513,153
221 401,041

TABLE 5.10

Corrected Unit Cell Lattice Parameters for LnB?C2

Ln aO(X) co(x)

La 5.40 3.96

Pr 5.39 3.8

Nd 5.378 < 0.011 3.79% = 0.009
cd 5.3625 * 0.0010 3.6399 * 0.0003
Tb 5.3514 * 0.0023 3.5912 t 0.0003
Dy 5.3483 * 0.0027 3.5599 1 0.0010
Ho 5.3459 t 0.0004 3.5374 t 0.0001
Er 5.3425 £ 0.0008 3.5077 * 0.0003
Yb 5.3389 * 0.0020 3.5598 * 0.0006
Y 5.35 3.55
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TABLE 5.11

HoBoCp Calculated and Observed Structure Factors. K' = 1.98.

nkl bkl Tr(ma) o OR(nkd) oy OF(uxl) g K'OR(nk1) o OF 4 -OFg oK'
100 110 151.0 107.8 161.3 - -
001 001 136.0 86.7 146.6 - -
110 200 42,0 103.k4 47.9 ok.8 8.6
101 111 57.6 119.1 66.1 130.9 -11.8
111 201 46.0 110.5 56.1. 111.1 -.6
200 220 31.3 101.3 ho.2 79.6 21.7
002 002 51.8 115.9 68.5 135.7 -19.8
210 310 35.4 105.4 k7.9 94.8 10.6
201 221 30.4 93.1 k1.5 82.1 11.0
102 112 32.5 86.9 45,3 89.7 -2.8
211 311 25.9 81.6 37.1 73.4 8.2
112 202 28.7 85.0 h1.9 82.9 2.2
220  Loo 26.0 75.9 40.3 79.8 -3.9
202 222 28.3 84.9 44,8 88.8 -3.9
030 330 20.0 69.6 32.1 63.6 6.0
221 Lol 36.9 ok.5 59.6 118.1 -23.6
122 312 29.9 89.4 49.0 96.9 -7.5
130 k2o 26.7 83.7 L. 3 87.8 =41
031 331 29.1 %.6 48.6 96.1 -3.6
131 Lol 22.9 .7 39.2 7.6 -2.9
103 113 32.0 82.7 55.0 108.8 -26.1
113 203 25.3 79.7 Lk, 3 87.8 -8.1
222 Lo2 15.3 .0 26.9 53.3 10.7
230 510 21.2 75.0 37.6 4.4 .6
032 332 13.7 62.1 ol L L8.4 13.7
231 511 15.5 72.0 27.7 54,8 17.2
023 223 22.0 T1.2 39.3 7.9 -6.7
132 Lo2 20.0 .9 35.8 70.9 b1
123 313 19.5 63. 3%.9 69.0 -5.1
oko  L4ho 17.8 79.1 31.7 62.8 16.3
232 512 23.1 69.0 40.0 79.2 -10.2
1 531 25.5 68.6 434 85.9 -17.3
223 L03 8.8 57.5 1.9 29.5 o219
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TABLE 5.11, continued

1 v T 0 0 1O 0 0) 1
hkl h'k'l F(hkl)obs F(hkl)cal F(hkl)obs K'F(hkl) oo Fopr” Fopsk
01k 11k 13.2 62.k 21.h N 20.0
133 Le3 ok, s 62.8 37.5 Th.2 -11.3
oo Lho 31.8 73.7 7.6 94.2 -20.5

X I OFca.l'oFobsK' | = 368.7

S [ Ok’ = 2798

R = 2' loFca]J'PFobsK lI

= 0.132 (cf. equation 5. 8)

zloFobsK‘I
£(sin®e/ A2)
5 T
Op(nk1) g = © F(hk1) o
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CHAPTER 6

CHEMICAL BINDING IN LnB202

The bonding possibilities in LnB202 are extremely exciting.
Trigonal sp2 and tetrahedral sp3 covalent bonding in boron and carbon
allotropés, in B4C, between boron atoms in metal borides and between
carbon atoms in metal carbides are well known,

Consider the bonding between the boron and carbon atoms in
Figure 6. Each unit cell contains an eight-membered ring of alternate
boron and carbon atoms. Trigonal sp2 hybrid bonds for the boron and
carbon atoms, resulting in an interlocking net of (-bonds, &ould account
for 24 of the 28 valence electrons contributed by the four boron and
four carbon atoms in each cell. The remaining four electrons could
form two mr-bonds in the eight-membered ring.

However, this arrangement is insufficient to satisfy the Octet
Rule for two of the carbon atoms in the ring. Further, such a non-con-
jugated eight-membered ring would not be planar because of bond-angle
strain. Yet, from Chapter 5. 9, the light atoms were demonstrated to
lie in parallel planes.

In order to overcome the bond-angle strain, to insure a planar
eight-membered ring network, and to satisfy the Octet Rule for all atoms

in the net, additional electrons are needed to conjugate the ring and
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provide resonance stabiliéation.‘ More specifically, the rings must be
aromatic and, therefore, obey the Huckel Rule (47) demanding (4n + 2)
m-electrons, where n is an integer. The system 1s not aromatic with only
four 11~ electrons. Hence, the metél atoms must contribute their valence
electrons to the 1ight atom rings. This demand on the metal accounts for
the necessity of metal in the structure,

If n = 1, six p-~electrons would satisfy the aromaticity rule,
However, the addition of only two more mr-electrons to the ring is not
sufficient to satisfy the Octet Rule fof all members of the ring, Further,
very little resonance stabilization is added.

A more obvious choice of n = 2 or ten ;r-electrons in each eight-
membered ring can be satisfied. If both lanthanide atoms in the unit
cell contribute three valence electrons each, or a total of six electrons,
to each eight-membered ring, a total of ten p-electrons will be available
to aromatize the light atom sheet. Since the lanthanides are normally
trivalent, the demand 6f three electrons from each metal is reasonable,
Further, the inability to prepare MB202 for divalent alkaline earth
metals (cf. Chapter 1.-2) can be explained by the inability of the light
atom sheets to gain aromatic character and, hence, sufficient resonance
stabilization to overcome angle strain.

Consider the interatomic distances and bond angles in the light
atom sheets. The carbon-carbon disﬁances in ethane, ethylene, acetylene,
benzene and ferrocene are 1.54, 1.34, 1,20, 1.39 and 1.42, respectively.
The boron~carbon separation was set at 1.588 in the eight-membered ring,
the boron~carbon distance between rings in the same sheet is also 1.588.

In view of the aromatic-character and high resonance stabilization of
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the bonding of Figure 6, the interatomic separations in the large ring
are expected to be less than the 1.648 separation in sp3 tetrahedrally-
bound boron and carbon in th. However, the Coulombic repulsion of six
negative charges per eight-membered ring would compromise the expected
decrease in eight-meﬁbered ring size somewhat, accounting for the failure
to decrease the boron-carbon fing to the same extent that the carbon-
carbon distance contracts in benzene compared to ethane. Generally, the
boron-carbon distances expected are in quite’satisfactory agreement with
separations in related aromatic organic systems.

The sp> trigonal bond angle in C,H, and BX, is 120°. The bond

angles in the LnB eight-membered rings are 1350, and the angles in the

2%2
four-membered rings are 90°, Cyclooctatetraene, although conjugated, is
not aromatic and not planar. The resonance stabilization provided by

the conjugated system is insufficient to allow the bond ang}es to deviate
from 120° to 135° without puckering the eight-membered ring. Apparently,
the added two yr-electrons in LnBZC2 rings provide sufficient resonance
stabilization to errcome the angle strain problem.

The absence of boads between light atoms in different light atom
sheets 1is supported by the lérge separation of 3.68 and the metal-like
variation of <, with lanthanide (cf. Chapter 5.9)., Consequently, as for
graphite, the electrical conductivity of LnBzc2 in the c, dimension
should be quite low if all lanthanide valence electrons are involved in

T - and r-bonds between light atoms. Further, one would expect very
large ring currents in the aobo-plane, which should be manifested by a
very high electrical conductivity in this dimension.

The concept of metal atoms donating valence electrons to
satisfy the orbital requirements of boron-boron covalent bonds 1is
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fairly well established in metal borides of high boron content. Electrical
conductivity and Hall coefficient measurements on borides reported by
Johnson and Daane (25),particu1ar1y hexaborides of the lanthanide and
alkaline earth metals, indicate that the lanthanide borides are metallic
in nature while the alkaline earth hekaborides are semiconductors. This
conductance behavior would be expected if only two metal valence eléctrons
were needed to satisfy bonding requirements between boron atoms.
Theoreticians, using molecular orbital and atomic orbital treatments,
have demonstrated that tetra-, hexa- and dodecaborides all require two
electrons per metal atom to satisfy the full complement of electrons
needed in the covalently-bound boron structure. The realization that
LnBZC2 is no exception is convincing evidence for the bonding and Structure
proposed,

The analogy between LnBZC2 and the ferrocene-type compounds in
the field of organic chemistry is striking. These sandwich compounds
gain aromaticity by donation of metal valence elecﬁrons into g~orbitals
of the multi-membered carbon rings. These r-electrons, then, are in
orbitals which overlap with the vacant d-orbitals of the electrophilic
metal ion. The extremely significant difference Between ferrocene-type
compounds and LnBZCZ,,however, lies in the infiniﬁe sheets.of electro-
philic metals coupled to continuous boron-carbon aromatic sheets in
LnB2C2 as opposed to the existence of isoléted single molecules in
sandwich compounds. This distinction, of course, accounts for the thermal

degradation of ferrocenes at relatively low temperature while LnB202

cannot be melted up to.2500°K.
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Ferrocene-type compounds exist for metals in the center of the
Periodic Table, particularly those metals in Group VIII. Apparently,
sandwich compounds have not been observed for the Group IIIB metals or
the lanthanides, It is interesting to speculate that the LnBZCZ-type
phase will be found for the metals of Group VIII. It is further inter-
esting to ask why the metals in Group IVB, which are capable of trivalency,
do not exhibit the LnBZC2 phase (cf. Chapter 1. 1). Perhaps the five d-
orbitals of the transition metals do not possess the radial distribution
necessary to overlap with the n—orbiﬁals of the eight-membered rings,
whereas the seven 4f-orbitéis of the lanthanides and the five 5d-orbitals
provide a better possibility of orbital overlap. Recall from above that
the lanthanide-boron and lanthanide-carbon distances are significantly
shorter in LnBZC2 than in lanthanide borides and lanthanide carbides.
This closer approach allows for close orbital overlap. However, the
existence of Y3202 in which 4f-orbitals are unimportant casts doubt on
the above speculation., Perhaps the inability to prepare transition metal
analogs of LnBZC2 is merely a matter of difficulty in removing the third
metal valence electron compared to Gréup IIIB metals and a matter of
ionic size.

The existence of the eight- and four-membered, conjugated, aromatic
rings in continuous sheets involving a trivalent electrophilic metal, the
refractory nature of this phase, the unusual electrical properties ex-
pected, and the possibility of analogous phases existing for other metals
all are considerations generating a very significant problem in the
elucidation of the theory of chemical bonding. The subtle variations
between fourteen lanthanide metals and lanthanum afford a wonderful op-

portunity to determine second-order effects on the bonding in this phase.
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CHAPTER 7

LANTHANIDE ORTHOBORATES

7. 1 Experimental

Powdered samples containing mostly LnBZC2 were sintered in
o
evacuated quartz tubes at 1050 C. for two weeks in a Hereaus rhodium-
wound resistance furnace. It was the: purpose of this sintering to grow

single crystals of the LnBZC phase for X-ray crystallographic studies.

2
Debye~Scherrer X-ray powder photographs, using Cu-Ko<(1.5418OX) radia-
tion, taken of the powdered residues for the gadolinium, terbium and

ytterbium samples indicated that the LnB202 phase had oxidized to

LnBOB.

7. 2  Background

)
Felten (48) has studied the LnBO,-type borates and assigned the

3
structure of the crthoborates of y;trium and the smaller of the;lanthanide
trivalent ions (samarium through lutetium) to be isostructural with
vaterite (/x -CaCO3). Felten pointed out‘the close similarity between
the X-ray powder patterns of LnBO3 phases and the transition metal
diborides. Both have hexagonal symmetry. The patterns are identical

except for the presence of a weak 101 line in the borate pattern,

Therefore, the c-axis of the borate is twice that of the transition
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metal diborides. The metal atom separation is the same in the diboride
structure as in LnBO3. Felten further pointed out that the hexagonal YB2
phase reported by Binder (23) with a reported AB2 structure could

have been Y“.BO3 if the 101 line was not observed in the diffraction
record. Since YB2 was observed as a minor phase in an yttrium-boron
agglomerate, the 101 line could have been overlooked. Since borate for-
mation persists on fabrication of lanthanide borides (24), interpretation
of LnBO3 as LnB2 is quite possible. The 101 reflection was observed in

the thirty-two line powder pattern of all the oxidized LnBZC samples in

2
this work.

Felten determined the lattice parameters for LnBO3 compounds from
two lines of the diffraction record. His graph of lattice parameters

versus atomic number showed a linear lanthanide contraction even for the

YbBO3 phase.

7. 3 ‘Lattice Parameters and Discussion

The precise lattice parameters for gadolinium, terbium and
ytterbium orthoborates were computed by a least squares technique developed
by Hess (29) for use with X-ray powder diffraction data. An IBM 653 com-~
puter was employed. The lattice parameters and their errors calculated
from this work are compared with those of Felten in Table 7.

The a_ parameter for GdBO3 agrees with Felten's value quite well.
However, the <, parameter of this work for GdBO3 is 0.05 £ smaller than
that of Felten. This disagreement is inexplicable. As a matter of fact,

the lattice parameters of GdB4, GdB6 and Gd203 are found to be slightly

larger than would be expected from a linear slope in the variation of
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TABLE T

Lattice Parameters of LnBO3.

Felten This Work

Orthoborate 84 Cq aq delta ag Co delta cq,
Y 3.77g  8.8Y,

Sm 3.860 8.978

Eu 3.842  8.93;

ad 3.839 8.90¢ 3.8L400 .0113  8.8532 .008k
Tb 3.8128 .0022 8.882L .0018
Dy 3.793 8.8&7

Ho 3.78) 8.83¢

Er 3.76, 8.807

Tm 3.753 8.784

Yb 3.735 8.71;7 3. 7hk7 .0007 8.7470 .000L
Lu 3.727 8.72,
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parameters with atomic number (30). Both experimental a values for
GdBO3 in Table 7 confirm this trend; however, both LR values are below
the linear slope instead of above.

The ao and ¢, Parameters of TbBO for which Felten had no

33

information, fall very well on the linear slope lattice parameter varia-
tion. The parameter, Cyo for TbBO3 is less than Felten's R for GdBO3 as

expected, but greater than the c, value for GdBO., from this work. This

3
observation coupled with the large discrepancy between the <, values for
GdBO3 casts considerable doubt on the accuracy of the <, of GdBO3 from

this work. The parameters computed from this work for YbBO3 agree quite

well with those reported by Felten,

7. 4 lattice Parameter-Valence Relationship

It is interesting to note that the samarium, europium and ytter-
bium parameters also fall on a linear lattice parameter variation slope.
This behavior is greatly in contrast to the behavior of lanthanide metal
and of LnB6, but ;n better agreement with the LnBa, LnC2 and LnBzc2 be-~
havior, and in perfect harmony with the lattice parametexr behavior of
Ln203 (30). A plot of the lattice constant for the cubic C-type of the
lanthanide sesquioxide is linear through europium, samarium and ytterbium,
The trivalency of the lanthanide ions in each of these sesquioxides except
for cerium has been confirmed by magnetic studies (30).

A comparison of the tetragonal Ln02 lattice parameter variation

with the variation for LnBO3 reveals some differences. The average

valence of ytterbium in Yb02 has been found from magnetic studies to be
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less than three and, accordingly, the a, and <, lattice parameters are
larger than that predicted from a linear slope extrapolation through Yb
(30). The fact that samarium in SmC2 has a measured valence less than
+3 even though its lattice parameters fall on the linear slope is an
anomaly which needs investigation.

In the case of LnB4(30), SmB4 has no lattice parameter deviation
from a linear slope. But both a, and <, for ErB4 are larger than the
values expected from a linear slope; and, further, a for YbB4 is quite
a bit larger than the linear slope value. If this deviation at erbium
and ytterbium is explained by an ytterbium valency below +3, then samarium
ought to show a lattice parameter deviation also. Gschneidner pointed
out that a plot of unit cell volume versus atomic number for ErBa, YbB4
and LuB4 defines a stfaight line, which implies that the valency of
ytterbium is still +3. No magnetic data are available. Tetragonal
Ln3202 lattice parameters showanearly linear lattice parameter variation
for a, through ytterbium; but LR increases at ytterbium, indicative of
the alkaline earth character of the ytterbium ion.

The differences in the lattice parameter variation for LnB6 and
lanthanide metal (30) compared with LnBO3 are quite large. The lattice
parameter variation for cubic LnB6 is not linear., Large positive devia-
tions occur for europium and ytterbium hexaboride. Less positive
deviations are observed for samarium, erbium and lutetium hexaborides.
Magnetic susceptibility measurements confirm that the valency of samarium
is less than trivalent in SmB6. All such deviations are attributed to
divalent character. There are many modifications for the lanthanide
metals (30). If a lattice parameter plot of the cubic parameter for the
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A2-W modification of these metals is constructed, europium and ytterbium
deviate from a linear slope with extremely large differences. These
deviations, confirmed by magnetic susceptibility measurements, are inter-
ppeted as an exhibition of divalent character.

As the strong ionic character of,O-2 and Bo;3 ions is replaced
by the covalent or metallic character of the non-metal entities in lan-
thanide compounds, and if the lanthanide ions are not separated by too
large distances or insulated from each other by non-metal cages, the
rigid demands on the valence electrons are relaxed and the lanthanides
show valence.behavior similar to the metals alone. Thus, it would seem
that as one compares phases in which a rigid requirement of trivalency in
all the lanthanides is maintained to those in which the lanthanides take

on a radius more typical of their wvalue in pure lanthanide metals, the

bonding characteristics change from ionic to metallic.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

A rough survey of thé Gd-B-C system with emphasis on the boron-
and carbon-rich regions of the ternary diagram and on the phase relations
in the system was performed, using arc melting and X~-ray diffraction
techniques., Five ternary phases were revealed. No relation was found
among these phases and those of the Th-B-C or U~B-C systems, Four of
these phases, called Gd0.3530.1900.46’ Gd7Bgc4, Gd8B7C5 and Gd3B403, are
charaéterized only by their X-ray powder patterns., The stoichiometxry
estimate could be in error by as much as ten atomic percent in each
element.

The fifth phase, LnBZCZ’ was characterized by chemical analysis
of gadolinium and boron, phase relationships, multiple preparations,
density, lattice parameters and crystal structure. This phase was made
by reaction of LnB4 with graphite for neodymium, gadolinium, terbium,
dysprosium, holmium, erbium and ytterbiﬁm metals, Lanthanum and samarium
did not form this phase on reaction of the hexaborides with graphite.
Some evidence for carbon solid solution in LnBZG2 is shown;

With Weissenberg single crystal techniques and diffractometer
intensity measurements, the structure of LnBZC2 was determined. The

symmetry is tetragonal with space group, P4/mbm, No. 127. The two metal

atoms are at 2(a). The four boron atoms are positioned at 4(h) with
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Xp = 0.352. The four carbon atoms are also located in the 4(h) positions
with X, = 0.148. The assignment of the light atom positions was based to
some extent on the expected interatomic distances in related compounds. |
This structure can be described as composed of parallel sheets of
eight-membered and four-membered rings of alternate boron and carbon atoms
that are interspersed with parallel planes of metals centered between the
holes in the eight-membered rings of the light atom sheets, Further confir-
mation of the structure was derived from lattice parameter variation,
similarity to boride structures, bond distances, electronic requirements and
general bonding considerations. The probability of (¢ - and p-bonds be-
tween boron and carbon atoms with conjugated, aromatic, planar, four-
and eight-membered light atom rings extending throughout the structure
in two dimensions was discussed.
Preqise lattice parameters of GdBO3 and YbBO3 were determined and
compared with previous work. The lattice parameters of TbBO3 were also
reported. A discussion of the bonding as indicated by variation in

lattice parameters for various lanthanide compounds leads to a conclusion

of ionic bonding in LnBO3 compounds.
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CHAPTER 9
SUGGESTIONS FOR FUTURE RESEARCH

By far the most significant future research that arises from this
study is the further investigation of LnBZCZ' Eight- and four-membered
boron and carbon conjugated ring structures and the possibility of
ferrocene~- or bridge-bonds are extremely exciting,

The concept of sheets of aromatic boron and carbon atom rings
similar to graphite,.except needing trivalent metal ions for aromaticity,
is a new concept in bonding in solids that estabiishes a bridge between
the electron interpretation tools of organic chemistry and the study of
bonding in solid refractory materials,

Simple experiments can be performed to note whether two or more
electrons per metal are needed in bonding. For instance, alkaline earth
borocarbides might exist. In particular, CaBZCZ’ where the radius of
divalent calcium ion is compared to trivalent lanthanide ions, may exist.
Possibly the MB,C, alkaline earth phase, reported by Russian investigators,
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is really MB Electrical conductivity and Hall coefficient measure-

262
ments will provide insight into how many electrons are involved in localized
bonding and how many in conduction. Electrical conductivity measurements

on single crystals of LnB202 will confirm or deny the anisotropic con-
ductivity predicted. A test for metal solid solution will determine the

extent metals are involved in bonding in LnBZCZ' It would be useful to
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determine the extent of alkali metal substitution for lanthanide and to
follow changes in electrical propefties or co~parameter with alkali metal
content. Quantum mechanical treatments of the bonding, such as were done
in metal borides, ought to contribute understanding of the bond types.
More detailed studies of properties which vary with metal or temperature
should be investigated. A single crystal structural study of ScB2C2 willQ
more clearly fix the boron and carbon position parameters and define any
deviation from planar light atom sheets.

As more information on composition, symmetry and structure
becomes available on other M-B-C compounds, perhaps other aromatic light
atom ring systems will be identified. In fact, the criterion of aromati-
city in continuous light atom sheets in metal deficient borocarbides may
allow the prediction of other metal borocarbides.

Obviously a more detailed survey of the ternary lanthanide-boron-
carbon system in the region on the lanthanide side of the LnBa-LnBZCZ-C
joins should be performed with arc melter techniques. The primary purpose
here would be to fix the composition and phase relations of the four
ternary compounds in this field. Characterization of these phases by
chemical analysis, density, and crystal structure will make it possible
to compare the lanthanide borocarbides with the actinide borocarbides.
Attempts to prepare these ternary compounds for other lanthanides will
reveal the influence of the size of the metal ion on ;he phase stability.
Variation of lattice parameters of these ternary phases with atomic

number and magnetic susceptibility studies will possibly reveal the kind

of bonding in these phases.
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Once the general characteristics of these phases have been
surveyed, a more detailed study of the temperature-composition phase
diagrams for two or three of these ternary systems, whose behavio? is
widely divergent, might be ascertained in detail with such a tool as
high-temperature X~ray diffraction. This investigation would fix melt-
ing points, eutectics, transition temperatures, disproportionation
behavior and other thermal effects which detefmine the refractory quality
of these solids. These characteristics should contribute further to an
u;derstanding of>the size effect on phase stability.

As of yet, no research haé revealed a gaseous metal-boron=-carbon
molecule. Of all of the factors which determine the stability of a solid
phase the presence of a stable gaseous molecule is the greatest., Only
recently have investigators been able to find stable solid borocarbides.
The possibility of a’ternary In-B-C molecule over one of these ternary
phases is very interesting. A mass spectrometric study of LaBZCZ’ per-

haps the most stable of the LnB compounds, in graphite crucibles could

2C2
quickly be done. Thermal properties of any species found in the gas phase
could be determined. In the binary metal-boron systems there are no
metal-boron gaseous molecules, but GdCz(g) and Lacz(g) are reported by
Jackson, Barton, Krikorian and Newbury in the metal-carbon system (49).

B

Over boron carbide solid the molecules BC C and BC were found by

22 72
Drowart in a mass spectrometer up to ten percent in intensity compared
to atomic boron gas (50).

Another interesting ternary molecule possibility is the LnBO,
gaseous molecule over LnBO3 solid. The alkali metal borates were studied

in a mass spectrometer by Bilichler and Berkowitz-Mattuck (51). They found
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ABO2 and (AB02)2 molecules. Should such lanthanide borate molecules be
found,.a behavior such as White, Walsh, Ames and Goldstein found in the
vaporization of lanthanide sesquioxides (52, 53) might be looked for.
White found that the importance of LnO molecule decreased with respect
to formation of the gaseous elements as atomic number increased across
the lanthanides.

The general pressure-composition phase diagrams for the ternary
lanthanide-boron-carbon systems could be predicted from‘the behavior of
the binary systems currently being investigated. Because of the extreme
volatility of lanthanide metals compared to boron or carbon, and since
LnCz(s) loses Ln(g) preferentially (49) on heating, and since LnB4(s) is
either congruently vaporizing or loses Ln(g) preferentially (cf, Part II),
and if there are no exceptionally stable ternary molecules, all lanthanide
ternary borocarbides probably will lose metal preferentially on vaporization.
From measured pressures of metal gas over these ternary syétems, thermo-
dynamic data on the stability of the solid may be‘computed. For'instaﬁce,
the temperatufe coefficient of the gadolinium partial pressure over GdBZC2
(s) could be ﬁeasured on vaporization of gadolinium from GdB202 in a
graphite crucible. From this measured heat of vaporization of GdB202 to
graphite a value for the stability of Gd32C2 can be determined.

In all of these suggestions concerning lanthanide chemical be-
havior, the one characteristic which makes the lanthanides extremely
interesting is the similarity of chemical behavior for fifteen different
metals. In no other group or period in the Periodic Table is there
provided such an opportunity to simplify the number of variables which

effect the chemical behavior of so many elements. Small changes in the
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electron population of the 4f orbitals accompanied by small radius
changes for these metals are manifested by slightly different metal
activities in these compounds, and yet the gross chemical characteristics
such as structure, composition and general bond types are preserved.
Chemists, ceramists, physicists and metallurgists could contribute a
considerable understanding to the theory of the solid state from a de-
tailed investigation of the subtle variations of behavior among similar

lanthanide compounds.
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PART IT

VAPORIZATTION AND STABILITIES OF LANTHANIDE BORIDES



CHAPTER 1

STATEMENT OF PROBLEM

1l. 1 Purpose and Orgsnization

Generally, this work intends to evaluate the factors influencing
the stability of lanthanide borides with respect to gaseous and to solid
elements. More specifically, it is the purpose of this work to relafe
the volatility of the lanthanide metals to the vaporization processes
exhibited by the lanthanide borides. Since the lanthanide metals exhibit
an extremely wide range of volatility, quite different vaporization be-
havior can be expected for corresponding compounds of the different lan-
thanide metals.

Typically, there are five major steps in the organization of a
vaporization study. First, the solid phases in the system are characterized
as to composition and structure and a crucible choice is made. The second
stage is an investigation of the vaporization processes by noting phase
and/or compositional changes in vapgrization residues and analyzed subli-
mates. In order to establish the net process being investigated, the
third stage is the identification of the gaseoué species in the précess
and the confirmation of the stoichiometry of the process. In the fourth
stage the actual pressures are measured as a function of temperature.
Thermochemical data are calculated. Most veporization studies stop at
this point, as is the case with this study. But a fifth stage would be



a quantitative study of the kinetic factors which govern the vaporization

process and establishment of its mechanism.

1. 2 Factors Influencing Vaporization Processes

The principal vaporization process exhibited by a particular boride
is that process which develops the highest total pressure, i. e., the
process which has the smallest standard free energy of vaporization for
formation of one fotal mole of gas;' Several factors influence the vapori-
zation proéesses ana the their pressures. The most important of these
factors are the composition and stability of gaseous molecules in the sys-
tem. The second factor is the stability of the solid compound with re-
spect to the solid elemehts. The third factor is the stability of other
condensed phases in the system. Component volatility is a fourth factor.

Fifth, the composition of the compound must be considered in
properly balancing‘a chemical equation written to form one total mole of
gaseous atoms. Consider borides of composition MBxkand MBXo with MBXo
having some specific stability with respect to'formation of one total mole
of gaseous atoms. For a given MBx stability with respect to formation of
one total mole of gaseous atoms the proximity,of x to Xg, which depends
on the composition of the borides in the system, increases the influence
of the stability of MBy on the vaporizafion behavior of MBXO°. Thus, not
only are the relativé stabilities of the condensed phases in the system
important on fixing the vaporization behavibr, but also their compositions.

A sixth factor would be the‘curvaturé’in the free energy-composi-

tion diagram, particularly for a solid phase with wide solid solution.

Finally, if one is using kinetic methods to measure equilibrium pressures,
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the nature of the method used is important in defining the principal vapori-
zation process.

Let us consider the extent that each of these factors influences
the vaporization of lanthanide borides. It is shown in Chapter 5 that

~only atomic species are found in the iapor over lanthanide borides. Thus,
no étable molecule isvinfluencing‘tﬁe gas phase composition. It might be
supposed that, to a first apprgximation, corresponding solid compounds
might have about the same stability for all the lanthanides. Hence, under
this supposition, variation of the heat of formation of corresponding
borides is not important in esﬁablishing the relative vaporization processes
for the lanthanide borides.

Generally, for vaporization processes written to form one total
mole of gas, thé principal contribution to the entropy change will be the
entropy of the gas. It might be supposed that essentially all the entropy
of the gaseous atoms is translational entropy; and, therefore, the entropy
of the vaporization processes is independent of the composition of the
gas and a constant for processes written to form one total mole of gas.

In the light of this supposition, the process with fhe smallest enthalpy
cheange, as well as free energy change, will predominate. The volatility
of the component, boron, is a consfant in these studies. Therefore, the
volatility of the lanthanide metal will be extremely important in defining
the principal vaporization processes.

In view of the supposition of constant heats of formation of cor-
responding borides and since the same compositions occur for all lanthanide
borides, the camposition factor is not important in an ordering of vola-

tilities of corresponding lanthanide compounds all vaporizing by the same
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process. However, the choice of the principal vaporization process for a
particular lanthanide boride would depend on a knowledge of the presumed
constant values for the heats of formation of the various borides in the
processes. Thus, on intercomparison of different vaporization processes,
the composition factor will be important.

Sincé the borides studied have esééntiélly no detectable solid
solution range, the shape of the free energy curve is relatively unimpor-
tant in defining the principal vaporization process. However, the tech-
nique employed to determine the gas pressures in these systems could be
an important factor influencing the principal vaporization process exhib-
ited by these borides. The problems arising from the kihetic measurements
of the Knudsen and Langmuir pressure measurement techniques are discussed
in Chapters U and 6.

In summary, the factors presumed to be most important in establish-
ing the vaporization behavior of the lanthanide borides are: first, and
most important, metal volatility; second, composition; and third, experi-

mental methods.

1. 3 Vaporization Behavior Expected

The five possible vaporization modes that metal borides may exhit-
it are summarized in Table 1. 1. The composition factor is important here;
however, in general, as metal volatility increases there is a change from
loss of boron from all metal borides to loss of metal from all metal bor-
ides. Leitnaker (54) has shown that all tantalum borides lqse boron pref-
erentially. He has also demonstrated that ZrB loses boron to the gas phase

on vaporization to form ZrBl_96(s),which vaporizes congruently to the
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Volatility Increasing

Possible Modes Of Vaporization Of Metal Borides
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gaseous elements (131). An example of a metal-boron system, which loses
metal from all borides, is the magnesium-boron system (cf. Chapter 15. 2.
3). The requirements that allow two single-phase solid compositions in
the same system to develop a ratio of partial pressures of the components
in the gas phase with the same values as their atomic ratios in the solids
are extremely restrictive, and no binary refractory system has yet been
found with such behavior. Perhaps, such a set of conditions might be
found in the lanthanide-boron systems. The lanthanide tetra- or hexa-
borides generally develop the lowest pressures in the lanthanide-boron
system. Some lanthanides, it will be shown, exhibit loss of ﬁetal gas
from the tetraboride to form hexaboride, which then vaporizes congruently,
and vice versa.

Table 1. 2 contains a summary of some physical and thermochemical
data on the alkaline earth, group IIIB, lanthanide and actinide elements.
Notice that the heats of sublimation for the lanthanides vary from 40.0
to 97.3 kecal./g.-at. at 298°K. With this large variation in the volatility
of the metal and with other factors in the heat of vaporization of the
boride fairly constant, as the atomic number of the lanthanide is varied,
the vaporization processes expected for these borides could be quite dif-
ferent for different lanthanides. Figure i. 1l is a plot of metal vola-
tility versus atomic number. It.could be pqstulated that a horizontal
line could be drawn in this graph at some height above which the involatile
lanthanides will show preferential loss of boron from lanthanide hexa-
borides, and below which the relatively volatile lanthanides will lose
metal to the gas phase from lanthanide tetraborides. If suitable conditions

prevail, a metal of intermediate volatility might show congruent vapori-
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TABLE 1. 2

Physical and Thermochemical Data of Metals

n.p. I.P. (I) I.p. (II) I.p. (IIT) r(®P)  r(M2) r(M+3) r (k)
(o] o] o] (o]

M (°c.) (ev.) (ev.) (ev.) (4) (8) (&) (A)
B 2025k
Be 1283k - 9.32n 18.21n 154 .n 1.110q 0.38n
Mg 650k 7.64n 15.03n 80.1n 1.595q 0.66n
Ca 850k 6.11n 11.8Tn 51.2n 1.97a 0.99n
Sr 770k 5.69n 11.03n 2.148q 1.15n
Ba T10k 5.21n 10.00n 2.171q 1.37n
Se 15393 6.54r 12.80r 2. 75r  1.6453 0.81n,0.68;
Y 15093 6.38r 12.23r 20.5r 1.77804 0.96n,0.88j
La 920 5.61r 11.43r 19.17r 1.8852j 1.16n,1.045
Ce 7953 6.91r 20r 1.8248; (L.2)n 1.14n,1.025 1.01n,0.92]
Pr 935j 5.76r 1.83635 1.12n,1.00j 0.99n,0.90]
Nd 102k j 6.31r 1.8290j 1.10n,0.99j
Pm ‘ : ©1.08n,0.98
Sm 10723 5.51r 11.br 1.81055 (L16)n,1.11j 1.07n,0.97j
Eu 826 5.66r 11.22r 1.99%3 (1.1)n,1.09j 1.05n,0.96j
Gd 13123 6.16r 1.8103 ©1.03n,0.94j
Tb 1363a,1356a,j 6.T4r 1.8005 1.02n,0.92j 0.91n,0.84j
Dy 1407 6.82r 1.79523 1.00n,0.91j
Ho 1461 3 1.7887J 0.99n,0.893
Er 14973 1,779k 0.98n,0.87;
Tm 15455 1.7688 0.96n,0.863
Yb 82k 3 6.2hr 12.08r 1.93975 (1.060,0.93j 0.95n,0.85j
Lu 1661,1652] 6.15r 1br 1.7516j 0.93n,0.84j
Th 1695k 1.795a 1.08pn 0.95p,0.99n
U 1133k 1.38q 1.04p,1.03n

0.89p,0.93n
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TABLE 1. 2, continued

o} (o] . a0 . (o] O O
AHpggor, 8°(s)oggox. S°(8)oggox.  S°(Mppoook. 57 (B)anooor.  DSppoook. LHapooox. LFepoolk.
- vap. . - o vap. vap. vap.
M (keal./gfw) . (eu.) (eu.) (eu.) (eu.) (eu.) . (xcal./gfw.)(keal./gfw.)
B 132.6s 1.392s 36.65s 12.40(s) 46.58s 34.18s 125.0s 45.05
Be 77 .90k 2.28k 32.55k 16.29k 4o 48k
Mg 35.60k 7.81k 35.51k 45 .43(g)k 45 .43k
Ca 42,20k 9.95k 36.99% 46.93(g)k 46.93k
Sr 39.10k 12.50k 39.32k 49.27(g)k h9.27k
Ba b1 .7hk 15.50k 40.67k 51.13(g)k 51.13k
Sc 82.0k (8.5)g b .75k 24 .79k 51.87k - 27.09k 72.2k 12.6k
Y 102.0k 10.63¢g h2.87x 26.70k 53.90k 27 .20k 9.7k 34.9k
La 97.3¢c - -~ 13.64g 43.56k 30.79k 57 .20k 26.8k 95.9k 36.9k
Ce 96.ke 16.68g 35.03k (57) (22) (o1) (L2.6)
Pr 85.2d4,85.1b 17.49¢g 35.00k (57) (22) (80) (32)
TT .92
Na TZ.Od,TS.Ob 17.5k4g 45 .24k 37.08k 58.00k 21.0k 70.0k 23.8k
T6.3a , .
Pm (17.2)g 34,70k
Sm 49.94,49.9b 16.64g 43.72k (3k.02)k 57 .96k (2%.0) 45 .4k (-7.4)
Eu h2.1e,43.1b (17.0)g 45,10k (34.39)k 55.06k (20.6) 35.6k - (-8.8)
Gd 83.6a,81.2b 15.77g L6 42k 33.66k 58.7% 25,1k 75.3k 20.1k
Tb 86.9a,7L.4d 17.48g ' 3k.78k (57) - (22.2) (85) (36.2)
87.2a,91.9b
Dy %é.?a,?l.hb 17.87¢g 35.12k (57) (21.9) (66) (17.8)
T)a -
Ho 69.5a,75.0b 18.00g 35.02k (57) (22.0) (70) (21.6)
Er 66.4a,75.4b 17.52g 3k .80k (57) (22) (70) (21.4)
Tm 23-23,57.5b 17.37g 34.07k (57) (22.9) (52) (1.6)
Yb hoZoa,ho.Ob (15.0)g 41.35k (31.40)k 51.28k (19.8) 36.0k (-7.6)
Lu 9%.7a,70.0a  12.19g Wb 1hx 28.78k 55.71k 26.9 (95) (35.8)

102.8b



TABLE 1. 2, continued

GET

o} O o] O O : o]
AHe9801<. 5 (5)29801{. 5 (g)298°K- S (l)QZOOOK. S (g)22000K. ASaaoooK. Angooox. AFgreoooK.
vap. vap. vap. vap.
(keal./gfw) (eu.) (eu.) (eu.) (eu.) (euf) (kcal./gfw.)(kcal./gfw.)
Th 137i,137.7Tm 12.76k 33.25k
U 115.2h,126h  -- 12.03hk 48.1n,47.73k 33.69k 59.42k 25.73 ~  106.0k ho.k4
117.2k,118h : :
11kh,122h
55 g= 61 . n= 67
56 h= 62 p= U5
57 i= 63 - _ q= 68
58 j= 6 s = 69
59 k= 65 () = estimated

60 m= 66
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zation of both tetra- and hexaboride. This investigation is concerned
principally with tetra- and hexaborides since these exhibit the least
volatility among the lanthanide borides. Figure 1. 2 contains pressure-
composition diagrams schematically illustrating these behaviors in addi-
tion to loss of metal from all lanthanide borides and loss of boron from
all lanthanide borides.

In the consideration of which of the possible vaporization
processes is the principal process, it is important to find the process
with the smallest heat of vaporization per mole of gas for a particular
boride (70). Only in this way can the total pressures be comrared with
the equilibrium constants and the entropy change be considered nearly
constant for all processes. The process developing the highest total
pressure will be designated by the smallest heat of vaporization,
assuming entropy changes identical for differegt processes forming one

total mole of gas. The possible processes to be considered for InB) and

LnB6 compounds are:

3 LnBu(s) =2 LnB6(s) + Ln(g) (1. 1)
1/5 LnBy(s) = 1/5 In(g) + 4/5 B(g) (1. 2)
1/% InB)(s) = 1/4 Ln(1) + B(g) (1. 3)

for the tetraboride, and:

2 LnB6(s) = LnBlg(s) + In(g) (L. &)
1/7 LnBg(s) = 1/7 Ln(g) + 6/7 B(g) (1. 5)
1/2 InBg(s) = 1/2 LnBy(s) + B(g) (1. 6)

for the hexaboride. Which two of these are most important for various

lanthanides will be determined.
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CHAPTER 2

SOLID PHASES IN THE LANTHANIDE-BORON SYSTEM

2. 1 Previously Established Phases

The solid phases of the lanthanide-boron system that are reported
in the literature are lanthanide metal, InB,, LnB3‘<x<:u, LnB), InBg,

LnB, 5, LnBSO, LnBTO and boron.

2. 1. 1 In
Table 1. 2 contains some physical and thermochemical information
for the lanthanide metals. Gschneidner (30) summarizes the many solid

state transformations and structures for these metals.

2. 1. 2 InBy
The compounds, GdB,, TbBy, DyB,, HoBQ, ErBo, ScB2~and YBs, have

all been reported in the literature (46). These compounds were indexed
with hexagonal symmetry and are of the C-32, AlBp-type. The phase, GdBp,
is reported to disproportionate above 1300°C. to gadolinium metal and
GdB), (71). A DyBp phase was found by the same investigators. Both these
phases are questioned by Gschneidner (30) as possible borates (cf. Part I,
Chapter 7). The compounds, GdBp, TbBp, DyBp, HoBp and ErBp, are reported
by Post (46) with no preparative details. The phase, ScBy, was identified

by Russian investigators (72) from X-ray powder techniques. The inter-
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pretation of YBO3 as "YBo" (23) has been discussed previously in Part I,
Chapter 7. Binder (2L), who reported the "YB," phase, admitted that this
diboride phase is a "ternary boroxide." However, Johnson and Daane (73)
prepared single crystals of YBp on which electrical properties were meas-
ured. The compounds, ScBo and YBo, appear to be well established Group
IIIB borides. Lattice parameters for the diborides are found in Table

2. 1. The lanthanide diborides reported must await further characteriza-

tion to remove the possibility of their being borates of similar symmetry.

2. 1. 3 InBy

Existence of an LnB, phase with x between three and four was er-
roneously reported by Post, et al. (22), and by Binder (23). As discussed

in Part I, Chapter 4. L, this phase is LnBxCo.

2. 1. 4 InB),

After discovery of the lanthanide hexaborides, the tetraborides of
Ce, U and Th were discovered by Brewer, Sawyer, Templeton and Dauben (Th4).
Zalkin and Templeton (75) in 1953 and Blum and Bertaut (39) in 1954 deter-
mined the structure of this boride. The symmetry is tetragonal with four
formula units per cell and has a space group, Pi/mbm - Dth,,Fouer?tal
ions are found in positions 4(g) at £ (u, w+ 3, 0; 3 - u, u, 0) with

u = 0.310. The sixteen boron atoms in the cell are in positions k4 (e) at

i+

(0,0,v;3,3,v) with v = 0.214, 4 (h) at T (w,wrd, 35 2~w,w,3) with

It

. } L
w = -0.086, and 8 () at t(x,y,53x + 5,5-v,%5 F,%y3¥ + 3, X +3, 3) with

1]

x = 0.174 and y = 0.042. This structure defines a three dimensional net-

work of covalently-bound boron atoms. These borides are a metallic gray
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TABLE 2. 1

Lattice Parameters, Densities and Melting Points of Lanthanide Borides (46).

InBp InB) InBg InByo LnB, o0 ¢r0)

o ao o Deale. a . ©o Deale. m.P- ao Degle. Mm-P- ao Deaic. 8o
@ @ (/w3 @ @A) (g/em3) (c) @) (g/em3) (°c) @) (s./m.3) &)

Ia 7.30 k.17 5.4k 1800%f15¢ L.1k3  Lh.72 2530
Ce 7.205 4.090 5.72 >2100° k1Ll k79 2190
Pr 7.20 4.1l 5.71 2250 14.130  4.85 > 22500
Nd 7.219 4,102 5.84 L.126 h.9LL 2540
N ‘ A
Sm T.174 L.070 6.12 4.133  5.06 251+0a’
Eu 4.178 L. ok
S 6d 3.31 3.9% 7.9 7.144 L.048 644  >2250P  L4.108  5.31  >2100 16.50P
T™ 3.28 3.86 8.34 7.118 Lk.029 6.60 >2100P 4,102  5.39 >2100° T7.505 L.540 (23.5)
Dy 3.285 3.835 8.53 7.101L k.017  6.7h > 1950P ~4.098 5.48  >1950P 7.501 L.600
Ho 3.27 3.81 8.8 7.086 4.008 6.86 4.096  5.55 7.h02 k.655 (23.5)
Er 3.28 3.79 8.89 T7.07TL 3.997 6.99 (4.102) (5.58) T.484 L 706
Im 7.05 3.99  7.10 (k.110) (5.57) 7.476  L4.756
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TABLE 2. 1, continued

ao o Deaie, a0 o Deale., m.p. ao Degle. W.DP. ao Dealec. 2
o

A @) /m3) @ @) (e/m3) (°c.) @) (e./em.3) (°c.) (R) (g./em.3)  (A)

Yb 7.01 k.00  7.30 h.147  5.54 7.469 14.818 16.56°
(23.5)

Lu 7.00 3.94% 7.50 (3.111) (5.73) 7.464 14 868

Se 3.146 3.517 3.67 (4.435) (2.1)

Y 3.298 3.843 5.54 7.111 L.0o17 L4.33 k113 3.67‘ 2300 7.500 3.4hh éé,gs

a, 30. k b, This work. c, 25.



in color. TFigure 5. 7, Part I, contains a projection of the InB) struc-
ture onto the (XYO) plane.

Since the discovery of the tetraboride phase, many researchers
have discovered other tetraborides with the same structure (72, 22, 23,

76, 77, 78, 79, 80). Of the lanthanides only EuB), and PmBh have not been
prepared. Apparently, EuB) cannét be obtained because of its instability
with respect to formation of europium gas and EuBg (76).

Many investigators have studied the influence of size of the metal
ions on the lattice parameters of InBy (75, 22‘, 78-9, 02, 81). The varia-
tion of lattice parameter with atomic number reveals a fairly uniform
lanthanide contraction for both ay and cy parameters, even through Sm and
Ybandis indicative of the same metal ion valency in all the tetraborides.
Magnetic ‘susceptibility measurements (30) established the valency as + 3.
This behavior is quite different from the hexaboride behavior (30, o2, 81).
While the variation in reported lattice parameters is great for particular
tetraborides, this variation was thought by Eick and Gilles (02) and.
Gschneidner (30) not to be evidence of wide solid solution ranges, but,
rather, evidence for impurities. Binder (24) pointed out that small
amounts of oxygen or carbon help to stabilize tetraborides. Eick and
Gilles prepared many compositions in the two phase regions on either side
of the tetraboride with no measureable. variation in the parameters. This
behavior implies a narrow range of homogeneity for the tetraboride. Felten,
Binder,and Post (76) reported a considerable solid solution effect in
LaB),; however, the detailed work of Jﬁhhson and Daane (25) denie@ this
conclusion. Table 2. 1 contains a sumary of the parameters and densitles

of the lanthanide tetraborides.
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2. 1. 5 LnB6

The discovery of the hexaborides of Ca, Sr and Ba was first made
by Moissan in 1897 (82). At the turn of the century other investigators
prepared these borides (83-5). Interest was renewed in 1929 by Andrieux
(86) and by Allard (87) in 1932 with the discovery of ThBg. In 1934 the
hexaboride structure was determined by von Stackelburg and Neumann and
also by Laves (88-9). These hexaborides have cubic symmetry, have one
formula unit per cell, and belong to space group Oﬁ—PmBm. The metal atoﬁ
is located in position 1 (a) at 0,0,0. Six boron atoms are found in
positions 6 (£) at t (%,3,u;%,u,%5;u,2,3) with u = 0.207. A projection of
the structure onto the (XY0) plane is shown in Figure 5. 7, Part I. In
this structure the metal ions are surrounded by boron cages in octahedral
arrangement.

The hexaforides of all of the lanthanides except promethium have
been reported (22, 39, 71, Tk, 79, 80, 02, 87, 90-100). However, consid-
erable doubt as to the existence of ErBg, TmBg and LuBg has been cast
recently by Sturgeon and Eick (101), who demonstrated that X-ray powder
patterns of hexaboride preparations for these metals could be indexed as
a mixture of tetra- and dodecaborides. The hexaborides vary in color from
deep blue to purple.

A plot of the cubic lattice parameter for the lanthanide hexaborides
as a function of atomic number reveals a behavior significantly different
from that of the tetraboride (02). Large positive deviations at europium
and ytterbium and a smaller positive deviation at samarium indicate signifi-
cant alkaline earth character in these metal ions. On the other handg in the

tetraborides the nearly linear variation of lattice parameters even through
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these metals indicates that the valency of the metal is more nearly con-
strained to trivalency. This behavior of the hexaborides is strikingly
similar to the behavior found in lanthanide metals (102). Therefore, as
suspected, the hexaborides are quite metallic in nature (24, 103, 22, T76).
A quantum mechanical discussion of the bonding in hexaborides and the im-
plications thereof is presented by several authors (104, 105, 106-8). Cova-
lent boron-boron bonding in MBp, MB), MBg and MBjpo compounds is demonstrated
by the above authors and by Johnson and Daane (73). Table 2. 1 summarizes
the lattice parameteré, densities and melting points of lanthanide hexa-
borides. Values for Er- Tm-, Lu- and ScBg are indicated by parenthesis,
reflecting doubt as‘to their existence. The melting points listed for

the borides of this table are taken, for the most part, from tables listing
experiments with thesé borides performed in this work in which no melting
was observed.

The problem of the extent of solid solution in these hexa- and
tetraborides has not been resolved. Again, as in the case of the tetra-
borides, the wide disagreement in reported lattice parameters‘might in-
dicate an extensive solid solution range. Eick and Gilles (02) and
Gschneidner (30) believe a large part of this discrepancy may well be from
impure preparations. Post, et al.v(76), gave evidence supporting wide
solid solution in EuBg, and Johnson and Daane (25) determined'a solid
solution range for LaBg of 85.8 to 88% boron by X-ray diffraction, syn-
thetic composition and density studies. However, Eick and Gilles were
able to prepare boron-rich and metal-rick compositions for the tetra-
borides and hexaborides without finding a change in lattice parameters,
implying narrow solid solution ranges. While these considerations are
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not conclusive as to whether or not wide solid solution ranges exist in
these borides, they seem to support a narrow homogeneity range. Conclusive
studies of this problem must await high purity materials and precise boron

analyses.

2. 1. 6 LnB, 5

In 1949 Bertaut and Blum (109) and Andrieug and Blum (110) re-
ported the discovery of UBjp. A second dodecaboride, ZrBy,, was identi-
fied in 1952 by Post and Glaser (111-2). Blum and Berﬁaut (109, 39)

found that the structure of this body—centered-cubic boride contains four

The forty-eight boron atoms are in positions 48 (i) at (O 0,0;0

%J%)O) + (%’;X:XSX;%;XBX:X;%S%:X:}-CSSE:%;XSx:i;%ié;i;iiiz% X;%,X,%5;

X,%,%;%,%x,%). This structure is described by fegular cubo-octahedra of

boron atoms containing metal ions at the center. TFigure 5. 7, Part I, is

a projection of the MBjo structure onto one face of the cubic cell.
Unsuccessful efforts to prepare boride phasés richer in boron than

MBg for the larger radius lanthanides arekdescribed by Post, Moskowitz

and Glaser (113). In 1959 Lundin (80) found YBle."Seybolt (114) in 1960

confirmed that ¥YByp, was isostructural with UBjp. - La Placa, Binder and

Post (41) were able to make the UBlE-type dodecaboride of the smaller

radius lanthanides, Dy, Ho, Er, Tm and Lu, as ﬁell as YBy,. They pointed

out that the size of the>metal ion plays a critical role ih the formation

of these dodecaborides. In particular, an atom with metallic radius greater

than 1.91 R will not be accommodated by the size of the holes in the boron
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cubo-octahedra. However, a later paper by La Placa, Noonan and Post (llS)
reported the existence of TbBjp and YbBjo.

Very little information on the physical properties of these com-
pounds is available. ZrB,, melts at 2680°C. and exhibits metallic con-
duction (116). YB,, melts peritectically at 2200°c. (80). The lattice

parameters for this cubic phase are presented in Table 2. 1.

2. 1. 7 Lnﬁso

In 1960 Seybolt (11L4) discovered an extremely boron-rich yttrium
boride with metal content between one and two atomic percent yttrium,
Metallographic studies revealed that this phase is cubic ahd has about
1700 atoms/cell. This composition was estimated to be YB5O. No lattice

parameter was reported.

2. 1. 8 LI’JB'(O
From an extensive metallographic study of the yttrium-boron sys-

tem, Lundin (80) reported a tetragonal phase with an estimated 90% boron
content and composition YBTOf This symmetry is tentative. The lattice
parameters, ag, and Cqys Were tentatively aésigned as 11.75 and 12.62

t ook R, respectively. Lundin believes the YBSO and the YB7O phases are
probably the same and ﬁay be an allotrope of boron stabilized by yttrium.
Recently, in a report by Post (46), Kasper found that the YB;y rhase is
primitive cubic with a, about 23.50 X. Post reported the existence of Tb-,

Ho- and YbBg, (46).
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2. 2 Experimental

2. 2. 1 Materials

The gadolinium metal used in atteﬁpts to prepare GdB2 (cf. Chapter
2. 3. 1) is the same as that described in Part I, Chapter 2. 1.

Amorphous boron, grade AA, 325 mesh, was obtained from Cooper
Metallurgical Associates. The assay accompanying the sample specified
boron content at 99.5%, Fe at 0.15% and carbon at O.lO%. This sample,
lot number.036l, lab sample B-13A, was used in the preparation of Gch
(81GdAM), GABg (83GdAM), and all borides of other lanthanide metals and
in the ternary compatibility studies of Chapter ih.

All of the metals listed below and ZrB, were used in the ternary
compatibility studies of Chapter 1h. Reactorfgrade, zirconium, metal
sponge was obtained from Columbia-National Corporation. An analysis of
this sample showed oxygen content at 1129‘ppm9 Fe at 969 ppm., Mg at 385
"ppm; Cr at 149 ppm., CL at 118 ppm. and all other contaminants less than
50 ppm. The sample was denoted Zr-l. Tantalum powder, lot 1000B, lab
sample Ta-2, type 268, 325 mesh, was purchased from Fansteel Metallurgical
Corporation. The assay showed 99.88% Ta, 0.02% Fe, 0.01% C, 0.04% W and
0.05% Nb. Tungsten powder, lab sample W-1, with an assay of 99.9% W was
purchased from Fansteel Metallurgiéal Corporation. Powdered ZrBa,'lot
112.8L, grade 100F, lab sample ZrBo-3, was purchased from Norton Company.
The ZrB, assay showed 76.0% Zr, 17;9% B and 0.8% .

Lanthanide oxides,La203, Ce203, Ce0p, Prg0yq, Nd203, Smx03, Gd203,
Tby07, Dyz03, H0203, Erp03, Ybp03 and Y203 were purchased from Lindsay

Rare Earth Chemicals of American Potash and Chemical Corporation, from
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Research Chemicals Division of Nuclear Corporation of America and from
Vitro Chemical Company. The purities were designated as 99.9% oxide with

less than O.l% other lanthanide oxide content.

2. 2. 2 Preparation and Characterization

Many methods have been used to prepare metal borides. These are
discussed in the references of Chapter 2. 1. Among these methods is the
reaction of boron with metal oxides. With the use of an arc melting
furnace the reaction of compacts of lanthanide oxides and boron under
argon atmospheres produced the desired borides much more swiftly than the
vacuum heating techniques other researchers employed, and removed the
possibility of crucible interaction in the preparative scheme. Only tetra-
and hexaborides were prepared in this work.

It was found that hexaboride préparations according to the stoi-
chiometry,

Lnp03(s,1) + 14B(s,1) = 2 InBg(s) + Bx03(&), (2. 1)
produced principally hexaboride with tetraboride present in less abundance.
Preparations of tetraborides according to the stoichiometry,

Lny03(s,1) + 10B(s, 1) = 2LnBy(s) + By03(g), (2. 2)
gave tetraboride as the principal phase with the hexaboride an appreciable
contaminant. Single phase hexaboride resulted if the stoichiometry,

2Lnp03(s, 1) + 30 B(s, 1) = 4 LnBg(s) + 3 Bx0o(g), (2. 3)
was followed and the melted pellet was crushed, ground, pressed and re-
melted several times. However, the stoichiometry,

2Lnp03(s, 1) + 22 B(s, 1) = 4 LnBy(s) + 3 Ba0p(a), (2. 4)

produced tetraboride severely contaminated with hexaboride. The boron
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content had to be decreased by twenty atomic percent to generate single
phase LnB),. These observations were made for all the lanthanides in the
materials list except for Sm and Yb, where pure tetraborides were never
made.

Reactants in the form of 325 to 400 mesh powders were weighed té
the stoichiometry desired, carefully blended, pressed into a hardened
steel die and extruded as a cylindrical pellet. Total sample weights
varied from 200mg. to 5g. Cylindrical dimensions varied from l/h“ to 1"
diameter and from 1/8" to 1-1/2" length. The compacting pressure on the
Carver hydraulic press (Fred S. Carver, Inc., New York) varied from 2000
to 10,000 lbs./ine. These pellets were mounted on a 9" diameter Copper
hearth cleaned with nitric acid. After the hearth was mounted in the arc
melting apparatus, the system was pumped out toa pressure of 5 microns
with a mechanical forepump. Argon was introduced to a pressure of one
atmosphere. The atmosphere in the melter was exchanged with argon succes-
sively for three cycies, leaving one atmosphere of argon in the melter.
A1l surfaces which might heat during the melting were water-cooled., A DC
arc was struck between the copper hearth anode and the flexible, bellows-
mounted, 1/2", tungsten cathode with a high.frequency arc start. While
the operator viewed the melting‘through a giass viewport, zirconium metal
was first melted to purge the system of residual oxygen, nitrogen and
water; then the arc was moved onto the powder-compacted pellets and they
in turn were arc melted with currents from 150 to 300 amp. and heating
times of l/h to 2 minutes. The arc was then extinguished, samples cooled
‘and turned over, and the melting cycle repeated. During these preparatory
meltings, considerable material was vaporized throughout the melter chamber
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and high pressures were developed during the heating. A large brass
bellows with one cubic foof of volume in the relaxed position expanded
with these pressure surges to allow the operator to maintain a steady
arc position.

After the melted pellets cooled,; they were removed from the arcA
melter, crushed in a hardened steel "diamond" mortar and ground in an
agate mortar. If the melted button appeared free of Bx03 glasé and was
uniformly blue or gray, indicaﬁ:ive of hexa- or tetraboride only, the
ground material was examined for completeness of boride formation by X-ray
diffraction. If reaction was obviously incomplete, the ground material
was compacfed again and the melting process repeated. When the X-ray
powder photographs revealed only the boride of interest present, the finely
ground boride was washed several times with warm 50% HCL followed by dis-
tilled water to remove oxide material. In a few cases, when the desired
boride did not form to the exclusion of other borides after several re-
meltings, additional boron or lanthanide oxide was added and melting re-
peated.

Regardless of the initial stoichidmetry, the boride first appearing
on arc melting was LnB6. Layer formation of blue hexaboride on a gray
tetraboride core occurred initiélly in attempts to prepare tetraborides.
The hexaboride was imbedded in a melt of oxide material. Continued heat-
ing of this mass vaporized B203 and Ln203 throughout the meltexr chamber
without appreciably increasing the concentration of the boride desired.
However, if the pellet was crushed, ground and pressed‘again, more intimate
contact of the elemental boron and InBg with LnpO3 was favored, and the
abundance of the desired boride increased. In an initial stoichiometry of
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equation 2. 3, repeated melting, crushing, grinding, compacting and melt-
ing produced nearly oxide-free hexaboride after three or four cycles. How-
ever, in the case of the tetraboride preparation, because appreciable Ln203
was vaporized from the reaction medium after hexaboride was formed, but |
before the hexabdride and metal oxide could be remixed to allow further
reduction to the tetraboride, the initial composition had to be rich‘in
Ln203 to insure the formation of Lth. These observations were supported
by visual and X-ray evidence. Many of the possible kinetic and competing
processes in the préparation of lanthanide boridés.by oxide reduction with
boron are discussed by Galloway (ll?).

X-ray evidence alone is not éufficient to demonstrate thét the
boride prepared in this fashion was pure. For'instance,‘phases present
in concentrations less than, say, 5% might not have produced structure
lines on the powder photograph intense enough to allow observation of
thg phase. Further; glasses, which were a strong possibility with B2O3
present, have no structure and cannot be observed in X-ray patterns. In
general, evaporation of the acid washing solutions revealed very little,
if any, oxide residue. In the GdBu and GdB6'preparations, analyses for
metal and for boron were performed on the finished product material. This
analysis is described in Chapter 7. Typical results for gadolinium and
for boron analysis in GdB) and GdBg are shown in Table T. The metal anal-
ysis was accurate to £ 1% and the boron analysis was accurate to £ 2%.
The sum of the boron and gadolinium content routinely accounted for 95 to
lOO% of the sample. These analyses precluded the presence of appreciable
guantities of metal oxide;’boron oxides and/or borates. Excess elemental
boron may have been observed in powdér photographs because of the low
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intensity of diffracted radiation and would not have been revealed in a
total‘metal-boron content analysis. However, the gadolinium to boron
ratio in these preparations was equal to, or greater than, the stoichi-
ometry of the horide observed in the X-ray pattern. Emission spectro-
graphic analysis of GdB), (16GdAM) prepared in the arc furnace showed Cr,
Cu and Fe less than 0.1%; 5i, barely detectable; and no other impurities.
If there were wide homogeneity ranges for these borides, large
composition gradients might have been expected in these preparations, in
view of the large temperatures inherent with arc melting. However, from
the evidence discussed in Chapter 2. 1. 4 and 2. 1. 5, the tetra- and
hexaborides apparently have narrow solid solution ranges. Tﬁerefore, with
the assumption of narrow solid solution limits and considering the ana-
lytical observations above, it is felt that the phase observed in the
bqride preparation defined the composition fairly well. In addition,
assuming that the tetra- and hexaborides of other lanthanides than gado-
linium were identical in composition and solid solution characteristics,
simple observation of the product boride by X-ray diffraction was suffi-

cient to characterize all the boride preparations.

2. 3 Borides Observed

2. 3. 1 LnB2 |

Never in the course of these studies was any diboride phase ob-
served. A specific attempt to prepare GdBp or any boride phase existing
between the metal and GdB) was made. Powdered GdB) was mixed with gado-
linium metal filings, pressed into a 3/8" pellet, mounted into a copper
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current concentrator on a ZrB, support and the entire assembly placed into
a glass vacuum system capable of being pumped toa pressure of 2 x lO"Smm.
in two hours from stmospheric pressure. The vacuum assembly and heating
technique are discussed in Chapter 8. L. The pelleﬁ was heated by induc-
tion to about 1500°C. for 20 minutes. During the heating the gadolinium
was observed to melt (m.p. 131200.), but a solid phase remained suspended
in the viscous melt. On cooling and removing‘from the vacuum line, the
globule was ground.for X-ray analysié. No reaction between the cooler
ZrB, base and the sample was observed. X-ray powder photographs (0-2864;5),
while of poor quality, revealed GdB), Gd and GdpO3. No AlB,-type symmetry
was observed. No other specific attempt to prepare lower lanthanide

borides was made.

2. 3. 2 InB) and InBg

Tetra- and hexaborides or two-phase tetra- and hexaboride mixtures
were prepared with the elements, ¥, La, Ce, Pr, Nd, Sm, G4, Tb, Dy, and
Yb. The symmetries and intensities exhibited by X-ray powder diffraction
photographs for all the hexgborides and tetraborides were in agreement
with previously reported information. Attempts to prepare single-phase
LaBu and SmBu by reduction of the sesquloxide with boron or hexaborides
in the arc melting apparatus were unsuccessful. In every case the pre-
dominant phase was hexaboride with tetraboride only present as a minor
phase. YbB) was never observed in the arc melting preparations. Even
samples with large excesses of Yb203, compared to the reactant ratios
discussed above, produced only YbBg or YbBg-YbBip two phase mixtures. A

preparation of ErB) in the stoichiometry of equation 2. Lk produced a
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mixture of ErBu and ErBl2. An attempt to prepare H°B6 produced an HoBh-
HoB6-HoBl2 mixture. For the lanthanides, Ce, Pr, Gd, Tb, Dy and for Y,
both the tetra-~ and the hexaborides could be prepared easily.

Eick and Gilles (02) reported that they were unable to prepare
Er36 and YbBu by this method. However, they were successful in preparing
SmB), . Binder (2#) pointed out>that EuB), cannot be prepared by any method
and that La-, Eu- and YbBu are difficult to prepare probably because of
their large metal radii. Difficulty in preparing single-phase SmBu was
noted by Galloway and Eick (117). Further, as noted above, Eick and Stur-
geon suggested that ErBg does not exist. Attempts to prepare ErB6 prqduced
ErB) -ErBjo mixtures. These observations are corroborated by this research.

No attempt was made to prepare Pm, Eu, Tm or Lu borides.

2. 3. 3 InBys

Specific attempts to prepare GdB,p by melting GdB6/B compacts in
the arc furnace revealed only a GdBg-GdBjoo twq-phase region. An ErBj
preparation, .as noted above, produced ErB& as & major phase and ErBjs in
lesser concentration. A similar preparation of HoBg, in which reaction
was not complete or in which large temperature gradients existed in the
arc melting, produced HoBg as a major phase, and HoB) and HoBjp as minor
phases. -Further, a YbBg preparation according to the stoichiometry of
equation 2. 3 produced YbBg as the major constituent and YbByo as the
minor constituent.

The inability to prepare GdByp 1s in agreement with Post, et al.
(hl, 113), who were unable to prepare dodecaborides of lanthanides larger

in radius than that of terbium. Further, Post, et al., did prepare ErB;o
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by reducing Er203 with excess boron at 1400-15000C., in helium. Post
prepared HoBjo in a similar manner. However, Post's work failed to pre-
pare YbB;, by reduction of sesquioxide with boron. This failure was ex-
plained, at first, by the large size of the ytterbium ion in its tendency
to‘exhibit divalency. Only direct combination of the elements ﬁroduced
YbB,, (115).

The YbB12 X~fay pattern obtained from this work was identical in
indexing and intensity to that reported by Post for TmB;,. In addition
the (210), (301) and (321) reflections were observed. Table 2. 2 contains
the diffraction record computed from a Debye-Scherrer powﬁer photograph
with an IEM 1620 computer. The unit cell edge of this cubic dodecaboride
was calculated from high angle lines as T.4t62 R to ve compared with 7.469
3 reported by Post. This value fits the lanthanide contraction of the
parameters of other dodecaborides,bas reportéd by Post, quite well (cf.
Table 2. 1).

The large increase in cell dimensions which is observed for Yb in
hexa- and tetraborides and in lanthanide metals is absent for the dodeca-
borides. This absence probably reflects the encirclement and insulation
of metal atoms from one another by boron cages in the dodecaboride struc-
ture. Thus, the metal atoms are not free to interact in the fashion that
they would if close metal-metal bonding were allowed. Apparently, the
ytterbium ion is constrained to trivalency. This situation would account
for the existence of YbBjo even though its metallic radius is greater

than the 1.91 piy limiting value prescribed by Post for dodecaboride stability.
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TABLE 2. 2
YbBjo Diffraction Record; Cu-Ke« ,, 1.54178 X,

Radiation; Debye-Scherrer Film C-2895.

singo
nk1 1/1, a, & (observed)
111 50 4. 295 .03222
200 30 3.73L .0k269
210 20 - 3.349 .05297
220 Lo 2.641 .08523
301 10 2.331 .10936
311 ' 80 2.252 L1171k
222 20 2.154 . .12807
321 5 1.977 .15210
Loo 6 1.865 .17081
331 25 1.7 20221
420 20 1.669 .21324
Loo 10 1.52k .25594
511/333 10 1.419 .29511
531 15 S 1.261 .37360
611 5 1.196 .b1516
620 95 1.182 L2555
Shl 10 1.149 495
533 20 1.139 15821
622 50 1.123 47090
Lh 10 1.0786 .51079
T11/551 10 1,047 .54kL9
640 ' 10 1.0356 .55410
612 10 1.0050 .58838
731/553 5 .9733 .6273h
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2. 3. )"- LnBlOO

2. 3. 4. 1 Gdgloog Discovery and Composition. In arc melted prepara-

tions in the extremely boron-rich corner of the ternary Gd-B-C field, dis-
cussed in Part I, a large cell cubic phase was found, which was first
thought to be an allotrope of boron. This phase has since been demonstrated
to be a éadolinium boride, the composition of which is definitely between
GdBlOO‘and GdB2OO and probably closer to GdBjng. This boride has been
designated -GdBypp.

Compositions in the extremely boron-rich region of the gadolinium-
boron binary system are summarized in Table 2. 3. These samples were
prepared by arc melting powder compacts of boron mixed with GdBg according
to the synthetic stoichiometry indicated in Table 2. 3. The ground reac-
tion products were examined for the phases present by X-ray powder diffrac-
tion techniques by use of the Guinier focusing cameras.

While ternary Gd-B-C preparations 53-, 72-, T7-, 78-, and T9GAAM
of Table 3. 1, Part I, revealed the existence of GdBypnp, it was not cer-
tain whether the phase was stabilized by carbon or was a boron allotrope.
The preparations of Table 2. 3 clearly demonstrate that this phase 1s not
a ternary carbon-stebilized phase. Further, 87GAAM demonstrates the two-
phase region GdBloo-boron, indicating that this phase 1s definitely not a
boron allotrope. The two-phase regioh, GdBg-GdB10g, 1s revealed in 82-
and 86GdAM. The absence of GdB;o is discussed above. Since the X-ray
diffraction line intensities of the elemental.boron phase in 87GAAM
(GdB2OO) are comparable to the intensities of the metal containing phase,
GdBlOO, it is assumed that the composition of the binary phase is consid-
erably more boron deficient than GdBppgp. Similarly, the line intensities
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Boron-Rich Gadolinium Boride Compositions.

TABLE 2. 3

Sample GdBg, mg. B, mg. Composition Film Phases Present
82GAAM 9.85 203.15 Gd oooB.ogop  D-1HHT GdB; o, MIT.
GdBg, mnr.
86GAAM 54.18 2l5.82 Gd o300B.9900  D-1559  GdBygg, mjr.
D-1563  GdBg, mnr.
87GAAM 28.81 271.19 Gd B D-1557 GdB1go
-00507. 9950 D-1479 @B -rhom. B, eqc.
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of GdByn, compared to the line intensities of the GdBg phase in 86GAAM
(GdBygp) imply that the GdBy oo phase has a composition not much higher in
boron content than GdBlOO' Therefore, this phase has been labeled GdBjgg-.
No attempts to prepare single-phase GdBygp or to analyze the prepared
compositions has been made.

Only the use of a Guinier focusing camera, whose monochromatic
radiation and extreme low angle utility range afford excellent resolu-
tion, could allow the analysis of complex diffraction records containing
mixtures of f - rhombohedral boron, BjC and GdBjpp, all of which have
large unit cells and complex structures. Reference patterns of/? -
rhombohedral boron (D-l373)lapd B,C (D-1448) were prepared and their dif-
fraction records combuted. intéfééﬁéé?ison of4théée reference diffraction
records with those computed from sample preparations made the interpreta-
tion of the phase relations quite simple.

2. 3. k. 2 GdByng; X-ray Character. Table 2. 4 contains the dif-

fraction record of GdBgg (Guinier film D-1269). From an averaging of the
8, parameter determined from intense high angle diffraction lines, the prim-
itive cubic cell edge dimension is l6ﬂ50 + .02 X. -Whilg the agreement be-
tween observed and calculated sin2@ values is not perfect, no other index-
ing scheme could be found without a choice of a larger unit cell. The
small non-systematic deviations could easily arise from‘film reading érrors,
in view of the complexity of the pattern andkthe generally weak intensities.

An sttempt was made to index the GdBygp diffraction record with
the tetragonal symmetry and 11.75 end 12.62 R axes of the YB;o phase found
by Iundin (80). No agreement was found between computed sin20 from the
YBTO cell dimensions and the GdBlOO observed sin®6 values. The cell
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TABLE 2. k4

GdBjog and YbByng Diffraction Records; Cu-K, , 1.54050 R, Radiation;
: 1

GdBygp Guinier Film D-1269, YbBj, Debye-Scherrer Film C-3187.

YbByoo - GdBj 00

: : 0
ne I/I, 4, R osinPogg sinPo,, mA I/I, 4, R sinfeg, sinfe,;

110 60 12.05 0.004095 0.,0043k4 110 20 '11.75 0.00431  0.00436
111 05 9.459 0.00664 0.00651 211 60 6.732 0.01309 0.01309
200 05 8.301 0.008624k 0.00867 220 80 5.832 0.017h4  0.0LT74L
210 12 7.789 0.009797 0.0108L 310 20 5.236 0.02166 0.02181
211 11  6.748 0.01305 0.01300 222 20  L4.77L  0.02607 0.02617
220 12 5.855 0.0173% 0.01735 401 20 3.948 0.03806 0.0367h
221 07 5.526 0.0194%6 0.0195 330 20 3.897 0.03908 0.03926
301 Ok 5.249 0.02157 0.02167 331 10 3.792 0.04126 0,0h1hk
222 20 L.796 0.02584% 0.02599 k2o 10 3.696 0.04346  0.0k3hkh
321 20 k.h15 0.030#8 0.03033 332 20 3.525 0.0k77L  O.0LTTT
ko1 ot Lh.036 0.03648 0.03687 501 4o  3.243 0.0564k  0.05633
411 05 3.896 0.03915 O 2.843 0.07340 0,07368

03903 230 10

2o 20 3.726 0.04281 0.0%4338 600 50 2.758 0.07803 0.07799
ho1 10 3.599 0.04588 0.04552 611 10 2.684 0.0824k2 0.08234
332 10 3.529 0.04773 0.04773 621 10 2.577 0.08936 0.08889
430 15 3.351 0.0529L 0.05204 541 10 2.556 0.09080 © 0.09076 -
501 20 3.249 0.05630 0.05639 622 30 2.493 0.09545 0.09527
333 Ok 3,169 0.05916 0.05858 630 10 2.45%  0.09853 0.09810
600 15 2.761 0.07797 0.07802 Ly 20 2.393 0.10362 0.10373
611 20 2.680 0.08274% 0.08240 700 30 2.372 0.10550 0.10579
622 07 2.491 0.095T4+ 0.09535 701 20 2.3%2 0.10813 0.10793
630 07 2.462 0.09801 0.09755 640 30 2.296 0.11248 0.112hk
701 10 2.335 0.10904% 0.1084 730 30 2.173 0.12570 0.12541
640 07 2.294% 0.1129 0.1127 801 10 2.055 0.14068 0.14050
721 12 2.247 0.1177 0.1171 811 45 2,035 0.14293 0.1428k
632 Ok 2,208 0.1219 0.1214 820 30 2.006 0.1h748  0.14715
731 10 2.162 0.1272 0.1278 653 10 1.979 0.15136 0.15179
650 07 2.116 0.1328  0.1323 82 10 1.95L 0.15587 0.15559
811 10 2.043 0.1k24 0.1431 662 ho 1.898 0.16460 0.16449
820 10 2.006 0 0.18630 0.,18615

JAbT7T 0.147h4 921 20 1.787
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TABLE 2. 4, continued

nkl  I/Io 4, & sin®044 sin®0.,; Wkl I/I; d, & sin®e . sin®Q.

822 09 1.947 0.1568 0.1561 10,1,1 10 31.539 0.22106 0.22076
751 15 1.906 0.1636 0.1626 950 10 1.606 0.23006 0.22968
901 07 1.830 0.1774 0.1778 10,2,2 10 1.590 0.23455 0.23437
920 10 1.796 0.1842 0.1843 10,3,2 0 1.525 0.25500 0.25592
664 07 1.762 0.191% 0.1908
932 ik 1.710 0.2033 0.2038
okl 07 1.672 0.2125 0.2124
10,2,1 Ok 1.614 0.2282 0.2275
10,0,3 Ok 1.590 0.2352 0.2362
ohh Ok 1,564 0.2431 0.24k27
10,3,3 10 1.525 0.2556 0.2558
10,5,3 Ok 1.437 0.2880 0.2881
11,4,0 05 1.416 0.2964 0.2969
12,2,1 02 1.355 0.3236 0.3230
12,2,2 03 1.344 0.3289 ~ 0.3293
11,6,3 05 1.287 0.3589 0.3598
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parameter of the cubic YBSO phase found by Seybolt (114) was not reported;
powever, it was estimated by him that the YBSO cell qontains 1700 atoms/
‘cell. Assuming closest packing of 0.87 R radius covalently-bound boron
atoms and ignoring the metal atom content, one calculates 1660 atoms/cell
for GdBlOO. It would appear that GdBy 0o gnd YBs_o are i@sntical structures.
In view of Kasper's sihgle crystal YBTO cell dimension of 23.50 & (46),

an atfempt was made to index the GdB;ng pattern to a cell of approximately
this dimension. While the fit was as good as that obtained for the 16.50
2 cell, it is noted that almost any cell so large could be made to fit
the observed diffraction record within the film reading errors involved.
The 16.50 R primitive cubic ceil was chosen, since i% is tﬁe smallest cell
possible.

2. 3. 4. 3 YbByyo. While no specific attempt was made to prepare

the LnBloo phase for other lanthanides than gadolinium, a Langmuir vapori-
ation experiment of a powder compact of a YbBg-YbB,, mixture (cf. Table

4., 1) revealed a mixture of YbBg and YbByno on the outer surface of the
compact after heating. The pellet was mounted on a ZrBp stand in a copper
current concentrator furnace (cf. Chapter 8. 1), Under vacuum of 10~7mm.
the pellet was heated by inductioﬁ for one hour at 1920°C. The diffrac-
tlon record of YbBjpp computed from the reading of a Debye-Scherrer X-ray
powder photograph (C-3187) is in Table 3. 5. The unit cell length of this
cubic phase calculated from the high angle lines is 16.56 & .Ol‘R, slightly
larger than the cell parameter of GdBlOO.

2. 3. b. 4 Other LnByyy Phases. If the existence of a LnBj,

phase is dependent on the size of the metal ion, and if Yb is constrained

to a size typical of trivalency as in the dodecaboride, then the InByn,
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. phase ought to exist for the lanthanides Gd, Dy, Ho, Er, Tm, Yb and Lu.
If, on the other hand, Yb exhibits a radius indicative of that in the‘pure
metal, then LnBlOO ought to exist for lanthanides larger than gadolinium.
Johnson and Daane (25) reported eutectic and eutectoid rejections of LaB6
from rapidly cooled arc melted alloys between 89 and 99.5% boron. They
estimated the composition of the eutectoid phase close to 99% boron and
suggested the existence of a high temperature modification of elemental
boron stabilized by lanthanum rather than a La-B phase. However, this
behavior could easily be explained by a eutectic between LaBg and LaBjgg
followed by disproportionation at a lower temperature of LeBlOO into LaBg
and boron. The discovery of Tb-, Ho- and YbBjny by Post (46), coupled
with the observations above, leads one to believe that the InB,,, phase
will be found for qll lanthanides and for Y. ’

2. 3. k. 5 Boron Allotropes. It is interesting to compare the

LnBloo phase with the polymorphic forms of boron. Hoard and others (118-
9, 44) in 1960 and 1961 discussed the many boron structural forms. There
are’four'polymorphs of boron currently giﬁen'credence. These are the loﬁ
temperature, ok-rhombohedral form (120), the 1100 to 1300°C. tetragonal
form (121), the high temperature:fg-rhombohedral allotrope (122), and more
recently another tetragonal form (123). These allotropes and other re-
ported forms (124, 125, 126) are summarized in Table 2. 5. |

All of these allotropes except the £ - and ﬂg—rhombohedral forms
were found 1n the temperature range 1000- lSOOOC. and were all prepared by
EX3 deposition of boron on hot metal or graphite substrates. Stern and “
Lynds (126) found three different phases of boron in the 1075 to 1200°C.
range, depending on whether BCl3 was decomposed on titanium or graphite
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TABLE 2. 5

Allotropic Modifications of Boron

Densitg Atoms
)

Ref. Modification Conditions Space Group Cell Constants (g./cm. /Cell
120,118 o -Rhombohedral Low temp., 750-1200°C. R3: o a = 2.46 12
A=1L4.0084A &« = :
c = 12.567 &
121,144,118  Tetragonal 1100-1300°C. Pliy/nnm a = 2.31 50
c =
122,127,118 R -Rhombohedral —High temp., > 1200°C. R3m a = 2.35 108%1
A=10.952 = : ’
c=23738
Ly Amorphous { 8oo°c. £ 2.3
118,123, 4k Tetragonal 1250°C., BBry dep. a = 2.364 192
. CcC =
118,124 Tetragonal 1000-1300°cC. a = 2.33 78
BBEr3 dep. on W, Mo b =
118,125 Hexagonal 0
118,126 Unknown 1075-1125°cC. 2.39-2.49
BCl3 dep. on Ti
118,126 Unknown 1075-1125°C. 2.39-2.49

BCl3 dep. on graphite




and on the temperature. The phase of Szabo and Tobias (124) resulted
from deposition from BX3 on tungsten and molybdenum wires. In view of
the,existence of the extremely metal-rich borides noted above, and of the
strong possibility of stabilization of the "boron allotropes", also dis-
cussed above, by reaction with the substrate material on pyrolytic de-
composition of BX3 gases, perhaps many more boron-rich metal borides
exist. That these latter allotropes might be nonstoichiometric borides

is suggested by Hoard (4k).
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CHAPTER 3
CRUCIBLE SELECTION

3. 1 General Requirements

The choice of a crucible in which the vaporization properties of
the tetra- and hexaborides may be studied is dependent on several consid-
erations. TFirst, the crucible material must withstand high tempefatures,
in this case ESOOOK., without melting or vaporizing significantly. Sec~
ond the crucible material must not interact with the borides being
studied at the temperatures of the experiment either in eutectic forma-
tion, eutectoid formation, in solid solution formation, or in oxidation
or reduction of the sample phases to other binafy or ternary compounds.
Tmplied in this last requirement is the consideration that tﬁe chemical
potential of boron and of lanthanide in the sample must be less than the
chemical potential of these components in any compound that might exist
between these components and the cruecible material. More simply, if
tungsten is the crucible material for the study of the vaporization of
GdB),, the pressure of boron over WoB must be greater than the pressure 6f
boron over GdB). Otherwise, WoB will form on reaction of tungsten with
GdBu. However, even if crucible interaction does occur, thermochemical
information concerning the vaporizaiion of the lanthanide boride sample
can be derived if thermochemical information for the crucible interaction

products is available. . 167



Since these lanthanide borides will be studied with Knudseh effu-
sion techniques, porosity of the crucible material with respect to the
vapor species is precluded. Thg fourth, fifth, sixth and seventh consid-
erations require the crucible to withstand large rapid temperature changes,
to be readily fabricated, to be readily available and preferably to be a

metallic conductor to allow direct heating by induction.

3. 2 Exclusion of Unsuitable Materials

On’the basis of thefmochemical arguments and material compatibility
studies, many possible crucible materials can be shown to be unsuitable
for use as crucibles for the lanthaniée boride study. Arc melted.mixtures
of each of tantalum, zirconium, tungsten and molybdenum with GdB) and
X-ray analysis of the product deﬁonstrated the reduction of GdB) to form
metal borides by all of these metals. Limits on the heatsvof‘formation
of the lanthanide borides can be estimated from such ternary studies.
These ternary studies are discussed in detail in Chapté} 14. Graphite or
BhC cannot be used as crucible materials in view of the ternary Ln-B-C
phases discussed in Part I. If a metal crucible is to be used, the heat
of formation per gram atom of boron of its lowest boride must be less ,
than that of the lanthanide borides. This requirement may be met by metals
in Group VIIB and Group VIII of the Periodic Table. However, the melting
points of these metals are generally too low. Lanthanide metal or boron
crucibles are excluded because of low melting points, air oxidation and
oxidation of the sample.

Oxide crucibles are generally unsatisfactory because the high heats

of formation of lanthanide oxides and BpO3 cause contamination of the
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crucible, and because of the thermal and porosity characteristics of
alumina, beryllia, cermets, etc. A crucible of BN is a Qossible choice.
This material has been used in a study of the vaporization of samarium
borides by Galloway and Eick (117). However, the volatility of BN is too

high at the temperatures of interest.

3. 3 ZrB2

3. 3. 1 Thermodynamic Compatibility

A crucible choice of overwhelmingly obvious advantages is é re-
fractory metal boride, such as HfB, or ZrB,. These are very high melting,
3250 (128) and 3040°C. (129), have high heats of vaporization per gaseous
atom, 177 kecal. (130) and 156 kcal. (131), and large heats of formation
per boron atom, -LO keal. (130) and -36.5 kcal. (132), respectively.
Lanthanidé tetra~ and hexaborides have heats of formation per boron atom
estimated by Leitnaker (133) as -15 t 3 keal. and -12 t 2 keal., respec-
tively. The largest heat of vaporization per gaseous atom would occur
for congruent veporization of LaBg and is estimated at 136 keal.at 298°K.
In general, a difference in ‘the heat of vaporization per total gas atom
of 9 keal. at 2000°K. will produce a pressure change of a factor of ten.
The smallest difference between AHygy, of.l/3 ZrBz and AHQqp, of 1/7
LnB6 occuré for La aﬁd is 156 kcal. less 136 keal. or 20 kcal. Therefore,
the lanthanide borides exhibif a volatility larger by at least a factor
of 100 than ZrB,, which satisfactorily labels ZrBo, and HfBp as involatile
compared to the lanthanide borides. Further, since the heat of formation
of ZrB2 per boron atom is much more negative than that of the lanthanide
borides per boron atom, lanthanide gas or metal will not reduce ZrBz.
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‘Zirconium diboride over’l6SOOC. has been reported as being unstable
with respect to the formation of Zr312 in the presence of boron (l3h).
Searcy and Myers (135) felt that a couple of kilocalories favoring ZrBj,
formation over 1650°C. did not preclude their measurement of the heat of
vaporization of boron in a ZrB2 crucible up to 2400°K. Thus, the pressure
of boron over a ZrBy »-B or‘a ZrB,-ZrBy, mixture is not much less than the
boron vapor pressure over a ZrBo-B mixture. The boron pressures over two-
phase mixtures of lanthanide borides generally should be much less than
the boron vapor pressure. Thus, lanthanide borides should not oxidize
ZrB2 to ZrB12 at the expense of the lanthanide boride richer in boron.
These preliminary thermodynamic estimations suggest that ZrB, or HfBp

might be suitable crucible materials.

3. 3. 2 Arc Melter Test

Arc melted mixtures of ZrBp with Gd, Dy and Nd tetra- and hexa-
borides (Teble 3) and the ternary studies of Chapter 14 confirm the predic-
tion above that both LnB), end InBg exist in equilibrium with ZrBs.

.Zirconium diboride has & hexagonal structure of the AlBg-type;'

The lanthanide borides are tetragonal and cubic. Therefore, solid solu-
tion between ZrB, and the lanthanide borides is not expected to be sig-
nificant. This expectation is confirmed by the arc meltings, summaxized

in Table 3, for meltings at both ends of the ZrBz/Gch and ZrﬁQ/GdB6
Joins. The GdBg sample (50GdAM) used in these investigations contained
some GdB), which explains the appearance of GdB) in the GdBg-ZrB, meltings.
Duplicate X-ray patterns of the reaction products were taken, one at normal
exposure times to examine the possible expansion or contraction of the

170



T.T

TABLE 3

Extent of ZrB, Reaction with InB) and InBg .

X-I‘ay GdB)_}, mng. GdB6; mg. Zng ng
Sample Composition Film Phases Present 51GdAM 50GdAM el e
8NAAM (WaBg)o.5(ZrBo)o . 5 C-2869  NaBg Fqual mixture of NdBg(7NdAM) and
ZrBy, eqe. - ZrBs. :
8LGdAM (Gch)o_os(ZrBz)o'% D-1446 ZrB, only 25.62 - - 274.38
856dAM  (GdBg)o.05(ZrBr)g,g5 ~ D-1445  ZrBy, mjr. 28.12 271.88
GdB),, tr. -
89GAAM (GaBg)o.05(ZrB2)o. 95 D-1k475 ZrBs, mjr. 28.12 271.88
D-1553  GdBg, mor.
91GaAM  (GdBg)lg.10(ZrBo)o, 90  D-478  ZrBy, mjr. 53.77 2k5.23
S D-1551 GdBs, mnr.
GdBy, tr.
cecamM  (GdBE)o.go(ZrBo)g 10  D-1572  GABg, mir. .o o 18.53 286.56
) GdBy, mar. o7 ,
ZrBp, mnr. :

D-1573 GdBg, mjr. '
D-1550 GdBg, tr. melt
Zr]§2, tr.



AN

TABLE 3, continued

Extent of ZrBp Reaction with InB), and InBg.

X~ray

GdBy, mg. GdBg, mg.

Sample Composition Film Fhases Present 51GAAM 50GAAM Zrb, me.
93caaM  (GdBg)o,g5(ZrB)g o5 D-15T%  GdBg, mjr. mech. 7.98 291.77
ZrB,, tr. mix.
D-1575  GdBg, mjr.
D-1546 . zrB,, tr. melt
GdBy, tr.
LpyAM (DyBy, 6)o.5(ZrBy)g, 5 C-2868  ZrB,, mjr. Equal amounts of ZrBp and 3DyAM
? ’ DyBg, mnr. (DyBg and DyB), eqc.
DyB);, mnr.




structuré as manifested by a shift in the d-spacings, andione with twice
the normal exposure to emphasize any minor phase present. The investiga-
tion of the minor phase was not done in experiment 84GAAM, which explains
the failure to find GAdB), in that sample although it was observed in others.
From the results in Table 3 and the observations tﬁat the ZrB, structure
contracts somewhat on GdB), and GdBg addition, it is concluded that the
solid solution of GdB) in ZrB, at high temperature is greater than that

of GdBg in.ZrBy, but both are soluble to less than five mole percent.
Further, the solubility of ZrB, in GdBg and GAB) is considerably less

than five mole percent.

3. 3. 3 7rB, Sol;j,d Solution Effects

Some consideration ought to be given to the effect of a solid solu-
tion range in ZrBp on the vaporization of InBj or ILnBg. If considerable
solid solution exists, LnBg might be in equilibrium with boran-deficient
ZrBp. Thils behavior is shown diagrammatically in Figure 3 in an isother-
mal ternary phase diagram. Suppose LnBg were heated in a boron-rich ZrBp
crucible of composition x' shown in the figure. Suppose further that
LnB6 vaporizes according to equation 1. 6 and LnBu vaporiées according to
the reaction in equation l. 2. Then, if the boron pressure over ZrB, of
composition x' should be greater than the boron pressure in the equilib-
rium of process 1. 6, the crucible will lose boron preferentially until
a ZrIb composition of x'! is reached. As the activity of boron decreases
in this two condensed phase region, the gadolinium octivity may increase
appreciably. Only at this ZrB, composition can the boron pressure be fixed

and its measurement characterize the process in equation 1. 6. If the

173



Ln B4 Ln Bs'

ZrB, SOLID SOLUTION EFFECTS

FIGURE 3

17k



difference between x!' and x!'!' is iarge, the system ﬁay not have time to
loée boron to the univariant equilibrium of interest before a pressure
measurement is made.

If the same crucible of ZrB, composition, x'', is now used in an
investigation of‘the process in equation i. 2, the same problem oCCurs.
The boron pressure in process l. 2 is lower than that in process 1. 6, 850
that ZrB, must again lose boron to a composition, x''', before meaningful
pressure measurements can be made. If x'!' - x''! is large and the tempera- |
ture so'low that evaporation 1s slow, one might measure a boron or gado-
- linium pressure widely different from those values at the univariant com-
positions. Of course, if both boron and gadolinium pressures aie meas-
ured, fhe equilibrium constant for the lanthanide boride vaporization can
still be obtained. However, to assume the boron pressure is four times
the gadolinium pressure inyprpcess‘l,ya might lead to serious error.

In actual practice the attainment of a univariant condition can
be determined from a plot of weight loss or gadolinium pressure wversus
time. When the weight loss is a constént with time at contant temperature,
the system has equilibrated with the crucible. | |

However, ZrB, i1s thought to have a narrow range of homogeneity.
Leitnaker (136) and Epel'baum and Gurevich (137) found no change in lattice
.parameters for compositions in the two-éhase régions on either side of ZrB2.
Leitnaker's boron analyses indicated & homogeneity range no greater fhan
Zfr'Bl.90 to ZrBl.9T' .Consequently, ZrB2 solid solution should be no pro-

blem in the lanthanide boride vaporization studies.
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- 34 3. It ZrBs Characterization

Finally, ZrB, waé chosen as a crﬁcible material, rather than HfB,,
because ZrB, Knudsen crucibles could be purchased (Borolite Corporation, -
Pittsburgh, Pa.) in a variety of sizes. These ZrBy érucibles required
outgassing periods of 20 hours at 225000; in vacuum ﬁo reduce the vacuum
line pressure to 5 x lO’amm. Heévy ﬁapor depbsits of wha# was probably a
paraffin binding material appeéred. An X-fay diffractometer scan (c-2758)
revealed Zr.B2 with a small amount of ZrC or ZrB. In C—2762, an X-ray
spectrographic analysis, the presence of small amounts of hafnium vas
revealed, ‘Before these crucibles were used in lanthanide boride vaporiza-
tion studies, small amounts of elemental boron were totally vaporized from
the crucible to establish a uniform ZrB, composition. Never was diffusion
of the crucible contents through the walls or between the 1lid and base of

the crucible observed in'any of the vaporization experiments.
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CHAPTER k4

VAPORTZATION PROCESSES

4. 1 Free Evaporation Experiments

4. 1. 1 Scope of the Experiments

After the solid phasés existing in the lanthanide-boron systems
have been established, the principal Qaporization processes exhibited by
these borides must be established. Eorvthis purpose a series of Langmuir
free evaporation experiments was made. With tﬂé use of an eddy-current
concentrator furnace described in Chepter 8. 1, a survey of th¢ general
veporlzation behavior of La, .Ce, Pr, N4, Sm, G4, Tb, Dy, Yb and Y borides

was made.

b, 1. 2 Experimental

wader compacts of the borides, prepared according to the tecﬁniQues

described in Chapter 2. 2. 2, were prepared by pressing 325 mesh powders

in 1/4", 3/8" or 1/2" hard steel dies at 2000, 6000 or 12,000 lbs./in.2,
respectively. These resulting cylinders, varying in height from 1/4" to
3/4", were mounted on a water-cooled copper hearth in the arc melting
apparatus. Under an argon atmosphere purged of oxygen, the upper surfaces
of these cylindrical compacts were glazed over by the arc. This partial
melting provided a conducting region thréugh which induced rf current

could flow and initiate the heating of the compact by the induction
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furnace; After a 1/16" black-body hole had been drilled into the top of
the cylinder for temperature measurement, the sample was mounted into the
current concentrator (cf. C@apterB. 1) on a cylindrical ZrBp mounting
stand. This ZrB, stand had a 1/L4" diameter and was just tall enough to
insure that the sample sat entirely within the core of the current con-
centrator without having the ZrB, penetrate the core (cf. Figures 8. 1
and 8. 2). This arrangemént tended to decouple the ZrB, stand from the
rf field. Consequently, the ZrB2 stand normally was several hundred
degrees cooler than the sample during heating.

After the current concentrator was placed‘in a vacuum line, the sys-
tem was pumped to 10~mm. pressure. Sufficient rf power was applied to o
" heat the sample to 1200-14000C. and until the entire boride cylinder was
heating uniformly. Then the power was increased until obvious vaporiza-
tion oc;urred. After the walls of the apparstus were'heavily laden with
vapor deposits, the sample was cooled, removed from the furnace and ex-
amined visually and by X-ray diffraction for the phases present. An X-ray
diffractometric analysis of'the base of the sample cylinder and the top
of the ZrB, stand was made in each case to reveal any ZrBp-InB) or
ZrBo-InBg interaction. X-ray analysis of vapor deposits served only to

demonstrate that both metal and boron were vaporizing.

h: 1. 3 Results

Table 4. 1 contains a summary of the experimental conditions and
observations for the free evaporation of borides of La, Ce, Pr, N4, Gd,

Tb, Dy, Yb, and Y. No melting was observed in any of these heatings.
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TABLE 4. 1

Free Evaporation Experiments; ZrB, stand.

Initial Weight
Phase Temp. Time  Pressure ;;ES
Semple Content  Film (°C.) (min.) (2076 mm.) (%) ' Final Phase Content Film
6LaAM IaBg, mjr. C-2897 1800- 25 200 ZrB,/LaBg interface---ZrB,, LaBg _ Cc-280Ta
1aB),, mnr. 1950 Outer surface----—---—-- LaBg only ' Cc-2807b
6LaAMl IaBg, mjr. C-2807c (2200) 6 100  ILaBg, Lay03 (air oxid. product) D-1586
LaB), mnr. ‘ _
1CeAM  CeBg, mjr. C-2896 2100- 60 Lo Inner core----- CeBg, mjr.; CeB), mnr. C-3120
CeB),, mnr. 2300 : Outer surface--CeBg, mjr.; CepO3, tr. C-2906
Vapor deposit--CeBg C-2907
~ 1PrAM  PrBg, mjr. C-2902 2250- 60 30 Inner core----- PrBg, mjr.; PrB), mnr. © C-3210
PrBh, mnr. 2350 Outer surface--PrBg only C-2909
Vapor deposit--PrBg, mjr.; PrB), mnr. C-2910
6NdAM  NdBg c-2048 1950- 30 o ZrBo/NdBg interface--ZrB, mjr.; NdBg, mnr.;
2050 ' ' NdBj, mnr. C-2805a
: Outer surface----—-—--- NdBg, mjr.; ZrB,, tr. Cc-2805b
6NAAML NdBg C-2805 1950~ 3L 30 9  Inner core----------- NdBg only C-3201
2000 Outer surface-------- NABZ only C-2817

ZrBZ/NdB6 interface--ZrB,, mjr.; NdBg, mnr.;
NdBy, tr.; ZrByo, tr. Cc-2818

ZrBp stand core------ ZrBp only C-3211

TNdAMa NdBg c-2867 1950- 1k0 50 . Tnner core----- NdBg, mjr.; NaB),, tr. C-3206a
© 2150 Outer scale----NdBg only : C-3206b

81GdAM1 GdBy, mjr. C-2859 1800- 535 50 20 Inner core----- GdB}, only Cc-2861

to al0 GdBg, tr. 2100 ' Outer scale----GdB), only C-2861a
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TABLE 4. 1, continued

Initial , Weight
Thase Temp. Time  Pressure Toss _
Sample  Content Film  (°C.) (min.) (1076 mm.) (%) Final Fhase Content Film

TTOGAAM  GdB) iks50- 20 100 Melted pellet---~GdB), Gd, Gdp03 C-286k
Gd, eqec. 1550 C-2865
lS-SOGdAM GdBg, mjr. D-1193 2000- 60 3 3 Inner core---Q-GdB6, mjr.; G4B),, mnr. D-1koT
(59GdAM2) GdBy, tr. C-2215 2150 Outer scale----GdB) only visual
: Vapor deposit--GdB6, mjr.; GdB), tr. D-1408
15-50GAAM2 GdBg, mjr. D-1LOT 2050- 50 6 18 Inner core----- GdBg only visual
GdB),, mnr. 2300 Outer scale----GdBlL, mjr.; GdBg, tr. D-1409
80GAAML  GdB) D-119% 1500- 65 6 6  Outer scale----GdB) only C-2706
1970 Vapor deposit--GdBg and GdB), eqc. Cc-2705
80GdAM2  GdBy C-2706 1900- 285 5 5  Inner core----- GdB), only visual
‘ ‘ 2100 to Outer scale----GdBj only D-1400
10 a D-1402
Vapor deposit--GdBg and GAdBy, eqc. D-1399
D-1401
1ToAMR2  TbB), mjr. visual 2000- 80 10 7  Inner core----- TbB), only Cc-2814
TbBg, mnr. ~ 2100 Outer scale----TbB) only C-2813a
ZrB,/TbB), interface--TbB) and ZrBo, egc. C-2813b
OThAM TbBg Cc-289L 2100- 50 50 Inner core----- TbBg and TbB), eqc. C-2904
TbBYL, eqc. - 2300 » C-3220
: Outer scale----TbB) only C-2903
: Cc-2814
Vapor deposit--TbBg, mjr.; TbB), mnr. C-2905
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TABLE 4. 1, continued

- Initial . Weight
Phase Temp. Time  Pressure 1oss ) ;

Sample Content Film (°C.) (min.) (206 mn.) (%) Final Phase Content Film
THITbAM  TbB), visual 1600- 60 100 Outer scale----------TbB) only - Cc-2806
2000 , ZrB,/TbB), interface--TbB) and ZrB,, eqc. ~ C-2813

- c-2815

c-2816

3DyAMa DyBg mjr. C-2866 1950- 38 50 - Inner core----- DyBg, mjr.; DyB), mnr. c-2881L
DyB),, mnr. 209C Outer surface--DyB), mjr.; DyBg, tr. - ¢-2880

Vapor deposit--DyBg, mjr.; DyBj, mnr. C-3190

3YbAMa  YbBg, mjr. C-2895 (2000) 60 10 Inner core~---- YbBg, mjr.; YbB,5, tr. . C-3191
YbB;o, mnr. ’ Outer scale----YbBg, mjr.; YbBjgg, mnr.; C-3187
YbBjp, mnr. ' 7
Vapor deposit--YbBg, mjr.; YbB), mnr. - C-3196

1YAM YBg, mjr. C-2898 (2250) 108 - 20 Inner core----- YBg and YB),, eqc. C-3200
YB), mnar. _ Outer scale----YBlL, mjr.; YBg, mnr. C-2011

Y:Blz’ tr. : C'3205

Vapor deposit--YBg, mjr.; YBj, mnr. D-1690




’In the case of La, Ce, fT and Nd, the vaporization of samples
containing tetréborides produced sample ' cylinders with oﬁter scales of
hexaboride from which single cryétals of’hexaboride of about O0.5mm. length
protrﬁded; The innér cores of ﬁhe pellets‘either had increased somewhat
in hexaboride content or had remained unchanged in COmposition from the
starting material. fMixturesrof Gd, Tb, Dy and Y tetra- and hexaborides,
when heated ﬁntil appreciable vaporization had occurre@ produced a layer
of the tetraboride phase on each pellet. Protruding from this layer were
small single crystals of tetraboride.v.Agaiﬁ the pellét core was either
unchanged in cdmposition or richer in tetraboride. For a YbBg-YbB,, ini-
tial composition thé :esulting layer contained a phase mixture of YbBg
and YbBlOO with & trace of YbB,, present. Even though the hexaborides
are ten to twenty percent more dense than the tetrﬁborides, there was no
visible evidehée of spalling of the hexaboride>layers or cracks in the
tetraboride layers. The thickness of these insulating layers varied from
one percent of the cylinder cross section to half the cross éection radius,

“depending on the length of time and the temperature of the heating and on
the lanthanide. The layer boundaries were quite apparent from the change

" in color from blue to gfay.

L, 1. 4 Interpretation

L, 1. 4, 1 General:Considerations. The formetion of a product
layer of different composition from fhat of the bulk of the sample; a
layer which completeiy covers the vaporizihg solid as 1s found in the
bresent work, could significantly retard fhe'rate of vaéorization. Even

in congruent evaporation, where layer formation is absent, the rate of
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free evaporation could be less than the rate of Vaporization under closed-
crucible or saturaﬁed-vapor conditions. A discussion of the associated
‘kinetic problems is worthwhile.

Under equilibrium conditions in a Knudsen crucible, the rate limit-
ing process in vaporization is the)impingement on and escape through the
crucible orifice (cf. Chapter 6. 3. 3) of the gaseous species in equilib-
rium with the solid. However, in the case of an infinitely large orifice,
as in free evaporation experiments, the gas phase might be removed faster
.than it can be regenerated by decomposition of the solid. Then the rate
limiting step may be any of a variety of processes in the mechanism by
‘which the condensed structure decomposes on vaporization. It is clear
that the rate limiting step in these'Langmuir experiments is a process
other than simple evaporation of gaseous species from the surface.

In the Langmuir theory, discussed in Chapter 6. 3. 1, one of the
factors which has to be determined or a value of unity assumed is the
evaporation coefficient. This coefficient is the manifestation of a non-
equilibrium rate of escape of potential vapor species into the gas phase.
Studies of the factors which contribute to a coefficient value different
from unity are fundamental to appreciating the problems in determining
equilibrium quantities from kinetlc.processes and to appreciating the
general problems of surface chemistry.

There are at least two procésses which could accountvfor the be-
havior of La, Ce, Pr, Nd and Yb borides. The observation of hexaboride
layers forming on the pellet, the boundaries of which move inward in the
pellet, could be explained by a vaporization pfocess limited by migration
of metal to the surface or by movement of boron atoms toward the center of
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the pellet. Similarly, the behavior of Gd, Tb, Dy and Y borides could be
explained by rate limiting steps of metal movement toward the center of
the pellet or by boron movement to the pellet surface.

It is not the intention of this work to define the veporization
mechanism, but tp define the processes by ﬁhich these borides vaporize
under equilibrium conditiéns. It is sufficient to note that the product
boride on vaporizing mixtures of hexaboride and tetraboride for the metals,
La, Ce, Pr and Nd, was hexaboride; and that the product boride for similar
mixtureé of Gd, Tb, Dy and Y was the tetraboride. The product in the
YbB6/YbB12 mixture was. YbBigg. vThus, even though these experiments are
not equilibrium vaporization experiments, the interpretation of the vapori-
zation processes is reliable.

The clear definition of phase boundaries, the absence of solid
gsolution, the gbsence of spalling or cracking of layers, the availability
- of seventeen Group IIIB metals of widely different size and volatility,
and the convenience of the experimental techniques, ghould provide a won?
derful opportunity for future investigation to establish the factors in-
fluencing the vaporization mechanism and the vaporization kinetics‘ for

these borides.

4, 1, 4, 2 La and Ce. The finaj. product in both the La and Ce
boride vaporizations was the hexsboride (cf. Teble 4. 1). While the dis-
appearance of tetraboride in favor of a hexeboride product implies pref-
erential loss of metal to the gas from the tetraboride, another explana-
tion must also be considered because metal apparently‘was formed in two

of the three experiments.
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The X-ray pattern from experiments 6LaAml and 1CeAm showed small
amounts of sesquioxide along with the hexeboride taken from the surface.
Thus, lanthanum or cerium metal was probably present with the hexaboride
in the vaporization residue. The metals are quite reactive with oxygen in
the atmosphere at room temperatures. Indeed, the product of 6LaAml was
observed to change texturé froﬁ a purple-gr&y coherent body to a finely-
divided low-density powder in a matter of a few hoﬁrs on exposure to air.

The, presénce of metal in the product could be explained by the
incongruent melting of LaBu or CeB) to the hexaboride and liquid metal
followed by quenching and slow back reaction to tetraboride. Johnson’and
Daane (éS) demonstrated incongruent melting of LaBﬁ at 1800°C. Brever,
Sawyer, Templeton and Dauben (138) pelieve CeB), melts incongruently above
2000°C. The experimental temperatures in 6LasMl and 1CeAM were above the
tetraboride melting temperatures. The presence of CeB) in the core of
1CeAM after heating above fhe CeB), incongruent melting temperature cah be
explained by a slower temperature drop on quenching in the pellet core
than at the surface, allowing back reaction of metal and hexaboride to
CeB), to occur. |

While the incongruent melting of LaB), and CeBl does explain the
presence of metal, it does not account for the appreclable weight loss
during the vaporization experiment.' The presence of CeBg in ﬁhe vapor
deposit of 1CeAM indicates vaporization of both metal and boron. While
preferential loss of metal gas from the tetraboride is not precluded, the
vaporization process in these two experiments ié not clear. However, the
disappearance of LeB), in favor of LaBg and the absence of métal in the
product in experiment 6LaAM indicate preferential loss of lanthanum gas
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from LaBy to a hexaboride product, and probably imply a congruently vapor-
izing hexaboride. The behavior of cerium is probably identical to that

of lanthanum.

4, 1. 4., 3 Pr and Nd. The starting material in 1PrAM, Teble L. 1,
was a mixture of PrBg and PrBy. The- final product after vaporization was
PrB6. Thus, PrB), loses metal to the gas to form a PrBg residue, which
vaporizes congruently. , ’

In the three Nd experiments of Table 4. 1 the initial and final
product was hexaboride. This observetion implies congrﬁent vaporiiation
of NdB6. -The observation reported in Table L. 1. of the coexistence of
ZrBp, ZrByp, NdBg and NAB)j, at the ZrBe/NdB6 1nterface; would lead one to
bellieve that NdBg reacts with ZrBp ‘to forﬁ NdB), and ZfBlg. However, in
Table 3, an unsuccessful attempt to cause reactlon between NdB6 and ZrBo
in the arc.melter was reported. In view of this interaction test and the
failure to observe ZrBp interaction in any other experiment, the observa-
tion in Table L. 1 is not given much weight.

ho 1, b b Yb. The starting material in the ytterbium free evapo-

ration study (3YbAMa) was a mixture of YbBg and YbBjs. The final product
on the surface of the pellet was & mixture of YbB6, YbBypo and YbBigoe
This observation implies preferential loss of metal from YbB6 and YbB12
‘to form a YbBjgo residue.

The coexistence of three condensed phases in the product is dif-
ficult to interpret; No melting was observed. Microscopic examination
of the pellet cross section did not define separate layers of YbBg, YbB;,

and YbBlOO because of the infinitesimal thickness of the outer scale.
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. Certainly a kinetic explanation’of the presence of three condensed phases
- must be involved.

One reaéonable explanation‘can be found in the following scheme.
Initially, the pfocess in equation 1. 4 (loss of Yb(g) from YbBg) occurred
at the surface. As more ytterbiﬁm was required, the YbB)p layer increased’
until‘the surface activity of Yb was decreased to that in the process,

100/12 YbByo(s) = YbBygo+ 88/12 Yb(g) . : ' (4)

At the YbBy, critical thickness, YbB,, decomposed to YbBlbO at the surface..
In the steédy state, the outer layer wéS'YbBloO. Just under this was a
YbB,, layer, then the core of the cylinder, which contained YbBg in major
amounts with smaller amounts of ¥YbBjo. Material scraped from the Surfaée

of such a Sample would show YbB, g, YBB12 and YbB6'on.X—ray analysis. Sinée
the metal content of YbBg is high relativé to YbBig and YbBjng, its enhanced
X-ray scattering would meke the.apparent YbBg content seem;higher than it
actually was. The critical thickness of YbBj, was probably quite small;

explaining its low concentration in’the layered structure.

b, 1. 4. 5 Gd, Tb, Dy and Y. Mixtures of hexaboride and tetra-
boride in samples 81GdAMal to al0, 15-50GdAM, 15450GdAM2, 1TbAM2, 2TbAM,
and 3DyAMa (cf.. Table 4. 1) were the starting materials in all ﬁheée ex-
periments. In every case the residue was tetraboride; indicating pref-
erential loss of boron gas from the hexaboride and probable congruént tetra-
boride vaporization. In samples 80GAAMLl, 80GAAM2 and TthbAM’the initial
and final products both were tetraborides, confirming congruence of tetra-
boride vaporization; | |

Experiment TTOGAAM was an attempf to approéch GdBu.by vaporiza-

tion of excess metal from a metal-rich starting material. The temperature
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of the experiment exceeded the gadolinium melting point. At this felatively
low temperature, vaporization was not appreciable. On exposure to the
atmosphere, the metal reacted partially with oxygen to form Gd203. The
experiment demonstrated that GdBo, does not exist at these temperatures.
Sample IYAM contained a mixture of YB), YBg and YBio initially and
a Tinal product of ¥B) and YBg with the concentration of YBy, much higher
than in the starting mixture. No YB,, was observed in the product. These
observations imply preferential loss of boroh gas fromaYB12 and YB6 to
YB), which probably vaporizes congruently.

4, 1. 4. 6 General Conclusions. With the assumption of the

absence of gaseous molecules (cf. Chapter 5), the conclusions reached

from this free evaporation survey are these: F;rst, La, Ce, Pr and Nd
borides vaporize according to the processes defined in equations 1. 1

(loss of In(g) from InB)) and 1. 5 (congruency of LnB6). Second, Gd, Tb,
Dy and Y borides vaporize according to the processes of equations 1. 2
(congruency of LnB)) end 1. 6 (loss of B(g) from LnBg). Finally, ytterbium
probably exhibits the behavior of equations 1. 1 (loss of ILn(g) from

LnB,), 1. 4 (loss of In(g) from InBg) and 4 (loss of Ln(g) from InBjp) with

the hectoboride vaporizing congruently.

4, 2 Knudsen Evaporation Experiments

L, 2. 1 Scope of the Experiments

In order to confirm the validity of the conclusions of the free
evaporation experiments, Knudsen evaporation experiments (cf. Chapter 8. 2)

in ZrB2 crucibles were performed on selected portions of the boride residues
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of the free evaporation studies. Hexaborides of lanthanum; cerium and
gadolinium and hexaboride/tetraboride mixtures of praseodymium and neo-

dymium were vaporized. GdB) was investigated,in many Knudsen eXperimenﬁs.'

. 2. 2 Experimental

' Lanthanum, cerium, praseodymium and neodymium hexaborlde contain-
ing samples were obtained from the outer surfaces of the pellets resulting
from the free evaporation experiments of Table h 1. The GAdBy samples
were portions of the residue of 81GdAMalo in Table b, 1. Gadolinium hexa}
boride, 83GdAM, was prepared acoording to the technique described in
Chepter 2. 2. 2. | | |

The boride powders were placed into a‘5/8" diameter, outgassed,
| tared, ZrB, crucible fitted with a tared ZrB, 1id, in which a lmm. cylin-
drical orifice had been drilled. This crucible (cf. Figure 8. 4) was |
enclosed in a graphite outer crucible, mounted on a tantalum tripod on a
quartz seni-kinematic table, surrounded by a tontalum heat shield and
encased in n glass vacuum aoseﬁbly similar ﬁo Figure 8.3 and capablé of
evacuation to.a pressure of 5 x 10-Tmm. The.crucible was heatéd by in-
duction and the temperature determined from a calibrated optical pyrometric
sighting of a black-body hole in the bottom of the graphite crucible. The
1id was a few degrees cooler than the base of the crucible. Thus, 1id
deposits. could be examined. After appreciabie material was thought to
have vaporized, the apparatns was disassemoled»and the deposits on the
ZrBo 1id and the residues were analyzed by.X—ray diffraction and microscopy
for the phases present. Melting of the crucible or contents»was not ob-

served in any of these experiments.

189



These experiments are summarized in Teble 4. 2. The columns in
Table 4. 2 are self-explanatory except for coluﬁns four and seven. Column
four lists the initial total weight in milligrams of the sample in the
crucible of coluﬁn three. Column seven contains the sample weight loss
in milligrams. The difference in the weight of the ZrBp crucible’baSe
with its contents before and after the experiment was corrected for the
weight loss on vaporization of the ZrB, base during the experiment, which
was obtained by the difference in initial and final empty crucible weights.
Thus, the weight loss of column seven represents the weight of lanthanide
boride lost from the base of the ZrB, crucible to the ZrBo 1lid, the graphite

outer crucible, or the vacuum apparatus during the heating period.

L, 2. 3. Results

None of the kinetic problems noted in Chapter 4. 1 was observed
in these experiments. No layered structures were observed on the sample
granules after appreciable vaporization had occurred. In addition, no
lattice parameter variation was observed for any 6f the borides involved,
implying univariant Vaporization»conditions.

Initial samples of LaB6, CeBg and PrBg did not change solid composi-
tion while producing eppreciable lid depositsvof hexabofide. The NdBu/NdBé-
mixturé heating was inconclusive because of insufficient material trans-‘
port. In many experiments, GdB) was observed to vaporize congruently with
very large weight losses. Experiment 769GdAM demonstrated that GdBg lost
boron to the gas phase preferentially on héating, leaving a GdB), residue.

No interaction of these samples with’the ZrB, crucibles was ob-

served. In the lanthanum hexaboride heating, a deposit of LaBg was ob-
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Knudsen Evaporation Experiments in ZrBs Crucibles

TABLE L. 2

(816dAMal0)
Knudsen effusion sample

1.41175

2200

GdB), only

Initial Initial Weight
Phase Cru- Weight Temp. Time  Ioss Residue . ,
Sample Content cible (g.) (°c.) (min.) (g.) Phases Film Lid Deposit Film
6LaAM2 LaBg ZrBe-h 0.17990 2070 63 0.05723 LaBg only D-1913 LaBg only C-3115
(6LaAM) _ . .
863CeAM  CeBg ZrBp-k  0.10178 2000 80 © 0.01848 CeBg only  C-3119 CeBg only  C-3112
(1CeAM). ‘ .
1PrAMb PrBg, mjr. ZrBp-1 0.03790 2080 16  0.01553 PrBg only  C-3014 PrBg, mjr. C-3012
; PrB),. .tr. : © ZrBo, mnr.
(1PraM) PrB), tr.
TNAAMb NdBg, mjr. ZrBo-1 0.05030 > 1850 15 0.00121 NdBe, mjr. C-2939 no identi-
© NaBy, tr. ' ‘ NdB),, tr. ~ fication
(TNdAME)
835GAAM GdB), ZrBo-k 1720 27 GdB), only visual G@B), only visual
(81G6dAMa10) :
8¥3GaAM GdB), ZrBy-k 1820 283 GABY only visual GAdB), only visual
, (81GaAMa10)
923GdAM GdBy, ZrBs-2 0.59295 1700- hours O0.48472 GAdB}, only visual GdB) and " C=-3211
(81GaAMal10) 2200 : ZrBs c-3215
Knudsen effusion sample C-3215a
937GAAM GABY, ZrBp-h 1700- hours 0.66547  GAB) only visual C-3214
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TABLE 4. 2, continued

Initial Weight

Initial
, ) Phase Cru- Weight Temp. Time Loss Residue
Sample Content cible (g.) (°c.) (min.) (g.) Phases Film  Lid Deposit Film
T59GAAM  GdBg ZrBp-1  0.2k657 1600 70 _ GdBg and C-2863 no identi-
(83GaAM) GAB),

fication




served on the bottom of the graphite lid of the outer cfucible at the
periphery of its orifice. Apparentiy, the solubility limit of cafbon‘ih
LaBg was not exceeded under these conditions; otherwise LaBoCo would have
been observed (cf. Figure 3. 2, Part I). On the other hand, & similar
deposit of GdB) on the gréphite outer crucible resulted in GdBoCp, as

expected (cf. Part I).

4. 2. 4 Confirmation of Free Evaporation Observations

Aii of these éQuilibrium observations confirm the interpretation
of the Langmuir free evaporation heatingg above. Because of the square
root dependence on the molecular weighf in a vaporization experiment (cf.
Chepter 6. 3), the rate of escape bf boron atoms into the gas is much
faster than that of the much .- heavier metal atoms. It is possible that
the boron loss is so highly preferred that a solid phase, which would
veporize congruently under equilibrium conditions, might show a preferén-
tial loss of boron to the gas and force the appearance of the next lower
solid boride. Further, a solid, which would normally lose metal to the
gas preferentially, might be constrained to vgporize congruently. These
Knudsen experiments deny that the component activities in the free evapora-
tion experiments have changed sufficlently from equilibrium values for
the systéms to vaporize by processes different from the equilibrium proc-

e68.

L. 2, 5 Previously Observed Vaporization Behaviors'

The literature contains evidence fdr the vaporization behavior of
these and other lanthanide borides. Eick, in a communication. to Leitnaker
(133), stated that LaBg vaporizes congruently. This behavior is contrary
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to the observation by Lafferty (103): vwho found that LaBg loses lanthanum
gas preferentially. Hdwever , Lafferty's experiments involved vaporization
from reactive graphite,tantaium and tantalum carbide substrates, whiéh
abstracted boron and released metal gas (133).

Galloway and Eick.(llT) héye studied the vaporization of samarium -
borides in various Knudsen cells. They concluded that SmBj,, which is dif-
ficult to prepare, vaporizes to loée samarium gas and form SmBg solid.
They further concluded that SmBg vaporizes congruently.

As noted above in Chapter 2. 1. h, EuBh apparently cannot be made.
Efforts to prepare EuB), result in EuBg, indicating the decomposition of
EuBh to EuBg solid and europium gas in vacuum.

Eick and Gilles (02), on attempting YbB), preparation, found only
ytterbium and YbBg. Post, et al. (113), noted difficulty in preparing
single-phase YbB),.. .This research could not produce Ybﬁu without YbBg
present. These observations indicate that YbB), also decomposes to ytter-
bium gas and YbBg solid in vacuum.

‘Eick and Gilles (139) prepared holmium and erbium borides in
molybdenum and tungsten crucibles. They presented evidence for the pref-
erential loss of boron to the gas phase from DyBg, HoBg and "ErBg." Fur-‘
ther, an ErB), preparation in this work produced a two-phase mixture of
ErB), and ErBy,, not ErB) and ErBg. Eick and Gilles (02) could not'prepare
ErB6 in any-manner. Sturgeon and Eick have noted difficﬁlty in preparing
ErB6 (lOl). These observations indicate that ErB6 is unstable with respect
to ErByp and ErB), solids. ErByo probabl; loses boron to ErB) solid.

The uranium-boron system is similér to the erbium-boron system.
The phase, UBg, has not been prepared. Brewer, Sawyer, Templeton and
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Dauben (Tl4), Bertaut and Blum (109) and Andrieux and Blum (110) reported
that UB;o decémposes to UBy because of the high boron pressure over UByo
above 1500°C.

Magnesium, which has a metal volatility a little higher than that
of yttérbium, is lost preferentially from Mg32 and. MgB6 leaving a final
product of MgB), according to Markovsky, Kondrashev and Kaputovskaya (1L0)

and Wright and Walsh. -

4, 2, 6 Summary

In summary, the free evaporation experiments, the Knudsen evapora-
tion experiments and the boride prepafation experiments indicate congruent
vaporization of InBg and preferential loss of metal from the tetraborides
for the five lanthanide metals, La, Ce, Pr, Nd ;nd Sm. For four of the
metals, G&, Tb? Dy and Y, the bpposite behavior, i. e., loss of boron gas
from the hexaboride, is exhibited. The tetraboride, EuB), loses europium
and has either a congruently vaporizing hexaboride or & hexaboride which
loses metal preferentially. The phases HoBg and ErB,, appear to lose
boron gas to tetraboride residues. Their tetraborides probably vaporize
congruently. The tetraboride of ytterbium veporizes with lossfof metal
gas to YbBg; and, also, YbBg loses ytterbium preferentialiy to form a
YbB12 residue. YbBlE’ in turn, appears to lose ytterbium to YbBloo, which
either vaporizes congruently or loses ytterbium to elemental boron. These

veporization processes are summarized in Figure k.
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CHAFTER 5
' GASEOUS SPECIES

5. 1 Background on Gaseous Species Identification

Aftér establishing the vapor and solid composition changes on
vaporization of these borides, it is then necessary to identify the gaseous
species in order to establish the vaporization reaction. Molecular gaé
species strongly influence the way that a system vaporizes. Equilibrium
pressure measurements cannot be interpreted unless the species exhibiting

the pressure are known. For instance, GdBu may veporize congruently in

many ways:
caBy,(s) = Ga(g) + 4B(g) (5. 1)
GaBy(s) = GaB,(&) + 2B(g) (5. 2)
GdB)(s) = GdB(g) + 3B(g) | - (5. 3)
GdB,(s) = GdB() : (5. &)
GdBy(s) = GaB(g) + 3/2 Bo(g) (5. 5)
GaBy(s) =

1/2 GdpBy(g) + 3B(g) (5. 6)
Which of thése processes 1s most important? | |
Many indirect methods available for establishing the vapor species
are discussed by Gilles (142). Among these methods are the coupling of
the pressures measued by transpiration, térsion effusion or Knudsen effu-

sion techniques on the same system to define the average molecular weight
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of the gas. Enthalpy changes for each of the possible processes may be
estimated and pressures predicted. If the predicted pressures differ
widely from the observed pressures, the process suspected may be ruled
out. Discrepancy between a Third and a Second Law treatment of pressure
dats and any unreasonable thermodynamic quantities might imply an errone-
ously assignéd process. Further, emission spectrographic analysis might
indicate molecular species; There are, of course, many more methods. But
the most direcf method to identify gaseous species is with mass spectro-
metry. |

No metal boride gaseous molecule hag yet been‘discovered. The
molecule, By, was reported by Chupka (143), but is not very important
with respect to monatomic boron gas over solid boron at 2500°K. Also,
Ln, gas is unimportant over lenthanide metal (144, 49). In order to con-
firm that atomic species alone exist in the gas phase, samples of terbium‘
and gedolinium borides were vaporized in a mass spectrométer and the prin-

cipal ion currents were determined.

5. 2 Experimental

The mass spectrometer employed in this stud& was a 12" radius,
magnetic, 60° sector, first-order, direction-focusing instrument of the
Inghram design (145-6) and was custom built by Nuclide Anaiysis Associates,
State Colleée, Pa. Mixtures of TbB) and TbBg and of GdB), and GdB6 were va~
porized In tungsten effusion cells heated by electron bombardment. Samples
of GdB), were vaporized from & ZrBp/C crucible (cf. Figure 8. 4). Tempera-
ture was determined by a pyrometric sighting on a black-body hole in the

side or base of the crucible. By moving a shutter between the orifice of
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. the crucible. and the ionization region, any mass escaping from the cruci-
ble can be distihguished from background at that mass. This procedure is
called a shutter check. The temperature range investigated was 1300 to

2200°C.,

2. 3 Results

Shutter chlecks‘of B, Tbb, Gdb, TbB, GAB, TbBh, CdEp, GaB5, GAEf,
GABY, TboBS, GBS, Gd%, TbyB and GdoB' were all negative. Excellent
positive shutter checks on be, adat, B, mptt énd‘Gd++ were obtained. No
other apprecisble ion currents were observed eXCeptbthose ﬁhich represent
the normal background in a typical maés- spectrum. The limit of detecﬁion'
withvthe ¢lectron multiplier and low background was about l/lOOO of the
principal sample peak intensity. Therefore, the lanthanide borides vapor-

ize according to net processes involving gaseous atomic species only.
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CHAPTER 6
THEORETICAL BACKGROUND FOR MEASUREMENT AND TREATMENT OF PRESSURES

6. 1 Phase Rule

When the numbers of phases and components present fix the variance
of the system at‘one; at each temperature there will be a unique pressure
and composition. For example; univariént conditions exist for the loss
of boron from GdBg fo form GdBu. There are three phases and two components.
Thus, there is only one degree of freedom for'the system. Then the boron
pressure is fixed when the temperature is fixed. In the case of congruent
veporization, the vapor composition andithe solid composition are the same.
Thus, even though there are only two phases and two components, the addi-
tional composition restraint still establishes unit variance. Consequently;
pressure is a function of temperature only. Measurement of the pfessure
as a function of temperature under univariant conditions will provide

thermodynamic information about the equilibrium studied (ef. Chapter 6.
4).

6. 2 Temperature Measurement

By matching the brightness of a filament in a temperature-calib-
rated potentiometer circuit with the brighﬁness of a black-body hole
drilled into the crucible, a precise temperature may be ascertained. Tem-
Peratures in these experiments were determined by Leeds and Northrup
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vanishing-filament optical pyrometer, P-3, serial numbér 1157029. The
background principles in optical pyrometry are discussed by Kostkowski
“and Lee (147).

The pyrometer'used in,these‘experiments was Ealibrated by the
National Bureau‘of Standérds, pest no. G-24953b, and aléo caiibrated
against another NBS~calibrated pyrometer (ser.ino. 7230#2,'tes£ no.
G-2636h) by the observation of the brightness of a tungsten‘band lamp
with bothvpyrometeré.f The calibraﬁion temperature range was 900 to
2200°C. The differences in thé fwd calibrations were usually less than
three degrees and never mbre than six-dégrees.

When a sighting was made through a prism and window in the vacuum
assembly,’a cdrrection for the brightness attenuation may be made with the’

relation,
/T, - /Ty = 1/C, | (6. 1)

where Ty is the true temperature in the black-body hole, Ty is the apparent
‘temperature on the pyrometer scale, and C is a constent determined experi-
mentally by sighting on a tungsten‘band lamp with and without optics at
several temperatures.

It is believed that the error in pyrometér calibration, compounded
by ﬁhe error ih calibration of}optics and the error in the actual experi-
mental observations, would not exceed a total temperature error of about
ten degrees. While temperature observationé were taken often and were
reproducible to two or three degrees during the vaporization experiments,

drifts in the power output of the induction furnace caused a slow
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temperature drop with time, which was corrected after an average three

 degree drop by increasing the power output of the induction heater.,

6. 3 Pressure Measurement

Pressure.measurement in the range 10-11 t6 10-3mm. is discussed
briefly by Bockiis,,White and Mackenzie (148). The techniques employed
in this work all depend on the measurement of a kinetic property of ideal
gas flow, which can be interpreted in terﬁs of equilibrium pressures in
equllibrium syétéms.‘ The three experimental methods employed to measure .
pfessures-in this work are the Langmuir effuslon, the mass spectrometric

and the Knudsen effusion techniques.

6. 3..1 Langmuir

The Langmuir technigue (149) involves the measurement of the rate

of evaporation into a vacuum and uses the expression,
pr, = WTHY/2 / o 44,33 & t MY/2, (6. 2)

where W is the welght loss.from the sample in grams, M i1s the molecular
wéight of the effusing species, a ié the total surface area of the sample
in cm2., t is the total time in seconds, T is the absolute temperature of
the experiment; pL,is'the pressure in atmospheres and X is the evaporation
coefficient.

| The eVaporation coefficient is definedlas the ratio of the actual
evaporation rate to the absolute evaporation rate characteristic of the
material under equilibrium conditions. It is ﬁormally assumed that this
' coefficient 1s unity and the ratevlimiting step on vaporization is deter-
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mined by the simple desorption from the solid surface of activated potential
gaseous species into the wvacuum. Since the sample is not enclosed in a
crucible in Langmulr experiments and since vaporization occurs into a
vacuum, it is possible for other processes to be rate limiting, as in
Chépter 4, 1. 4, Then this coefficient is not unity and usually is not
known. . Further, the temperature dependence of o is not known. There-
fore, neither Second Law nor Third Law treatments (cf. Chapter 7. 4) can
be applied to the measured evaporation rate if o is not unity. |
The definition of the temperature in equation 6, 2 is.difficult.k
" The temperature required 1s the surface temperature. Without a knowledge
of the characteristic emissivity for the samplé, temperature must be ob- .
served from a black-body hole below the surface. This temperature may be
quite different from the surface temperature. Further, the energy ex-
change on interaction of gasés with condensed surfaces has led Knudsen
(lﬁp-l) to postulate a thermal accommodation coefficient, which accounts
for a temperature difference between the condensed surface and the gas.
A definition of surface area strictly is not composed simply of
the flat area calculated from the gross dimensions of the sample, The
evaporating area is composed of all thé microscopic topogrephic area.
Congruent evaporation in a Langmuir experiment requires that the
composition of the escaping gas be the same as the condensed phase com-
position. Since the rate of escape of a particular species varies in-
versely with Ml/2, the pressure (calculated from equation 6. 2) of metal

and of boron will not be in the same ratio as the evaporating condensed

phase, but will exhibit a ratio adjusted by their Ml/2 values.

203



In the’wéight ioss ﬁeasuremenfs on Gch in Chapter”9 the Léngmuir
equation 6. 2»was used with thé assumption of unity'for the evaporation
coefficient. To interpret weight loss data in terms of gadolinium and
boron pressures, the following relations are derived on the basis of the

congruent vaporization of one mole'df GAdBy, .

Woq = Maa/(Mgq + k.00Mp)7 W, . - (6. 3)

and
W = /b.00Mp/ (Mg + 4.OOMBZ7 Wp. (6. 4)
Substitution of equations 6. 3 and 6. 4 into 6. 2 produces the relations,
pag = Mo/ TL/2 Wy/ W33 & t (Mgg + 4.00M) (6. 5)

and
pp = 4.00MgY/2 (/2 yip/ 4433 &t (Mgg + b.OOMp). (6. 6)

The solution of equations 6. 5 and 6. 6 for pB‘reveals the relation be-

tween pp and pgg for this process:

pg = 4.00pgy (Mp/igg) /2. (6. 7)

If the evaporation coefficient, e, is not unity, the boron and
gadolinium pressures calculated from this treatment will be lower than
the equilibrium pressures. A non-unity evaporation coefficient was indeed

observed in this work (cf. Figure 13).
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6. 3. 2. Mass Spectrometer

Mass spectrometry provides a tool for analyzing the vapor from a
Knudsen cell for both its mass and intensify distributions. One asks
the question, "What is the relation between the ion current produced at a
mass spectroﬁeter detector and the équilibrium preésure of a species in
a Knudsen cell below the mass anélyzer?“ From electron impact and kinetié
principles, I;IOC cyty 04 at constant ionizing electron energy. The ion
current for’the ith sbecies isvgiven by IE; cq is the number of i mole-
cules passing through the ionizing region per unit time per unit area;
t4 is the average residence time of thé molecules in the ioniziﬁg region;
and @ ; 1s the fraction ionized. The residence time is given by ti = %i’
| where v; is the velocity of the ﬁeutral molecules and 1 is the length of
the ionizing region. Kinetic energy is given by i/2miv§ =4A k T, for
thermal energies. Thus, v;oC (xlrli)% . Hence, I;.'_oc ey (I%;-L)%, where m, is
the mass of an i molecule. Now from the Knudsen theory, the rate of

escape of‘species i from a Knudsen crucible is given by .
ci = pi/(ETTmikTy%oC pi/(miT)%'mhere ci is the number of i molecules

leaving the crucible per unit time per unit 6rifice area; Dy is the equi-
librium pressure over the condensed phase in the crucible; and m; is the
mass of an 1 molecule. The fraction of effusate passing through the
ionizing region is defined by the geometry of the system and ‘is a con-
stant., Hence, cj of ci. There:f‘ore, I o 0y pi/(m T) (m, /T)ch o py /T
Finally, py = k! G"i‘I; T, defines the desired relation between ion cur-
rent and Knudsen pressure. Similar derivations are presented by_Inghram

and Drowart (152), by Chupka and Inghram (153) and by Drowart and Gold-

finger (154).
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This relation is described in its more usual form in equation 6. 8.
+ : ' |
p; =K Ii;Ti/ 0, 7,0 (6. 8)

Thé quantity,yli, ia the maasured ion current for the ith species; T is
the absolute temperature of the sample G'i, the cross section, is the
fractlon of vapor species, i, ionized from a partlcular charged state or

a neutral state to another particular charge on paSSing across the electron
gun;)’i{ the multipller efficiency, is the number of secondary electrons
formed on the first dynode stage of the electron multiplier on impact of
each‘;th species ion at a particular accelerating potential; ny is the
fractional abundance of the paiticular isotope to all isotopes of the ith
specles; p; is the pressure of the ith species; and K is a machine constant
characteriséi;'of the magnet radiua, souraa and collector'defining slit
widths, Clausing and distribution corrections on the effusion from the
Khydsen crucible, Knudsen cell orientation with respect to the source

slit and othef geometric cohsiderations.

Absolute values for a’i have not been determined, but relative
values are available or can be estimated from the data of Otvos and
Stevenson (155). Since there is no theoretical or experimental deter-
mination of'absolute cross sections, unkhown pressures must be deter-
‘mined by comparing intensity measurements on the ith species to the in-
tensity of a species, s, of known pressure, for which relative values of

0y and ¢ are known. Thus,

Po = KIgTo/Te¥ynge (6. 9)
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Dividing equation 6. 8 by equation 6. 9 and rearranging, one derives the

relation,

by = D (T1/T5) (T/Te) (0, 03) (Fof 74) (ng/ny) . (6.10)

Implicit in eqﬁation 6.10 is the assumption that the ionizing potential,
machine constant, electron gun current, ionization region temperature,
focusing voltages and multiplier characteristics are constant for both’
sets of measurements. For observations at different electron gun voltages,

a correction must be made on p; according to the expression,

Pi = PS(I;_/I;) (Ti/Ts) (a_s/ﬁ) (3/5/3’1) (ns/nj_) ([ﬁi'Aj]/Lﬁs'AJ)) (6'11-)

- where E 1is thé electron gun voltage and A is the extrapolated-slope appear-
ance potential determined from a plot of ion current versus electron gur
voltage. Changes in'the intensities are linear with the regulated electron
gun cﬁrrent'and can easlly be corrected to the same gun current.

If one defines an effective sensitivity constant, which represents

the collected charge per effused neutral particle, as
* +
Sy = Ig T/ g, (6.12)

equation 6,11 may be simplified to

) |
I 1 (% n)s (E-A)s 6.
= Tt (ryn); (E-A)g (6-13)

* .
The quantity, SS, 1ls determined experimentally from any convenient well
known pressure-temperature relationship, e. g., the vaporization of silver.

The ratio, a’s/’73, may be determined experimentally as the ratio of mul-
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tipller galﬁs for the sth and ith spec1es at constant accelerating poten-
tial and multiplier characteristics. |

Another calibrating procedure, which has the advantage of not re-
quiring an estimate of the relative ionization cross sections and the

multiplier efficiency, arises from the relation (156),

8y = I /py = 81/, : (6.14)

and the Khudseh expression for pressure of equation 6.17.

M120.0585 tI+
gy = 871500005 i at .
i A E ’ ,(6 15) |
. & .
and
==t
a, Mi2 0,.0585 i
S he W el (tk'tk_l)o (6.16)
‘ i ‘ ‘
k=1

The quantity, S;, is the sensitivity of the machine in amperes per atmos-
‘phere'for the species, 1. ‘In practice, S; is determined by vaporizing

to drynesé'a known weight, Wy, of solid, i, through é Knudsen orifice of
area, &. Dﬁring the total evaporation the temperature may be varied, but
fheiintensity and length of time during which a pérticular temperature was
held are measured. If for some reason it ié difficult to determine the
total weight vaporized of the species‘whose pressure is to bg measured,

Sy for some standard such as silver might be determined as 1n equation
6.16. However, a knowledge ;f the relative cross sections of species, s
and i, would then be required. One mﬁst be careful to include Clausing

and effusion-distribution gebmetric corrections in equations 6.15 and 6.16,
if vaporization occurs through a non-ideal orifice. The simultaneous meas-

\
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urement of the tempereture‘coefficient‘on'the sample speciesfwhile-deter-'
mining the ien cufrent-time-temperature sensitiﬁity relatioﬁship is an-
other:-advantage of the ealibration procedure of equation 6.16. Thusg,Third
Law ae‘well as Second Laﬁ treatment of the‘pressure detekcen be performed
(cf. Chapter 6. h).»ﬂf' | | |
| - The adventages'mass specfrometry affords include direct meeeuremenﬁe
of the vaper,cemposition, eontinuous pertial‘pressure meaéﬁrement, very‘
high sensitivity, ienization potential determinatien,'appearance potential
and diseociation energy ﬁeasurement, wide range of pfessure; temperature
and mass applicability, an understanding of the effec£ qf background gases
end crucible materials on mass transport, rapid discovery of net vapori-
zation‘process,'discevery of solid solution effects and recognition of
equilibrium conditioné. ’ o |

The principal difficulty in the‘usevof a mass spectrometer for

- thermodynami.c ﬁeesuremehts lies in relaﬁing the observed ion currents to
the partial pressures. Aside frem‘the problem of determining the ioniza-
tion cross section for a particular speéies,’parent and fragment ions must
be recognized and fﬁe source of the observed ions characterized. Further,
with the electron bombardment'heating teehniqpe used in mest high tempera-

ture mass spectrometers (cf. Chapter 8. 3), temperature gradients are

quite large and temperature measurement is difficult.

6. 3. 3 Knudsen

From the kinetic theory of ideal gases, Knudsen (150-1, 157-8)

derived the following'expressionfrelating the rate of effusion of gaseous

209



speciles through a small area knife-edge orifice in arcrucible to the eéui-

librium pressure inside the crucible,
e = W2 /433 a ¢ MY/2, (6.17)

The qﬁanﬁitiéé, Pgs t, W, ’T aﬁd‘M have thén;éme~sigﬁifiéance and dimen-
sions as in the Langmuir expression’ (cf. Chapter 6 3. l) However, a
is the area of the orifice and not the sample area, i

For orifices which are not knife-edged, a geometric correétion
to pr must be made because of channeling of the‘effusate. This correc-
tion is called the Clausing correction, W, (159-60); Further,.if the .
orifice 1s so large compared to the sample area that the condensed sample
. cannot vaporize as fast as the vepor leaves the. orifice, rate measure-
ments will not indicaze the equilibrium pressur;s. Thus, under these
‘conditidns a correctidn, called the condensation coefficient; must be
made on the observed pressufes. The form of this correction has been dis-
cussed by Motzfeldt (i6l) and by Carlson, Gilles and Thorn (162).

| If one is collecting the effusate onva iarget rather than deter-

mining the weight loss of the saﬁple, a correction must be made which
.relates the fraction of the total effusate intercepted by the target to
the total flux of effusate from the orifice (148). This correction was
applied in the Knudsen data and is discussed in Chapter 11, 3 and in
Chapter 12. T. The theoretical significance of the condenséxion coeffi~
clent and of the evaporation and accommodation coéfficient is discussed -
by Knacke and Stranski (163) and by Hirth and Pound (164).

Congruent eveporation in a Knudsen experiment requires that the

rete of escape of the components through the crucible orifice be in the
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~ same ratio as that in the condensed phase’in the crucible., Necessarily,
then, the equilibrium partial bressures in the Knudsen crﬁcible will not
be in this ratlo, bu£ will déviate by the .ratio of Ml/2 of the species (cf.
Chapter 6. 3. 1). In particular, the ratio of the boron pressure to the

gadolinium pressure over congruently vaporizing Gd34 0o in a Knudsen cell

will not be four but k4/3.8.

6. 4 Thermodynamics

6. 4. 1 Second Law

For a gystem containing a condensed substance and its vapdr aﬁ
equilibrium with each other, the standard Gibbs freé'energy change is

| given by
AF° = -RT In K = AH® -7 A8°, : ‘ (6.18)

Rearrangement of equation 6.18 leads to

1n K = - AH/RT + AS®/R, | | (6.19)
In the process,
aamy(s) = Gale) + b Be), (6.20)
K- 26 ()" 'B( )/ 2y (o). ’ (6.21)
Further,
K = pggdy, | | | (6.22)

for pure GdBu(s) end ideal gases.
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Substituting equation 6. 7 into equation 6.22, one derives the relation,

)

K = (4.00)% (Mp/Maq)2piy (6.23)

Substitution of equatioh 6.23 into equation 6.19 yields the relation,
In pgy = -AHO/SRT +ASC/5R - 1n (u.oo)“/5(MB/MGd)2/5. (6.24)

It‘is apfarent that a'plot‘of lnipdd versué l/T‘will produce a straight
line, if [Xcg for thevprocess is zero in the temperature range of ihterest.
The slope of such a curve is‘pfoportional.to the standard heat of vapori-
zation of GdBu(s), and the ordinate intercept is proportional to the stand-
ard entropy change for the process, both in the temperature range studied.,
From a knowledge of heat capacity as a function of temperature, these
thermodynamic quahtities may be obtained at other temperatures. This
method of reducing observed temperature coefficient data to thermodynamic

entities is called the Second Law Method.

6. 4. 2. Third Law

By definition,

Fq = Hp - TSp. -~ (6.25)

By subtracting a standard enthalpy at some reference tempersture, 6, from

both sides of equation 6.25 and dividing by the absolute temperature, the

relation,

[Eo-D) /17, = [Ten - By)/T], - (so)y & (gefg)y , (6.26)

is established., This relation defines the free-energy-function for a
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reactant or product. The coupling of the sum of the free-energy~function

for reactants and productS»produées the relation,

(Ay ARG/ - p‘x%d:f(fefg) SR (refg), =sret®.  (6.27)
_ g ; |

Substitution of equation 6.18 into equation 6.27 and rearrangement produces

equation 6.28.
AR =T ( R 1n K - Afet®). | (6.28)

Substitution for K in terms of the gadolinium pressure produces the re-~

lation,

CABS =T /7R In (4.00)*(u/My,)? Pgd Afef], (6.29)

The quantity calculated from the megsﬁred pressures in the vapori-
zation experiments is the standard free energy change for the vaporiza-
tion at the temperatﬁre of the experiment, as indicated by equation 6.18,
If data are available for calculating or estimating absolute'entropies for
all reactants and products in the process at the temperature of the meas-
urement, then the standard heat of vaporizétion may be calculated at the
temperature of the experiment by equation 6.18. If standard freefenergy-
functions for the reactants and products may be determined from standardﬂl
heat capacity and entropy data or from statistical mechanidal methods,
then the standard enthalphy change for the vaporization may be determined
at some reference temperature for each expefimental pressure ~temperature
measurement, as is indicated by equation 6.29. This treatment of experi-

mental data is called the Third Law Method.,
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These methods and their reliabilities are discussed by Lewis and
Randall (70), by Carlson Gilles and Thorn (162), by Brewer (165) and by
Ackermann and Thorn (166). Génerally the Third Law treatment is preferred
because of the inherent temperature-dependent errors éf the Second Law
method. Estimates of entropies are often quite good and the free-energy-
function lends itself to extrapblation without serious error into tem-
perature regions where heat capacity data are unavailable. Comparison
of Second and Third Law enthalpies‘and entroﬁies and variations of Third
Law enthalpies with temperature will provide_ inslght into the errors

involved in the experimental measurements,
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CHAPTER T
GdB), AND GdBg CHEMICAL ANALYSES

Chemical enalyses of gadolinium boride samples for both boron and
gédolinium were performed on GdB), (81GAAM) and GABg (83GAAM) samples after -
arc melter preparation (cf. Chapters 2. 2.°1 and 2, 2. 2), on the Langmuir
GdB, residue (81GdAMalO), and on the mass spectrometric GdB), residue
(810dAMall). These analyses were intended to confirm the stoichiometry
of these borides, to establish solid solution effects, to confirm the
constancy of the vaporizing GdB), éomposition, and to reveal serious re~
‘action, if any, with background gases or crucible.

The analytical technidue employed in analysis of the vaporiza-
tion residues is described in Part I, Chapter 4, 2. The theoretical
'GdBy oo enalysis should be 21.58%B and 78.42% Gd and for GdBg ,, should
be 71.10% Gd and’28.90% boron. Analyses of the gadolinium boride materials
employed in this work are summarized in Table 7. Column one denotes the
samples with its analysis numbef. The digit before the decimal indicates
the 100 ml. solution containing the dissolved weight of sample of column
two. The digit after the decimal indicates the analysis performed on
different aliquots taken from this particular dissolved sample. Lower
case letters after this digit indicate multiple boron analyses on the
filtrate after precipltating gadolinium from a particular aliquot. Columns
three and four contain the weight percent of gadolinium and boron, respec-
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TABLE 7

GdBu and GdB6 Chemical Analysis

Weight ‘
Sample (g.) % cd % B % Total  Composition
Initial GdB) Products
81GAAM-1.2 0.46097 T75.2k4 17.75 92.99  GdB3 )3
-2.1 .8203k  77.92 17.23 95.15 GdB3 22
-2.2 .8203k  T76.46 17.30 93.76  GdB3 29
-1.1 L6097 7714 O
‘ 76.69 ¥ 1.20 17.43 % 0.20 GdBg 33 ¥ 0.07
Initial GdBg Product
83GdAM-1.1 .39960 69.11 28.00 97.11  GdBs g
-1.2 .39960 T70.k2 28.72 98.14  (dBs5,qy
2.1 .36285 70.23 28.97 99.20  GdBg g0
-2.2 .36285 68.20 29.18 97.38 GdBg,p3
69.49 ¥ 0.90 28.72 t 0.4k GdBg oo ¥ 0.13
Final Langmuir GAdB) Residue
81GAAMal0-1.1a .62608 l77.36 18.16 95.52  GAB3 Lp
| -1.2a  .62608 T78.12 18.30 9.k2  GaB3 )
-2.1a .64562 78.33 18.30 96.63  GAB3 Lo
-2.2a .6hs62 T78.25 18.31 96.56  GdB3,lLo
-1.1b 62608 TT7.36
-1.2b .62608 T8.12 18.08 96.20  GdB3 37
-2.1b .6hs562 78.33 18.06 96.39  GdB3 35
-2.2b 64562 T78.25 -18.89 97.1k  GaB3 51
-l.2  .62608 78.37
78.05 t 0.26 18.30 £ 0.26 GdB3 )y * 0.05
Final Mass Spectrometer'Gch Residue
81GaAMa11-2.1  .10625 85.98 26.50 | 112.48  GdBy )8
. -2.2 .10625 83.15 29.16 - 112.31  GdBs 19
~ ~2.1a  .10625 33.17 ~
-2.2a .10625 32.01
-3.1  .21104 82.0k 25.28 107.32  GAB) )8
-3.2 .2110% 81.30 24.10 105.%0  GaBy,31
-3.1a .2110k 31.07
-3.2a .2110k4 32.0k
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TABLE T, continued

. ‘Weight
Semple (.) %aa % B % Total  Composition
81GdAMall-k.1 0.23200 81.46 23.56 105.02  GdB),
o =h.2  ,23200 79.27 ek ks 103.72 Gch'h9
-bla  ,23200 3L.h )
=k.,2a .23200 31.35

82,20 * 1.90 25,51 +'1,7T% GdBy 51 + 0.29

99.5% Amorphous Boron, '

Boron-1.1 ok.9
-1.2 97.9
-1.3 86.3
-L.h 89.8
-1.5 - 9%6.h
-1.6 95.3
'107 92-9
-1.8 95.7
-2.1 98.2
-2.2 - 98.5

9k.6 % 2,5

¥Low analyses (< 30%) only.
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tively, with their standard deviations. The total sample accounted for
is listed in column five. The atomic composition is contained in colum
six. These atomic fractions were calculated from the metal and boron
welght percents on the same row of the table.

It is obvious from the analyses of the GAB), sample befdre the
free evaporation experiment (81LGaamM) and after the free evaporation studies
(81GdAMal0) that the sample did not change in composition during the ten
Langmuir heatings and a 23% welght loss; This constancy of composition
supports congruence of GdBu vaporization. ' ’

One should wonder vhy the analyses for the 81GAAM and 81GAAMA10
samples dis?lay‘apparent non-stoichidmetry? Further, does a total gado-
linium and boron conténtlan énly 96 to 97% of the samples in 81GAAM and
81GAAMal0 imply a 3 6r h%-impurity content?‘ These discrepancies are re-
éélved f&llow boron analjses. Evidence for the low boron analysis was
indicated By analyées<pérformed on the amorphous boron reégent with a
manufacturér's assay of 99.5% boron shown in Table 7.

While the average percent retuin on the boron analyses was 94,6%,
analyéés as low as 1&% were noted. Hence, while the boride analyses
were of good precision, the bofon weight percent ﬁas low. The sum of the
awefage gadolinium and boron weight peréents in 81GdAMalO was 96.35%.
 This leaves 3.65% of the sampie weight unaccounted for. If this deficiency
were boron, the atomic ratio of gadoliniﬁm to boron would be'GdBu.O rather
“than GdB3'u. Hence, the tetraborides in these experiments were assumed |
pure and stoichiometrie. _ |

An analysis of the GdB) mass specfrometer residue 81GdAMall, is

illustrated in Table 7. These analyses were prolonged over a period of
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| thirty or forty days, during which time the sfandard NaOH solution and
sample solutions were allowed fo stand. Obviously, the boron analyses,
which vary from 23 to 29%, were too high. More than 100% of the sample
was accounted for. These apparently large boron contents arose from the
decrease in the\NadH normality because of.002 absorption and because of
COp entering the sample filtrates after gadolinium removal. However, the
gadolinium analysés are thought to be accurate to t2% in these particular
" analyses. The generally high gadolinium contents could indicate Gd203
content before analysis. Gd203 was‘observed in trace amounts in this
particular mass spectrometer residue. . In consideratipn of the errors in
the titrating solution standardization and the Gd 03 content, the composi-
tion of the boride really had not changed significantly frdm the iﬁitial
composition of the BlGdAMalO‘sample uéed in the mass spectrométric studies,
Hence, congruence is again auspécted.
: While considerable effort was made to establish the variables in
the analytical procedure, especially the influence of COE, the effect of
: gadolinium lon on the boron analysis, and the effect of varying the analyst,
the boron anelyses could not be impraved beydnd a precisidn of 0.25% and
an accuracy”of about 1Zl% for boron in the boride. The gadoliniam analysis
was preciae and accurate to t0.5% for gadolinium iﬁ the boride.'vAllowing
for the inherent boron deficiency in the tetraboride and in the elemental
boron analyses, one concludes that there was no evidence of nonwstoichiqmetry’
for GAB), « Therefore, in writing the net process occurring on vaporization,
stoichiometry was assumed.

A sample of GdBg from an arc meltar preparation (83GAAM) was
‘analyzéd for gadolinium and boron with the results of Table Te No vacuum
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disﬁillation of oxlide materials was perfoimed with thié material. The
analytical technique was varied somewhat, in that the end-point of the

. borate-mannitol complex titretion with NaOH was déﬁermined potentiometri-
cally, rather than with a phenophthalein indicator. Therefore, the higher
pH end-point required more standard base and eliminated the neceséity to
perform a control analysis on a pure boron sample, as was required in the
tetraboride analyses. The arc melter preparation showed stoichiometric
GdBg within the enalytical errors with 97 to 99% of the sample accounted
for. | _

The GdBg (83GAAM) analyseé end GdB), (81GAAM) analyses established
the abllity of the arc melter preparative techniques to prepare pure
single-phase boride materials with the X-ray diffraction analysis as the
indicating control on the preparation. Further, all these analyses sup- |
ported the assumption of stéichiometry in gadolinium tetra- and hexaborides

and the assumption of fairly narrdw solid solution limits.
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CHAPTER 8
HEATING 'APPARATUS

8. 1 Langmutr

Vacuum line nﬁmber 14, employed in the experiments of Chapter 4. 1
and in the Langmuir pressure measurements op GdB)y, of Chapter 9, is shown
in Figure 8..1., The vacuum train consisﬁed of a liquid nifrogen cold'tfap
below the fpfnace chamber, behind which was a three stage mercury diffu-
-sion pump (GHG-lS, Consolidated Electrodynamics Corpbration). Backing the
diffusion pump was & Welch, Duo-Seal, model 114B, mechanical pump. Low
pressure was monitored with a cold cathode ionization gauge (control cir-
cuit 3) Juéf above the trap, andvforepressure was measured behind the dif-
fusion pump with a thermocouple gauge.

Wafer-cooled current concentrators, described. by Northrop (167)

; and‘by Babat and Losinsky (168), are devices to increase the coupling be-
tween the sample and the rf work coils, which are outside the vacuum
housing. \The particular designs used here are adaptations of a design
used at the Los Alamos Scientific Laboratory, Los Alamos, New Mexico.
Depending on the dimensions of the cylindricai specimen to be heated, con-
centrators were designed with different bore diameters and heights to heat
the specimen as uniformly as possible. A cutaway drawing of a typical

current concentrator is shown in Figure 8. 2.
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After the pellet had been positioned on the copper support plate
under the concentrator bore, the concentrator was lowéred into the Pyrex
sheath. 'This glass envelope was ground at both ends and sat against 1/8"
Siiastic gaskets (Silastic 50, fully cured, Dow Corning Corporation) in
gasket slots in‘the base plate and in the current concentrator upper
flange. Before the assembly operation, Lubriseal Improved Formula gnease
was applied to the gaéketS’and the ground ends of the glass to effect a
vacuum seal. -With this procedure the apparatus could be routinely evacuéted
to pressures of 10"6mm. ‘

Power ‘was delivered from a 7.5 kw., 40Okec., Sciéntific Electric
Company, thyratron-controlled, rf generator to the 4-1/2" diameter, seven-
turn work coil, fabricated from %” copper tubing and'surrounding the giass
sheath opposite the sample; Temperature was measured by observing with the
calibrated optical‘permeter & black-body hole in the sample through a
calibrated optical windOWj and prism above the concentrator. A shutter,
operable from outside the vacuum assembly, prevented vapor deposit from

covering the window between temperature measurements. Temperatures up to

- 2500°C, could be achieved and regulated manually to within 15°C.

8. 2 Knudsen

’Khudsen vapor collection experiments were made on the vapor over
GdimjnerBg‘crucibles with the apparatus of FigureVB. 3, line 11, The
Knudsen experiments of Chapter 4. 2 were aléo performed in this vacuum
assembly. |

~ Vacuum wes achieved by pumping through a ligquid-nitrogen cold trap

with a single-stage, divergent-nozzle, mercury diffusion pump of the
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"Phipps" type. The system was designed by Dr. P. G, Wahlbeck in this
Laboratory. -The diffusion pump was backed by a Cenco Megavac forepump.
Foreline pressure was measured with a McLeod gauge, and a..hot cathode
VG-1A ionization gauge in conjunction with circuit DPA-38 ;ras used for
measuxring high vacuum. With ten houré pumping a pressure of 2 x 10~ T,
could be attained.

The crucible assembl:)g illustra.te"d in Figure 8. 4, was employed
in all the Knudsen experiments in this work. The characterization of the
ZrB2 material sppeared in Chapter 3. 3. 4. Because of the low électrical
conductivity of ZrB,, the power that could be ini:roduced into the ZrB,
crucible from the induction heater was insufficient to achieve temperstures
over 800°C. Hence, a graphite outer crucible was needed to increase the
coupling to the induction coil and allow temperatures up to 210000; to.
be achieved_.'. Nowotny, Rudy and Benesovsky (08) have demonstrated that
graphite. and ZrB, will not react v;ith each other. The graphite crucible
‘was machined from 3/4" graphite rod, grade UF-L4-S, Uﬁited Carbon Products
Company . " The tunggten radiation shield helped decrease the témperature
difference between the ZrBo orifice a.nd the black-body hole in the graphite
base. A tantalum radiation shield enveibping the crucible assembly allowed -
temperaturés up to 2400°C. and improved temperature uniformity in the
crucible. |

The crucible assembly was placed on a tentalum tripod, surrounded
by & tantalum radiation shield and the entire assembly mounted on a quartz
semi~kinematic table supported by Vycor glass tubing. . Above the crucible
Was a copper target magazine previously used by Robson (178) cooied by
dry ice and acetone, and containing eight to twelve aluminum target disks.
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A magetically-actuated rod ejected exposed targets from the magazine and
into a glass target receiver, exposing a fresh target. Effusate was
plocked from the target with a magnetically-actuated ehutter.v A1l 55/50
Joints in Figure 8. 3 were sealed with bleck wax eXcept that joining the
condenser to the‘base of the vacuum line. This joint, the 102/75’Joint
and the 29/#2 Joint were sealed with Lubriseal High Vecuum‘formula grease.
During the heating% an alr stream, directed through a circle of perforated
copper tubing, was passed over the joint over the target magazine to pre-
vent black wax from receding from the warm 301nt. Temperature was observed
through a calibrated optical window and prism with the calibrated pyro-
meter sighted on a black-body hole in the base of the graphite outer
. crucible. |

Surrounding the Pyrex condenser was a Pyrex water jacket through
which cooling water flowed upward; surrounding'tﬁis was a work coil of
thirteen turns, three inches in diameter and four inches long and made of
+" copper tubing. Rf power was delivered to the coil from a General Elec-
tric Company, thyratron-controlled, 450 ke., 20 kw. generator. The cru-
cible was heated by induction to temperarures up to.QhOOOC. with manual

control always within ten degrees.

8. 3 Mass Spectrometef

In the study of the gas phase over Gdﬁu, the same graphite-ZrB,
crucible arrangement as used for the Khudsen experiments was employed (cf.
Figure 8. 4). The Nuclide Analysis Aésociaﬁes mass spectrometer, described
in Chapter 5. 2, was employed. After the crucible had been mounted onto

three tungsten support rods, two 0.003 x 0.030" tungsten filaments were
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spoé wélded through tantalum onto tungsten rods in such a position as to
be cbncéntric with the crucible and positioned at one-third and two-thirds
the heighth of the crucible. A stack of five concentric tantalum radia-
tion shield cans enclosed the crucible and its heating filaments.

With the usé of an alignment jig, the crucible orifice and the
hole in the shield cans were aligned with respect to the axis of thé mass
spectrometer. When this Knudsen assembly had begn bolted and sealed,-
through gqld gaskets to the mass spectrometer and the system evacuated,

AC power (up to 18 amp. at 25“volts) was applied to the tungsten filaments.
By radiation alone the crucible could be heated to 1100°C. Temperatures

up to 2300°C. could be achieved by applying a positive DC:volbage.up:to
1000 volts to the crucible and heatinéwby electron bombardment. Tempera-
ture was measured.with the calibrated optical pyrometer.by sighting.through
a shutterable, caliﬁrated, optical glass window below the erucible onto a
black~body hole drilled into the bottom of the crucible. By varying the
filament power or crﬁcible voltage, temperature could be regulated to
within 10°C.

Aftér‘leaving-the furnace region, the molecular beam passed through“
theijaws of a variable width Shutfef,Athrough collimating slits and high
positive potential fields into the ionization region. Bombardment by

'electrons with energies up to 70 ev., moving perpendicularly to the mole-
cular beam path,‘produced ions which were expelled from- the ionization
region by small positive :epeller voltages below the ionization region
and by slightly negative drawing out thentialsvabove the ionizatibn region.
The ion beam was accelefated through hSOO.volts, collimated, and focused
before passing through a 0.008" source slit into the magnetic mass ana-
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lyzer. -After the ion Beam passed through the 0.010" collector sliﬁ, ion
current was detected with either a Faraday cup collector or a sixteen
stage Be-Cu electron multiplier. Both currents were amplified with Cary
vibrating-reed eiectrometers'Whose Output wdé‘traced on a recorder. Dif-
ferent masses could be observed by changing the magnet current '‘or the

accelerating potential.
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CHAPTER 9
LANGMUIR PRESSURE MEASUREMENTS ON GAB),

9. 1 Introduction and Scope of the Experiment

While observations of the principal vaporization processes exhib-
ited by the lanthanide borides provide insight into the relative stsbilities
of the lanthanide borides with respect to gaseous atoms, it is of interest
to determine the actual volatilities of these bofides. To simplify this
prodigious task the volatility of only one particular boride need be meas-
ured.

The heats of Vaporization and entropies of the lanthanide metals
and of boron are avaiiable‘or‘can be estimated. A systematic variation
in the heats of formation and entropies of corresponding lanthanide borides
may be assumed. Hence, a measurement of /AF° for vaporization of the ref-
erence boride to gaseous atoms (volatility) will allow one to determine
the absolute atdbilities of other corresponding lanthanide borides. The
observed principal vaporization processes exhibited by different lanthanide
borides, then, provide insight into the absolute stabilities of non-
corresponding borides and define the nature of.the systematic variation
in the heats of formation of the lanthanide borides. These considerations

are discussed in detail in Chapter 15.
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The compound, GdBY, was selected for decomposition pressure meas-
urements for four priﬁcipal reasons. -First, it was shown in Chapters b
and T that GdB) vaporizes congruently. All lanthanide tetraborides of the
lighter lanthanides decoméose with preferential loss of metal gas rather
than vaporizing éongruently. Hence, the vaporization behavior exhibited
by GdBu represents the point in the lanthanide series where transition
to congruence of tetraboride vaporization occurs. Therefore, if one
assumes a systematic variation of InB) heat of formation with atomic num-
ber, the free energy measured for the congruent process (equation 1. 2)
should not be much smaller than that for preferential loss of Gd(g) from
cdBy(s) (equation 1. 1). Thus, the decomposition pressure of GdB) to
form GdBg(s) can also be fairly well defined. | '

Second, the volatility of gadolinium metal represents an inter-
mediate value for lanthanide metals. Third, the metal pressure over the
tetraboride is greater than over the hexaboride, providing a higﬁer rate
of metal transport on vaporization. Pressure measurement techniques,
which monitor ﬁhe rate of metal‘tranqurt, are, therefore, more sensitive
for tetraboride congruent vaporization than for hexaboride vaporizaﬁion.
-Finally, a tetraboride was chosen because of the absence of a complicating
solid solution effect. In Chapter 2 it‘was stated that hexaborides were
believed by some authors to show some range of solid solution, whereas
tetraboride solid solution was not detectable.

In order to ascertain the volatility of a lanthanide boride, it
is necessary to determine'the equilibrium metal and boron pressures as
functions of temperature under the’univariant condition of congruent vepori-
zation (cf. Chapter 6. 1). The methods for determining these pressures
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used invthis work are the Langmuir effusidn technique, the mass spectro-
metric technique, and the Knudsen effusion technique (cf. Chapter 6. 3).
This chapter describes the measurement of gadolinium pressures |
over GdBu(s) by Langmuir Weighﬁ loss'experiments. The gadolinium tempera-
ture—coefficient calculatién, the equilibrium copstants measured and a
Third Law treatment of the gadolinium pressure data (cf. Chapter 6. 4)
define the standard ehthalpy and free energy changes for the congruent

vaporization of GdB).

9. 2 Experimental

A compacted pellet of GdB), (81GdAM), 1/2" diemeter by 3/4" high,
was mounted on a ZrB, stand, 1/2" diameter by 1/4" high, and heated in a
5/8" diameter current concentrator, described in Chapter 8. 1 and shown
in Figures 8. 1 and 8..2, for one-half h§ur at 2100 to 2200°C. to purge
the boride of oxides, borates and hexaboride that might be present in trace
amounts. The analysis of this material is discussed in Chapter 7. The
fesulting gray pellet was sintered, very hard and, although it had shrunk,
retairied its right-cylinder/geometry, Weight loss experiments on this
tared pellet, weighing 7.39221 g. initially, were performed, the time,tem-
perafure, welight and diménsions of the pellet.being recorded beforé and.
after each heating. A total weight loss of 23% fo a final weight of 5.68549
g. was obsefved. Temperature was determined by sigﬁting on a 1/16“ black-
body hole drilled into the top of the‘peilet. The vaporizing area was
teken as the cylinder area, excluding that lower surface in contact with
the ZrBy stand. Time was recorded with pfécision Timg—It second meter

(Precision Scientific Compahy, Chicago, Illinois). Timing began when the
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_power was increased from that power which achieved 1400 to 1500°C. to an
arbitrary level-at which the experiment was conducted. The time required
to achieve the experimental value from a warm-up level was one minute or
lesss ‘Wéight of the GdB) pellet was determined with a Mettler Gram-Atic

balance (Fisher Scientific Co.) to a precision of 50 micrograms.

9. 3 Results

Assumed in these experiments were the following: First, the vapori-
zation coefficient was unity; second, the black-body temperature was the
sﬁrface temperature and the thermal accommodation coefficient was unity;
third, the vaporizihg area was the smootgmcylinder aresa; finally, the
veporizing composition was GdBu.Oo; The actual analyses of the initial
and final material in these experiments were identical and not distinguish-
able from GdB) oo Within the experimental accuracy of the analysis. These
analyses are shown in Chapter T, Table 7.

Table 9 contains a summary of the observations in these experi-
ments. Column one identifies the individual successive wéight loss deter-
minations on sample 81GdAMa, with the order of the experiments indicated
by the final number in the sample designation. Experiment 81GdAMal was a
sintering to remove residual oxides and shrink the pellet. Experiment
81GdAMa3 was omitted because of poor temperature control. The vapofizing
area in all'experiments was 2.60 cm.2 except for 81GdAMa2, fof which the
area was 3.80 em.2 Column four lists - the black-body hole temperatures
corrected for pyrometer calibration and transmission of the optics. Sample
weight loss data and the time at the experimental temperature are contained
in column two and three, respeétively.
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TARLE 9

Langmuir Effusion Data and Thermodynamic Quantities for GdB) Vaporization

o AFT Ds? AHF . _Aref®  AH3g8
Wt. Loss Time Temp. Gd -RinK (kcal./ (kcal./ (xcal./
Sample (mg.) (sec.) (°k.) (10-Tatm.) (eu.) 1/5mole) 1/5(&11 ) l/ﬁmole) l/S(eu ) 1/5mole)

81GdAMak 52.57 8856 2112 1.480 156.65 66.17 32.#8 S 13k.77 33.93 137.85
81GaAMaT 30.48 3000 .2135 2.547 151.25 64.58 32.45  133.85 33.92 137.02
81G3AMad 76.81 34y 2233 6.070 . 1hk2.62 63.69  32.33 135.86  33.8k4 139.26
- 81GdAMal10 54,76 3300 2234 L4.255 146.15 65.30 32.32 '137.50 33.85 140.91
81GdAMa6  106.55 3000 2240  9.119 138.58 62.08  32.31 134k.45  33.86 137;37
BiGdAMag 88.86 2180 2300 10.60 137.08 63.06 30.63 133.59  33.81 140.83
81GaAMa5  203.56 115 2349 37.84 12k .4k 58.46  30.60 130.25  33.76 137.75

81GdAMa2 375.16_ 1653 2403  141.30 123.57 59.39 30.56 132.84 33.66 140.28

cave. 134.2 ¥ 1.5 avr. 138.9 ¥ 1.6

+ .
AHS25O°K (Second Laﬁi= 116.4 = 8.3 kcal./1/5mole

i

AP 22500K (Second Iaw) = 23.9 ¥ 3.7 eu. - Ares = 2.60 cm.2 for 81G3AMak-10

-R1nK = 1.987 1n.[(h.oo}lL (ﬁaﬁ) 2 Pgd] | Area = 3.80 cm.2 for 81G3AMa2



The gadolinium pressures wefe calculated according to equation
6. 5 and are listed in Table 93; column five. These data were fitted to
a twoFParameter‘least sqnares feduction process, according to the Second
Law discussion in Chapter 6. L. 1, with an IEM 1620 computer. .From the
slope of this curve, the Second Law standard heat of vaporization to form
one total mole of gaseous atoms acccrding to the process in equation 1. 2
1s 116.4 t 8.3 keal. at 2250°K. The Second Law temperature coefficient
of the gadoliﬁium,pressure is graphcd in Figure 9. From the ordinate
. intercept Z&SQQ5OOK. for the vaporization of 1/5 mole of GdB) to the
gaseous elements is 23.9't 3.7 eu. _

Columns six and seven of Table 9 contain -RlnK and ZSF% calculated
from thc gadolinium pressures of column five. ' In view of the absence of
heat capacity and entropy data for Gch(s), the standard entropy of forma-
tion of GdBu(s) is taken to be zero at the temperatures of the experi-
‘ments. Using entropies taken from interpolations of the values.gi#en in
JANAF (69) for B(s) and B(g) end in Stull and Sinke (65) for Gd(1) and
de(g), and listed in column eight of Table 9, one calculates tﬁe heat of
vaporization’values listed in column pine from the Third Law treatment
deécribed'iﬁ equation 6.18. The cvercge of these values produces a value
for the standard heat of vaporization of 1/5 mole of .GdB), at 22500K. . of
1342t 1.5 keal. h |

A Third Lew treatment of these data, ‘according to eqcation 6.29,
results in a value of 138.9 ¥ 1.6 kecal. for ZSHZ98°K. (colum ten). This
value assumes that [55898°K. and ZSC% at all temperatures for formation

of GdB), are zero. -The standard free-energy-functions for the elements
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were interpolated from graphs of the data in JANAF (69) and in Stull and
Sinke (65).
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CHAPTER 10

MASS SPECTROMETRIC INVESTIGATION OF GdB4

10. 1 Scope of the Experiments

The mass spectrometric investigation of the vaporization of
GdB4 was performed for sevefal reasons. First, the previous assumption
that only atomic speéies ekist in the gas phase over GdB4 must be con-
firmed (cf. Chapter 5)., Second, the stoichiometry of the gas and the
ihvariance of the vaporization process must be confirmed. Third, the
influencé on sample transport because §f reactive background gases and
crucible interference should be asceftained. Finally, the volatility of
GdB4 can be determined from either gadolinium or boron ion current-
temperature coefficient data. . Gadolinium or boron pressures also can be
determined ffom a calibration of the mass spectrometer (cf. Chapter
6. 3. 2),

It should be emphasized at the outset of this chapter that the
work contained herein was performed only to survey the chemical behavior
during GdB4 evaporation in order to confirm the treatment and interpre-
tation of the results of thé Knudsen and Langmuir experiments oﬁ GdB4.
Hence, only the results pertaining to the first three of the above reasons
are useful. The temperature coefficient of the ion current for gadolinium
and the gadolinium pressures, estimated from a rough silver calibration of
the mass spectrometer, were detérmined. However, these data were not
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intended to be precise, but were intended only as guide lines to reveal
the nature of the vaporization process, |

Shutter profiles, aﬁomalous peak.cha:acteristics, fragmentation
patterns and appearance potentials were determined to define the source
of the observed masses in the mass spectrum of the vapor over GdB4(s)
in a ZrBZ/C crucible. The influence of high background pressures on the
transport of sample was partially characterized, Finally, fdugh gadolinium
pressure data were collected,'from.which the wvaolatility and free energies
of vaporization of GdB4 to gaseous elements were computed. The boron and

zirconium temperature coefficients over the ZrB2 crucible were determined.

10, 2 Materials, Crucible and Apparatus

Thé GdB4 product-(81GdAMalO) from the Langmuir experiments de-~
scribed in Chapter 9 was crushed and ground to a 325 mesh powder. A
total of two grams of this sample was emplo&ed in this mass spectrometric
investigation. The results of chemical analysis of this material and a
Gd203 contaminated resi&ue (81GdAMall) from bne of the high background
pressure mass spectrometer experiments are shown in Table 7 and discussed
in Chapter 7. Within the analytical accuracy, deﬁiation from the stoi-
chiometric composition, GdB4’0, was not detectgble.

| Granular silver (99.9+%), filed from silver rod and freed4f:om

the iron filings with a magnet, was added to the crucible for calibration
of the mass spectrometer.

The crucible in all the experiments in the mass spectrometrié
study of GdB4 was ZrBZ/C-Z; The tapered'orifice channel through the

ZrB2 1id was 0.0851 cm. in diamgter at the under~-surface of the 1lid and
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0.0672 cm. in diaméter at' the topside of the 1id. The channel length
was 0.658 cm. Chapter 3. 3. 4 characterizes the ZrB2 crucible for use
in vaporization experiments with GdB4, and Figure 8. 4 shﬁws the crucible
assembly discussed in Chapter 8. 2., The mounting and geometrical ar-
rangément of the crucible in the mass spectrometér are described in
Chapter 8, 3.

The principles, apparatus, and procedures are discussed in
Chapters 6. 3. 2 and 8. 3. Temperatures were measured with the cali-
brated optical pyrometer, P-3. The heating arrangement described in
Chapter 8. 3 necessarily,allows severe crucible temperatﬁre gradients,
particularly at &mmeratures below 1500°C. When electfon emission from
the heated‘shield cans becomes comparable to the emission from the heat-
ing filaments, temperature gradients are not so severe. Températures in
these experiments were above 1500°C. and shield emission current was
greater than filament emission current. Further, the absence of vapor

deposits at cold spots inside the crucible implied small gradients.

Temperature errors, liberally estimated, are discussed in Chapter 12. 5.

10. 3 Shutter Profiles

By moving a 0.025" shutter slit, located between the crucible
and the ionization region, across the molecular beam path and determining
the variation in ion current as a function of shuﬁter position for a
particular mass, a shutter profile'is generated, The shape of this curve
reveals the crucible orientation and distinguishes between crucible éases
and background gases or anomalogs masses, The use of the shuttef profile
in defining the origin of the ion current is discussed by Drowért (152),
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Figure 10. 1 illustrates the shutter profiles of Ag', cd', gdo?,

zf and B+ for a properly aligned crucible. If the molecular beam was

Gdo
emanating directly from the crucible orifice through the shield can ori-
fice and into the mass énalyzer, its shutter profile should peak sharply
and éymmetrically with a half-height peak width of about 0.025", as .
Figure 10. 1 indicates. A small wing on the left side of the Gd+,'Ag+,
GdO+ and GdOz+ profiies was npticed in Figure 10. 1. This wing intensity
resulted from'béckground gas at that mass inside the radiation shield can.
The presence of such a wing indicated that the crucible orifice, on pro-
Jjection along the axis of the mass spectrdmeter onto the shield can ori-
fice, was not concentric with the orifice in the shield cans, but was
nearly tangent to the shield can orifice. Thus, Wiﬁg formation resulted
when the shutter wés aligned with respect to the shigld,can orifice, but
not aligned with respect to both the shield can orifice and the cruéible
orifice. When the shutter slit passed to.the right in Figure 10, 1
through the moleculaf/beam, the shutter position was not over the crucible
orifice or the shield cén orifice, thus blocking’any molecular beam from
the crucible region. It is ;eadily seen, then, that one must take care
‘to define the intensity of a particular mass coming from the crucible as
that intensity difference between the shutter positioned at maximum
intensity and the shutter positionéd on the wing.

In each experiment in which temperature coéfficientvinformation
was collected, only shutter profiles, such as those of Figure 10. 1, were
demonstrated. In some cases the shutter position for maximum intensity
was observed to shift downwards by about 0.020" with a 1000° temberature

increase, probably because of crucible sagging.
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The wide B+ shutter profile of Figure 10. 1 demonstrated boron
emanating from two sources -- from the ZrB2 crucible 1id and through the
orificg.frqm the GdB4 samplé. Peaks from Zr+, Zr++; ZrO+ and Zrog were
also observed in the mass spectrum with the order of relative intensities,
0‘5,,0'1’ 3.5 to 0.3 coﬁpared to relative intensities of boron and gado~ .

linium of 3.0 and 0.4. Even though congruently vaporizing ZrB, develops

2
a volatility ten to one-hundred times less than GdB4 (cf. Chapter 3. 3. 1)
at 2000°K., the ratio of the ZrB2 lid area to the orifice area emphasized
the boron vaporizing from tﬁe ZrB2 crucible 1id to the point where it was
impossible to distinguish these sources of boron. Therefore, the boron

pressure must be determined from the gadolinium pressure and the stoi-

chiometry of the process,

10. 4 Anomalous Masses

Anomalous masses exhibiting behavior exactly as described by

Hildenbrand and Theard(f69) were observed for the species Gd+, Gd0+, B+,
+ + + + ‘ ir i
Gd02, Gd , GdB203 and (Gd0)2, arranged in decreasing order of their in-

tensities. Inghram (170) and Hildenbrand and Theard explained anomalous
peaks by é "photo effect," wherein neutral gaseous species of low ioni-
zation potential in the furnace region are activated, proceed beyond the
high positive potentials below the iqnization region, strike the edge of
or condense on a focusing or repeller plate, lose an electron into the
lower'Fermi levels of the plate material, reflect or desorb as positive
img and then continue in the ion beam with én accelerating potential
greater than that of'a normal ion by the voltage diffefence between the
positive plate at which the anomélous ion was formed and that voltage of
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the ionization region. The anomalous character of these ions was
completely eliminated by setting the trap voifage to zero and setting
the repeller and drawing out potentials as small as possible. After

these voltages were adjusted, ion currents for Gded;

and (Gd0)y
disappeared. |

Six additional low intensity anomalous or metastable masses were
observed in the mass region 9 to 11 early in these mass spectrometric
heatings, but disappeared with proper focusing conditions for normal
masses. These masses were 9.18 (Chart No. 3017), 9.8 (Chart No. 3023),
10.0 (3023), 10.23 (3017), 10.8 (3023) and 11.0 (3023). The 9.18 and
10.23 masses could be metasﬁable peaks arising from the decomposition of

BH+ into B+ and H. The 9.8 and 10.8 masses probably arise from metastable

decomposition of boron oxides.

10. 5 Fragmentation and Appearance Potentials

The normal masses emanating from the crucible that wére detected
were Gd+, Gd++, B+, Gd0+ and GdOZ,‘in decreasing order of their importance
depending on the temperature and background pressure. To about 1/10 per-
cent of the gadolinium intensity, no other crucible species were detected
(cf. Chapter 5. 3). Oxygeh-bearing species were present as background
gases in the mass spectrometer; and their influence on the gadolinium
pressure is discussed later in this chapter.
| Fragmeﬁtation effects must be charapterized to be certain the
gadolinium or boron ions observedwere not being produced by the dissoci-

ation of some molecule by the high energy électron beam. This phenomenon

is discussed by Inghram and Drowart (152), Plots of ion intensity versus
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the energy of thekionizing electrons in electron volts for particular
species are called ionization efficiency curves. Such curves for Gd+,
A", BY, cdot and Gdo;

abscissa in these graphs represents an electron voltage calibrated with

cd are illustrated in Figure 10. 2. The

a voltmeter for the emission current used in the efficiency curve
determination. Any abrupt discontinuities in these curves would be
indicative of a second process taking place. For instancé, if on in-
creasing the energy of the ionizing electrons a critical value is reached .
at which destruction of GdO+ into Gd+ and 0 occurs, the ionizatioh ef-
ficiency curve for caot ought to deviate markedly from a smooth curve
toward lower ion currents; and the Gd+ curve ought to rise markedly at
this electron voltage. No abrupt deviations from expected behavior were
observed in Figure 10, 2 for any of the speciés.

Another test for fragmentation effects is the value of the
appearance potential (152), By the method of linear extrapolation, the
abscissa intercept of‘the linear portion of the ionization efficiency
curve is called the '"appearance potential.!" This energy is}the sum of
the adiabatic ionization potehtial of the species, :he dissociation
energy, the electron affinity, the kinetic energies, the electronic
energies, the vibrational-rotational energies and the emitted photon
energy. By far the two largest terms are the ionization potential and
the dissociation energy. Should the graphically determined appearance
potential be in good agreement with the known ionization potential, ome
can be fairly certain that the species originates from simple ionization
of the neutral species, rather than from ionization and dissociation of

a parent molecule,

246



-10
ION
o CU%RENT,pamp.é 10 o o
[ Ol H N (23 ~

o

(¢
O

H
o

ION CURRENT, amp. x 10"'°
N ol
o o

o

o

IONIZATION EFFICIENCY CURVES

¢
Ad10g

020 30 40 50 60 70 80

ELECTRON VOLTS, CORR.

90

100

10 20 ‘30 40
ELECTRON  VOLTS, CORR.

FIGURE 10, 2

247




ION CURRENT, amp. x 16'°

ION CURRENT, amp. x 1010

IONIZATION ~ EFFICIENCY CURVES

) | | I ] I v 1) L
60 |

—0
50} 4
401 4
30F 4
20k i

Gdo,*
S_QE 1 ) i \ A . 1 \
' 0] 2 30 40 50 60 70 80 00
ELECTRON VOLTS, CORR,
)

¥ L 1 1 T T T T
3000 F -
2000 |- A
1000 |- i

+
Gd |5g
' 1 1 1 \ » I L }
0 10 20 30 .40 50 60 70 80 100

ELECTRON
FIGURE 10, 2

2l8

VOLTS, CORR.



amp. x 10°°

ION CURRENT,

10'°

ION CURRENT, amp. x

600

500

400

300

200

100

300

200

100

IONIZATION EFFICIENCY CURVES

5 —0 J
Gdo?
B 74 1
] | y ] | ]
0 20 30 40 g@ Gb 70 80 00
ELECTRON VOLTS, CORR.
1 1 i |} i i |
n -
™ T
) 0 1 } | } i |
(4] 0 20 30 40 50 60 70 80 100
ELECTRON ; VOLTS, CORR,
FIGURE 10, 2

2hg



20

-6

X |"°5(30,_ amp-

-+
IAg
B

08

08

04

o2

i ] ] 1 ] | ] ] l |

0 50 : 100 150 200 250
Time, minutes

PLOT OF Izg VERSUS TIME AT |026°C; MASS SPECTROMETER
FIGURE 10. 3

250



The appearance potentials determined in these experiments are
given in Table 10. 1. The agreement between observed and literature

+, Gd++ and BT was quite within the precision afforded

values for Ag+, Gd
by the scatter in the data used to define thekionization efficiency curves.
No literature data for GdO+ and Gdoz'were available; however, the shapes
of the curves and the small appearance potential values indicated tﬁat
Gd0+ and GdOZ were parent molecules., It isvconcluded that all species

in this work, arising from the crucible, were parent ions.

Since there were no fragmentation effects, in order to measure
consistent intensities and to avoid corrections to the observed inten-~
'si;ies of the form (E-A) (cf. equation 6.11), all data were taken with
56.0 ev. electrons. The electronic settings of the ionization and de-
tection instruments were not varied for an experiment once calibration
was performed. Temperature coefficienté of pressure were determined by
setting the accelerating voltagevand magnet currents for a particular

mass and determining intensities at the two shutter positions discussed

above for each of several temperatures.

10, 6 Silver Calibration

In order to calculate absolute gadolinium pressures from measured
gadolinium ion cﬁrrents, the mass spectrometer must be calibrated with a
material of known vapor pressure. The calibration of thé mass spectro-
meter with silver according to eqhation 6.28 was not achieved. ¥Figure
10. 3 is a plot of ion currentvversus’time at-a constant tempera;ure of
1026°C. for the total vaporization of 1.75 mg., of silver metal. The
very large decrease in intensity with time can only be explained by
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TABLE 10, 1

Appesrance Potentials Obtained from Linear Extrapolation

Temp. Observed A, P. Literature A, P,

Species (°c.) (ev.) (ev:) Chart Ret'erence
ag? 967 7.7t 0.2 7.5T% . 5/5/63 1036
aat 1836  5.9%0.5 6.16 5/1/63 1036
gatt 18k41 op Ty (21) E 5/1/63 1036
;L 1778 9ts 8.3 4/5-6/63 1147
adao™ 1844 5.0 ¥ 0.3 5/1/63

Gao," 82 8.4 to.s 5/1/63
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orifice plugging. This same problem arose on other occasions and at
lower temperature, Therefore, the sensitivity of the instrument was
deterﬁined from temperature éoefficient of pressure data on silver ion.

Samples of silver metal were added to the crucible before each
experiment and the sensitivity redetermined to detect any drift in the
characteristics of the mass spectrometer. Ihé particular silver-109
temperature coefficient data taken in the same éxperiment as the measure-
ments on Gd+ over GdB4 are shown in Table '10. 2 (MS - 5/7/63). Colums
one and two contain the measured temperature and AgIbg ion currents.
Column three lists =-log (I+T) valueé. ?ressures in atmospheres, listed
in column four, were taken from Stull and Sinke (65). Colum five con-
tains the machine sensitivities in amp./atm. determined from these data
by dividing the vélues in column two by those in column four to define
the sensitivity in column five. By dividing the product of the values
in columns one and tﬁo by the data of column four, one determines the
sensitivities in column six. These latter sensitivity data represent
the collected Eharge per effused neutral particle and should be constant
with varying temperature (cf. Chapter 6. 3. 2).

The values of S, + were calculated from equation 6.14, A plot

A8 09

of S versus 1/T was fitted visually with the curve of Figure 10. 4.

+
Ag)09 4
From this graph an SA + value was taken as 7.35 x 10 ' amp./atm., when

+ -10 5109 o -
IAg =5,71 x 10 amp, at 1176 K. and a silver pressure of 7.76 x 10
109

atm., and with 56.0 ev. electron energy and 0.3 ma. electron emission

7

current. These calibration specifications were used in all the gadolinium

pressure calculations in conjunction with equation 6.10.
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TABLE 10. 2
Mass Spectrometer Sensitivity Determination with Silver

Chart MS - 5/7/63

n *
Temp.  IAg)qg Pag Sagiog Shgl g
(k. ) -0,y -log(If T . .7 -l
(10 ampf) Ag)09 (10 fatm.) (10 "amp./atm.) (amp.deg./atm.)

1143 2.72 6.5080 3.483 7.81 .893
1176 5.70 - 6.1737 7.763 7.3k .863
1209 S11.79 5.8460 | 17.70 6.66 ;805
12kt 22.89 5.5498 41.50 5.52 .688
1262 39.0 5.3078 56.75 6.87 867
1266 3k.7 5.3572 60.53 5.73 726
1272 ho,92 5.2605 68.87 6.23 .793
12922 55.1 L4.7935 128.8 4.28 1.25

1334 61.8 5.0839 216.8 2.85 .380
13372 81.8 L.9613 229.1 3.57 AT
Pyg from 1045

+ . .
SAgiO9 = I};glo9/PAg, equation 6.26

+
Ag109 Pag

= constant; equation 6.24

a, Data teken much later in time
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A Second Law (Chapter 6. 4. 1) treatment of the Ag-]'_'09 temperature
coefficient data of Table 10. 2 is graphed in Figure 10. 5. From the
slope and intercept, AH;ZSOOK. for liquid silver vaporization is 58.1t4.2
kcal/gzat.to be compared ta values of 60 to 68 kcal./gsat. determined
from Second Law mass spect;ometer data taken by Buchler and Berkowitz-
Mattuck (71) and a Third Law value of 67.0% 0.2 kcal./gzat. found by
Knudsen effusion by Paniﬂ1(172). In view of the feﬁ experimental points
and the variance in the last three higheet-temperature experimental

points, this agreement is aeceptable.

10. 7 Cross Section and Multiplier Efficiency

In order to use equation 6.10 to calculate the pressure of

gadolinium, a knowledge of The

| ¢Ag7 (gt and 7Ag7 ?/Gd+ is needed.
‘relative ionization cross section for silver was taken from Otvos and
Stevenson @55) as 34.8 and estimated for gadolinium from Otvos and
Stevenson's data as 71. The ratio of the secondary electron yields was
determihed eXperimentally from a ratio of electron multiplier gains as
1.5 1 0.5 and estimated from an assumed inverse square root mass depend-

ence, specified by Inghram(173), as 1.2, The value 1.3%0.3 was chosen

for the calculetions.

10, 8 Results

10. 8. 1 Gadolinium Pressures

As demonstrated in Chapter 5 and in this chapter, only atomic

gadolinium and boron were found in the vapor over GdB4(s). Temperature-

+
158
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MS-5/6-9/63 and MS-5/10/63 are summarized in Table 10. 3. While the
measﬁred ion currents of column three are listed in the order of the
temperatures of column two, the order in which each datum was taken is
indicated in column one. Thus, any hysteresis effect on going up and
down in temperature or drifts in the machine characteristics may be re-
vealed (cf. Figure 10. 6); ‘Column four contains the gadolinium pressures
calculated from equation 6.10 with the calibration data in the above
section. Column five contains -log PGd values for temperature-coef-
ficient determination.

The Third Law values for AH;98°K. for the congruent vaporization
of one mole of GdB4(§) are listed in column six, These enthalpies were
calculated with the assumption that ASgQSOK. and Acpo at all tempera-
tures for formation of GdB4(s) from the condensed elements were both
zero, Free-energy-functions for elemental boron were taken frdm JANAF
(69) and for elemental gadolinium were taken frém Stull and Sinke (65).

Graphs of log Ped vs.1l/T and of AH;98°K.

and 10, 7, respectively, reveal a fairly abrupt decrease in slope for

vs. T in Figures 10. 6

the Second Law temperature coefficient graph and an abrupt increase in

AH§980K above 1800°K. The deviation from a linear temperature-coefficient

slope and the change from a constant value of AH§98°K

to a value increasing with temperature indicate a second chemical pro-

with temperature

cess becoming important.

10. 8. 2 Influence of Background Gases

The relative decrease in the gadolinium pressure above 1800°K.

can be explained by reaction with the backgfound gases, CO and HZO’ in the
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TABLE 10. 3

Collected Data, Pressures, and l&Hg98°K. from Mass Spectrometric
' Measurements on Gd“'isg over GAdBj

Charts MS - 5/6-9/63 and MS - 5/10/63

ggigéy Temp. Iad158 Faa AH3ggox,
of Date (°K.) (20710 amp.) (2077 atm.)  “1°8FGd  (kcal./mole)
X 1599 0% 0555 9.7k 578
Lo 1643 ~.188 J117 8.068 581
b2 1650 .218 o136 8.1335 581
23 1666 b1 .259 - 8.413 576
43 1702 .505 .32k 8.5100 584
39 | 1713 .970 .627 - 8.797 576
L6 17h5 3.11 2.05 7.3115 567
22 1760 2.10 1.39 - T7.1h43 579
38 1761 1.65 1.10 7.0413 583
L5 1797 2.15 1.46 7.16h2 589
10 1807 2.16 1.h7 - T.167 593
2k 1811 4.38 3.00 T.477 581
37 1818 2.71 ' ;.86 7.2695 592
L 1839 3.k2 2.37 | T.3745 59k
21 1854 7.26 5.07 7.705 585
36 1868 3.86 2,71 7.4330 600
25 1869 6.94 4,90 7.690 590
20 1888 10.92 ' 7.78 7.891 588
48 190k 3.7h 2.69 7.4295 612
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TABLE 10. 3, continued

Chro- Iﬁd

nology  Tlemp. 158 Poq | | ARBggok,
of Data  (°K.) (10710 amp.)  (10-7 atm.)  -108Pga  (kcal./mole)
35 191k .98 ‘ 3.60 T.5560 610
26 1916 8.19 5.91 T.7715 601
e 1936 0 5.13 3.75 T.57h 616
9 19hk2 3.20 2.3k 7.369 628
49 1945 4.5 3.34 7.5235 621
34 1955 6.45 L. 76 T.6775 618
12 1963 5.21 3.87 7.5875 62k
27 - 1970 9.81 7.30 7.8632 61k
50 198k 5.30 3.96 T.5976 630
51 1984 5.47 k.08 7.6105 629
33 1995 7.98 6.01 T.779 625
7 1996 6.72 5.07 7.705 629
8 2013 5.03 3.8 T.582 640
11 2017 L.66 3.56 7.5515 643
52 2021 6.41 L. 88 T7.6884 638
28 2023 11.82 9.03 7.9558 626
32 2027 9.k2 T.21 7.858 632
13 2028 6.60 5.04 7.7025 639
6 2040 9.45 7.29 | 7.865 635
29 2062 13.92 10.8 6.0335 633
1k 2066 7.80 : 6.08 T.784% 646

31 2075 12,84 - 10.1 6.0042 639
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TABLE 10. 3, continued

Ppg = 7.763 x 10~T atm.

TAéio9

Pyy caelculated from equation 6.10

= 1176°K.

261

ﬁﬁigéy Temp. IJédLBB Faa Alipggoy,
of Data  (°K.) (1010 amp.)  (10-T atm.)  ~1°8Fga  (keal./mole)
5 2097 13.80 10.9 6.0373 6l

1 2097 11.43 9.03 7.9558 648

b 2108 15.45 12.3 6.0900 645
15 2113 9.09 7.25 7.8605 658
30 2122 16.95 13.6 6.1337 64T

2 2128 1h.22 11.k 6.0567 652

16 2141 11.76 9.49 T.977 660

3 2148 16.11 - 13.1 6.1173 655
17 2187 18.33 15.1 6.179 663
18 2200 21.15 17.6 6.2455 663
19 2200 22.26 18.5 6.2670 663
VSZ€109 = 7.35 x 10"+ amp./atm.

Iz8109 = 5.706 x 10710 amp.
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mass spectrometer, which become more abundant with increasing temperature
of the apparatus. Considerable GdO and some GdO2 were oﬁserved in in-
creasing importance relative to atomic gédolinium as the temperature was
raised (cf. Figures 10. 6 and 10. 8). The source of '"oxygen" apparently
arises from the increasing rate of desorption of water, CO or 002 from
the large area metal walls of the vacuum assembly as these walls were
heated by radiation from the crucible. Carbon monoxide was by far the
most importaﬁt species above 1800°K. in the mass spectrum except for
mercury (cf. Table 10. 6). Water and 002 were the second most important
gases in the background. It is probable that-the C0(g) arises from re-
action of H20(g) with the graphite outer crucible of the crucible assembly.
After the experiment, the water cooling the wvacuum housing was
found to be blocked, accounting for the warming of the walls of the
apparatus, Generally, the background pressure in the mass spectrometer

7 to 10”8 mm,, as indicated by

furnace when cold was of ;he order of 10
an ionization gauge above a liquid nitrogen trap located about two feet
from the crucible., The conductance of the vacuum line from the crucible
to the diffusion pump was quite low because of the shield cans, support
apparatus and slits thrdugh which the pumped gases must flow. At crucible
temperatures of the order of 1590°K., the pressure indicated by the
ionization gauge was 2.8 x 10-7mm.; while at crucible temperatures of
2170°K., the background gas pressure had risen to 7 x 10™> mn. at the
gauge. Clearly, the background gas pressure depended on the temperature

of the apparatus. The crucible had been outgassed to 5 x 10-5mm. at

2470°K. The pressure inside the furnace region may have been as much
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as two orders of magnitude larger than that indicated at the gauge, or
10 ~ mm. in the furnace region. |

From a magnetic scan across the Gd+ and GdO+ peaks at several
temperatures and background pressures, the effect of increasing Eempera-
ture and increasing background pressure could be noted. These data aré
listed in Table 10. 4. The Gd-158 and GdO-174 ion currents listed in
columns three and four were measured in experiments MS-5/1/63, MS-5/6-9/63
and MS-5/10/63, at the temperatures indicated in column one and the ioni-
zation gauge backgréund pressures in column two. All ion current data
were taken with 56.0 ev. ionizing electrons at 0.3 ma. emission current
and with all other electrical parameters identical in each experiment.
Midway through experiment MS-5/10/63, the liquid nitrogen cold traps were
replenished with additional liquid. However, no appreciable effect on
the background gas pressure was noted. Columns five and six contain
-log I+T data for Gd-158 and Gd0-174, respectively. Column seven lists
values for the log of the Gd-158 to Gd0-174 ion current ratio.

| Figure 10, 8 graphs log [Igd+/i; ] as a function of 1/T.

dot
Figure 10. 8 also shows the change in log [ I;h+¢ﬁgéo+ ] as a function
of background preSsure indicated by the ionization gauge. Clearly, the
pressure of Gd and of GdO were dependent on both the crucible tempera-
ture and the background pressure, as well as on each other. From Table
10. 4 at 2200°K. a rather dramatic demonstration of the influence of
background "oxygen" was observed when a five ér ten degree temperature

increase produced a sharp decrease in the Gd+ ion current with a simul-

+
taneous increase in IGdO'
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TABLE 10. L4

Variation of I'éd and I+Gd0 over Gch with Background Pressure and Crucible Temperature
Mass Spectrometer  Charts MS - 5/1/63, MS - 5/6-9/63, MS - 5/10/63

Knudsen Region I-(:d ' T* ’ ad158
Temp. Gauge lgressure 158 GA017) ‘1°g(IEdl g) ‘log(IédO T) log'I'-r—"—
(°K.) (107 mm. ) (20710 amp.) (2071 amp.) 5 17k G0y )
MS - 5/1/6
1830 .70 1.335 .055 6.61208 7.9970 1.3851
- 2150 - ok, 9.54 3.13 5.68803 6.1720 L4843
MS - 5/6'91'1'63
1912 3.0 6.03 .360 5.93817 T7.1625 1.2240
2000 7.3 9.66 .900 5.71399 6.7448 1.0306
2088 20 15.87 2.13 5.47965 6.3520 .8722
2096 - 4o 5.64 1.695 5.92738 6. 449k .5224
2146 37 21,06 3.36 5.34496 6.1420 L7973
2200 70 8.97 L. 32 5.70487 6.0310 .3263
2200 YO 11.49 L.83 5.59422 5.9737 .3766
2229 88 9.84 5.19 5.65896 5.9368 . .2788
MS - 5/10/63
2029 L. L 2.12 .530 6.36643 6.9685 .6021
2070 8.5 2.73 .790 6.24787 6.7865 .5391
2113 16 ‘ 3.43 "1.43 6.13978 6.5198 .3802
21h2 2h 4,52 1.83 6.01403 6.4070 .3927
2196 L6 8.25 3.45 5.74184 6.1210 .378L
2221 67 8.12 k.20 5.74400 6.0305 .2856
2245 ok 7.00 L.73 5.80369 5.9740 .1703
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TABLE 10. k4, continued

5.68256

Knudsen Region I Ikt ' Iad
Temp.  Gauge Pressure G158 GdO4 7, _1og(Igd T) ‘log(Ian T) 1log 158
(°Kk.) (lO"6 mm. ) (10710 amp.) (20710 amp.) 158 1Tk Iéd0174
- liquid nitrogen traps filled -
1834 67 1.291 .015 6.62562 8.5590 1.9355
1906 1.6 2.583 .129 6.3077T 7.6110 - 1.3015
2061 11 4,78 .880 6.00648 6.7418 L7348
2120 19 7.18 1.37 5.81759 6.5360 7193
2171 23 7.55 2.34 5.78542 6.2940 . 5092
2226 66 9.33 3.15 6.1542 4713
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No shutterable oxygen-containing masses corresponding to 0+, 0+

22
+ + 4 + + + +
Cco , COZ’ 20 , BO', HBO , (BO)Z, HBOZ, 3203, H3B0§ or OH+ were observed.

H
The conclusion that oxygen in some form was entering the crucible is
supported by the shutterable Gd0+ and GdOZ species and by the observation
of trace amounts of Gd203'(from X-ray diff?action analysis) in the GdB4
residue obtained after shutting off the power to the furnace with the
crucible at 2200°K. and with a high background pressure.

Table 10. 5 is an ordered listing of the intensity of the princi-
pal background molecule ions and unknown masses under two widely different
temperatures and background pressures. Column three contains ion currents
as a percent of the 10V VRE scale at 1935°C. and 1.2 x 10-4 mm. back-
ground pressure (MS-5/9/63). Similar data are listed in column four at
1740°C. and 5 x 10 mm. background pressure (MS-5/10/63). Column one
lists the mass and column two defines the molecular species at this mass.
Shutter checks performed on the unassigned ﬁasses were absent, indicating
that these masses did not originate from the crucible.

20+-18 and OH+-17 ion intensities always
greatly exceed O+-16, 0;-32 and COZ-

spectral background scan. Water intensity is always difficult to remove

From experience the H

44 intensities in a typical mass

even with long pumping times. But in Table 10. 5 ion currents of CO+ and

COZ'were much more impértant than waier,at the higher temperature and

background pressure. The H20+-18 intensity was more important than co;

at the lowef background pressure. The high CO and 002 pressures possibly

arose from H20 interaction with the graéhite crucible (cf. Chapter 12. 2).
While various processes for the reaction of water or CO2 or

oxygen with GdB4 may be tested by predicting oxygen intensities or 3202
. 269



TABLE 10. 5

Principal Background Masses and Relative Intensities of Effusing

Species in Mass Spectrometric Study of GdB), Vaporization

MS-5/9/63 MS-5/10/63

Mass  Species % Scale % Scale

28 co", N} 600 400

W co} 180 110 Ms-5/9/63
29 150 208 1935°C., 10V scale, .3ma. emis-
158 cat 100 0.5‘ sion, 56ev., 1.2 x 10~"m, 1line
18 H'20+ 96 180 pressure, multiplier gain =

k3 61 20 7 x 102

16 o 57 51

17y caot L7 n.d.

69 35.5 9.0  MS-5/10/63

17 oH* 31 110 1740°C,, 10V scale, .3ma. emis-
27 2L 13.5 mission, 56ev., 5 x 10~°mm. line
79  catt 2k n.d. pressure, multiplier gain =

70 18 5.0 7 x 10°

68 11 3.0

53 10.5 2.5

54 10 2.5

2 0 10 27

26 8.4 6.5

o2 5.5 0.5

190 @do} 4.0 n.d.

11 B N n.d.

61 1.0 0.5

62 1.0 0.25
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intensities from a properly plotted function of the logarithms of the
Gd and GdO ion currents versus 1/T, the variance in the data and the
lack of thermochemical information preclude the significance of this
effort, Log (IZdOT) versus 1/T from Table 10. 4 is graphed in Figure
10. 6 for comparison with the gadolinium'temperature coefficient, It
is sufficient to note that oxygen interaction is important at tempera-
tures above 1800°K. and when the background pressure at the ionization

gauge exceeds 1 x 10-6mm.

10. 8. 3 Gdo,(g)

The possibility of GdO2 molecule is interesting. The mass
spectrometer had been used to study sulfides prior to this investigation.
Since GdOZ

metal isotope distribution, the possibility that GdO2 is really GdS must

and GdS+ would appear at the same masses and have the same

be considered. However, below the magnet the mass spectrometer was

entirely cleaned of past deposits prior to these studies, Further, the

T / i + ratio showed the same dependence on background pressure
Gd+ GdO2

o
and temperature of the apparatus as did IGd+/IGdO+ and could be repro

duced with the same intensity ratios between experiments. Thus, this

mass has been assigned as GdOZ.

+
2

vaporized in the mass spectrometer from tungsten cells with low back-~

No GdO, or Tboz'was observed when TbB4;6 and GdB4,6 were
ground pressure in the mass spectrometer., White, Walsh, Ames and
Goldstein (52) looked at the vaporization of lanthanide sesquioxides
mass spectrometrically in tungsten crucibles without finding Ln02(g).
White did obsefve CeOz(g) over,CeOz(s), Pr02(g) over Préoll(s) and
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Tboz(g) over Tb407(s). Perhaps the reducing condition in the presence
of tungsten prevents LnOz(g) formation in those cases where the molecule
was not observed. Certainly the Zrlecrucible in this work is less re-

ducing than tungsten.

10. 8. 4 Boron and Zirconium Temperature Coefficients

‘Zirconium, coming from the crucible 1id, was observed in the mass
spectrum. A Second Law treatment of the zirconium ion current is graphed.
in the range 2048 to 2268°K. in Figure 10. 9. From the slope, a value
of 117.6 * 1.2 kcal. for the heat of vaporization of 1/2.91 ZxB o (8)
in the process established by Leitnaker (131), ZrBl'91(s) = 7Zr(g) +

+

1.91B(g), was obtained. A similar Second Law slope from the B11 inten-
sities in the raﬁge 2021 to 2199°K. is shown in the same figure. From
the boron slope, a value of 118.9 + 6.7 kcal./g=at. boron was obtained
for the vaporizatioﬁ of boron from the crucible region.

The heat of congruent vaporization of GdB4 at 2100°K. was esti-
mated at 133 kcal./total gas atom; which is larger than the boron
temperature-coefficient value above. However, the Second Law values for
boron and zirconium are in excellent agreement. This observation further
indicates that the large vaporizing area of the ZrB2 crucible 1id is the
principal source of boron and prevents a determination of the boron
pressures over GdBé(s). While these enthalpy values for zirconium and
boron are lower than the Third Law heat of vaporization of 1/3 ZrBZ(S)
determined by Leitnaker cﬁﬂ) as 150 kcél., they do overlap the error

(127 + 6‘kca1.) in one series of Second Law experiments performed by

Leitnaker.
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During the course of the mass spectrometer experiments, the upper
side of the ZrB2 1lid became coated with a pale blue material which had
no structure lines on X-ray diffraction analysis. No Zr+, ZrO+ or Zroz
was observed in the mass spectra after the coating appeared. Further,

the boron intensities were considerably lower after the 1id became coated.

This coating may have consisted of Ta borides.

10. 8. 5 Thermodynamic Values

In view of the transport of gadolinidm from GdB4 as GdO and GdO2
at high background pressures, only the low background pressure data below
1890°K. of Table 10. 3 were used in the thermochemical calculations for
the congruent vaporization of GdB4 to the gaseous elements. Under these
conditions the Gd0+ ion current was less than 57 of the gadolinium ion
current, These gadolinium pressures are listed with increasing tempera-
ture in Table 10. 6, columns two and one, respectively. Column three
contains values of -RInK per mole of GdBé(s). Column four lists the
measured free energies of vaporization per omne mole of gas formed. The
"values of AH; gnd AH;98°K. Calculateﬁ by the Third Law for formation of
one mole of gas are listed in columns six and eight, using‘Asg and
Afefo values of columns five'éhd seveﬁt B |

Log Pgg in the range 1599 to 1885?k. is grépﬁéd‘in Figure 10. 6.
A'least séuares.treatment.of these data defines.AH;7500K; as 99.11 5.8

kcal. for the vaporization of 1/5 mole of GdB4 to the gaseous elements,

(o]

o »
17500K. from the ordinate intercept is 24.4% 3.4 eu.

The wvalue of AS

o7k
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TABLE 10. 6

Measurements on Gd(g) over GdBj.

Calculated Thermodynemic Quantities from Low Background Pressure Data of Mass Spectrometric

Temp. Paa -R1nK AF, Osg JAY: - -Qfefo AHZggoy.
(°k.) (07T atm.) (ew.) (keal. /% mole) (1/5 eu.) (kcal. /% mole) (1/5 eu.) (kcal. /%. mole)
1599 - 0.0555 188.50 60.28 33.03 113.09 3h.32 115.16
1643 0.117 181.13 59.50 32.99 113.70 3k.27 115.83

4 ;1650 : 0.136 179.61 59.27 32.98 113.69 3k.27 115.81
1666 0.259 173.18 57.70 32.96 112.61 3L4.28 114,82
1702 ~ 0.327 170.96 58.19 '32.91 114k.20 3h.2k 116.47
1713 0. 6é7 164,41 56.33 32.90 112.69. 3k.2h 114.98
17h5 2.05 " 152.66 53.28 32.87 110.éh 3h.21 112.97
1760 1.39 156.47 55.08 : 3';.86 112.91 3k4.20 115.26
1761 1.10 158.86 55.95 32.85 113.80 34.20 116.17
1797 1.46 156.03 56.08 32.7h 114.91 34.16 117.47
1807 1.h7 155.93 56.35 32.79 115.60 3k.17 118.11
1811 3.00 148.85 53.91 32.79 113.29 3417 115.80



9.2

TABLE 10. 6, continued

Temp. Foa -R1nK AFR - ASR Al - Afer® AHy 50
“(%k.) (10T atm.) (eu.) (kcal. /% mole) (1/5 eu.) (kcal. /% mole) (1/5 eu.)  (keal. /% mole)
1818 1.86 153.61 55.85 32.78 115.4h 34.15 117.93
1839 2.37 151.17 55.60 32.67 115.68 34.13 118.36
1854 5.07 143.63 53.26 32.73 113.9k 34.13 116.54
1868 2.71 149.85 55.98 32.:{3 117.12 3k.12 | 119.72
. 1869 “h.90 143.98 53.8 32.73 11k.99 3k.12 117.60
1888 7.78 139.37 52.63 32.70 114.37 34.10 117.00
| avr. 114.0 T 1.k avr. 116.4 I 1.5
AR coox (Second Iaw) = 99.1 ¥ 5.8 keal. /% mole

[§S§TSOOK.(Second Law) = 24k T 3.k eu,

-RInK = 1.987 1n [(&.oo)’* (%)

] |



With the use of equation 6.18 AH; was calculated for each
measurement in Table 10. 6 by the Third Law. The average AH§7500K. is
114,0t 1.5 kcal., fdr the vaporizatibn of 1/5 mole of GdB4(s). The Third
Law treatment assumes that As; for formation of GdB4(s) from the con-
densed elements is zero. From equation 6.29 and the furthér assumption
that Acg = 0 for formation of GdB4(s) at all temperatures, the average
AH;98°K. was found to be 116.4%t 1.5 kcél. per one total mole of gas

formed. Entropy and free-energy-function data for B(s) and B(g) were

taken from JANAF (69) and for Gd(l) and Gd(g) from Stull and Sinke (65).
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CHAPTER 11

KNUDSEN PRESSURE MEASUREMENTS ON GdB4

11. 1 Scope of the Experiment

{

Pressure measurement by the Langmuif method sufferé from
indefinite specification of temperature and surface area as well as
possible kinetic effects which retard the rate of vaporizétion and,
thus, predict 1ower‘pressures than the vapor saturation pressures.

While the mass spectrometric investigation of GdB4 demonstrated atomic
gaseous species and described the tolerable levels of background pressure,
the pressure data taken from the mass spectrometer are subject to large
errors arising from calibration, temperature and background pressure
problems. On the'other‘han&, the Knudsen experiments in this chapter
were performed with better definitions of Qhe‘fabtoré entering into the
pressure determinations than in théiLéngmuir and mass spectrometric
studies. qf the three methods used to deterr_ninedeB4 volafility the
Knudsen experimeﬁts wére intendea and expected to:provide the most re-
liable gadolinium pressure data, and they did.

In the experiments of this Chapter{\gadolinium pressures were
determined by measuring the raté:of collection of.gadoliniuﬁ on a target

over the ZrBZ/C crucible as a pdrtion of the vapor in equilibrium with

GdB4(s) effused through the'crucible orifice. Second and Third Law
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treatment of these fourteen pressure measurements in the 2047 to 2362°K.

temperature range defined the volatility of GdBé(s).

11. 2 Experimental

The Knudsen‘effusion’experimgnts were performed in three series.
Series ; was performed with 500 mg. of the 325 mesh GdB4 sample
(81GdAMal0) remaining from the Langmuir measurements and analyzed for
boron and gadolipium in Chapter 7. Crucible ZrBZIC -4 with a tapered
orifice, 0.1273 cﬁ. in diameter at the top'df the ZrB2 1id, 0.1503 cm.
diameter at the under~surface of the ZrB2 lid, and a channel length of
0.689 cm., was used. Series 2 experiments were.performed in crucible
ZrBZ/C—Z, the same cruciﬁle used and described in the mass spectrometer -
experiments, wiﬁh another SOC mg. portion of the GdB4 sample, 81GdAMalO.
This crucible contained 100 mg. of a GdB4 deposit on the side of the
ZrB2 base, deposited during’the massAséectrometer experiments of Chapter
10. With the use of crucible ZrBZ/C-4,again and 1.41175g. of the GdB4
sample (81GdAMalO), Series 3 experiments were performed.

In these experiments no attgmpt'was madé to correct the orifice

2
the small correction (5.5 x 10-6/00;,(136))\and the precision of the

‘area for the expansion of 7B, as a functipn pf temperature, in view of

experiment., The apparatus'described:in“Figure”S; 3 gnd in Figure 8. 4
was used for all experiments. |

Aluminum disks, 1-1/8" in diameter and cleaned‘with dilute nitric
acid and distilled water, were Stacked‘in'ﬁhe targét holder in individual

spring-loaded mounting rings. The coiidensation coefficient for the
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gadolinium component of the effusate was assumed unity. Distances
between the upper surface of the ZrB2 1id and the target were measured
with a cathetometer (Gaertner Scientific Corp.).

There was some inherent temperature gradient in the design of
this crucible arrangement, aé evidenced by the transport of significant
quantities of GdB4 to'the underside of the 1id during long heatings.
However, the orifice channel was never blocked. All temperatures were -
observed by sighting onto a black-body hole in the base of the crucible
with the calibrated optiéal pyrometer, P-3, The black-body hole had
been calibrated in terms of the temperature observed through the orifice
and for the optics in the apparatus. The orifice-black body hole tempera-
ture differences are graphed in Figure 11. 1. These differences were
generally less than.400 and narrowed to 10° at ZBOOOK.

Background pressures during target exposures generally were less
than 5 x 10-5mm., as indicated by the ionization gauge. Because of the
conductance of the vacuum system, the glass construction rather than
metal, and the high pumping‘speed compared to the mass spectrometer, it
was believed that the oxygen-bearing components in the background gas
‘were less a problem than they ﬁere in the mass spectrométer experiments.
Significant sample transport by interaction with the background gases
was discountéd by the absence of variation of ‘the Third Law enthalpy
changes with temperature. ’

After initial outgassing of the sample at 2400-2500°K. for about
sixty minutes, the power was adjusted fo a lowgr temperature. When
several successive temperature observaﬁions at one-minute-intervals were
constant within two degreeslof egch other, the target was exposed and
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timing begun. Temperature was measured every five minutes and the power
adjusted to maintain constant temperature. Generally, the experiments
were isothermal within five degrees. The shadow on the apﬁaratus, cast
by the effusing beam intercepting the radiation shield and shutter,
indicated material coming only from the orifice and gave no indication

of re-evaporation from the glass condenser walls towards the cold target.

11. 3 ‘Target Analysis

The aluminum disks were colored from yellow through reds and
blues to nearly black depending on the thickness of the sublimate. These
targets were analyzed for the weight of gadolinium in a defined area by
X-ray spectrographic analysis (X-ray Spectrograph Attachment, type number
52260, éhilips Electronics, Inc.). Tungsten radiation stimulated L;‘
emission from the gadolinium on the target disks, which on separation
from other characteristic radiation by a LiF analyzing crystal; appeared
at a goniometer setting of 61.05°. Counting was performed with a P-10/He
flow propbftional counter at 1650 V. The counter was coupled to a
Philips binary scaler and rate meter, operating at a time constant of
2 sec. and a multiplier setting of 1.0. The number of seconds for 1000
counts was the experimentally measured quantity.

Eecause of the geometry of.the tungsten X-ray tube with respect
to the sample, the intensity of the incident radiation was not uniform
" in the trapezoidal area covered by the incident radiation on the target
disk, It was necessary to optimize tﬁe fluorescent intgnsity and then

to reproduce the same position’in the'incident beam for every target.
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This was accomplished by overlapping the target with a 1/32" thick
"aluminum disk with a 0.550 cm. center hole positioned over the sublimate
on‘the sample target and in the oﬁtimum position with respect ﬁo the
incident X-ray beam. The positions of these two disks were reproduced
between analyses by defining the optimum position with paraffin wax slots
on the sample mounting plate. Repeated analyses and target rotation
demonstrated a precision well within that of the stan&ard sample pre-
paration.

A goniometer scan of blank targets indicated no other elements
were present near the 61.050, La<,line of gadolinium with the sensi-
tivity ﬁsed for the gadolinium amalysis. A blank target covering a
target on which appreciable gadoliniuﬁ had been deposited prevented any
gadolinium emission detection. Hence, the area investigated for gado-
linium was indeed that within the 0.550 cm. radius hole in the target
overlay disk, |

' A calibration curve was determined from several standard aluminum
targets. These standard samples were preparedlfrom a standard solution
of G&zo3 in dilute HC1. vThis standard solution was prepared in desired
concentrations of gadolinium such that one to two hundred micrograms of
gadolinium could be delivered from a 1.00 cc. tuberculin syringe onto
the cleaned aluminum target within an area of:0.550 cm. While the white
Gd203 crust left on evaporation was nbt uniform, several standards of
the same concentration produced the same fluorescent intensity within
the five percent precision of the delivered volume, Targets and stan-
dards were not analyzed until the electronics had warmed for two hours.

All standards and samples were analyzed in the same experiment.
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Generally, the intensity iﬁ counts per seéond is proportional
to the concentration, or the product of concentration and seconds per
fixed count is a constant. Therefore, to develop a nearly linear cali-
bration curve, a plot of log WGd versus log t/1000 counts was used for
the calibration. Figures 11. 2 and 11, 3 illustrate this calibration
curve and its non—iogarithmic analog. The deviation from linearity at
low concentrations is inherent in the counting circuits at low counting

rates.

11. 4 Clausing and Distribution Correction

The gadolinium pressures were determined from equation 6.17
with a Clausing factor and cosine correction specified by Freeman -and

Searcy (U4) of the form,
n = sin2@ - [ 0.0815 (L/r)(sin 20 - 20 cos 28) ] ,  (11. 1)

where n is the correction to the pressure, More specifically, n is the
fraction of molecules striking the farget compared to the total number
entering the cylindrical orifice. The angle, 0, is the angle in radians
between the normal from the target to the orifice and the side of the
cone whose apex is at the top of the orifice apd whose base is the 0.550
ém. collector radius, The length of a ZrB2 cylindrical orifice in cen-
timeters is denoted by L, and r is the radius of the orifice in centi-
meters. The r value used in these experiments was the average of the

top and bottom radii of the tapered channels in the ZrB, lids.
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| For crucibles ZrBZ/C-Zland ZrB2/C-45 the average r values were

0.0694 and 0.038l cm., respectively. - The channel lengths were 0.689 and
0.658 cm., respectively. Target distances for Series 1, Series 2 and
Series 3 experiments were 13,99, 13,27 and 13.45 cm., respectively. 1In
-all experiments, the target?radius was figed on target analysis as

0.550 cm. The collection angles, Q,iwere calculated as 0.0393, 0.0414
and 0.0409 radians for the three series." Fron these measurements the
Clausing~-distribution corrections were calculated as 1.41, 1.45 and 1.52

'

X 10'3, respectively.‘

11. 5 Results

Table 11 contains the collected Knudsen data and the‘calculated
thermodynamic quantities in order of increasing temperature. Column
one lists the series and target designation. The first number defines
the series and the second: number designates the. chronology of the
measurementslover tne three series. Columns two,vthree and four list
the exposure time, weight of gadolinium on the target ana”temperature
for each Knudsen meaSurement. The computed gadolinium pressures defined
by equation 6.17 and‘including_the_correction factors of Chapter 11. 4
are listed in column five. Colunn six cqntains values of -RlnkK per mole
of»GdB4(s).‘ The measured free -energy change on formation of one total
mole of gas at each temperature is listed in column seven, Third Law
values of AHT and AH298°K per mole of gas were calculated from equations
6.18 and 6.29 and are listed in columns nine and eleven. Columns eight

and ten contain the values of AS; and pfef® in eu./1/5 mole GdB, used
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TABLE 11

Calculated Thermodynamic Quantities for GdB), Vaporization from Knudsen Effusion Data .¥-- -

Séries Gd on ' (AFO As® JAN: -Afref® AHR°
and Time Target Temp. Foa -RInkK lT L T lT 1 29§°K~
Target (sec.) (g.) (°%K.) (10-Tatm.) (eu.) (kcal./gmole) (geu. ) (kcal. /gmole) (-B-eu. ) (kcal./gmole)

1-2S ok26  2.09  20k7" 8.28 138.76 56.81 32.56 123.45  33.98  126.36
1-18 707h  1.91 2128 .[10.62 140.76 59.91 32.145 128.96  33.93 132.11
2-"3" 13122  1.377 2169 13.2  138.01 59.87 32.60 130.58  33.91  133.k2
3-135 2276 L.07h 2169 97.9 114,21 49,54 32.60 120.25 33.91 123.09
3-7S 9575  15.17 2182 86,9 1151 50.36 32.38 121.01 33.89 124,31
3-125 4329 15.10 2216 192.9  107.46 h7.62 32.3% 119.29  33.89 122.72
3-8s ookL8 30.41 \ 2237 186.7 107.81 48,23 32.33 120.55 33.86 123.97
3-118 3000 20.28J' 2242 376.0 100.81 45.20 32.31 117.64 33.85 121.09
2-38 6854 7.603 2258 2.7 110.hé - 49.88 32.30 122.82 33.85 126.31
3-9s ouT7  51.76 226l 305.2 102.91 #6.60 32.28 - 119.67 33.83 123.18
3-108 2156  10.64 2299 277.9 103.86 47.75 32.6k4 122,75 33.81 125.48
2-58 127kl 19.68 2318  201.3 107.06 h9.63 30,65 120.68 33.79 127.95

oks 779 27.80 2355  h68.9  98.66  L6.k9 30.62 118.59  33.7%  125.9
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TABLE 11, continued

Series Gd on P NFS ASS, AHS - Afef® A
‘ cd _ o
and Time Target Temp. R1nK T T T Hg98 K.

Target (s§c.) (g.) (°k.) (10 Tatm.) (eu) (kcal./%mole) (%eu.) (kcal./%mole) (%eu.) (kcal./%mole)

2-68 The8 7.709 2362 136.7 110.86 52.37 30.60 : 124.64 33.74 132.06

avr. 122.2 T 3.6 avr. 126.3 ¥ 3.7

i

ABpo00x., (Second Law) = 121.2 ¥ 16.6 kcal./%-mole»

CTAS? oox, (Second Law) = 31.6 T 7.4 euL.

220

’ Mg\ 2
“RInK = 1.987 1n| (4.00)% (———) P2 }
[0t () * %

* Crucibles ZrB2/0-2 for Series 2 and ZrEQ/C-h for.Series 1 and Series 3.had upper orifice diameters of
"0.0672 and 0.01273 cﬁ., respectively; lower orifice diameters, 0.0851 and 0.1503 cm., respectively; and
channelvlengths of 0.658 and 0.689 cm., respectively. The target distance was 13.99, 13.27 and 13.45

cm. for Series 1, Series 2 and Series 3, respectively. The target diameter was 0.550 cm. in all experi-

ments.



in calculating AH; and AH§98°K.’ respectively.

A two-parameter least squares treatment of these data, pre-
scribed by the Second Law technique of Chapter 6. 4. 1, was performed
with the IBM 1620 computer. From the slope AHEZOOOK. is 121.2 * 16:6
kcal. for the vaporization of 1/5 mole of GdB4 to the gaseous elements.
The valué of ASEZOOOK. from the intercept is 31.6 } 7.4 eu. for the same
process. Figure 11. 4 is a graph of log Pgq Versus 1/T.

With the same assumptions regarding the use of the Third Law as
were used in the Langmuir experimeﬁts (cf. Chapter 9. 3) and the employ-
ment of entropy data on elemental boron and gadolinium taken from JANAF
(69) and Stull and Sinke (65), respectively, the average Third Law
standard heat of vaporization at 2200°k. is 122.2 t 3.6 kcal. for 1/5
mole of GdB4. The_average AH;980K. was calculated as 126.3 t 3.7 kecal.

for the same vaporization process.
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CHAPTER 12

ERRORS IN PRESSURE MEASUREMENTS ON'GdB4

12. 1 Kinds of Errors

Any discussion of the influence of errors on the heat of
vapofization of G§B4(s) would include the following factors:

1. The influence of oxygen, water, carbon monoxide and carbon
dioxide in the background on the transport of gadblinium and boron.

2. The errors in the entropies and free-energy-functions used
in the Third Law treatments.

| 3. The stoichiometry exrror of the process.

4. The error in the temperature.

5. The cross section and multiplier efficiency errors and the
silver calibration error in the mass spectrometric data.

6. The influence of orifice and sample areas, the Cléusing-
distribution correction and the possibility of non-unity condensation
or evaporation coefficients.

7. Target analyéis in the Knudsen experiments.

8. Equilibration with ZrBZ, contaﬁination, sample history and
mechanical measurements.

9. The sparsity of experimental points.
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12. 2 Influence of Background Pressure

Perhaps the best ﬁethod of demonstrating the importance of
background gases is to study the rate of transport of gadolinium from
the crucible as a function of the background pressure of HZO’ 02 and
002 on being admitted from a controlled 1éak. In essence, this was.the
case with the mass spectrometer experimenté. In Figure 10, 6 it was
clear that Ped fell off from the linear temperature-coefficient slope
as the background gauge pressure exceeded a pressure of 10"6mm. How-
ever, because of the location of tﬁe pressure gauge and the problem of
determining the conductance of the vacuum system, no reliable determina-
tion of the background pressure in the furnace itself was available.

It was noted in the mass spectrometer experiments that the
Second and Third Law heats began to vary from constancy at background
pressures at the ionization gauge exceeding 1 x 10_6mm. It was further
noted that the pressure in the furnace region could have been two orders
of magnitude higher than the pressure at the ionization gauge. From the
relative ion currenté, Cd+-28 was by far the most important background
gas. Historically, when non-graphitic crucibles were used in the mass
spectrometer, water was by far the most imﬁortant gas. Water can be
absorbed quite easily on cold metal surfaces}in large concentrations and
with great tenacity. A plausible hypothesis,ithen, is the desorption
of water from the apparatus walls as they are warmed and the reaction
of water vapor with the graphite outer. crucible to form Co(g) and hydro-

gen. While this reaction is not favored at room temperature, at the

high crucible temperatures of the experiment the TAS factor becomes

) L o3



quite large, and the reaction is favored,

In the glass vacuum apparatus of the Langmuir and Knudsen
experiments a graphitic crucible effect similar to that of the mass
spectrometer was noticed. Metal crucibles could be heated at high tem-
peratures with background pressures two orders of magnitude below that
achieved when graphite crucibles were heated to high temperature. Carbon
monoxide or gaseous species absbrbed by the graphité prbbably were the
principal cdntributors to tﬁe background pressure.

However, within the limits of experimental error there was no
pronounced deviation f£rom constant values of the Third Law enthalpies
of vaporization for either the Knudsen or the Langmuir experiments.

These experiments were performed with background gauge pressures below

(o}

292000K. from the Second Law Knudsen data is-

5x 10-5mm. Furthet,AS
31.6 T 7.4 eu., which compares favorably with an estimated value of

32.4 eu. for the vaporization process to form one mole of gaseous

species (cf. Chapter 13).

Further, still, the Second and Third Law enthalpies of the Knudsen
study are in good agreement, which would indicate confirmation of the
congruent vaporization process used to calculate the Third Law values,
Thus, GdO(g) is not considered important within the limits of error im
the Knudsen or Langmuir experiments.

In order to estimate the extent of.reaction of CO, H20 or 02

with GdB, at high temperatures, one should examine suitable interaction

4

processes. Consider the reactions of Co(g) with GdB4.
2C0(g) + 8Gd34(s) = 2Gd0(g) + 5GdB6(s) + GdBZCZ(S) (12. 1)

29k
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White, Walsh, Ames and Goldstein estimate Dg(GdO) at -160 kcal./mole
and SZZOOOK. for GdO at 75.9 eu. (52). JANAF (69) gives‘Anz for forma-

tion of agd SZZOOOK. for CO(g) and 0(g). The heats of formation of GdB,,

GdBg, and GdB,C, were estimated as -45, -50 and -50 kcal./mole, re-
spectively. The entropy for the solids was estimated from AS; =0,

- Then, for a CO(g) pressure of 5 x 10"8 atm., the‘GdO(g) pressure is about
1 4 . ,
5x 10 4 atm. at 2200°K. Hence, CO(g) will not appreciably react with

GdB4 in this process.

Carbon monoxide may react w'ith'qu4 by process (12, 2):
'GdB4(s) + 200(g) = Gdecz(s) + BZOZ(g) : (12, 2)

With AH and S data for GdB

; o
29000K. 4, CO and Gd32C2 indicated above, AHf

of B, 0 (g) at 2200°K, -116 keal. /mole and 82200°K for B 0 (g) 92.1 eu.,

according to JANAF (69), the eqqilibrium constant for reaction 12. 2 can

be estimated. Again assuming Pao to be 5 x 1078 atm., one calculates a

corresponding B202 pressure of 3 x 10-16atm. Hence, CO(g) does not

~

transport GdB4 in any way. The possibilitynof-sample transport by COz(g)
is even more remote,

Consider now the process,
5/20,(g) + GdB,(s) = GdO(g) + 2B,0, (g). (12. 3)

With background oxygen pressures of 10 8atm , it is estimated that the
GdO(g) pressure would be nearly atmospheric. Hence, Gd203(s) and 3203(1)
or possibly borates will be the products at this pressure of oxygen.
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This observation implies that every oxygen moleéule which enters the
crucible will react to transport gadolinium and bofon as gaseous oxides.
However, at this oxygen pressure, the‘rate of entrance of oxygen through
the orifice is small compared to the rate of congruent vaporization of
GdB4(s) through the orifice. Evidence for the negligible influence of
oxygen is the relatively low ion current of the M-32 and M-16 peaks in
the mass spectrometer, their constancy with-I;a+ variation, and the
inability to detect Bzoz(g) or BO(g) in the mass spectrometer. There-
fore, this process is ﬁot'thought important.

Assumiﬁg that water is the principal oxygen~containing absorbed

molecule in the vacuum system, one must consider the following reaction:
9H20(g) + GdB4(s) = 4HB02(g) + Gdo(g) + 7H2(g). (12, 4)

While the poor thermochemical information available for Gd0(g), HBOz(g)
and GdBé(s) préclude a reasonable estimate of the pressures expected,
the estimates by Leitnakef @36) on the reaction of water with ZrBz(s)
and a realization that GdO is more stable than ZrO (52) and that GdB4
'jper bofon atom is much 1eés étable than ZrB2 per boron atom, it is
obvious that water would be a serious problem at pressures overv10-8atm.
This interfering process was especially applicable in the mass spectro-
meter experiments, where the vacuum apparatus had a large metal surﬁace
area and where ﬁﬁerline conductance was low. The water partial pressure
should bécome noticeable with GdO(g) éppearance in the mass spectrum as
the walls of the apparatus became hot. The species, H20+-18, was cer-
tainly the second most important: species (next to CO(g)) at 1740°¢. in
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the mass spectrometer (cf. Table 10. 5); however, the water intensity
was decreased relative to Gdd+‘as the temperatﬁre was increased. At
room temperafure water was the most‘importantioxygen-bearing species in
the mass spectrum. Perhaps water was reacting with the sample to a
greater extent at higher temperatures. 'Sbme HBOZ-44_and HB02-43 could
have existed in the mass spectrum in view of the large ion currents at
these masses., However, shptter checks were absent; and considerable
background normally is found at these masses.

| In conclusioﬁ, the principal background gas species was CO(g).
The effect on transport of gadolinium and boron by "CO0(g) at the CO
pressures of the Knudsen and Langmuir experiments ﬁas negligibly small,
Oxygen would have&been a serious contaminant, but its background pressure
was too low compared to the rate of GdB4 vaporization. Water was also
a serious contaminant and probably accounts for the GdO(g) observéd in
the mass spectrometer. However, at the background water pressures in
’the experimenté performed in the glass vacuum systems, thé water or
oxygen entered the crucible to react with GdB4 at a rate less than that

for congruent vaporization of GdB4 by a factor of 100.

12, 3 Free-Energy-Function Errors

While the pressures, equilibrium constants,and free energy
changes on vaporization of GdB4(s) can be determined as precisely as
experimental effort is warranted by interest, in order to determine the
 heat of vaporization from Third;Law t£eatments of these measured pres-

sures, entroples and free—energ&-functions for B(g), Gd(g) and GdB4(s)
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are needed up to 2500°K. Such data for GdB4(s) are disappointingly
absent, necessitating approximations and thereby introducing errors.
While entropy and free-energy-function data have been measured for B(g),
data for Gd(g) have not been collected at these temperatures; however,
reasonable estimates do exist. .The maénitude of the collective errors
in these quantities is discussed in this section.

The free-energy-functions and enthalpy functions for boron (s),
boron (g), gadélinium (s,1) and gadolinium (g) are tabulated at 100°
intervals in the temperature range of interest in Table 12. 1. For
B(s,1) and B(g) the first two data columns are taken from Stull and
Sinke (65), while the last two columns are taken from the JANAF Tables
(69). The data for gadolinium (s,1l) and gadolinium (g) were taken from

Stull and Sinke (65).

Boron

There is some difference in the two sets of data of Table 12. 1
for elemental boron. The values of JANAF (69) are those accepted in a
recent critical review on the thermochemicéi data of boroh by Schick

(132). The data on boron were taken from JANAF throughout this work.

Gadolinium

The enthalpy, free-energy-functioﬁs and entropy data for monatom-
ic, ideal, gadolinium gas are based on the sbectroscopic data of
Russell (.75) in Stull and Sinke (65). Similar data for gadolinium,
solid and liquid, were estimated by Stﬁll and Sinke from measured en-
tropy and heat capacity data below 355°K, and an estimated heat of
fusion. These data were used throughout this work.
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TABLE 12. 1

Enthalpy and Free-Energy-Function Data for Boron and Gadolinium

0 1o O
Temp. HQ- 298%.. - (Fp H298?K.) H%—HgggoK' _ (FT—HZ98°K.)
. T _ T
(°k.) (cal./g.-at.) (cal./deg./g.-at.) (cal./g.-at.) (cal./deg./g.-at)
- 8tull and Sinke (6
poron (s): (65) | JANAF (69)
1500 6409 , 4.88 6759 5.152
1600 - 7082 5.17 Th5k 5.448
1700 T765. 5.44 8158 ‘ 5.735
1800 8460 5.70 8870 6.013
1900 9165 5.96 9590 6.283
2000 9880 6.21 10315 6.54Y
2100 10605 6.45 11047 6.798
2200 1i3k0 6.69 _ _ _ .__1.m83_ _ ____ T7.045 ‘
2300 17380 ~ 6.92" 1712 7285 T T~
. 2hoo 18130 ° T.24 - 1787k 7.602
2500 18880 7.55 1862k 7.906
Boron Sg}: v
1500 5971 40.70 5972 40.696
1600 6468 40.96 6468 40.955
1700 - 6965 hi.21 6965 41.202
1800 Th62 by iy Thé2 L1.u37
1900 7959 hi.67 7959 41.662
2000 8455 41.89 ‘ 8456 41.878
2100 8952 42.09 : 8953 42.085
2200 _ _ O4ho La.29 o _ 9o ba,285
2300 9oLk6 42,48 T9oL6 2 476 '
2400 10443 42,66 10443 42,661
2500 10939 ' 42,8k 109L0 | L42.839
¥ Stull and Sinke (65) Stull and Sinke (69)
Gadolinium (g): : Gadolinium (s):
1500 _ _ 7296 _ _ _ _ _ SL.57_ _ _ ____ 90 _____21.91 __ _ _
1600 7885 , 51.89 ‘ 14070 22.32
1700 8481 o 52.19 14870 . 22.86
1800 9087 52.48 15670 23.36
1900 9703 : 52.75 16470 - 23.83
2000 10330 ’ © 53.01 17270 ol .27
2100 - 10970 53.27 : - 18070 , 2l .69
2200 11622 . 53.51. ' 18870 25.09
2300 12286 53.7h4 19670 25.h71
2400 12963 53.97 ' 20470 25.84
2500 13652 54.19 21270 26.18
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€dB, gol22

In the absence of any heaf capacity data at ény temperature for
GdB4.00(s), no experimental free-energy-functions could be calculated
or extrapolated. A reasonable estimate of the heat capacity of a phase
of the alloy fype or of compounds with a coordination type structure
can be made with the use of the Neumaﬁn-Kopp Rule. This correlation
assumes that Ac; of formation of the phase from the elements is zero at
all temperatures. In other words, the heat capacity and, therefore, the
free-energy-function, entropy.function and enthalpy function for GdBA.OO(S)
may be estimated by'adding the heat capacities or appropriate functions
of the elements. This aSSumpﬁion was emploYed in all calculations of
the Fhermodyﬁamic values foerB4 vapé:;?ation.

The secoﬁd aSSumption used in thé GdB4 thermodynamic calcglations
was that A8298°K. for the formation of GdB4‘was zero. From this assump-
tion and the assumption that Acg of formatiop at all tgmperatures is
zero, standard state free-energy-functions and entropies for GdB4.00(s)
are given by the sum of the stoichiometric proportions of the elemental
~ free-energy-functions or entropies in their standard étates.

The error arising from these assumptions for Gqu(s) is difficult
to evaluate. However, Swift and White (176) measured the heat capacity
of MgB4(s) from 17.34 to 299.53OK. and estimatéd the heat capacity above
that temperature. A comparison of the Swift and White data as inter-

preted by JANAF (69) with the above assumptions is made in Table 12, 2

at 298°K. (136).
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TABLE 12, 2

Compariéon of Measured Thermodynamic Data for Magnesium Boride
and Lanthanum Hexaboride with Estimated Values at 298°,K.

g ° (Bog 1)/ -(r3p-)/T

Substance (cal./mole) (eu) (cal./deg./mole) (cal./deg./mole) -
Mg 5.96 7.81 4.008 | 3.80

4B 10.52. 5.60 | 3.918 1.68

MgB,, (calc.) 16.48 13.41 7.93 5.48
MgBLL(expt.) 16.858 _12.&10 7.63 4.78

La 6.65 13.6k4

6B 15.78 8.31;‘

LaB6(calc.) - 22.45 2;.98

LaBg(expt. ) 23.17 19.88 | 8.700
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Swift and White's chemical analysis for MgB4 described the
composition as MgB3.86; howeve?, the data they reported were for MgBé.
If the entropy and free-energy-functions of GdB4 are related to the
entropy of the component elements in the same fashion as for MgB,, then
the entropy or free-energy;function calcqlated from the elemental data.
for GdB, should be decreased by 12.8 percent at 298°K.

With the aésumption that this 12.8% variation ekists at all tem-
peratures, AH§98°K. from‘the Third Law for 1/5'GdB4(s) vaporization will
be increased by 2.6 kcal. over the value calculated from the assumption
that Ac; and A32980K‘for formation of GdB4 are zero. An error of 10% in
the free-energy-function or entropy of gadolinium solid or gas would affect
this heat of vapQ:izatién about one kcal. Any errors in the free-energy-
functions of elemental boron are negligible compared to those for gadolinium.
Therefore, the errors in the heat of vaporization of GdB4 with the free- |
energy-functions used should not. exceed 3.5 kcal. of which 2.6 kcal. is

systematic error.

12. 4 Composition Error

Since no deviation from a stpichiometrié tetraboride comﬁosition
“has been observed for the lanthanides, the actinides and MgB4,vthe assump~
tion of a'stoiéhiometric vaporization process seems appropriate. However, in
view of the quality of the boron analyses, the precise four to one ratio of -
boron to lanthanide cannot be verified (cf.Chapter?). While in this work no
error for deviation from a stbichiometric process was used in the error
analysis, it is interesfing to calculate ﬁhat the error in the Third Iaw AH(2)98°K.
for the vaporization would be, if the boron to lanthanide ratio were 3.950.
Consider the process:
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GdB,, (s) = Gd(g) + V¥ B(g).

(12. 5)

¥

K=Pgq Pp

M
PB = Pgq Y %qi%—ollz from equation 6. 7.
From equation 6.29,
M) ygop = T [[ Rlnpé1+ LR (MGB B v/2) [fefo,  *V Eefp s
o

- fede(s) ?fefB() ] .. (12. 6)

On differentiation with respect to ¥ ,
(o} Mp
d(AH298°K./T) = -(Rland) dY -(RIn¥Y ) d¥ -RdVY -[gln(ﬁai—)] dy

B()df +fefB() Y . . 1z2. 7)

For ¥ = 4,00 and dV o 05, d(AHS ) will be 13.64 kcal./mole at

2989K.

- 2182°K., or an error of 2.7 kcal./one total gaseous atom.

12, 5 Temperature Error

12. 5. 1 Langmuir

The difficulty in estimating the error here lies in the question
of surface temperature discussed. in Chgpter 6. 3. 1. Assuming that the
black-body temperature was the same as thé surface temperature, one can
estimate the tempefature efror*ffom the equations developed below.
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From Chapter 6. 2 an error of ten degrees was considered
reasonable in the use of the pyrometer and calibrations for the optics
involved. What error in the Third Law AH; will such a temperaﬁure error
produce? Substitution of equation 6. 5 into equation 6.29 provides

- equation 12. 8.

o 4, Mg 1/2 Mea 1 5
Mg ID) = T | -rins* B2 : )
2980k ¢ W, Wr M " % 33ac
;‘ .
- RlnT'S/2 - AfefohJ . (12. 8)

Differentiation of equation 12. 8 with respect to temperature gives

equation 12, 9,

5.1/2,  Yed 1

' | M
o 4 5
AL Aty ggo (TTD)] = ['Rl“‘* i) Ui 74330

- Rint”/ Z—Afefo] - 5/2 RAT. (12. 9)

Therefore, a 10° temperature error produces an error of 0.6 kcal. in

‘the Third Law value for the heat of vaporization of 1/5 mole of GdB4(s).

12. 5. 2 Mass Spectrometer

The temperature error in the mass spectrometer data'was‘probably
much larger than in the Knudsen or Langmuir cases. The heating arrange-
ment with two tungsten elecﬁron bomﬂardment ribbons around the crucible
descriBed earlier necessarily allows temperature gfadients. It is esti-
mated that the gradient at the temperatures of the gadolinium measurements
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might be as much as 300; and at the temperatures of the silver cali-

bration, about 15°. . Coupling equation 6.10 with equation 6.29, substi-

-AFO
AFAg/RTA +

tuting e g

for the pressure of silver, and arranging the
'temperature terms in an easily differentiable fashion, one derives the

relation in equation 12,10.

f : T +
A o - . o _GdT
M) ggog, (ITT) = -5Tqqy RINTq,) +5RTG 4 InT, oy 4507 o
o
- RT g+ InB - Afef® T, . (12.10)

Differentiation with respect to temperature produces the result,

5AF°

) o
AH, 00, (III)) = | -5R-5RInT
298°K . cd Agt

o o
-RlanAfef JdTGd.{.

TAg"' Ag T Ag

T, .+ T, .+ . :
+ | R 8 L5/ 4F° S | ar, . (12.11)
Agt

With an error in Toa+ of 30° at 2000°K. and an error in + of 15° at

Tyg
- 1200°K., an error of 2.2 kcal. in the Third Law AH§980K for the vapo-

rization of 1/5 GdB4(s)'is calculated.

12, 5. 3 Knudsen

The temperature in the Knudsen experiments doesknot.depend on
the assumption that surface temperature and black-body hole temperature
are the same, as in the Langmuir expegiments. Thué, the temperature error
is that derived for the Langmuir case in Chapter 12, 5. 1 without this
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assumption. Hence, an error of at most 0.6 kcal. in the Third Law AH;

for vaporization of GdB4 to a mole of gaseous elements is estimated.

12. 6 Mass Spectrometer Calibration Error

As discussed in Chapter 6. 3. 2, the most accurate calibration
method in mass spectrometry is the total vaporization‘of a known weight
of the species, whose pressure is to be measured as a function of tempera-
ture, under the same geometry and electrical conditions as in the
vaporizing system'whose pressures are unknown. Because of the inabiiity
to distinguish ion current arising from sample boron from that of cru-
cible boron, such a calibration could not be carried out for boron. The
gadolinium ion current could have been interpreted in terms of gadolinium
pressure.by vaporizing a known weight of gadolinium metal.“However, the
behavior of gadolinium in ZrB2 was not well characterized.

Therefore, a calibration of the mass spectrometer with silvep
was performed in each expe:iment prior to the collection of data generat-
ing the gadolinium temperature coefficient., This procedure necessitated
an estimation of the relative ion cross sections and the multiplier ef-
ficiencies for gadolinium to silver, The gadolinium to silver cross
section ratio was estimated in Chapter 10. 7 at 71/34.8 with an error
certainly less than a factor of 1.3. And the multiplier efficiencies
were determined in the same chapter to an accuracy of a factor of 1.3.
Therefore, the error introduced into the gadolinium pressurés from these

estimates is generously estimated at a factor of 1.6.
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While the calibration prior to each experiment was done both by
determining the silver temperature coefficient and by monitoring the ion
current as a function of time for the total vaporization of a weighed
quantity of silver, in the particular experiments where the gadolinium
temperature coefficients were considered reliable theklatter calibrating
scheme gave too low a sensitivity because of orifice clogging (cf. Figure
10. 3). With the use of equation 6.16 and a Clausing factor of 0.09,
as defined by Iczkowski, Margrave andvRobinson (198), for the cylindrica}
orifice in crucible ZrBZ/C-Z, the sensitivity of the mass spectrometer
for silver from the ﬁotal weight loss method was 1.4 x 10-4amp./atm3 at
1302°K. This value is too low by the fraction of the orifice plugged
and the error in the Clausing factor. |

The sensitivity determined by temperature coefficient measure-
ments taken immediately prior to noticeablé orifice clogging resulted in
a éilver sensitivity of 5.5 x 10—4amp./atm. at 1248°K.  This sensitivity
is to be compared with temperature coefficient silver sensitivities of
4.8 x 10-4amp./atm. at 1244°K. and 2.5 x 10"4 amp./atm. at 1248°K. from
two earlier experiments. Therefore, it is believed that the reliability
of the sensitivity is within a factor of 1.8.

An interesting method of roughly determining Clausing factors
for poorly defined orifice geometries is available. The Clauging factor
for the orifice would be the ratio of the sensitivity determined from
the temperature coefficient data to that determined ffom equation 6.16.

The measured gadolinium pressures in the mass spectrometer, in

view of the above considerations, would be correct within a factor of 2.5.
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An error in the pressure of this magnitude would be manifested as an

error of 1.1 kcal. in the Third Law heat of vaporization of 1/5 GdB, at

A
1761°%.
12. 7 Condensation and Evaporation Coefficients;

Clausing Factors; Angular Distribution
Errors

It is difficult to interpret whether or not the GdB4 vaporization
experiments suffered from low non-equilibrium pressure measurements,
arising from non-ideal conditions for Knudsen or iangmuir vaporization.
Usually, one studies the effect of varying orifice size on the pressures
inside the crucible. In essence, this study was accompliéhed in this
work by comparing meésured pressures between the limits of a very small
orifice in the Knudsen experiments and the infinitely large orifice of
the Langmuir experiments. If the measured pressures in the Langmuir
case were too low because of failure to achieve equilibrium, the Third
Law énthalpy calculated from Langmuir data will be higher than that of
- the Knudsen experiments, Within the statistical errors reported above,
the Langmuir Third Law enthalpy does exceed that of the Knudsen and mass
‘spectrometric values by 10 to 15 kcal. However, in view of the unknown
temperature error of the Langmuir experiments and the meager volume of:
data, the actual sizé of this discrepancy cannot be defined. Therefore,
condensation coefficients cannot be realistically evaluated.

There were two orifices used in the Knudsen experimeﬁts, one
about one-fourth the aréa of the other. If a saturateq vapor did not
exist with the larger orifice, lower pressures and higher Third-Law

enthalpies should be observed on comparison to the data with the smaller
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orifice. However, quite the opposite was observed. The smaller orifice
produced slightly lower pressures, 1In view of the large area of the
massive powdered sample, the small orifice used, énd the above considera-
tion, it is believed that a saturated vapor existed in the Knudsen
“crucible.

Having demonstrated that vapor saturation existed in the Knudsen
crucible, one must now consider the effect of orifice and target geometry
on the rate of escape and on the collection of gas effusing froﬁ the
o#ifice, i.e., the Clausing and the molecular distribution factors.

The L/r ratio for the ZrB2 orifices in the‘KhudsenTwork were 10.0 for
crucible ZrBZ/C?4 and 17.3 for crucible ZrB2/C-2 (cf. Chapter 11). The
conical angles, T, of these orifices, were 0.0137 rad. (0047') for
crucible ZrBé/C-Z, and 0.0166 rad. (0057') for crucible ZrBZ/C-4. The
solid angle, O, between the normai to the orifice from the target and
the target perimeter was 2023', for the Series 1 experiments and very
slightly greater for the Series 2 and 3 experiments.

Should the convergent orifice, i.e., the diameter of the
cylinder orifice at the vacuum end less than that opening into the
‘crucible, have a value of T > 6 where 7 is the angle between the normal
through the orifice and the conical wall of the orifice channel, then,
according to Edwards and Freeman (177), there is no Clausing‘factér but
only a cosine correction for the angular distribution of the effusing
gas. This restriction is apparent if one realizes thaﬁ under these

conditions only a molecule passing through the orifice without striking

the walls of the orifice could strike the target.
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The formula, Ng = /« n rzsinze, defines the number of particles
passing through the solid angle, 6, per second. The quantity,/u. s 1is
the number of pérticles striking the orifice/unit area/sec. in the cell;

and r is the smallest orifice radius.

3 m /2 o .
/"( = (2" ®r) from kinetic theory. (12.12)
Hence, ' ,
| y o Bnx’sin’e m {72 19.13
8 m 2nRT/ , : (12.13)
1/2
= = o2 M)
Wy = m, = Pa sin" 0 (ZnRT) = mass/sec. (12.14)
collected by the target.
Then,
p o T (2RT y1/2 (12.15)
. 2 M
a sin 0@

and

T " 2mRT,1/2
= =z - ( yj
a _ r2+L2)‘

rd
|

- . (12.16)
.However, the smallest © in the three sets of Knudsen experiments per-
'formed was 2°23' which is greater than T . Therefore, some error would
arise from the use of the ‘simple cosine correction of equation (12.16)
because of the enhanced channeling of effusate onto the target area from
the mearly cylindrical orifice. The use of equation (12.16) would produce

gadolinium pressures Which are too high.
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At the other extreme, with the assumption of a cylindrical
orifice one observes that molecules striking the walls of the orifice
could reach the target. The combined Clausing factor and fraction-of-
effusate-collected‘correction on the pressure was given by equation 11.
According to Freeman. and Searcy (174), this expression holds within
+ 1 percent for 0 < L/r < 2.0 and for values of 0 < 8 < 0,35 radians,
where © is the angle between the normal through the orifice and the
sloped walls of the orifice. For 2.0 < L/r < 8.0 and 0 < 8 < 0.18 rad.
the‘error ist 5 percent. The values of © in these experiments were
less than 0.18 fad., but L/r was greater than 8.0. If one assumes the
decrease in error for Such.a small @ balances the increased error for
L/r > 8.0, the error in the use of this correction formula is t 5 percent.

Table 12. 3 shows the corrections for the three series of Knudsen
arrangements with the ideal cosine distribution only and with the Searcy-
Freeman formula. The correétions agree with 15 percent. The best cor-
rection would be an intermediate correction. Therefore, since the
Searcy-Freeman values were used here, the random error in the correction
is 5 percent, but a systematic error of about 7 percent too small a
.correction is applicable. Hence, the apparent gadoliﬁium pressures
will be from 2 to 12 percent too high. This effect will produce errors
in the heat of vaporization of 1/5 GdB4 of 0.02 to 0.12 kcal; in the

Knudsen determinations.
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TABLE 12. 3

Knudsen Effusion Correction Constant for Clausing
Factor, Angular Distribution and Fraction Collected

on Target
Series Cos ine_ 3Law Searcy-l«:xéeeman
(o ) (10 )
1 1.54 1.41
2 1.72 1.45
3 ' 1.67 1.52

12, 8 Target ‘Analysis Error

By far the largest error in the quantitative analysis of
gadolinium on the aluminum targets from the Knudsen vapor collection
experiments was in the delivery of a precise volume of gadolinium con-
taining solution from a one ml. syringe onto the standard gadolinium
plates. This error varied from 4.5 percent at one microgram of gadolinium
to 15 percent at 175 micrograms of gadolinium on the standard targets.

The scatter in the standards at low concentrations arose solely from

the 5 percent error in delivering an accurate volume from a microsyringe.
At high concentrations the error arose from the inaccuracy of the syringe
delivery and from the uneven and thick 1ayefs of Gd203 that resulted on
evaporation of such concentrated solutions.

Data scattering due to target alignment or rotation in the
spectrograph, detector variations and reflection or blocking of gadolinium

emission by the edge of the aluminum target overlay was insignificant,
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Since‘the target analyses were in the one to 50 microgram range, the

error in the analysis is assumed to be about eight percent. This error
in the pressure of gadoliniﬁm would be realized as an error of 1 0.06 kcal.
in the Third Law heat of vaporization of‘1/5 GdB4 at 2200°K., an insig-

nificant error compared to other sources of error.

12, 9 Miscellaneous Errors

\

Errors left to be dealt with might arise from failure of the.

sample to equilibrate with the ZrB, crucible, errors in the geometry

2
measurements, non-unity condensation coefficient on the target in the
Knudsen experiments, the influence of possible contaminants in the sample,
sample history, timing accuracy and weight measurement. There was no
indication that these errors Weré 1argé compared to those’discussed
above. Contamination might have been a serious problem, but cannot be
effectively evaluated. The area error in the Langmuir measurements is
estimated liberally at 10 percent.

‘The sparsity of experimental points was a large source of error.

These random errors were evaluated statistically by the computer and are

given with the calculated values in the appropriate chapters.

12.10 Summary

12,10. 1 Langmuir

The total root mean square error in the equilibrium constants
of the Langmuir experiments equals the square root of the sum of the mean

' 2
square errors in the weight loss, in the pellet area, in Tl/ , in the
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time and, further, in the stoichiometry and the condensation coefficient,
’each weighted by the partial derivative of K with respect to the vari-
able. From the above discussion, then, the error in the equilibrium
constant is 11 percent. This deviation produces an error of 0.1 kcal.

at 2200°K. in 1/5 RInK which is quité within the experimental standard
deviation of 1.5 kcal. The random’error in the entropy or free-energy-
functions and the temperature and the error from random scatter of experi-
mental data fix the total error at 2.6 kcal. in the Third Law heat of
vaporization of 1/5 GdB4 at 2250°K. This error assumes no stoichiometry
error, a unit condensation coefficient, no competing transport process,

0 o . ,
and ACP and ASZ98°K. of formation of GdB4 equal to zero. Therefore,

o
Ay 500K, 4.00°

low by 2.6 kcal. because of the Systematic entropy error in GdBA(s).

is 134.2 T 2.6 kcal. for 1/5 GdB This value is probably

12.10. 2 Mass Spectrometer

Accumulation of the estimated errors in the mass spectrometer

o
17500K,

4.6 kcal./1/5 mole. Again the systematic 2.6 kcal. error in the heat of

experiments gives AH from Third Law analysis a value of 114.0 f
vaporization, arising from the systematic error in the entropy of GdB4,
would tend to raise this value by that amount., The assumptions here are
. . o o .
vapor saturation, no competing process, ACP and ASZQSOK of formation

for GdB4(s) are zero, no stoichiometry error, and no geometry change be-

tween the temperature of silver calibration and the highest experimental

temperature,
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12.10.3 Kmidsen

The errors in the Third Law heat of vaporization at 2200°K. from
the Knudsen experiments are those of the Langmuir case less the area
error but adding the error arising from the correction for effusion geb-
metry and adding the error in target analysis. However, these errors
produce an error in the equilibrium constant considerably less than the

experimental deviation in K. Therefore, AHO from the Third Law is

2200°K.
122.2 * 3.6 kecal. for 1/56dB, oo Again, the systematic error of 2.6 kcal.,
arising from the error in the entropy,would increase this value for the
heat and reduce the error accordingly. The assumptions here are unit

target condensation coefficient, vapor saturation in the érucible, no

. . ) o]
stoichiometry error, no other competing transport process and ACp and

) .
A3298°K, of formation for GdBA(s) are zero.
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CHAPTER 13
SUMMARY OF THERMODYNAMIC DATA ON GdB),

Table 13 contains g summary of the enthalpies and entropiéé cal-
culated from the pressure measurements over GdBu(s) from Langmuir, mass
spectrometric and Knudsen measurements. The errors in the Second Law data
are the computed least squares errors. The errors in the Third Law values
are those discussed/in Chapter 12. |

For compari;bn purposes, it is useful to estimate [&HSQOOOK. for
the vaporization of 1/5 mole of‘ddBu. The heat of formation of GdB) lies
between -27.7 and -88 kcal./mole (cf. Chapter 1L4). The heat of vaporiza-
tion of boron at 2200°K. is 133.9 t 0.7 kcal./g.-at.,according to Robson
and Gilles (178), and the heat of vaporization of gadolinium at 2200°K.
given in Stull and Sinke (65) is 75.3 kcal./g.-at. Therefore, the esti-
mated heat of vaporization of 1/5 mole of GdB) vaporizing to give atoms
at 22000K.1s betveen 127.6 and 139.8 kcal. From the assumption that
‘1385980K. and [SCg for formation of GdB,(s) are zero at all temperatures,
D830k, Per 1/5 mole is estimated at 32.k eu. The Third Lew enthalpy
change for the vaporization at 298%K. would be 3.8 kcal. larger than
AHZo000k, -

From the low Second Law entropy and  from the high Third Law heats

determined in the Langmuir experiments, it is obvious that the gadolinium

Pressures were too low. Thus, one must postulate a non-unity evaporation
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TABLE 13

Summary of Thermodynamic Values for GdB), Vaporization
in Langmuir, Mass Spectrometric and Knudsen Experiments.

Mass
- Quantity Langmuir Spectrometer Knudsen
Temp. range (°K.)  2112-2403 1599-1888 20Lh7-2362
Temp. at which thermo. quantity 2250 1750 2200
measured (°k.) :

/B3 (Second Law, kcal./E mole) 116.4 * 8.3 99.1% 5.8 121.2 * 16.6
AS,%(Second Law, eu. for %‘-mole) 23.9 1t 3.7  2h.h* 3.4 " 31.6 T 7.4
AHY(Third Lav, kcal./% mole) 13%.2 t 2.6 1140 * 46 122.2 t 3.6

AHZ980K. (Third Law, kcal./-‘éL mole) 138.9 % 2.7 116.4 t 4_74 126.3 * 3.7
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coefficient for free evaporation of Gch’ If the evaporation coefficient
is not strongly temperature dependent, some reliance may be placed on the
Second Law enthalpy. The Second Law value at 2250°K. agrees with the
estimated values for the process within the errors involved.

From a comparison of measured gadolinium Pressures in Tables 9,
10. 6 and 11 (cf. Figure 13), it is clear that the mass spectrometer
ﬁéasufements demonstrated the.highest pressures. This is reflected in
the Third Law value for [§H§7500K.ofvTable 13, which is lower than the
Langmuir and Knudsen counterparts and considerably lower than the esti-
mated values. The temperature coefficient value for the heat of GABy,
vaporization is less than the Third Law value in the mass spectrometric
méasurements. If a process other than congruent GdB), vaporization were
accounting for the gadolinium transport, the Third Law calculations, which
émploy free-energy-functions for the congruent process, would suppress the
effect on the Third Law enthalpy change. On the other hand, the enthalpy
determined from a slope of log pgg Vversus l/T would bear né relation to
the congruent process. Therefore, the Third Law value would be expected
to be different from the Second Law value, if some other process were.
accounting for gadolinium or boron transport.

Recall from Chapter 10 that trace amounts of Gdx03 were found in
the mass spectrometer sample after the vaporization experiment. From the
discussion of Chapter 10 and Chapter 12. 2, the presence of Gd203 is
expected.at sufficiently high background pressureé of Hy0(g) or 0s5(g).

One may suspect, then, that gadolinium is beiﬁg transported by the process,

Gd,05(s) = éqdo(g) - o(g) . (13)
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Using the heats of formation and free-energy-functions for Gd203 and Gdo
estimated by White, Walsh, Ames and Goldstein (52) and similar data for

0(g) from Stull and Sinke (65), one finds Pego @t 2000°K. is of the order
of lO"7 atm. when the background oxygen pressure is 5 x 10'8 atm. Further,
White, et al. (52), indicated that GA0 is much more important over Gd203(s)
than Gd(g). This GAo pressure compares with an observed Gd pressure of

5 x 107 atm. at 2200°K. Hence, gadolinium transportes Gao(g) is important
when Gd203 is present.

Thus, in view of thé influence of background gases on GdBu vapori-
zation, the thermodynamic data determined from the mass spectrometric study
are not veiy useful in fixing the heat of vaporization of GdB),. The value
of the mass spectrometric studies lies in the confirmation of the vapor
species, in the insight derived regarding the influence of background gases
on material transport, in the confirmation of the principal vaporization
process and the‘demonstration of equilibrium, and in the discovery of the
possibility of GAO, molecules existing under reducing conditions.

. The Knudseﬁ experiments provided ﬁhe most consistent set of thermo-
chemical data. An examination of the Third Law calculations in Table 11
re#ealsvng systematic variatioﬁ with temperature. Thus, within the limits
of error,‘no competing process was important. The agreement between the

temperature coefficient intercept value of L&S%zOOSK. = 31.6 eu. and the
vestimated value of 32.4 eu. is quite good, implying that the pressures are
of the cofrect magnitude. In view of the large error limits, the remark-
able agreement betweén Khudsén Third Law and Second Law heats of vaporiza-
tion is, perhaps, fortuitous, but quite s?tisfying. These enthalpy values
“are low compared to the estimated ZSH%EOOCK; of 127.6 to 139.8 keal. per
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1/5 mole Gch. Some'of the difference can be accounted for when the system-
atic error of 2.6 keal., or the assumption that stg is zero for GdB), for-
mation, is added to the Knudsen enthalpy values (cf. Chepter 12. 3).

The best value for the heat of vaporization of 1/5 mole of GdB),
\is taken as the Third Law value of the Knudsen éxperiments, on the basis
of the assumptions listed below:

1.) The stoichiometry of the vaporization process is assumed that
in equation 1. 2. |

2.) The entropies and the free-energy-functions forlboron solid,
liquid and gas are those of JANAF (69).

3.) The entropies and the free-energy-functions for gadolinium
solid, liquid and gas are those given in Stull and Sinke (65).

4.) The value of AS8ggog, for formation of GdB), oo differs from
zero by the same extent as does that for MgB),, as discussed in Chapter
12. 3.

5.) The quantity, AC% is zero at all temperatures above 298°%K.
for the formation of GABy(s).

With these assumptions AH3,5n0k, is 124.8 £ 3.6 keal. for the vaporiza-
tion of 1/5 mole of Gch(s). For the same process, ZBHSQBOK. is

128.9 £ 3.7 keal.; AS® is 31.6 £ 7.4 eu., and the pressure of gadolinium
over GdB), at 2200°K. from equation 6.24 is 3.2 x lO-6 atm. The value of
AF 000k, 18 55.3 keal.

Wiéﬂih the framework of the above assumptions, and assuming
43H298°K. for the vaporization of boron is 135.0 kéal./g.—at., according
to Robson and Gilles (178) and that znggBOK. for the vaporization of
gadolinium is 82 kecal./g.-at. (cf. Table 1.2), one finds that the heat of
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formation of GdB) oo at 298°K. is -22.5 keal./mole or -5.6 kcal./g.-at:

boron. While this value is slightly outside the limits established in

Chapter 14, the difference could easily be accounted for.in the assump-

tion either that Z}Cg for formation of GdB) is zero at all temperatures

or that errors in the heats of vaporization of the component elements_exiet;
If pgg over GAB), at 2200°K. is 3.2 x ZLO-6 atm. , then in the Knu&sen

6

cell py should be 3.2 x 107" atm. (cf. equation 6. T). The vapor pressure ,

of boron at 2200°K.,1;ccording to Robson and Gilles (178), is 3k x 10'6
atm. The vapor pressure of gadolinium is 1.0k x 10°2 atm. at 2200°K. (65).
If the boron pressure over GdB) (s) were, indeed, nearly equal to the boron
vapor pressure, then the stabilities of GdBg and GdBygg are very severely
restricted. In order for GdBg and GdBypp to exist, the boron pressures
over both GdBg and GdB)n, must be between 3.2 and 3.k x 1076 atm. with
pg over GdBg leeg: than pg over GdBypg.

This exgremely restrictive stability requirement for GdBg and
GdB, g, the low heat of formation of GﬁBh, the low heat of congruent evapo-
ration compared to estimated values, and the proximity of the boron pres-
sure over GdB), to that over B(s), all indicate too high a gadolinium
pressure in the Knudsen experiments on GdBu. This apparent anomaly can
best be shown in the composite log Pgg Versus l/T graph of Figure 13.
Clearly the Knudsen gadolinium pressures are a factor of ten greater than
the Langmuir pressures. The Knudsen gadolinium Pressures also represent
the corresponding boron pressures in eﬁe Knudsen cell, The vapor pressure
of boron versus l/T is indicated on the graph, showing that at sufficiently
low temperatures pp over GdB) actually is greater than pg over B(s). This
apparent result, of course, cannot be corﬁect.
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Another inconsistency is found in the comparison of pg over GAB)
to pg over B)C. From the ternary Gd-B-C studies of Part I, it was estab-

| lished that GdBy will react with B)C to form GdBg and graphite. Hence,

ppg over the GdB) -GdBg pair must be less than PR ovér the B,C-C pair. Then
it follows that pp over GdBu must be less than pp over the B),C-C mixture.
The boron pressures over B,C-C were measured by Robson and Gilles (178)
and are shown in Figure 13. Clearly, the boron pressures over GdBy, cor-
responding to the measured gadolinium pressures are greater than the boron
pressure over B)C, in violation of the Gd-B-C equilibria observed in

Part I.

While the error analysis on the Knudsen experiments and the spread
in the experimental data allow an error of a factor of two in Pgg and,
hence, in pp, the decrease 6f a factor of ten in ppy needed to satisfy the
above inconsistencies cannot be explained by errors in the Knudsen experi-
ments. A chemical phenomenon must explain the apparent high gadolinium
and boron pressures.

A very plausible explanation is available. Leitnaker (136) reported
that ZrBl.96 vaporizes congruently with a boron partial pressure of
1.5 x 10'8 atm. at 2200°K. Hence, the boron pressure at the outer surface
of the ZrB, cell is two decades lower than the boron pressure inside the
cell estimated from the measured gadolinium pressures. This activity
gradient of boron through the crucible walls invites boron to move from
inside the cell to the large vaporizing area of the ZrB2 outer surface.
The amount of boron transport through the crucible; compared to the aﬁount
of boron leaving the cell through the orifice, depends on the diffusion
constant for boron in ZrBE. Certainly the boron pressure inside the
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crucible will be lower than pp calculated from Pgq for an inert Knudsen
cell, If pg inside the cell is lowered, then'de will increase. However,
since no Gd(l,s) was observed in the cell with GdBu, Pgg d4id not increase
to the gadolinium vapor pressure.

The free energy of congruent vaporization of GdBu at 2200%K. was
estimated from the entropy and heat of sublimation data of Table 1. 2 with
the heat of formation of GdB) taken as -U5 kcal./mole. Setting the gado-
linium pressure equal to the vapor pressure of gaddlinium at 2200°K., as
given by Stull and Sinke (65), one establishes a lower limit on pp inside
~ the cell as b x 1077 atm. Since Py over GdBu must be less than by over
BuC, an upper limit of 8 x 1077 atm. is established. Hence, the boron
pressure corresponding to the measured gadolinium pressure in the reactive
ZrB, crucible is between 4 and 8 x 10”7 atm., which is less than a decade
lower than the apparént Pge '

Thus, all the inconsistencies in the partial pressures are com-
fortably explained. While the decreased boron pressure over Gch will
produce higher heats of vaporization for GdBu, since the pressure chénges
are less than a decade, the change will be less than lO‘kcal./total gas
atom at 2200°K. Further, the stabilities of GdBg and GdBygp with respect

to gaseous elements are still fairly restricted.
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CHAPTER 1L
TERNARY COMPATIBILITY STUDIES

14, 1 Thermodynamic Basis

In order to determine the relative stability of the lanthanide
boride%;and to select a crucible matefial in’which to study the vaporiza-
tion of lanthanide borides, compatibility tests between various lanthanide
tetra- and hexaborides and the metals W, Zr and Ta were made. Compatibility
studies with graphite were discussed in Part I, Chapter 3. The equilibria'

obgerved in these ternary systems, coupled with a knowledge of the heats
of formation of the non-lanthanide metal borides, define the range on the
heats of formation of the lanthanide borides. This same technique was
used by Brever and Heraldsen (20) to determine the relative stabilities of
transition metal borides, carbides and nitrides. A more sophisticated
discussion of this technique is given by Rudy (19).

The thermochemical basis for this study lies in the following con-
siderations:; Consider the process in equation”lh. L.

AB, (s) + A' (s) = ABy (s) + A‘Qy(s), (1. 1)
The free energy change for this process at anyvtemperature is given by
equation 6.18. The Néumann-Kbpp Rule states that for the formation from
the constituent elements of alloys of the metallic type and compounds with

& co-ordination lattice, ACp at all temperatures is essentially zero (179).
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With the assumption of this Rule, the free energy change for process
i, 1 is

AFp = AHpggox, - T ASpgox, -+ - . (1. 2)
Since the reactants and products are a}l condensed phases, the entropy
change for the process is assumed zero. Thus, the free energy for this
process, fo a first approximation, is determined by the heat of the feac—
tion at 298°K. Observation of ternary equilibria in the Al-A-B system
ffom compatibility studies defines a set of reactions which will or will
not proceed. Then the sigﬁ of AFp for these processes. and, thus, of
£5H298°K. is established. A knowledge of the heats of formation of the
borides in‘tﬁe A-B system coupled with the determination of the direction
of the reaction in equation 1h. 1, would, therefore, preécribe, a limit
- on the heat of formation of A‘By(s). Judiciously chosen reference systems,'.
A-B, can define the'liMits on the heat of formation of a boride, A'By,
fairly closely from observation of térnary equilibria.

The validity of these assumptions for boride materials is dis-
cussed in Chapters 12. 3 and 15. lf 3. In these studies equilibrium was
assumed in the aré melting. Furtiér, it was assumedythamnfhe equilibrium
observed in the quenched samples is thé same at.all‘temperatures. Solid
solution effects were considered second order. Tefnary compounds were
not observed in the equilibriﬁm triangies used to deri&e heats of forma-

tion.

1Lk. 2 Experimental

With the use of the reagents df Chapter 2. 2. 1, compacted mixtures

of 325 mesh powdered samples, in proportibns such that the synthetic
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compositions were in the center of suspected ternary equilibriumktriangles,
were melted in an argon atmosphere purged of ox&gen in the arc melting
furnace described in Chapter 2. 2. 2. The qpénched "buttons" were crushed
in a hardened steel mortar, ground in an agate mortar to 325 mesh and
analyzed with a Guinier or Debye-Scherrer ﬁowder X-ray diffraction tech-
nique (Cu—K5<u, l.SthSg,radiation) to reveal the resultant phases.

In addition to the arc melter experiments in Table 1. 1} involving
principally gadolinium, several lanthanide borides were heated in tungsten
or graphite crucibles in the temperature range 1300 to 2200°K. \The resi-
dues were examined by X-ray powder diffraction techniques for the phases
present. While it was the intention of these studies to examine the vapori-
zation process for the lanthanide boride, the presence of tungsten borides
or a LnB202 phase dembnstrated the reaction of tungsten or graphite cruci-

bles with the lanthanide boride.

) lh.»3 Results

Teble 14, 1 contains all of the information relating to the inter-
actioﬁs between lanthanide borides and C, Zr, Ta or W. Columns one and
two list the lanthanide and the experiment number. The initial phase con-
tent, conditions and synthetic compositions (whe?e determined) are contained
in column three. The phases present after reaction and the accompanying
X-ray film number are listed in columns four and five. Coluﬁn six describes
whether the experiments were performed with arc meltiﬁg techniques or are
vaporization experiments usiﬁé Knﬁdsen crucibles. - It should be noted that
most of the observations regarding the interactions of the lanthanides

other than gadolinium are teken from Tables 3. 1, Part I (graphite inter-
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TABLE 1k. 1

Ternary. Compatibility Observations Involving Lanthanide Borides

Experi~ ,
In ment Initial Phases Final Phases Film Method
$a 1LaAMal LaBg in W cruc. LaB), layer on LaBg C-2297 Knudsen
lLaAMb; LaB) on LaB6 in W LaBA layer thicker C-2301 Knudsen
2LaiM : (cf. Table 3. 1, Part I)
6LaAM (ef. Table k4. 1)
6LaAM2 (cf. Table L4, 2)
TLaAM  LaBg, Ta Tap )B, mjr. C-2629 Arc Melt
Ta, mnr.
TaB and 13203, mnr. to tr.
Ce 1CeAM (cf. Table 4. 1) |
863CeAM (cf. Table k. 2)
Pr 1PrAM (cf. Table 4. 1)
1PrAMb (ef. Table k4. 2)
Nd ONdTH  NdBg, mjr. NdBg, mjr. C-1503 Knudsen

NdB), mnr. in W cruc.  NdB), mnr.

5 -WB, mnr.
J-W,B, mnr. |
ONAAML NdBg and NdB, NdBg and C on 1id C-1683 Knudsen
in C cruc. '
6NAAM (cf. Table k. 1)
~ 6NAAML (cf. Table 4. 2)
TNAAM (ef. Table 3. 1)
TNAAMs, (cf. Table 4. 1)
8NAM (et ‘T‘able"3. 1,. Parbt I)'
T63NdAM NABg and ZrB, NdBy and' ZrB, C-2869 Arc Melt
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TABLE 14. 1, continued

—_—

Experi- ‘
In Ment Initial Phases Final Phases Film Method
Sm 25mAM (cf. Table 3. 1, Part I)
Gd

. (Beveral compatibilities are noted in each of the Tables 3. 1 (Part I),

L. 1, k. 2 and 3.)

40dAMa2 GdB, in W cruc. 7-WioB and unknown C-2049 Knudsen
39GAAM  GdB), and W GdB), and A -WB, mjr. C-2376 Arc Melt
' § -WB, mnr.
LO'GAAM GdB; and W in W cruc. B -WB, mjr. C-2445 Knudsen
§ -WB, mnr.
GdB)_!', tr.
41GaaMp GdBlL and C' in W crue. /3 -WB aLndL‘GdlBEC2 , eqc, D-1170 Knudsen
' . . § -WB, mar.
WC, tr.
L 41THalk GdB) and C in W cruc. GdBg and § -WB D-1090 Knudsen
60GAAM W and GdBg GdBg, mjr. C-2657 Arc Melt
‘ (W.035Gd.l38B.828) GdB , mnr,
W2135, mnr.
61GAAM  W,B.and GAB WoB:, mir. C-2657 Arc Melt
2"5 L 2.5
g GdBj, GdBg, £ -WB and
5 ]
(W 2136 0698, 728) § -WB, mnr.
626dAM W and GdBy B -wB, mjr.. C-2666 Arc Melt
§ -WB, mnr. .
(W.sooGd.‘looB.éoo) unknown, mnr,
6364AM W and GdBg B -vB, mjr. C-2676 Arc Melt
‘ § -WB, mnr.
B ' unknown, mnr,
(V. 30709 0068, 577) ’
64GAAM Ta, B and GdBg TaB,, mjr. C-2675 Arc Melt
Gch, mnr.
(Ta.182Gd.09‘lB.727) unknown, mnr.
65GdAM  Ta, B, GdBg and GAB, TaB,, mjr. . C-2678 Arc Melt
. GdBLP and GdBg, mnr.
(T 57264 3B, 785) |
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TABLE 1k, 1, continued

|

330

/ Experi-
In ment Initial Phases Final Phases Film Method
od 66GAAM  Ta, B and GdB), Ta, TaB, and TegB), mjr. C-26Th Arc Melt
: GdB),, tT. ‘
(Ta.271Gd.1ouB.625)
67GAAM  Ta and Gch TaB , mjr. C-2679 Arc Melt
, GdBi, mnr.
(Ta.l38Gd.172B.690) unkniown, mnr
68GdAM  Ta and GAB, Ta, ),B, mjr. C-2673 Arc Melt
Ta%; mnr,
(Ta.6,15Gd.OTTB.3O8) unknown, mnr.
69GAAM  GdBg, Zr and B GdBg, ZrBy, and ZrB,, eqc. C-2690 Arc Melt
(Zr 56784 01,8 g6o)
- T0GAAM  GAB, and Zr GdB., GAB, and ZrB,, eqc. (-2692 Arc Melt
6 6’ ) 27 .
(Zr 06764, 1348, 800)
TLGAAM GAB, and Zr ZrB_, mjr. C-2691 Arc Melt
6 )
GdE;, tr.
Zor Gd B
( 2227 (111 .666) ,
Tb 1TbAM2 (cf. Table 4. 1)
1TbAMaMS 'I'bB6 in W cruc. TbBu and TbB6 visual Knudsen
2TbAM (ef. Table 4. 1)
3TbAM (cf. Table 3. 1, Part I)
T41TbAM (ef. Table k4. 1)
Dy 1DyAMd ,‘DyB6 and Dth_ . Unidentified C-2172 Knudsen
in W cruc. Visible crucible inter-
action
2DyAM (cf: Table 3. 1, Part I)
3DyAMa (cf, Table 4. 1) .
LpyAM (cf. Table 3. 1) -



TABLE 14, 1, continued

‘\

Experi-
In nment Initial Phases Final Phases Film Method
Ho 2HoAM (cf. Table 3. 1, Part I)
Er 2FErAM : (cf. Table 3. 1, Part I)
b 1YbAMal YbBg in W cruc. YbBg, mir. C-2347 Knudsen
Yth, mor., C-2350
2YbAM (cf. Table 3. 1, Part I) |
3YbAMa . (cf. Table 4. 1)
5YbAM (cf. Table 3. 1, Part I)
5YbAMe. (cf. Table 3. 1, Part I)
Y 1YAM | (cf. Table L. 1)
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action), 4. 1 (ZrB, interaction) and k. 2 (ZrB, interaction).

The vaporization behavior of lanthanide borides either in tungsten
or in graphite Knudsen crucibles wasrquite different from the behavior in
the inert ZrB, crucibles. Hexaborides of all lanthanides studied (La, Nd,
Gd, Tb, Dy, Yb) were reduced by tungsten with tetraboride layers appearing
on hexaboride-tetraboride pelleted mixtures or on granule cores. The
vaporizing area for the boron was the reactive wall and 1lid area of the
tungsten crucible, while the metal vaporized ﬁhrough the area of the orifice.
This observation accounts for the apparent preferential losé of boron from
LeBg (1LaAMal,bl), NdBg (ONATH) and YbBg (1Y¥bAMal) (cf. Table 1k. 1), which
is contrary to the Langmuif observations and Knudsen observations on these
borides in ZrB2 crucibles (cf. Chapter k). Vaporization from graphite
crucibles shoWed reaction of tetraboride with graphite to form Ln3202 in
several cases, leading to preliminary interpretations that GdB), and TbBy,
lost metal preferentially; this conclusion was contradicted by the observa-
tions of congruent vaporization of GdBj and TbB) in Chapter L.

Lanthanum: The equilibfium between graphite and LaB6 was demon-
strated in Part I and agein in Table 1k. 1, where, in experiment 6LaAM2,
the graphite outer crucible 1id did not react with an LaBg deposit from
a ZrB, crucible containing LaBg. In view of the formation of a tetraboride
layer on LaBg granules after reaction in tungsten Knudsen crucibles and :
from the realization that‘this loss of boron from LaBg in 1LaAMal and
1LaAMbl is contrary to the congruent vaporization of LaBg demonstrated in
Chapter 4, the tungsten reduction of LaBg to Lth is concluded. X-ray

analysis of lid deposits of LaBg heated in ZrBo crucibles and analysis of
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the ZrB2/Lth,6 interface in Langmuir heatings indicated LaBg and LaB)
exist in equilibrium with ZrB, (cf. Chapter b, Tables 4. 1 and 4. 2).
In the arc mélting of an arbitfary mixture of tantalum metal and
LaBg (7TLaAM), the presence of Ta, B, Te TaB and Laj0O3 in the pfoduct
indicated that tantalum métal reduces LaBg and LaB) to lanthénum metal
and TaB. The presence of small amounts of tantalum is attributed to
incomplete reaction. La203 would reéult on exposure of lanthanum metal
- to air after melting. Below 2040°C, Ta, and Tay g0 exist in equilibrium;
however, according to Leitnaker (54), above 2lBO°C.Tal.6OB disproportionates
into Tae.uB and TaB, as was observed in this arc melting experiment. Thus,
tantalum reduces LaB6/and LaB), to lanthanum metal with the formation of
TaB, Tal.GB or Taz.uB, depending on the temperature and stoichiometry.
Cerium: The equilibrium between CeB), CeBg and ZrB, was demon-
strated in Chapter k4, Tebles L. 1 and 4. 2.

Praseodymium: As in the case of lanthanum and cerium, PrB6 and.

PrB), were found to exist in equilibrium with ZrB2 (cf. Tables 4. 1 and
L, 2).

Neodymium: From the free evaporation experiments in Table b, 1
the Zng/NdB6 interface did show some reaction to NdB)j and ZrBjo on one
- occasion; however, on another occasion, no reaction was observed. In
T63NAAM, Table 1hk. 1, an arc melting of NdBg with ZrBp failed to show any
interaction. In Part I, Table 3. 1, and in Table k. 1 for sample 2NGAML,
evidence for the reaction of graphite with NdB) to form NdB,C, and the
NdBg-C equilibrium was presented. The walls of a tungsten crucible re-
vealed }-WB and QYLQQB; after extensive heating of NdBg and NdB), mixtures

in the crucible (ONdTH). From this observation and the observations of
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gray tetraboride layers on hexaboride/tetraboride rellet cores that appear
from heatings in tungsten crucibles, it is concluded that tungsten reduces

NdBg to NdB) with the formation of §-WB.

Promethium: Promethium was not investigated.

Samarium: The equilibrium between SmBg and graphite was demon-
strated in Part I, Table 3. 1. |

Europium: Europium was not investigated.

Gadolinium: Most of these ternary studies were performed with
GdBg and GABy. To a first approximation, the heats of fofmation of the
lanthanide tetraborides are all nearly the same, énd.£he heats of forma-
tion of the 1anthanidé‘hexabdrides are all nearly the same. Thus, the
equilibria observed in the gadolinium systems will probably reflect the
behavior of all lanthanide tetra- and hexaborides in ternary behavior
with C, Zr, Ta or W except in some specific instances discussed later in
this chapter.

Reaction of graphite with'GdBulto form GdB2CQ and the GdB6-graphite
equilibrium were reported in Part I. While some Knudsen and Langmuir vapori-
zations in tungsten and ZrB, crucibles and the étudies of Chapter 5 indi-
cated tungsten does reduce GAdBg and GAB), and that ZrBo does not, the arc
melting experiments of Table 1h. 1 were designed specifically to define
the equilibria in the W-, Zr- and Ta-Gd-B systems.

Sample 60GAAM was a reaciion product of tungsten and GdBg with a
synthetic stoichiometry within the ternary triangle, WpoB5-GdB)-GABg. The
observation of only these three phases in the arc melted product confirmed
this equilibrium tr;angie. In the reaction of WQB5 with GdB) in experi-
ment 61GAAM, the presence of GdBg in the broduet is inexplicable in view
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of the results for experiment 60GAAM. However, the presence of higb!and
low-temperature WB in the residue of experiment 61GAAM and in tungsten
crucibles in which GAdB), was vaporized and, alsq the obéervationﬂof tﬁe
WpB5-GdB), join in experiment 60GAAM force the conclusion of the equilibrium
triangle,WaBs-GdBu-WB. Fiﬁally, in two experiments, 62- and 63GAAM, tung-
sten and édB6 were allowed to react in proportions such that the synthetic
composition was on the metal-rich side of the WB-GAdB) join. It was the
intention here to demonstrate WB-Gd-GdB), equilibrium. In both cases high-
and low-temperature WB were observed. Further, a complex pattern of an"
unidentified phase or phases was present in the diffraétion record. These
diffraction lines could have represented a mixture of Gd263 and GdB), but
the pattern was too poor to allow firm interpretation. At any rate, the
Knudsen heatings of GdB) in tuﬁgsten crucibles (excess tungsten) do reveal
WB formation. Therefore, the WB-Qd join‘does exist.

In the Zr-Gd-B system, the binary joins ZrBsGdB, and ZrB,-GdBg
were demonstrated in Chapter 4. Experiment 69GAAM with synthetic composi-
‘tion in the GdBg-ZrB,~-ZrB) o triangle did;Ain fact, demonstrate this three-
phase equilibrium. The arc melfing ekperiment, TOGdAM, confirmed the GdB)-
GdBg-ZrBp ternary equilibrium. Finally,za synthetic composition in the
Gd-G4dB), ~ZrBs region revealed GABY and ZrB, on examination. Gadolinium
could have been present in small amounts as Gd203 and, therefore, not ob-
served; or gadolinium metal could have distilled’out. If zirconium were
the third phase, it would not oxidize on exposure to air and shéuld be
detectable by X-ray diffraction methodé. Thus, the terhary equilibrium,

H

G4-GdB), ~ZrBy, exists. The absence of ZrB, as pointed out by Glaser and
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Post (129), is explained by instability with respect to Zr and ZrBe,
except over a narrow range of temperature.

The TaB,-GdB), -GdBg equilibrium was demonstrated by experiments
6l4- and 65GAAM, although in the latter experiment the low concentration
of GdBg precluded its observation in the diffraction pattern. An attempt
in experiment 66GAAM to determine the equilibria in the TaBp-Gd-GdB), re-
gion revealed Ta3Bu, TaB,, Ta and GdB) present in the product. The pres-
ence of tantalum metal lines in the X-ray pattern is explained by the
adherence of unreacted metal to the bottom of the arc melted button. The
presence of Ta3Bu or TaBy eliminates the possibility of a TaB-GdBu join.
Gadolinium could have been present below the limits 6f detection as Gdp03
or could have been‘distilledrout.

In the TaBo-GdB)y-Gd region, the reduction of GdB) by Ta in experi-
ment 67GAAM revealed TaBp and GdB) plus a phasevwith a complicated and
poor X-ray pattern, a phase which probably was'Gd203 and certainly was
not a boride or Ta metal. The presence of TaB, in this experiment is in
conflict with the observations of experiment 66GAAM, if the TagB)-GAdB)
Jjoin is assumed established in that experiment.

A more satisfactory interpretation which satisfies both experiments
66- and GTGdAM is that the ternary triengles, GdB)-TasB)-Gd and, by implica-
tion, Ta3B4-TaB—Gd, exist at low temperatures. Schwarékopf and Glaser
(134) reported that the only borides in the Ta-B system that exist up to
their melting points are TaB and TaB,. Thus, at some as yet undefined
temperature, Ta3Bu wogl@ disproportionate to TaB and TaB2. At a suffi-
ciently high temperature such that Ta3Bh does not exist, the observed equi-
librium triangles would be GdB)-TaBo-Gd and'TaBg—TaB-Gd. Such a high
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temperature was achieved in the 67GAAM melting and the equilibrium quenched
-in. Therefore, the most prdbable high temperature equilibrium triéngles

are GdB) -TaB,-Gd and TaB,-Gd-TaB. Assuming that the temperature in the
66GAAM experiment was not uniform or that the back reaction for the cooling
rate in experiment 66GAAM was not negligible, then one can explain the pres-
ence of both TaB, and Ta3B), with GdB), and Gd.

Reaction of tantalum with GdB) in a synthetic composition in the
Tal.6OB'Gd'Ta2.hOB triangle‘(68GdAM) revealed on X-ray diffraction analysis
Tap, yoB, TaB and wéak lines which again probably were from Gdp03. The
gbsence of Tal.6OB was explained by its disproportionation above 2180°C.
to TaB and Ta, )oB, as demonstrated by Leitnaker (54). No gedolinium
boride was observed. Thus, above 2180°C. the triangle Ta,_ )B-TaB-Gd exists.
This observation implies the Ta-Tas },B-Gd triangle.

Terbium: The equilibrium between ZrB, and TbB), and between ZrB,
and TbBg ﬁas demonstrated in Table 4. 1. The reaction of graphite with
Tth to form TbBéC2 was revealed in Part I, Table 3. 1. Finally, evidence
for the reduction of TbB6 by tungsten was found ih the low B' /Tb+ inten-
sity ratios in a mass spectrometric study of TbB6 in a tungsten crucible.

Dysprosium: The equilibrium of DyB), and DyBg with ZrBo and graph-
ite was summarized in preceding sections. Further, a mixture of DyB6 and.
DyBu heated in a tungsten cell was observed to interact with the tungsten,
forming a gray DyB) layer on a DyB&/DyB6 pellet. No such kinetic problem

arose in the use of a ZrBé cell.

Holmium and Erbium: The reaction of HoB) and ErB) with graphite
to form HoBoCp and ErB,C, was discussed in Part. I. A

Thulium; The behavior of Tm waé noﬁ investigated.
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Ytterbium: The equilibrium between YbBg and ZrB, and between
YbB,, and ZrB, was implied in Table 4. 1. The behavior of YbB/YbB), with
graphite also was discussed in Part I, Table 3. 1. When a YbB6 sample
was heated in a tungsten crucible, YbBu layers formed on a YbBg pellet,

which was contrary to the observed vaporization processes of Chapter b,

and indicated reaction of W with YbB6.
Lutetium: Lu was not investigated.

Yttrium: Finally, the YB6-ZrBa'and YBu-ZrB2 equilibria were ob-

served in Table k. 1.

14. 4 Other Compatibility Information

Brewer and Heraldsen (20) found that CeBg did not react with graph-
ite while CeBh did react to form some unidentified ternary borocarbide, -
This fact agrees with the observations in this work on other lanthanides
(Part I). Nowotny, et al. (17), found that graphite did not react with
UB, or UB ,. Further, Glaser (06) and Nowotny, et al. (18), reported that
graphite would not reduce ThBg or ThBu. Lafferty (103) demonstrated equi-
librium between LaBg and graphite.' In their investigation of the La-B
system, Johnson and Daane reported no serious attack on the crucible when
lanthanum and boron were melted in a tantalum crucible to prepare Lth,
unléss the La contained appreciable carbon. However, this investigation
demonstrated that tantalum metal will reduce both LaBg and LaB) if intimate
contact is achieved. Galloway and Eick (llT) reported the reaction of
molybdenum crucibles wit@ SmBh and SmBg samples indicated by the appearance
of §-MoB on the crﬁcible walls. Since tﬁngsten is more reducing than

molybdenum, certainly tungsten reduces these borides.
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1k, 5 Schematic Ternary Diagrams

The equilibria observed in this investigation may be catalogued
into ternary diagrams, which do not represent isotherms or isobars, but
do illustrate the reactions that can occur at high températures. Within
each triangle in the diagrams only those condensed phases representing
the corners of that triaﬁgle‘may be in equilibrium.  Similarly, along the
two condensed phase joins, only those phases at the ends éf the join may
exist togethér at equilibrium. These diagrams are illustrated in Figures
1k, 1 to 1h.1h.

In Figures 1h. 1 to 14.1L the lanthanides are divided into three
gfoups according to thé borides»existing in the particular lanthanide-boron
binary system (cf. Chapter 2). The first group contains La, Ce, Pr, Nd,
Sm, Eu, G4 and Sc borides. éhese boride systems contain a well character-
ized tetra- and hexaboride and, apparently, no dodecaboride. Europium
and scandium were included in this group for convenience, even though EuB),
and ScB), have not been made. ‘The second -group, consisting of Tb, Dy, Ho,
Yb and Y, exhibits tetra-, hexa- and dodecaborides. Finally, the third
group, Er, Tm and Lu, do not form hexaborides but do exhibit tetra- and
dodecaborides. Lanthanide diborides are omitted from these diagrams since
they probably diéproportionate to In(1) and InB), at the temperatures of the
arc melting experiménts. It is believed that all lanthanides will be
proved to exhibit a hectoboride. Thus, LnBléO is included in all groups.
Discussions of the existence of these borides are found in Chapters 2 and

!
150 lo 7. 2. .

e
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There are several ternary phases in the Ln-B-C‘and Th-B-C systems
(cf. Part I). In view of their poor definition, undefined phase relations
and their failure to contribute, as yet, to the understanding of‘lanthanide
boride stability, the portions of Figures 14. 1 to 14. 4 in which these
ternary phases occur are left blank. The‘U—B—C diagram is taken from
Nowotny's work (17). |

In the In-B-C system of Figure 14. 1, the triangles
LnB), -InBg-LnByCp, LnBg-C-LnB,Cp, LnBg-B),C-LnByqoq and LnByCo-LinCo-C have
been observed for gadolinium. The other joins are fixed by inference.
The InBg-C, InBg-LnB,Co, LnB)-InB,Co joins were observed for several other
metals in the group of Figure 14. 1 as well as for the lanthanides in
Figure 14. 2. While the LnBlOO'BhC and InByo-B)C joins must exist by
inference in Figure 14. 2, no experiments on the Figure 14. 2 group lan-
thanides were performed to decide whether there is a B),C-InBg or a LnBle-C
Join. The InBg-BjC join is chosen for this group. This choice assumes
that LnBjo is not sufficiently stable, with respect to the condenséd ele-~

ments, to prevent the reaction,
2 InBy,(s) + 3 C (s) = 2 LnBg(s) + 3 ByC(s), (14.3)

from occurring. While this assumption is risky, some evidence on the sta-
bility of these borides with respect to solid elements is presented to
support this assumption in Chapter 15. 1. 7. 2. |

There are two joins to be established in Figure 14. 3. A decision
as to which equilibria exist must await furthe; arc melter experiments

attempting to prepare InByCp from C and InB) (equation 1k. k) and to
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2 InBy(s) + 5 C (s) = 2 InBxCp(s) + B,C(s) (1i+. L)
2¢ (s) + InBo(s) = InBy(s) + 2 B,C(s) | (4. 5)

effect the reaction of graphite with LnBlg (equation 4. 5). The thermb—
chemical implications of this choice are discussed in Chapter 1k. 7.

The equilibria in Figures 1hk. 6 ﬁhréugh 1k. 8 for the ILn-Ta-B sys-
tems are fairly well established. Both GdB), and GdBg exist in equilibrium
with TaBy. Since TaB, is the highest tantalum boride, its equilibrium
with other lanthanide group higher borides is implied. The TaBy-Gd join
was established at a sufficiently high temperature such that Ta3B+ decom-
poses to TaB, and TaB. The TaB-Gd-TaBy triangle exists by inference.

From the experimentally determined triangle, TaB-Gd-Ta, B, the triangle,
Ta, )B-Gd-Ta,exists by implication at temperatures over 2180°C. The phase,
Tao 4B, disproportionates into Taj ¢B and Ta below 2180°C. Figures 1lk. 6
to 14. 8 are drawn arbitrarily for a temperature greater than 2180°C. with
the additional requirement that the temperature be above the Ta3Bu decom-
positibn temperature.

Ternary behavior in the Ln-Zr-B system needs further characteriza-
tion. The ZrB,-InBg-InB) and Zrég—GdBu—Gd triangles are clearly estab-
lished, as well as the Zr-Gd-ZrB2 triangle by inference. However, the
Joins, other than the implied LnBlOO—ZrB12 join;“that exist in the boron-
rich corner have yet to be defined. Solidksolution between ZrB,, and
InB , will be a problem. The use of this region to delineate the stability

12
of the lanthanide borides is,discussed in Chepter 1k. 7.
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Figures 14.12 through 14.1hk ‘illustrate the Ln-W-B systems. All
equilibria are unequivocably assigned. The boron-rich joins are estab-
lished by implication, as in the Ln-Ta-B systems. Presumably the In-Mo-B

equilibria would be identical to the In-W-B system.

1k, 6 Thermodynamic Implications

Tabie 1, 2 contains a listing of available heats of formation
pertinent to this invesfigation. The data are listed on a per gram—étom
of boron (or per metal for carbides) basis, since the reactions to be
considered will involve the competition between two different metals for
boron. Which metal is more reducing in a bimetal competition for boron
may be simply determined by findihg which of two metal borides in equi-
librium has the more negative heat of formation per gram-atom of boron.
Reactions involving three or more metal borides are not so simply predicted
from Table 14. 2. Balanced reactions must be considered in order to weightk
properly the influence éf the stability of each boride on the sign of AH
for the reaction (cf. Chapter 1k. 8).

Using the available data of Table 1h. 2 and a judicious selection
of reactants and products in the ternary equilibria of Figures 1. 1 to
14.14, one may place limits on the heats of formation of the lanthanide
borides within the limits of the assumptions in Chapter 14. 1 and the
accuracy of the data in Table 1. 2. Table 1k. 3 lists all the possible
reactions which will proceed as written as indicated in Figures 1k. 1 to
14.14, Of all the possible processes in Table‘lh. 3, those providihg the

best limits on the heats of formation are illustrated below.
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TABLE 1k, 2

Summary of AH of Formation of Metal Borides, Gdcg, 'I'hCe, and UC.
AT
Boride (kcal./g.=at. B) Reference

1/2MgB, -8.95 t 1.5 (298%.) 69

l/hMgBu -5.25 t 1,25 (298%K.) 69

1/6CaB, > 1/65rB; 10k, 180, 105
1/ 6SrB6 -8.%0 181

l/6BaB6 < l/6SrB6 10k, 180, 105
1/6YBg -4 182
1/4InB), -15t 3 133
1/6LnBg ' 12t 2 133
1/6LaBg -11.7 £ 1.7 133
1/k4CeB), > -21 20 "
1/6CeBg (-13.5 ¥ 2.5) 183
1/4ThB), < -13 20

1/6ThBg <-11 20

1/2UB, -19.7 + 1.5T, (AF) 18k

1/%UBy, -15.1 + ,0011T, (AF) 184
1/12U1312 -8.83 + .00090T, (A\F) 184

1B 410t 9 (298%.) - 69

1/2Ti132 -33.43 % 1.5 (298°K.) 132
1/2T4iB, < -25 20
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TABLE 1k, 2, continued

Boride

(kcal .?gl:l'gat . B)

_3118

Reference
1/2TiB, (-36) 20
‘1/5T12135 < -21 20
ZrB <-39/2 20
'1/27rB, -36.5 | 132
1/22rB, -38.4 % .8 5l
1/2ZxrB, <-39/2 20
1/127rB, > -10 20
1/21{13132 -40 30
l/beBx,x<2 < -18 20
l/2NbB2 <-18 20
TaB -64.9 to -38.4 5k
Tal.6B -64.9 to -33.& 5k
Te, B -64.9 to -38.4 5k
1/xTaB, ,x< 2 < -26 20
1/ 2TaB2 < -26 20
1/293:;1132 < =45 20
1/2Ta32 -51.7 to -22.7 54
l/xCrBX, x<L2 < -15 20
1/ 2CrB, < -15 20
Mo, B | -25.5 '(298°K.) 185
1/2Mo3132 -21 (298°K. ) § 185



TABLE 14. 2, continued

DHe .

Boride (kcal./g.-at. B) ! Reference
MoB -16.3  (298°K.) : i85
1/2MoB,, -11.5 (298°k.) i85
1/5Mo2]35 -10 (298°K . ) 185
W,B -26.0 to -20 20, 5k
WB -22 to -12 20
1/5w2135 -9 to -5 20
1/4B,C -3.45 + 675 - 186
Y6SiBg -1.17 (298°%k.) 187
Carbide (kcal./g.-at. metal)

Gac, -22.5 to -29.9 (2045°K.) I¥e]
ThC,, -46.1 to -51.1 (298°K.) 49
uc 28ty (298°%.. ) L9
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TABLE 14. 3

Reactions Implied by Ternary Compatibilities Observed in Figures 15. 1

to 15.1%. AFP<0 for Each Reaction Written.

and Products are in the Condensed State.

Al]l Reactants

Metal Reaction Process
ma  Ta-l 2 Ta + GdB = 2TaB, + = G High
b Temperatures

Ta-2 4 mg + Gch = l TaB + Ga
Ta-3 3 Ta + GdB, = 3'Ta32 + Ga
Ta-k Ta + GdB6 = Gch + TaB,
Ta-5 9.6 Ta + GdBu = I Tae.uB + cd
Ta-6 6 Ta + GaB, = 6 TaB + Ga
Ta-7 144 g + GdB6 = 6 Tae‘%?_i Gd
Ta-8 28.8 Tay ),B + T7.57 GdBu = 69.2 TaB  + 7.57 Gd
Ta-9 Tae.’_l_B + GdB6 = TaB2 + Gd
Ta-10 Ta, )B + GdBg = Ta32 + GdBu

- B = +
Ta-11 Ta2' )+B + Ga. )y TaB2 Gd
Ta-12 2 TaB + GdB6 = 2 TaB2 + GaB),
Ta-13 4 TaB + Gch = 4 TaB + Gd
Ta-1k 3 Ta + 2 QdB, = Ta_B, + 2 GdB Low .

6 37k b Temperatures

Ta-15 Ta + GdBLF = Tal.6B + Gd
Ta;¥6 Ta + GdBg = Tal‘6B + Gd '

- = TaB + B,
Ta-17 Tal.GB + Gd.B6 a Gd W

- GdB, = 8 + 11 Ga
Ta-18 30 Tal.6B + 11 G i TaB2
Ta-19 30 Ta, B+ 3’GdB6 = U8 mTaB  + 3 G
Ta-20 10 Ta, (B + 3/2 GdB, = 16 TaB + 3/2 Cd
Ta-21 20 Ta; B+ 11 GdB) = 32 TaB, + 11 Gd



TABLE 1k4. 3, continued

———

Metal Reaction Process
c c-1 26  + 3BC = 206aB; + 30
c-2 2GaC, + 3BC = 20aB; + ToC
03 Gac.  + 14 B =
3 | o 2 BhC + (;dB6
C-k 2 GdB,  + BC = 2 GdB,  + C
C-5 | GdC, * 6B = GdB, + 2¢C
7y Zr-1 Zr + GdBg = ZrB, -+ GdB),
Zr-2 3 Zr + GdBg = 3 ZrB, + cd
Zr-3 2 7Zr o+ GaB, = 2 ZrB, + Ga
- Zr-l 568 @ 0+ 2 Zr3312= 2 ZrB2 + 5 Gch
Zr-5 5 Gd + 3 ZrB) = 3 ZrB, + 5 GdBg
Zr-6 5 CdB, + ZrB) ,= ZrB, + 5 GdBg
W w-1 L w + GaB), = L wB + Gd
w-2 8w + GdBu» = L W2B + cd
W-3 Low + 5 GdBg = 2 we:B5 + 5 GAB),
Wl 2W o+ GaB = 2 WB + GAB,
W-5 12 W + GdB6 = 6 W2‘B + Gd
W-6 6 W + GdBg = 6 WB + ¢5]
W-T 3 Gd + L WyBg = 3 Gch‘ + 8 WB
w-8 4 wB o 3 GdB6~= 3 GAB), + 2 we]s5
W-9 W,B + 2 GaB, = 2 GdB,  + w2335
W-10 2 W,B 4 GAB, = ' GaB, + LB
W-11 6W,B + GdB, = o ad + 12 WB
W-12 b up o+ GdB, = Gd + 8w



TABLE 14%. 3, continued

pe—

Mo

Metal Reaction Process
Mo-1 2 Mo + SmB6 = SmBLL + 2 MoB
Mo-2 Sm + I MoB2 = L MoB + Smer
Mo-3 3 Sm + N M02B5= 8 MoB + 3 SszLL
Mo-l 2 MoeB + SmBy = u MoB + SmBu
Mo-5 2 Mo3B2 + SuB = 6 MoB + SmBh
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2GdCo(s) + 3BLC(s) = 2GdBg(s) + TC(s)

(c-3)
Fea = - -
AF-AH =2 AHdeB6 2 AHdecz 3 AHfBuC<o
2 AH H
= foane 2 Blge, T3 Bl
6 2 b
<< 2(-22.5 to -29.9) + 3(-11.1 to -16.5)
< -18.3
H - . .
A deBé<: 39.2 keal./mole
WoB(s) + 26dBg(s) = WoBs(s) + 26dBy(s). (W-9)

AF—-AH = 2 AHp _ -20H,

H -AH
GdB, GdB6+’AfWB Allgy & ©

o5 WoB

2(AHdeBl+_AHdeBé)< AHg, o-ARy

2 Wabs
< (-20 to -26) - (25 to -45)

< - 20+ L5

< 25 keal./mole

Hence,

AH,  -AH, < 12.5 keal./mole

Realizing that WyB must be less stable per mole than WB in order for WB
and W to react, one can further restrict the limit in process W-9 to:
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2(AH - AH - 22 + U5;
( Teas, deB6)< "3 o

2(AHdeB - AR, )<< 23 kgal./mole.

N GdB6
Hence,

An, - AH, < 11.5 keal./mole.,
GAB), GdB,

Further,

AR -11.5< AH - 39.2 keal./mole
de_B)_'_ ‘ deB6<

from the above considered process C-3. Thus,

AR - 39.2 + 11.
deB)+< 39 >
< - 27.7 keal./mole.
WyB(s) + 1/4CdB,(s) = 2WB(s) + 1/4 ca(s,1)
“ - YA - R
AF— AH = 2 AHfWB HszB 1/4 AHdeBf 0;

2 AHfWB- Awa < 1/ AHe

> GdB),
Further,
AH AH
fw213<_ Ty

35k
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Hence,

2(-22) - (-22) < 1/k AHdeBA’
- 22 < 1/h AHg
, GdBu’

-88 kecal./mole << AHfédB

And,

-88 kcal./mole <AHp, < 115+ AHg o
b 6

Thus,

88 - 1.5 AHy, 5 o
6

-99.5 keal./mole <{AH,
GaB,

2GdB, (s) + BuC(s) = 2GdB6(s) + C(s) (c-L)

AF AH = 2 AH -2 AH - A, < o
‘ deB6 deBu fBuc

2(AH - AH ) <AH

foasg  foas, g,

< "llolo
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Hence,

GdB

Al -AH, < - 5.6; or
GaBg )

5.6 kcal./mole < AHdeBl; AHde_'B6

From the gadolinium reactions of Table 1h. 4 the following series

of inequality relations among the gadolinium boride stabilities exists:

3AH 2 AH YAH -3AH AH AH
deBE deBz foan, . deBf £ Gd§6 feap,
< AH < 2/3AH 1/3AH 0. 1.6
de1312 / deB6< /3 deBlj (14.6)

Therefore, AHf of Gd.BlL lies between -22 and -6.9 kcal-/g.—at. B; AHf of
GdBg lies between -16.6 and -6.5 kcal./g.-at. B; and the difference between
the heats of formation of GdB), and GdB6 lies between 5.6 and 11.5 kcal./
mole. These limits are the least upper and greatest lower bounds on the
heats of formaﬁion of GdB), and GABg and their difference that can be ob-
tained from the set of possible equations in Table 1k. 3.

Using the molydenum reactions in Table 1. 3, one may establish
an upper limit on AHmeBh_ and the difference between the heats of forma-

\

tion of SmB) and SmB6.
Sm v(s,l) + 4MoBy(s) = UMoB(s) + SmBy(s) (Mo-2)

AF~AH = uAHfMoB + AR uy, -‘AA‘:HfMoBg< 0;
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Alegnm < 4OHeyp *AHpy g

< 4(-23.0) + 4(16.3),
< -26.8.

Hence,

AHfsmBL; < -26.8 keal./mole.

Mo3Bp(s) + SmBg(s) = GMoB(s) + SmBy(s) ‘ (Mo-5)

AT OH = 60Hgy, o + AHpg B, ALES mB6-2 AHfMO3B2< 0;

AHmeBu— AHfS mB6< 2AHfMO - 6AHfMoB,

352
< 2(-42) + 6(16.3).
Thus,

AH,  -AHp < 13.8 kcal./mole.
SmBLL SmBg
From the behavior of Er, Tm and Lu borides, discussed by Eick and
Sturgeon (10l), the processes written in Table 14.L will proceed as written.
From these processes the following relation among the heats of formation

may be concluded:
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TABLE 14. L

Reactions with Negative Free Energies Within the Binary Lanthanide-Boron
Systems. All Reactants and Products are in the Condensed State.

Lanthanide Reaction Process
Gd Gd-1 - GdB, + 2B = GdB6
Ga-2 2 GdB, + | Gd =3 Gch
Gd-3 Ga + 6B = GdB6
Gd’;ll- Ga + )—l- B = GdB).‘.
Gd-5 GdB), = GdB, + 6B
Ga-6. | . GdB, = CdB) + 8B
'Gd~7 GaB), + 3 GdB), =14 GdBg
- B+ = B
cd-8 GaB , + 2 Gd 3 GdB,
Gd-9 GdB12 + Gd =2 GdB6
Er, Tm, Lu In-1 2 LnBg + In =3 LnBLL
In-2 Lth + 8B = LnB12
- L = 3 InB, + InB
In-3 4 LnB, = 3 InB) + ImB,,
- ' InB., _+ 2 In = 3 InB
-l "o e
In-5 " In + 6B = LnB6
In-6 InB; + 6 B = ImB,
In-~T7 In + 12 B = LnB12
In-8 In + LB = Lth
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JAY: H -
30 B S 38 RSN 20H frnBg 1+AHan]36 308ty

< AHanBlg AHanBé 0. (1. 7)

A consideration of the many possible processes that may be written
for the ternary behavior of Er, Tm and Lu borides from Figurés 1h. 3,
1k. 8, 1%.11 and 14.1k provides some information about the stability of

the dodecaboride with respect to the solid elements.
12W(s) + LnBy,(s) = 12WB(s) + In(s), (4. 8)

AF «~ AH = 12AH. -AH 0;
W anBlf ’

12H FAY:! _
20 fWB< “TLnB, )’

12(-12 to -22)< .
Hence,

-2kl keal./mole<ODH, .

LnBl2

2w23(s) + LnB;,(s) = InBy,(s) + 2W235(s) ‘ (1.9)

AF v AH = NH + 2AH -2AH -AH < 0;
TLnB), DuyBs TWpB | LnBiy
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< 2(-20 to -26) -2 (-25 to -45),
< -4o + 90.
Hence,

Z}HanBu- Z&HanB12<( 50 kcal./mole,
The stability limits obtained for GdB), and GdBg are applicable in the
case of Er, Tm and Lu tetra- and hexabofides except for the lower bound
on the ImB) -InBg différence and for the upper bound on the InBg stability.
No information concerning the former limit is available, since one cannot
be certain that process Zr-6 will proceed as written for these lanthanide
bofides. Similarly, in the latter case reaction C-3 may not proceed as
written.

Thus, a combination of the staebilities of process 1lk. 9 with the
lower limit on the LnB) stebility allows the following statement to be
made:

-88 < AHanBE 50 + AHanBle.

Hence,

-138 kcal./mole <AJeIanBl2 .
Further, since
JAY; < AH < -27.7 keal./mole,

big
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then

ZSHf < -27.7 keal./mole.
Ln1312

In summary, the lanthanide tetraborides are less stable than -88
kcal./mole, since the tetraborides will react with WoB to form lanthanide
metal and WB. Lanthanide hexaborides from La to Ho and also Yb are more
stable than -39.2 kcal./mole, established by their formation with graphite
from InCy and ByC. Further, from the reaction of WoB and GdBg to form
WéBS and GdB), and from the reaction of GdB) with ByC to form GdBg and

graphite, the relation -11.5 kcal. <:£SHdeﬁ( ZSHdeB -5.6 kcal. was
6 4

established. Therefore, GdB), is more steble than -27.7 kcal./mole and
GdBg is less stable than -99.5 keal./mole. Since WoB reacts with LnB)o

to form InB), and WpBs, ZXHanBu- [&HanBléi 50 keal. Then from the InB)

stability limits and from AHfL n312< AHanBh, -138 < AHfL B, 2< ~27.7

kcai:/mole.
No attempt has been made to determine the stability range for
LnBlOO in view of its indefinite composition anhd the large limit values
that would erise from the large coefficients in the balanced processes.
In the ternary systems in which LnBloo exists, LnBlOO would be in equi-
librium with ZrBE, WéBS’ B),C and TaB, in each respective ternary diagram.
The stability of InB, may be determined. The diborides would be
in equilibrium with WB, ZrB, and TaB, at low temperature. The graphite
end molybdenum systems need further clarification. Should LnB, exist, then
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InB,(s) + 2B(s) = LnBu(s);
and
InBy(s) + Ln(s,1) = 2InBy(s),
will proceed‘as written, Thus,

H AH 1 H 0.
A an132< /2 & 'anB<

<
anBu )

Consider the reaction,

W(s) + InBy(s) = 2WB(s) + LnBa(s).  (14.10)

AF— AH = AH, + 20, -AHf < 0;
LnB2 WB InB

DH -AH -2AH 2L kecal.
an132 anBf fup ¢
Hence,
AHf -AHf < 24 keal./mole.

LnB, LnB),
In addition,
2WoB(s) + LnBy(s) = In(l,s) + 4wB(s). (1k.12)

AFe AR = l&AHfWB- 2lH,

-AH
WQB .

Oo
anBE ’

A - 2AH H
y wa:e fw213< A anBe’ :
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L(-22) -2 (-20) <
48 < .

Hence,

-48 keal./mole. < DH, .

LnB2

With the use of the limits on AHp B from above,
't

0 < AH - AH 24 keal./mole;
an332 anBu< fmole;

and

-8 <AH, < -26.7 keal./mole,
LnB2

or

-2k < l/2AHanB2< -13.h4 kcal./g.-at. boron.
It is interesting to establish limits on the stability of GdB2C2.

From the reaction of GACp, and B,C to form GdB,Cp and graphite, AHdeB o

272
<-28.0 keal./mole. Further, the reaction of WyB with GdB,C, to form
GdCe and WB fixes the GdB202 gtability as greater than -78 kecal. /mole. A
more restrictive definition of. the GdB,Cp stability and the trend of InBxCo

stability with lanthanide can be found by combining WB and InB,Cy to note
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if W2B5 and InC, are formed. The borocarbide, GdB,C,, then, is comparable

in stability to the lanthanide tetraboride.

1. 7 Other Restricting Compatibility Tests

It was hoped that the equilibria observed in these ternary systems
might distinguish the variation in the.stability of the lanthanide borides
with respect to their solid components as a function of the lanthanide.
However, the wide limits on the heats of formation of the reference transi-
tion metal borides, the large coefficients in the inequalities, the small
differences in stability between the lanthanide borides and the large dif-
ferences in stability between the reference metal borides preciude this
distinction.

A simpler method to determine the variation in the stability of
lanthanide borides as a function of atomic number would seem to be available
in the reaction of borides of different lanthanide metals and the observa-
tion of the ternary equilibria. However, the isomorphic character of lan-
thanide borides of the same stoichiometry allows for continuous solid solu-
tions. Further, by X-ray diffraction, one could not distinguish between |
different lanthanide borides of the same composition. The same problems
occur 1f the relative stabilities with respect to the gaseous elements
are studied in a vapor phase equilibrium between physically separated dif-
ferent lanthanide borides. Therefore, vue is limited to studying the
relative stabilities indirectly through some reference sygtem, as in the
case of the ternary studies above, or to determining the relative vola-
tilities, absolute heats of formation or éome property for each lanthanide

boride (cf. Chapter 1T7).
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Considerable information concerning the variation of stability
with atomic number could be obtained from the following disproportionation

processes:

4InBg(s) = 3LnB),(s) + InBy,(s)

1

2Ln32(s) In(s,Ll) + LnBu(s)

LnBq 5(s)

]

InBg(s) + LnByqgy(s)

Apparently, from Eick and Galloway's observations (101) at Er or Ho, LnB6
becomes unstable with respect to InB)j and InBj,. A definition of where in
the lanthanides disproportionatioh of LnBg occurs and does not occur,
coupled with a knowledge of the heats of formation of InB), and LnBy,,
would provide a very good value for the heat of formation of LnB6. Simi-
larly, a determination of where in the lanthanides LnBe'becomes unstable
with respect to In and Lth would provide information on the stability of
LnB2 or LnBu if the stability of either Lth or LnB2 were known. The heat
for this process is near zero somewhere early in the lanthanides, i. e.,
at NdB, or PrB,. Further, disproportionation of the dodecaboride becomes
important at gadolinium. Establishing these points of appearance or dis-
appearance of borides in the lanthanide series could provide information
about the stebility of all lanthanide borides.

Other ternary systems might provide a sufficient test for varia-
tions in the stability of the_lanthide borides. For instance, if Lth
were in equilibrium with MB, for some of the lanthanides, but at one point
Ln'Bu could no Ilonger be in equilibrium with MB, because of the change

in heat of formation of lanthanide tetraborides as a function of lanthanide,
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then, if the hests of formation of the M.BX compounds were known, the heat
of formation of In'B) at the transition lanthanide could be determined.
This observation would aid in establishing the trend for the lanthanide
tetraboride stabilities as a function of lanthanide.

For instance, consider process Mo-2 (Table 14%. 3). In the case
of samarium, the process is exothermic. Thus, the heat of formation of
SmB), was less than -27.7 kcal./mole. Now consider a tetraboride not as
stable with respect to condensed elements as SmBj. The process above
might become endothermic, thus precluding the MoB-LnB) equilibrium and
demanding the In-MoB, and InB)-MoB, equilibria. Then the heat of forma-
tion of this LnBu would be greater fhan =27.7 kcal./mole. At the lan-
thanide where this change of behavior occurs the heat of formation is
very nearly -27.7 kcal./mole.

Another significant process to determine the relative stability

of ith and InB, can be found in equation (1Lk.12).
4ZrBy(s) + 5LnByo(s) = 42ZrBys(s) + SInBy(s). (1k.12)

Whether this process is endothermic or exothermic will allow one to predict

whether OH -AH is greater or less than 4/5(A\H. -AH
ethe fLnB), &t /5( £7xB, , erBe)

finB,,
and to note the trend of divergence or convergence of this difference be-
tween Er, Tm and Lu. If the heat of formation of InB) is about -hoOkcal./
mole and that of LnBy, is about -80kcal./mole, this test is very useful.

Note that these binary joins are omitted from Figures 1L. 9 through 1k4.11.

Another sensitive test for [XHf -AH

LuB), anB12

limits, where In is

Er, Tm or Lu, may be found in process 1k4.13.
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LnB),(s) + 2B,C(s) = 2C(s) + LnByy(s). ' (1k.13)

Depending on whether the process is endo- or exothermic, this difference

will be less than or greater than 22.2 kcal./mole, again a sensitive test.

14. 8 General Thermodynamic Considerations

In the development of the use of ternary compatibility studies for
gaining information about binary phase stability by examining the phase's
compatibility with reference system borides, it became apparent that, while
a table such as Table 1lh. 2 would serve to catalogue the étability of metal
borides with respect to the solid elements, it is not very useful in pre-
dicting the equilibria in ternary or higher component fields. For in-
stance, if InBjp were less stable per boron atom than ZrByp, Zr metal
would certainly reduce LnB;,, but not necessarily to ZrBj, and In metal.
Further, if one wishes to make a judicious choice of a reference system
to determine as closely as possible the stabilities in an unknown system,
such a method of tabulation is not very fruitful.

It is not sufficient to select a test boride comparable in stability
to the unknown metal boride. The best choice would be a reference system
vhich contained two borides whose stabilities per boron atom and whose stoi-
chiometries were close together, and yet whose stabilities bracketed the
stebility of the unknown boride. For instance, the most valuable reference
borides in the above‘study were the tungsten borides and B)C. WQB5 is less
stable per boron atom than GdB), but WB is more stable than GdB) per boron
atom. The difference in stability per boron atom between WQBS and WB is

small and brackets that of GdB). Further, the fairly close stoichiometry
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allows one to write balanced equations for processes with small coefficients
which will not amplify the ranges of reference boride stability into too
wide a set of bounds on the heat of formation of Gd34~ The high stability
and the extreme gap in stability per boron atom and in composition between
ZrB2 and Zr312 rendered the use of the Zr-B system as a reference set falrly
limited. The high stability of the tantalum borides compared to the lan-
thanidé borides precluded the utility of tantalum borides as a reference
system.

A more revealing organization of boride stability data appears
in Table 14. 5. This table organizes reaction couples according to their
potential for formation of one mole of elemental boron. Those couples
showing the lowest potential are at the bottom with increasing potential
going up the table. The ordering of the potentials was established from
the ternary compatibility studies of this chapter. For instance, the
By,C-C couple is higher in the table than the InBg-LnB), couple. Hence,

BuC should react with LnBu to form InBg and C, as was indeed observed to
be the case in this work. Clearly the most useful couples in establishing
the relative position of the lanthanide boride potentials are the closest-
lying couples, 1. e., W-B and C-B couples.

Hence, boride stebilities can be organized, just as are reduction
potentials of metals, into an electromotive displacement series involving
boron instead of electrons. All borides and boron-containing compounds could
be placed into such an organization, as well as other compounds in other
series related by a common element. This kind of a series not only defines
boride stability, but predicts the equilibrium phases in multi-component

systems.

368



TABLE 1k4. 5
Boron Potential Series in Order of Decreasing Potential.

Brackets Imply the Inability to Assign Relative Position.

1/88'LnBloo

= 1/88 InByy, + B
| 1/9% LnBygp = 1/9% InBg + B
\ 1/16'Ln]312 = 1/16 InBg + B
1/6 ZrByp, = 1/6 ZrB,  + B
1/4 BLC =1/k C + B
1/2 ¢ + 1/4 InBg = 1/4 InByCp + B
1/2 LnBg = 1/2 LnB,  + B
1/3 W,Bs = 2/3 WB + B
1/2 InByC, = i/e InCy + 3B
1/% LnB), = 1/k In + B
2 WB = WpB + B
WoB =2W +B
3/2 TaBp = 1/2 TagBy + 3B
TiBp = TiB + B
TaBp = TaB + B
TasBy, ' = 3 TeB + B
ZrB = Zr + B
1/2 ZrB = 1/2 Zr + B
ZrBo = 7ZrB + B
TiB = T4 + IJ
3 TaB .+ = TagBp + B
2 TagBp = 3 TapB + B
TapB =2Ta +'B
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There is a more revealing way to express the above considerations.,
At equilibrium the chemical potential of each of the components is the
same in each phase in the system. In particular, in systems involving
borides at equilibrium, the chemical potenfial of boron in each phase is
the same. Consider Figure 14.15. 1. This is a schematic diagram of boron
chemical pofential normalized to range between zero and 1.00 referred fO'
solid elemental boroﬁ at the same teﬁperature of the isothermal diagram,
versus the mole fraction or any éomposition units in the tungsten-boron
system. Also included is a similar possible schematic in the lanthanide-
boron system with the same ordingte scale and at the same temperature.
Horizontal lines in such diagrams definethe chemical potential of boron
in the equilibrium between the two solid phases whose compositions are
specified by the ends of the line. A vertical line shows the variation of
chemlical potentiael across the infinitely-narrow solid solution range of
the single solid phase at that composition. A sloped line represents
the chemical potential change across a single solid phase of detectable
solid solution range.

In order to determine the ternary equilibria in the In-W-B system,
the two diagrams are superimposed and sﬁifted horizontally. The inter-
section of lines defines a chemical potential common to all phases at the
ends of.the horizontalvlines and in the vertical line. Therefore, as noted,
in Figure 14.15. 1,the boron chemical potential in W’2B5 Qaﬁ.be the same as
that in the E-LnBlOO, LnBygo-LnBy 5, LnBj,-LnBg and InBg-LnB), equilibria,
if one shifts the diagfams to the resﬁective intersections. Thus, a
ternary diagram would contain the WQB5—B-LnB100,.WéB5~LnBloo-LnBle,
WéB5-LnB12-LnB6, and WéBS-LnB6-LnBu equilibrium triangles at this temperature.
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Figure 14.15. 2 demonstrates schematically the relation of the binary
chemical potential systems to the ternary equilibria.

Since chemical potential data of boron in solid boride systems
are totally lacking ané extremely difficult to obtain, a more practical
use of this technique would be to consider the stability of these solid
borides with respect to boron gas whosé pressure can be experimentally
determined as a function of composition. Instead of boron chemical
potential in the solld, the pressure of boron over the boridelsystems at
constant temperature could be graphed. As in the chemical potential con-
sideration, whenever the Pressure of boron over different boride systems‘
is the same, those borides will exist together in equilibrium.

Such a technique is not limited to the prediction of the three
solid phase equilibria in'three component systems. If vertical lines
fepresenting single solid phases from two binary systems can be made to
superimpose, those two solid phases will exist together in equilibrium
with d gas phase in which the boron pressure may vary over the range of
common overlap at that temperature. In other words, an insufficient num-
ber of phases are present to fix the system. The system still contains
three components. If the composition of4the gas can be expressed from
the compositions of the solid phases, the system reduces to two components
and the range of pressure overlap would be limited to a single point.

Two‘superimposed horizontal lines represent an invariant system -
of four solid phases and a gas phase containing three components. Only
at one particular temperature .can this situation occur.

Quaternary and higher component systems may be treated in like
fashion simply by overlaying the binary pressure-éomposition schematics
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all at the same temperature. One must be careful in using the Phase Rule
in these considerations. Solid solutions and multicomponent compounds may
exist which would complicate matters.

One should realize that the composition axis is totally artificial.
The diagrams are equally useful if projected onto the boron-pressure axis;
Two solid phase equilibrium would then be represented as a point, aﬁd
single solid phases represented by a vertical line. The points and lines
could be labeled for the phases they represent. Thus, one could use the
abscissa to determine the variastion of boron pressure with temperature
in the particuler two solid phase equilibrium by generating a plot of
-RTlan versus l/T. This kind of graph is discussed for metal oxides
and sulfides by Darken and Gurry (68). The slopes of such plots are de-
fined by the heats of vaporization of the higher boride to the lower
boride with the loss of one mole of boron gas. Invariant points would be
determined by the intersection of two lines in the same or different binary
systems.

In such a way, all boride systems could be charted on the same
diagram, although the chart would be cumbersome if all single solid phase
bends were included with the two sqlid phase equilibria lines. In order
to construct such diagrams, one woﬁld need to know the heats and entropies
of formation of the solid phases and of gaseous boron at some temperature
and the associated free-energy-functions. The pressure of boron can then
be calculated from the Third Law.

" Thus, with the diagrams discussed above, ternary equilibria could
be predicted barring solid solution effects. However, in this work the
ternary equilibria are established by experiment énd oné binary diagram

37k



known. In particular, from Figure 14.15. 2 +the pressure of boron at

this teﬁperature over a two solid phase mixture of LnB) and InBg must be
greater than that over'WB-WéB5, but less than that over WéB5—B, both of
which are known. If the reference system were judiciously chosen, this
would prescribe the boron pressure over LnBﬁ-LnB6 fairly preciéely. fhus,

limits on the free energy of the reaction
1/2 InBg(s) = 1/2 InBy(s) + B(g) (1k.14)

may be set. Subtracting out the free energy of formation of B(g) at this
temperature, asSuming the ehtropy change for solid reactants is zero,
assuming ZSCS of formation of the solid compounds is also zero, one may
set limits on the difference between the heats of formation of LnBu and
LnBg at 298°K. This 1s precisely how the limits on the stabilities of
the lanthanide borides were obtained in the preceding observations.

The thermochemical data available on boride systems are extremely
meager and not very precise. As more boride systems are described in de-
tail, this tool to determine stabilities of other borides will become more

‘powerful. In fact, heats of formation of borides determined in this way
may be as good as those determined from ﬁbsolute pressure measurements at
high temperatures. The technique is certainly much easier and considerably
shorter than a high temperature vaporization rate study. Further, this
technique is independent of errors in the heats of sublimation and free-
energy-functions of boron, since pressures are matched with comparison
systems and the contribution qf B(g) is removed with the same errorvthat
was engendered in the reference system. In the determination of the heat

of formation from the measured heat of vaporization, any errors in the
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thermochemical data on boron gas or solid are included, and, possibly,
those for the metal also. One should be critical of the quality of the

thermochemical data used to construct the reference system.
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CHAPTER 15
INTERPRETATION

15. 1 Significance of Vaporization Processes

15. 1. 1 Review of Hypothesis

As suspected in Chapter 1, the vaporization processes illustrated
in Figure 4 should be explicable from a consideration of the variation
in the volatility of the metal. This hypothesis assumed the absence
of significant variation in the stability of corresponding borides with
respect to the condensed elements as the lanthanide is varied. It was
further assumed that the entropy change is the same for each possible
reaction written to form one total mole of gas. Finally, it was assumed
that gll processes were studied at the same temperature or that, as a
function of temperature, differences in free-energy-functions are negli-
gibly small for different metal gases or compounds of different metals.

Recall from Chapter 1 the processes being considered (cf. Fig-

ure 15. 2):
3 LoB,(s) = 2 LuB(s) + L(g) 1. 1)
1/5 LnBa(s) = 1/5 In(g) + 4/5 B(g) (1. 2)
1/4 LaB,(s) = 1/4 La(1) + B(g) | 1. 3)
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2 LnBG(s) = LnBlz(s) + Ln(g) (1. 4)

1/7 LnBG(s) 1/7 Ln(g)+ 6/7 B(g) (1. 5)

1/2 LnB6(s) 1/2 LnB, (s) + B(g) : (1. 6)

15. 1. 2 Influence of Metal Volatility

It is cleaf from the‘obse:vations described in Figure 4 that the
variation in the metal volatility alone cannot explain' the observed vapofi?
zation behavior of LnB4 and LnB6. For example, lanthanum, tne most invola-
tile of the lanthanide metals, would be expected to/lose boron gas from the
hexaboride to form LaB4, if GdB6 loses boron gas preferentially. However,
it was observed to lose La(g) preferentially with LaB6(s) vaporizing
congruently, \

This apparent anomaly may be demonstrated more effectively by
considering the enthalpies of vaporization at 2200°K. for the processes
in equations 1. 1 to 1. 6 for different lanthanide metals. Since the
principal process, i.e., the one with the smaliest free energy change,
was postulated to be dependent only on the metal volatility, the heat of
formation of LnB4 may be assumed constant at, say, -45 kcal./mole for
every lanthanide, in order to estimate enthalpies for the six possible
vvaporization processes. Similarly, the heat of formation of LnB6 may be
assumed constant at =55 kcal./mole for every lanthanide and the heat of
formation of LnB12 assumed constant at -50 kcal./mole for every lantha-
nide. The heat of vaporization of boron at 2200°K. from JANAF (69) is
130.3 kcal.)g:at. The heats of vaporization of the lanthanide metals
are taken from Table 1. 2. Figure 15. 1 describes the esﬁimated

enthalpy variation.
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It is obvious that the processes with the smallest enthalpy
change, i.e., requiring the least amount of heat to form a mole of gaseous
atoms, do not conform to the experimental observations. In particuiar,
this scheme predicts that GdB4(s) will lose Gd(g)(equation 1. 1) rather
than vaporize congruently (equation 1. 2) as is observed experimentally.
One may attempt to make the process in equation 1. 2 more important than
that in equation 1. 1 by reassigning the heats of formation of LnB4 and
LnB6 to account for the 30 kcal. difference in the two processes for GdB4
vaporization. However, with the above assumption of constant heats of
corresponding boride formation this reassignment would affect the 1aB

4

behavior by the same 30 kcal. and allow the prediction that LaB would

4
vaporize congruently instead of losing La(g) as is observed experimentally.
Similarly, any attempt to force congruent vaporization of SmB6 over pre-
ferential loss of Sm(g) from SmB6 by redefining the heats of formation

.of LnB6 and LnB12 would force a contradiction of the observed loss of

B(g) from Gd, Tb, Dy and Ho hexaborides.

Other similar anomalies in the scheme of Figure 15. 1 force the
conclusion that there 1s no set of constant values for the heats of for-
mation of LnBé, LnB6 and LnBlz, respectivély, that can be chosen which
will allow a match of the observed principal wvaporization processes with
the calculated principal processes within the limits of error in the
metal volatilities. Thus, the conclusion that metal volatility alone
does not determine the process by which the lanthanide borides vaporize

is reached. This conclusion disproves the original hypothesis of this

thesis. Possible variation in the heats of formation of the metal
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borides and a reconsideration of the assumption of constant entropy

change for the processes must be examined.

15. 1. 3 Entropy Estimation and Importance

15. 1. 3. 1 Entropy of Gaseous Atoms. Realizing that the

principal vaporization process for a particular boride is that process
with the smallest free energy change per mole of gas, i.e.,, the process
which develops the largest total pressure, one must examine the entropy
contribution to the free energy of vaporization for these processes and
'test the validity of the constant entropy assumption.

Consider as a first approximation that the entropy contribution
to the processes from condensed phases is negligible compared to that of
the gas, The composition of the gas varies from pure ILn(g) in érocesses
1.1 and 1. 4 to pure B(g) in processes 1. 3 and 1. 6. Therefore, for
the entropy change to be identical for the six processes, and for the
free energy changes to be ordered according to the enthalpy changes, the
entropies of the gaseous lanthanide metals must be equal to each other
and equal to that of boron gas at the same temperature. However, an
examination of Table 1. 2 reveals that at 2200°K. SO differs from

Yb(g)
by 7.5 eu. At 2200°K. this difference leads to an effect of

o
S

Gd (g)
16.5 kcal. in the free energy. This wide variation in entropy of Ln(g)
arises from the multiplicity of the ground state of the gaseous lantha-

nide atoms as discussed by Herzberg (188). Further, the entropy differ-

ence between B(g) and Ln(g) at 2200°K. may be as large as 12,2 eu. or

26.8 kcal./gas atom contribution to the free energy. Obviously, the
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assumption of equal entropy for the six processes for all lanthanides
is incorrect. The effect of 26.8 kcal. difference between a process
involving pure boron gas and a process forming only lanthanide gas is
quite appreciable compared to the enthalpy changés of the order of

100 kcal. estimated in Figure 15. 1.

15. 1. 3. 2 Entropy of Condensed Phases. It is necessary to

examine to what extent the entropy contribution of the condensed phases
may be ignored compared to the entropy of the gaseous‘atoms in the vapor- .
lzation processes. Essentially no heat capacity data exist for the
lanthanide borides. Therefore, the entropies of these borides must be
estimated. There are three questions which must be considered in the

estimation.
o
2980K.

lated by assuming the standard entropy of formation at 298°K. to be zero,

First, how precise is S for the lanthanide borides calcu-

)
2989K.

liable estimates, by Mezaki, Tilleux, Barnes and Margrave (189), of

and in what way does S deviate from this assumption? Fairly re-

S;98°K. for transition metal borides, based on the empirical scheme of
elemental contribution to the entropy presented by Latimer and on the
measured value of S;98°K. for ZrBz, have been made and are listed in
Table 15. 1, column two. Also included are the measured value by Swift
(69) on MgB4 and the measured value on LaB6 by Westrum (190). It is
clear from these data that the energy state of metal and boron atoms in
the borides is significantly different from the pure elements. In partic-

ular, as the boron content increases, the entropy of the boride, deter-

(o]

mined from the assumption that ASZ98

of formation is zero (column three),
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'TABLE 15. 1

A Comparison of Literature Values of Entropies of Various Borides with those Estimated by Assuming Asg and ACS Are Zero.

a ig- (o}~ . '
Soogor (1it) 82.ao, (est) (s°(1it)-s%(est)), %ilo)zv;‘iom s°<-s°a (1it) 8°-5° _(est) [%-8298(111:)1 t?ogegim
. 298°K. 298°K. 7298 "1ip (4) T 298 T "298 _[So_so (est)] it (%)
Boride - (eu.) (eu.) (eu.) M (en.) (en.) T 298 *
(eu.) :
Mo, B 22.8 7+ 5 15.05 - 7.7 -3k 18.83 16.3k +2.49 +13.3
WoB 28.2 | 17.47 -10.7 -38 25.35 24.05 . +1.30 +5.13
TeB  13.1 | 11.29 . - 1.8 -1 16.53 15. 74 +0.79 o+ 4,78
CrB 8.k +q 7.09 - 1.3 -16 16.28 16.02 +0.26 + 1.60
MoB 10.5 8.22 . - 2.3 -23 15.79 15.51 +0.28 +1.78
WB 13.2 9.43 - 3.8 -29 15.99 15.41 + 0.58  + 3.63
TiB, 6.2 1 10.11 3.9 63 21.61 ~ 23.89 - 2.28 -10.55
ZrB, 8.5 ' 10.07 ‘ 1.6 ) 19 23.94 2h. 11 - 0.17 - 0.71
. HfB, 11.2 13.69 2.5 23 2364 22.62 + 1.02 + 4,31
NbB, 8.6 [fT1 1.51 1.9 22 22.85 22.29 + 0.56 + 2,45
"TaBo .11.3 12.68 1.k 12 23.75 22.51 + 1.2h + 5.22
CrBp 6.6 8.48 , 1.9 29 23.05 22.79 + 0.26 + 1.13
MoB, 8.7 _ 9.61 0.9 10 23.50 22.28 +1.22 + 5.19
W,Bs 21 23.04 2 10 C47.73 51.13 - 3.k0 - T7.12
MgB), 12.&1]1 2 13.41 1.00 8.1 ~ .
LaBg 19.88 21.98 2.10 10.5

&, Transition metal borides, 189; MgB), 69; IaBg, 190.



becomes larger than the estimated values of column two. This difference
is listed in column four: A rough extrapolation of the percent devia-
tion of the entropy from this assumption, listed in column five, into

o

2080K. for LnB4 and LnB6

may be estimated within 15 percent by correcting the value calculated

the MB4/MB6 boron compositions indicates that S

from the assumption of zero entropy of formation downwards by 20 percent.
A further test of this assﬁmption lies in a comparison of experi-

mental data on 8298°K. for LaB6 with the estimated entropy. Westrum,

° for LaB, as

2980K., 6

19.88 eu. The value derived from assuming a zero entropy of formation

Clever, Andrews and Feick (190) have determined S

is 22,0 eu. With a downwaxrds correction of 20 percent, or 4.4 eu., the
estimated value is 17.6 eu., which is 2.3 eu. smaller than the measured
value, but within the estimated 15 percent error.

The second question to be answered is this: What is the valﬁe
of SSZOOOK.- 5298°K.? Measured heat capacity data in the range 298 to
1200°K. for transition metal borides by Mezaki, et al, (189), reveal the
S;-SggsoK. data lis;ed in Table 15. 1, column six. These measured data
are compared with data calculated from the assumption of the Neumann-~
lKopp Bule at 1200 and 298°K. with elemental heat capacities taken from
Stull and Sinke (65) for the metals and from JANAF (69) for elemental
boron (column seven). Notice the TiB,~ZrB ~MoB

2 2 2 2?

trends (column eight). These differences indicate that

—HfBZ, CrB CrBMoB-WB

and Nsz--TaB2
the assumption of Acg equal to zero gives S;—SggsoK values increasingly

too low as one goes down the groups in the Periodic Table.. There is no

significant trend with boron content.
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The difference between calculated and observed values for S; -
5298°K. at 1000°K. revealed that this difference was the same as the
difference observed at 1200°K. Thus, it is believed that the deviation
observed at 1200°K. may be assumed identical with that at 2200°K., even
through the melting points of the metals.. From a consideration of the
position of the lanthanides in the Periodic Table, it would appear that
the SSZOOOK.- 8298°K. values, calculated from the assumption of zero for
AC; for formation af any Femperature, fre five percent lower than the
actual values.

From'a combination of the 20 percent correction downwards on
Sg98°K. determined from Asggs = 0 with the 5 percent correction upwards
on SEZOOOK.- 8298°K. determined from Acg = 0, the formulg used for ob-
taining the entropy of LnB4(s) and LnB6(s) and for LnBlz, as well, is:

= 0.88 (AS (15. 1)

[o] [o] [o] .
$9200% 22009K%. ,B(s) + 52200%.,1n (1)’ °

where A is four, six or twelve for In3B,, LnB6 or LnBlZ’ respectively.
The error in the accuracy of these entropies is estimated liberally at
20 percent.

A third question remains to be answered. How systematic is the
error in the entropy estimates of equation 15. 1? 1In other words, does
the variation in entropy of the lanthanide borides with metal show the
same trend as the variation in entropy of the pure condensed metal with .
atomic number? This oBservation is vitally important in establishing
the trends of the free energies of the vaporization processes with

lanthanide metal, If the large errors in the estimated entropies of the
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borides can be shown to be systematic with varying metal, the influence
of changes in the entrﬁpy from metal tp metal for a particular vapori-
zation process may be evaluated within the errors of the elemental
lanthanide entropy only.

Borides of the same composition are isostructural as a function
of lanthanide; and, therefore, the boron field into which metal ions muét
go is the same for each metal. Thus, it seems reasonable to suspect
that, except for small size differences, the change in the entropy for
metals going from isostructural solids or liquids into isostructural
boride structures is influenced to the same extent by the boron matrix
and is, therefore, constant Withvvarying lanthanide metal. 1In other words,
ASZZOOOK. for formation of lanthanide borides of the same composition is
a constant as a function of lanthanide.

It is important to consider the change in the ground statés of
the metals on going into the boron field. The lanthanide metals are
complicated by RIn(2J+l) magnetic entropy contributions from close-lying
energy levels arising from unpaired 4f and 5d electrons. While it is
certain that the boron field will influence these energy levels to a
different extent for different lanthanides, any such changes should be
'small at 2200°K., even though the magnetic entropy of the lanthanides
can be as much as 30 percent of the total entropy.

Further, the entropy due to the metal Qibrations‘in the boride
and due to conduction electrons might be influenced by the boron field

to different extents for different metals. For instance, while other

lanthanides show plus three valency, Sm, Eu and Yb retain quite a bit of
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their alkaline earth character in alloys, but do not show divalency.in
ionic compounds such as oxides. Does this varied behavior imply varied
entropy of formation with lanthanide metal, depending on whether the
boride is ionic or metallic in nature?

It would appear that the most severe test of the constancy of
As; would be found by examining the experiﬁental data for -a highly ionic
compound such as the sesquioxide where severe restrictions are imposed on
the metal valency in the oxide. Magnetic data, low electrical conduc-
tivity values, énd linear lattice-parameter graphs, reported by
Gschneidner (30), indicate that in every lanthanide sesquioxide the metal
is constrained to a trivalent oxidation state. On the other hand, the
lanthanide metals show significant metal divalency at Eu and Yb and
tétravalency at Ce. Further, the metallic radius varies considerably
from a linear function of atomic number at Ce, Fu and Yb. 1In view of
the valency constriction on Ce, Eu and Yb in sesquioxide formation, per-
haps deviation from a constant AS;98°K. for formatién will be revealed.

Westrum and Gronvold (61) have considered these factors and
determined Asggsox,,for formation of Ln203(s) from a Large amount of
éxperimental data and some empirical estimations. These data are shown
‘in Table 15. 2. Column two lists the entropy of the lanthanide metals
taken from Stull and Sinke (65). Experimental values for the entropy of
Ln203 are contained in column three.. These are to be compared with
values estimated by Gronvold and Westrum in column four. The entropy
of formation of Ln203 is listed in column five. Column six tests the

e

constancy of S°(Ln203) -2 So(Ln), where only experimental data are

387



88¢

TABLE 15. 2

Variation of the Standard Entropy of Formation of Lanthanide Sesquioxides with Ianthanide (61)

Metal Sesquioxide Sesquioxide Sesquioxide )

Spoe0g, (exPt.)  S3ogop (expt.)  SJggoy (est.) -ASJogoy (form.) 87gop (M303)-83 a0, (2M)
Metal (eu.) (eu.) (eu.) (eu.) (eu.)
Sc ( 8.5) 19.k (35.6) |
Y 10.63 23.69 22 b 35.54 ' 2.43
la 13.64 30.43, 30.58 30.4 35.18 3.15
Ce 16.68 - 360 (35.2)
Pr 17.49 | 37.9 (35.4)
Nd 17.54 37.9, 36.92 38.0 (35.3) : 2.8
Pm (17.2) , (35.4) |
Sm 16.64 36.1 35.4 (35.4) 2.8
Eu (17.0) 35 (36)
¢! 15.77 36.0 36.3 : (34.4) 4.5
To 17.48 37.5 (35.8)
Dy 17.87 35.8 38.1 (35.7) .1
Ho 18.00 - 37.8 38.2 (35.7) 1.8
Er 17.52 36.6 37.6 ' (35.5) 1.6
Tn 17.37 36.5 C(35.7)
Yb (15.0) 31.8 34.5 (34.5) 1.8
Iu 12.19 26.0 (35.6)




available. Parentheses imply estimated values or poor experimental data.

Their work concludes that ASC for formation of Ln 03 (column five)

298°K. 2

is a constant within t 0.6 eu., even for Eu and Yb., Experimental data
support this conclusion, showing a variance of T 1.5 eu. from constancy
at 298°K.

While lanthanide ion in tetraborides is trivélent and ionic
rather than metallic, some alkaline earth character, typical of the
lanthanide metals, is observed at Yb and Eu (cf. Chapter 2). The valence
of the metal in hexaborides is very close to that of the metals them-
selves, as shown by the lattice parameter variatiop, conductivity and
magnetic measurements in G8chneianer (30). Considerébly less is known
abbut dodecaborides; however, the metal bonding in dodecaﬁorides is
probably similar to that in the tetraborides. Then, Since the bonding

in lanthanide borides is between the ionic bonding in In and the

2%3
bonding in the metals, it'appears feasonable to assume that Asz at 298°K.
and 2200°K. is a constant with lanthanide for corresponding lantﬁanide
borides. Thus, a large step is taken in rendering the percentage errors
in the boride entropy estimates constant.

The entropies for tetra-, hexa- and dodecaborides at 2200°K.,
estimated by equation 15, 1, are listed in Table 15. 3. With the use
of the boride entropies in Table 15, 3, the heats of véporization of
lanthanide metals and boron, and the entropiés of thé elemental species
at 2200°K, as listed in Table 1. 2, the standard free energies of vapori-

zation for the six vaporization processes in equations 1. 1 to 1. 6 were

calculated with equation 6.18 for the various lanthanides, excluding the
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TABLE 15. 3
Estimated Entropies of Solid Lanthanide Tetra-, Hexa- and

Dodecaborides at 2200°K.

Stn), SPnBg | StnB),

(eu.) (eu.) ' (eu.)

70.8 92.6  158.0
Ce Th.5 9.2 161.6
Pr : Th.5 ' 86.2 161.6
Na 76.1 | | 98.1 - 163.5
Pm .2 L 96.0 | 161.4
Sm* 13.6 95.4 160.8
Eu* 4.0 95.8 161.2
Gd 73.3 95.1 160.5
Tb T™.3 - 9%.1 ’ 161.5
Dy Th.6 ' 9.3 161.7
Ho h.5 96.2 161.6
Er Th. L ’ 96.2 161.6
Tn 13.7 95.5 | 1609
Yb* TL. k4 ®.8 158.2
Lu 69.0 91.7 : : 157.1

* Liquid metal reference state

V)
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terms involving the heats of formation of the borides at this temperature.
The estimated free energies, exclusive of the heats of formation of the

borides, are tabulated in Table 15. 4 for all the lanthanide metals.

15. 1. 4 Systematic and Random Errors

In order to determine what reliance can be placed on the esti-
mated data of Table 15.4 for use in the following arguments,it is neces-
sary to discuss the magnitude of the errors involved in these estimaéions.
In view of the lack of spectroscopic data and the ambiguity in interpre-
tation of the spectra (Landolt and Bbornstein (191)), entropy data on Ce,
Pr, Tb, Dy, Ho, Er and Tm are not available. Based on the range of
entropies in Table 1. 2, the entropy values for these gaseous elements
at 2200°K. have been taken as 57 eu. with an uncertainty of T 2 eu. The
random error in the gaseous entropies of the other lanthanides and in
. the entropies of the liquid lanthanides at 2200°K.,taken from Stull and
Sinke (65),is liberally estimated at * 0.5 eu. For Sm, Eu and Yb a
liquid reference state has been taken by extfapolating'the liquid stan-
dard state data to 2200°K., which is above the normal boiling point for
these lanthanides. The entropy error in B(g) and B(s) at,2200°K. is
taken as 1 0.1 eu. with the data taken from JANAF (69). The error in
AHSap. for boron at 2200°K. is taken as T 4 kcal./g-at.,; according to
Schick (132). Standard heats of sublimation of the lanthanide metals
at 2200°K. were taken from Stull and Sinke (65) or estimated from more
recent data (cf. Table 1. 2). These data are reliable to t 2 kcal./gsat.
random error. The uncertainties in the boride entropies were previously

estimated as 20%. All these uncertainties are listed in Table 15. 5.
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TABLE 15. L4

Free Energy Chahges;.Exclusive of Heats of Boride Formation, for the Six Possible

Vaporization Processes of InB), and ILnBg at 2200°K.

Ia Ce Pr Nd Pm Sm Fu Gd Tb Dy Ho Er Tam Yb Iu
InB), 1.1 ZSFO-(QZSHEnBG-3Z&Hgth) 29.9 34.0 23.0 13.0 -16.2 -18.7 11.3 27.1 9.2k 12.6 12.4 -7.2-13.9 24.4
Loss of In(g)
1.2 ZXFQ-(-l/SZSH%th) 47.2 148.0 h5.8' 4.1 38.1 37.6 43.8 46.8 .43.0 L43.8 .43.8 39.8 38.h L7.1
Congruent
1.3 ZBFO-(Jl/hzkH%th) 49.8 L49.6 L49.6 L49.6. 49.6 149.6 49.6 49.6 149.6 L9.6 L49.6 L9.€ 49.8 50.0
Ioss of B(g) ' |
InBg 1.4 stO—(szgnBlg-azsngnB6) 29.9 33.4 22.4 14.3 -16.2 -18.7 11.3 27.1 8.6 12.h 12.k -7.0 -16.6 30.3
Loss of In(g) .
1.5 ZSFO-(-l/TZXHEnB6) 48.7 L49.2 L47.6 L46.5 bo.1 L41.8 L6k L4B8.3 L45.6 L6.2 k6.2 L43.4 42,0 LU8.7
Congruent
1.6 AF-( 1/2/H - 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8
1/208 5,) Lo, o ’
Loss of B(g) -

For these calculations Z3H898°K for boron vaporization was taken from JANAF (69) as 132.6 kcal./g.-at. If ZSH898°K
for boron vaporization were 135.0 kcal./g.-at., reported by Robson and Gilles (178), then the values for processes

1. 2, 1. 3, 1. 5 and 1. 6 would be increased by 2.0, 2.4, 2.0 and 2.4 kcal., respectively. See Teble 16. 6 for the

uncertainties.



Collecting these errors,weighted for their contribution to the
free energies, one obtains the total uncertainty in the free energies of
vaporization for each of the six processes under consideration, exclu-
sive of errors in the heats of formation of the boride. These uncertain-
ties are contained in Table 15. 5. It is obvious that these uncertainties
are too large to allow the prediction of behavior trends as the thermo-
chemical properties of the lanthanides change. However, a great portion
of these errors is systematié.with atomic number, especially wheﬁ compar-
ing free energies for a particular vaporization process with varying
lanthanide. Since the entropy ofythe borides varies with lanthanide in
the same fashion as the entropy of the liquid lanthanide metal, the error
from the estimation of S° for LnBa, LnB6 and LnB12 is systematic and
cancels in corrésponding processes with different metals. The errors in

o o o ’
H of boron and in S and S are also systematic and cancel as
A B(g) B(s) 4 ©

vap. .
two different lanthanides are compared in the same process., The sums of
the remaining uncertainties between any two lanthanides for the six vapor-
ization. précesses are shown in Table 15. 5. Since these uncertainties
are smaller than the variations in Assap. and AHsap. of the lanthanide
metal at‘2200°K., a test of the influence of variation in these contri-
butions with atomic number is quite possible; the trend of stabilities
of tetra- and hexaboride with respect to the gaseous elements may also be
described.

It is also necessary to determine the uncertainties involved on

intercomparing each of the 8ix different processes all involving the same

lanthanide. This determination is-necessary in deciding the process of
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TABLE 15. S

Uncertainties in Estimated Free Energies of Vaporization

Uncertainties in component terms for the estimated free energies for the six
' LnB), and InBg vaporization processes at 2200°K.

s]?xn.'Bh S]c'_).nB6 s]?anlg AHgap.Ln | AHovap.B S%.n(g) S%.n(l) S%(s) S%(l)
(eu.) (eu.) (eu.) (kcal./gat.) (kcal./gat.) (eu.) (eu.) (eu.) (eu.)
16.0 20.2 3k.0 2 n 2 0.5 0.1 0.1

Uncertainty, exclusive of errors in heats of boride formation, in the
estimated free energies of the possible vaporization processes
of InBg and LnB) at 2200°K.

O
AT AFT ), AF] 5 AF) ¢

OFY, AFY . 5 3

20.0 11.3 13.3 17.2 10.7 8.8 keal.

Uncertainty in the difference in estimated free energies, exclusive of
heats of boride formation, between any two lanthanides vaporizing
by one of the six possible processes at 2200°K .

e le]
OFD AR 5 AR 5 AR ), AF) are o

3.0 0.9 0.3 3.1 0.5 0 keal.
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smallest free energy, i.e., the principal vaporization process. It is
clear that while any errors in the entropies and heats of vaporization of

a particular lanthanide are certainly systematic in their contribution

to the different vaporization processes, terms with systematic errors, how-
ever, because of the varied stoichiometry for the processes, occur to
different extents for different processes and do not cancel in general.
Thus, the errors between free energies of different processes with the

same lanthanides are larger than errors between free energies for the

same process with different lanthanides. Thé errors remaining after elimi-

mnation of systematic contributions are shown in Figure 15. 2.

While these uncertainties are generally large relative to the
variation in the free energy of vaporization between proéesses, the total
result on fitting the observed principal vaporization processes of
Chapter 4 to estimated free energies affords a much more reliable inter-

pretation than these uncertainties would indicate.

15, 1. 5 Condensed Phase Entropy Influence

While the entropies of the gaseous atoms are the principal con-
tributions to the total entropy of vaporization, the entropies of the
condensed phases and their variation with lanthanide and with process
are certainly not neégligible contributions to the free energies, but
represent an appreciable contribution to the variation in free energy
between the vaporization processes for different lanthanides. More
specifically, the vaporization process for the tetra- and hexaboride is
not determined by the variation in the heat of vaporization of Eﬁe

lanthanide metal alone, but also by the variation in entropy of lanthanide

395



1,1 3Ln34(s) = 2LnBg(s) + Ln(g)
1.2 1/5LnB,(s) = 1/5In (g) + 4/6B (g)
1.3 1/4LnBy(s) = 1/4in(s,1) + B (g)

1.4  2LnBg(s) =  LuByp(s)+  ILn(g)

1.5 1/7Ln36(s) = 1/7n (g) *+ 6/7B (g)
1.6 1/2LnB.(s) = 1/2Lh34(s) + B (g)
30,6

1r——12-9 ':)1

AF‘;.. ]‘.-T lB.,G»N'.i..z‘-S ‘q4’-’AFi.§—12.08-—.AF‘i. 4‘-14.»6-’&'5_.5- 4. s—ﬁpi. 6

]I, 15.5 » fo__i_ et

16,8

kcal-’, 19,4

|

o

Non-Systematic Errors  BetweenAF,,,yop Values For Vaporization

Processes of LnB; and LnBg

FIGURE 15. 2

396



gas and lanthanide borides.

15. 1. 6 ’Influence of Boride Heat of Formation

If the metal volatilities and‘entropy considerations alone are
sufficient to interpret the observed principal vaporization processes,
then within the framework of aséumptions and errors above one should
find a value for the heat of formation of the solid tetraboride, a
value for the solid hexaboride and a value for the solid dodecaboride,
which, when considered as constants for all lanthanides, will allow the
experimentally observed principal vaporization processes to match the
predicted minimum free energy process in all lanthanide systems. Con-

sider, as an example, the free energies of vaporization listed in

Table 15. 6. These data were calculated assuming that AH; s AH?
LnB4 LnB
and AHZ all are -50 kcal./mole at 2200°K. Notice that while some
LnB '
12

of the predicted minimum free energies match the observed processes
for vaporization of tetra- and hexaboride, others fail to match by
as much as 20 kcal. per total gas atom, which is beyond the estimated
non~systematic errors.

It can be demonstrated that no such set of constant values for
the heats of formation of the borides can be assigned, even outside the
stability limits estayiished in Chapter 14 for these borides, that will
allow an agreement between observed and predicted minimum free energies

in all cases., Consider processes 1. 1 and 1. 2. The heat of formation
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TABLE 15. 6

Free Energies of InB), and LnB6 Possible Vaporization Processes at 2200°K.,
Heats of Formation of the Borides Assumed to be =50 kcal./mole

e} o} o] (o] (o]
B i) el Gei] G oei e
La  79.9 % 57.2 # 62.3 79.9 55.8 * 51.8 #
Ce 84.0 * 58.0 # 62.1 83.4 56.3 % 51.8 #
Pr  73.0 ¥ 55.8 # 62.1 2.4 Sh.T * 51.8 #
Pm
Sm  33.8 48.1 62.1 33.8 # Lg.2 * 51.8
Eu  31.3(%*)}  47.6 62.1 31.3 # 48.9 51.8
Gd 61.3 53.8 *# 62.1 61.3 53.4 51.8 *#
™  77.1 56.8 62.1 T7.1 57 .4 51.8 *#
Dy 59.2 53.0 *# 62.1 58.6 52.7 51.8 *#
Ho  62.6 53.8(* )  62.1 624 53.3 51.8(x)
Er 62.4 53.8(‘*)# 62.1 62.4 53.3 51.8(*%)#
T™m  42.8 # 49.8 62.1 43,0 # 50.5 51.8
Yb 36.1 *# 48.4 62.3 33.4 ho.1 51.8
Iu  Th.k 57.1 # 62.5 80.3 55.8 51.8 #

#, Calculated principal process

*, Observed principal process
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term which must be added to éomplete the free energy expression in
process 1. 1 is (2 AH? -3AH2 . ). To process 1. 2 must be added
LnB LnB o
6 4
0

the term (-1/5 Y: ). In order for LaB, to lose La(g) preferentially
InB
4

(cf. Table 15. 4),

29.9 kcal. + (zAu; -3AH; ) < 47.z'kca1..+(-1/5Ang ).

LaB6 LaB4 LaB4

(15. 2)

And for, say, dysprosium tetraboride to vaporize congruently, as is

experimentally observed,

43.0+(-1/5 AHS ) < 9.2 +(2AHS  -3pHY ) (5. 3)
£ £ £
DyB4 Dy36 DyB4
After collecting terms, one observes that (2 AH; -14/5 AHE )
LnB6 LnB4

must be greater than 33.8 kcal. for dysprosium, yet less than 17.3 kecal.

o o
£ and for AHf

for lanthanum. Clearly, no constant value for AH
‘ LnB6 LnB

4

as a function of lanthanide will satisfy both requirements. Recalling
from Figure 15. 2 that the random efror for the difference in free
energies between processes 1. 1 and 1. 2 is 15.6 kcal., one notes that
the discrepancy in the above relation, 16.5 kcal., is outside this error.
Furthexr, as noted above, the existence of éuch a large collection of
e#perimental observations and thermochemical data has the éffect of

‘ reducing this particular error estimate, thus rendering the observation
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‘more reliable. Clearly, then, a variation in the heats of formation of
the lanthanide borides is a necessary criterion in the interpretation of

the observed vaporization processes,

15, 1. 7 Variation in Boride Heat of Formation

15, 1. 7. 1 Background. While there are no precise déta in

the literature on the stability of the lanthanide borides with respect

to solid elements, much less the variation with lanthanide, some idea of
how these heats of formation will vary may be conceived from a considera-
~tion of other properties of these borides and of related materials.

It is apparent that the stability of metal borides, particularly
those with high boron coﬁtent, is principally due to the covalently-
bound chains, nets and cages of boron atoms. This view is sqpported By
the high melting points, extreme hardness, low thermal expansion, and
low volatilities exhibited by metal borides. While the metal ions are
necessary in these structures to meet the electronic demands for boron-
boron bonds, the percentage contribution of boron-metal bonds to the
stability of the boride is small compared to that of the boron-boron
covalent bonds., Thus, the variations in stability of these borides be-
tween different lanthanides will be small because of the low metal con-
centration and the many boron-boron covalent bonds. However, variations
must exist iﬁ order to explain the vaporization trends and other trends
noted later for lanthanide borides.

Brewer and Engel (192) have described a correlation between

electronic and crystal structure, and bond character and thermodynamic
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stability of metallic and intermetallic phases. From their interpreta-
tion s and p-orbital electrpns are structure determining, while the d-
orbital electrons, which are réstricted to nearest neighbor interactions,
do not influence structure. However, the d-orbital electrons do contri-
bute importantly to the binding energy in'transition metals and inter-
metallic compounds. The d-orbital contribution increases with atomic
number, while s and p-orbital contributions decrgase with atomic number.
The bond energy or stability is generally determined by the average
number of unpaired electrons per atom available for bonding. The effects
‘of size, internal pressure and promotion energies to higher electronic
states must also be considered, but are second order.

Brewer (193) pointed out that in the lanthanides the 5d unpaired
electrons do extensively contribute to bonding in lanthaﬁide alloys.
However, these 5d orbitals generally become less available for bonding
as atomic number increases because of the increasing divergence between
the 4f and 5d energy levels. Therefore, with the assumption that the s
and p-orbital conditions are essentially the same as atomic number in-
creases through the lanthanides, the contribution of 5d electrons to the
compound stability should decrease. Thus, all borides might be expected
to show a decrease in stability as z increases, with the most rapidly
decreasing stability being exhibited by the boride with highest metal
content. This argument would be the same forvstabilities with respect
to géseous elements or to solid elements. The boron contribution to
stability in a particular boride should be the same for each lanthanide.

Some size effects might interfere with this argument.

Lol



Many research workers have discussed the electron configurations,
bond types, structures and electrical or metallic properties of the MB2,
MB,, MB, and MB,, borides and boron (104, 73, 105, 194, 106, 107, 108).
Tﬁesg papers support the existence of covalently-bound boron atoms in~-
volving 8, p and d-orbitals with two electrons per metal atom needed to
satisfy Fhe electron reqﬂireménts of the boron-boron bonds. The third
valence electron in the case of the lanthanide borides is not needed in
the boron structure and accounts for the metallic properties of the lan-
thanide borides. The divalent nature of the alkaline earth hexaborides
accounts for their semiconductor propeities.

2

Flodmark (105,104) in a valence bond treatment of MB, crystals

6
found that the stability of the hexaboride phase increases with decreas-

ing ionization potential for the two eiectrons required per metal atom.
Thus, the stability of the alkaline earth hexaborides increases going down
the alkaline earth group. In tri§a1ent metal hexaborides, there is a
sufficiently large bonding energy for the third electron to compensate
the larger ionization energy and Coulomb repulsion energy so that lan-
thanide hexaborides meet the requirements of Flodmark's valence bond
model. This view of the existence and Sﬁability of the hexaboride de-
pending on ionization potential is supported by Samsonov (195). The lack
of ionization potential information (cf. Table 1. 2) and the small varia-
tion of ionization potential between lanthanides preclude any interpreta-
tion prescribing the variation of lanthanide hexaboride stability with
lanthanide.

Russian authors (195) believe that La, Pr, Sm and Eu hexaborides
are the most stable of the lanthanides, since the.firsf ionization
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potentials are low for these metals (5.6-5.7 ev.). The stability of

Ce, th Gd, Tb, Dy and YbB6 is thought by these authors to be lower in
view of the high ionization potentials of these metals (6.2-6.7 ev.).
They further state that hexaboride phases are always more stable than
tetra- and diboride phases, as demonstrated by their observations of

loss of meéal preferentially from 1oﬁer borides to hexaborides (196).
However, their obsexrvations ignore the second ionization potential, size
effects, metal volatility variations and entropy effects. It is not
clear Qﬁether their intention is to predict boride stability with respect
to gaseous atoms or with respect to solid elements.

In summary, then, the lack of thermochemical data on specific
borides and the inability of theory and‘of measured physical properties
related to stability to distinguish the small variations in bond strengths
between corresﬁonding borides of different laﬁthanide metals preclude
reaching any firm conclusion regarding the variation of the heat of

formation of lanthanide borides as a function of atomic number.

15. 1. 7. 2 Empirical Evidence for Variations in Boride Stability.

There are certain relationships between lanthanide borides established in
this research and in others, which, when éonsidered by themselves, do not
establish the rela;ive stability of lanthanide borides. ﬁowever, a con-
sideration of these'relationships as a whole indicates how the heats of
formation of lanthanide borides probably vary with atomic number.
Consider Figure 15. 3. This graph illustrates the heat of for-
mation at 298°K. of lanthanide sesquioxides, trichlorides and aluminides

versus lanthanide (30). Notice the trend of decreasing stability of the
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trichlorides with increasing atomic number. While there is a decreasing
stability of sesquioxide in the first half of the lanthanide series, the
second half does not show a similar trend. It is interesting to note
that the heat of formation of thesesquioxides varies only very little
with lanthanide, i.e., } 10 kcal./mole in 450 kcal./mole or 2 percent.
Recall from Part I, Chapter 7, that the lattice parameters for these
sesquioxides vary strictly linearly with atomic number, even through Sm,
Eu and Yb. Therefore, the sesquioxides are strictly ionic compounds.
Notice further, that the aluminides exhibit an increasing stability with
Z, a variation in the heats of formation of i 12 percent, and metallic -~
like deviations in lattice parameter at Sm (cf. Gschneidner, (30)).  This )
correlation indicates that lanthanide compounds of metallic character
exhibit wider fluctuations in stability with lanthanide than do ionic
compounds,

The lanthanide tetraborides, dbdecaborides and probably the hecto- .
borides show linear behavior of their lattice parameters with lanthanide
even through Tm and Yb (cf. Table 2.1). These phases, then, are fairly
ionic. On the other hand, hexaboride lattice parameter variation is
metallic in nature. Thus, berhaps hexaborides ﬁould*have stabilities
which would exhibit a greater variation from lénthanide to lanthanide
than would the other lanthanide borides. Furthef, these variations may
show decreasing boride stabilities with increasing Z.

Consider the requirements of equations 15. 2 and 15. 3. The

quantity, (ZAHE -14/5AH;

LnB6 LnB4

), must be less than 17.3 kcal. at La

and greater than 33.8 kcal. at Dy. Therefore, (ZAH; -L4/SpE. )
. LnB, LnB,
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must get 1arger.with increasing atomic number.

If it is assumed that the variations in the tetra- and hexa-
boride stabilities are in the same direction, there exist two possible
interpretations, First, if LnB4 is getting more stable across the lantha-
nides, then LnB6 must get more stéble at a slower rate with increasing
atomic number (weighted for the coefficients). However, the idea of in-
creasing stability with Z seems improbable in view of Brewer's remarks
above and other observations later., Further, between the two borides
the tetraborides should show the slowest variation in stability because
of their ionic character. The second possibility, and the more acceptable,
requires the stability of hexaboride to &ecréase faster with increasing
atomic number than that of the tetraboride.

Recall from Chapter 2 which borides exist in the lanthanide-
boron systems, The diborides of Gd, Tb, Dy, Ho and Er have been made.
Others certainly exist, e.g., Nordine reports the existence qf SmB, (197).
All tetraborides except EuB4 have been observed. All hexaborides except
those at the end of the series (Er, Tm and Luj have been made. While
hectoborides of only Sm, Gd, Tb,.Ho, Yb and.pérhaps La have been found,
they will all probably be fourld in time.

Post has indicatéd dodecaborides involvihg metal radii greater
than that of Tb prbbably do not exist because the.ionic size of the
lanthanide is too large. Such a radius depgndence implies that the
dodecaborides are getting more stable as the ionic radius decreases or

"as Z increases. While size effects are important, the idea of increasing
stability ;ith Z 18 not appegling on the basis of the above discussion and

because another more plausible explanation is available.
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Consider the process,
LnBlz(S) = 3/47 InB, (s) + 44/47 LnB (s). ) (15. 4)

The free energy for this process early in the lanthanide series is
negative, i.e., LnB12 cannot be prepared. At Gd or Tb the free energy
100 and LnB6.

The value of As; for this condensed phase process is assumed zero, and

becomes positive and LnB12 is stable with respect to LnB

then the behavior can_be explained by an increasing'dodecaboride stability

(decreasing AHz " ) with Z as Post's size restriction suggests.‘ However,
LnB ;
12

another possibility would be that the heat of formation of LnB6 becomes

- less negative (less stable) faster than that of LnB,,. . The heat of for-

12
mation of LnB100 is not going to change much with lanthanide, simply

because of the low metal concentration; but'AHg of LnB6 might be expected
to vary faster than the LnB12 stability, in view of the above discussion

relating bonding to stability variationm.

Consider further the process,

4LnB6(s) = LnBlZ(s) + 3 LnB4(s). (5. 5)

This procéss-has a positive free energy for most of the lanthanide series
so that LnB6 is stable relative to LnB12 and LnB4. However, the free
‘.engrgy of this process approaéhes zero at Ho where HoB6 preparations
contain all of the three phases in process 15, 5, and becomes negative
for Er, Tm and Lu. This observation explains the inability to prepare

hexaborides of Er, Tm and Lu. Here again an explanation based on an
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increasing stability of dodecaboride with Z could explain this observation.
However, LnB12 with its ionic character and low metal content should not
influeqce the variatién of free energy for this process nearly as much

as should LnB4 and LnB6., Again, the satisfying choice is a more rapidly

6

These criteria are illustrated in the free energy diagram of

decreasing stability of LnB. with increasing atomic nuﬁber.

Figure 15. 4, These five iéothermal'diagrams showschematically the borides
existing in the Sc; Y and 1ahthaﬁide systems. The ordinate defines the
free energy (or enthaipy) of formation of a mole of boride from the con~:
densed elements., These ﬁalues aré thought accﬁrate to ¥ 10 kcal. Compo-
sition is indicated in Weiéht percent boron rather than mole percent in
order to separate fhe free energy curves on tﬁé diagram conveniently.

The extent of solid solution indicated in thé'figure is, of course, un-
realistic, but serves to define éhe tangénﬁs to the free energy curves

and the influence of thekshépe of the frge energy curve more clearly.

The temperature is assumed to be below the ﬁelting points of the borides

and above the disproportionation temperatures of LnB,. for the lighter

2
lanthanides. These diagrams are not the usﬁéi free'enérgy &iagrams which
plot kcal./g-at., nor do the oxrdinate ihﬁercepts bear tﬁé usual signifi-
cance as partial molal. quantities.

The phases in'equiliﬁrium at this temperature for a particular
synthetic composition gré the two boride compositions defined by the
tangent line to the free energy curves. These tangent lines represent
the lowest free energy or most stable condition for that synthetic compo-

sition. For example, a mixture of CeB6 and CeB., on heating to this

12

.
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temperature will show CeB6‘and CeB in the product, rather than a CeBé-

100
‘CeBle mixture. The tangent line between the CeB

and CeB 2 free energy

6 1
curves does not represent the smallest free energy of the mixture; rather,
the CeB6-CeB100‘tdngent_curve has a lower free energy., Therefore, CeB12
and CeB

is unstable with respect to CeB In general, these diagrams

6 100°
- assume that the depths of the free enérgy curves decrease for increasing
atomic number of the metal. The decreaée in InB, free energy at a rate
relatively faster with Z than for the other borides explains the boride
behaviors nogéa’in the above discussion.

Another indication of thelhigher stability of LnB6 relative to
LnB4 at La is manifeSted by the difficulty of preparing LaB4 from a mixture
pf La and boron, as reported by Felten, Binder and Post (76). The product‘j
'invariably contains considerable LaB6 indicating loss of La(g). The
higher stabilipy of LaB6 accounts for the disproportionation of LaB4(s)
into La(l) and LaB6(s). The free energy for this melting process must
be close to zero and varies with temperature sufficiently to allow for
LaB4 preparation from La and LaB6 at lower temperaturés.

The inability to-prepare EuB&, where'all attempts produce EuB6;
is a matter of high europium metal volatility and a mofe stable hexaboride‘
than tetraboride. 1In the case of Yb where YbB4 can be prepared, but is
difficult to prepare free of YbB, the Yb volatility certainly is influ-
encing the loss of Yb(g) from YbB4 preferentially. However, the stability
difference between YbB6 and Yth is not as large as the EuB6-EuB4 relative

stability difference. - Therefore, the free emergy of the process,
3Ln34(s) = ZLnBG(s) + Ln(g) . : : (15. 6)
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is larger for the Yb case than for the Eu case, even though Yb metal is
more volatile than Eu metal (cf. Table 1. 2). Hence, again a more rapidly
decreasing stability of LnB, relative to LnB4'is indicated.

ﬁhile_thg conclusions above are not binding when each point is
made aeparate;y, the comﬁination of the héat.qf formatioﬁ-lgtticé'
parameter correlation, Brewer's discussion, the réstrictioas from observed
vaporization prpcésses, the two boride disproportionation reactions, gnd
the LaBa, EuB4, and YbB4 behaviors all indicate a larger decrease in LnB6
stability with respect to the solid elementg, as a function of Z, compared
to the decrease in stabilities of the other 1authanide boridesiwith Z.

It is not implied that the wvariation pf stﬁbilities wiﬁh réspect
to condensed elements is strictly,linear.with atomic number. The ability

to prepare YbB6 and not TmB6 or LuB, on either side of Yb36 is indicative

6
of a deviation from linearity at Yb. This same variation probébly exists
at Ce, Sm and Eu. The extént of the double periodicity effect, noted in
the heats of vaporization of the lanthanide metals, Figure 1. 1, is not
known. However, the double periodicity effect is not as large in.the
stabilities of the boridés with respect to condensed elements as it is-

in the stability of the solid borides with respect to the gaseous elements.
In general, the conclusion is reached that the stability of the lanthanide
borides with respect to solid elements decreases as atomic numbef incréases

with QH; of LnB, increasing with Z more rapidly per mole than QHE for the

6
other lanthanide borides.

15. 1. 7. 3 Matching Calculated and Observed Vaporization

Procegsses. In Chapter 15, 1. 6, it was demonstrated that variation in
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the heat of fotmation of LnB4 ond LnB6 was necessary to explain the ob-
' seroed vaporization processes. Chapter i5. 1. 7. 2 prescribed how this
variation goes with lanthanide. This section describes how the observed
-and calou}ated principal vaporization processes can be matched by properly
assigning boride heaté of formation. 'The severe limitation on the boride
- stabilities is also emphasized. | |

In order to gét{some idea of the'variation in the free energies
of the six vaporization processes in equations 1. 1 to 1. 6,a linear
decrease in the stability, i.e.,’increase towards zero in Aﬂg, of LnB6
with a constant value for AH; of InB, and LnB,, might be chosen. Such a
choice for tﬁe heats of formation of LnBA, LnB6 and LnB12 can be made
that does, indeed, match the minimum estimated free energies with the
observed principal vaporization processes. Imposing the restriction that
the heats of formation must not deviate outside the limits established in
the'metal-lanthanide-boron studies of Chapter‘14,\éssuming constant values
for AH? of LnB4 and LnB12 and assuming the previously discussed errors in
the components of the free energies, one can calculate the free energies
for all the six vaporization processes for all the lanthanides. Such
calculated free energies, representing t&pical.stébilities with the ébove
restrictions, are shown in Table 15, 7. The heat of formation of LnB4

is assumed constant at ~48.5 kcal./mole and that of LnB at =43.7 kcal./

12
mole. The assumed hexaboride stabilities are shown in .column eigﬁt of
the table. In every oasé the calculated principal process matches the
observed principalvvaporization process, |

Various attempts to fit other heéts of- formation values to thlS -

scheme with the above assumptions and restrictions fail for variations
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TABLE 15. 7

Free Energies of LnB) and InBg Possible Vaporization Processes at 2200°K.,
Based on the Assumptions that [XH%nBu = - 48.5 keal./mole and

AR® =-43.7 keal./mole

A1 DR, o AR 3 AR, AR 5 A ¢ -AH(InBg)

In  (kcal.) (kcal.) (kecal.) (kcal.) (kecal.) (kcal.) (kcal./mole)

La S1L.h ® s56.9 | 61.9 . 110.2 57.6 ¥ 58.7 62.0
Ce 5T7.5 ¥ 57.7 61.7 111.7 58.0 ¥ 58.0 61.0
Pr  50.5 ¥  55.5 61.7 . 96.7 56.0 ¥  57.3 159.0
N M3.5 4 53.8 617 856  Sh.T M 56.3 57.5
Sm  19.3 x# L7.8 61.7 50.1 50.0 ¥# 55.0 55.0
Eu  19.8(%)# L47.3 - 6L.T 4.6 # Lok 54.3 53.5
Ga 53.0 53.0 *# 61.7 ... TL.6 53.8 53.5 *# 52.0
™  70.6 56.5 * 61.7 85.4 55.6 - 53.0 *h | 51.0
Dy 56.7 52.7 *# '61.7 62.9 sé.6 52.0 *# u9.o’
Ho 63.1 53.5(*)f 61.7  63.7  53.0 51.3(%M  U7.5
Er  65.9 53.5(%)}#  6L.7 60.7 52.8  50.5(%)F 6.0
Tm k9.3 k7.5 #  6L.T 38.3# b7 49.8 b5
Yo U45.6 % L48.1 6L.9  o5.7 #. k8.1 ué.o 43.0
Iu 86.9 56.8 # 62.1 69.6 . 54.6 48.3 # 4.5

#, Calculated principal process

*, Observed principal process
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10 kcal./mole on either side of the values given in Table 15. 7 for the
Heats of formation of the tetra- and hex;boride. Attempts to fit calcu-
lated and observed processes with less stable tetra- and hexaborides
reduces the required stability of LnB12 rapidly tq the lowest possible
limit determined from ternary studies. However, as noted in Figure 15. 2,
the error between processes 1.4 andl. 50r 1. 6 is of the order of 15
kcal., which could allow for a higher dodecaboride stability by 15 kcal./
mole. Changgs inanBé and LnBsxstabilities affect process 1.1 considerably
more than processes 1. 2 oxr 1. 3 because of the stoichiometry. Thus,
boride stabilitiesvgreater by 10 kcal.‘than thoée in Table 15. 7 prevent
 the assignment of the lowest free energy to process 1. 1 for the lighter :
lanthanides. Therefore, within fhis framework the heatsof formation at
2200°K. of these borides are those used in Table 15. 7 within 10 keal./
mole.

Notiée‘that under these assﬁmptions hexaboride bécomes less
stable per mole than tetraboride at Ho. This observation is in contré-'
diction to the Russian statement (cf. Chapter 15. 1. 7. 1) that hexa-~
borides are always more sfable.than tetraborides. |

Notice too, that the free energy éhange‘for thé congruent vapori-
zation of GdB4 estimated in Table 15. 7 is 53.0 kcal. per 1/5 mole. With
consideration for the errors involved in this estimate,’the‘égreement |
with the measured value of 55.3 kcal. per 1/5 mole at 2200°K. (cf. Chapter
13) is really remarkable. This satisfying agreement provides more confi-
dence in the estimations of Table 15. 7.

A graphical summary of the estimated free energy changes of

Ll



Table 15. 7, shown in Figure 15. 5, also orders the total pressures
developed in each of the three possible vaporization processes either for

tetraboride or for hexaboride for each lanthanide system} Total pres-

sure,increasgs up- the ordinaté With decreasing free energy. The principal
‘procesges are those with the smallest free enérgy change or developing
the highest total pressure or appearing the highest oﬁ the graph for a
particular boride. |

This graph does notﬂnecessarily order the component partial
pressures. For instance, the total pressure of process 1. 2 for Dy is
larger than that of process 1. 1. However, the Dy partial pressu?e may
be ﬁigher in process 1. 1 than in procesé 1. 2. The variation with
lanthanide in the free energies for each process in Figﬁre 15. 5 is
generally the same as the variation in free energy change in vaporization
of the metal (cf. Figure 15. 6), with the damping of the variation in-
creasing with boron contént of :he gas,

15, 1., 8 Boride Stability With Respect to Gaseous
Elements; Relation to Vaporization Process

The stability of InB, and of LnB6 with respect to the gaseous

4
elements 1s indicated in Table 15. 7 by processes 1., 2 and 1. 5, the
congruent processes. The variations with lanthanide of the boride
stabilities with respect to gas atoms are shown graphically in Figﬁre
15. 6, The variations in metal pressures o&er pure meﬁal, as determined
by ordering the heat of vaporization on the right-hand ordinate, are

included. Also, from the free energy of vaporization at 2260°K. for the

metals, the actual metal pressures are given. Notice that the variation

his
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in stability of the borides goes as the'variation in the free energy of
vaporizatidn of ﬁhe metal, as expected.

An ordering of the free energy changes, as in Figure 15. 6, also
orders the total pressure exhibited. by correspoﬁding borides in different
lanthanide systems. Borides or metals developing the highest pressure
among corresponding compounds have the largest equilibrium constant, and,
hence, the smallest‘free.energy in Figure 15. 6. Thus, the most volatile
metais at this temperature are Sm, Eu and Yb.. Of the ;etraborides, EuBh
is the least stable and CeB4 is the most stable with respect to gaseous
'elements. Similarly, YbB6 and CeB6 are, respectively, the least and most
stable hexaborides with respect to gaseous elements.v Comparison of
tetraboride to hexaboride stability must include consideratién for the
difference in. equilibrium constants for the two vaporization processes.
However, hexaborides are more stable than tetraborides for the light
lanthanides. TFor the heaﬁy lanthanides there is a tendency for tetra-
borides to show greater stability except at Yb.

‘It is interesting to examine the observed vaporization processes
for the lanthanide borides in terms of free energy diagrams similar to
those for boride stability with respect fo the solids (cf. Figure 15. 4).
Such a diagram at 2200°K. is Figure 15. 7. The,aBscissa defines increas-
ing boron composition in atomic percent. The‘gaé phase is taken as the
separated ideal gases, boron and lanthanide metal, at a total pressure
of one atmosphere, The ordinate defines the free energies of formation
of one total mole of gas atoﬁs from the condensed phases. -In other words,

the figure describes the standard free energy change on congruent vapori-

zation to the elements (the stability).
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At the'temperature of the figure, ZZOOOK., a 10 kcal. increase
in the free energy corresponds fairly closely to a pressure drop of one
: decade. Thus, in addition to a free energy ordinate the ordinatevmay be
labeled with pressure decreasing as free energy increases. Therefore,
tangents, representing minimum free energy, drawn to the solid free energy
curves have intercepts on either side of thé diagram‘which define the
pressures of lanthanide and boron in equilibrium with the solid boride
or borides at this temperature. |

The principal problem in this work is to determine the relative
depths of the boride free energy curves below the free energy of éhe gas.
In order to correlate the observed vaporization brocesses.with the‘stabili—
ties, consider the vaporization behavior of the gadolinium-boron system
as an example, as shown schematically in Figure 15. 7.

The boride, GdB4,'has been observed to wvaporize congruently to
gaseous elements with a measured standard free enmergy change of 55.3 kcal.
per 1/5 mole at 2200°K. (cf. Chapter 13). The partial pressures of gado-
linium and boron are defined by the ordinate intersections of a tangent,
A, to the GdB4 free energy curve restricted to a slope with the ratio of
boron to gadolinium pressure equal to four. Since GdB6 has been observed
to lose boron preferentially on vaporization, the free energy curve for
solid GdB6}ms_adkmely restricted depth in re}ation to the free energy
of the gaseous‘elemeﬂts. In particular, the tangent line, C, to both the
GdB4(s) free energy curve and the GdB6(s) free energy curve must interxr-
sect the elemental pressure scale in such a way that the boronvpressure

is less than the vapor pressure of boron, but greater than the partial
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pressure‘of boron over GdB4, tangent A,

Sihilariy, the gadolinium pressure over GdB,-GdB, is less than
the partial pressdre of gadolinium over GdB4. If the boron partial pres-
‘sure over the GdB4-GdB6 two -condensed- phase mixture, defined by tangent C,
were greater than the vapor pressure of pure boron, then GdB6 would be
unstable atvthis temperature ﬁith respect to GdB4 and boron solid.
Similarly, a pressure of gadolinium over the Gd344GdB6
than the pressure of Gd over GdB4 would predict that GdB4 would lose

-mixture greater

Gd(g) preferentially to form GdBe, which contradicts experiment. A
boron partial pressure below that of the boron presspre over GdB4 would
indicate that GdB4 is unstable with respect to loss of Gd(g) to form |
GdB, (s) . |

' The above discussion must be qualified somewhat. It is not
strictly true that the partial pressures interact as depicted. The vapor-
ization process for a particular boride developihg the largest total
pressure is the important process.. Because of the different expressions
for the equilibrium constants for the three possible processes by which
a boride may vaporize, the partial pressureskof lanthanide or boron may,
in fact, be slightly larger in a pfocess that is not the principal process,
and yet the total pressure still be less.

The phase, GdBlOO’ as well as GdBG, exists at this temperature.
Therefore, the limitation on the boron pressure over a,GdBa-GdB6 mixture
is more restrictive than indicated above. This boron partial pressure
must be greater than the boron partial pressure over GdB4 (weighted for

the equilibrium constant differences) but less than the boron pressure
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over GdB6-'GdB100 mixtures, tangent D. Similarly, the pressure of boron
over a.GdB6-GdB100 migture must be less than the pressure of boron over

a GdBlOO-B mixture, tangent C. Only with these restrictions will ail
borides with more boron content than GdB4 lose boron preferentially.

Thus, the observed vaporization processes in the Gd-B\system establish
restricting iimits on the relative stability of all tﬁe gadolinium ‘borides
with respect to the gaeeous elements.

As can be seen from the proximity of the GdB4 free energy curve
to that of pure boren, the stabilities of higher borides than GdB4 with
respect to gaseoﬁs elements are restricted to a narrow'range. Thﬁs, the
relative volatilities of.these borideslare close together, separated only
by a few kcel. per gas atom (cf. Chapter 13).

.The phases, Gde and GdBlZ’ cannot be prepared at this temperature’
and pressure. Thus, tangents between either Gd(l) and Gdelor GdB4 and
GdB2 define higher free energies than  the GdB4-GdAtangent curve, B.

Hence, GdB, is unstable with respect to Gd(l) and GdB4. Similar arguments

2

establish the instability of GdB and GdB, ...

12 6 100

Therefore, lower limits on the stability of‘GdB2 and GdB12 can be estab-

lished. For Gde, AFO of formation of one total gram atom of boride must

with respect to GdB

be greater than =45 kcal. at 2200°K. And for' GdB the stability of one

12

gram atom of boride with respect to gaseous elements is greater than -55

kcal. at 2200°K. This same scheme holds for the other lanthanide borides.

o
2200°K.

a reference point, with a knowledge of the free energies of vaporization

With the measured value for AF for congruent GdB4 vaporization as

of the elements at this temperature, and with the free energy variations
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of Table 15. 7 established froﬁ the observed vaporization processes,
significant definitions of the limits oﬁ the stabilities of all the
lanthanide borides with respect to their gaseous eleménts have been
established. In particular, if the standard free energy of vaporization
of boron at 2200°K. is taken from JANAF ' (69) as'55.09 kcal./g:at., the

standard free energies of vaporization_of'GdB GdB12 (if it exists)

6°
and GdB100 to the‘gaseous elements at 2200°K. must lie in decreasiﬁg
order of free energies between 55.3 and 55.1 kcal./one total gas atom.
However, the errors.in AFO for boron vaporization and for GdB4 vaporiza-
tion expand this limiting range. ‘Accepting the postulateq free eﬁergies
in Table 15. 7, one can make similar moré or less restrictive statements
concerning other lanthanide borides.

In conclﬁsion,lthe free’energies of the LnB4 and LnB6 yaporiza-
tion processes, contained in Table 15. 7and"shown schematically in |
Figures 15, 5 and 15. 6, are required by the observed vaporization pxo-.
cesses. To establish the absolute values of these free energies one
must consider not only the metal volatility, but also the entropy of the
lanthanide gas, the entropy of the lanthanidé bofideé and the variations

in the stability of the borides with respect to the condensed elements,

all of which are important.

15. 2 Ancillary Vaporization Observations

15. 2. 1 Temperature Effect on Vaporization Process

It is interesting to note that the difference in free energies

‘befween two possible vaporization processes involving the same lanthanide
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boride is sometimes small (cf. Table 15. 7). If the free energy functions
for two processes, wﬁich éroceed nearly to the same extent,vare not the
same as a function of_témperature, at a temperaturé different from 2200°K.
the observed principal vaporizatibn procéss might change. vIn other words,
while the conditions‘required to obsérve two éongruentlyfvaporizing
singlefphase‘cbmpositions in the same lanthanide-boron system are very
restrictive, two such phases could be observed to‘vaporize congruently

at a different temperature.

-

6
15. 7, congruent vaporization is the. dominant process by only 0;1 kcal.

Consider the vaporization of SmB, at 2200°K. According to Table
over preferenﬁial loss of Sm(g) into the vapor. From free-energy-functiﬁns,
estimated in the same fashion as the data employed in the calculations of
Chapter 15. 2. 4, one predicts that SmB6 will_change from congruent
vaporization to a preferentiél loss of Sm(g) at a temperature near IOOOOK.
Then SmBlz,or SﬁB100 will vaporize congruently below this temperature.
This temperature may be high enough to allow observation of this‘change
of process with a mass spectrometer.

The explanation of ﬁhis behavior lies in the implication that
‘the partial molal entropy change on vaporization of samarium from the con-’
gruently vaporizing SmB6 is different from that of boron vapofizihg from
SmB6.' Hence, the partial molal heats of yaporizgtion ofHSm;and qva from
SmB6 are slightly different; The Clapeyrqn plot of log p versus 1/T
will show slightly different slopes for samarium gas and for boron gas.
The boron partial pressure aecreases with temperature at a rate 1eés than
that of samarium ﬁntil the ratio of boron partial pressure to samarium

partial pressure is twelve at some particular temperature. At this
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invariant temperature, solid Sm.B6 and SmB12 are in equilibrium with a
.vapor of composition twelve parts boron to one part samarium, Below this
teﬁperature SmB6 vaporizes with such a relatively‘high samarium partial
. pressure that samarium is lost preferentially from SmB6 to form SmB12

solid, which will vaporize cdngruently. .

Similar transitions to different vaporization processes with

varying temperature might be obsexrved for CeBA, GdB4, CeBG, GdB6\or DyB6.

15. 2. 2 Vaporization of Sc and Y Borides .

All the boride phaseé found in the lanthanide-boron systeﬁs have
been found in the Y-B system. The heat of vaporization éf yttrium metal
is comparable to that of lanthanum metal, while the entropy of gaseous
yttrium at 2200°K. is almost exactly that of lanthanum gas (cf. Table 1. 2).
In the absence of data on the heat of formation of the yttrium borides,
one is tempted to assume stabilities comparable to lanthanum borides.

If so, the vaporization of the yttrium borides should show loss of metal
preferentially froka"B2 and YB4, congruent vapbrization of YBG’ and pre-
ferential loss of boron from ail higher borides, just as in the lanthanum-
boron system,

However, the experiments in Chapter 4 reveal a net loss of boron

from YBG to YB In view of the entropy and volatility agreement between

4
yttrium and lanthanum metals, the explanationof the contrasting vaporiza-
tion behavior of YB6 probably lies in a relatively higler stability of YB4
with respect to the solid elements compared to'YB6 stability. This be~

havior is typical of the boride stabilities in the last half of the
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lanthanide series. Considering the free energies for LaB4 vaporization
listed in Table 15. 7, oﬁe‘notes that to bring process 1. 2 (congruence)
into predominance over process 1. 1 (loss of metal) requires only an in-

crease in the stability of I.aB4 over LaB. by 2 kcal. or more per mole.

6

At the same time this would make process 1. 6 (loss of boron) more impor-

tant than process 1. 5 (congruence) for LaB., thus explaining the observed

6’

4 and YB6.

In the Sc-B system only ScB2 and ScB6

et al. (113), were unable to make ScB The higher volatility of Sc

vaporization processes for YB
have been reported. ' Post,
12°
metal over Y metal with the entropy of vaporization of the metals nearly

the same would lead one to suspect that the congruently vaporizing singlej

phase composition in this system is ScB This observation is supported

6°
by Samsonov, Markovskii, Zhigach and Valyashko (195), who observed the

was allowed to vaporize from a hot tantalum

formation of ScB6 as ScB2

wire. )

15. 2. 3. Vaporization of Alkaline Farth Borides

/ Apparently,very little effort has been made to prepare’borides in
alkaline earth systems., As nbted in Chapter 2, the hexaboride is known to
exist for Be, Mg, Ca, Sr and Ba. Only the hexaboride has been found in
the case of Sr and Ba, CaB4 and CaB, areiknown to exist. More recently
the Mg-B and Be-B systems have been‘investigated in greater detail with
the discovery of MgBZ, MgBa, MgB6 and MgB12 by Samsonav, et al. (195) and
by Post (46). Many Be borides exist but will be excluded ffom this dis-

cussion in view of the singular chemical character of Be. One wonders if
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the borides in the Mg-B system‘cannot be prepared for the other alkaline
earths.

Some information is available concerning the stabilities of these
borides with respect to the solid elements. Wright and Walsh (69)
measured the heats of formation, entropies and heat capacities for Mng
and MgB4 up to 300°K. The heats of formation (Table 14. 2) are -17.9%3.0
and -21.0% 5.0 kcal./mole, respectively,'at 298°K. Samsonbv, Serebryakova

and Bolgar (181) measured the heat of formation of SrB, at 298°K. as

6
-50.4 kcal./mole. A previous discussion in Chapter 15. 2. 7. 1 suggested
that the stability of the alkaline earth hexaborides decreases in ﬁhe
order BaB, > SrBg > Ca36 > MgBy, according to the difficulty in removal of
two electrons from’the metal. |

| Consider the vaporization of the magnesium borides below 1200°K.,

which is below the melting points of the magﬁesium borides. The possible

vaporization modes for Mng afe: v

1/2 Mng(s) = 1/2 Mg(s,1) + B(g), | (5. 7)
1/3 MgBZ(s) = 1/3 Mg(g) + 2/3 B(g), : (15. 8)
and 2 Mng(s) = MgBA(s) + Mg(g). ' (15. 9)

With the use of thermochemical data for B, MgB, and MgB4 from

2
JANAF (69) and data on magnesium from Stull and Sinke (65), the standard
free energy changes for these processes were calculated as 96.2, 53.7 and

14,3 kcal., respeétively; By far the predominant process is the loss of

magnesium from Mng(s) to form MgBA(s).
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Next consider the vaporization of MgB4(s).

3 MgB,(s) =2 MgB.(s) + Mg(g). o | (15.10)
1/5MgB, (s) = 1/5 Mg(g) + 4/5 B(g). | (15.11)
1/2MgB, (s) = 1/2 MgB,(s) + B(g). o asa2)

In order to calculate the free energy of the first possible process the
entropy of'MgB6 is assumed to be 0.88 times the entropy determined from»y
the assumption that AS?(MgB6) is zero (cf. Chapter 15. 1. 3. 2). Further,

AH; of MgB6 is taken as =-40 kcal,/ﬁolé, less than that of SrB Then the

6°
free energy values calculated for reactions 15.10, 15.11 and 15;12 are
-25.5, 76.5 énd 91.2 kcal., respectively., Again the loss of metal from
MgB4 is ﬂy far the most important process, even if Mg36 ha; a zefa heét
. of formation. g

In the consideratim of MgB6 vaporization, the possible processes t

are:
2 MgB(s) = MgB,,(s) + Mg(g), » | ' (15.13)
1/7MgB6(s)=‘1/7 Mg(g) + 6/7 B(g) , - (15.14)
and  1/2MgBg(s)= 1/2 MgB,(s) + B(g). | (15.15)
. 0 o . o
Making the same assumptions for SMgB as for SMgB ‘and.assqmlng AH

12 6

fMgBlz

is -100 kcal./mole, one calculates the respective free energies to be 11.4,

124 and 139 kcal. Even if MgB., had a heat of formation of zero, loss of

12
metal from MgB, to form MgB,, would still predominate.
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Because of the absence of stability data on MgB g MO calculations

1

to predict its vaporization behavior are worthyhile. It is probable that
M.gB12 will also lose magnesium preferentially. However, it is certain

that all magnesium borides on the metal side of MgB,, will lose Mg(g)

12

preferentially. Indeed, this statement is supported by Samsonov's obser-

vation that Mng loses Mg to form MgB6

MgB12 continues to lose Mg to pure elemental boron at 1700°C. in vacuo

on heating at 1200°C. in vacuo; and

(195).

Clearly the overwﬁelming volatility of Mg metal (Aﬂzap.298°K.=
35.60 kcal./gzat.) accounts for the'vaporization behavior. In addition,
the magnesium borides are not as stable with respect to the solid eiements
as are the lanthanide borides. Further, there is no unusual entropy effect
on the free energies of vaporization, since the entropy of magnesium gas
is within one entropy unit of that of boron gas (cf, Table 1. 2).

Now consider the behavior of C?’ Sr and Bévhexaborides-on vapor-
ization. In the absence of evidence for the existence of other borides

in these systems, except'CaB4, the pertinent processes to be considered,

again at 1200°K., are:

MB6(s) = 6B(s) + M(g), . (15.16)
1/7MB6(S) = 1/mM(g) + 6/7 B(g) : (15.17)
and 1/6MBg(s) = 1/6M(L) + B(g). | (15.18)

Assuming heats of formation comparable to SrB6 and estimating the entropy
of MB6 just as above for MgB6, one calculates the standard free energy

changes for these processes to be 65 to 85 kcal., 120 to 130 kcal. and 139
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keal., respectively. Consequently, hexaborides of ca, $r or Ba will lese
metal gas prefeyentially to boron solid. |

'Samsonov, et alL (181), determined the heat of vaporization of
SrB6 by a Langmuir method, They interpreted their temperature-coefficient
data in terms'of‘vaporization.to Sf36 molecules and implied the vaporiza-
‘tion was congruent. Their Second Law value was 97.2 T 3.0 kcal./mole in
the range 1400-2100°K. Hdwever, this heat of vaporization.is not even
sufficient to vaporize a gram atom ofiboron? much less a mole of SrBG.
Conseqﬁently, Samsonov's data are severely in question.

The discussion indicates clearly that all known alkaline eerth
borides lose metal to form boron solid. ’MEtal volatility alone apparently
governs the vaporization behavior Qf alkaline earth borides, in contrast
to the lanthanide borides, where entropy variations and boride heats of
formation are imporeant.

)

15. 2. 4 Vaporization of Uranium Borides

It is interesting to examine the vaporization processes exhibited
in the uranium-boron system in comparison to the lanthanide behaviors |
found in phis work. The borides in the uranium-boron system are UBZ’ UB4
and UB;,.

Recently, Alcock and Grieveson (184) heve determined»free energies
of formation as a function of temperature for UBZ’ UB4 and UB12 based on
a Knudsen effusion technique. They determined theIU(g) and B(g) pressures
over a UB4-UB12 mixture in tungsten,crucibles. Uranium boride entropies

were calculated as for the lanthanide borides (cf. Chapter 15. 1. 3, 2)
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from the elemental-eﬁtrbpy daté listed in Table 1. 2. With these entropies
and the uranium volatility of Table 1. 2 the hea£ of formation of UB4 at
2200°K. was determined from Alcock and Grieveson's free energy of forma-
tion as -72.7 kcal./mole{ The heat of formation of UB12 was estimated at
=127 kcal./mole from its reported free energy of formation., However, a

calculation of the free energy change with these heats and entrdpies for

‘the process,

3/2 UB,(s) = 1/2UB,,(s) +U(e) | (15.19)

failed to duplicate Alcock and Grieveson's free energy changevfor this

process (84.0 kcal.) by 4.8 kcal. (88.8 kcal. on back calculation). While
this small disagreement reflects a fgﬁdamental inconsistency in their data,
are much more stable with respect to the

12

condensed elements than their lanthanide counterparts is secure. The high

the observation that UB4 and UB

stability of UB4 and UB12 explains why' attempts to prepare UB6 produce

only UB, and UB.,.

4 12 .
Another anomaly in Alcock and Grieveson's measurements arises in
using their data to define the principal vaporization process for UBIZ’

By adding the appropriate reactions,vand,hence,thé free energies, one may

calculate from their data the free energy changes at 2200°k. for the

processes,
1/13UB,,(s) = 1/13U(g) + 12/13B(g), AF® = 61.0 keal., (15.20)
1/8 UB,,(s) = 1/8 Ul'34‘(s) + B(g), AF® = 66.7 keal., (15.21)

and UB,(s) = 12 B(s) + U(g), AF® = 132.3 keal. o - (15.22)
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Since process '15.20 proceeds with Fhe smallést free energy, one predicts
from their data that UB12 will vaporize congruently. quever, Brewer,

et al, (74), , indicated that UBlz probably 1pses B(g) preferentially on
sinteringvcompositions of,’UB12 synthétic composition to form UB4(s).. In
view of the small difference in free energies between processes 15.20 and
15.21, a simple vaporization expérimentlto define the principal vaRpriza-
tion process for UB12 shouid define the heat of formation'of UB12 fairly

precisely.
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CHAPTER 16
SUMMARY AND CONCLUSIONS

The phases of the rare earth-boron systéms are presented in . Table
2. 1. In the course of a cursory investigation of the rare-earth borides,
cubic dodecaborides of Ho, Er and Yb were found. Gadolinium dodecsaboride
could not be made. An extremely boron-fich phase with compositionanBloo
was identified for Gd énd Yb. The primitive cubic unit cell for fhié
hectoboride has edges of i6.50 t 0.02 and 16.56 £ 0.01 K, fespectively.
The failure to observe GdB, and the many tetraborides and hexaborides found
generally confirmed the results of previous research in the fieid.

The high temperature vaporization processes for La, Ce, Pr, Nd,
Sm, Gd, Tb, Dy, ¥b, and Y borides were established and are depicted in
Figure 4. TFree evaporation experiménts and Knudsen effusion experiments
using ZrB, crucibles demonstrated the preferéntial loss of lanthanide metal
| to the gas phase from the tetraborides'of La, Ce, Pr, Nd and Sm and demon-
strated the congruent vaporization of hexaborides for these lanthanides,
Hexaborides of Gd, Tb, Dy and Y were found to_iose boron gas preferentially
to form tetraboridgs, which then vaporized congruently. Ytterbium tetfa-,
hexa- and dodecaboride a8ll lost ytterbium preferentially on vaporiz;tion
with YbB;no probably the congruently vaporizing phase;

A mass spectrometric study of the vaporization of a Gch/GdB6 mix-

ture and a TbB),/TbBg mixture in tungsten and ZrB, crucibles demonstrated
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that the vapor phase over these borides contained only the gaseous elements.
When 5ackground pressures ih the mass spectrometer'were high at crucible
temperatures ~over - 1900°K., aaot (and Tbo") and Gdog jon currents in appre-
ciable proﬁgrtions to Ga' were qbserved. From this demonsfration of only
atomic species in the vapor”éver lanﬁhanidé borides, the vaporization re-
actions of the lanthanide borides may be written. |

. The stability of GdB), with respect to the gaseous elements was
détérmined. ‘Gadolinium and boron.pressures over congruently vaporizing
GdBu were determined in the temperature range 1600 to 2500°K, by Langmuir,
mass spectrometric and Knudsen effusion techniques. The temperatufe
coefficient graphs are shown in Figure 13. These data were treated by
Secoﬁd and Third Law techniques in each of the three kinds of experiments.
The low gadolinium pressures found in the Langmuir free evaporatién experi-
ments demonstrated a vaporization coefficienf of about O; 1. The.mass
spectrometric studies suffered from regction of background Water or oxygen
gas wifh the samplé, forming Gd0(g) and possibly.Gd2O3(s), and effecting
high aspparent gadolinium pressures. Consequently, the mass spectrometri-
cally-determined gadolinium pressures were not reliable.

The Knudsen experiments provided the most reliable measure!of

GdB), stability. From the Knudsen experimehtal data in the range 20&7 to
2362°K., AHC from the tempefature coefficient is 121.2 £ 16.6 keal. for
the vaporization of 1/5 mole of GdBy to gaseous elements. The value of
lksgaoooK' from the intercept is 31.6 ¥ 7.4 eu. An 8898°K. was obtained
for Gch by teking the sum of the elemental values andwcorreétmng:itfas
indicated from a consideration of MgB) fof which measurements have béen
made. From this value togethér with the assumption that [SCB =.0 at each
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temperature for the formation of GdB), and with the entropiés of the gaseous
elements, the Third Law AH8pg0ox, is 124.8 T 3.6 keal.; and the Third Law
Z§H898°K. is 128.9 t 3.7 kcal.,‘both for formation of a total mole of gas.
The gadolinium pressure over GdBy oo is 3.2 x lO'6 atm., within a féctbr of
2.2 at 2200°K. The agreement between the Second and Third Law velues fof
the heat of vaporization'of 1/5 mole of GdBu frovahudsen effusion data is
very good, and also the agreement befween thesé‘values and the value of
127.6 to 139.8 estimated from ternary eqpilibrium'studies is good.  The
agreement of the Second Law entropy with the value of 32.L eu., deter-
mined above from the estimsted S° for Gch(s),is good. The high pfessure
of boron over GdBu(s) compared to the vaporvpressure of boron fixes the
stability of GdB6‘and GdBygp with respect to the gaseous élements fairly
closely, i. e., between -55.3 and -55.1 keal. for'lkFgaoooK. perkﬁotal
mole of gas atoms. However,a lower boron pressure over Gdﬁu than that
corresponding to the measured gadolinium pressure can be expected from
reaction of boron with the ZrB, crucible. - o

Within the analytical experimental accuracy of t 1 atomic percent
boron and 0.5 atomic percent gadolinium in the boride, chemical anal-
yses for gadolinium and boron in GdBg and GdB) samples supported the
congruence of GdB), vaporizatlon, the stoichiometry of the borides, and
the existence of & narrow solid solution range.

Ternary compatibility sfudies involving lanthanide borides arc
melted with the metals, Zr, Ta, W, or their borides and with‘graphite es-
tablished the ternary equilibria in these systems. These equilibria are
shown in Figures 14. 1 to 1k.1k. From a knowledge of the equilibrie and
the heats of formation of the non-lanthanide boride%'the following limits
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on the heats of formation of lanthanide borides were established.
For all Ln,

-2k < l/EAHanB< -13.4 kcal./g.-at. boron,
2

-22 Fl/hAHanBE 0 kcal./g.-at. boron,
)

0<AH, =-AH, < =2k kcal./mole,

B
LnB, InB,

-16.7< 1/6AHanB6< ‘0 keal./g.-at. boron,
H -\H ' . . 1
A i, A anB6< 12.5 keal./mole

and

-11.5<1/12 AHanB & ~-2.2 keal./g.-at. boron ,
, 12

More specifically, for all lanthanides except Er, Tm and T,

-16.7<1/6AHfL nB6< -6.5 kecal./g.-at. boron,
-22<1/WAHp < -6.9 keal./g.-at. boron
LnBu

and

6L AH -OH 11.5 keal. /molL
° A anBh- anBé > ke ) /mo ? '
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And for Er, Tm and Lu, -

AHf -AHf < 50 kcal./mole.
Lth_ LnBl2 .

At a temperature above that for disproportionation of GdB, into Gd and

Gd.B,_I_, with no consideration of GdByhg, the heats of formation of the

gadolinium borides are related in the following manner:

H o AH 3. < AH

<4‘HdeB§ AHdeBé 2/3AHdeB§ J‘L/3z_\.1+1de]31<‘2 o.
Similar series of inequalities can be written fc;r other laﬁthanide sys=-
tems, depending on which borides exist.

The heat of formation of GdB,Co must lie between -78 and -28
keal./mole, according to its reaction with WoB to form WB and GACp and
its formation with graphite from B),C and GdC2° Hence, GdB202 is com;pal;a.ble
in stability to lanthanide tetraborides. |

These limits compare fa_.vorably with a broader limi’t_: on AHf(CeBA) ,
>-21 keal./g.-at. B established by Brewer and Heraldsen (20) , with an
estimate for AHp(CeBg) of -81‘; 15 kecal./mole by Samsonov and Grodshtein
(183), with estimates by Leitnaker (133) of -15 £ 3 and -12 2 keal./g.-at.
of boron for AHp of lanthanide tetra- and hexaborides, respectively, and
with Leitnaker's estimate for AHe(LaBg) as -0 ﬁ‘lo keal./mole.

Considerable discussion on the ﬁse of metal boride reference sys-

tems to establish heats of formation for borides in other metal-boron
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systems was presented. The concept of a boron potential series eonsisting
Qf metal boride couples, which would catalogue the stability of metal
borides and predict equilibria in multicomponent boride diagrams, was
expounded. The series is given in Table 1, 5, ‘

The factors influencing the vaporization behavior of the ianthanide‘
borides were established. The principal vaporization processes exhibited
by the lanthanide tetra- and hexaborides cannot be explained solely on
the basis of metal voletility as was supposed at the outset of this work.
Of the three processes by which‘e boride may vaporize, i. e, loss of meta;
gas, congruent vaporization, or loss of boron gas, the pnineipal pfocess
cannot be established by choice of the faporization process With‘the small-
est enthalpy change. Because of the large differences in the entropy
among the lanthanide metal gases and the larger entropy differences be-
tween the meta} gas enﬁropies and that of boron gas, the TOASC contribu-
tion to the free energies of vaporization is different for different
lanthanides, for different borides, and for different vaporization pro-
cesses. Thils factor influences the vaporization behavior exhibited by
the various lanthanide borides quite markedly. Further, the variation
with lanthanide in the entropy of the selid borides, and the contribu-
tion of the boride entropy to the free energies of vapofization are‘also
important in defining the principal vaporizatien process. These boride
entropies have been estimated at 2200°K. for.Lth, LnB6 and LnBla.

, Totaling these three contributions to the free energy of veporiza-
tion for the possible vaporization processes of LnB) and LnBg still does
not allow the calculated principal vaporization processes to mateh the ob-

served processes. Variation with lanthanide in the heats of formation of
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the tetra- and hexasborides must be prescribed such that ZXHf' -ZSHf '
v - Lth_ InB 6

becomes smaller, in general, across the lanthanide series. Arguments
supporting the decrease in stability of ané»with respect to condensed
elements at a rate faster than that of InB) as a function of atomic num-
ber were presented. vThe calculated and observed principal vaporization
processes eould be made to agree (cf. Table 15. T) by restricting the heat
of fermation of LnB) between -55 to -0 kcal./mole and. of LnB6 between

-65 to -4oO kcal./ﬁole witﬁ LnB6,becoming less stable with Z fsster than
Lth. These limits on the heats of formation for LnB), and InBg are not
independent,‘but are subject to the inequalities which arise from the
existence of the varioﬁs phases for the particulsr metal.

A more rapidly decreasing stabilitj of InBg than InB) stability
would explain the instability of Er, Tm and LuB6 with res?ect to’the
tetra- and dodecaborides. Further, the ingbility to prepare EuBu, the
difficulty in preparing LaB), and the sbilit& to prepare Yﬁﬁu wheﬁ Yb has
a higher metal'volatility than Fu, can all be explained by a decreasing
hexaboride stability across the lanthanides relative to LnB), stability. A
more rapidly decreasing stabilityvof LnBg than that of InBjo would explain
the instability of dodecaborides of the lighter lanthanide metals with
respect to LnB6 and LnBlOO (or boron) formation. | B

The stabllitles of the tetra— and hexaborldes w1th respect to
gaseous elements were described by the free energies for the congruent
vaporization processes, calculated in the fittiné of calculated to ob-
served principal vaporization processes.. These stabilities sre shown in

Figure 15. 6. The stabilities were found to very with the same double
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periodicity over the lanthanides as does the stability of the lanthanlde
metals with respect to lanthanide metal gas. However, this varlatlon was
considerably damped compared to the metal variation.

The agreement of the predicted stability of Gch at 2200%K. of
53. O kecal. /per total mole of gas formed with the measured value of 55.3
kcal. from the Knudsen pressure measurements supports the analysis of the
tetra~ and hexsboride vaporization behavior in this work. Further, with
the measured GdB) stabllity as a reference, the absoiute stabilities of -
other lanthanide hexa- and tetraborides, rather than their relative sta-
‘bilities as defined by the observed vaporization processes, are defined.

The stabilities of the lanthanide tetra- and hexaborides with
respect to the gaseous elements lie between -U5 and -60 keal. for forma-
tion of one total gram atom of the boride at 2200°K. Hexaborides are
two or threq kcal. moré stable with respect to gaseous elements than
tetraborides per gram atom of gas. for the lighter lanthanide metals.
However, in general the tetraborides are more stable with respect to
gaseous atoms by one or two kcal. per gram atom of gas than are the hexa-
borides for the heavier lanthanides. The most stable hexaboride and tetra-
boride with respect to the gaseous elements are CeBg and CeB), or LuB,
respectively, reflegting principally the high heats of sublimation of ée
and Lu metals. The least stable corresponding borides are EuB) or YbB),
and YbBg, reflecting the low heat of vaporization of Eu and Yb metals.

To predict the vaporization process from these stabilities the
appropriate vaporization equations must be written and the free energies
calculated. Then the process.ﬁith the smallest free energy per gram atom

of gas will predominate.
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The vaporization processes for Sc, Y and the alkaline earth and
uranium borides were described. Agreement with reported vaporization
behaviors lends even more confidence in the interpretation of the factors

influencing boride vaporization‘processes discussed above.
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CHAPTER 17
RELATED FUTURE RESEARCH

The overwhelming limitation of any discussion of'boride behavioy
is the absence of thefmochemical data such as heats of formation, heat
capacities, entropies and decomposition pressures. While the need for
thermochemical information has been recognized, as indicated by the in-
creased effort in tﬁis direction in the‘past fifteen years, data are still
woefully lacking.

This deficiency is particularly true in thé lanthanide systems.
Lanthanide borides are stillﬂto’be discbvered, much less to be charac-
terized thermochemically. Eﬁen the heats of vaporiéation of the lanthanide
metals are not wéll established. Further, the ground states of several of
the lﬁnthanide gaseous metals have not been interpreted, making entropy

- factors only roughly estimable.

Several people have measured boron pressurés over elemental bo;on
to determine its heat of vaporization. Yet, currently, scientists disagree
about the heat of vaporization of boron.v For the most part, the disagree-
ment lies in a controversy between mass spectrometric interpretations and
Knudseﬂ effusion measurements. Values for Z&HgggoK..(vap.) of boron have- ..
been proposed’ in the range 133 £ k4 kcal./g.-at. |

Certainly one large limiting facﬁor in determining thermochemical

data on boron and its metal compounds is the purity of materials. The
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purity of reagent-grade boron, until recentLy,»was oﬁly 95 to’98% at best.
The largé stability and low volatility of boron oxides precludes removal
of all oxygen by ordinary vacuum distillation techniéues. Futu:e studies
must be‘done on materials preparéd in exﬁremeiy—éfficiént oxygen atmospheres,
i, e., ultra-high vacuum,‘-The ability to analyze bqron precisely is needed
‘to confirm phase compositions, solid solutibn effects and establish net
reactions.

-Attempts to prepare the diborides and dodecaborides of the lan-
thanidés early in the lanthanide series shbuld be made. The recent work
in this area has been done with arc melting'preparations or with vacuum
firings above 1400°C. At such high tempefatures these borides are prob-
ably unstable with respect to adjacent borides. If the free-energy-function
of the disproportio%%tion reaction dhangeé with temperature, the diborides
‘and dodecaborides of the lighter-lanthanides mightiweld bé'observed at»lQWer
preparation temperatures. |

In view of the discussion of hectoborides contained abové, it is
believed that all lanthanides will exhibit a InBjgg phaée. In the past,
the complex diffraction records for both boron and InByop and the high -
boron content of this phase led research workers to postulate boron allo-
tropes rather than a boride. On close éxamination of boron-rich prepara—
tions with longer wavelength X-radiation and X-ray focusing cameras or
with metallographic anélysis, other InB,n5o phaées may be disﬁinguished.
In view of the very high boron. content of LnBloo;‘a‘single crystal analy—.
sis possibly can locate both metal aﬁd boron atoms in the crystal struc-
ture. When electrical and thermochemical.properties of these matérials

become avsilable, quantum mechanics'can be epplied to a new series of
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similar borides to sharpeh the interpretétion of bonding in thevsolid‘
state. ’This phase may exist for other‘transitibn metals,kﬁhose fadii are
comparseble to the radil of the lanthanide metals.

Considerable effort ghoﬁld be made to develop the temperature-
composition phase diagrams in these systems, Variaﬁions of melting points,
eutectic temperatures and eutectoid‘temperatures»with'lanthanidewﬁould'pro~
vide valuable insight into the relative staBilities'of these borides. |
Solid solution effects should be characterized to establish the preéise
stolchiometry of net chemical proéesses. 

While this work described the general Vaporizafion behavior in
most of the lanthanide boride and othef metal-boron systems, there is
much to be done establishing the préssure-compositionadiagrams in more
detail. In particular, consider the estimations of thevfreé energies for
the possible vaporization processes of Lth and LnBg in Table 15. 7;

Where the free energies for two possible vaporization processes are nearly
the same, establishing the principal vaporization ﬁrocess for these borides
will further define the limits on theyétability of the lanthanide borides.
Judicious choices are EuBg, HoBg, ErB;,, TmBn and LuBys. These studies
are simple, rapid experiments with a large leverage towards understanding
the varistions in boride relative stability with lanthanide.

In view of the close competition between possible vaporization
Processes for some borides and in view of the difference in free-energy-
functions between gaseous boron and gaseous lanthanlde, it is possible
that the differences in free-energy-functions for the competipg vaporiza-
tion processes are sufficient to allow two different single-phase congru-
ently-vaporizing compositions in the same system but at different tempera-
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tures. As discussed in the semariumJboron system, these temperatures may
‘be within lOOOo of each other, and both congruently vaporizing borides |
may develop pressures detectable'with & mass spectrometer.

It does not seem practical to continue Knudsen effusion pressure
measurements on these borides in order to distinguish the small variations
in stability of these borides with respect to solid or gaseous elements
es»ebfunction of lanthanide. The free‘energy differences between the con-
gruent,vaporizetion process of a lanthanide boride and the seme process
for the corresponding'boride of an adjacent lanthanide are usually,of the
order of 2 kcal. at most, At 2660°K.'this is a difference in the equi-
librium constants and the pressures of a factor of 1.7, which is not easily
measureable in these boride systems with Knudsen effusion techniques»and
Zr32 crucibles. Further, the Knudsen experiments may define the pressures,l
but the current lack of thermochemical‘data for the borides, in particular,
entropies and heat capacities, prevents the precise determination of the
heat of formation of the boride. However, Knudsen experiments; judiciously
chosen to establish the limits in which these boride stabilities mst vary,
are advantageous, e. g., Yb pressures over YbB6-YbBlebmixtures and congru-
ent vaporization of CeBs.

An isopiestic method for establishing relative boride volatilities .
seems inviting in principle. In this technique, two corresponding borides
of different lsnthanide metals would be physicalry‘separated in an isother-
mal,evacuated, sealed system. When the boron pressures have equilibrated,
the boride phases would be identified to discover which boride dereloped

the higher boron pressure. However, large metal partial pressures and
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so0lid solutions between isomorphic corresponding borides of the different
lanthanides would prevent boride identiflcaxion.

If the difference in total pressures developed by corresponding
'lanthanide borides of different lanthanides could be determined, relative

stabilities, of the borides with respect to gas atoms»would be established.
Perhaps the simplest meaps of kdeﬁermining i'elative volat‘iiity of the
lanthanide borides would be found in the torsion effusion technique. :
mewi;éékor HfBé Lofsion’eeli,dwnoSe nulljpoinfhned been determined by‘loadj
ing both sides with one of the materials to be intercompared‘and heating
to the temperature of interest, could be loaded with, say, CeB6 on one
side and LaBg on the other side. When the cell is heated to the'seme
temperature used in nuli point determination, a deviation fiom the null
point would be exhibited. The direction‘ and magnitude of this deflec-
tion would be determined by fhe differenee,in the toﬁal pressures ex-
hibited by the borides. Hence, differences in equilibrium constants

and free energies of vaporization would be directly determined. Care
should be used in determining the relative volatility of nonéeorresponding
borides of different lanthanides, e. g., Gch with LaB6. While the dis-
parity in total pressures can be fixed, because of the different equiiib—
rium constant expressions the relative free energies may not be fixed.

In order to distinguish the relative stabilities of the borides
with respect to the condensed elements,‘there are many more simpie tefnary<
compatibility experiments that can be done. The use of this technique
was discussed in detail in Chapter 14. Judiciously chosen referenceymetal—
boron systems might be chosen, which would separate the stabilities of

the lanthanide borides into groups and point out the trends for variation
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of AHp of the borides with atomic number. As noted in Chapter . T,
immediately obvious experiments involve the use of B)C as a reference‘to
set limits on the difference in InB) and InBjp stabilities for Er, Tm and
Lu systems., A second set of expérimenté to define the same limits ihvolves
the reaction of ZrB, and InBy, and noting if ZrBjp and LnB) are formed or
not. Finally, MoB-LnB), or MoBo-In equilibria mightbdistinguish stabilities
of lanthanide tetraborides., Of coursé, as additional and more precise.
heats of formaﬁion are determined for metal borides, additional compati-
bility studies can be made to establish closer limits on the lanthanide
boride heats of formation. |

Mass spectrometer ion current ratio measurements, coupled with
the boron pressure over GdBu deduced from the ﬁeasured Pgg in this work
and the vapor pressure of boron,'cah yield the preséure of boron over
GdBY, -GdBg, GdBg-GdBjpp and GdBjpp-B two-phase regions. The ratios of ‘boron
ion currents, érising from the two-phgse condénsed sys@ems, would describe
the boron partial pressure ratios over these systems. A mixture of GdBgg
and boron could be vaporized by loss of boron to produce the GdBlOO-B,
GdB, o-GdBg and GAdBg-GAB), lon currents. These pressure determinations
could establish the stabilities of these borides with respect to the g;se~
ous elements, | |

Other experiments, mbre remotely related to the central effort of
describing the influence of different lanthanides on boride stability,
might be interesting. First,a quantitative kinetic study of the free
evaporamion rates as a function of temperature for different-sized lan=
thanide ions in corresponding borides mayilead to an understanding of the

mechanism of vaporization of these materials and explain the variation of
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evsporation coefficient"with tenperaxure, These experiments would be Quite
easily performed and would be very significant in understanding gas~solid
interactions.

Second, the inab;lity to observe BO+, 3205 or other boron-oxygen
 gpecies in the mass spectrum of an oxiding atmosphere over GdBu, wnen cao*
and TbO" have been observed, is baffling. How is the boron transported? |
Tnird, a.rs’cu.dy,of(the'LnO2 and Zr02 molecules by mass spectrometry uoubdv
pe interesting in view of their importance relative to InO and ZrO. . Pre-
vious workers failed to observe these molecules because studies were per-
formed under the reducing conditions of a metal crucible..

In conclusion, all of the experiments described in this work are
"bent towards understanding boride behaviors at high temperature. Hopefully,
this effort and future COntributions Will eventualiy lead to a clearer
interpretetion of the chemical binding in the solid’ state. The fourteen
lanthanides and lanthenum provide a wonderful opportunity 0 study the
influence of small variations in size, valence and electronic configura-
tion of meﬁa;s in borides‘with generally the same gross properties of the
metals and the borides. Hopefully, clarification of the influence of these
variations on chemical behavior will iead to theories or correlations'uhidh-
will allow the prediction of such thermochemical properties as entropy,
heat capacity and heat of formation and the predlction of such physical
properties as electrical and thermal conductance, structure, hardness, ther-

mal expansion and non-stoichiometry for borides or refractories in general.
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