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FOREWORD

This report was prepared hy Arthur D. Little, Inc., under USAF
Contract No. AF 33(616)-7472. This contract was initiated under Project No.
©i50, "Refractory Inorganic Nonmetallic Materials,” Task No. 735001, "Mon-
C aphitic.” The work was administered under the directiuv of the Metals and
C r-amics Labaratory, Directorate of Materials and Processes, Aeronautical
Systems Divislon, with Mr. Fred W. Vahldiek acting as project engineer.

This report covers work conducted from January 1, 1963 through
February 29, 1964.

Portions of the work reported herein were carried out under suh-
contracts with Arthur D. Little. Inc., 2 acknowledged in the text.
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ABSTRACT

Work during 1963 is reported and the work from mid-1960 reviewed
on a comprehensive program of thermodynamic and kinetic studies necessary to
the theoretical consideration to temperatures of 3000K of the reactions of the
zirconium and hafnium carbides and borides with oxygen- or halogen-containing
atmospheres,

Work presented includes: preparation of borides and carbides; low
temperature heat capacity measurements on HfBp, HfC and hainfum metal; estim-
ation of entroples at 298K for refractory diborides, nitrides, carbides, andoxides
from high temperature heat content data; current status of heats of formation of
the borides and carbides from oxygen and fluorine bomb calorimetry: and studies
proving the feasibility of the "matrix isolation technique” for spectroscopy ofhigh
temperature molecules through studies on the Lithium halides. Status of electron
diffraction, equilibria, and heat of solution studies of the hafnium and zirconium
halides is presented,

Kinetic studies completed on the oxidation and fluorination of the hafaium
and zirconlum carbides and diborides are presented in detail. From ac and dc
electrical conductivity studies on tetragonal ZrQO;, a model of the defect structure
is devised and oxygen diffusion in ZrO, is calculated.

This technical documentary report has been reviewed and {s approved.
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1. INTRODUCTION

The zirconlum and hafnium carbides and diborides are among those
materials belng considered for structural uses {n our current high temperature
technology. They can be more readily evaluated for specific engineering appli-
catlons if we have the thermodynamic and kinetic knowledge which permits
predictions of thelr chemical bet. vior.

A theoretical evaluation of the chemical behavior of a material at high
temperatures and under corrosive atmospheric conditions requires information
from several diverse studies. To calculate the chemical equilibrium condition
for a given system requires the ability to predict the products which will form,
in addition to having avallable the thermochemical data for both the products and
the reactants, Knowledge may also be required of the vaporization process, vapor
pressures, activities as a function of composition, heats of vaporization, andheats
of formation. Furthermore, to fully evaluate the usefulness of a material, one
must have information on the kinetics of the chemical intcractions involved in order
to determine whether equilibrium conditions will be attained. A very detailedunder-
standing of the mechanisms of the overall kinetic process may be required, since
impurities In low concentration can strongly modify the solld state chemistry of
materials.

The same basic thermodynamic, and kinetic knowledge necess~ for
predictions of chemical behavior can also gulde future materlals development
programs. For example, during the iInteraction of solids with gaseous atmospheres,
surface coatings sometimes form which inhibit the reaction. As our understanding
of the kinetic mechanism 18 improved, it is concelvable that we can modify materlals
to favor the formation of surface coatings which will provide increased protectionin
high temperature applications.

We undertook in mid-1960 a comprehensive program of thermodynamic
and kinetic studies, the purpose of which was to provide data necessary for theo-
retical considerations on the use of the zirconium and hafnium carbides and borides
at temperatures to 3000K and in atmospheres of oxygen, oxygen plus water,chlorine,
hydrogen fluoride, and fluorine.

The program as planned included materials preparation, calorimetry,
mass spectrometry, vaporization, spectroscopy, electron diffraction, equilibria,
chemical rate, and mass transport studies. Thermodynamic data were sought on
both the solld carbides and borides and on gaseous molecules which can be important
products in the reactions of the carbides and borides with oxygen- or halogen-
containing atmospheres,

Manuscript released by author April 1964, for publications as an ASD
Technical Documentary Report.
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The total program breaks readily iato three categories. First, the
preparation and characterization of the carbide, boride, and oxide samples re-
quired for the experimental studies; second, studies which provide thermo-
dynamic data on the carbides and borides and on selected gaseous molecules;
and third, studies related to the mechanism and kinetics of oxidation or
fluorination. These categories have accounted for one-sixth, one-third, and
one-half, respectively, of the experimental effort.

This program was carried out by a combination of in-house and sub-
contracted studies, Almost without exception, the individual studies will be
submitted for publication in the open literature by the principal investigators
concerned., Several papers resuiting from these studies have already been
published.

This 1s the final report under this contract. Therefore, we present
a review of the three and one-hailf year program in addition to reporting on
accomplishments of the different studies during the period Jarnuary 1, 1963, to
February 29, 1964,

Work during the pertod July 1, 1960, to December 31, 1961, was
presented in Technical Documentary Report ASD-TDR-62-204, Part I, published
in April of 1942, and work from January 1 to December 31, 1962, was presented
in ASD-TDR-62-204, Part II, published in May 1963.
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I1. PROGRAM REVIEW

A. MATERIALS PREPARATION

The basic value of thermodynamic and kinetic siudies is closely re-
lated to the information known and reported about the sample material. Thermo-
dynamic and kinetic studies are affected by one or more of the material proper-
ties such as purity, stoichiometry, crystallite size, and porosity. Since no
commercial materials were available meeting the requirements for this program,
we undertook to prepare suitable materials in our laboratories under the direction
of George Feick. Accomplishments during this report period are presented and
the total program is reviewed in detail in Section III of this report.

Using zone-melting facilities supplied by ADL,a technique was developed
for producing high purity, non-porous, macrocrystalline samples of zirconium
and hafnium carbides and borides by an induction heated, vertical, floating-zone
melting method. The advantages and limitations of this technique for preparing
samples of high melting refractories are compared.

The floating-zone melting method was used to produce the large samples
(about 200 grams each) of ZrC, ZrB9 and HfBy required for this program. In addi-
tion small batches (about 50 grams) of these materials,as well as HfC,were pre-

pared in special purity or stoichiometry.

An arc melting technique was used to produce the large quantity of HfC
required by the program. The difficulties in zone-melting HfC are discussed and

means outlinea to overcome them.

Boules of high purity ZrO; were produced utilizing an arc imaging fur-
nace. Efforts were made to procure high purity hafnium metal for low tempera-
ture heat capacity measurements under this program. Material of the required
purity was finally obtained through a loan to Professor Westrum from the Oak Ridge

National Laboratory.

Difficulties were experienced in this work in obtaining reproducible free
carhon analyses on carbides. Improvements were made in the analytical technique
so that more reliable free carbon analyses can be ocotained.

Subsequent to the development of the floa.ing-zone melting method for
the production of crystal bars of carbides and borides required by this program,
the method has been successfully applied under other programs to the production
of samples of transition metal nitrides, silicides, carbides and borides. At the
present time, samples of rare earth hexaborides are being made by this technique,
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B. THERMODYNAMIC DATA FOR SOLID ZIRCONIUM AND HAFNIUM CARBIDES

AND BORIDES

1. Low Temperature Heat Capacity

Low temperature heat capacity measurements were completed on HfC,
HfB,, ZrC, ZrB, and hafnium metal by Dr. E. F. Westrum, Jr. at the University
of Michigan. Results on ZrB, and ZrC were reported previously in Parts I and II
respectively of this report and were recently published.(g) (19) Results on HfB,,
HfC, and hafnium metal are presented in Appendix 1II of this report. For each
matertial thermodynamic functions (Cp, So, HO-Hg, and - (GO-HS)/T) are calcu-
lated and tabulated at selected temperatures from 5 to 298.15°K,

2. High Temperature Heat Content

Dr. John L. Margrave now at Rice University (formerly at University
of Wisconsin) undertook to determine heat contents of the zirconium and hafnium
carbides and diborides to about 2200K. The results and status of this effort are
presented in Appendix II of this report. Heat contents of ZrB, prepared under this
program were determined from 410 to 1125°K. A computer program was developed
for selecting combinations of Debye and/or Einstein functions to fit the experi-
mental points and permit more reliable extrapolations to high temperatures. Tabu-
lations and extrapolations to 2000K of smooth thermodynamic functions for ZrBs
are presented in Table 47.

On moving his laboratory from Wisconsin to Rice,the calorimeter used
in the heat content studies was disassembled and is now in the process of reas-
sembly and modification so that heat content studies may be completed to 2000K.
The samples are all on hand and Dr. Margrave anticipates that results will be avail-
able by early 1965.

Prior to the availability of samples prepared under this program, powdered
samples of ZrC and HfB, from Carborundum Company were studied to about 1200K.
Results and a selected set of thermodynamic functions for ZrC in the range 0 -
2000K were presented previously in Part II of this report. Calculated thermody-
namic functions for HfBy were presented in Part I of this report.

Professor Margrave utilized available high temperature heat content
data and a computer program to estimate entropies at 298K for refractory di-
borides, nitrides, carbides and oxides. This effort is also presented in Appen-
dix 1I.



High temperature heat capacity data for ZrB, reported in the literature
are compared in Table 48, comprising part of the report of Professor Margrave.
The result for the material prepared under this program is, at 1000C, the lowest
of four experimental values. One reviewer has recently attributed the large dif-
ferences between different workers to experimental error. We wish to emphasize
that the differences reported are apparently real and due to differences in sample
rather than errors in calorimetry. Professor Margrave reported previously(166
on an exchange between his laboratory and that of Southern Research Institute of
samples studied by Barmes et al. [(132) anq sRr1.(131) They were able to duplicate
each other's results quite well. This does not prove that all calorimetry is ac-
curate, but it does show that very appreciable differences in heat content can be
obtained for different samples. We believe that the differences must be due to
differences in sample stoichiometry and purity.

As an indication of the magnitude of the effects of sample stoichiometry
and purity we have estimated the heat capacity of the powdered ZrB, material which
we obtained from Carborundum Corporation as a starting material for preparation
of the high purity crystal bars by the zone melting technique. This powder from
Carborundum was of much higher purity than other commercial samples we ex-
amined. Nevertheless, on the basis of its carbon, oxygen,and excess boron content
we estimate that its heat capacity at 1000C would have measured 17.97 rather than
the 17.07 call-deg'l—mole'l found for the crystal bar material.

3. Heats of Combustion

Heats of formation may be calculated from heat of combustion studies.
We supplied samples of the carbides prepared under this program to Dr. K. K.
Kelley at the Berkeley Thermodynamics Laboratory of the U. S. Bureau of Mines
and samples of the diborides to Dr. Ward Hubbard at Argonne National Laboratory.
Both groups had interest i{n thes2 materials within their own programs. Dr. Kelley
informs us (53) that Mrs. Mah has completed the combustion calorimetry of
samples of HfC, ZrC, and ZrC g7 supplied by us. The heats of formation calcu-
lated from the conibustion studies are for HfC, AHfy9g 15 = -52.3 £0.4 kcal/mole
and for ZrC, AHfp9g 15 = ~47.0 £0.4 kcal/mole. This latter value is higher than
the much earlier value of AHgygg 15 = ~44.1 +1.5 kcal/mole reported by Mah and
Boyle(164) on a sample of lower purity. The heat of formation for the ZrC g7
sample 18 AHfp08 15 = -46.6 £ 1.2 kcal/mole of carbon, This corresponds to
-31.2 kcal/mole for the composition ZrC g7.
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Dr. Ward N. Hubbard, Dr. Elliott Greenberg,and co-workers at
Argonne National Laboratory have completed heat of fluorination studies on ZrBy
and HfB,. They report(lﬁs) that large uncertainties must be assigned to the heats
of formation due primarily to an uncertainty of £ 0.02 in the boron to zirconium
ratio as determined by present chemical analytical techniques. A paper is cur-
rently being prepared for submission to the Journal of Physical Chemistry in
which available results from their own and other work are compared and evaluated.
They propose that the current "best” value for AH 298.15 is =76 £ 3 kcal/mole.
Only a preliminary calculation has been completej for ﬁafm‘um diboride, giving
for the composition I—IfBz‘O2 a value of -76.6 (a very tentative value). We must
emphasize that the studies mentioned here will be published by these workers in
papers in the open literature. The values given should be considered tentative
and subject to revision prior to publication.

4. Vaporization

Knowledge of vaporization processes, vapor pressures as a function of
composition and heats of vaporization of refractories are essential in order to ap-
ply thermodynamic techniques to prediction of their high temperature behavior.
Our program in this area has included studies by mass spectrometry and a con-
tinuous recording microbalance technique.

Dr. Alfred Buchler utilizing mass spectrometry studied the vaporiza-
tion of ZrBy g3 and ZrB} gg. This work was reported in Part I of this report.
Zirconium and Boron atoms were found to be the only vapor species present.
These studies,as well as other data in the literature, provided convincing evidence
that the borides and carbides vaporize to their elements. Therefore, since the
vapor species were recognized, it was more efficient to utilize a conventional
microbalance technique for vapor pressure studies.

Dr. Paul Blackburn presents in Section VI of this report the results of
his vapor pressure studies, using a microbalance techmique, on ZrBl-gg, Hainium,
HfBy 3. HIBy <5, HIC g9, ZrC g7, 21C g5, and HfC + excess C. Heats of
vaporization and formation for the carbides and borides are calculated. In all but
one case,the calculated heat of formation of the compound was within experimental
error (£3 kcal) of the calorimetric value. Contrary to previously reported meas-
urements in tungsten Knudsen cells, where evaporization coefficients between (. 025
and 0.1 for ZrB, and 0.1 for HfB, were reported, the study reported here indicates
that the evaporation coefficient for each of these compounds is close to unity. The
vapor pressure data reported here taken together with available information in the
literature provide knowledge of activity variation across the range of homogeneity

for zirconium carbhide and hafnium diboride.



C. THERMODYNAMIC DATA FOR GASEOUS MOLECULES

1. Spectzoscopy

When the electronic, vibrational, and rotatlonal spectra of gaseous
species are known,accurate data on entropy and heat capacity of the specles can
be obtained through statistical thermodynamic calculations. However, spectros-
copy of gaseous molecules at high temperatures is extremely dlfficult. A poten-
tially rewarding method for the spectral study of hlgh temperature gaseous
specles ig that of trapping indlvldual gaseous meclecules in a mairix of inert ma-
terial.

Professor Otto Schnepp, Israel Institute of Technology, undertook to
prove the feaslbillty of the technlque and to apply It to gaseous hafnlum and zir-
conium specles such as ZrO and HfO. In Appendix I he reports on studies of the
lithium halides by this technlque. These molecules were Investigated first since
their vapor spectra were already well known. Definite concluslons are reached
concerning the valldity and applicability of the technique. It was concluded that
all molecular species present In the vapor in equilibrium wlth the salt can be
trapped In Inert sollds at 1lquid hydrogen temperatures. Yet to be determined is
the question of whether the relative concentrations of species in the vapor are ac-
curately reflected by the ratio found trapped In the matrix. One of the important
problems in connection with use of the technique is the frequency shift of the
spectra which varles for dlfferent matrices. It was not posslble to calculate this
shift theoretically,but an emplrical relationship was observed in the frequency
differences between argon and nitrogen matrices and between the argon matrlx
and the free molecule.

Work was inltlated on the vapors over ZrO, and HfO;. Difficulties, now
resolved, In the electron beam bombardment furnace requlred for this study have
deiayed completion of the work. DNr. Schnepp reports that this project will be com-
pleted during the next few months,

2, Electron Diffraction Studies

Rotational fine structure data necessary for statlstical thermodynamic
calculations are generally not obtalnable from infrared spectra. Spectrl studles
in the mlcrowave region are requlred. However, the rotational contributlons to the
partition functions for gaseous specles can be computed when the molecular dimen-
slons are known. Electron dlffraction studies of gases can provide such data.

Dr. S. H. Bauer at Cornell University has been pioneering in the applica-
tion of electron diffraction technlques to high temperature gaseous species. As a
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part of this program he undertook to include the study of several hafnium and zir-
conium tetrahalides in his research program. A preliminary report on the re-
sults of studies on ZrCly, HfCly, HfBr4 and Hfl, is presented in Appendix V. In
addition to providing the structure and molecular dimensions of the specific com-
pounds studied,the work will algo make the estimation of these properties for other
related hafnium and zircornium halides more certain.

3. Equilibria and Heats of Solution

A program to determine chemical thermodynamic data for the sub-
halides of hafnium and zirconium was undertaken by Dr. Robert Freeman at
Oklahoma State University. His program includes studies of the disproportiona-
tion equilibria of the subhalides,as well as determination of the heats of formation
by solution calorimetry.

He summarizes the status of his work in Appendix IV of this report.
Necessary facilities for the equilibria and calorimetry measurements have been
developed. A technique under study for preparing high purity samples of the
subhalides is discussed. These studies will be continuing in Dr. Freeman's lab-
oratories.

D, KINETIC DATA

1. Oxidation

Under the direction of Professor John L. Margrave at Rice University
(formerly at University of Wisconsin) kinetic studies were made, utilizing a weight
gain technique, of the oxidation of ZrB, at 945-1255C and ZrC at 554-652C. The
results were presented in Part Il of this report. It was found that the ZrB,-0O, re-
action is parabolic throughout the temperature range studied,whereas the -ZrC-Oz
reaction is linear. In the former case,a molten layer of boron oxide is formed
which protects against further direct attack of oxygen on the ZrB,, while in the
latter, a rather porous film of zirconium oxide is formed which {s not protective.

In Section IV of this report Dr. Joan Berkowitz-Mattuck presents a com-
plete report of her work on the oxidation of zirconium and hafnium borides and
carbides. Studies ranged from 1100 to 2100K and 1 to 700 Torr using a flow ays-
tem with inductively heated samples and a thermal conductivity bridge to measure
the net oxygen consumptior during the oxidation.
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Parabolic rate behavior was observed for ZrBy and HfB,. The work on
ZrB, overlapped the studies of Margrave mentioned above and good agreement be-
tween the two workers is reported. Above 1400K an activation energy of 77+5 kcal/
mole was calculated for the oxidation of ZrBy. Below 1400K the activation energy is
much lower and the mechanism is clearly different. For HfBg an activation energy
of 46+6 kcal/mole is observed in the range 1480-1870K. Around 1970K, the transi-
tion temperature for the monoclinic to tetragonal phase change in HfOp, there is an
abrupt increase in the rate of oxication. The results for ZrBp and HfBy are com-
pared on an alloy consumption basis and possible mechanisms of oxidation are
discussed.

Linear rates of oxidation were observed for ZrC and HfC. Oxidation
occurs preferentially along grain boundaries and gradually extends into the in-
terior of crystallites.

One intriguing question is the markedly different behavior of the Zr(Oy
coatings formed on oxidation of ZrC and ZrBy. On ZrC the coating is porous and
loosely adherent while on ZrB, a dense, adherent coating which apparently acts as
an oxygen barrier is formed. Understanding this behavior is important not only
to clarify and explain the observed oxidation hehavior but also for the insigh. such
understanding may offer to the problem of adherence for protective coatings in
general.

In the oxidation process we can imagine that both zirconium and carbon
or zirconium and boron atoms are competing for available oxygen under a ZrOy
coating. We estimate that at 2000K the partial pressures of both carbon monoxide
and boron monoxide in equilibrium with elemental carbon or boron and with oxygen
deficient ZrO, would be well below atmospheric pressure. Thus,these gaseous
species should not be expected to rupture the oxide coating. Rather,we might ex-
pect their formation to be inhibited because of the lack of cpportunity for gaseous
oxides to escape. We can expect some solubility of boron and carbon in zirconium
oxide. This would help ingure that the activities of these elements are much less
than the free elements and would decrease the tendency for gaseous oxide formation
below that already estimated. In addition,this solubility would provide a mechanism
for transport by diffusion of carbon and boron through the oxide layer in order that
volatilization may occur at the atmosphere side of the coating. We would also ex-
pect that the presence of carbon may stabilize a ZrO phase which is not known in
the pure zirconium-oxygen system.

In our opinion it may be the formation of a thin layer of ZrO stabilized
by carbon which accounts for the different behavior of the ZrO, coatings on oxida-
tion of ZrC compared with ZrBy. One would expect a gradient of carbon concentra-
tion through a stabiiized ZrO coating on ZrC. Below a certain concentration of car-
bon the ZrO phase would become unstable with respect to ZrOj + Zr and recrystalliza-
tion would occur. This recrystallization process may account for the porous, non-
adherent oxide coating formed on ZrC. The ZrO phase could be thin and difficult to

9
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distinguish from ZrC. Under steady state conditions,a constant thickness of the
ZrO ph-se could exist and a linear rate might be observed. If these thoughts have
any validity, kinetic behavior should be quite different at very low oxygen pres-
sures. At low enough pressures a parabolic rate behavior may be observed.

Dr. Joan Berkowitz-Mattuck completed a run on HfC at lmm Oy pres-
sure subsequent to completing the write-ups presented in Section IV. This pres-
sure is far higher than we were thinking about in the preceding paragraph. Never-
theless she did observe parabolic rate behavior in this run as opposed to the linear
rate behavior at higher oxygen pressures. If nothing else, this resuit does indicate
that more can be learned concerning the kinetics of oxidation of the carbides if the
studies are extended to much lower oxygen pressures.

2. Fluorination

Studies on the fluorination of the zirconium and hafnium carbides and
diborides, graphite, silicon and boron were carried cut at the University of Wis-
consin and Rice University by Dr. A. K. Kuriakose and Dr. John L. Margrave.
Their rcport is presented in Appendix II and studies on ZrC and ZrB; have been
published(81) recently. They fiud that the borides are more resistant to fluorine
than the carbides. While the carbides begin to react at about 300C under low
fluorine partial pressures, the borides are only attacked above the volatilization
points of the metallic fluorides. The rates for these materials are gas diffusion
controlled above 600C. In terms of moles,the rates of fluorination of the hafnium
compounds are found to be four to five times faster than those for the zirconium
compounds.

In conjunction with kinetic studies of carbides and borides it is desir-
able to understand the mechanism of fluorination of carbon and boron. Reports
from Drs. Kuriakose and Margrave covering work on these materials as well as
silicon,are included 1n Appendix 1i.

3. Mass Transport

Ag reported above, the oxidation of zirconium and hafnium diborides
are found to exhibit parabolic rate behavior which is probably indicative of dif-
fusion through the oxide coating as the rate controlling step. In such instances
the complete interpretation of the oxidation mechanism and any possible future
control of the oxidation rate require knowledge of the defect structure and trans-
port properties of the oxide. In Section V of this report, Drs. L. A. McClaine
and C. P. Coppei report on electrical conductivity studies on Zr0O, carried out
with the objactive of obtaining insight into the defect structure and transport
mechanisins in this oxide.

10
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Experimental data are presented for ac and dc electrical resistance in
tetragonal ZrO, over the range of 1100 to 15300C and 1 to 10712 atmospheres oxy-
gen. From these data are derived the electronic and lonic conduction behavior
as a function of temperature and oxygen pressure, and a defect structure model
is devised which appears to fit the conduction behavior. Diffusion data for oxygen
in ZrQ, are calculated from ionic conduction data, and on the basis of the defect
structure nmiodel the energy of formation of the defects is derived from the actlva-
tion energy for n-type <lectronic conduction. This energy for defect formation
when combined with the energy for defect motion known from studies on lime
stabilized zirconia can be used to calculate an activation energy of about 60 kcal/
mole for intrinsic diffusion of anion vacancies in Zr0,.

4. Oxidation of Molybdenum

In Part 1I of this report we presented the results of a mags spectrometry
study on the oxidation kinetics of molybdenum. This study represented a continua-
tion of work initiated under contract AF 33(616)-6134, which contract studies were
incorporated within this program in 1962.

Oxidation studies were carried out in the temperature range 1400 to
2000K at oxygen pressures of 107 to 1076 atmospheres. The results proved that
a solid oxide filn1 does not form on the molybdenum surface during oxidation,
although solid MoO, is stable at these temperatures and pressures. A reaction
mechanism was postulated in which the rate of formation of an adsorbed Mo(O
molecule is rate determining. This study was of speclal significance in that it
provides an understanding of initlal steps in the overall oxidation reaction.

E. RECOMMENDATIONS FOR FUTURE WORK

1. Materials Preparation

We strongly believe that the effects of sample state and purity on the
results of thermodynamic and kinetic studies must always be carefully considered,
The allocation of funds and time for proper preparation and/or characterization
of sample material is esseatlal. In several instances in the course of this program
we have attempted to compare our results with those of previous work reported in
the literature only to find little or no information on the sample niaterial studied.
In such cases, no real basis for comparison exists. It is true that samples selected
for study will almost always represent a compromise between our desires and what
Is avallable commercially. However, one should not be too easily satisfled and
when a sample i3 selected for study it should be carefully characterized so thatthe
results of the study can provide a firm basis for further developments in the fleld.

11



2. Thermodynamic Studies

Many opportunities exist in the materials field for further thermody-
namic studies such as reported here for solids and gases. Such efforts on well
characterized materials need -ontinued support,

3. Kinetic Studies

Impurity content can also exert a marked effect on the kinetics of re-
actlon. Major advances in the field of refractory materials may well come
from a greater understanding of the solid state chemistry involved in the overall
kinetic processes and the influence of impurities on this chemistry. This is an
area of investigation that, in our opinicn, merits much more intensive study.

The studies on the kinetics of oxidation of the zirconium and hafnium
carbides should be extended to much lower pressures for the information that
may be gained on the detailed mechanism of oxidation. Studies of ion transport
presented in this report on pure ZrQO, should be extended to impurity content
Zr09 and the total study repeated on HfO7., The much greater oxidation resistance
of HfB2 compared to ZrBy must be related to differences in the transport prop-

erties of HfOy as compared to Zr0,.

In the past, pure hafnium compounds have seldom been examined be-
cause of the difficulty of obtaining them and the expectation that their chemical
properties would be the same as those observed for the zirconium compound. In
view of the results observed in this work, one should now examine more care-
fully the kinetic behavior of pure hafnium compounds.

12



11l. PREPATATION OF SAMPLES*

During the present report period, experimental work has been confined
to ZrC, Hf. HfB; and HfC. The results of this work are discussed in Section B
below.

For the purposes of this final report, we have included in Section A
below a critigue of the induction floating-zone melting method based on experience
gained under this contract. In Section B belnw, we have given, in addition to a dis-
cussion of current work, a brief summary of results with each of the compounds
studied and in a few cases a comparison of analytical results obtained by different
laboratories.

A. CRITIQUE OF THE INDUCTION FLOATING-ZONE MELTING METHOD

The majority of the samples prepared for this project were made by
zone-melting in an inert atmosphere using an induction-heated, vertical, floating-
zone apparatus. The rods needed for zone-refining were prepared by sintering
commercial powders under moderate pressure in graphite or boron nitride molds.
Details of the apparatus and procedures are given in Part I of this repoxt.

A summary of the advantages anu limitations of this method based on
our experience is given below.

1. Advantages

a. The induction heating method is in many cases the only known way
of melting highly refractory substances such as ZrB; and ZrC out of contact with
possible sources of contamination and of causing their solidification in the orderly
manner needed for vroducing dense, crack-free crvstals.

In contrast, the electron-beam heating method requires a high-vacuum
for operation, which results in undue evaporation of the melt at the very high tem-
peratures involved. The arc-melting method also produces undue vaporization of
the melt and, as usually carried out, results in rapid solidification, severe thermal
shock, and cracking of the product.

b. The zone-refined product ia a dense, single or polycrystalline bar of
low surface area. This is especially desirable for low-temperature work in order
to minimize the urdesirable adsorption of the helium used in the calorimeter,

*Preparea by Gecrge Feick, Arthur D. Little, Inc.
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c. The bars produced by this melt process are highly homogeneous.
This is indicated by the narrowness of the X-ray diffraction peaks as contrasted
to the broader peaks obtained with sintered preparations which have never been
molten.

d. The zoned bars permit examination for extraneous phases by stand-
ard metallographic techniques, and by electron beam microprobe methods. These
methods are more sensitive indicators of unwanted phases than the usual a2nalytical
procedures and form a valuable extension of X-ray diffraction, chemical, and
spectroscopic analytical methods.

e. A considerable purification of the sample is produced by the melting
process. The concentration of most of the volatile metallic impurities is reduced
by a factor of 10 or more. The levels of oxygen and carbon in the borides can be
reduced to very low values by the formation of CO which is lost during melting.
The oxygen content of the carbides is very low for the same reason.

f. The composition of the starting powder can be adjusted by suitable

additions before sintering to compensate for lack of stoichiometry or for prefer-
ential volatilization of an element during melting.

2. Limitations

a. The induction-heating method iy well adapted only to metallic ma-
terials or to semiconductors which become highly conductive on heating.

b. It is limited to materials which melt congruently or to those which
can be grown peritectically from a melt of different composition.

c. Materials which undergo phace changes or decomposition on cooling
to room temperature cannot usually be prepared, for example Z1B and ZrBy,.

d. Substances having one or more components highly volatile at the
melting point cannot be readily prepared by this method. If the volatility is moder-
ate, however, the composition can be adjusted by adding an excess of the volatile
component {for example boron to the borides and carbon to the carbides}).

e. We have found that substances of extremelv high melting point, such
as HfC, are difficult to zone refine by this method because of poor control of the
molten zone. We have produced a few short sections of zone-refined HfC, however,
and believe the process could be improved hy using denser starting bars.

14
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B. DISCUSSION OF INDIVIDUAL COMPOUNDS

1. Zirconium Diboride

The preparation and characterization of zirconium diboride are dis-
cugged in Parts I and II of thig report. The analytical data are summarized in
Table 1. Metallographic examination of this materlal disclosed the presence of
a few percent of a second phase which was Identified as ZrB by X-ray diffraction
methods. This result is in agreement with the slight boren deficiency shown by
the chemical analysis.

Since our last report, we have received additional analytical data on
this lot of Z1B, from Dr. T. F. Lyon of the General Electric Company and from
Dr.Elliott Greenberg of Argonne National Laboratory. The boron and zirconium
analyses obtained by the various laboratories are summarized in Table 2 which
shows atom ratios of boron to zirconlum varying from 1.96 to 2.01,

Metallographic examination of this ZrB, showed the presence of a lamel-
lar structure consisting of thin layers of a second phase alternating with much
thicker layers of the major phase. (See Part I of this report, p. 22, Figure 5.)
X-ray diffraction analysis showed this second phase to have the structure of ZrB.
Because of the simple geometry, it was possible to estimate that the second phase
was present to the extent of about 1.53% by volume corresponding to 1.67% by
welght of ZrB. If the sample {8 considered to congist only of Zr and B, this cor-
responds to a boron content of 19.1% or a B/Zr ratio of 1.99. This is about in the
middle of the range shown in Table 2 except for the General Electric Co. data
which are significantly lower. Considering all the data, the best value of B/Zr
for this lot of material appears to be about 1.99.

Dr. Greenberg reports the following results for trace impuritie: 352
and 1363 PPM carbon, 231 and 290 PPM oxygen, 6 and 8 PPM hydrogen, 36 and 37
PPM nitrogen, .04 and .05% Fe, .04 and .05% Hf, .001 to .C2% Ti. .01% V., .00
to .01% Cr, .001 to .002% Mg, .0001to.001% Mn, .001 to .01% Si, and .001 to
.017% Mo.

Dr. Lyon reports 1060 PPM of carbon, 14 PPM oxygen, 37 PPM nitrogen,
21 PPM hydrogen.

These results may be compared with Table 1 and indicate approximate
agreeme:nt in most cases.

15



h TABLE 1

SUMMARY OF ZrB, ANALYSES

Element As Received Zone Refined
Zr 77.25% 79.82, 80.57%
B 19.58% 18.80, 19.04%
0O 0.2% 52 ppm
C 0.37% 215 ppm
N =m--- 134 ppm
L e-e-- 1.52 ppm
. Ag e .001%
F Al .01 to .05% .001 to . 01%
Ca .01 to . 05% ND*
Cr .01 to . 05% . 0019,
Cu . 005 to .01% .001%
J“ Fe .01 to . 05% .01%
Hf . 001 to .005% .01%
Mg e .001 to .0L%
r Mn L05to . 1% .001%
i Ni .01 to . 05% ND
Si .0l to . 05% Olto 1%
Ti .005 to . 01% .001%
| v o . 001%,

! *ND = not detected.

o
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2., Zirconium Carbide

Zirconium carbide i8 characterized by a wide range of homogeneity ex-
tending from a composition of about ZrC0_65 to ZrCl'O. The preparation of nearly
stoichiometric ZrC has been described in Parts I and II of this report. A summary
of the analytical data on this material is given in Table 3.

During the present report period we have made a number of zirconium
carbide bars whose composition falls near the lower end of the homogeneity range.
Samples of this material have been distributed to Dr. Blackburn for vapor pressure
measurements; to Dr. Berkowitz-Mattuck and to Dr. Margrave for kinetic studies;
and to Dr. Kelley for heat-of-combustion measurements.

This sample was made by adding pure ZrO, to ZrC powder before sin-
tering into rods for zone-refining. The amount of ZrO, added was calculated to
bring the carbon content to about 8% assuming all the oxygen to be removed as CO
during melting. No particular difficulty was encountered in zone refining this ma-
terial except that the evolution of CO caused a few small droplets of carbide to be
thrown off from the molten zone.

The following additional analytical data were obtained on the product:

Carbon: 7.80%, 7.97%; average 7.88%
Oxygen: 0.178%, 0.21 %, 0.302%, 0.247%; average 0.236%
Nitrogen: 0.217%

As shown in Table 3 the major metallic impurities are 0.12% Ti and
0.07% B with no other metallic impurity present in excess of 100 PPM.

A single analysis for free carbon gave a value of 0.031%. However, no
free graphite or other second phase could be detected metallographically, and we
have obtained evidence that the usual method of free carbon analysis gives high
results. For these reasons, we believe that no appreciable free carbon is present
in this sample. A detailed discussion of the problem of free carbon analysis and a
modified procedure are given below under hafnium carbide.

3. Zirconium Oxide

Attempts to zone-melt zirconium oxide using induction heating at
450 KC or 5 MC were unsuccessful because insufficient energy was absorbed by
the rod even when it was strongly preheated. We were able to grow polycrystalline
boules of pure ZrO,, however, by means of the ADL-Strong arc-imaging crystal

18




Element
Zr
C

*ND = not detected.

**Suppliers analysis.

TABLE 3

ANALYSIS OF ZIRCONIUM CARBIDE

As Received
88.16%
11.45%
.051t0 . 1%

.05%

0.15%

. 00027
.001 to .005%
. 001 to . 005%
.001 to .005%

.05 to 1%

0.12%

05 to L 1%
. 001 to . 005%
.05to0 .1%
.005 to .01%
.01 to .05%
.01 to . 05%
.005 to .01%
.01 to .05%**
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Zone Refined
89.27%
11.22%

L07%
.005%
.067%

ND*
L01%
.001%
ND
.001%

07%
.001%

.001 to .01%
.001%
.001%

ND
. 001%
ND
L0017
.01%
12%
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growing furnace. Details of this preparation are given in Part II of this report.
Analytical data on the two samples of ZrQ9 used are given in Table 4.

«+. Hafnium Metal

Hafnium metal was obtained in the form of arc-melted ingot from the
Wah Chang Corp. The major impurity in this sample wae 0.226% of oxygen
(weighted average value for the two ingots, which contained 0,217% and 0.231%)
which caused the sample to be somewhat brittle. Metallographic examination re-
vealed the presence of many microscopic cracks (due apparently to severe thermal
stresses during melting) and a possible very slight trace of a second phase.

Other detected impurities were 0.0306% N, 0.027% Zr, 0.021% C,
0.015% Nb, 0.005% Si, 0.002% Al.

Assuming the oxygen, carbon, and nitrogen to be present as HfO, HfC,
and HIN, respectively, the proximate analysis of the sample is: 2.75% HfO, 0.33%
HfC, and 0.42% HfN. By difference, the metallic hafnium content is 96.53%.

Two attempts were made to reduce the oxygen content of this sample by
electron-beam melting. The first product contained 0.1807 of oxygen but the
second contained only 0.0468%. Samples of this latter material were furnished
to Dr. Freeman for preparation of high purity halides and to Dr. Blackburn for
evaporation studies,

For purposes of low-temperature heat capacity measurements, however,
a sample of "iodide" hafnium was loaned to Prof. Westrum by Dr. J. O. Betterton
of Oak Ridge National Laboratory. This is the same sample used by Kneip et al., (1)
for their low-temperature specific heat measurements. The following analysis is
reported by these authors: 500 PPM Zr; 65 PPM Si; 200 PPM Fe; 7 PPM Ni; 3 PPM Cu;
42 PPM Mg: 1 PPM T 18 PPM 02; 130 PPM C: <1 PPM Ha: and <5 PPM Nj.

- aa

5. Hafnium Diboride

The preparation and characterization of HiB, is described in detail in
Part 11 of this report. The first lot of material was found to contain 1.31% of
major metallic impurities and was rejected as unfit for use in this program.

A second lot of HiB, was therefore made using a purer starting powder.
The analytical data for this lot are summarized in Tables 5 and 6. Table 6 gives
an indication of the uncertainty of the analyses and presents also some data recently
received from Dr. T. F. Lyon of the General Electric Co. The B/Hf ratios are in
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reasonable agreement desnite the large uncertainty indicated by the analysis of
Bar No. 439. The agreement between the two laboratories is better than in the
case of ZrB,. Metallographic examination disclosed the presence of two minor
extraneous phases which were identified by X-ray diffraction and electron micro-
probe methods as free boron and the hitherto-unknown HfB;,. These results are
in agreement with the slight excess of free boron shown by the chemical analysis.

Dr. Lyon also reports for this sample: 17530 PPM carbon, 16 PPM oxy-
gen 1 PPM nitrogen and less than 1 PPM hydrogen. Except for the nitrogen analy-
sis, these results are in reasonable agreement with Table 5.

The second sample of HfB, was used in all studies except the fluorine-
bomb calorimetry work at Argonne Laboratory for which the 1600 PPM of carbon
was considered unacceptably high. We therefore made a third preparation with the
aim of producing a low-carbon material. The raw material was made by Wah Chang
Curp. and was generously made available to us by Dr. Larry Kaufman of Manlabs,
Inc. We have no detailed analysis of this raw material but its purity, except for the
lower carbon content, was generally similar te that used in lot 2 above.

Analysis of lot 3 after zone-refining gave 89.33% of hafnium and 10.73%
of boron (both average of 3 determinations) or a mole ratio of 1.98 boron to hafnium.

Dupiicate carbon analyses gave 254 PPM and 429 PPM or an average of
342 PPM. Further analyses showed 111 PPM of oxygen and 126G PPM of nitrogen.
Spectrographic analysis showed 10 PPM each of Ag, Al, Na and Ti and leas than
1 PPM each of Cu, Fe and Mg. Metallographic examination showed small traces
of a second phase in some sections of the bar and none in others - in agreement
with the elemental analysis above.

6. Hafium Carbide

Because of its extremely high melting point, the preparation of high-quality
samples of hafnium carbide has presented more difficulty than any of the other ma-
terials of interest to this program. In Part 1l of this report we have discussed the
problems involved both in zone-refining and in arc-melting this material. During
the present report period, we have prepared samples of HfC both by zone-refining
and by arc-melting.

The availability of a new zone-refining apparatus made it appear worth-
while to renew our attempts to zone-refine this material. Because of a change in
the high-frequency power supply, the new equipment is less susceptible to arcing
than that previously used and is thus more suitable for use with high-melting ma-
terials and close coil clearance.

21
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Al
B
Cd
Co
Cr
Cu
Fe
Hf
Mg
Mn
Mo
Ni
Pb
Si
Sn
Ti
v
W
Zn
Ge
Sr
Ba
Na
Bi

Note:

Impurity

< = less than.
ND = not detected.

TABLE 4

ZrO, ANALYSES

Wah Chang

ZI‘OZ

125 ppm

0.2
0.3
<5

22

Zr0Oy

from Metal

.01 to 1.0%
. 001
ND
ND

.001 to .01

.001 to .01

.01tol.0

.001 to .01

.0J01to .1

.001 to .01
ND
ND

.001 to .01

.0lto .1
.001

3 6

3

.00l to .01
ND
.001to .01
.001 to .01
.00l to .1
.001 to .01
. 0001



TABLE 5

SUMMARY OF HfBy ANALYSES (FOR LOT 2)

Element As Received Zone Refined
Hf - 88.98% (average)
10.6% 10.97% (average)
C 0.26% 0.16%
0.01% 42 ppm
0 0.14% 26 ppm
Al <100 ppm ND*
Cb <100 ppm ND
Cd <100 ppm ND
1 Co <100 ppm ND
Cr <100 ppm .001%
Cu <100 ppm .001%
Fe 0.05% 30 ppm
’ Mg <100 ppm .001%
! Mn <100 ppm ND
Mo <100 ppm ND
r Ni <100 ppm ND
Pb <100 ppm ND
Si 0.05% 10 ppm
l' Sn <100 ppm ND
4 Ta <100 ppm ND
Ti <100 ppm 30 ppm
\ <100 ppm ND
W <100 ppm ND
Zn <100 ppm ND
‘,' Zr 450 ppm 0.01 to 0.1%
*ND = not detected.
: 23




BORON AND HAFNIUM ANALYSES ON SECOND LOT OF HfBg

TABLE 6

BAR NUMBER

7
Boron-%

Average
Range-%

Hafnium-%

Average

Range-%
Hf +B

B/Hf

(a) From Part 11 of this report.
(b) Data of Dr. T. F. Lyon - General Electric Co.

452-3
(a)

10.98

89.11

100.09

2,034

457-4
(a)

10.98

89.10

100.08

2.035

24

439
(a)

10.78
11.11

10.945

+1.5

88.59
88.90

88.745
+0.18
99.69 £ .31

2.036 £ .34

450-3
(b)

10.88

89.64

100.52

2.01



In order to reduce the radiation logs from the heated zone, the diam-
eter of the sintered bar was reduced from 3/8" to 5/16” or 1/4".

In order to reduce the temperature of the niolten zone, a large excess
of carbon (15 to 30 atomic percent) was added to the material before sintering ia
the hope that the melt would approach the HfC-C eutectic.

Somewhat over thirty bars were made, the density of which was varied
from about 50% to 65% of theoretical by varying the particle size of the starting
power. Although considerabie difficulty was experienced with irreguiar meiting,
we succeeded in preducing a few small zored pieces from this lot of material.
Within the above-mentioned range, changes of density did not appear to have a
major effect on melting behavior.

The above experiments show that it is in fact possible to melt hafnium
carbide by induction heating, but we have yet to demonstrate adequate control of
the molten zone. We now believe that such controi can be obtained by using
sintered bars of high density (80% or higher) which will limit migration of liquid
within the sintered rod. Preliminary experiments and quotations from outside
sources indicated that it would not be feasibie to produce the needed high-density
bars within the scope of the present contract.

Analysis of several of these zoned pieces showed carbon content ranging
frorn about 5.6% to 6.1% total carbon. This is considerably below the theovretical
value cf 6.3% although a large excess of carbon was used in the sintered bars.

This resuit indicates a considerable vaporization of carbon at the melting tempera-
ture and may indicate that the highest-melting composition in the system contains
less than the theoretical amount of carbon.

Because of the low yleld of zone-meited HfC obtained with the presently
available sintered bars and because the range of carbon content {8 about the same
as can be produced by arc-melting, it was decided to produce the large sample
needed for low-temperature heat capacity measurements by the latter method.

About 300 grams of HfC were made by arc-melting sintered bars on a
water-cooled copper hearth using a water-cooled tungsten electrode. Inorder to
minimize loss of carbon during meiting, the operation was conducted in an atmos-
phere of argon containing 3.14% of ethylene and 11.4% of hydrogen.

Two analyses for total carbon on composite samples gave 6.08% and
6.18% or an average of 6.13%. Since the carbon content of the original powder
was 6.23%, some loss of carbon took place despite the use of a carburizing atmos-
phere. Spot analyses of several preiiminary melts indicated that the local carbon
content may deviate a few tenths percent from the average value because of prefer-
ential carbon loss from areas directly acted on by the arc.
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Considerable difficulty was encountered in obtaining a reliable free-
carbon analysis of this material. Five separate analyses gave values of 2000,
550, 540, 700 and 156 PPM respectively. Metallographic examination, however,
showed no free graphite in the sample although portions of the surface were
slightly blackened with soot from the arc-melting. We therefore considered that
the lower values of free carbon were more nearly correct and that the erratic
and high values were due to incomplete oxidation of the combined carbon during
acid treatment. To substantiate this conjecture, the following experiments were

performed:

A sample of the arc-melted HfC was crushed and screened to -100 mesh
and treated with HNO3 and HF as recommended by Kriege 2) The white residue of
basic salts was then dissolved in excess KHF; and the few remaining dark particles
filtered off. When these particles were examined under the microscope, they ap-
peared translucent and dark red in color. They were almost completely soluble
in 10% NaOH solution.

This behavior is in contrast to that of commercial HfC powder, which
leaves an opaque, black residue. This black residue is insoluble in NaOH and un-
doubtedly represents true uncombined carbon.

The red residue from the arc-melted carbide appears to represent com-
bined carbon which is incompletely oxidized during acid treatment. The amount of
such residue probably depends on the particle size of the carbide and on the details
of the acid treatment. This would account for the earlier variable results of the
combined carbon analysis.

Chemically, this red residue probably consists of polymeric carboxylic
acids related to nicllitic acid. This constitution would account for its solubility
in NaOH and is in agreement with the results of Pauson et al. ,(3) who find similar
regidues from the acid leaching of thorium and uranium carbides.

A sixth sample of HfC was therefore analyzed for free carbon by the
following procedure:* A 3g portion of the sample is weighed into a Pt dish. Add
20 ml HF and then add HNOg dropwise until reaction ceases. Heat on a steam
bath, then allow to evaporate to a volume of 2 ml. Dilute with 20 ml HF and 2 ml
HNOj3 and again evaporate to 2 ml. Dilute to 80 ml with hot H,O, warm on a steam
bath for 10 minutes. Filter the solution through an ashestos gooch which has pre-
viously been thoroughly washed with dilute HCI and ignited. Wash the residue as
follows; 5 times vith hot HZO, 5 times with hot 10% NaOH, 3 times with hot water,
5 times with 10% HCI and finally 10 times with hot water. Dry gooch for 1/2 hour
at 105°C.

*The author acknowledges the cooperation of Mr. William Giusletti and Mr. Robert
Liu of Iedoux and Company in working out this procedure.
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Transfer the asbestos and the free carbon to a Leco combustion cuplet.
Add 1 gram of electrolytic iron powder and | iow carbon copper ring (Leco product).
Ignite the sample in the Leco Conductometzic Carbon Analyzer and measure the
resulting COy by recording the change in potential between the weak Ba(OH)2 solu-
tions with the conventivnal oscillogscope attachment,

Correct for a blank witich has been taken through the entire procedure
along with the sampie portion.

Standaraize by running an appropriate Bureau of Standards steel sampie.

Dupiicate anaiyses by this procedure gave 120 and 145 PPM free carbon
or zn average of 137 PPM, which we beiieve to be the best value for free carbon
in this arc-meited material. This value probably represents mainly the soot de-
posited on the surface of the sample during arc-meiting.

Subtracting this value of free carbon from the vaiue of 6.13% previously
for the total carbon obtained, we find a combined carbon ccatent of 6.12% for this
sample, corresponding to a formula of HfC 068"

Chemical and spectrographic anaiyses gave the following results for the
arc-melted product: 0.035% Zr; 0.031%N; 0.005% Fe; 0.003% O; 0.002% ech Ti
and Si; 0.001% each of H, Cu, Mn, and Mg. No tungsten fron: the electrode couid
be detected.

A preliminary investigation was carried out with the aim of preparing a
sample of carbon-deficient HfC near the lower end of its homogeneity range. No
accurate data exist regarding the corrposition of the carlide at this point but Sara
and Dolioff(4) report that the lower limit of homogeneity of ZrC cccurs at a com-
position of ZrC_63.

We therefore arc-melted {in helium) a mixiture of Hf metal with HfC,
calculated to give a oroduct coataining 4.3% of carbon and corresponding to a
composition of HIC .. This preparation was turmed, mixed and remelted several
rimes in order to ensure a homogeneous product. This product was found by analy-
8i8 to contain 4.24% of carhon, indicating a slight carbon loss during meiting. i3
X-ray diffraction pattr.rn showed the presence of between 5% and 10% of fraze hafaium.

A portion of this melt was powdered to -100 mesh and ieached with HF
until only about 1/4 of the materiai remained undissolved. This residue gave an X-ray
diffraciion pattern of pure HfC with no detectable free hafnium. Its carbon content
was found to be 4,52%, corresponding to a composition of HIC 745 for the lower
limit of homogeneity of HfC. The homogeneous rarge of HfC therefore appears to
be somewhat narrower ‘han that of ZrC.
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This conclusion is subject to the reservation, however, that the leached
regidue may have contained free carbonaceous material released from the dis-
solved carbide by the action of the HF. If this is the case, the observed carbon
content is too high. A more reliable value for the lower homogeneity limit should
be obtained from pieparation of further arc-melted samples. On the other hand
if we assume that the original arc-melted sample consists of HfC 545 and carbon-
free hafnium metal, then its free metal content is calculated to be 6.2%. This is
in the range indicated by the X-ray analysis.
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IV, OXIDATION OF ZIRCONIUM AND HAFNIUM
BORIDES AND CARBIDES*

A manuscript describing the thermal conductlvity apparatus used in
thls laboratory to study the oxidatlon of metals and alloys at temperatures abcve
900°C has been submitted for publication to the Journal of the Electrochemiical
Society under the title "High Temperature Oxidation. I. Copper.” A flnal draft
of the second paper of the serles "High Temperature Oxidation. II. Molybdenum
Slllcides" has been prepared and will be submitted to the same journal. Thls
report comprises results which wlll be presented as papers III. and IV. of the
serles on the oxldatlcn of the borldes and carbides respectively of Hf and Zr,

A, ZIRCONIUM AND HAFNIUM DIBORIDE

1. Background

The oxldation of ZrBy was studied by F, H. Brown, Jr. in 1955 in the
temperature range 649-1315°C In pure oxygen, and molst dry air.®  Since
Brown worked with porous compacts of the diboride, hls Inltlal surfaceareas are
unknown, and undoubtedly changed due to sintering during the course of exposure
at high temperatures. He was able to conclude qualitatively that ZrBy 1s oxldized
more rapidly in oxygen than in dry air in the range 650-1100°C, .nd much more
rapidly in moist air than in dry at 650°C.

Samsonov(ﬁ) oxidlzed ZrB2 in alr at 1000°C, and measured a depth of
corrosion of 0.45mm after 150 hours, For materlal of theoretlcal denslty, this
would correspond to stoichiometric oxidatlon of 0.274 g/c:rn2 of the alloy, or to
a total oxygen consumptlon of 0.0873 g/crnz. The net weight change cannot be
computed sincean unknown portionof the BpO3 (1) must certalnly have evaporated
durlng the experlment, From metallographic examlnatlon of the oxide scale,
Samsonov postulated the exlstence of ZrO(s) immedlately adjacent to the alloy,
and a molten layer of BoO3 at the surface of the oxidlzed speclmen. He assumed
that with increasing time of exposure, oxygen would diffuse through the B203 (1)
to the alloy and react with ZrO(s) to form ZrOq(s), while at the same tlme B203
would gradually vaporize,

More recently, the oxidatlon of ZrBy was studled by Kurlakose and
Margrave, (7) who measured net welght change of fully dense samples with time,
at temperatures of 1218-1529°K and oxygen pressures between 100 and 760 torr.

*Prepared by Dr. Joan Berkowltz-Mattuck, Arthur D, Little, Inc,
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They were abie to fit their data to a parabolic rate iaw, with an activation energy
for net weight gain of 19.8 + 1.0 kcai/mole. The oxidation rate was independent
of carrier gas flow rate, and directiy proportional to the oxygen partial pressure
in heijum,

No quantitative data has been reported in the iiterature for the oxida-
tion of HfBp. Hafnium is expensive and difficuit to separate from zirconium.
The two metals are so similar in chemicai properties, that the oxidation charac-
teristics of their respective diborides wouid normally be assumed to be identical.
Samsonov exposed HfB, in air in a series of screening experiments, and reported
intensive oxidation above 600-700°C, and disintegrative oxidation at 1000—1200°C.(8)
The present work was undertaken to obtain quantitative data on the oxi-
dation of ZrB) over awider temperature and pressure range than that covered in
previous studies, and to compare the oxidation of ZrBy and HfBy experimentally.
In addition, in order to evaluate the effect of BgO3 volatiiity in the oxidation of
ZrB3, several measurements of total oxygen consumption were made under con-
ditions for which Kuriakose and Margrave (7) had obtained net weight change data,

2, Experimental Method

Samples of ZrB; were synthesized by the zone melting technique de-
scribed by Westrum and Feick.(9(*) Hafnjum diboride was prepared *) by the
same technique with a high-purity powdered starting material supplied by Wah
Chang Corp. The resultant zone refined bars contained less than 0.1% of zir-
conium,

The experimental procedure has been described in detaii in earlier
publications.(lo) (11) The only essential change necessitated in the work with
borides was the substitution of piatinum or rhodium support rods for the Al203
cr ThQg fingers naed previously. The B203 fornied in the oxidation of diborides
reacts with refractory oxides. Platinum was suitable for pellet temperatures up
to 1600°C; rhodium was required for higher temperature runs, Samples in the
form of peliets, 0.3cm long and 0.7 cm in diaineter, were polished through
diamond dust, cleaned, and degassed in helium prior to oxidation, A thermal
conductivity apparatus was used to measure the net oXygen consumed during the
oxidation of inductively heated samples in a stream of heiium and oxygen at a
total pressure of one atmosphere,

*Also see Chapter III of this report.
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3. Results for Zlrconlum Dlborlde

a. Experimenrtal data. The experimental data for ZrB, are summar-
l1zed in Table 7. The Initial weights listed are weights taken after degassing the
samples in pure helium at about 1870°K until the signai from the thermal con-
ductivlty bridge dropped to zero (approxlmately 30 minutes). Welght changes
durlng this period were In every case less than 2x1074 g. The sample surface
areas (A) were calculated from the gross physical dimensions of the speclmens.
It wlll be shown below that this may Introduce considerable uncertalnty In the
calculated absolute rates, slnce oxidation along the length of cracks seems to
proceed just as it does on the outer sample surface. The densitles are simply
Initlal sample welghts divided by geometric sample volumes, The range in den-
slties, computed in this crude way, is from 5.56 to 6.04, with an average value
of 5.86 + 0,11 g/cc, The average is to be compared to a theoretlcal X-ray den-
sity for ZrBy of 6.09 g/cc. The temperatures are measured pyrometer temper-
atures read durlng the oxldation runs, corrected for sample emissivity (assumed
equal to 0.6) and the measured transmission characteristics of the optical system.
Temperatures can usually be held to + 5°C durlng the cour = of heating. The
oxygen pressures are partial pressures in helium, The carrler gas flow rate of
95 ml/mln corresponds to a linear flow veloclty in the neighborhood of the sample
pellet of about 3.1 cm/sec. The exposure times Indlcate the duration of each
oxldation experlment from the time the induction unlt 1s turned on untll 1t is
turned off. The welght changes are simply the differences in weight of each
pellet before and after oxldatlon, divided by inltial geometrlc surface area. The
total oxygen consumed is computed from the area under the thermal conductivity
curve as descrlbed below and represents the amount of oxygen in afl of the prod-
uct oxides formed during the oxldation experiment.

b. Analysls of the data. Inthe experiments described, a helium-
oxygen stredin is passcd through the reference cell of a thermal conductlvity
bridge, and over an inductlvely heated sample pellet which removes some of the
oxygen by reactlon. The gas stream, depleted in oxygen, is passed through the
sampllng cell of the thermal conductivity bridge. The reference and sampling
cells form two arms of a Wheatstone brldge, whose output is continuously re-
corded. The slgnal obtained is proportlonal to the difference in oxygen partlal
pressure or gas density in the two cells. Since the measurements are carrled
out In an open flow system, the total pressure ls everywhere close to one atmos-
phere. Thus, when an experlment is run in pure oxygen, a zero signal ls ob-
talned, in splte of the fact that oxygen ls consumed, because the pressure of
oxygen is always one atmosphere in both the reference and sampling cells.
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The output from the bridge, S, in millivolts is proportional to the dif-
ference in oxygen density in g/cc, (p, - P2 ) in the reference and sampling celis,
respectively.

S = k(py -pP2) (1)

Since the total pressure is essentially the same in the two cells, the flow rates
must be different, If v] (cc/min) is the flow rate through the reference cell and
vg is the flow rate through the sampling ceil, then the desired rate of oxygen
consumption by the sample under investigation, dm/dt (g/cmz-min) is given by

dm/dt = (o;v, - 0gvz) (2)

[
where m is iotal oxygen consumption in grams and t is time in min, The flow of
helium must be constant throughout the system, Hence

p"'Hc vy = Dg’Hc Vg (3)

where p, He and 0, He 2T€ the densitie. of helium in the reference and sampling
? ]

cells, respectively. Solving (3) for vo, and substituting in (2), one derives with
the aid of (1) and the perfect gas iaws an expression for the rate of oxygen con-
sumption, dm/dt, in terms of measured quantities:

dm/dt = vy(S/k)/ {1-p; + RT(S/k)/ M} (4)

where M is the molecular weight of oxygen, T is the temperature at which the
flow rate v) is measured (298°K), R is the gas constant, and p; is the oxygen
partial pressure in the initial gas stream in atmospheres, Since p.=>0, it follows
that in (4) RT(S/k)/M<p;. Therefore, if pj isa small fraction of an atmosphere,
the rate of oXygen consumption, dm/dt, is directly proportional to the observed
signal, apart from the previously discussed{10) affacts introdnced by rthe semara-
tion of reaction and detection sites., At high oxygen partial pressures, equation
(4) must be used to interpret the results, In practice, the denominator in (4) is

very nearly constant throughout any given experiment.

A typical parabolic plot of m2 vs t, constructed from the corrected
area under the experimental thermal conductivity curve according to equation(4)
is shown in Figure 1. Under all conditions investigated in this study, the oxygen
consumption vs time data for ZrBy could be fitted to a parabolic rate equation
after an initial period of about 40 minutes. The parabolic rate constants given
in the last column of Table 7 were computed from the finai slopes of plots similar
to that shown in Figure 1.

33



1600

1 1 T 1T T 71T T 1
=
400 I
F l'i'_
- PELLE X111-42
T 1711 K
Py 9.9 torr
1200 fom - |
1000 I~ —
=
s ol e —
-
)
-
6 Boo I~
o
5]
@)
~ e —
\ o
a0
;.
C oo a—
el
0
1 Te == -
* v
~]
b o0 —
£
r 1.
U S e
ool —
;
_ | | | | | | | |
» O 9 20 40 60 80 100
Time-min
e T e T S e R e e S e
A Figure 1 Typical Parabolic Plot of Zirconium Diboride Oxidation Data
1

34




" ;_‘r e

c. Temperature dependence of the oxidation rate. The temperature
dependence of the parabolic rate constants for total oxygen consumptlon is shown
on a log kp vs 1/T plot In Figure 2. Above 1400°K an actlvatlon energy of
77 + 5 kcal/mole was calculated for the over-all oxldatlon process by the method
of least squares, Below 1400°K, the actlvation energy is clearly muck lower, and
will be discussed below in conjunction with the work of Kurlakose and Margrave.U)

The wide scatter of polnts about the least squares straight line In the
high temperature range is due to the hign absolute value of the activation energy,
and to the presence of cracks in the as-prepared samples. Since the activation
energy is high small errors in temperature measurement or small fluctuations
In temperature during a run will result in large uncertainties in measured oxida-
tion rates. For example, at 1500°K, an error or fluctuation of 10° in exper{-
mental temperature wiil be reflected in more than a 15% error in k. The pres-
ence of cracks, introduced In the zone-refining process, results in a difference
between real and geometric surface areas, It will be shown below, that the sur-
face of a crack that extends Into the bulk specimen is oxidized just as If it were
external surface. Since the number of cracks is certainly not constant from one
sample to another, the area used In computing kp should really be the sum of
gross geometric surface area and surface areas of cracks. The use of the for-
mer alone can Introduce the observed scatter In the data.

d. Pressure dependence of the oxidation rate. Measurements of the
pressure dependence of the oxidation rate were hampered by temperature fluc-
tuations within a single run. At 1560°K, the results given in Table 7 for pellets
XIV-18, XIV-20, XIV-1, and XIII-49 show no trend with oxygen partial pressure
over the range 8,5 - 39 torr. In order to check direct pressure -ependence
found by Kuriakose and Margrave at 1329°K over the range 100 - 760 torr,
measurements were extended to 694 torr., The data on pellets XVII-10 and
XVIl-6 at 1200°K show an Increase in parabolic rate constant from 5.8 to
75.7 x 10" with an increase in pressure from 37,5 to 694 torr, At [830°K, the
parapoiic rate voustani at 20 torr, found by cxtrapelation of the data In Figure 2,
is 1.1 x 10°4 which is essentially the same as a measured value of 1.3 x 1074 at
694 torr. Thus, there appears to be a fundamental difference in the mechanism
of oxidation of ZrBs at Intermediate and high temperature. Below 13307K, the
oxidation proceeds with an activation energy of about 20 kcal/mole, at 1330°K
the rate is directly proportional to the oxygen partial pressure, Above 1550°K,
the activation energy Is greater than 70 kcal/mole; ard at 1830°K, the rate is
nearly independent of oxygen partial pressure,

e. Metallographic examination of the oxide films, Pellet XII-40 was
mounted and polished for metallographic examination, after it had been oxidized
for 114 minutes at a temperature of 1805°K and an oxygen partial pressure of
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19.9 torr. Figure 3a taken at a magnification of about 90X, shows clearly both
the grainstructure of the bulk material and the dense columnar oxide which forms
on the surface during oxidation. Figure 3b is simllar, but shows a reglon with
an extenslve crack running parallel to the ZrB, surface. Flgure 3c at a magnl-
flcatlon of about 450X focusses on the oxide within such a crack. The product is
very similar to that on the surface of the refractory, and appears to grow into
the bulk material at certain preferred growth sites, Figures 3d, e, f and g show
the surface oxlde once more at higher magnificatlons than Figure 3a. The oxide
is seen to be crystalline in nature, with the grains running for the most part per-
pendlcular to the ZrB, surface. The oxide-metal interface is clearly not smooth,
but the polnts of maximum growth rate do not seem to be related In an obvlous
way to the structure of the substrate. The Interesting photomlcrograph in Figure
3h at a magnlfication of 30X (and the same area at 90X magnlfication in Figure 3i)
shows the oxldation behavior of ZrB, in the neighborhood of a crack that inter -
sects the surface. The surface of the crack as seen in these pictures is almost
certainly the surface of the orlginal alloy. Therefore, the oxide must grow by
Inward diff 'sion of oxygen. The columns of oxide are seen to run perpendicular
to the outer surface of ZrBy, and In llke manner, are seen to run perpendicular
to the surface of the crack (parallel to the sample surface). A crack then effec-
tively increases the surface area of the alloy above that of the outer surface area.
Furthermore, the oxide on ZrBy does not have the "self healing" character, which
is deslrable for all high temperature protective coatings. The oxide on MoSly
would brldge over a crack, partially fill It in. The oxide on ZrBy simply grows
from the surface of the crack Into the bulk alloy.

X-ray analysis of the oxldized surfaces of all of the ZrB, samples
showed lines for monocllnic ZrO5, and no extraneous lines. Analysls was of
course performed on quenched samples and therefore does not necessarily re-
flect accurately the structure of the high temperature oxlde. Evidence was not
found in either the photomicrographs or in X-ray for the existence of a lower
oxlde adjacent to alloy substrate.

f. Comparison between net weight change and total oxygen consump-
tion data. The oxidation of ZrB, is expected to yleld the oxldes Zr0O, and ByO3.
The latter has an apgreciable vapor pressure, ranging from 2,3 x 10-6 atm at
1400°K to 5.4 x 1074 atm at 2000°K. {1 2) Thus the total oXygen consumptlon
measurements reported above represent the sum of the amounts of oxygen in
each of the product oxides. The net welght change measurements of Kurlakose
and Margrave represent the sum of a weight gain due to formatlon of con-
densed oxldes, and a welght loss due to vaporization of boron as ByO3(g). In
order to compare the results, it 1s necessary to evaluate the importance of oxide
volatlllty In the overall oxldation process.
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If it is assumed that the composition of the boride is not changed dur-
Ing oxidation, then the oxidation reaction may be considered in terms of two non-
elementary steps as follows:

ZrBz(c) + (5/2) Oz(g) — ZrOz(c) + B203(1,) (3)
!
B,0, (1) — B,0,(g) (6)
The total oxygen consumed, m, up to seme time t, may be wrltten as

rol
2701, 3[0]

w + e w
"Z105 ] Zr0,(c) [8203] B203(L) (7)
where wy is the number of grams of product X formed per unit boride surface
area up to time t, and the symbols in brackets are molecular welghts. Since
the oxidation is supposed to be non-preferential, the number of moles of ZrO3 (c)
formed must be equal to the number of moles of BoO2 () formed In the same
time period. The total oxygen consumed m and the net weight change w, o, differ
by the amount of BoO3 vaporlzed:

W =m-w

net LZOS(g) (8)

If the amount of BZO 3 that vaporlzes is negllglble, then:
Wi =™ (9)

1f B203 vaporizes as rapidly as it forms, then wB 0 .(g) = Wy 0.(%), and
273 273
220
w _=J2 28 (10)
net 5 3.0

The zquilibrium rate of vaporization of BO3 in vacuum 1s known, At
a total pressure of one atmosphere, the rate of vaporization is expected to be a
factor of 10 to 1000 tlmes less than the equilibrium rate.(13) For the purposes
of this dlscussion, it will be assumed that during the oxidatlon of ZrBa2, B203
vaporizes linearly at one one~hundredth of the equllibrlum rate G as long as
llquid B9Og3 is present. If the rate of formation of ByOg (1) is smaller than
0.01G, the liquid wlll vaporlze as rapidly as it forms,

4]



=g

—y

L S——,

Eam e -

-

B T s U VP

¥
o B

Since the total oxygen consumption was found to follow a parabolic
rate law, it follows from (7) and irom the assumption of stoichiometric oxidation
that the condensed oxides Zr0O; (¢) and BpO3 (L) must also grow parabolically.
Hence, at any temperature, there will be some time t, after which the rate of
vaporization of BoO3(g) will exactly balance the rate of formation of BpO3(!).

Att,:

dw1320. @ Mo
3 273
dt R ()
On the basis of the preceding discussion:
dw
B,0,(g)
a = 0.01G 12)
and
dw !
B,0.1)  ()7B0 |
L7273
273 _ p (13)

a 2% (5) 0]

where kp is the parabolic rate constant for total oxygen consumption. Equating
(12) and (13), one can solve for the time ty

4
0.18%94 x 107k
8- 5 P (14)
G

where k values can be taken from Figure 2 and G values from the literature.

At 1330°K, t, = 570 min, and the loss of B2O3(g) over the two-hour
period of the present oxidation experiments is negligible, Therefore, to an
excellent approximation, at all temperutures below 1330°K, weight gain and total
oxygen consumption should be identical. At 1440°K and above, t, < 5 min.
Hence above 1440°K BpO3 should vaporize as rapidly as it forms, and the rela-
tionship between weight gain and total oxygen consumption should be given by
equation (10).

For purposes of comparison in Figure 2, the weight change data of
Margrave and Kuriakose, obtained at an oxygen pressure of one atmosphere,
were converted to total oxygen consumption values at an oxygen pressure of 37.5
torr by means of equation (9} below 1330°K and equation (10) above 1440°K, with
the assumption of linear pressure dependenc~. On this basis, agreement between
the two laboratories is good.
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4. Results for Hafnlum Diborlde

a., Experimental data. The experimental data for HfBy, are summar-
ized in Table 8. For all of the conditions investigated, the data could be fitted
to a purabollc rate equation. Results of the experiments on pellets XV-5,XV-1,
and XII-36, in which the temperature was varled during the run, are plotted
parabolicaily in Figures 4, 5, and 6 respectively.

b. Temperature dependence of the oxidation rate. The parabolic rate
constants iisted in Table 8 are plotted in the form log k, vs 1/T in Figure 7.
The activation energy for total oxygen consumption is 48 + 6 kcal/mole in the
range 1480-1870°K. Around 1970°K, the transition temperature for the mono-
clinic to tetragoral phase change in HfO,, there is a remarkably abrupt increase
in the rate of oxidation. Following the analysis presented earller for ZrBp it s
found at temperatures above 1488°K, the lowest temperature Investigated, that
the rate of vaporization of BpO3 should be equal to its rate of formation, and
HfO73 (c) should be the only condensed oxide on the surface of HfB;. Therefore,
the change in slope of the Arrhenius curve is not due to a change in the relatlve
rates of formation of ByO3(4) and BpO3(g) as it might be in the ZrBj case, and it
can be correlated directly with a phase chang= in the metal oxlde.

c. Pressure dependence of the oxidation rate. The data taken at
1760°K for oxygen partial pressures between 1.4 and 694 torr are plotted as a
function of oxygen partial pressure on a log-log plot in Figure 8. A least squares
analysis of the data ylelds a pressure coefficlent for total oxygen consumption of
0.4+ 0.1; i,e.:

.4 +£ 0.1
k o
p p

At 1735°K (pellet XV-40) no pressure dependence of rate was observed within
experimental error over the range 8.5 to 27 torr. At 1630°K (pellet XV-16)
over the same pressure range, a pressure coefficient of 0.5 was determined
from the data plotted in Figure 8.
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d. Metallographic examination of the oxide films, Pellets XVII-18,
X1I-36, and XV-1 were mounted and polished for metailographic examination
after oxidation. Oxide was polished off one circular part, revealing the alloy
beneath and ieaving the oxide at the outer rim. A photomicrograph of peliet
XVII-18, that had been oxidized for two hours at 1760°K and 26.8 torr, is shown
in Figure 9. The structure of the oxide is quite different from that shown in
Figure 3 on zirconium diboride. Two layers are clearly visible, a thin outer
reglon and a thicker inner one. The patches of oxide at the left, apparently un-
connected with the oxide at the outer rim, are probably areas of the surface
which were oxidized more rapidly than the bulk alloy, and hence were not pol-
ished away during preparation of the sample, The oxidation rate may be a func-
tion of the crystalline orientation of the diboride, The crack in the right hand
quarter of the figure may be filled with oxide, suggesting that the oxide grows in
part by outward diffusion of hafnium.

Photomicrographs of the surface of pellet XII-36, that had been oxi-
dized for two hours at 1864°K and for two hours at 1971°K at an oxygen partial
pressure of 18.5 torr are shown in Figure 10. The thicker outer layer of oxide
was probably formed at the higher temperature, the narrower inner layer at the
lower, again suggesting motion of hafnium. In Figure 11 a photomicrograph of
pellet XV-1, that had been oxidized for two hours at 1654°K and for two hours at
1542°K at an oxygcn pressure of 19.9 torr, is shown. The oxide is very similar
to that shown in IFigure 9, A layered structure, due to the change in temperature
in the middle of the run could not be positively identified.

X-ray analysis of the oxidized surfaces of all of the HfBy samples
showed lines for monoclinic HfO9, and no others.

e, Effect of water vapor in the oxidation of HfBy, At 1760°K and an
oxygen partial pressure of 19,3 torr, in the presence of 4, 6 torr of water vapor,
a narahalfc rate constant for oxidation of 1.4 x 1076 /c:m4 - min was obtained,
In the absence of water vapor, under the same conditions, a value of 1.5 x 107°
gz/cm‘; - min was obtained, Thus, the effect of water vapor under these condi-
tions appears to be negligible, It might be anticipated that water vapor would
accelerate the rate of vaporization of B2O 3, but at 1760°K, boron oxide is
already evaporating as rapidly as it forms, Water vapor might therefore influ-
ence the oxidation kinetics at lower temperatures,
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Figure 9
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Photomicrograph of Oxidized Hafnium Diboride
Pellet XVIi-18, Temperature 1760%K, Po 26.8 Torr
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Photomicrographs of Oxidized Hafnium Diboride
Pellet XIl-36, Temperature 1970°K, Py 18.5 Torr
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Figure 11
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Photomicrograph of Oxidized Hafnium Diboride
Pellet XV-1, Temperature 1650 and 1540°K, P
2
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5. Discussion

In order to compare the zirconium diboride and hafnium dibo~ide
results in the 1400-1900°K range, the parabolic rate constants in Tables 7 and 8
were converted to an alloy consumption basis for the densities listed, on the
assumption of non-preferential oxidation of the alloys to BoO3 (g) and metal di-
oxlde. The results are compared In an Arrhenius plot in Figure 12. In this
temperature range, the parabollc rate constants for oxldatlon of HfBy are almost
an order of magnitude less than the corresponding constants for ZrBy. In
Figures 2 and 7, it {s seen that the rate of oxidation of zirconium diboride in-
creases sharply near 1400°K, while the rate of oxidation of hafnlum diboride
shows a slmlilar Increase around 1970°K. In the case of hafnium diboride, the
jump in oxidation rate is clearly due to the monoclinic to tetragonal transition in
the oxide. In the case of zirconlum diboride, the phase transition in ZrQ2 does
occur around 1400°K, but the increase in oxidation rate might aiso be due to the
fact that ByOg (?) is present on the surface of the alloy in the low temperature
range, but vaporized as rapldly as it Is formed at higher temperatures. In any
case, for both ZrBs and HfBy the monoclinic oxide appears to impart greater
oxidation resistance than the tetragonal modification,

Although the experimental data for hoth zirconium diboride and hafnium
were fitted to a parabolic rate equation, the mechanism of oxidation is not clear,
Zr07 and HfO2 are normally considered to be anion deficit semiconductors, and
one might expect the oxidation of HfBy and ZrBy to be controlled by diffusion of
oxygen ions via vacancies in the respective metal oxides, If this mechanism
were valid, however, the activation energy for diffusion should be equal to the
activation enexgy for oxidation, and the rate of oxidation should be independent
of oxygen partial pres sure (14) The linear pressure dependence for oxidatlon
of ZrBy fcund by Margrave and Kuriakose at 1329°K over the range 100-760 torr,
and confirmed by us at 1200°K, precludes a simple diffusion m=chanism via
anion vacancies in this temperature range, Above the phase transition tempera-
ture for ZrO5, diffuslon data is not avallable., However, the activation energy fo]f:\
77+ 5 kcai/mole found for oxidation is not an unreasonabie energy for diffusion:=~/
and furthermore at 1830°K the parabolic rate constant for total oxygen consump-
tion was found to be independent of oxygen pressure,

The oxldatlon of HfB2 to monoclinic HfO7 (c) and gaseous B203(g) was
found to depend upon the 6.4 1 0.1 power of the oxygen pressure, which againis
too high to be consistent with a diffusion mechanlsm via oxygen anion vacancies.
In fact, the oxidatlon behavior in the neighborhood of a crack, and the layered
structure observed when the temperature was ralsed or lowered in the middie of
a run, suggested that hafrium is the major diffusing species during the oxidation
of HfBo.
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According to the Wagner theory, the parabolic rate constant for oxida-
tion should bhe proportionai to the product (T4 + 7.) Te #nowhen Ty, e, Te
are the transference numbers of anions, cations, and electrons in the oxide film,
and x is the total conductivity of the oxidant at oXygen pressure of one atmos-
phere, Thus, in order to calculate a rate constant for the oxidation of ZrBy and
HiBy, oa the basis of the Wagne1 mechanism, it is necessary to kinow both T and
"o values for the growing oxide film. If ZrO) and HfO, were anion deficit semi-
conductors, with diffusion occurring mainly via anion vacancies, then Te ~ 0,
T4 << 1, and of course T, =~ 1, The situation, in fact, af)gears to be more
complicated, and the recent work of Kofstad and Ruzicka( ) on the defect
structure of ZrQ, and HfO, shows that either n- or p- tvpe conductivity is pos-
sihle in these oxides. The oxidation of ZrBy and HfBo will be a function of the
detailed defect structure.

B. ZIRCONIUM AND HAFNIUM CARBIDE

1. Background

The oxidation of zirconium carbide has been studied by Margrave and
Kuriakose (7) at temperatures of 550-650°C in oxygen at one atmosphere. The
oxidation was found to be linear, with an activation energy of 16.7 + 1.7 kcal/
mole.

Bartlett,(”) as part of a doctoral dissertation measured the rate of
weight gain of sized powders of ZrC in air, oxygen, and oxygen-helium mixtures
at temperatures of 450-580°C, and oxygen pressures of 60y - 6.8 atm. Semi-
quantitative data were obtained at temperatures up to 900°C, at oxygen pres-
sures below 4 mm. Net welght changes were monitored with a spring balance
and results were interpreted on the basis of stoichiometric non-preierential
oxidation of ZrC to ZrQO, and CO,. No attempt was made to analyze the gaseous
products separately, or to check that the solid phase composition does remain
constant during oxidation, In the 450G-580°C range the weight gain vs time curves
showed an initially curved part, where oxidation was very rapid, followed by a
straight line section for the remainder of the reaction. Runs lasted from 50-900
minutes, with the longer runs being made at lower temperatures, The oxidation
product was found to be cubic ZrQO9 in every case, a phise normally thought to
be unstable, but which might be stabilized by small amounts of carbon. At oxy-
gen pressures between 0.1 and 1 atm,., the reaction rates appeared to be inde-
pendent of pressure, Betweenland 6.8 atm,, the rate decreased slightly with
increasing pressure, Below 4 torr, oxidation rates were linear from zero time
(i.e., the weight gain curves failed to show an initially curved portion), and
were directly proportional to oxygen pressure. The activation energy for oxida-
tion in the 450-580°C range computed from the final linear portions of the weight
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gain curves was found to be 45,7 kcal/mole. In the 580-900°C range, at pres-
sures below 4 mm, the oxidation rate was found to be proportional to oxygen
pressure, but virtually independent of temperature, The reason for this may be
that under the experimental conditions, the reaction was controlled by the rate
of arrival of oxygen at the refractory surface. While some monoclinic ZrO2
was detected in the product oxide at the higher temperatures, cublc ZrQ, still
seemed to be the major product.

Watt, Cockett, and Hali (18) made a single weight change measurement
of 49.8 rng/c:m2 in a solid sample of ZrC of density 6.20 g/cc and 4,8% porosity,
exposed to a stream of dry air flowing at 5.3 cm/sec, for 30 minutes at 800°C.

The present study was undertaken to elucidate the mechanism of oxida-

tion of ZrC and the chemically related HfC at temperatures above 900°C, where
information i{s not available from previous investigations,

2, Experimental Method

Cylindrical pellets of ZrC were cut from zone refined bars prepared
as described by Westrum and Felck.(19)(*)  Hafnium carbide powder was pre-
pared by the Carborundum Company from high purity HfQ, supplied by Wah
Chang Ceorporation. The HfC powder was sintered into bars and arc-melted on
a water-cooled copper hearth using a water-cooled tungsten electrede, In order
to minimize loss of carbon during melting, the operation was conducted in an
atmosphere of argon containing 3.140/0 of ethylene and 11.4 o/0 cf hydrogen.
The resulting ma'tzegia} was slightly carbon deficlent, corresponding to a compo-
sition HIC, gc).¢ )(*)

The permanent gases, CO(g) and CO9(g), in addlition to the refractory
metal oxides, are anticipated products of the oxidation of ZrC and HfC. There-
fore, the thermal conductivity method described in previous pubiications(lo)(ll)
cannot be used without modification to study the oxidation, Fur ibw carbide work,
a known mixture of helium and oxygen was passed through the reference side of
a thermal conductivity cell(10) and over an inductively heated carbide pellet,
supported on ThQ, fingers by three point contact, A portion of the oxygen re-
acted with the pellet to produce oxides of the metal and carbon,

*Also see Chapter III of this report.
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3. Results for Zirconium Carbide

a. Experimentai data, The experimentai data for ZrC are summar-
ized in Tabie 9. The first coiumn identifies each sample peiiet. The second
column gives the weight of each peliet after it had degassed at 2200K in pure
helium untii the signal from the thermai conductivity celi indicated that no per-
manent gases were being evolved. The third column gives geometric surface
areas, caiculated from micrometer measurements of the neight and diameter of
the cylindricai pellets, The fourth column records sample densitles, computed
from weights after degassing and pellet dimensions. Columns 5, 6, and 7record
the pellet temperature, assuming an emissivity of 0.7, oxygen partiai pressure,
and carrier gas flow rate, respectively, for each oxidation run. The duration of
the experiment is given in column 11, and the net weight change, totai CO(g)
preduced, and total CO5(g) produced in this time are given in columns 8, 9, and
1Q respectively,

From the measured quantities in coiumns 8-10, the total carbon con-
sumed and total zirconium consumed, in columns 12-14 can be computed, From
the observed weight changes in the Ascarite bulbs, it is known that both CO(g)
and CO, (g) form during oxidation. In addition, a white nonadherent oxide, with
the X-ray pattern of ZrO; (s), is visible on the surface of the sample peilets
after reaction. If it is assumed that the only oxidation products are CO3 (g),
CO(g), and ZrO,(s), then the total carbon cousumed, ¢, is caiculated from the

measured weights WCO2 and WCO of COz(g) and CO(g),
1 el
N - SR (15)
Lcoz“ 2 [co]

where the symbois in brackets, [ 7, represent molecular wefghts, The totai
welght of zirconium, z, that has been converted to oxide is calculated from the
meaanred weight change, W and the derived carbon consumption:

-
- 5-[—2(")’;']]— (w_+c) (16)
The ratlo of the number of grams of zirconium consumed to the number of grams
of carbon consumed during oxidaticn is given in the column 14 of Table 9. The
ratio is seen to have an approximately constant value of 7,5 % 0.2. Since the
corresponding ratio in the Zr C starting material {s 7,6, it would appear that
the oxidation of ZrC is stoichlometrle. That is, for each zirconium atom con-
verted to oxide, a singie carbon atom is aiso converted to oxide, The rate of
oxidation in the iast column is shown to be highest for pellet X{I-1. In all of the
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runs where welght data ls given, niore than 907 of the oxygen passed over the
refractory pellet reacted wlith it, and the reaction was probably controlled,
therefore, by the rate of arrival of oxygen gas at the sample surface. Foz
XII-1, the supply of oxygen was sufficient to permit a slgnificant determination
of oxidation rate.

Welght change data 1s not given for pellets XII-8, XII-5, and XII-3
because at these relatlvely low temperatures the pellets were broken apart by
the oxldatlon process. At the end of each experlment, the grain boundaries of
the ZrC were seen to be ovtlined by a white material, probably ZrO,. The
growth of the oxlde in pre-existing cracks and grain boundarles of ZrC undoubt-
edly creates encugh stress to fracture the carbide.

b. Metaliographic analysis of the oxide fllms. Pellet X1I-1 which had
been exposed for two hours at a temperature of 1969°K and oxygen partlai pres-
sure of 25,9 torr In hellum, was mounted and poiished for metallographic exam-
ination.

Figure 13a shows the prepared oxidized specimen, at a magnificatlon
of 7X. The gray cuter rim is the oxide, and the inner bright circular area ls
the surface of carblde., To the naked eye, the outer oxide coatlng looks white
and chalky, and the inner surface from which the oxide coating was polished off,
looks brlght and metallle. A mottled rlm is clearly visible along the oxide-alloy
interface; the remaining photomicrographs focuson portionsof this interface.

In Figure 13b. at a magnificatlon of 60X, the oxide fills the entire upper half of
the photograph, and the alloy the lower. The oxide is obviously growing down
grain boundaries in the carbide, and enveloping indlvidual alloy crystaliites.
The structure of the bulk oxide 1s very dlfferent from that on ZrBy (Fig. 3)
although both show only the X-ray lines for monoclinic ZrG9. On ZrBj, the
oxide was secen to grow in a columnar structure; on ZrC, the 2r02 assumes a
graln structure very similar to that of the original alloy., Flgures 13c and 13d
show the oxlde alloy Interface at a still higher magnlfication, 390X, and one
sees even more clearly the preferential oxidation of grain boundarles, and the
lateral finger like growth of oxide from the boundaries into the crystallite bulk,
This would appear to be the mechanism of oxide growth on ZrC at hlgh temper-
atures--rapld attack at grain boundarles, and slow oxidatlon of the alloy from
the grain boundary surface inward. Figure l3e, at a magnification of 690X,
shows portions of the alloy compietely enveloped by oxide. Finally, Figure 13f
is a vlew of the alloy surface at a magnification of ¢90X. Thls surface had been
covered with a dense oxide prior to polishing, and one sees here the penetration
of the oxide into grain boundarles of the alloy. Between 1126 and 1559°K, the
graln boundary attack results in Intergranular iracture of the alloy. Above
1580°K, there is apparentiy enough plasticlty in elther alloy, oxide or both, so
that the sample remnains intact during oxidatlon.
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4. Resuits for Hafnium Carbide

a. Experime:ntal data, The experimental data for HfC are summar-
ized in Tabie 10. Since the arc-melted samples were highly irreguiar in shape,
the geomnetrically calcuiated surface areas and densities are only approximate.
The surface oxide tended to flake and spall upon removal of the cample from the
apparatus, and hence, the measured weight gains are maximum values. From
the measured maximum net weight gains, and the weights of CO(g) in the prod-
uct gas stream, the maximum ratio of hafnium to carbon oxidized can be calcu-
lated, as described above for the oxidation of ZrC. The experimental values of
the ratio are given in Table 10 as 14.1, 10.1, and 15.9, to be compared to a
Hf:C ratio in the originai alioy of 15.6. Since the experimental ratios are max-
imum vaiues, it appears that Hf may be oxidized preferentially. Linear oxida-
tion was observed in every case for which a rate iaw couid be determined. For
pellet XVI-19, the temperature dropped continiousiy from 2000 to 1600°K, dur-
ing the run, resuiting in a corresponding dvop in the signal from the thermal
conductivity bridge.

At 1280°K in pure oxygen at one atmosphere, a hafnium carbide specl-
men disintegrated into several pieces within three miautes, in a manner very
simiiar to that described above for zirconium carbide, X-ray anaiysis of the
oxide fiims reveaied iines for HfO9 (c) and no others.

b. Metallographic analysis of the oxide films. Peiiet XVI-19 was im-
bedded in piastic and poiished for microscopic observation. In the photomicro-
graphs shown in Figure 14 preferential oxidation is seen to occur along grain
boundaries. The oxide is also observed to contain considerable porosity. The
photomicrographs in Figure 15 are for a hafnium carbide peliet that had been
exposed to a Ng-He mixture for an hour and a quarter at temperatures of 1960°K.
The N2 apparently contained a small quantity of oxygen, and white HfO (c) was
identified on the surface of the sample by X-rqay diffraction anaiysis. The net
weight change of the sampie was 0.0°024;/cm~, an order of maguitude less than
that observed at an oxygen partiai pressure of 11.5 torr in the same temperature
range. The oxidation rate was =een to decrease slightly with time, and aithough
grain boundary oxidation is appaient in Figure 15, the oxide seems less porous
than that shown in Figure 14, for oxidation at a higher pressure.
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5., Summary

At temperatures of 1130-2160°K and oxygen partial pressures of 3-26
torr the oxidation of ZrC is llnear and non-preferential, i.e., zirconium is oxi-
dized at the same rate as carbon. Oxide grows most rapidly along grain bound-
aries and gradually evtends into the interior of crystallites, Between 1130 and
1560°K, the grain boundary oxidation results ir fracture of the specimens, The
oxidation of HfC, at temperatures of 1790-2000°K and oxygen pressures of
around i0 torr, is also linear and occurs preferentially along grain boundaries,
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V. MASS TRANSPORT STUDIES*

A, INTRODUCTICN

In the oxidation of the carbides and borides oxide coatings will form.
Providing that these are adherent and non-porous, the rate of oxidation may be
limited by the rate of diffusion through these oxide coatings.

The rates of diffusion through oxides are determined by th=» defect
structure of the materials. The defect structure may also be a factor in whether
an adherent and non-porous coating is formed. Thus, a knowledge of transport
processes and defect structure in zirconium oxide and the degree to which it can
be controlled can be important in understanding observed kinetic behavior and in
"engineering” ceramic bodies for specific applications.

We have undertaken the study of mass transport and defect structure in
zircouium dioxide. The proposed program of electrical conductivity, ion transport
and isotopic tracer studies was discussed in detail in an earlier report, ASD-TDR~
62-204, Part 1.(21) Early experimental techniques and the results of ac electrical
conductivity measurements and their interpretation were presented in last year's
report ASD-TDR-62-204, Part 11.(15)

Since the electrical conduction process is related to the motion of charges
in the material it is appropriate to investigate electrical conductivity as a means
of providing information on beth oxygen transport and defect structure. Conduc-
tivity (<) in solids is often found to obey the empirical relationship

_ ke E/KT

~

and thus a plot of In 7 vs 1. T will yleld activation energy (E) for the conduction
process.

If more than one conduction path exists (i.e. electronic as well as ionic),
it will be necessury o separate the varisus conduction paths. Thic ran be done by
a pelarization technique ir which all ionic transport is hlocked by a polarizing

electrode.

Ve present here the results obtained during this report peried and attempt
to interpret the defect structure of ZrC, from the available data. The report will
discuss ac electrical conductivity results using a new electrode arrangement and dc
polarization measurements, both as a function of oxygen atmosphere and temperature.

*Prepared by Dr's L.A. McClaine and C. P. Coppel, Arthur D. Little, Inc.
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The results are discussed in terms of a separation of the ac and Jic meagurements
Into ioniz and electronic contributions to the conduction process.

B. EXPCRIMENTAU DETAILS

Sample material was prepared by fusing powdered ZrOg in an ADL-
Strong arc-imaging furnace into boules abeut one cm dlameter and three to five
cm's long. Two sources of powder were used in preparation of the boules, Omne
was a spectrcgraphic grade ZrO, powder from Wah Chang Corporation and the
second wes a powder which we prepared by oxidation of pure zirconium sponge
obtzined from Wah Chang Corporation. The details of preparation and analysis
of these materials were presented in an earlier report\ls) (see also Section III
of this report). Density measurements indicate that material prepared in this
manner is at least 99% of theoretical density. A semi-guantitative spectro-
graphic analysis of a wafer cut from a fused boule, when compared to an analysis
of the powder, indicated no significant change in co-aposition arising from the
fusion operation.

Initial electrical conductivity measurements were made with samoles
having constant pressure electrical contacts. This sampie holder and electrode
arrangement were discussed in our previous report.(ls) Although good repro-
ducibility in the rate of change of resistance with temperature was obtained, the
absolute resistances varied from run to run, and were easily affected by mechan-
lcal disturbances of the holder systerm. Near the end of the last report period a
technique was developed for attaching electrical leads directly to the sample
faces. This was first accomplished by vapor plating platinum onto the sample,
then sintering a platinum lead wire by using a platinum black paint and firing the
assembly. Without the platinum vapor coating the platimum black paint apparently
did not wet the surface and left a very ul.catisfactory bond. Later it was discovered
that electrical leads could also be applied directly by first coating the sample
with a"liquid platinum’™ and then sintering on an electrical lead with a platinum
black paint. This technique works best if several thin coats of "liquid platinum™
are applied and fired before attempting to sinter the lead. This technique
eliminates the need for vapor coating platinum on the gurface. Samples used in
the work reported here Lad electrodes directly attached by this technique.

the sample waa suspended in the furnace by either two or four leads in
the holder shown in Figure 16. The leads were protected and insulated by alumina
tubes and the tubes were mounted ir a rigld stricture by cementing alumina digks
aopropriately. The cemented disks were designed to minimize conduction paths
through the alumina in the hot zone of the fuimace. A heat ghield and support disk
(for hanging the sample holder in the furnacc) were cemented to the sample holder.
This arraigement his worked satisfactorily for the work reperted here,
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In early ac resistance work with this holder two platinum leads were
attached to the sample. At that time temperature of the sample was determined
by either an optical pyrometer sighting into the furnace or a Pt-(Pt-10% Rh)
thermocouple placed near the sample. In later work when both ac and dc meas-
urements were required Pt-(Pt-10% Rh) thermocouples were connected directly
to the ends of the sample. In this way more accurate sample temperatures
could be obtained, temperature gradient across the sample could be measured,
and current and potential leads were made available for dc measurements.

For most of our studies two types of electrical measurements were
made. An ac resistance was measured at one kc with a General Radio Type
1650- A impedance bridge. A dc measurement was made under conditions favor-
Ing polarization by passing a kncwn dc current through the sample and measuring
the emf across the sample. The power source was initially an Electro Model
D-612t filtered dc power supply but to reduce circult noise most of the measure-
ments reported here were made using 6 volt dry cells. The emf was measured
with a Leeds & Northrup Type K Potentiometer No. 7552 and a Minneapolis
Honeywell Doelcam Null Detector. The current leads were the Pt lea” of one
thermocouple and the Pt-10% Rh lead of the other thermocouple. The potential
leads were the pair of either Pt or Pt-10% Rh leads to the two thermocouples.

It was not desirable with our samiple-thermocouple-electrode arrangement to
completely separate current and potential leads, but since the lead resistance
was at all times less than 1% of the sample resistance, current flowing in the
potential measurlng lead did not seriously affect the measured emf. Measure-
ments were made on occasion with current flow through the sample reversed in
order to detect any error introduced by the Thompson effect. Only at tempera-
tures above 1430C was a significant difference observed in the potential measure-
ments and in this region curves were drawn to average the resistances calculated
for forward and reverse curre..; flow.

Current-voltage measurements were made to determine the polarization
curve in arder to inanre that de measurements would be carried out in a voltage
region helow any possible decomposition potential. For pure Zr0Oo we found a
straight line 1 to E relationship below potentials of 0.1V, The curves began to
break as potentials were increased beyond this point. The straight line portion
of the I-E curve corresponded to currents of up to about 100 u amps for our
sample geometry. Almost all dc measurements reported in this report were
made at currents of about 10 - 20 u amps.

The furnace used in this work consisted of an alumina tube wound with
platinum - 10% rhodium wire placed in an insutated container. It was wound to
give a fairly large hot zone in the center of the furnace. The arrangement has
allowed us to reach temperatures of 1500C which is near the maximum tempera-
ture aillowed by the construction mat. rials. The temperature is controlled by
means of a varlac on the output of a constant voltage transformer supplying power
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to the furnace. This arrangement gave temperatures constant to +2°C. Tem-
peratures were measured with both a pyrometer and Pt-(Pt-10% Rh) thermocouples
for measurements carried out in air. For controlled oxygen atmesphere measure-
ments the tilermocouples were used alone in order to eliminate the gas leakage
path through the pyrometer sight hole. Measurements were made either at
constant temperature with the variac at a single setting or under heating or cool-
ing conditions with the variac being mechanically driven. Under heating and
cooling conditions temperature changes were on the order of 1-2 degrees per
minute.

For controlled atmosphere measurements, two pyrex tubes with side
arms were epoxied directly to the ends of the alumlna furnace tu® . The epoxy
seals were cooled by copper coils with circulating water, The si.e arms served
as gas inlet and outlet and the open ends of the tubes served as Inlets for the
thermocouple and sample holder. Seals were made through rubber stoppers.
This arrangement has been used with furnace temperatures up to 1600°C.

A gas purifying and mixing system provlded known mixtures of oxygen
and helium, carhon monoxide and carbon dioxide, or hydrogen, helium and water
vapor. The gases were purified, passed through flow meters, then through a
mixing tube, through the furnace, aund finally out through another flow meter.

The system is by no means vacuum tight and undoubtedly small leaks
are present. However these should not seriously affect the validity of the calcu-
lated oxygen pressure since this was determined by either; (a) the presence of a
substantial amount of O flowing in the system (1 atm to 10-2.5 atm) or (b) the
presence of large amounts of reducing and oxidizing species which would tend
to preserve the equilibrinm oxygen pressure by reacting with small amounts of
leaked gases,

Flow rates were kept at a rate fast enough to avoid thermal diffusion
memm VAN A ]

and slow enough to avola cooling the sampie. Thesc ranged from 260 cc/min to
60 cc/min,

C. RESULTS

Jur initial measurements were made in air with the ends of the furnace
tube oper.. Figure 17 shows some ac measurement results in the tetragonal
region (1050-1650C). Curves 1,2, 3 were obtained by continuously changing the
temperature of the furnace at rates of about 1 - 2°C per minute, The furnace
temperature was varied by means of 4 mechanically driven variac. Curve ]
represents 3 cooling and 2 heating cycles, Curve 2 represer.i; 2 cooling and
2 heatirg cycles. Curve 3 is a single cooling cycle. Each of these curves is
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a set of measurements taken while in the tetragonal region. Also, each succes-
sive set was taken after at least one cycle through the monoclinic-tetragonal
transition zone. The successive increases in resistance for the three sets of
data may be indicative of cracking in the sample or changes in the sample
electrode contact due to sample expansion and contraction on passing through the
transition zone. The first series of measurements (Curve 1) gave results which
faill generally on a straight line, while the next two serles {Curves 2 and 3)
indicate either a small curvature or possibly a break from one straight line to
another. This work shows the reproducibility of results while remaining within
the tetragonal region. It does indicate some change may occur on cycling
through the monoclinic-tetragonal transition region. We now helieve that the
breaks observed were the result of a crack in the sample. The following table
summarizes these results and gives activation energies takzn from these curves.

TABLE 11

SUMMARY OF EXPERIMENTAL DATA PRESENTED IN FIGURE 17

Temperature Temperature Activation
Curve Atmosphere Conditions Range rnergy
T e T (°C) (ev)
(1) Alr Heating and 1060-15460 0.605
Cooling Cycles
(2) Alr Heating and 1050-1290 0.653
Cooling Cycles
Air Heating and 1290- 1620 0.5%5
Cooling Cycles
(3) Air Cooling Cycle 1040-1270 0.661
Air Cooling Cycle 1270-1510 0.540

Figure 18 shows ac measurement results in the monoclinic region
(780-1060C). Again the three curves represent three series of measurements, be-
tween which there was at least one pass through the transition zone. The data in
all cases approximate a straight line and in general show increasing resistance
from run to run. The activation cnergies taken from these curves are: (1) 1.10
ev, (2) 1.19 ev, and (3) 1.12 ev. These results were all taken in air during

either a heating or cooling cycle.
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Tae actlvation energies obtained from these ac measurements on a
sample in both the tetragonal and monoclinic phase are in good agreement with
those reported last year in the study using the pressure contact electrode sample
holder.

At this point we wanted to start making measurements as a function of
oxygen pressure and at the same time carry out a serles of measurements aimed
at separating lonic and electronic conduction. However when we attempted dc
nieasurements in air we found no difference in resistance from our ac measure-
ments. Subsequent work indicates that we were working at too high a potential,
but at the time we thought that platinum might be acting as a reversible oxygen
electrode and decided to try other materials as a blocking electrode. The first
attempt was made using aluminum oxide as a blocking electrode. Aluminum
oxide has heen shown to be essentially an electronic conductor. (22) By placing a
layer of aluminum oxide at onz end of the zirconia sample, passing a known dc
current through the alumina and zirconia in series and measuring the potential
drop across part of the zirconia sample we hoped to be able to measure only the
electronic conductivity of the zirconla. Total conductivity would be ohtained by
either our present technique or an ac measurement on the alumina zirconia
sample.

The blocking electrode experiments were attempted in air with thin
disks of Linde sapphire and with thin vapor deposited films of aluminum anodized
to aluminum oxide but we were not successful in obtaining any meaningful measure-
ments. Subsequent experiments on lime stablized zirconia in alr and inert atmos-
pheres which indicated that polarization does not occur in air under the voltage
and current conditions at which we were working may imply that the aluminum
oxide blocking technique might work under different experimental conditions.

At this point we attempted a series of measurements using platinum
electrodes on a known lonic conductor, lime stablized zirconla. The material
was obtalned from Norton Co. and contained about 9% calcium oxide. The fol-
lowing table lists some typical results on this sample obtained in = N2 atmos-

nhore
pagcre,

Temp I B Rdc Rac T Rj
(*C) (4 amps) (volts) {ohms) {ohms) Rgc-Rac Rd4ce Rac
Ryc Rdc-Rac

1270 1340 (.453 338 28.0 0.92 30.5

785 0.289 368 0.92 30 3

490 0.200 408 0.93 30.1

270 0.126 466 0.94 29.8

138 (0.0678 491 0.94 29.7

76



.

In this table T is the lonic transport number, Ry the ionic resistance,
Rac the ac resistance, Rjc the dc resistance, I the current flowing in the sample
and E the emf across the sample. The sample dimensions were 0.136 x 0.169
x 0.189", the latter being the distance between electrodes. For the measurement
at 0. 0678 volts and using the equation

o = L/AR

for conductivity (o), where L is the length of the sample, A the cross sectional
area, and R the resistance; one obtalns a value of gy = (.109 (ohm'1 cm~1) which
is in excellent agreement with the value given by Kingery et al.(23)

This experiment indicated that in a nitrogen atmosphere the platinum
electrodes do act as blocking electrodes to ionic oxygen conduction and that de-
composion potentials are in the 0.2 volt reglon or higher. The same experiment
in air gave identical dc and ac resistances indicating either no polarization or no
fonic conduction. Since this material has been shown to be an {onic conductor at
oXygen pressures up to one atmosphere(23) it must he concluded that polarization
is not taking place in the air atmosphere for the same E and [ conditlons which
were studied in nitrogen.

With this indication of satlsfactory polarization behavior with platinum
electrodes, at least in low oxygen atmospheres, we attempted further measure-
ments on pure zirconium dioxide samples. We have determined polarization
curves for the several different atmospheres used in our studies. At high oxygen
pressures the difference between ac and dc measurements was very small but it
was real. Earlier difficulties were in part due to the small magnitude of the
change and noise in our measuring clrcuit.

In the course of our experimentation a series of rate of atmosphere
equilibration runs were made. These runs were made at a constant current of

and vice versa. The results are shown in Figure 19. They are of interest for
three reasons: (1) They give an indication of times required for equilibration.

{z) The shape of the curves implies that the electronic conduction is the result of
at least twg opposing factors which reach equilibrium at different rates. (3) The
presence of a nitrogen atmosphere glves a higher lonic conductance than a helium
atmosphere, Implying nitrogen interaction with the matrix creating more defects
for lonic conduction. All future experiments used hellum as the inert gas
component.

The major experimental phase of this study consisted of an extensive
series of ac and dc measurements on zirconium dloxide samples as a function of
oxygen pressure and temperature. The first measurements in the series weve
made at constant tempereture, varying the oxygen pressure. It gsoon became
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apparent that data could be obtained more efficiently by holding oxygen pressure
fixed and varying temperature since this technique reduced the waliting periods
required for equilibration.

Figures 20 through 24 are representative of the results obtained. Data
in Figure 20 were obtained in a pure oxygen atmosphere and data in Figure 21
were cbtalned in an oxygen helium mixture. Inthese two graphs oxygen pressure
is cunstant for all temperatures. The other three Figures, 22-24.represent
resulis obtained in carben dioxide - carbon monoxide mixtures, and hydrogen-
helium-water vapor mixtures. In these graphs oxygen pressure varies with
temperature as the equilibrium betrween the various gases shifts with temperature,
A few oxygen pressures are given at the top of each graph. Figures 20 and 22
repregent more than one temperature cycle and the points for the individual runs
indicate the relative reproducibility of the measurements.

Figure 22 gives the results obtained in a high CO,/CO rato ¢ 20)
atmosphere and two curves for the ac and dc results are plotted. The two sets
are ldentified as [ and II in the figure,

The first set of data (I} was taken on the sample after it had been
exposed only to oxygen, helium, hydrogen, and water vapor. The second set
(II) was taken much later in the samples history after considerable exposure to
carbon dioxide - carbon monoxide atmospheres. This behavior {s believed to
indicate a tendency for carbonaceous atmospheres to change the sample properties.

A series of measurements were carried out to evaluate this possibility, these are
outlined in Table 12,

Set A of Table 12 shows that a2 sample in equilibrium with a CO4 rich
COg-CO mixture quickly returns to its previous Og equilibrium value on exposure
to oxygen, and set B shows that the reverse process going back to the COg rich
mixture is also essentially reversible (In terms of Rpy). The criterion for
reversibility being used here in most instances is ionic transport number (ti).
Set C Indicates that once the sample hes been exposed to a CO rich mixture it
does not return to its previous equilibrlum in the CO¢ rich system and long
exposures to oxygen (Set D) do not return it to s original condition. Set E shows
the change in values of the sample after .«ing exposed to oxygen and then returned
to first the COg rich mixture followed by the CO rich mixture. Although the
values measured are still differext from origivul measurements there is indice-
tion for the COg rich mixture that exposure to oxygen ha) brought values closer
to original. Set F is an atrempt to force sample into iis original condition by
long exposure to oxygen and by heating in an oxyg»n atmosphere. Some reversal
in sample properties was achieved, however the zar:nle never returned completely
to its original condition.
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TABLE 12

EFFECT OF CARBONACEOUS ATMOSPHERE

(1273°C)
LogP
Test Time Rdc Rac COZ/CO 02 t_i Comments
(min} (ohms) (ohms)
819 789 -- 0 0.0366  New Sample
813 769 -- 0 0.054 Exposed to
002/C0=20
A. 0 1546 R22 20 - 7.32 0.455
4 1561 -- 0
16 823 -- 0
48 823 788 -- 0 0.055
B. 4 829 20 - 7.35
12 1452 20 - 7.35
45 1500 20 - 7.35
C. 0 1186 730 0.05 -12.6 0. 385
12 2200 20 - 7.35
40 2120 20 - 7.35
60 2105 836 20 - 7.35 0.602
D. 20 859 -- 0
236 854 -- 0
1200 855 790 -~ 0 0.076
E. 83 26805 850 20 - 7.35% 0.575
80 1062 747 0.05 -12.6 0.296
F. - 873 791 - 0 0.094 Following
Tests A-E
3840 B86 828 -- 0 0.066 02 over week-
end
1440 863 806 -- 0 0.066 0, overnight
+ heat to
1470°C
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Although there is no direct evidence, we helieve this behavior is in-
dicative of carbon interaction with the sample. Calculations indicated that
carbon activity in the CO rich mlxture which we used might be as high as 1072
and as high as 1079 in the CO4 rich mixture. Assuming concentration in the
Zr0, approximately equal to activities this would lead to a significant number of
sample defects due to the presence of carbon. In view of this behavior we have
favored the earliest data obtained in the COq rich system, i.e. Figure 22 darta I,
in calculation of ionic and electronic conductdvities as a function of oxygen pres-
sure,

Figure 24 presents the results obtained in a hydrogen-helium-water
vapor atmosphere. These resuits were somewhat surprising due to the much
smaller difference between dc vesistance and ac resistance than was observed
for the COrich system. (Figure 23.) These two sets of experiments covered
almost identical oxygen pressure ranges, vet the hydrogen-helium-water vapor
system gave much lower dc resistance values. This behavior indicating in-
creased electronic conductivity in the Hy-HpO mixture is somewhat analogous to
that observed by Mollwo(24) and Thomas and Lander(25) for a zinc oxide-hydrogen
system, These authors found an increase in conductivity of ZnO when in an
atmosphere of hydrogen. This was attributed to hydrogen entering the matrix as
an interstitial positive ion with the associated ionization of an electron. Such an
interaction would explain our observations. In view of this possible interaction
the hydrogen-helium-water vapor results were nct used in final caiculations of
ionic and electronic conductivities as a function of oxygen pressure.

Figures 25 and 26 show the calculated values of electronic and ionic
conductivity as a function of oxygen pressure at several temperatures, The
electronic and ionic conductivities were calculated from the set of curves of ac
and dc resistance given in Figures 20 through 24. The following equations were
used for each set of temperature and pressure conditions.

R =R
e de
R Rac Rd
i - R
! Rdc ac
g = Lo
AR

Most of the results in these two figures are from measurements made
on a single sample (No. 12 prepared from Wah Chang sponge). The dashed curve
in Figure 25 was obtained in another set of measurements on a different sample
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(No. 9 prepared from Wah Chang oxide). The agreement in both curvature and
absolute magnitude between these two sets of nieasurements is quite good.

Figure 27 shows the calculated ionic transference number as a function

of oxygen pressure for several temiperatures. The transference numbers were
calculated by the equation;

D. DISCUSSION

1. A "Defect Structure” Model

The information gained from the electrical conductivity studies are
summarized in terms of electronic and ionic conductivity in Figures 25 and 26
respectively. Such data can be utiiized to develop a model of the defect structure
of the oxide. We will attempt to develop a model that is in accord with this and
other known data on the hehavior of ZIOZ'

As shown in Figure 25 the electronic conductivity decreases as pressure
is reduced fromn one atmosphere. Such behavior is indicative of p type (hole)
conduction. As pressure is further decreased the conductivity reaches a minimum
and begins to increase again. The region of increasing conductivity with decreas-
ing pressure is indicative of n type (electron) conduction. In Figure 28 we have
plotted curves of electronic conductivity at one atmosphere and 10712 atmosphere
vs reciprocal temperature. The slopes of these curves give activation energles
of 11,700 and 30, 800 cals/mole for the p type and n type conduction respectively.

As shown in Figure 26 jonic conductivity increases as pressure is
reduced from one atmosphere indicative of an increasing number of ionic carriers.
tiowever tne 1onic conductivity within the range of our study reaches a maximum
and shows a slight decrease for the highest temperature curves. For one aimos-
phere pressure the ionic conductivity i plotted vs reciprocal temperature in Fig-
ure 28 ard an activation energy of 12, 800 cal/mole is obtained which is quite close
to that obtained for electronic conduction at the same pressure,

The presence of either cation vacancies (V) or anion interstitials
(Oj) can account for the observed p type electronic conduction at high pressure.
We have postulated several different defect models including one or the other of
thegse defects and examined the atomic and electronic disorder relationships.
The equations relating the defects were solved by a graphical method discussed
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26
by Kroger and Vink(z ) and credited by them to G. Brouwer.(27) One model was
found which appears to fit the observed conduction behavior as well as other data
known about ZrOz.

in this model we postulate a Frenkel type disorder in which an oxygen
atom leavcs a lattice position to form an oxygen vacancy and an oxygen {nterstitial.

=V 4+ K. = "Tvi1[o" 1
Oo ooi F ‘o‘oi (1)

The effect of atmospheres on defect structure is accounted {or by an equation
relating interstitial oxygen with atmospheric oxygen. 1/2

1
0, =75 0, K = (2)

The vacancy and interstitial defects can ionize according to the following equations
where n and p are electron and hole respectively:

[0;1
= M r =
Oi Y +p 1\3 T—Oi] P (3}

[01'21
0 =0 “+9p K = —p (4)
[0, ]

i

+
v
V0=Vo+rl K5=W—ﬂ (5)
Also we have an equation and equilibrium expression for intrinsic ionization of
ZrOz.

np=n+p K.1=np {6)
In addition to the above six equilibriun: expressions relating the elecironic and

atomic disorder and the atmospheric oxygen we have one more equatior. represent-
ing the net charge neutrality of the system.

F_oi']' + 2 [Oi'zj +n=p+ [V;']
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The graphical solution for these seven equations for four limiting

neutrality conditions is presented In Figure 29. A.: previously mentioned the
technique is fully discussed in an article by Kroger and Vink . (26) Flgure 29 is

a plot of log of defect concentration vs log of atmospheric oxygen pressure. It
presents on one figure the way in which th2 concentration of each of the different
defects varies with oxygen pressure under each of the limiting neutrality conditions
and permits one readily to compare the relative changes for each defect specles
in any given reglon of the plot. The widths of each region and thus the absolute
relationship of each defect to others are dependent on the values of the equilibrium
constants. We have not attempted for this discussion to fit and select
numerical values of equilibrium constants so as to obtain a quantitative solution.
It should also be noted that while solutions of the equations can be obtained for the
several limiting neutrality conditions the corresponding regions may not always
be attainable experimentally. We believe that Regions I and Il correspond to the
conductivity behavior observed in our studies and under discussion here.

In Reglon II i8 the point at which n = p and thus approximately the point
at which a minimum will be observed in electronic conductivity. To the right with
increasing oxygen pressures p >> n and p type conduction will prevail. To the
left with decreasing oxygen pressure nn>>p and n type conduction will prevail.
Holes might be produced by either reaction 3 or 4, bat the presence of the doubly
ionized interstitial oxygen is necessary to explain observed ionic conductivity
effects. Thus we must believe that O;” and Oi'2 are the major interstitial species
present and that with increasing temperature additional holes are produced by
reaction 4,

The data of Figure 29 indicate that in region II three ionic species can
contribute to lonic conduction. Two of these, Oi'2 and Vo+, will increase in con-
centracion as pressure decreases; one, G, will decrease with decreasing pres-
sure. Each species will contribute to the total conductivity dependent on the
product of its charge, quantity, and mobility. On the basgis of the relative charges
and concentrations of the lonic defects the total conductiviry shouid increase with
decreasing pressure in accordance with experimental observation.

When region I is entered the concentration of 01-2 becomes constant
and V, continues to increase and Of to decrease with decreasing pressure. The
product of O and Vg' is a constant. This can be shown by substituting for Oy and
Vo In equation (1) from equations (3) and (5) and uging equation (6) to eliminate
n and p. In order that the model internret the experimental observations for ionic
conduction one must postulate that mobility of the interstitials is much greater
than vacanies (a likely situation). Jonsequently at the high pressure edge of this
region the total ionic conductivity will decrease with decreasing pressure in
accord with our experience at the low pressure limit of our studies. However the
mode! indicates that as one proceeds further into the region the ionic conducdon
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contribution of V:will far outweigh the contributions of Oi- and 01-2 and then the
lonic conduction behavior will be that of V,* and will increase again with de-
creasing pressure. The experimental data are not sufficient to confirm or deny
this behavior.

In summary, to explain our experimental results requires a mode' with
{a) Frenkel type defect of oxygen interstitials and vacancies, (b) greater mobility
for interstitials than for vacancies and (c) the defects primarily present as V'g ,
Oq and 01'2. We started seeking a model with a prejudice against an oxygen inter-
stitial, especially a highly lonized one, because of the size factor. But we have
found no other combination of defects with which to account for the observed
behavior. Kofstad(1) had previously proposed an oxygen vacancy and interstitial
defect combination. He indicated that the defects must interact in the conduction
process to increase the charge transport over that to be expected fiom the sum
of the processes. We have found no need to make this postulate in our model.

2. Diffusion Calculations

One of ou " main interests in conductivity studies on ZrOy was to obtain
knowledge and understanding relating to mass transport in this material. From
the experimental conductivity data and the defect structure model presented here
it is possible to make some calculations relating to diffusion o oxygen in ZrOq.

The experimental results for lonic conductivity are summarized in
Figure 26 for the temperature and pressure range studied. As discussed i1t an
earlier report(21) diffusion coefficlents may be calculated from ionic conductivity
by utilizing the Nernst-Einstein relationship. For one atmosphere pressure at
1137C and 1339C we calculate D=7.5x 10720 and 1.4 x 1079 cmz/sec regpectively.
Our model as well as the behavior of the data indicate that the observed lonic
conduction is due to more than one species of charge carrler. In making the
eslitnaies for D we have assumed 2 -2 charge for all carriers. This will in-
dicate a minimum D. If the charged carriers were all -1 rather than -2 the
calculated D would be 4 x greater. If uncharged defects are present, D could be
much greater yet. We believe from study of the model developed that the average
effective charge would be close to 2 and that the majority of the defects are
fonized. With decrease in pressure the ionic conduction increases and for 10712
atmospheres oxygen and 1137C we calculate D = 7.4 x 1079 cm?/sec. On the basis
of weight losses of ZrOg in Hp-H0O mixtures observed by Aronson(28) we esti-
mated the vacancy content for a ZrO2 sample under this set of pressure and
temperature conditions. On the basis of vacancy contents we find & reasonable
relationship between our calculated D and the extrapolations of the studies of
Kingf:ry(ze's) and Douglas. (29
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Based on the model developed we are able to calculate the energy of
formation of Frenkel defects from the activation energy observed for n type elec-
tronic conduction. For the limiting neutrality condition in Region I we can solve
the disorder equations in terms of n and \g'and find

I SRPIR.
n—Vo —p02 (I\SKF)

Thus at constant pressure and with increasing temperature

%

g, amna (KSKF)

The constants KSKF represent the equilibrium constant for the reaction

o0 =0 +vh+n
8] 1 4]

From the ohserved activation energy for n type electronic conduction of 1.33 ev
as shown on Figure 28 the energy associated with this reaction for the formation
of Frenkel defects must be 2.66 ev (61,400 cal). Belle et al.(so) have reported
an energy of 71, 000 cal/mole for formation of a Frenkel defect in U02 .
e s (23)
Now we know from the corduction and diffusion studies of Kingery
on lime stabilized zirconia in which the defect concentration is te~rerature in-
dependent that the activation energy associated with mobility of vacincies is about
1.26 ev. The activaton energy associated with intrinsic conduction or diffusion
should be the sum of one half the energy associated with Frenkel defect formation
plus that associated with movement of the defects, 1.33 + 1.26 ev, a total of
2.57 ev or 60 kcal/mole. It is interesting to note that Dr. Berkowitz-Mattuck
obs:rves in her studies on oxidation of ZrBs behavior characteristic of diffusion
control with an activation energv of 77 £ 5 kcal/mole.

3. Effects of Impurities

In the course of our experimental work we have observed effects which
we attribute to C and Hy impurity content in ZrOg. In CO-CO2 atmospheres
carbon apparently builds into the ZrO9 structure. This can be partially removed
in an oxygen atmosphere as shown and discussed with respect to Takle 12. We
also found as shown in Figure 24 evidence for Hp entering the ZrOp lattice and
markedly affecting the electronic conduction when sar.ples were held in Ha~Hp O
atmospheres. Aronson(28) hag also reported behavior which can be interpreted
in the same manner. He found that samples of Zr0O, .975 when exposed to pure
hydrogen-water vapor atmospheres were closer to stoichiometric ZrOg (based
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on a weight change) than samples exposed to a hydrogen-inert gas-water vapor
atmosphere of the sane oxygen pressure. He suggests that these erroneous
results indicated the prezence of an impurity although he was not able to identify
the impurity by chemical and spectrographic analysis.

The results we have observed indicate that problems are associated
with using CO-COq or Hyp-Hp! atmospheres to control oxygen presgsure over
Zr0,. The use of an ultra high vacuum system with a controlied oxygen leak is
indicated.

The conductivity studies presented here should be extended to ZrOy
samples containing selected impurities. Such studies can help to substantiate
or disprove the defect structure model developed from the data now available.
In addition they can provide quanttative information on our abllity to control
mass transport in ZrOg by introduction of selected impurities .
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VI. VAPOR PRESSURES OVER ZIRCONIUM CARBIDE, ZIRCONIUM
DIBORIDE, HAFNIUM CARBIDE, AND HAFNIUM DIBORIDE*

A. INTRODUCTION

In order to predict the reaction between a given compound and the
materlals with which 1t comes in contact, it 1s necessary to have certain thermo-
dynamic data. Most of the data now available is limited to compounds with spe-
cific compositions, usually the stoichiometric composition. In many cases these
values are misleading since a compound with a range of homogenelty may have
quite different properties at opposite ends of the range.

This research was initiated to study the activities of the elements in the
compounds zirconlum carbide, zirconium diboride, hafnlum carbide and hafnium
diboride at or near thelr composition limits,

To determine the activities of the elements in these compounds, the par-
tial pressures of each element will be measured by one of two methods, Langmuir
(evaporation from a surface) or Knudsen (effusion from an orifice),

In either case vapor from the sample is condensed on a target which {s
continuously welghed by an automatic-recording vacuum balance. The fraction of
vapor from the Knudsen cell or Langmuir sample striking the target may he calcu-
lated from the geometry of the system, and the effusion or evaporation rate may be
calculated from the rate at which the target gains welght. The pressure, p , may
be calculated from Langmuir’'s equation, 31)

_m 2TRT
T tA M (1

where m is the welght loss In time t from an orifice or surface of area A, R is
the gas constant, T Is the absolute temperature and M Is the molecular weight of
the effusing or vaporizing species,

The reasons for using Knudsen cells to measure the pressure are, first,
to eliminate diffusion controlled evaporation. This may occur when the evaporation
rate is limited by the rate of migration of one of the elements tothe surface. Second,
Knudsen cells are used to avold uncertaintles concerning the evaporation coefficient,
o e, which may be defined as

Pm
Ce =3 (2)
eq
where p, 18 the measured pressure in a Langmulr experiment and Peq 18 the
equilibrium pressure.

*Prepared by Dr. Paul E. Blackburn, Arthur D. Little, Inc.
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A number of investigators have used Knudsen cells for these reasons, but
in so doing have encountered other problems: reactlon between cell material and
sample material, diffusion through the cell wall, and creep from the orifice. In
the first ingtance, the pressure measured may be those in equilibrium with the ter-
nary condensed system: cell material-metal-carbon or cell material-metal-boron.
On encountering the latter two difficulties, a high apparent pressure {s measured.

In order to avold these problems in the present study, Langmuir samples
or Knudsen cells constructed from sample material are used.

This report describes the apparatus and procedure used for measuring
the partial pressures over zirconium carbide, zirconium diboride, hafnlum carbide
and hafnium diboride, and the results of measurements obtained on these compounds
andon purehafnlum. A review of some of the past work on these elements and com-
pounds is glven in the following section.

B. LITERATURE REVIEW

1. Zirconium Diboride

Of the four studies on zirconlum diboride, the earliest experiments were
carried out by Leltnaker, Bowman and Gllles;(32) the later experiments were done
by Goldstein and Trulson, (33) by Lyon,(34) and by Wolf and Alcock, (35)

Leltnaker, et al. studled the vapor over metal rich congruently vaporizing
Z1rB, of a composition originally reported as ZrB; gqgg. It was later determined that
the composition was closer to ZrB) _97.( ) Thelir experiments were carried out
using a tungsten Knudsen cell and a tungsten susceptor. However there is evidence,
as suggest=d by Trulson and Goldstein, that ZrB, will react with tungsten. Diffusion
data for zirconium in tungsten(37) raises the possibility that the apparently low evap-
oration coefficient found by L.eltnaker on reducing the orifice area was due to zir-
conlum diffusion through the lid.

Trulson and Goldsteln studied the effusion of Zr and B over ZrBy and of
Zr and B from a ZrC cell using a mass spectrometer, Since these data are de-
scribed very briefly in ARPA Progress Reports it is nct possible to completely
evaluate thelr work.

In a brief discussion with Trulson(®8) it was established that this work
was done 1n a carbon rich cell and that the vapor from the cell was well collimated
so that a surface area of only about four times that of the orifice was exposed to the
lonizing chamber. Thus possible diffusien through the walls was minimized as far
as the pressure measurements were concerned. These authors feel that thelir heat
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of formation value for ZrBy of -71.6 kcal/mole is more reliable than the individual
pressures over Zr and B. The reason for this is that fonization cross sections,
multiplier efficiencies and other factors in the mass spectrometer are canceled
when the partial pressures are compared to those over the elements.

Lyon(34) also measured the pressure over ZrBy using a tungsten
Knudsen cell. He found an evaporation coefficient of 0.1 by varying the orifice
dimensions. It is entirely possible that the apparently low evaporation coefficient
is the result of zirconium diffusion through the lid, as discussed above in Leit-
naker's work.

Wolf and Alcock(3%) measured the evaporation rate of ZrBs by the
Langmuir method, and found very good agreement with Leitnaker's Knudsen cell
work. Wolf and Alcock, therefore believe that the evaporation coefficient of this
compound is unity rather than the low value found by Leitnaker.

2, Zirconium

There have been two studies of the vapor pressure of zirconium, and
heats of vaporization have been calculated from these measurements. Skinner,
Edwards and Johnston(39) measured the pressure by the Langmuir method, using
weight loss of the sample and weight of condensed zirconjum to calculate the pres-
sure and the AH®9gg = 145.4 kcal/g-atom, Trulson and Goldstein, (40) using a
zirconium carbide Knudsen cell and a mass spectrometer determined a heat of
vaporization for zirconium of AH®99g = 140,8 kcal/g-atom. In both cases we cite
the heat values calculated by Schick et al, 1) from the original data.

In view of the uncertainty surrounding both the effects of ZxC and C on
the pressure of Zr, and the possible diffusion of Zr through the walls of the cell
used by Trulson, it would appear that more reliance might be placed on the Skinner,
Edwards and Johnston study.

3. Boron

There have been a number of Knudsen effusion studies of the vapor pres-
sure of boron both by weight loss and by mass spectrometry. These experiments
yield heats of vaporization which range from 128 to 139 kcal/mole., Various ma-
terials were used for the Knudsen cells, few of which are stable in the presence of
boron or can act as a barrier to boron diffusion. Only one study has been carried
out by the Langmuir method, where contalner problems are absent, This study by
Paule and Margrave(42) gives a AH°298 of 136.9 kcal/mole. In this study it was
assumed that all of the boron vapor reacted with the Ta susceptor.
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4, Carbon

Hoch, Blackburn, Dingledy and IohnstOn(43) studied the vaporization of
carbon, WC and TaC, establishing that the heat of formation of carbon to C; was
the closest to the spectroscopic value of 171 kcal/mole. At the same time Chupka
and Inghram(44) demonstrated with high temperature mass spectrometry that car-
bon vaporizes to a number of polymers. So far it has been found that all the
polymers up to and beyond C exist in the vapor. The most recent data indicated
that the common species in the temperature range between 2000 and 3000°K are Cs,
C; and Cy. Winslow and Thorn(43) have measured evaporation coefficients for
each of these three species, find the following: Csz, 0.08; C, 0.37; and C,, 0.34.
The earlier study by Hoch et al.(43) and a recent investigation by Blackburn(46) on
TaC suggests that the Cy is the principal species over this compound and that its
vaporization coefficient is close to unity.

5. Hafnium

There have been three determinations of the vapor pressure of hafnium
where the heat of vaporization AHgg was computed, Panish and Reif(47}using the
Langmuir method, obtained AHC3gg = 143.7 kcal/mole. Lyon,(48) using the Lang-
muir method and a target suspended from a vacuum balance, found 146.2kcal/mole,
Trulson and Goldstein(49) using a mass spectrometer and a hafnium carbide Knudsen
cell found 147.7 kcal. All of these heat values were calculated by Schick.

6. Hafnium Diboride

Two studies have been made on this compound. The first, by Krupka(so)
followed Leitnaker's(32) work on the zirconium compound; the second by Trulson
and Goldstein(49) was done with a mass spectrometer. As in Leitnaker's work on
ZrBp, the possible detrimental effect of tungsten 18 also common to Krupka's study.

channeling the vapor to the water cooled target may lead to error. Although no
values have been found for diffusion of hafnium in tungsten, there is no reason to
believe it should differ substantially from diffusion of zirconium in tungsten.

Krupka was concerned about the diffusion problem and attempted to deter-
mine its effects at 2500°K. By varying the orifice dimensions and plotting orifice
area against vaporization rate, he shows that the rate drops to zero at zero orifice
area, It might be argued that a more convincing test would have been to use a cell
without any orifice at all. It is unfortunate that Krupka chose his highest tempera-
ture to make this test, The greatest effect, If present, would occur at the lowest
temperature, due to the relation of the heat of vaporization to the heat of diffusion,
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approximately 150 kcal and 80 kcal respectively. For example, if 50% of the
hafnium flux were due to diffusion and 507 to effusion at 2200°K, 87% would be
due to effusion and only 13% to ¢iffusion at 2500°K,

Trulson and Goldstein(49) have used a hafnlum carblde cell to measure
Hf, B and HfBywith a mass spectrometer. Their heat of formation for I—If82

(61.3 kcal) appears to be low, partly because they had no data for the heat capacity

of HfB> and assumed ACp =0,

7. Hafnlum Carblde

Schlck(‘“) reviewed the data on this compound and found that no calori-
metric values had been obtained for the heat of formation, Equilibrium data on the
system Hf-C-0 glve a value of -49.3 kcal/mole and vaporization of HfC ylelds a
value of -62.8 kcal/mole. A heat of formation for HfC was measured recently by
A. D. Mah(53) using material prepared under this program. Her value is
-52.3 kecal/mole.

8. Zirconium Carbide

The status of vapor pressure work on this material was reviewed in
Part TI of this report.(15) It was concluded that both the General Electric Langmuir(31)
studies and those by Pollack(32) nvolved ZrC g. These studies both give AH°f298 =
45,6 kcal/mole for ZrC. Vidale's resonance line adsorption measurements yield a
AH°f298 of -42,0 kcal/mole and Mah's{(33) recent calorimetric value on matertal pre-
pared under this program is -47.0+0,4, The above heat of formation values werc
calculated by us using Skinner's data for zirconium and Schick's free energy functions.

C. APPARATUS

The equipment used in this research consists of a high vacuum induction
furnace, automatic recording vacuum balance and associated control instruments,
These are shown in Figures 30, 31 and 32,

1. Vacuum System and Induction Furnace

The vacuum system parts, constructed of 304 stainless steel, are joined
with copper or gold gaskets to permit bakeout at 300 to 500°C for high vacuums.
The system 18 pumped with a 720 liter/sec Consolidated ultra high vacuum oil diffu-
slon pury, Use of Dow 705 fluld with a room temperature vapor pressure of
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3 x 10710 torr assures the absence of oil vapor Inside the "clean” system. A zeo-
lite fore pump trapprevents back diffusion of mechanical pump oil. Vacuums in the
syst «n were 2 x 10™7 torr at room temperature and from 10-7 to 1079 torr with
the sample at temperature.

The vacuum induction furnace 1s mounted directly above the four-inch
oil diifusion pump in order to achieve the maximum available pumping speed. The
water cooled shell contains six flanged ports (Varian flanges) which are: 1) a 6" port
for sample loading; 2) a 4" port for mounting Varian high frequency feedthroughs,
consisting of a 4" copper tube brazed to a pure alumina disk containing two holes in
which are sealed the copper work coil leads; 3) a 1-1/2" window protected against
condensing vapor by a shutter; 4) a Bayard-Alpart lon gauge; 5) Varian rotary
feedthrough;, 6) 6" port on top connected to the balance chamber., Two of the ports
were omitted from Figure 30 for the sake of clarity.

Figure 31 shows the sample and target in more detail. For Knudsen
measurements the Knudsen cell, made of the same material as the sample, is
mounted on the points of a tungsten tripod within the copper work coll. The tripod
base may be rotated about its vertical axis by the Varian high vacuum rotary feed-
through and stainless beveled gears. The rotary feedthrough consists of a magnetic
rod mounted on ball bearings and sealed in a tube which i{s attached to the vacuum
system., The rod is rotated by magnets mounted outside the vacuum system.

Above the sample i3 a water cooled copper collimator whose 60 mil hole
is aligned over the 40 mil orifice in the Knudsen cell. Above the collimator, a
target of glass, platinum or aluminum sheet is suspended from the automatic-
vacuum-balance. Vapor effusing from the Knudsen orifice and evaporating from
the surface immediately adjacent to the orifice will pass through the collimator and
strike the target. When the Knudsen cell {s rotated 180°, only vapor evaporating
from the surface can strike the target.

The target is surrounded by a copper eddy current shield which virtually
eliminates interaction of the target with the magnetic fieid produced by the work
colil,

From the evaporation rate of the surface and the geometry of the system,
it is possible to determine how much of the vapor striking the target is from the

surface adjacent to the orifice, The difference {s vapor from the orifice.

Langmulr measurements are made with the collimator removed.
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2. Vacuum Balance

The automatic-recording-vacuum-microbalance consists of two parts, a
mechanical quartz beam balance sealed inside the vacuum system, and an electronic
sensing and control apparatus located outside the system.

The balance is a quartz truss beam supported on a fulcrum of steel bear-
ing pivots resting in sapphire cups. The pivots are welded to tungsten rod which is
sealed to the quartz beam. The hangdowns at the end of each arm are quartz fibers
fused directly to the beam and to quartz hooks.

The balance is held at its null position automatically by an electromagnet
acting on a magnet rod suspended from one arm of the balance. The nuil position
is detected with a variable permeance transducer which surrounds a steel rod hang-
ing below the magnet rod. When the balance is displaced from its null a signal is
generated by the transducer controller which drives a potentiometer through a servo
mechanism. The potentiometer changes the current flowing in the electromagnet
restoring the balance to its null. The current, which is proportional to the weight
change, is recorded continuously. The electronic arrangement is ¢gsentlally the
same as that used by Cochran.(5%)

The noise level of the balance with the sample at temperatures is =4
micrograms.

3. Temperature Control

Figure 32 shows a schematic diagram of the temperature control instru-
ments. The work coil is fed by a 20 kw, 450 ke Westinghouse generator equipped
with saturable reactor control, In order to miaintain a constant temperature, the
output of the generaror is held constant, using 2 rectifier feedback unit attached to
a pickup coil on the r.f. leads. The rectified and attenuated signal Is sent to a
recorder controller with output amplified by a magnetic amplifier. The amplified
signal drives the saturable reactor which governs the induction furnace output.

The recorded signal indicates the constancy of the generator’s output.
This, in effect, established a record of the temperature during a run,

Sample temperatures are found by sighting a Leeds & Northrup optical
pyrometer on the blackbody hole drilled in the side of the Knudsen cell. Since the
temperature of the sample Is held constant, frequent temperature measurements
are not necessary. Corrections are made for window adsorption by calibrating the
pyrometer with the window placed between a tungsten ribbon lamp and the pyrometer.
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4. Samples

The Knudsen cells and Langmuir samples are fabricated from zone reiined
borides and carbides prepared by George Feick of Arthur D. Little. Two pleces
are spark gap machined fron: 1/4" to 3/8" dlameter bars as shown in Figure 31 to
form a Knudsen cell. The hase consists of a cap which [its inside the top somewhat
like a cork in a hottle. Three indentations are drilled in the hase so it may be
mounted on the points of the tungsten tripod. The top is a hollow cylinder fitting
over the base, with a hlackbody hole in the side for temperature measurement and
an effusion hole near the edge in the top. The method used for obtaining effusion
rates is described under subsection | above. The solid Langmuir cells of about
1/4" diameter and 3/8" high contained 3 small holes in the bottom for nounting and
a .040 hlackbody hole drilled in the side 2/3 of the diameter in depth.

Although we intended to do much of this study hy using Knudsen cells
prepared from sample material, various difflculties were encountered which pre-
vented us, Several cells cracked or melted at temperature, In sonie cases it was
not possible to achieve the temperature necessary to obtain a measurable rate of
effusion with the collimated beam.

D. PROCEDURE

The Knudsen cell is partially filled with pieces of the zone-refined bar
from which the cell was machined, the base is inserted, and the cell {s weighed.
The target is also weighed on an analytical microbalance, The cell is mounted on
a tungsten tripod inside the apparatus with the target suspended ahove it. The same
procedure is followed for Langmuir samples,

After sealing and evacuating the vacuum system to 1078 torr, the sample
is brought to temperature and held at temperature while recording the weight change
of the target. During initial heating of the sample, the pressure may rise as high
as 10-0 torr, but after reaching temperature the pressure soon drops (v e 107

and 108 torr range.

After several experiments are carried out, the vacuum is broken and the
target and sample weighed to determine the condensation efficiency of vapor on the
target. Chemical analysis of the initial material and the condensate on the target
is used to establish sc¢lid and vapor composition,
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1. Chemical Analysis for Boron

The boride sample targets were analyzed for boron by fusing the aluminum
substrate and the condensed film in potassium pyrosulfate within platinum crucibles.
The melt was dissolved in water, filtered, and the filtrate analyzed in polyethylene
equipment by the carminic acid method. (53) From experiments on known samples
the analytical results are believed to be good to between 10 and 209,

2. X-Ray Fluorescence Analysis for Zirconjum and Hafnium

All but one of the samples were analyzed by a calibrated X-ray fluores-
cence technique., A homogeneous area of the X-ray beam was mapped out and known
amounts of zirconium and hafnium on aluminum, approxi. ate:s1/3 cm? in area,
were placed in the beam and counted. Portions of the target of the same area as the
standards were also counted. From the Intensity of the stronglinefor each element,
less the background of the substrate material and the total target area, the amount of
the metal presentin the deposlited film was calculated from the calibration curve.

The mean deviation of a six zirconium standards from a least squares
curve was +4%. Zirconium was more difficult to determine in our X-ray tube be-
cause of the presence of a large, broad tungsten line from the target at the same
wave length as the strong zirconium line, The 6 hafnium standards, however,
deviated hy £3,8% from a least squares curve.

3. Mass Spectrometric Determination of Amount of Carbon as
Carbon Dioxide

Two samples each of zirconium and carbon(Zr+ConPtandZr+ Con Al)
and of hafnium and carbon (Hf + C on Pt and Hf + C on Al) were oxidized and the
carbon dioxide produced was analyzed on CEC's 21-610 Mass Spectrometer. A
known amount of graphite was also analyzed in the same manner so that the sensi-
tvity of carhon ag carhon dioxide wag obtained, and the amounts of carbon in the
samples were determined,

Each sample was placed on the platinum filament (1" » 1" x .0005") in-
side the sample bulb and oxidized in a volume of oxygen by heating the filament
with a current of 40 amperes for 15 minutes, The filament temperature was about
1000°C. The amount of oxygen was determined to be in excess to the theoretical
value required for complete oxidation of the sample, During the heating period,
a liquid nitrogen trap was used so that the carbon dioxide produced was trapped into
the side arm of the sample bulb. After heating was completed and the bulb cooled
for 5 minutes, the oxygen was pumped out. A volume of argon was let into the
bulb and the side arm was warmed. The carbon dioxide produced was then analyzed
in the volume of argon. This use of argon rather than oxygen was necessary to pre-
vent CO9 production within the mass spectrometer.
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Possible impurities in the supply of oxygen and argon, such as carbon
dioxide and water, were removed by passing the gases through a liquid nitrogen
trap before they entered the sample bulb. A constant amount of carbon dioxide
was found to be present in the sample bulb as background. This level of carbon
dioxide also served as a check for the completion of oxidation. WI.h samples of
Hf+ C on Al and Hf + C on Pt, a second oxidation operation was found to be
necessary. The uncertainty in the carbon present varied from 2 to 10%.

E. RESULTS AND DISCUSSION

l. ZrBy

A Knudsen cell was spark gap machined from zone refined bar 8§1-2,
This material, the complete analysis of which is given in Section 1II of this repert,
had a B/Zr ratio of 1.99 and contained 50 ppm Oand 215 ppm C as principal im-
purities,

Langmuir measurements were made with the empty cell, depositing the
vapor on an aluminum target. A comparison of the weight gain of the target,
weight loss of the sample and the calculated vapor striking the target indicated
that 89% of the vapor sticks. This value is considered to be within experimental
error of unit condensation. These errors include vapor calculated as coming
from the sides of the sample (14% of that striking), thermal gradients in the sample,
etc.

Chemical analysis for boron and X-ray fluorescence determination for
zirconium gave B/Zr ratio in the vapor of 1.94 £0.10. The vapor pressure results
are given in Table 13 where the effective sample area was calculated, by dividing the
sample weight loss into the target weight gain and multiplying by the total sample
area, That is, a constant fraction of the vapor from the sample was assumed to con-
dente on the target, and this fraction was found experimentally. The total evapora-
tian rate was divided into fraction of boron and zirconium. using the ratio of 1,94
given above.

TABLE 13

EVAPORATION RATE OF ZIRCONIUM AND BORON FROM ZrB1 99

Run Time Total Evap. Rate Pz P
No. T(CK) (sec) (g-cm'2~sec"1) x 106 ‘atm) x 107 (atm) B x 107
1 2527 4320 5.91 5.69 3.81
2 2416 14,400 1.36 1.28 0.859
3 2582 2700 9.77 9.52 6.38
4 2610 1380 18.1 17.7 11.9
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Table 14 gives the heat of vaporization of ZrBy gg to the gaseous elements
and the heat of formation of solld ZrB, at 298°K, using Skinner's data for pure zir-
conlum as recently revised in the JANAF Tables; Paule and Margrave's data for
boron; (42) Margrave's free energy functions for the ZrBy from this report, and the
JANAF free energy function for the elements. These values give a heat of formation
for ZrBy 99 of -75.6 £ 1.6 kcal/mnle, in good agreement with the tentative "best”
value from calorimetric studies (-76.0 kcal/mole for ZrB) discussed in Section 11
of this report.

The values found here indicate that Langmuir measurements will yleld
reliable data for this system. The Zr and B measurements as well as those
measured here on ZrBy .99 were all Langmuir data. The low evaporation coeffl-
clents for ZrBy reported by Leitnaker et al.(32) and by Lyon(34) are not compatible
with the results found here.

The reaction between ZrB; and tungsten found by Goldstein and Trulson
was confirmed in the present study. There was an obvious reaction between the
tungsten fingers on which the sample was supported and ZrBy. The amount of
tungsten involved, however, was too small to significantly alter the composition of
the ZrBy sample.

TABLE 14

HEAT OF FORMATION OF ZrB;

O -0
-Rlnp;, . ~Rln py A fef AH 99g EH bog
T(°K) (cal/deg ) (cal/deg ) (cal/deg ) (kcal/mole) (kcal/mole)
2527 28,58 29,37 108.30 492.8 75.1
2416 31.54 32.33 108.10 493.0 77 3
2586 27.55 28.38 107.90 496.6 79.0
250 28,32 27,11 107, 40 400, 8 73.1

Avg. 75.6%1.6

2, Hafnfum
Five measurements were made on a Langmulr sample cut from arc

melted and elect-on beam melted hafnium sample {see Section IIl). There were

468 ppm of oxygen in the sample after beam refining, while 270 ppm Zr and 50 ppm

Nb were present before the refining process. As in all of the Langmulr measure-

ments, the vapor was collected on a target, and the effective area for the experiment

was found by multiplying the sample area by the weight gain of the target and dividing

by the sample weight loss, The results are summarized in Tables 15 and 16.
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TABLE 15

EVAPORATION OF HAFNIUM

T(°K)

2200
2253
2299
2350
2363

Time
_(sec)

25,200
18,780
10, 800

5700
19, 080

TABLE 16

Evaporation Rate

gg-cmhz-sec' 1) x 107

HEAT OF VAPORIZATION OF HAFNIUM

-Rln p
T(“K) (cal/deg)
2200 34,84
2253 33.29
2269 32,54
2350 31.15
2363 30,87

b fef

(cal/deg)

31.76
31.70
31.65
31.60
31.58

A o
A 908

(kcal/mole)

146.5
146,
147,
147.
147.6

147,1 £0.6

[

The free energy functions were taken from Schick,(41) The heat of vapor-
1zatton 18 in very good agreement with the previousiy measured vaiues given in tie

literature review,

Interestingly enough, the sample reacted with the supporting tungsten
tripod so thoroughly that the tripod rods were fused into the cavities drilled in the

sample base,
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3. Hafnium Borides

The hafnium and boron pressures over boron rich HfB, and two-phase
HfB; + HfB have been measured by the Langmuir method. The procedure used was
essentially the same as that used for ZrB, with one exception. The aluminum tar-
get was placed about 2 inches from the sample instead of 4 inches as had been done
for ZrB»p. The total foron on the target was analyzed chemically, and the hafnium
was analyzed by X-ray fluorescence.

Since the target was closer to the sample, the total target was not
coated due to collimation by the work coll, nor was the coated portion as uniform
as had been the case for targets at a greater distance. These factors resulted in
uncertainties about the amount of hafnlum present, since this calculation involves
the area of the target coated by hafnium. The hafrium was therefore calculated by
taking the difference between the total target weight gain and the analyzed weight of
boron. This procedure was followed because the calculated hafnjum exceeded the
total weight gain, whereas there was quite good agreement in the study of ZrB, be-
tween target gain and the sum of Zr plus B (+10%) as determined by analysis, It
was also found that the weight of the target was unaffected in a tungsten blank run
at these temperatures.

a, HfBp

The results for HfB2 (35 (bar 477-2) are given in Tables 17 and 18. The
B/Hf ratio in the vapor was 3.80. The free energy functions for the solids and gases
were taken from Schick's tables(41) where values for HfB7 335 were found by multi-
plying AC, by 3.035/3.000. The heat of vaporization of Hf was that found experi-
mentally Pn this work, while that for B was Paule and Margrave s{42) Langmuir value,
AH® 998 = 136.9 kcal/g-atom, These data %ve a AH®59g of -77.3 + 2.3 keal for
HfB2, which may be compared to Paderno’ s(°0) value of 74 2+3.7. The value
found nere, us expected iz In reasanably good agreement with the values for the cor-
responding zirconlum compound (see section on ZrBj).

As in the case of zirconium with tungsten, hafnium also diffuses into
tungsten. This was confirmed by an X-ray analysis of the tips of the tungsten tripod
rods which had been used to support the HfB, sample. In addition to finding HiB) on
the tungsten it was found that the tungsten lattice had contracted a significant amount.
It was not possible to determine the exact amount due to hafnium, because of the inter-
ference of HfBy. However, the contraction lies between 0.04 and 0.015%. Since the
atomic radius of hafnium lies so close to that of tungsten thiz contraction indicates
an appreciable reaction between HfB, and W,
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It {s difficult to make a direct comparison with Krupka's work, since it
is believed that the use of tungsten in his study may have introduced an error in his
measured pressures. Hafnium diffusion through the tungsten lid would lead to
higher apparent pressures, while reaction with the tungsten susceptor walls could
have decreased the apparent pressure. However, the hafnlum pressure he calcu-
lates at 2500°K is about twice that measured here by the Langmuir method. Since
there is doubt ahout his experimental procedure it is not possible to cite this factor
of two for the pressures as a refutation cof his claim that the evaporation coefficient
is 0.1. Krupka's own Langmuir measurements seem to contradict his claim of a
low HfBy evaporation coefficlent, since they agree fairly well with his Knudsen
measurements, (The effects of tungsten in the Knudsen measurements are difficult
to assess, however,)

The good agreement between the heat of formation of Hf82 found here and
the previously measured value indicates that the evaporation coefficient must not be
very low. Only the heat of vaporization used for boron is open to question since it
may not have a unit evaporation coefficient. If the lowest reported heat of vaporiza-
tion of boron (excluding a dubious value of 103 kcal), 128 kcal/g-atom is used, it

would mean that the evaporation coefficient could be as low as 0.4 for HfB,. li seems

more likely that both boron and HfB, have unit evaporation coefficients.

TABLE 17

EVAPORATION OF HAFNIUM AND BORON FROM HfBy

Time Total Evap. Rate Eva;ﬁ. of B Evap. of Hf

Series I T(°K) (sec) (g~cm‘2-se«zc'1)x106 (g-cm'z-sec'l)xl'l\7 (g-cm'z-sec'l){c_l@

1 2621 780 12.7 24,0 10,3

2 2586 1800 8.24 15.6 6.68

3 2569 1800 5.10 9.064 4,14
Serles II

4 2525 2100 2.51 4.4 2.05

3 2596 1200 6.93 12.8 5.63

6 2560 2160 4,37 8.10 3.56

7 2530 1380 2,46 4,56 2.00

8 2647 1140 12.3 22,8 10,0
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TABLE 18

HEAT OF FORMATION OF HiBy

o] o]

Rinpg  -Rlnpy, -4 fef B9 08 M hog

T(°K) (cal/deg) (cal/deg) (cal/deg) (kcal/mole) {(kcal/mole)
2621 27.81 27.69 106.11 499.0 72.7
2586 28,66 28.53 106, 14 499 .1 72.8
2569 29.63 29,52 106.18 303.6 77.3
2525 31.10 30.83 106.21 305.6 79.3
2396 29.06 29.16 106,13 504.5 78.2
2560 29,98 29,82 106.19 504.3 78.0
2530 31.15 30,98 106,21 508.2 81.9
2647 27.89 27.74 106.09 504.5 78.2

Avg, 77.3+2.3
b. HIB and HfB2

The Langmulr measurements (on sample bar 318-3) over the two-phase
reglon are summarized in Tables 19 and 20, A boron-hafnlum ratio of 2.8 was found
over a solld with Hf:B equal to 1:1,75. This suggests that the congruent vaporiza-
tion polnt at 2400 to 2600°K 1is in the two-phase reglon at a more metal rich com-
position than the sample, Kaufman(59) has pointed out that the congruent composition
should decrease withtemperature. These data yleld a heat of formation for HfB of
-47.3 £2.9 kcal/mole in good agreement with Kirkorlans(57) estimate of -48 kcal/mole.
No other data are avallable for this compound. The free energy functions for Hf and
B were taken from Schick. An estimated free energy function for HiB was calculated
by using 2/3 of Schick's ACp values for HfBy, (41) together with the free energy func-
tlons. Heats of vaporization of Hf and formration of HfBy were taken from the present

study. TABLE 19

EVAPORATION RATES OF HAFNITIM AND BORON OVER HfB, + HfB

Time Total Evap. Rate Evap. of B Evap. of Hf

Series I T(°K) (sec) (g-cm'-?-sec'l)xlﬂ6 (g-cm'z-sec’l)x107 (g-cm'z-sec'l)xloﬁ

1 2497 1440 4,92 7.31 4,19

2 2454 3540 2,25 3.35 1.92

3 2404 3180 1.28 1.92 1.09
Serles II

4 2575 1380 8. 44 12,1 8.89

5 2543 960 4,69 6.75 4,96

6 2519 2040 4.16 5.99 4,40
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TABLE 20

HEAT OF FORMATION OF HfB

-Rln pB (-Rln pr) - fef ‘H 295 + -!H~ £298
T(°K) (cal /deg) (cal/deg) (cal/deg) {kcal/mole) {kcal/mole)
2497 30.20 29.52 36.19 163.8 43.4
2454 31.77 31.10 36,20 i66.8 47 4
2404 32.91 12.24 36.22 163.2 50.0
2373 29.26 28 .87 36.17 65.3 45.7
2543 3n.35 29.17 36.15% 169.2 43.0
2519 30,39 29.42 36,158 65,2 46.1)
Avg. 47.3=z2.9

- For reaction: HfBy — HfB(q ~ B(g)

* The pressure of Hf i3 not used to calculate the heat of formation of HfB.

4.

Hafnium Carbide (Tentative Results)

HIC 97

A Langmuir cell was cut with an ultrasonic tool from an arc melted hutton

of HfC. The analysis of this material gave an initial composition of HIC g7. The

vapor composition was nearly congruent. Unfortunately, the finished piece was of an
irregular shape and did not heat uniformly in the induction coil. Two measurements
were made on this sample with the results reported below, There i3 an uncertainty

in the temperature of *60° because of the thermal gradients.

TABLE 21

EVAFORATION CF Hf AND C FROM HIC g7

Evaporation Rate (g-cm'2 -gec-1y

Time
T(*K)  (sec) Total x 100 Hfx 10? Cx 107
2890 2100 8.03 6.79 12.3
2800 3940 2.16 1.82 3.37
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TABLE 18

HEAT OF FORMATION OF HfBy

o} o}

Rlapy  -Rlnpy, -4 fef BH 598 “EH 9

T(°K) (cal/deg)  (cal/deg) (cal/deg) (kcal/mole) (kcal/mole)
2621 27.81 27,69 106.11 499.0 72,7
2586 28.66 28.53 106.14 499.1 72.8
2569 29.63 29.52 106.18 503.6 77.3
2525 31.10 30.83 106,21 505.6 79.3
2596 29.06 29.16 106.13 5045 78.2
2560 29.98 29.82 106.19 504.3 78.0
2530 31.15 30.98 106,21 508.2 81.9
2647 27.89 27.74 106.09 504.5 78.2

Avg., 77.3%2.3
b. HfB and HfB?

The Langmuir measurements (on sample bar 318-3) over the two-phase
region are swuimmarized in Tables 19 and 20, A boron-hafnium ratio of 2,8 wzs found
over a solid with Hf:B equal to 1:1,75., This suggests that the congruent vaporiza-
tion point at 2400 to 2600°K is in the two-phase region at a more metal rich com-
position than the sample, Kaufman(59) has pointed out that the congruent composition
should decreasewithtemperature. These data yleld a heat of formation for HfB of
-47.3 £2.9 kcal/mole in good agreement with Kirkorians(37) estimate of -48 keal/mole.
No other data are available for this compound, The free energy functions for Hf and
B were taken from Schick. An estimated iree energy function for HfB was calculated
by using 2/3 of Schick's ACp values for HfBg,(41) together with the free energy func-
tions. Heats of vaporization of Hf and formation of HfBy were taken from the present

study. TABLE 19

1A PNTUM AND BRORON OVER HfB, + HfB

Time Total Evap, Rate Evap. of B Evap. of Hf
Series I T(°K) (sec) (g-cm-2-sec 1)x106 (g-cm~2-sec™})x107 (g-cm=2-gec™1)x106

1 2497 1440 4,92 7.31 4,19
2 2454 3540 2.25 3.35 1.92
3 2404 3180 1.28 1.92 1.09
Series II
4 2575 1380 8.44 12,1 8,89
5 2543 960 4.69 6.75 4.96
6 2519 2040 4.16 5,99 4.40
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TABLE 20

HEAT OF FORMATION OF HfB

- ~

-Rln pB {(-Rin pr * - fof ‘H 298 + -LH £298
T("K) (cal/deg} (cal/deg) (cal/deg) {kcal/mole) (_kcal,'mole)
2497 3.20 29,52 36.19 165.8 48 4
2454 31.77 31.10 36.20 166 .8 17 .4
2404 32.91 32,24 36.22 163.2 51.0
25373 29.26 28 R7 36.17 165.5 45.7
2543 30.33 29.17 36.18% 69,2 43.0
2319 30,39 29 .42 36. 1R 165.2 46.7)

Avg. 7.3 =29

~ For reaction: HfBy - HfB(q) ~ B(g)

*

The pressure of Hf is not used to calculate the heat of formation of HfB.

[ 4. Hafnium Carhide (Tentative Resuits)

| HIC g%

A Langmulr cell was cut with an ultrasonic tool from an arc melted bhutton
of HfC. The analysls of this material gave an initial compositlon of HfC g7. The
vapor composition was nearly congruent, Unfortunately, the finished piece was of an
| irregular shape and did not heat uniformly in the induction coil. Two measurements
were made on this sample with the results reported below. There is an uncertainty
in the temperature of =60° because of the thermal gradients.

TABLE 2]

EVAFORATION OF Hf AND C FROM HIC g7

Evaporation Rate (g-cm'z-sec' 1)

Time
T(°K)  (sec) Total x 108 Hfx 106 Cx 10’
2890 2100 8.03 6.79 12,3
2800 5940 2,16 i .82 3.37
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TABLE 22

HEAT OF FORMATION OF HfC

) IFSTL
P ht Pe Rinpye -Rlnpo e B 9o AH po0s

T("K) (atm)x107 (atm)x107 (cal/deg) (cal/deg) (cal/deg) (kcal/mole) (kcal/mole)
2890 6.16 4,37 28 .41 29.10 70.46 367.3 35.2
2800 1.63 1.16 31.07 31.74 70.50 370.6 58.6

Avg. 56.9 £1.7

The heat of formatlon of HfC is 1n falr agreem:zt wilth Mah's calorimetrlc
value of -52,4 kcal/mole, Due to posslble temperature errors there is an uncertalnty
of £ 7 kcal {n the heat of formation,

Free energy functions were taken from Schick for hafni'm and HfC and
from Stull and Sinke{>3) for carbon.

5. Zlrconlum Carblde Langmuir Measurements

The rate of evaporation over ZrC g7 (bar 262-3) given in the seml-annual
report were recalculated. From X-ray fluorescence analysis, a C/Zr ratlo of 6.21
was found which seems to be high compared to Kaufman's predictlon that the con-
gruent composition 18 near the stoichlometric compound.( 9 The results are In
falr agreement with Pollock's Langmuir measurements, being about 3 kcal hlgher.
The zirconium-carben ratlo, however, {s much higher than his, in part, perhaps,
because hls Initlal sample is richer in zirconlum,

The results are given In Tabtes 23 and 24.

TA
+

T
Akdrsy

{a

22
3

EVAPORATION OF ZrC g7

Time  Total Evap, Rate Evap. of Zr Evap. of C Pzr Pc
T(‘K) -(a_ec_)_ (g-cm'z-sec'l)xlﬂ(’ (g-cm'z-sec‘l)x]07 (g-cm'z-suec'l)xlﬂ7 (atm)xlﬂR (atm)x 108
2717 3130 1.35 7.44 6,08 9,13 20.6
2783 1182 3.16 17 .37 14.2 21,6 48,8
2859 1110 7.68 42,2 34.6 53.3 12.0
2736 2025 1.76 9,67 7.92 11.9 27.0
2824 9910) .44 24,5 20,0 30.9 69,3
2750 1800 3,21 17,6 14 .4 21,8 49.3
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TABLE 24

HEAT OF FORMATION OF ZrC g

-R1 : ) _pHO
Rinp, Rinpg - fef ™ 994 B 1208
T(°K) (cal/deg) (cal/deg) (cal/deg) (kcal/mole) (kcal/mole)
2717 32,21 30.60 71.82 365.8 49.0
2783 30.30 28 . R§ 71.76 3635.0 48,2
2859 28.71 27.13 71,69 3n4.6 47 .8
2736 31.69 30.06 71.80 65,4 48,6
2824 29.79 258.18 71.68 366.3 49 .5
2750 30.49 28 86 71.78 360.6 43 .8
Avg. = 17.8%14.2

The results given in the latter tahle are based on Margrave's free energy
functions for the solid from this report and Stull and Sinke's(°8) values for the gases.
The heat of reaction was computed for stoichiometric ZrC and the heat of formaticn
for the reported limit of ZrC gg {60) The latter value differs by about 3 kcal from
the combustion value of Mah and the vapor pressure measurements of Pollock(32) and
of Lyon(34) using Skinner's zircontum pressures.

6. ZrC 47

Two - >ts of measurements were made by the Langmuir method on this
sample. It had an initial composition of ZrC g7 well within the single-phase region.

In the first series an aluminum target was used, and the vapor showed a
C/Zr ratio of 0. 12, The second series, using a platinum target, gave a C/Zr ratio
ot U.28. These numbers indicate that the congruent composition was heing approached
during the course of the experiments. The initial set of measurements gave higher
pressures than the second set. This could be due to the relatively high impurity con
tent of the sample, which contained 0.2 percent O, 0.2 percent N and 0.1 percent Ti.

The results are given in Tables 25 and 26.
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TABLE 25

EVAPORATION OF Zr AND C FROM ZrC ¢7

Time Evaporation Rate (g-cm'z—sec'l)

Serles 1 T(°K) (sec) Total x 100 Zr x 100 C x 10/

1 2668 600 22.3 21.9 3.55

2 2652 Q00 11.6 11.4 1.84

3 2647 1238 G.61 9,46 1.33
Series 11

4 2660 3600 4.17 1.02 1.48

5 2743 4500 6.37 6,14 2,27

6 2796 1200 18.1 17.4 6.44

TABLE 26
HEAT OF FORMATION OF ZrC g7
_ _ o] R o
Pc Py TRIADG RInpy ager B ggg BH™ freq

T(°K) (atm)xlfJ8 (atm)x107 (cal/deg) (cal/deg) (cal/deg) (kcal/mole) (kcai/mole)
2668 11.9 2,67 31.69 25.51 57 .34 276.0 16.5
2652 6.16 1.39 32.99 26.80 57.36 280.0 23.5
2647 5.12 1.15 33.36 27.18 537 .36 281.2 24.7
2660 1.97 4,89 33.41 28 .88 57.35 287.1 30.6
2743 7.74 7.59 32.54 28.01 57.27 291.9 35.4
2796 22.2 21,7 30.45 25.92 57.20 287.7 31.2

Avg, of Series 11 + 32.4 £2.0

Serles 11 measurements gave a heat of formatlon for ZrC g7 ln good agree
ment with Moh's calorimetric valuc of 21.2 mentioned in Section I of this repori. The

free energy functions for Zr and those estimated for ZrC g7 were found usingSchick's
tables .(41) Carbon values are from Stull and Stnke.(53)

7. Hafnfum Carbide in a Graphite Knudsen Cell

This experiment was carrled out uslng a water cooled collimator to select
the vapor effusing from the graphlte oriflce as descrtbed under Section 1 of the
apparatus sectlon. The collimator was so efficient and placed far enough away from
the sample (1/2") that a relatively small amount of vapor reached the target. Fur-
thermore, the half inch separation of colllmator and sample resulted in the area
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"seen"” by the target as only 17% orificc area with the remalning 83% cell surface.
Winslow and Thorn{45) have shown that the total evaporation coefflclent from
graphitc is 0.14. Data from Hoch et al. (43) when compared to Stull and Sinke's
pressures over carbon result in a faérevaporatlon coefficlent of 0,12, Since
Winslow's study was specifically designed to measure evaporation coefficlents,
his value of 0.14 will be used. Under these conditions the relative effective

area of the orifice {s {ncreased to 60% if it Is assumed that the orifice has an
evaporation coefficlent near unity. Because of the necessity to operate at such a
high temperature and high carbon pressure to get a reasonable amount of vapor
deposited on the target, some problems were encountered. Cn a few occaslons
there was arcing within the apparatus, assoclated with the high carbon pressure.
Thus it was not possible to measure the evaporation from the surface separately
in order to compare it to the combined evaporation and effusien,

The neutron activation analysis of the target indicated that of 275 micro-
grams deposited on the target 6.0 £0.5 x 10-7 g were Hf. The hafnium pressure,
assuming that hafnium comes only from the orifice, {s almost six times higher
t..an that required to give an activity consistent with the calorimetric heat of for-
mation of HfC. If, on the other hand, one assumes that hafnium evaporates from
the total surface seen by the target, then an activity for hafnium {s found which

ylelds a heat of formation of -44.,7 kcal/mole.

SUMMARY

The partial pressures over the carbldes and borides of zirconium and
hafnlum have been measured by the Langmuir method. In all but one case the cal-
culated heat of formation of the compound was within experimental error (+3 kc.l)
of the calorimetric value. The exception was HfC where the sample falledto heat
uniformly, The present Langmulr boride measurements agree better with the
calorimetric heats than do the Knudsen experiments {n the literature. Contrary
to ihe nieasurcmente in ungsten Knudsen cells, where evaporation coefficients
between 0.025 and 0.1 for ZrBg and 0.1 for HfB2 were reported, the present study
Indicates that the evaporation coefficient for each of these compounds {s close to

unity.
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APPENDIX 1

SPECTROSCOPY OF HIGH TEMPERATURE SPECIES BY MATRIX ISOLATION*

A. PROJECT SUMMARY BY O. SCHNEPP

The infrared spectra of lithium fluoride, chloride and bromide have been
investigated by the matrix isolation technique. A complete scientific report on this
work is included in a paper which has been prepared for publication and is included
as <ection B of this report.

The studies condiucted and described in section B allow definite conclu-
sions to be drawn concerning the validity and applicability of the matrix isolation
technique to the study of the infrared spectra of high temperature molecules in
general. These conclusions will be summarized in the following paragraphs.

The systems investigated have been the subject of exhau itive mass spec-
trometric studies such that the composition of the vapor is well known. The prin-
cipal components are monomers and dimers. It has been demonstrated tha' the
same molecular species were trapped in the inert solid matrices and the infrared
spectra of these molecular species could be studied. It can also be conclucled that
liquid hydrogen temperature is sufficient for the studies and the spectra obained
were the same at this temperature as they were at liquid helium temperature. It
is therefore possible to state that the molecular species present in the vapor in
equilibrium with the salt can be trapped in inert solids at liquid hydrogen teinper-
atures.

It remains to be investigated if changes in the relative concentration of
different molecular species such as monomers and dimers in the vapor are reflected
by parallel changes in the concentrations in the trapped solid phase. Such experi-
ments using double ovens (01) which will permir the variarion of the rativ uf wono-
mer to dimer in the effusion beam over a wide range are at present under way in
this laboratory but have not, as yet, progressed to a stage which would allow con-
clusions to be drawn.,

The importan: problem which exists in connection with the matrix isolation
technique is that of the solvent shifts. It is, today, not possible to calculate this

* Report on subcontracted study at Israel Institute of Technology, Haifa, Israel
under the direction of Prof. O. Schnepp.
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shift theoretically and our efforts to devisc a physically sound extrapolation pro-
cedutre have not been successful. However, it has been found that the frequency
shift between the argon and nitrogen matrices is a good indication of the size of

the argon matrix shift relative to the free molecular vibrational frequency. It

is, however, likely that for many systems solvent shifts will not ke as large as
those encountered in the present work and therefore this would not present as great

a difficulty.

Future work in this area should be concerned with lower frequencies
since many important vibrational modes can be expected to be located in the farther
infrared region of the spectrum. It will also be of great importance to adapt the
technique to Raman spectroscopy so as to make possible the observation of infrared
inactive frequencies and therefore complete vibrational assignments. Such complete
observations will allow the development of the theory of the structure of and binding
in molecules of highly ionic character.

It was intended that the vibrational spectra of ZrQ and Hf0 would be in-
vestigated by the matrix isolation technique during this report period. However
difficulties were experienced with the oven. The electron beam bombardment fur-
nace for this study was modified and is now capable of reaching temperatures above
2000 C. Work will continue on this aspect of the project during the next six months.

B, THE INFRARED SPECTRA OF THE LITHIUM HALIDE MONOMERS AND DIMERS
IN INERT MATRICES AT LOW TEMPERATURE, BY S. SCHLICK AND

O. SCHNEPP

1. Introduction

The molecular species produced on vaporization of alkali halides have been
the subject of a large number of investigations over the last ten years' period. The
occurrence of dimer and trimer molecules in addition w ihe wwouoiners has been
established and it was found that the dimer to monomer ratio is as high as 3:1 for
some of the lithium halides. (62) Molecular beam measurements (63§and micro-
wave investigations (64) have provided accurate values for the structural constants
of many monomer molecules. The infrared spectra of the monomer alkali halides
in the gas phase have been measured (63) and in spite of the considerable line widths
encountered it has been possible to determine the vibiational constants with good
accuracy. Infrared absorptions have also been assigned to the dimer molecules of
the lithium halides,(66) however in thig case the vibrational frequencies could not
he accurately determined in view of the great line widths caused by the high temper-
atures which have to be used to ensure adequate concentration in the gas phase. The
structures of the dimer molecules have been established by electron diffraction
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measurements (67) and the vibrati. nal frequencies of the lithium halide dimers have
been treated theoretically on the basis of an ionic model. (68)

The matrix isolation technique has been applied to the spectroscopic in-
vestigation of lithium fluoride by Linevsky. (69) This author found that the monomer
frequency undergoes very considerable shifts in rare gas and nitrogen matrices and
he used an isotopic substitution technique in order to characterize monomer and
dimer absorptions. (70) He found that two bands had to be assigned to the monomer
on this basis and concluded that different matrix sites in argon give rise to the two
bands with a separation of 120 cm~1. He also found that one of the dimer frequencies
he observed agreed very well with the gas phase measurements but the second band
deviated considerably.

In view of the potential value of the matrix isolation technique for the
spectroscopic investigation of high temperature molecules it was considered of
importance to extend such studies in ar. effort to determine the extent of applicability
of this technique. At the same time, it seemed of importance to further investigate
the lithium halide dimer vibrational frequencies. In addition, further information on
solvent shifts in simple systems is essential at the present stage of insight into this
important problem. (71)

While the present investigation was in progress, the infrared spectra of
natural lithium fluoride and chloride and of sodium fluoride in rare gas matrices
were published. (72)

In the present work, the infrared spectra of natural lithium fluoride and
of natural (93%Li7) and of Li6 - lithium chloride and bromide vaporization species
were studied in argon, krypton, xenon and nitrogen matrices. The solvent shifts
of the monomer bands are discussed in terms of existing theories and the applica-
bilities of the theoretical treatments due to Buckingham (“1) and Kirkwood-Bauer-
Magat have oeen tesied. The solvent shifis are also discussed in terms of gpecific
solute-solvent interactions. Twso dimer frequencies of lithium chloride and bromide
have been definitely characteriz=c and assigned.

2. Experimental Detalls

The sample to be investigated was prepared by simultaneous deposition
of a molecular beam emerging from an effusion cell containing the salt and a stream
of inert matrix gas on a cold cesium bromide window. The window was mounted in
a copper holder screwed to the bottom end of a stainless steel double cryostat. Good
thermal contact between the window and the holder was ensured by means of indium
wire. The window was surrounded by a radiation shield attached to the same end of
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the dewar bearing the window holder and a second radiation shield kept at liquid
nitrogen temperature. These shields were fitted with holes to transmit the light
beam and to admit the materials to he deposited. Liquid helium or liquid hydrogen
served as coolants. The window temperature was measured by means of a copper-
constantan thermocouple soldered into a hole drilled into the window. Wood's metal
was used as soldering material. The temperatures so measured were 10°K or 21°K
depending on the coolant used.

The effusion cell was made of tantalum sheet and was 16 mm long and
6 mm in diameter, with 0.125 mm wall thickness. The effusion aperture was 0.8 mm
in diameter. The cell was heated by radiation from a surrounding tantalum ele-
ment heated by currents in the neighborhood of 100 amperes. The temperature
inside the effusion cell was measured by means of a chromel-alumel thermocouple.
The temperatures used in the course of this work corresponded to a vapor pressure
of 10 microns of the material to be effused. Thus closely ideal effusion conditions
prevailed. The materials investigated were lithium fluoride, chloride and bromide.
The natural lithium salts contain the natural abundance of Li7(92.6%). The Lif -
chloride was purchased from Oak Ridge National Laboratories while Li® - bromide
was prepared by titration of the hydroxide with HBr. The concentration of Li~ in
these salts was 95.6%. The inert gas matrices used were argon, krypton, xenon
and nitrogen.

1t was attempted to estimate the concentration of the lithium fluoride in
the inert gas matrix. The amount of matrix gas deposited could be measured by
observing the appearance of interference colors on the deposition window. The
deposition rate so determined was 30004 of layer thickness per minute. A depo-
sition rate three times less was used occasionally. The rate of flow of the lithium
halides was calculated on the assumption that effusive conditions prevailed. This
calculation showed that the ratio matrix to salt on the deposition window was 1000
when the effusion cell was heated to a temperature which corresponded to a vapor
pressure of iu. No specira wete obseirved under these conditions. With the effusgion
cell at temperatures corresponding to a salt vapor pressure of 10 as used in rhe
experiments reported here the described calculation yields the result that the matrix
to salt concentration was 100. 1t is, however, probable that the salt vapor beam
was strongly scattered by the matrix gas with the result that the final concentration
in the deposited solid film may well have been lower than that calculated by as much
as a factor of 10. Evidence for such scattering under similar experimental con-
ditions has been previously reported in the literature. (73)

The infrared spectra were recorded with a Perkin-Elmer, Model 21
double beam spectrophotometer with sodium chloride and cesium bromide prisms.
Measurements could be successfully made to 37u, but the instrument had to be
purged with dried air for work at wavelengths longer than 33u.
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3. Results

a. Lithium Fluoride

Most of the results obtalned here for lithium fluoride have already been
descrihed by Linevsky(©9).(70)and by Snelson and Pitzer.(’2) The bands ohserved
are listed in Table 27. The bands at 842cm™! and 837cm~! in argon, have been
asslgned to the monomer, while thebandsat 621-cm 1 and 545cm~! in solid argon
have been assigned to the dimer. The band at 720cm™1 in solid argon has been
assigned to the monomer by Linevsky. This assignment seems problematic but no
new information which might further clarify it has been obtained here. The doublet
at 842cm-1 - 837cm-! in solid argon was examined at liquid helium and liquid hydro-
gen temperatures and identical results were obtained. This spectral region was
also examined with a fore-prism-grating instrument with spectral slit width of less
than lcm'l, but no further structure was observed. It can therefore be concluded
that Linevsky's interpretation of this doublet as due to two distinct trapping sites
is supported hy these observations. Further multiple trapping site effects were
observed for the low frequency dimer bard in solid argon and for the high fre-
quency dimer band in solid nitrogen. In the latter case the relative intensities of
the two component bands were reversed at liquid helium temperature as compared
to liguid hydrogen temperature. The spectrum of the natural lithium fluoride only
was recorded.

b. Lithium Chloride

The experiments with lithium chloride were mostly carried out at liquid
hydrogen temperature. One experiment at liquid helium temperature with argon as
matrix was carried out for comparison and results identical to those obtained at the
higher temperature were obtained. It was found necessary to carefully degas the
effusion cell containing the salt and to keep it at 150°C for 24 hours in order to re-
move all traces of waler. Speciva were recorded for the natural =2t and for rhe
Li%-salt in all four matrices. The spectra for an equimolar mixture of the two
isotopes were obtained in solid argon and solid krypton. The results are summa-
rized in Tables 28 and 29 and in Figures 33 and 34. The results obtained with the
natural salt agree well with those recently published. {72)

Comparison of the spectra obtained for the isotopic mixture with those
of the nearly pure isotopic samples shows that no new bands appeared in the mixture
in the highest energy absorption region, while new hands were observed in the other
two absorption regions. In solid argon a band characteristic of the mixture only
was observed at 499cm-1 while the intensity of the peak at 509cm™1! in the same
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experiment requires the conclusion that it represents a superpcsition of the Li6-
chloride band and a new mixture band. Another new band is observed at 36lcm™!.
The corresponding bands for the mixture in solid krypton are at 490cm™! ard
50lcm™ ! and at 354cm-1,

Two distinct trapping sites were ohserved in the highest energy absorp-
tion region. The medium energy hand also consists of a douhlet in all matrices
while a very weak third peak at the higher energy edge of the absorption region was
found to coincide with the intense band ohserved for the isotopic mixture. It is
therefore assumed to arise from the 7%Li6 isotope present in natural lithium. How-
ever, this interpretation does not fit the weak peaks at 524cm”! and 508cm™1 ob-
served for Lif-chloride in solid krypton and solid xenon respectively. In these
cases a third trapping site must be assumed. The same applies to the peak at
607cm™! for the Li6-chloride in solid xenon. The lowest energy absorption region
consists of a single band in all matrices, except xenon.

¢. Lithium Bromide

The measurements were ail made at liquid hydrogen temperature. Care-
ful degassing of the effusion cell was found to be essentially similar to the proce-
dure used for lithium chloride. Spectra were recorded for the natural salt in all
four matrices and for the Li0-salt in argon and krypton. The spectra for equimolar
mixture of the lithium isotopes were recorded in solid krypton only. The results
are summarized in Tables 30 and 31 and in Figures 35 and 36.

Again no new hands were observed for the mixture in the highest energy
ahsorption region while bands characteristic of the mixture were observed in the
other regions. These are at 440cm™! and 452cm-1 and at 303cm~! in solid krypton.

Similar to the results for lithium chloride, the highest energy and the
medium energy absorption regions consist of doublets which are best interpreted
as arising from two trapping sites. Here again a third peak is observed in the
medium energy absorption region ior the maiucral sait in solid argen, krypten and
xenon, and this peak in solid krypton is found to coincide with the intense peak
characteristic of the isotopic mixture in this matrix. Alsc no third peak was ob-
served for the Lif- salt. It may therefore be concluded that the weak third peak
is due to the presence of the Li” igotope in the natural salt. The lowest energy

absorption consists of a single band in all matrices.

4. Discussion of Results

Comparison of the spectra obtained for a mixture of the isotopic species
of lithium with those of pure isotopes makes possible the agsignment of absorption
bands to monomer or dimer molecular species. Linevsky (70) ysed this method to
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assign the observed frequencies of Hihium fluoride, but found that he had to assign
two absorptions to the monomer on this basis (820cm-! - 837cm-! and 720em~1 in
solid argon). No such difficulty was encountered in the case of lithium chloride or
hromide. Clearly. no new bands were observed in the mixtures in the highast
energy absorption region and therefore the bands at 580cm-1 - 569cm-1 for lithlum
chloride in argon and at 521cm™! - 502cm~! for lithium hromide in argon are unam-
higuously assigned to the monomer species. On the other hand, the remaining two
ahsorption regions must be assigned to the dimer species since the spectra testify
to the fact that they are due to a molecule containing two lithium atoms. In these
cases the band of the mixed dimer LiﬁLi7X2 was ohserved at a frequency inter-
mediate between those of the pure isotopic molecules. The intensity ratios in the
spectra of the isotopic mixtures were also approximately as predicted except in
the case of the lowest energy absorption of lithium chloride in solid krypton. In
this case the water vapor absorption band at 2§8.3u reduces the sensitivity of the
instrument and most likely caused the discrepancy in the ohservation.

Since the monomer frequencies for the three lithium halides investigated
are known for the vapor phase. the matrix shifts or solvent shifts are readily ob-
tained. These are summarized in Tahle 32. Linevsky (69} has discussed the
matrix shifts for LiF and has shown that they are of an order to be expected from
known molecular constants. He used for this purpose the data of Braunstein and
Trischka (63) and of Vidale (79) which made it possible to calculate the dipole
moments of the molecule in the ground and first excited vibrationa! states. For
LiC 1 the available data are somewhat less complete. Marple and Trischka(63)
glve the value of U”1 for different vibrational levels of the molecules Li6C135 and
Li6C137 | From these 4, can be calculated hy the method of Trischka (75) and
therefore the internuclear distances in the different vibrational states can he ob-
tained provided that the Internuclear distance r, in the hypothetical vibrationless
state is known. This distance has been given hy Klemperer (65) on the assumption
of additivity of ionic radii in accordance with the model of Rittner. {"6) The values
of ¥ and of u for the :.ates v=0 and v=1 were evaluated and from these uj - 5
was found to be 1.1x1ti"30 and y, - 14 was tound to be 0.1xi0 18, These vaiues
are the same as those used by Linevsky in his calculation of the matrix shifis for
LiF. The expression used for calculating the dipole -induced dipole interaction
term between the host molecule and the matrix has been given by this author. A
substitutional site in an undistorted ideal host lattice is assumed in these calcu-
lations. In order to apply the results of the described calculation to Li’C1 it was
assumed that the ratio of (;.PI)\'r for the isotopic molecules is equal to the ratio of
their reduced masses. This approximation can he tested in the case of the molecules
Li0F19 and 117F 19 for which accurate data exist and the error in this case is found
to be less than 0.5%. The same values for 45 - u & and W, - Mo are then obtained
for the different isotopic specles. The results obtained for the dipole-induced
dipole interaction term are included in Table 32,
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The dipoie-induced dipoie interaction term was also caiculated for LiBr.
Accurate spectroscopic constants have been given hy Honig et al. (64) for three
isotopic species and these authors have also measured u 5 for one of these mole-
cules. The dipole moment was expanded in a Taylor's series in termis of the inter-
nuclear distance ahout the equilihrium value r. The derivative of the dipole mo-
ment with respect to the internuciear distance evaluated at ro Was calculated using
Rittner’'s model and r,, or the interatomic distance in the zeroeth and first vihra-
tional levels were taken from the data given by Honig et al. In this way the values
for Ug and u, were ohtained. Again the parameters needed for the calcuiation of
the interaction were identical to those for LiF and LiCi. Thus also the calculated
values of the dipoie-induced dipole interaction term are identical for the three
lithium halide molecuies (compare Tabie 32).

Linevsky also calculated the dipole - quadrupole interaction between LiF
and nitrogen and attributed to this term the difference between the solvent shifts
in the rare gases on the one hand and in nitrogen on the other. However, this inter-
action term vanishes for a centrosymmetric solute site since it depends on odd
powers of the lattice parameters. For a lithium halide solute niolecule in the
nitrogen lattice we can, therefore, only expect a contribution from this term to the
solvent shift in as much as the lattice is distorted. Such a contribution may be ex-
pected to be rather small. It is possible that the additional soivent shifts in solid
nitrogen are to be attributed to the quadrupole - quadrupole term which arises
from the change in quadrupole moment of the lithium halide molecule with the
change in vibrational state. Data, which would make a priori calculation possible,
are not available.

The dispersion energy contributions to the solvent shifts could not be
estimated due to the lack of necessary data. It also proved impossible to obtain
a reasonable and consistent sat of values for parameters by wholly attrihuting
to the dispersion energy the differences between the observed solvent shifts and
the calculated dipole-induced dipeole contributions for the rare gas matrices. This
failure may be due to the rejaiively high inaccuracy inherent in the small differences.

The observed solvent shifts for the monomer spectra of the lithium halides
exhibit several regularities. The argon solvent shift for the lowest energy tran-
sition recorded (and therefore presumably for the stablest solute site) is very near-
ly constant for all three Li’ - molecules studied and amounts to about 60cm~} .

The shifts increase in steps of about 10cm™~1 from argon to krypton and to xenon
and then another large increase is observed on going to nitrogen, such that the
nitrogen solvent shift is closely twice the argon shift. The close equality of the
shifts for the three molecules correlates satisfactorily with the calculated predic-
tion for the dipele-induced dipole interaction. The energy differences between ab-
sorption bands assigned to different sites are of the order to be expected if one or
two vacancies occur in the matrix lattice in the immediate neighborhood of the sol-
ute inolecule,
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Buckingham (71) has predicted that the ratio of the solvent shift Av of a
hand to the band frequency in the gas @e 18 constant for isotopic species of a dia-
tomic molecule. The result means, ir fact, that the ratio of the solvent shifts for
two Isotopic species s the same as the ratio between the gas frequencies. It would
therefore, be justified to accept the ratio of the observed solution frequencies as
the true isotopic ratio. 1t seemed of interest to test this theoretical result for the
vibratiens of LiF, LIC1 and LiBr in the solvents argon, krypton, xenon and nitrogen.,
The results are given in Table 33. The isotopic species in each case are the salts
containing Li16 and Li7. The theoreticaliy predicted relation is seen to be good to
at least £57,.

The applicability of the Kirkwood-Bauer-Magat relation to the observed
solvent shifts was tested. The pertinent equation is as follows:

AW e-1

— =

W 2e+41

where € is the dielectric constant of the solute and ¢ {s a constant dependent on the
solute only. It was found that the experimental points for argon, krypton and xenon
on a plot of Aw against ¢-1/2¢+1 lie fairly close to a straight line, but the points for
®

nitrogen lie very far off this line. It must therefore be concluded that this equation
cannot be used for correlating the solvent shifts in solvents that are not closely re-
lated. This conclusion is in agreement with previous extensive investigations on
this subject. (77)

As described at the beginning of this section, it has been demonstrated
that the two lower energy absorption regions for both lithium chloride and lithium
bromide must be assigned to the dimer molecules. The isotopic ratios derived
from the measured frequencies are included in Tables 29 and 31. The lithium chlo-
ride and lithium bromide dimers have been investigated by electron diffraction{67)
and have been found ro be planar rhombic molecules. The vibrations of these
molecules have been treated theoretically by Berkowitz (68} who has caicuiated
their frequencies on the hasis of an ionic model. We shall use his symmetry classi-
fication. Three infrared active modes are predicted of which two (b2u and b3u)
are in-plane stretching vibrations and the third (blu) is an out-of-plane motion.

The isotopic frequency ratios are easily predicted from the product rule since each
frequency belongs to a different representation of the point group Dy, of the mole-
cule. The theoretical ratio is 1.067 for the chloride and 1.074 for the bromide and
{s the same for all three infrared active vibrations. The ratios are aiso identical

to those expected for the monomers. It is seen from Tables 29 and 31 that the
measured values for the isotopic frequency ratlos are in very good agreement with
these theoretical values. Since we are here using the frequencies in the matrix
solvents to calculate these ratios it inay be concluded that a rule similar to Bucking-
ham's rule discussed in the previous section holds for the dimer molecule fre-

quencies.
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The isotopic frequency ratios for the mixed Lib -Li7 dimers cannot be
accurately calculated. Thls Is due to the fact that these molec_les are of lower
svmmetry than D2 , namely C, and therefore in general more than one vibration
belong to the same representation of this lower symmetry group. This is correct
for the in-plane frequencies. but the out-of-plane vibratiot. belonging to by, for
the symmetric dimer does not mix with other modes in the lower symmetry, and
therefore the frequency ratio for it can he readily calculated. It is found to be
1.035 for lithium chloride and 1.038 for lithiuimn bromide relative to the symmetric
Li’ dimers. In Tahle 34 the frequencies of the mixed dimer chloride in solid argon
and krypton and of the broniide in solid argon are listed together with their meas-
ured ratios relative to the corresponding Li7 dimer frequencies. It cannot be con-
cluded from these data if the observed absorptions are to he assigned to the in-plane
stretching motions by, and by, or if one of them represents the out-of-plane motion.
It should be mentioned here that there exists sonie uncertainty as to whether the
frequency of the blu mode is a normal harmonic mode (78) and therefore the fre-
quency ratios as predicted hy the usual form of the product rule may not accurately

apply.

Since the b, out-of-plane vibration remains in a symmetry class by it-
self also in the point ggoup of the mixed dimer Li6Li7X2, it is possihle to use the
sum rule in order to test the possibility of assigning the observed frequencies to
this mode. The sum rule for the present case has the following form:

g it 6 RN R
(L12X2) + rJ(L12X2) 2z (L1 Li )‘2) =0

where —
2
a =%’Xk = 4 Trzc zzk:'nk
and the sum extends over all vihrations belonging to the same representation in the
lower symmetry group, C,, . The resulc for the observed frequencies is as follows:

1. higher frecquency

a. Li2(312 in argon: 48021- 509Z —2x4992 = -8521

b. Li2C12 in krypton: 473§+ 5012 -2x490§= ~5470

c. Li28r2 in krypton: 421+ 451 -2x440 = -6558
2. lower frequency

a. Liz(.ll2 in argon: 3522+ 37‘52-2x3612 = 3887

b. Li2(312 in krypton: 3442+ 3672 -2)(3542 = 2393

c. Li2E31:'2 in krypton: 2982+ 3192 -2x3052 = 4515
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(79)

The sum rule has heen estahlished to be accurate to one part in a thousand and
therefore the evidence presented here supports the assumption that the b1U
vihration has not been observed.
Attempts were made to evolve a well-based extrapolation procedure for
determining the gas phase dimer frequencies from the ohserved matrix spectra.
For this purpose, the quadrupole-quadrupole and quadrupole-induced dipole inter-
action terms were investigated, and the change in the quadrupole moment and the
change in the square of this moment with vibrational level were used as parameters.
These attempts were, however, abandoned, since physically reasonable and inter-
nally consistent values for these parameters could not he determined from the
nieasurements .

It is proposed to extrapolate the observed frequencies to obtain the free
molecule valiles by analogy to the monomer solvent shifts. To justify this com-
pletely empirical procedure for the lithium chloride and bromide dimer modes, we
note that the shifts from matrix to matrix are very closely the same for the two
dimer molecules, just as they are for the monomer species. These relative matrix
shifts also follow a pattern similar to the monomer values, the observed frequencies
moving to lower energies hy small intervals from argon to krypton to xenon and
then hy a larger interval to nitrogen. On the basis of these similarities to the
monomer matrix shifts, the free molz2cule dirier frequencies are estimated by
adding to the argon frequency the difference hetween the argon and nitrogen matrix
frequencies. The lower frequencv peak of each group of absorption bands in each
case is used. The resulting extrapolated frequencies are believed to be accurate
to =20cm~!. The resulting frequencies are as follows® Lithium Fluoride:
640cm™!, 550ecm™1; lithium chloride: 535cm~1, 380cm-1; lithium bromide:
499cm-!, 325cm-1. These frequencies are mostly somewhat higher than the gas
phase absorption maxima reported by Klemperer and Norris (66) but in view of
the uncertainties inveolved, the agreement may be considered as fair.

In view of the fact that the ocut-of-plane by mode of the dimer is expected
to be of lower frequency. the ohserved gas phase aheorptions have heen assigned to
the in-plane by, and b3, modes. According to theoretical predictions, the possi-
bility cai, howeve~, not be excluded that the b,,, mode is only of slightly lower
energy than the other two infrared active vibrations. Evidence based on the "sum
rule” presented here supr rts the conclusion that the h;, vihration has not been
ohserved in the present work. It is, therefore, concluded that here also the in-
plane modes have been recorded. The normal coordinutes for these modes are of
the following form:

w
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where Ty Ty Ty and ryare the displacement coordinates representing elongations

of the metal-halide bonds. The F-matrix elements can be written down hy inspection.
They are as follows:

By "F T Fy nF g v F s (F mF) o AF - )
AN
Fh3u= FtFy  Fig Fy=F mFl+Fp-F

The G-matrix elements have been given by Berkowitz. (68) 14 follows that the force
constant combinations F;; - F3 and Fyg - Fj4can be calcula.ed for a given
assignment of the rwo frequencies. The results for the rwo possible choices when
the two observed frequencies are assigned to the two in-plane vibrational modes

are given in Table 35. The argon matrix frequencies were used for the calculations,
The results are very similar if the frequencies estimated for the free dimer mole-
cules are used. It may be expected that FlS will be small compared to F11 and
therefore the difference Fyy-F,, may he accepted as an indication of the magnitude
of Fy;. On the other hand, F 5 and Fy, are expected to be very similar and conse-
quently Fyo - F, should be small compared to F ;- Fp3- Inview of this condirion
the results clearly lend strong support to the assignment of the higher frequency
mode to b, (assignment B3 in Table 33). This order of the frequencies is in agree-
ment withthe results of the calculation of Berkowitz (68) and the conclusions of
Klemperer and Norris. (66)

It has been pointed out that the doublet structure of the monomer hands of
lithium chloride and bromide is attributed to the occurrence of two trapping sites .
The higher energy dimer hand {medium energy absorption region) has similar
structure in most matrices and here agaln the occurrence of at least two trapping
sites of the dimer molecules must be assumed. On the other hand. the different
sites do not manifest themselves in the lower energy dimer band (lowest energy
apsorption region) where, for the most part, a single absorption peak was recorded.
it must therefore be cuncluded that the Do vibrational frequency is lese gensitive
to changes in the molecular environment ard therefore the energy difference between
the two sites falls within the line width. The frequency shifts between different
rmatrices are, in fact, also considerably smaller for this ahsorption than for the
hlgher energy vibration. The normal vibration of symmeiry hy  is such that the
lithium ions undergo dlsplacements tangentially to the solvent cage while the halide
ion displacements are radial to the cage. The situation is reversed for the by,
vibration. It is therefore seen that radial motion of the halide ions correlates with
greater effect on solute-solvent interaction. In view of the fact that the amplitude
of the lithium ion is considerably greater than that of the chloride or bromide ion,
the evidence is against the assumption that the repulsive contributlon to the inter-
acuon determlnes the solvent shift. Such an argument has recently heen used in an
attempt to assign the vibrational frequencies on the basis of the comparative solvent
shifts of the absorptions. (72)
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Table 27

IR spectrum of LiF in matrices at 20°K.

N
A Kr Xe 2 Assigninent
837 830 8§22 776 monomer
842
7200 717 76 6097
621 e 618 611 606  dimer
599 b3y
Y1
3 541 533 548 dimer
545
, bay
j Table 28
{ IR spectrum of Li7CI in matrices at 20°K,
\
A Kr Xe I\_ Assignment
580 568 374
569 356 359 -
- 516 monomer
545
L d e e et e e m om om e e o e m e e m om e M e e M e e e s M s e s m om e m om o o o=
501 492 483 :
JL 488 181 472 ﬁ? dgmer
480 473 466 ) 3u
: 352 344 339 """" 325 dimer
! 8E8 b2u
Table 29
1 IR spectrum of L16CI in matrices at 20°K and the frequency ratios relative to L17CI.
! Frequency Frequency Frequency N Frequency  Assign-
4 A Ratio Kr Ratlo Xe Ratio 2 Ratio ment
608 1,048 601 1.038 607 1.059 557 monomer
600 1.054 593 1.066 593 1,061 539 1.073
582 1.068
518 1.061 524 1,063 508 1.052 dimer
{ 509 1.060 510 1,060 503 1.066 453 1,066 b3y
, 501 1.059 496 1,064
' 375 1.065 367  1.068 361 1.068 345  1.062  dimer
b2u
.
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Table 30

IR spectrum of L17Br in matrices at 20°K,

_Il Kr Xe i
521 512 499 436
502 492 484 420
449 77 39 30 T T T oo
439 431 422 392
430 421 413 373
303 298 290 )81
Table 31

Assignment

monomer

7
IR spectrum of LiﬁBr in matrices at 20°K and the frequency ratios relativeto i Br.

Frequency Frequency
A Ratio Kr Ratio
561 1.077 550 1,074
540 1,076 528 1.073
470 1.070 462 1.072
461 1,072 451 1,071
327 1.079 319 1.070

Table 32

Assignment

monomer

Calculated (incomplete) and experimental shifts for the lithium halide monomer bands.

Matrly  Cale.*  14'F 1% 1701 wlor Li'mr Li%r
A 41 48 57 53 66 10 36
53 61 64 74 60 57
Kr 50 60 63 65 73 44 47
27 81 64 69
Xe 48 68 73 59 67 57
74 51 72
92
N, 45 114 114 117 120
128 135 136

*Identical for all molecules studied; dipole-induced dipole term only.

**Reference (70),
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Table 33

Values of the ratio Aw/ve for LiF, LIC}, LiBr monomer vibrations in different
matrices (A, Kr, Xe, Ny) and at different sites (1, 2).

Matrix

& Sites A Ag Kry Kro Xej Xeo Ny Ny 5

Li()F 0.037 0.063 0.070 0.080

L17F 0.052 0.057 0.063 0.074

L16C1 ¢.096 0.i08 0,107 0.118 0.118 0.135 0.171 0.197

L17Ci 0.083 0.i00 0.10i 0.120 0.115  0.137 0.178 0.200
6

Li Br 0,060 0,094 0,078 0.114
Li7Br 0.062 0.096 0.078 0.114

Table 34

IR spectra of L16LI7C17 and L16L17Br2 in matrices at 20°K and the frequency ratios

7 7
relative to leCi2 and L12Br2 respectively.

Frequency Frequency
Molecule A Ratio Kr Ratio Assignment
6. 7 - -
Li Li Cl,) 209 1,043 201 i,046 b3u
- 499 1.039 490 1.036
A1 1,028 K15 1,029 b
e e el =
LiﬁLi?Br2 452 1,049 b
440 1.045 3u
305 1.023 b
2u
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APPENDIX I1

HIGH TEMPERATURE PROPERTIES OF REFRACTORY ZIRCONIUM
AND HAFNIUM COMPOUNDS*

A. KINETICS OF OXIDATION AND FLUORINATION REACTIONS
BY A.K. KURIAKOSE AND J.L. MARGRAVE

1. Cxidation of Zirconium Diboride and Zirconium Carbide
at High Temperatures (80)

Kinetic studies were made of the oxidation of zirconium diboride at
945-1256°C, and of zirconlum carbide at 554-652°C and results were presented
in the previous report (ASD-TDR-62-204, Part 1) {15) issued In May 1963. It
was found that the ZrBy-0; reaction is parabolic throughout the temperature
range studied whereas the ZrC-Oj reaction is linear. Inthe former case a
molten layer of boron oxide is formed which protects against further direct at-
tack of oxygen on the ZrBp, while In the latter, a rather porous fllm of zircon-
tum oxide is formed which is not protective.

2. Kinetics of the Reaction of Elemental Fluorine with Zirconium
Carbide and Zirconium Diboride at High Temperatures(81)

a. Introduction

Although there have been extensive studles of rates of oxidation and
nitridation of metals and compounds, there have been very few studies of reac-
tion rates with fluorine. Haendler et al.(82'85) have, however, investigated the
reaction of fluorine with eeveral metale and some of thelr compounds o an at-
tempt to synthesize and characterize metallic fluorides. They observed that
fluorine reacts with zircontum metal above 190° and that the fluoride coating pre-
vents complete reaction. They alsonoticed that zirconium dioxide does not react
with fluorine at 100°, but converts to zirconlum tetrafluoride above 250°C. There
have also been several other reports(86'100) on the interaction of fluorine under
different conditlons, with various types of materials. As for kinetic studies with

metals the reacticn between fluorine and copper has been worked out in some
detati (101,102)

*Report of a subcontracted study under the direction of Professor John L, Margrave

at Unlversity of Wisconsin, Madison, Wisconsin, and Rice University, Houston, Texas.
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The reactions between fluorine and ZrC and ZrB9 are complicated be -
cause of the variety of possible solld and gaseous products. Also, ZrFy4 sub-
limes above 600°C.(103-105)  Zirconium carbide is known to be decomposed by
halogens and oxidizing agents,(106) in general, and hence, a rather vigorous
exothermic reaction is to be expected with fluorine. However, no previous data
are avallable on the rate of reaction of fluorine with ZrC and ZrB,.

b. Apparatus and Experimental Procedure

The arrangement of the fluorination furnace is shown in Figure 37.
The reaction chamber consisted of a nickel tube 12" long with 1" 1.D. and 1/8"
wall thickness. Heating was done by a Kanthal wire-wound furnace, and the tem-
perature measured with a Pt. vs Pt. - 10% Ph thermocouple introduced from the
bottom of the furnace tube through a 1/4" uickel tube, closed at the top end. The
metal joints of the furnace tube were made gas tight with teflon gaskets.

The flow of fluorine gas was regulated by a Matheson fluorine pressure
reducing valve and metered by a Fisher-Porter borosilicate glass flowmeter con-
talning a sapphire float. The fluorine was mixed with purified dry helium gas,
metered by another flowmeter, in various proportions to obtain the desired fluo-
rine partlal pressures. The unreacted fluorine from the exit was reacted with
the ammonia fumes over a concentrated NH4OH solution.

Before commencing the reaction, the nickel furnace tube was passivated
by reacting it with pure fluorine at 500 - 600°C to form a protective coating of
nickel fluoride. The process was carried out during a period of three days by
intermittently admitting fluorine for two or three hours each time. Also, before
starting any run, a mixture of fluorine and hellum was passed through the already
passivateo furnace tube, heated at the desired temperature for nearly half an hour
to one hour as required, until flucrine was detected coming out of the combustion
tube in large amounts, as Indicated by use of KI paper. After passivation at the
required temperature, the system was evacuated and flushed with hellum several
times, and the sample w0 be Huolilaied was suspended 10w the helical spriog by
means of a 0.007" nickel wire, in the atmosphere of flowing hellum gas. After
about 10 minutes, fluorine was admitted, along with the hellum, and a timer
started simultaneously. The partial pressure of fluorine was calculated from the
individual flow rates of fluorine and hellum at atmospheric pressure. Any re-
action of the fluorine with the nickel suspension wire was neglected on the grounds
that the surface area of the nickel wire exposed to the hot zone of the furnace was
negligibly small compared to the relatively large area of the specimen. The change
in extension of the spring was observed by means of a cathetometer and the small-
est measurable welght change was 0.05 mg. Readings were taken at suitable inter-
vals of time. The silica spring was protected from attack by fluorine by having a
blanket of dry nitrogen in the form of a slow, steady stream sent from the top of
the system. At the conclusion of the run, the fluorine was cut off and helfum and
nitrogen continued to flow until the exit gas was free from fluorine.
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The zirconium carbide and zlrconlum diboride samples In the form of
small discs, welghlng about 0.2 to 0.4 gm., cut from electron-beam melted
rods, were polished by grindingon abraslve cloth. The ZrC was 99.5%+ pure with
traces of Ti, Sl, B, Fe, N In the order of 0.1% and less and O, Al, Sn, Mg, Ca,
Mn, Cu, Mo, Ag, Hf, and Pb in the order of 0.0l to 0.001%. The zlrconlum di-
boride was of composition ZrB, 05 with 1.7% Hf and 200 ppm of carbon as im-
purities. The polished ZrBy had a shining mirror-like appearance while the ZrC
had a shinlng metallic gray color. Surface areas of the specimens were deter-
mlned by measuring the geometrlcal dimenslons.

c¢. Results and Pilscusslon

A prellminary examination showed that ZrC would burn in fluorlne or
in an atmosphere rich in fluorine, at about 250 - 300°C. On the other hand, ZrBg
did not catch fire In pure fluorine at a pressure of 1 atm., but it broke into blts
at about the same temperature. Thus, the fluorinatlon of these materials was ex-
amined at low fluorine partial pressures where the reactions could be effectively
controlled.

d. Reaction Between ZrC and Fluorine at 278 - 410‘?9

Inltlal experiments wlth ZrC and F, under a low partial pressure of
F9 (31 mm. of Hg) Indlcated that the reactlon was rather smooth at about 300°C
with a regular Increase in welght. The reproduclbility of the results was checked
at 300°C and found to be within 20%. With the same fluorine partlal pressure, the
reactlon was conducted at various temperatures ranging from 278 to 410°C.
Above 410°C the reaction rate was too fast to measure by this technlque. The
welght Increase per unit area of ZrC with tlme at the various temperatures ls
illustrated in Flgure 38. There lIs no question regardlng the linearlty of the re-
action wlth tlme. Abrupt breaks at and above 334°C indicate the crumbling away
of part of the fluoride layer formed on the ZrC. Thick scales of ash-gray zircon-
fum fluoride were observed on the surface of the ZrC after reaction. The adhe-
slon of the scales was very poor and the materlal was soft and fluffy. The reacted
samples had a sandwlch appearance and thelr volumes had increased markedly be-
cause of the flufflness of the ZrF4 formed. The scales were apparently unlform
and there were no vlslhle cracks on them except at the edges, where the inner
core was practically naked. Viewed under a microscope, the layers were made
up of flne sugar-llke crystals uniformly formed without any cracks. It appears
that the unreacted ZrC was In dlrect contact with the fluorine atmosphere, In
splte of the fluoride coating, and thus showed a llnear rate of reaction,

It 1s not posslble to say whether either zirconium or carbon in the sys-

tem ls preferentially attacked by fluorine, slnce the gaseous products were not
analyzed. X-ray analysls of the Inner core and the outer layer mlght show some
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evidence regarding this question; the coating gave an x-ray pattern characteris -
tic of ZrF4. The fact that the inner core is rough and black when once the fluo-
ride scales are removed suggests the possibility that the Zr is reacting faster
than the carbon.

From the slopes of the straight lines in Figure 38, the linear rate
constants for the reactlons were estimated, not taking Into account the volatile
products. The values obtained are displayed in Table 36. Theactivationenergy
computed by a least square method 1s 22.1 + 1.6 kcal/mole.

TABLE 36

LINEAR RATE CONSTANTS FOR THE ZrC-F; REACTION
AT VARIOUS TEMPERATURES

(Fluorine Partial Pressure: 31 mm. of Hg)

Temperature Linear Rate Constant, Kk
__(*c) (mg,’cmz/min)
278 U.0995
300 0.1282
300 0.1515
321 0.2010
334 0.5069
348 0.5526
366 0.8450
399 3.4545
410 3.6786

AE_ = 22.1 + 1.6 kcal/mole

e

e. Fluorination of ZrBy and ZrC Above 600°C

Zirconium diboride 1s apparently not attacked by fluorine under a low
portial pressure (31 mm Fgp; 709 mm hellum) below 500°C. Since zirconium
fluoride is very volatile above 700°C, practically no fluoride coating is formed
on the beride or carblde surfaces above this temperature and hence the samples
are found to lose welght during fluorination. The loss in weight can be measured
and used for calculating the rates of the reactions. Figures 39 and 40 present
plots of the weight loss/em? of the samples with time in minutes, at 600 -900°
for ZrB, and 700 ~950°C for ZrC respectively, with a fluorine partial pressure
of 2.7 mm of Hg (736 mm helium). The slight curvature in the lines is assumed
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to be due to the change in surface area of the specimens with the extent of corro-
sion. The rate constants for these reactions were, hence, calculated at zero-
time on the hasis of a linear rate law, using the equation

Aw/A = B+ Ct - Dt® + Ef (1)
where:

Aw 1s the weight loss; A, the initial surface area; t, the time; and B, C, D, and
E are constants with C Lelng the linear rate constant k1 t=0°

Eyuation (1) was derived assuming that the length and radius of the
cylindrical specimen vary linearly with time, as treated helow:

The linear rate or reaction at the surface of a cylinder 1uay be ex-
pressed by the equation:

d (Aw)

& =  k 2r(r+ 1) (2)

where:

Aw represents the weight change; k, the linear rate constant; and r and 1, the
radius and length of the cvlinder respectively.

Assuming that the cylinder i{s corroded at constant rate from all sides,

dr _ dl B .
ar 1/2 &t k (3)

where k' is the rate constant for the change in radius and 'ength.
Integrating (3),

r = r -k't (4)

—
L]

I, - 2kt ©)

where r, and 1, represent the initial radius and lergth of the cylinder. Sub-
stituting (4) and (5) in (2)

9—%‘-{5’) =k 2m(r, - k') (ro + 1 - 3k'Y) (6)

Integrating {6) with respect to t,
Aw = k [2111‘0 (ry + 1)t = Tk (d4rg + 1)t? + 2nk'3r3] + B (7)

where B 13 a constant,
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Equation (7) 1s of the same form as (1) and

—-:t(i;’) ok 2 (r0+10)] (8)

and the value within the square bracket in (8) is the initial surface area of the

cylinder.

The values for the zero-time rate constants w T lat .d with a
Control Data 1604 computer and they are presented in Ta ~an- ~7 The
reactions of hoth ZrBy and ZrC with fluorine are not strc v temp=iic e de-
pendent above 600°C and the activation energies calculs ire essen ' ero
for both ZrB, and ZrC. The reaction rates depend on *he  .rlue pe  .al “res-
sure at temperatures above 600°C and probably appear t= ... v 7 fast l» o ly
because of the rapid temperature rise produced at the surface .y t. iy exo-

thermic fluorination process which produces more energy than the sm... sample
can dissipate by combined radiation and conduction to the flow gas.

f. The Effect of Fluorine Partial Pressure on the
Fluorination of ZrC and ZrB2

The nature of the dependence of the rate of reaction of fluorine with
ZrC was Investigated at two temperatures, 350° and 700° C, since the mechanism
of fluorination at these two temperatures Is distinctly different. For ZrBp, the
effect of fluorine partial pressure was studled only at 700°C. The rate constants
for the reactlons were calculated as Indicated earlier, and the results are graphi-
cally presented in Figures 41 and 42 for ZrC and ZrBp respectlvely. For ZrC at
350°C and for ZrBy at 700°C, the rate of fluorination is approximately propor-
tional to the square root and for ZrC at 700°C, it is proportional to the 1.5 power
of the fluorine partial pressure.

TABLE 37 TABLE 38
LINEAR RATE CONSTANTS AT ZERO-TIME (k, ) | LINEAR RATE CONSTANTS AT ZERO-TIME (k, -0
FOR THE ZrB,-F, REACTION Al /U -3007C FOR THE ZrC-Fy REACTION Al /00 - 950°C
® = 2.7mm. of Hg
FZ P = 2.7 mm. of Hg
i)
k
Temperature 1, tEO
(°C) (mg. cm?®/ min) Temperature kl,t;O
°C mg/cm”/min
. 0. ZES ) (mg/cm”, min)
600 0.7734 700 0.7565
700 0.6354 800 0.8764
745 0.5313 900 0.9058
800 0.9435 950 0.9697
800 ().6842
047 0.7265 AEA = 2.2 £ 0.4 kcal/mole
900 0.5916

.{;FA = 0 21 kcal/mole
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3. Kinetics of the Reactions of Fluorine with Hafniurg_(;arﬁid_e
and Hafmum Diboridc

a. Introduction

Because of the well-known close resemblances between zirconium and
hafnium compounds, similar behaviors of HfC and ZrC and of HfBj and ZrB,
with fluorine are to he expected. However, the slightly higher volatility of HfF 4
than ZrF, should make the Hf compounds slightly more reactive at lower tem-
peratures.

b. Experimental

The apparatus and experimental procedure were essentlally the same
as for the fluorination of ZrC and ZrB,. The HIC samples were prepared from
an arc-melted piece of composition HfC with the following impurities:
0.035% Zr; 0.031% N; 0.005% Fe; 0. 0039790 0.002% each of Ti and Si; 0.001%
each of H, Cu, Mn and Mg. The HfB; specimens were cut from zone-refined
cylindrical bars which had a compesition I—IfB 2.035 with impurities: 0.01to 0.1%
of Zr; 0.16% of C; 0.001% each of Cr, Cu and Mg; 42 ppm of N; 30 ppm each of
Ti and Fe; 26 ppm of O; and 10 ppm of Si.

Both of the sample materlals were supplied by Mr. George Feick.
The surfaces were polished by mechanical means and thelr areas were caiculated
from geometrical dimensions.

c¢. Results

Both HfC and HfB, were found to withstand fluorine at room temperature
to a pressure of one atmosphere. The exposures at higher temperatures were

done vniy ai low fluorine partial pressures.

Fluorination of HfC - Experiments with HfC exposed to fluorine at 2.8 Torr par-
tlal pressure indicated that a detectable reaction started at about 300°C. There
was formation of solid HfF 4, but the reaction rate could not be measured since
the product was not adherent to the HfC surface up to 400°C  The HfF 4 was col-
lected at the bottom of the furnace and the HfC surfaces were practically clean.
At 500°C, however, the product was more adhesive, but still no reproducible
rate data could be obtained hecause of the abrupt crumbling of the product layer.
From a few initial readings at this temperature, the reaction rate appeared to be
{inear. At 565°C the HfC began to lose welght and the reaction became smoother.
The rate data from 565 - 890°C are given in Table 39. It is clear that the reaction
1s almost independent of temperature above 650°C and the calculated activation
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TABLE 39

RATE DATA ON THE HfC-F, REACTICN

Temperature PFQ k|
(°C) (Torr) (mg/cmz,’min)
565* 2.8 2.0606
650* 2.8 5.3602
720 2.8 6.1400
765 2.8 5.1831
800 6.7 8.2645
800 13.2 11.7140
820 52.5 49,8000
825 2.8 6.3158
890 2.8 6.0800

*Furnace temperature

energy is practically zero. At 565°C the rate is considerably lower, but it must
he due to the incomplete volatilization of the HfF 4. The reaction rate is directly
proportional to the fluorine partial pressure up to 52.5 Torr above 600°C

(cf. Figure 43).

Fluorination of HfBy - Although no measurable reaction occurs between HfBy and
fluorine at low fluorine pressures up to 500°C, the samples break down presum-
ably at pre-existing cracks even at about 350°C at 13.2 Torr fluorine pressure.
Small quantities of white HfF 4 are found within the cracks, but not on the outer
surface. HfBy begins to lose weight at about 550°C but it stays together even up
to0 1020°C. The reaction ls linear as expected and the rate constants under vari-
ous conditions are recorded in Table 40. Here again, temperature has practi-
cally no effect on the reaction, but the fluorine partial pressure has a marked
influence on the reaction.

As the fluorine pressure is Iincreased, there is a preportional rise in
the sample surface temperature and above 1000°C sparks begin to appear at the
specimen as observed through the optical pyrometer. Shortly after the appear-
ance of the sparks, the nickel wire burns up and the sample falls down. It has
to be mentioned that although the sample surface temperatures rose above 1000°C,
the actual furnace temperature was never ralsed above about 900°C. In Table 41
are shown the actual surface temperatures of a sample of weight about 0.7 gm
and surface area about 1.3 cm? under various fluorine partial pressures at a
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TABLE 40
+r
| RATE DATA ON THE HfB,-F, REACTION
[
E
Temperature PFZ kl
S L) (Torr) (mg/cm?/min)
765 2.8 5.3125
830 2.8 5.2439
00 2.8 4.8571
: 975 2.8 5.1613
810 6.7 6.9231
840 6.7 6.1538
l 940 6.7 9.3750
; 1020 6.7 8.8235
610* 13.2 9.8214
' 835 15.2 7.9412
880 13.2 9.6154
985 13.2 11.8750
610* 30.6 13.5556
890 30.6 12.3545
950 30.6 15.7692
610* 52.5 19.4444

*Furnace temperature
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furnace temperature of 740°C. Figure 44 is a plot of the rate constants against
the square root of fluorine partial pressure. The linearity of the plot Indicates
that the rate of fluorination of HfB, varies directly as the square root of the fiuo-
rine partial pressure.

d. Discussion

As expected, the behaviors of both Zr and Hf carbides and borldes
toward fluorine are similar. The borides of both metals are more resistant to
fluorine than the carbides. Whereas the carbides begin to react at around 300°C
under low fluorine partial pressure conditions forming solld products, the borides
are attacked only ahove the volatilization points of the metallic fluorides. Thus,
a coating of the {luoride is never obtalned on the ZrBj and HfBy. At temperatures
above 600°C all the reactions are gas diffusion controlled which is characterized
by thelr Insensitiveness of the rates to surface temperature changes.

ZrC differs from HfC in that while the former forms thick scales of
ZrF 4 below 500°C, the latter does not grow any scalesonit. HfBj crumbles in
fluorine even at low fluorine partial pressure at 350 - 330°C, but the ZrBo stays
undamaged up to 500°C under the same conditions,

The fluorination of HfC and HfBy is much faster than that of ZrC and
ZrBa. Even after converting the rate constants to moles, the rates for HfC and
HfBj are found to be ahout four-five times faster than those for ZrC and ZrB,;.

The dependence of the reactlons rates on the fluorine partial pressure

s also similar for both Zr and Hf carhides and borides, except that ZrC shows
a 1.5 order with respect to fluorine while the HfC shows first order.

TABLE 41

SURFACE TEMPERATURES ON HfB~ SAMPLES WITH VARIOUS I LUCRINE
PARTIAL PRESSURES AT A FURNACE TEMPERATURE OF 740°C

D
F?. Surface Temperature

(Torr) (°C)

740
765
810
835
890

[
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FIGURE 44 EFFECT OF FLUORINE PARTIAL PRESSURE ON THE
HfB,-F> REACTION ABOVE 600°C



4. Kinetics of the Reaction of Elemental Fluorine With
§111c0n and Boron*

a. Introduction

Not nwch {8 known regarding the interaction of fluorlne wlth silicon
and boron except for the carly ohservations of Molssan(107,108) that these ma-
teriais burn in fluorlne at or slightly above room temperature depending on their
physical state, with the production of the corresponding gaseous fluorides. The
amorphous forms react faster than the crystalline ones and sillcon reacts more
readlly than boren. Although these flndings are true, spontaneous ignltion of
these elements does not occur if the fluorlne concentration is limited by reduc-
ing the partial pressure appropriately, and under such controlled conditions,
the rates of their reactions can be measured by suitable means. This paper
presents a study of the kinetics of the fluorinatlon of silicon and boron at tem-
peratures up to about 1000°C and fluorlne partial pressures up to 52.5 Torr,
using a thermogravimetric method in a continuous flow system.

h. Experimental

Apparatus - A detailed descriptlon of the apparatus used and experlmental pro-
cedure have already been presented in Section 2 of this appendix. The fluorina-
tion reactions were carried out in a nickel combhustion tuhe equipped with a quartz
spring from which the specimens c: uld be suspended by means of flne nickel wlre.
The tube was heated vertically in a reslstance furnace and the temperature was
measured up to 700°C with a platinum vs platlnum + 10% rhodium thermocouple

1 (shielded by a nlckel tube) and above 700°C with a Micro-Optical Pyrometer by
observing the specimen through a glass window attached to the bottom of the com-
bustion tube through a kovar-giass seal. The fluorlne, metered through a glass
flowmeter wlth a sapphire float, was mlxed with helium in the requlred propor-
rions to obtaln the deslred partlal pressure before admltting into the combustlon
tube, and all the experlments were carried out at a total pressure of one atmos-
phere. The fluorine fiow couid be controlled w as ivw a value as 2 i, /min.

The welght loss of the specimens was calculated by observing the change in ex-
tenslon of the sprlng with a cathetometer to an accuracy of + 0.05 mg. The
quartz spring and its glass container were protected rrom fluorine by a slow
counterflow of pure helium.

Materials - Fluorine gas of 99.8+ % purity ohtained from the Allied Chemical
Corporation was used after passing it through an HF trap containing NaF pellets.

*To be presented at the American Chemlcal Soclety Meeting, Philadelphla, Penn-
sylvania, April, 1964.
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Polycrystaliine boron in the form of rods on 12 micron diameter tung-
sten substrate filament was ohtained from: Texaco Experiment Inc. Cylindrical
specimens of approximately 1 cm. in length and 0.2 ¢m. in dlameter were made
and washed with acetone and benzene and dried. By calculation from the geo-
metrical dimensions, the horon samples had a density of 2.24 £ 0.06 g,’cm3.

The silicon samples were prepared in the forms of thin slices of ap-
proximately 1 mm. thickness cut from large crystals of silicon of purity 99.%+%
supplied by E. 1. du Pont de Nemours, Inc. The specimens had a surface area
of about 1.5 cm? and a calculated density of 2.1 + 0.1 g-cm3.

The surface areas of both boron and silicon were computed from the
measured geometrical dimensions. It should be mentioned that the boron surface
was obviously rough so that the calculated value could be off by many factors,
although the silicon had a smooth, shiny surface.

c. Results

As stated in the introduction, since both silicon and boron ignite spon-
taneously in pure fluorine around room temperature, the kinetic experiments
were carried out at very low fluorine partial pressures. With silicon samples
of surface area about 1.5 cm2, no measurable reaction was observed for a period
of one hour below a temperature of ahout 835°C, with a fluorine gartial pressure
of 2.8 Torr. Boron (with surface area approximately = 0.7 cm“) was even more
resistant to fluorine under the same partial pressure conditions and measurable
reactlon was observed only above 300°C. When the fluorine partial pressure is
increased, specimens of hoth silicon and boron break up at around room temper-
ature at an experimental fluorine partial nressure of about 200 Torr. Th: lower
reactivity of boron than silicon with fluorine is In agreement with the observe-
tions of Moissan.

The Effect of Temperature - The results of the fluorination of sillcon and horon
are given In Tables 42 and 43, respectvely. The runs, in which the reactions
were very fast, were made only for short perivds »0 that surface area changes
did not become appreciable. As expected, the reactlons are linear and the rate
constants were calculated from a plot of the welght IOSs/cm2 agalnst time. It
may be readily seen from Tables 42 and 43 that the temperature dependence of
the reactlon decreases appreclably above 170*C for silicon and above 396° for
boron.

Figures 45 and 46 are Arrhenius plots for the reactions of stlicon and
boron respectively, and there is a clear change in the nature of temperature de-
pendence between the low and high temperature regions. For silicon there are
two sets of lines corresponding to fluorine partial pressures 2.8 Torr and 13.2
Torr. The solid lines are not exactly parallel to each other in the low ternperature
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T ABLE 42

RATE DATA ON THE REACTION BETWEEN SILICON AND FLUORINE

P
Temperature Fy k)

(°Cy (Torr) (mg/cm? min)
75 13.2 0.0659
85 2.8 0.0529
83 13.2 0.1173
95 2.8 0. 1005
93 13.2 0.3634
104 2.8 0.1773
120 2.8 0.3409
120 13.2 0.9867
120 30.6 2.4750
12 52.5 4.0230
150 2.8 0.7244
170 2.8 0.8442
170 6.7 1.5170
170 13.2 2.0857
170 30.6 3.7180
170 52.5 5.3186
212 13.2 1.8868
272 2.8 0.9823
272 15.2 2.5466
325 13.2 2.5026
430 13.2 2.5613
500 2.8 1.2030
500 13.2 2.1009
600 2.8 1.5151
ann 13.2 30770
600 52.5 8.1500
692 2.8 1.8267
793 2.8 1.7241
900 2.8 2.0000
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TABLE 43

RATE DATA FOR THE FLUORINATION OF BORON

Temperature

)

300
310
320
336
336
336
396
396
396
500
500
500
500
608
683
7635
870
970
665

(Torr)

3

| T ]

P o oo 0o OO

oo oo W Oh b3 OO

| ST

[ ]

| R 2]

oo oo oo

[

[ 5]

Ky

(mg/cm?/min)

0.0292
0.0630
0.
0
0

1130

.2708
.§000
.9000
5810
5762
9396
.6449
.6304
.2103
.2788
.9746
.9904
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.2370
. 3889
.2500
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regions and the calculated activation energles are, respectiveiy, 15.7 and i8.7
kcal/moie at 2.8 and 13.2 Torr, although the upper portions of the lines yleld a
value of 1.3 kcai ‘mole for both pressures. For boron, corresponding to the two
portions of the line, the activation energies are 42.7 and 2.7 kcal/moie. On
considering the values for silicon one notes an increase in actlvation energy with
increase of fluorine partiai pressure in the low temperature region. This must
he attrihuted to the surface effects which are associated with the fluorination
processes. Since temperature measurements beiow 700°C were made using a
thermncoupie, the measured vaiues could be lower than the actual surface tem-
peratures of the samples under the fluorination conditions. This was verycleariy
seen for runs above 700°C where the actual surface temperature before and dur-
ing fluorinatlon couid be recorded with an opticai pyrometer. Temperature
rises of the order of 50 and 35°C were observed for silicon and boron, respec-
tively, at furnace temperatures of 745 and 730°C at 2.8 Torr fluorine pressure.
The reaction temperatures above 700°C given in Tabies 42 and 43 are the actual
sample surface temperatures whiie those below 700°C are the furnace tempera-
tures.

Since all the specimens of silicon or boron used had nearly equal sur-
face areas and masses, a rough approximation may be made that the temperature
rise in each case was proportional to the rate constant, assuming specific heat
and heat loss considerations remain nearly constant. Based on this assumption,
the actual surface temperature rise at 85°C would he only 1.5° and that at 120°
would be ahout 9.9°C so that the activation energy after appiying the corrections
(obtained from the dotted line, A, in Flgure 45) would be only 12 kcal/mole in-
stead of 15.4. Simiiarly applying the temperature correction for the reaction at
fluorine partial pressure, 13.2 Torr, the activation energy becomes 12 kcai/moie
(obtained from dotted line, B, in Figure 45) which is the same as that at 2.8 Torr.
For boron, after applying similar corrections for temperature effects, the ex-
perimentai activacdon energy of 42.7 kcai/mole comes down to 37.9 kcal/mole
(corresponding to the lower portivn of the dotted line in Figure 46). The greater
activation energy for the boron-fluorine reaction is in keeping with the observa-
tion that silicon reacts faster and at lower temperatures.

From Figures 45 and 46 it is possible to make an estimation of the
temperature at which the break in the temperature dependence occurs. For siii-
con, at 2.8 Torr and 13.2 Torr fluorine partial pressures, the change takes
place, respectiveiy, at 131° and 118°C experimentaliy. This diiference vanishes
when the correction for temperature rises at the sampie surfaces are applied as
indicated eariier and the transition temperature hecoraes 150 + 5°C at both the

fiuorlne partial pressures, correspondlng to the hreaks in the dotted ilnes A and
B in Figure 45.

In the cace of boron the experimentai transition temperature of 344°C
works out to be 352°C after the correction. Above these transition points the
activation cnergles arevery iow--1.3 kecdl/mole for silicon and 2.5 kcal/mole
for boron. The abrupt changes in the activation energles indicate a definite change
in the mechanism of fluorinaticn hetween the two temperature regions.
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The Effect of Pressure - The variation of the fluorination rates with fluorine
partial pressure between 2.8 Torr and 52.5 Torr was examined at various tem-
peratures for slilcon and boron. Figures 47 and 48 liiustrate the pressure de-
pendence of the reactions at varlous temperatures for these elements. For siii-
con the reactjon is fractional In order, viz., about 0.6 at 170 and 600°C, but
first order at 120°C, with respect to the fluorine partial pressurc while for
boron it Is first order at all temperatures studled.

The change in order with respect to the fluorine partial pressure from
fractional to unity in the case of silicon-fluorine reaction at low temperature is
probably only apparent. None of these experiments with various partial pres-
sures at the same temperature could be done under strictly isothermal conditions
because of the surface temperature changes during the reaction. This defect,
however, does not seriously affect the determinations above the ¢ .asition points
where the temperature effect Is very small. Therefore, the ohserved order of
one at 120°C for the Si-Fj reaction must be considered incorrect and the frac-
tioral order at higher temperatures as the true dependence of fluorine partiai

pressure.

d. Tentative Reactlon Mechanisms

The reactions of fluorine with silicon and boron are very similar to
the oxidation of carhon which has been the subject of investigation by various
workers . (109-11%) Temperature effects very simiiar to those observed in the
present Investigation have been reported by all these workers.

When considering the reaction between a soiid and a gas to produce
only gaseous products the various steps in the reaction may be assumed to be as
follows:

(1) diffusion of the reacting gas to the surface of
the solld across the gaseous products,

(2) adsorption of the gas at the surface which involes
(a) possibly the dissociation of the gas molecules
and (h) formation of an activated complex,

(3) decomposition of the activated complex to form
the primary reaction products,

(4) the desorption of the product molecules, and

(5) diffusion of the product molecules away from the
solld surface.
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When the reactlon rate ls small, l.e., in the lower temperature re-
gions, steps (1) and (5) will not be rate-determining hecause of the formation
of only small quantities of the products as compared to the amounts of reacting
gas. Under these conditions the reaction kinetics will be controlled by one or
more of steps (2), (3) and (4). By consideration of the high affinity of fluorine
for silicon and boron, one tends to helleve that all of the adsorbed molecules
should react, i.e., the actlvated complexes, once formed, predominantly de-
compose to yleld the products rather than going back to elemental fluorine.
This step may be assumed very fast and, hence, not Involved in the rate-deter-
mining process. Since the reactions of both silicon and boron are pressure de-
pendent, it is reasonable to assume that step (2) is rate-determining in the re-
actlons and not step (4). Thus, the observed activation energies (~12 and ~38
kcal/mole) are presumahly the heats of adsorption of flucrine on silicon and
boron, respectively.

The dissoclation energy of fluorine, 37.7 kcal/mole,(llé’) Is very
close to the observed activation energy for the boron-fluorine reaction which
suggests that the fluorine molecules are completely dissoclated on the surface
of boron. In the case of silicon the much lower activation energy may be as-
sumed to indicate that the actlvated complex 1s something of the form Si-F»
rather than Si-F. The primary products of the reactions, thus, could be BF
and 5iFj.

Although the exact identity of the primary products is unknown, it is
reasonable to think that these are BF (gas) and SiFy (gas), since there Is spec-
troscoplc evidence for the existence of BF (gas) and SIF2 and SiF3 polymers
have been obtalned at high temperatures by mass spectremetric studies, (117)
spectroscopic studies,( 18, 119) ang transpiration studies{120} with Si and SiFy.
The final products detected in the fluorination of boron and silicon are BF3 and
5iF4 and these, we assume, are formed by the gas phase or surface rea~tion
between BF and Fo or SiF, and F2. It has not yet been possible, however, to
chill the BF and SiF9 formed (If any) as soon as the reactlon occurred at the
surface., Infrared and uitraviolet spectrophotometric and mass spectrometric
studics invslving clemental {lucrine proseonts various problems and, henee, it is
hard to ascertain the exact nature of the primary reactlon products in these fluo-
rination reactions.

It has been shown above that the fluorination reactions of silicon below
150° and of horon below 352°C are apparently controlled hy an adsorption process.
This point is also indicated by the rounding off of sharp =dges on the samples which
are highly actlve centers for adsorption, during the reaction. At about the transi-
tlon temperatures, the reactions have become fast enough for the products to be
formed In amounts comparahle to that of fluorine and, hence, diffusion of fluorine
molecules through the outgoing product molecules becomes a slow process com-
pared to the other steps of the reaction. The reactions, therefore, are now con-
trolled only by the diffusion of fluorine through the product gas layer, for which
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the energy of activation must he very low. The observed values are only 1.3
kcal for silicon and 2.5 kcal for boron. It has also been observed that a change
in mechanisni takes place when the rate 1s higher (1.2450 mg cm 2 min” ) in
the case of the reaction of silicon with fluorine partial pressure 13.2 Torr than
that at 2.8 Torr (0.6166) which further indicates that diffusion processes play a
significant role in determining reaction rates.

5. The Fluoriration of Graphite

a. Introduction

Although amorphous forms of carbon burn in fluorine at room temper-
ature, %:aphite and diamond are not attacked by fiuorine at ordinary tempera-
tures.(I21)  Ruff and Bretschneider(!22) have found that around 420°C graphite
reacts with fluorine to form a gray product which they called carbon monofiuo-
ride (C,F ) From 460° to 700°C the reaction 1s explosive and at about 700°C
graphite burns in fluorine with the production of fluorocarbons, mainly CFy.
Later work by Rudorff and Riidorf 123-125) showed that, depending on the tem-
perature (hetween 410° and 550°C) and the particle size of graphite, various
compositons from CFO 65 1O CFq_ggg could he obtained and that hydrogen fluo-

= (125,126)
ride was a catalyst In the reaction. They also synthesized another solid
product of composition approximately C4F in the presence of F and HF at tem-
peratures below 75°C. Our investigation was undertaken with a view to under-
standing more ahout the graphite-fluorine reaction under various conditions of
temperature aund pressure by measuring the rate of fluorination. Spectroscopic
grade graphite was used.

b. Experimental

The apparatus and general experimental procedure have heen described
earller in Section 2 of this report. The only modification was that tor runs helow
€00°C a small aluminum or nickel cup was attached beneath the graphite samples
in order to collect any falling particles from the specimen, and the sample to-
gether with the cup was suspended from the quartz spring balance. The reaction
of the aluminum or nickel cup was negligibly small compared to the fluorination
rate of graphite under the conditions using the cup.

The samples were cut from a single spectroscopic electrode of about
9 mm. dlameter manufactured by the National Carbon Company. The circular
pleces, about 2 mm. thick, were polished on abrasive cloth and finally on ordi-
nary cloth. The surfaces were then cleaned with a blast of hot alr to remove any
adhering loose pariicles. The areas of the specimens were calculated from aver-
age micrometer readings of the diameter and the thickness.
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c. Results

No measurable reaction occurred between graphite and fluorine up to
about 300°C and one atmosphere fluorine pressure. Detectable reaction started
at about 315°C at a low fluorine pressure of 13.2 Torr and the kinetic studies
were carried out between 315° and 900°C.

The reaction rate {s linear under all experimental conditions except
for an initial fast spurt which we assume to be the reactlon of loose graphite dust
still within the pores of the graphite. The iinear rate constants were calculated
only after the fast reactlion had subsided. Aiter taking the necessary kinetic
readings at the required fluorine partial pressure, the fluorination was completed
by increasing the fluorine pressure to one atmesphere. From the welght gaia
data, up to about 530°C, carbon monofluoride with compositions ranging from
CF g5 to CFy g was the product with the higher fluorine content belng obtalned
at the higher temperature. The product was collected In the attached cup and was
gray in color. A small quantity of the product was obtained also at 600°*C which
was white in color. An Infrared spectrum of the product showed a single absorp-
tlon band at 1220 cm ™! characteristic of the carbon monofluoride polymer (125,127)

The kinetic data on the fluorinatlon of graphite from 315° to 9C0°C are
presented in Table 44. The rate constants are given in terms of the amount of
graphite reacted in mg/cmz,"min. Figure 49 is an Arrhenlus plot of the results
at a fluorine partial pressure 0of 13.2 Torr. Up to 5330°C the polnts represent
welght galn and above 600°C, welight loss data. From 315° to 410°C there is a
rapld Increase in the reaction rate with an activation energy of 42.5 + 2 kcal/mole,
while the portion between 410 and 493 1s practically independent of temperature
with an activation energy of only about 2 kcal/mole. There is a slight decrease
in the rate at about 530°C uslng the welght gain data which indicates that both the
monofluoride and volatile products are formed simultanecusly at this temperature.
Thus, there 1s an overlapping of two types of reactions between 530° and 65C°C.

The behavior of the reaction at 570°C {s particularly Interesting. Up
10 a partial piessure o1 absut 30.4 Torr the graphite pains welght in fluorine and
above 40.5 Torr it loses welght while in the reglon of about 35 Torr it neither
gains nor loses. The reason is that under the latter conditions the rate of forma-
tion of graphite monofluoride is equal to the rate of formation of the velatile prod-
ucts. Thus, the pressure coefficient for the burning of graphlte In flucrine has,
apparently, a higher value than for the formation of the monofluortde at and above

570*C.

Above 650°C no solld products are observed and the activation energy
up to 900°C 1is only about 2.5 kcal/mole whlch shows that the reaction is con-
trolled probably by the gas phase diffuslon of fluorine to the surface. The low
activation energy of 2 kcal/mole in the temperature range 410 - 493°* is hard to
explain because gas phase diffusion cannot be a rate determining step slnce the

-
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TABLE 44

KINETIC DATA ON THE GRAPHITE-F LUORINE REACTIONS

k)
Temp PF {mg,em?, min
2 E/ /
(*C) (Torr) of graphite)
315 13.2 0.00821
315 52.5 0.02005
315 74.7 0.02849
333 13.2 0.01746
333 52.5 0.04510
333 74.7 0.08710
360 13.2 0.1232
360 13.2 0.1362
360 21,2 0.210%
360 30.6 0.3277
360 52.5 0.4758
360 52.5 0.4390
360 74.7 0.8201
396 2.8 0.2631
396 13.2 0.4511
396 30.6 0.8611
96 52.5 1.1051
396 74.7 1.6577
411 13.2 0.5572
411 30.6 0.7104
411 52.5 1.5787
411 74.7 2.6718
422 13.2 0.5732
422 30.6 0.9317
446 13.2 0.5851
446 30.6 1.1493
446 52.5 1.6665
446 74.7 2.2669
164 12.2 0.80%3
464 30.6 1.0811
464 52.5 1.7103
464 74.7 2.2390
486 13.2 0.3671

Remarks

wt. galn
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Temp PF2
(*C) (Torr}
486 30.6
486 52.5
486 74.7
493 13.2
493 30.6
493 2.5
493 74.7
530 13.2
330 30.6
530 52.5
5330 74.7
570 13.2
570 30.6
570 35.5
570 52.5
570 74.7
600 6.5
600 6.5
600 13.2
600 30.6
600 52.5
650 6.5
650 13.2
650 30.6
650 52.5
700 6.5
700 13.2
75D £.5
750 13.2
800 6.5
800 13.2
900 6.5
900 13,2

Ongfcnﬁ’nﬂn

of graphite)

— O R o = R b =

L= B = B e T . VLR SR s e B e = R =

k|

L0657
L7223
.4558
.6558
1515
.B287
. 2488
.5326
. 8096
4472
8774

.3273
.2857
6546
.0270
9167
.5250
. 0400
. 4000
6471
5567
0934

ATEN

[RSEIvES

1920
6522
3244
6727
.5000

Remarks

wt. galn

no wt.
change
wt, loss



NOLLOVHY NIHONTA-HLIHAVYO HHL NOC HHNLVIHdNAL 40 10d 44 6% Hd1DI4
T N T T S O TR e T TR [ AN )

ATML 1/0001

110, z'e1 = %44

L 1 1 1 i i 1
00g 00+ 008 009 0024 008 006

Do ‘sameradwa],

O+

173




PP TP

-y

P T S ._&—‘Q*-ﬂ-—.-.. ——— Ly e g

gaseous products formed are negligible. However, at and above 410°C the car-
bon monofluoride formed is immediately detached from the surface of the graphite
substrate and this might necessitate some kind of diffusion across a barrier which
could be rate controlling. Below 410°C the reaction is probably controlled by
chemisorption with the relatively high activation energy of 42.5 kcal/mole. Dif-
fusion of fluorine through the outer layers of the graphite could also be playirg a
part in the reaction since the specimens were initially found to expand rather than
lose the product layer. At higher temperatures no such expansion was osbserved.

Variation of the fluorine partial pressure between 2.8 and 74.7 Torr
indicated that throughout the temperature range studled the reaction rate was
directly related to the pressure.

B. THERMODYNAMIC PROPERTIES OF INORGANIC SUBSTANCES

1. The High Temperature Heat Content of Zirconiumi Diboride by
Robert H. Valentine, Thomas F. Jambolis and John L. Margrave

a. Introduction

The high temperature heat content of a high-purity cample of Zr8g

(see Section I B-1 of this report) war measured in a copper-block drop cale-
rimeter over the range 410 - 1125°K. The results were presented in the previous
report (ASD-TDR-62-204, Part II)( 5) published in May 1963 and are repeated in
Table 45. During this report period thermodynamic properties over the range

0 - 2000°K were derived based on experimental data up to 1200°K and on extrapo-
lations of computer-selected fits of the experimental points to combinations of
Einstein and/or Debye functions.

b. The Computational Program

A computer program has been developed for selecting combinations of
Debye and/or Elnstein functions to fit the experimental points and, in this way,
to make possible extrapolations to high temperatures with somewhat more confi-
dence than with the empirical Kelley equation. One of the basic problems is a
choice of the proper functional representation and runs -vere made in which either
heat contents (or heat capacities) were fitted to three equations:

(1) Cp = D(8,/T) + 2D(9/T) + aT
(2) Cp = D(8,/T) + 2E(9/T) + aT
(3) Cp = [D(8,/T)+ 2D(83/T)] [1 + aT] 4bT
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TABLE 45

EXPERIMENTAL HEAT CONTENTS OF ZrB,

Tcal HT - HTcal

(*K) (°K) {cal mole™1)
410.46 298.60 1510
463 .46 298.69 2204
533.76 298.93 3564
598.66 293.81 4288
711.06 298.89 5926
773.06 298.97 7114
{ 430.02 297.88 1998
’ 514.25 298.92 3017
724.16 299.44 6031
{ 888.46 299.26 8782
986.46 299.02 10626
4 1123.46 299,17 12781
‘ 1125.62 299.17 13000
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These first twc equations neglect differences between Cp and Cv to a first ap-
proximation whiie the third represents an effort to allow for this difference by
introducing the additional constant. Kaufman{!28) has suggested the vaiue

a =~ 1074 for borides and carbides, in liecu of the neccssary experimentai data,
hy comparison with data for metals.

The low-temperature Cp-data of Westrum and Feick(?) have been
fitted over the range 0- 350°K with these three equations with absolute rms
deviations =~ 0.03-0.06 cal deg;'1 moie~l. Results based on fits of the fow tem-
perature data only are presented in Table 46. The combination of high and low
temperature data lead to the three foilowing "best fits™:

(1) Cp + D(I550,T) + 2D(670,T) + 7.58 x 107OT cal deg™* mole!

1

which reproduces (H_, - H293) with a rmis deviation of * 49 cal mole™ over the

T

range 0 -11253°K and predicts 502 = 8.52 cal deg'1 mote-1.

98

(2) Cp = D(IE70.T) + 2E(500/T) + 1.47 x 1075T cal dteg'l mole-!

which reproduces (H, . - H2 8) with a rms deviation of + 51 cai moie™! over the

T 9
range 0-1125°K and predicts 80298 = 7.94 cal deg'l moie™! .

(3) Cn = TD(360/T) + 2D(1530/T)] [t + 107471 + 4.85 x 10°5T

1

cal deg” mole™! which reproduces (I-lT - ) with a rms deviation of +12

Hy9g
0

cal moie_1 over the range 0-1125°K and predicts 5298 !

= 8.89 cai deg'1 mole °.

Cf these three equations the first two give the best fits while the last
has a form more consistent with theory and Debye 8's closer to those predicted
from considerations of the elements. Also, the trend in Cp at high temperatures
(1500 - 2000°K) is in the direction indicated by the work of Prophet{129) over the
range 1300 - 2150°K aithough his experimental data are uncertain by + 10%.
Table 47 presents thermodynamic functions based on experimentai data up to
1200°K and on the average extrapolations of the computer-selected fits up to 2000°K.

For comparison, high temperature heat capacities based on all ibe avail -
able measurements on ZrB; samples are tabulated in Tabie 48, The discrepancies
cleariy show the need for further studies, especially at temperatures over 1200°K,
on well-characterized samples of ZrBj.
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2. The High Temperature Heat Contents of Zirconium
Carbide and Tantalum Carbide by Reijl Mezaki,
Thomas F. Jambois and John L. Margrave

The high temperature heat contents of powdered ZrC and TaC supplied
by Carborundum Company were determined in a copper-block, drop-type calo-
rimeter over the range 366 -1200° and 476 -1113°K, respectively and presented
in the previous report.(ls) The data were utilized, along with the low tempera-
ture results of Westrum and Felck(1?) for ZrC and of Kelley ! for TaC, to
select a set of thermodynamic functions for the range 0 -2000°K. Within + 24
cal/mole the heat contents may be derived by integrating the functions

c, (TaC) D(300/T) + E(950/T) + 2.287 x 10”3T cal/mole
and

D(550/T) + E(650,/T) + 1.014 x 1073T cal/mole

Cp (ZrC)
over the range 0-1200°K.

3. Further High Temperature Studies of
Zone-Melted HfB2, HIC and ZrC

1
A powdered sample of HfBy was studied previously by Barnes et al(. 32)

and the resuits reported. Westrum and assoclates have completed low tempera-
ture studles of zone-melted ZrC, HfBg, and HfC and the high-purity samples are
now on hand for high temperature heat content studles.

Because of the shift of our laboratory to Rice University, our calorime-
ter was disassembled and the opportunity was taken to remodel the apparatus In
the course of reassembly. The remodeled instrument will be sultable for studies
up to nearly 2000°K and will utilize induction heating of the samples. No new data
can he reported at this time but work is in progreas and will continue until the
thermodynamic propertles of these materlals are well established. This will form
a significant part of the Ph.D. thesls to be submitted by A. Chaudhuri te the Chem-
istry Department at Rice Unlversity sometime early in 1965.

4. Estimation of S, for Refractory Solids hy

98
Thomas F. Jambels and John L. Margrave

O

Estimatlon procedures for S and C° are of great valtue in high

298 p298
temperature studles because so many refractories have not been the subject of
extensive low temperature calorimetric work. For example, the only borides for
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which low and high temperature data are avallable are ZrB, and HfBz;(g' 19,132,135)

some ritrides which have heen studied at low and high temperatures are BN, AlLN,
TiN, VN and ZrN and some of the carbides for which complete data are available
are TiC, ZrC, VC and TaC.(136r 12) Among those substances for which high

temperature but no low temperature data are avalilable are HfN, NbN, TaN, HfC, TiB3»

HfB5, NbBs, TaB,, CrBj and MoBz.(u:123:131'133:135’136) (Editor's note,

low temperature data for HfC and HfBy are presented in Appendix III of this report.)

The first goal in this work was to develop a "best” fitting combination
of Debye and/or Einstein functions by a machine selection process and see how

well this reproduced 80298 and 012298 for a series of compounds for which both

low and high temperature data were available. The approximations tested were

(I C = xD@®B/T)+ aT

2) cz = xD(3/T) + aT>’?

(3) C, = xD(/T) + aT log T

(4) C, = xDO/T) + aT~ u = 0.1, 0.2, .. ..2.9, 3
(5) Cp = D(8,/T) + (x-1)D(85/T) + aT

(6) C, = D(y/T) + (x-1) E(3a/T) + aT

() €, = [DE/T) + (x-))D(92/T) ] [1 +aT] + bT

where 5, is an empirical Debye (or Elnstein) characteristic temperature, x is
the number of atoms/molecule, and a and b are constants. For the first four
approximations, 9 and a were found by an iterative process using the rms devi-
ation from the experimental high temperature points as a criterion for choosing
the "best” theta and "best” a.

Fou the [ifih and sixth approximartions, §; and 9; were allowed to
vary from 50 - 2000°K by increments of 50°K and for each different pair of 9's
a least squares fit to the heat content data was used to find a and the rms devia-
tion was computed. Then, each 1600-entry table was searched to find the best
8's and a's.

The first six equations neglect differences between Cp and Cy toa
first approximation. The seventh equation represents an effort to allow for this
difference by introducing an additional constant.
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It was found that none of the methods gave reliable values for Syg9g8-5,
if only data above 300 - 400°K were used. However, {f Just one point in the very

lo temperature range was added, say HO‘QB-HQO’ then the celculated Cp and
r'4 >

entropy at 298°K as well as throughcut the whole low temperature regivn, came
much closer to the measured values.

In Table 49 are summarized results for refractory solids based on
experimental high temperature data plus, in several cases, either an estimated
value for (Hzgs-l-iso) or actual low temperature data.

Ultimately one would hope that the excellent fitting of thermodynamic
data over wide ranges of temperature by combinations of Debye and Einstein
functions might yield §'s which were unique and related to the structure and
properties of the soiid. Kaufman(!28) has estimated thermodynamic functions
by selecting appropriate 8's based on the Lindemann formula (lattice parameters
and melting points) and shown that such an approach is sometimes reliable to
+ 10% for heat capacities and entroples at high temperatures. Sgga-values
predicted may be in error by 20-30%, however.
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CrB

TiB

VB
MoB2

ZrB

NbB

WB
HfB ?

TABLE 49

s®  FOR REFRACTORY SOLIDS

_298
A. Diborides
0 - 0
rms S298 (cale) 5298(expt1) Quality***
Data Used Deviation (cal deg'l mole™1) (cal cleg'1 mole‘l) of Fi:
Est, 50° + HT 35 6.83 - A
Est. 50° + HT 55 6.36 - B No data available
HT only 79 6.84 - A
Latimer's Rule* (7.2)
Est, 50° + HT 39 7.63 - A FAIR
Est. 50° + HT 59 7.15 - B 6.808 GOOD
HT only 319 7.98 - A POOR
Latimer's Rule* (6.8 GOCD
latimer's Rule* 7. No data available
Est. 50° + HT 102 7.66 - A
Est. 50°* + HT 1ol 7.69 - B No data avalilable
HT only 214 7.9 -A
Latimer's Rule* (8.9)
LT + HT 76 8.41 - A GOCD
LT + HT 76 8.09 -B GOOD
LT + HT 286 8.25-C FAIR
HT only 68 §.93 - A GOCD
LT Cp 0.05 8.68 - A 8.586 GOOoD
LT Cp 0.08 8.67 - B GOOD
LT Cp 0.04 8.46 - C GOOD
50°¢ + HT 8.34 - A GOOD
7.96 - B FAIR
Latimer's Rule* 2.7 Coce
Est. 50° + HT 62 11.84 - A BAD
Est, 50°+ HT 66 12.55 - B 8.61 BAD
HT only 113 6.6 - A BAD
Latimer's Rule* {8.8) GOOD
Latimer's Rule* (10.6) No data avalilable
Est. 50° + HT 73 9.51 - A FAIR
Est. 30° + HT 74 8.69 - B 10.24 POOR
HT only 97 8.35 - A POOR
Latimer's Rule* (10.4) GOGCD
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TaB

TiC

VC

MoC
ZrC

NbC

wC
HEC

Data Used

Est. 50+ HT
Est. 50® + HT
HT only
Latimer's Rule*

50° + HT

50° + HT

LT Cp

LT Cp

LT Cp
Latimer's Rule®

50° + HT
50° + HT
LT Cp

Latimer's Rule*
Latimer's Rule®

LT only
LT only
LT only
LT+ HT
LT+ HT
LT+ HT
Est. 50° + HT
Est, 30* + HT

Latimer's Rule*

Latimer's Rule*

Latimer's Rule®

Est. 50* + HT
Est. 50° + HT
Latimer's Rule®*

TABLE 49 (Continued)

A. Diborides (cont.)

0 o
{ L]
o S298 (calc) 5298 {exptl) Quality***
Deviation (cal deg‘1 mole~1) (ca) deg'1 mole"l) of Fit
87 8.98 - A POOR
86 8.70 - B 10.57 POOR
131 8,78 - A POOR
{10.5) GOOoD
B. Monocarbldes

28 5.76 - A GOOD
27 5.59 - B GOOD
0.028 5.80 - A 5.79 GOOD
0.04 5.83 - B GOOD
0.01 5.71 - C GOOD
{5.8) GOOD
33 7.57 - A FAIR
32 7.29 -B 6.77 FAIR
0.032 6.80 - A GOOD
(6.1) FAIR

{8.1) No data avalilzble
1 8.05 - A GOOD
4 8.13 -B GOOD
11 7.86 -C GOOD
19 7.68 - A GOOD
18 7.80 -B 7.90 GOOD
20 7.54 - C GOOD
7.2-7.5 - A GOOD
7.0-7.9-R CGO0OD
(7.9) GOOD

{8.0) No data available

(10.2) No data available
1013 9.67 - B POOR
1013 9.82 - A 10.9 POOR
(10.3) FAIR
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TABLE 49 (Continued)

B. Monocarbides (coat.)

rms SO298 (calc)** SO298’ (expt]) Qualicy***

Data Used Deviation (cal deg! mole~!) (cal deg™1 mole'l) of Fit

TaC 50+ HT 10.35 - A GOOoD
50* + HT 11,39 - B POOR

LT + HT 23 9.25 - A FAIR

LT+ HT 20 9.53-B 10.1 FAIR

LT+ HT 23 8.98 - C POOR

LT Cp 0.05 10.23 - A GOOD

LT Cp 0.04 10.07 - C GOOD

LT Cp 0.07 10.24 - B GOOD
Latimer's Rule*® (10.4) GOOD

Sic HT only 40-60 3.34-3.39 - A 3.97 - cublc FAIR
Latimer's Rule* {4.1) 3.94 - hex GOOD

*For monocarbides the entropy contribution is taken as -4.C for T, V, Cr
-4.2 for Mo, Zr, Nb
-4.5 for W, Hf, Ta

C. Mononltrides

BN 50° + HT 77 2.05 POOR
50° + HT 28 3.49 - B 3.67 GOOD
HT only 65 1.68 - A POOR
Latimer’'s Rule* (2.9) FAIR
AIN  50°+ HT 29 4,51 - A GOOD
50°* + HT 29 4.62 - B GOOD
HT only 36 4.00 - A 4.8 FAIR
HT only 4.30-1 GoQD
Latimer's Rule* (6.0) POCR
TIN 50*+ HT 18 6.98 - A GOOD
50° + HT 16 7.08 - B 7.24 GOOD
Latimer's Rule®* (7.8) FAIR
VN 50° + HT 21 9.15 - A GOOD
50° + HT 20 9.13-B 8.91 GOOD
LT only 0.076 9.03-A GOOD
Latimer's Rule®* {8.1) FAIR
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ZrN

NbN

HiN

TaN

WN

Li20
MoO

MoO

CeO

Data Used

50° + HT

50®* + HT

HT only
Latimer's Rule®

Est. 50® + HT
Est. 50° + HT
Latimer's Rule*

Est. 50° + HT
Est. 50° + HT
Latimer's Rule*

Est. 50° + HT
Est. 50° + HT
Latimer's Rule*

Latimer's Rule”

TABLE 49 (Continued)

C. Mononitrides {(cont.)

(9] s [#]
rms $9g{cale) S908 (fml)

Deviation ({cal deg'1 mole~!) (cal deg™

Quallty"""
mole™1) of Fit

25 9.82 - A FAIR
24 10,18 - B 9.288 FAIR
£.1 -B POOR
(9.6) GOOD
4 11.68 - B POOR
4 11.24 - A 10.50 FAIR
9.7) FAIR
248 14.7 - A
247 16,7 - B No data avallable
(L1.8)
37 19.19 - B
36 21.18 - A No data availlable
(11.9)
(12.0) No data available

*For mononitrides, the entropy contribution for

N wes taken as -2.0 for B, Al, Ti, V, Cr

HT only
HT only
HT only

HT only
30° + HT

HT only
50° + HT

-2.5 for Zr, Nh, Mo
-3.0 for Hf, Ta and W

D. Oxides

15-25 8.4 to 8.6 - A 9.06 FAIR
35-45 8.9 to 9.3 - A 13.03 POOR
300-335 7.9 tol4.3 - A 11.06 FAIK to
POOR

71-107 11.1 toll.9 - A 18.58 POOK
58 17.00 - A ’ POOR
25-30 11,5 to 12.0- A 14.89 POOR
19 15.01 - A ) GOOD
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TABLE 49 (Continued)

D. Oxides (Cont.)

0 PRI P
rms S298 (cale) S298 (exptl) Quality***
Data Used Deviation (cai deg'1 moie~!) {cal deg'i mole™ 1) of Fit
ThO2 LT+ HT 8 i5.01 - A GOOD
LT+ HT 12 i4.61 - B FAIR
LT+ HT 57 15.41 - C 15.593 GOOD
50* + HT 9 15.22 - A GOOD
HT only 4 17.48 - C POOR
HT only 4 15.68 - B GOOD
A1203 HT only 12.5 - B 12.18 GOOD
W02 50° + HT 1i6 11.94 - A 12.08 GOOD
*Latimer's Ruie is 50298 = § tal + ZSb where Sbo . = -1.5for Cr, Ti, V

me oron ron -1.7 for Mo, Zr, Nb
= -2.25 for W, Hf, Ta

and Smetal was gilven by Latimer's original paper, J. Am. Chem. Soc. 73,1480(1951).

**A - Debye functions with one or two thetas and linear term in T (Equations 1 or 5 in text).
B - Debye and Einstein function with two thetas and linear term in T (Equation 6 in text).
C - Debye and/or Hinstein functions and two thetas + C, correction term and additional
linear term in T (Equation 7 in text).
***Good means that 80298 (calc) is within + 0.5 entropy units of the experimentai 802
Fair indicates a deviation in the range + 0.5-1.0 e.u.

98

Poor indicates a deviation in the range + 1.0-1.5 e.u.

Bad indicates a deviation of more than 1.5 e.u.
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APPENDIX III

HEAT CAPACITY AND THERMODYNAMIC PROPERTIES FROM 5 to 350K*

A. ZIRCONIUM CARBIDE AND ZIRCONIUNM DIBORIDE

Low temperature heat capacity measurements were completed on ZrC
and ZrB, during earlier report perieds. Data and experimental details were re-
ported for ZrB,y in Part I and for ZrC in Part Il of ASD-TDR-62-204 issued in
April 1962 and May 1963 respectively. Abstracts from puhlished reports of these
studies are reported herewith.

Zirconium Carhide:{19) The heat capacity of a characterized, zone-
melted sample of ZrC was measured by adiabatic calorimetry from 5° to 350°K
and found to be of normal sigmoid shape without transitions or thermal anomalies.
At 298.15°K the measured heat capacity at constant pressure {C,), the practical
entropy {S°), the enthalpy function (CH0 - Hg 1/T), and the Gibbs function
(- (G- HY1/T)are9.06. 7.96, 4.70 and 3.26 cal. (g.f.m. °K)"1. Values of
the heat capacitv and entropy, adjusted to pure ZrC on the basis of the inpurity
content obtained by chemical analysis, are 9.13 and 7.90 cal. (g.f.m. k)1,

Zirconium Diboride:(?) The heat capacity of a characterized, zone-
melted sample of zirconium dihoride has been measured over the low temperature
range by adiabatic calorimetry and found to be of a normal sigmoid shape without
transitions or thermal anomalies. The values of the heat capacity at constant pres-
sure (Cp), the entropy (8%, and the Gihbs function (- [Ge- H83/T) are 11.53,
8.59, and 3.25 cal. (g.f.m. °K)"!, respectively, at 298.13°K.

B. HAFNIUM CARBIDE, HAFNIUM DIBORIDE AND HAFNIUM METAL

During this report period low temperature heat capacity measurements
were completed on HfBy, HfC and Hafnium metal. Details of the experimental ap-
paratus and techniques have been described previously in these reports.(n) (15)

The preparation and purity of the samples under study is described in
Section III of this report.

*Prepared from reports on subcontracted studies at the University of Michigan,
Ann Arhor Michigan under the direction of Professor Edgar F. Westrum, Jr.
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and the derived thermodynamic properties of hafnium diboride.

In Tables 50 and 51 are presented the experimental heat capacity data

HEAT CAPACITY OF HAFNIUM DIBORIDE

TABLE 50

(Units: cal., g.f.m., °K)

D S S |
Series |

5.80 0.0020 31.69 .2724

6.39 L0026 34.85  .3940

7.42 .0031  38.46 5551

8. 41 .0038  39.51 L6100

9.49 .C034  43.38 .8202
10.78 .0074 47.74 1.081
11.90 0080  32.69 .389
13.20 L0118 37.51 L6564
14.66 .0le4  39.28 .805
16.34 L0217 64.53 2.132
18.07 L0314  71.10 2.511
19.86 .0426 77.69 2.870
21.83 L0610 84.62 3.242
23.88 .0871 92,06 3.597
26.23 L1275 100.35 3.965
28.90 .1886 108.86 .337

190

O S
Series II

98.88 .897  222.14 9.239
105.62 196 231.51 9.608
113.15 523 240.90 9.970
121.33 .870  250.20 10.031
129.80 .251 2539.35 10.667
138.61 .643  268.38 10.945
147.43 033 277.33  11.241
156.37 .426  286.45  11.540
165.45 .824  295.76 11.820
174.37 .221  305.10  12.093
183.57 622 314.43  12.365
187.92 .789  323.70 12.618
194.89 119 334.41  12.884
203.93 .492  344.93  13.152
212.95 .865



TABLE 51

THERMODYNAMIC PROPERTIES OF HAFNIUM DIBORIDE
(Units: cal., g.f.m., °K)

T o <° HO-Hg 4G°-H2VT
5 0.0016 0.0006 0.002 0.0001
10 0.0055 0.0027 . 0.018 0.0008
15 0.0172 0.0068 0.071 0.0020
20 0.0440 0.0148 0.214 0.0041
25 0.1045 0.0303 0.567 0.0076
30 0.2196 0.0386 1.351 0.0136
35 0.3984 0.1051 2.870 0.0231
40 0.6348 0.1731 5.432 0.0373
45 0.9148 0.2637 9.291 0.0573
50 1.221 0.3758 14.623 0.0833
60 1.852 0.6341 29,98 0.1544
70 2.457 0.9836 51.56 0.2489
80 3.004 1.3500 78.92 0.3635
90 3.497 1.7327 111.46 0.4943
100 3,953 2.1250 148.73 0.6377
110 4.390 2.522 190. 45 0.7909
120 4.823 2.923 236,52 0.9519
130 5.258 3.326 286.92 1.119
140 5.699 3.732 341.70 1.291
130 6.143 4.140 400.90 1,467
160 6.388 4,551 464.56 1.647
170 7.031 4.964 532.65 1.830
180 7. 469 5.378 605.16 2.016
190 7.901 5.793 682,02 2.204
200 8.326 6.209 763.16 2.394
210 8.743 6.626 848.52 2.585
220 9.150 7.042 937.99 2.778
230 9.347 7.457 1031.5 2.973
240 9.932 7.872 1128.9 3.168
250 10. 304 8.285 1230.1 3,365
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TABLE 51 (Continued)

O 0 o} o}
- ~(G”-H VT

T 5 s° T © Y
260 10.661 8.696 1334.9 3.562
270 11.003 9,107 1443.2 3.760
280 11.331 9.511 1554.9 3.958
290 11.645 9.914 1669.8 4.156
300 11.948 10.314 1787.8 4.355
310 12.238 10.711 1903.7 4.353
320 12.516 11.104 2032.5 4.752
330 12.779 11.493 2159.0 4.950
340 13.029 11.878 2288.1 5.148
350 13,275 12.259 2419.6 5.346
273.15 11.11 9.23 1478 3.822
298.15 11.89 10. 24 1766 4.318

The experimental heat capacity data for Hafnium metal is presented in
Table 52. A tentative tabulation of the thermodynamic functions is presented in
Table 33. Tentative tables of experimental heat capacity and derived thermody-
namic functions for HfC are presented in Tables 54 and 55 respectively.

These data for the hafnium metal, HiC, and Hf82 will be prepared in
final 1vrm and submitted for publication shortly.
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TABLE 52

HEAT CAPACITY OF HAFNIUM METAL

(Units: cal., g.f.m., °K)

I T s T T s T -

Series I Series II Series lli Series IV Enthalpy Run A
108.62 5.079 5.82 0.0089 5.85 0.0089 67.00 3.8%5 207.97 5.863
111.40 5.117 6.74 0.0086 7.00 0.0121 73,17 4.144 217.16 5.903
117.22 5.205 7.92 0.0181 8.17 0.0211 79.93 4.395 226.25 5.934
125.15 5.339 B5.70 0.0283 9.45 0.0350 87.25 4.620 235.23 5.965
133.80 5.411 9.36 0.0352 10.84 0.0546 95.14 4.811 244.12 5.998
142.71 5.496 10.84 0.0524 12.35 0.0799 103.26 4.970 252.94 6.003
152,94 5,582 12.17 0.0741 14.01 0.1238 111.41 5.110 261.68 6.032
164.49 5.661 13.47 0.1148 15.85 0.1896 269.30 6.058
175.81 5.726 14.89 0.1513 17.84 0.2825 278.03 6.093
186.93 5.778 16.46 0.2149 19.89 0.4009 286.69 6.114
197.89 5.826 17.95 0.2883 22.06 0.5469 295.93 6.136
200.73 5.837 19.65 0.3838 24.36 0.7197 305.74 6.161
211.62 5.880 21.56 0.5118 26.86 0.9313 315.48 6.175
23.45 0.6307 29.86 1.1938 325.15 6.221
23.88 0.6835 32.83 1.4t70 233.7¢ 6.235
26.43 0.8915 36.54 1.807 341.34 6.245
29.05 1.1205 41.18 2.214 348.55 6.261

31.92 1.3812 46.23 2.625

35.77 1.735 51.38 3.004

39.98 2.108 57.07 3.371

43.94 2.439 63.65 3.738

71.27 4.074

79.59 4.384

87.56 4.640
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TABLE 53

THERMODYNAMIC FUNCTIONS OF HAFNIUM (TENTATIVE)

WL noonoLGnoan e e W MO
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. 4080
114
.338
. 405
.918

. 247
474
. 634
.746
.833

.911
.983
.044
.095
. 145
.263
.079

. 140

(Units: cal., g.f.m., °K)
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10.

.1254
. 9052
.052
.200
.242

.170
. 997
.739
. 409
.019

.579
.096
.578
. 028
.450

. 407

. 877

412
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1
26
83

359.
466.
578.
692.
807.

925.
1044,
1164.
1285.
1408.
1718.
1224,

1396.

.902
.3%06
.93

164.
257.

13
78

63
98
16
01
82

27
21
50
91

-

31

75

22

95
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“HO/T
[s]

.0303
.2453
.653
.148
. 664

.173
.661
.125
.565
.980
373
.746
.099
. 435
.755
.496
.322

.72



HEAT CAPACITY OF HAFNIUM CARBIDE (TENTATIVE)

TABLE 54

s

.0017
. 0026
.0035
.0053
.0070
.0093
.0143
.0194
.0265
.0343
.0507
.0719
.1079
.1501
.2194
3116
.4316
.5792
.7637

(Units: cal., g.f.m.,

I

42,
46,
52,
.97

63.

69.

77.

85.

94.

95.
102,
111.
120.
129.
139.
148.
157.
167.
176.
185.

24
93
22

77
85
17
67
77
28
52
39
68
96
20
36
91
14
27
46

Ut

w
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194.79
203.96
212.90
221.97
231.05
240,11
249.28

L_O(")

.921
. 146
.358
. 562
. 760
. 947
124
.303
. 460
.619
774
912
. 045
.173
.283
. 394
. 491
.582
.613



TABLE 55

THERMODYNAMIC FUNCTIONS OF HAFNIUM CARBIDE (TENTATIVE}
(Units: cal., g.f.m., °K)

C 0 H?-H° -(c%-u%)/T
P 5 0 O

0.0778 0.0232 0.348 0.0059

0.8617 0.2647 §.196 0.0597

2.1334 0.8545 38.16 0.2189

3.214 1.6223 92.08 0.472

4.054 2.434 165.09 0.783

4.752 3.236 253.3 1.125

140 5.387 4.017 354.8 1.483

160 5.985 4.775 468.5 1.847

180 6.544 5.513 593.9 2.214

200 7.055 6.230 730.0 2.580

L 220 7.518 6.924 875.8 2.943
j 240 7.939 7.596 1030. 4 3.303
260 8.325 8.247 1193.1 3.658

280 8.674 8.877 1363.2 4.009

300 8.982 9.487 1539.8 4.354

] 350 9.613 10.920 2005.3 5.191
273.15 §.559 8.664 1304.1 3.890

298.15 8.955 9.431 1523.2 4,322
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APPENDIX IV

THERMODYNAMIC PROPERTIES OF
ZIRCONIUM AND HAFNIUM HALIDES*

Robert D. Freeman

Until mid-1962, most of the efforts of this group had been devoted to
development of experimental techniques with which to study the disproportionation
of the zirconium and hafnium subhalides. In June, 1962, support for the develop-
ment of these techniques was transferred to another source of funds. The results
of those developments, in particular that of the MIKER technique, are available,
of course, for immediate use in these studies.

This report then summarizes work on these experimental techniques
and the theoretical work on molecular flow of gases for the period February 1961
through May 1962 (items A, B, and C below). During the period June 1962 through
December 1963, efforts were directed toward sample procurement and preparation
and toward design of calorimetric experiments and construction of apparatus with
which to obtain heats of formation of the solid subhalides (items D and E, below).

A, MOLECULAR FLOW THROUGH NON-IDEAL ORIFICES

One of the most useful techniques for obtaining thermodynamic data for
vaporization and dissociation processes at high temperatures is the Knudsen
effusion method for measurement of low pressues, The technique is extensively
discussed in the literature (e.g., Margrave). (154) one of the difficulties with the
method is that effusion orifices of finite length must be used; in contrast to the
"ideal" orifice, which by definition has zero length, these non-ideal orifices have
mission probability is defined as the probability that a molecule which enters the
orifice through one end will escape through the other end. Clausing(139)(l40) and
DeMarcus{142) have discussed in considerable detail the derivation of these trans-
mission probabilities for cylindrical orifices.

Unfortunately, these theoretical probabilities have not been adequately
confirmed by experiment; Carlson{138) has summarized the avallable data and has
reported the results of his own work. Because of the uncertain validity of the
theoretical transmission probabilities a number of workers (e.g., Searcy and

*Repe. - or: 5 ihcontracted study at Oklahoma State University, Stillwater, Oklahoma
under the direction of Professor R. D. Freeman.
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McNees, 153) have used diverging tapered, or conical orifices with a rather large
(>100°) included angle, on the assumption that the transmission probability for
such orifices is very nearly unity. Balson(137) has considered theoretically the
transmission probability for conical orifices, but liis derivations involve several
approximations . lczkowski, Margrave and Robinson{149) have recently completed
a rigorous treatment of the conical orifice prohlem.

In the Torsion-Effusion method (Volmer), (161) and the MIKER technique
(below) one needs for the effusion orifice the transmission probability and a facter
which, when applied to the measured force, corrects for the non-cosine-law dis-
tribution of molecules effusing from cylindrical (Freeman and Searcy), (143) and
conical orifices. A theoretical treatment of angular distrihution of molecules ef-
fusing frem conical orifices has not been available.
, : (149)
We have, concurrently with Iczkowski, Margrave, and Robinson,
derived the appropriate equations and computed transmission probabilities for
conical and, as a special case, cylindrical orifices, and in addition have obtained
angular distribution funcHons and the associated recoil force factors. Early work
on these derivations and computations was discussed in the first annual report
under this contract; the final results have been reported hy Freeman(!44) and in
more detail by Edwards.(145) Freeman(!44) has also reported current work on
experimental determination of transmission probabilities and angular distributions.

B. MIKER TECHNIQUE

The Microbalance-Inverted Knudsen Effusion-Recoil (MIKER) Technigue
is a new one which, we have proposed, may be capable of providing reliable data
for the average molecular weight of the one or more molecular species which
effuse from aKnudsen cell at elevated temperature. The principal novel feature

of the MIKER technique is the cell desig
which is depicted at left, Margrave(ls‘a%

o e Dy

ST H . - ——a T - e Ao o d e -—
Sdlpie | discussed a similar technique. In operation

/ \ this M1KER cell is to be suspended, in an
far Ly

appropriate vacuumn furnace, from a recording
vacuum microbalance. Effusion of vapor
L/ R through the orifice will result in a recoil force
" Effusion \J acting verticaliy upward. At constant temperi-
v Orifice ture the recoil force will be constant and the
variation of weight with time will yield the rate
of effusion. After the rate of effusion has been

determined at a particular temperature, the power supplied to the furnace is to be
suddenly reduced to zero, and the cell allowed to cool rapidly so as to minimize

]
|

MIKER Cell
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further effusion. The recoil force % is then to be determined from the differ-
ence 0 in apparent weight of the celi when hot and when cool. If § igex-
pressed in grams, % indynes, and g represents gravitational acceleration,

$ = bg. Freeman and Searcy(145) have shown that the pressure ER deter-

mined by measurement of recoil force is given by Bw = 22/AF, in which A

1s the area of orifice and F is the recoil correction Ef’\actor (see Section A);

for the MIKER cell A = rrr‘f_n , and r " is the radius of the smailer end of the
conical orifice. From the rate of effusion Q(g/sec), the Knuds=n pressure EK
is calcuiated by Knudsen, 151y EK = (dJ/nr?n W) (ZﬂRT/M‘);% , in which W
is the transmission probability of the orifice (see Section A) and _Iyl_‘ is the

(average) moiecular weight of the effusing species. Searcy and Freeman (158)
have shown that, If an assumed value M for the molecular weight of the vapor

is used to calculate EK , M* is glven by M* = _M_(E_K/ER)Q .
The expected advantages of this technique are:

f. Rate of effusion and recoil force are determined essentially simul-
taneously with the same detector, 1.e., the microbalance. Errors in calibration
cancel in the calculation of molecular weight of the vapor, since it is the ratio of
rate of effusion to recoil force which is required.

2. Measurements of rate of effusion and of recoil force can be made
rapidly and over a wide temperature range without intermittent opening of the
vacuuimn system.

3. Cylindrical symmetry of the MIKER celi, combined with electron-
impact or resistance heating, should result in minimal temperature gradients.

4. Location of the effusion orifice "within the cell” should minimize
"cold orifice” problems.
5. Effusion downward minimizes difficulties with condensation on sus-
pension wires.

The only apparent disadvantages are:
1. The recoil forces to be measured are quite small; they range ap-
proximately from 5 to 5000 microgram weight. The precise measurement, under

vacuum furnace conditions, of forces in the lower decade of this range ig rather
difficult.
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2. In the MIKER cell the probability of difficulties arising from sur-
face diffision along the orifice wall (Winterbottom and Hirth,(163)) and from
sample creeping ailong a previously wetted surface inside the ceil is greater than
in ordinary effusion cell configurations.

3. The orifice of the MIKER cell is obviousiy non-ideal and correction
factors for both rate of effusion and recoil force are needed (cf. Freeman and
Searcy, (145) for the similar torsion-effusion problem). Theoretical correction
factors are available (see Section A); these factors require experimental con-
firmation before they can be used with complete confidence.

The vacuum furnace, microbalance, and control circuits which have
been designed and built to realize the MIKER technique have heen described in
ASD-TDR~63-734, Part I (Freeman,(144)); additional developments will be re-
ported in subsequent Parts.

C. ELECTRODYNAMOMETER

The electrodynamometer (EDM) was originally conceived as a device
capable of measuring with an accuracy better than +1.0 percent and on an abso-
lute basis (e.g., independent of calibration of a torsion wire) the momentum of
a molecular beam emanating from a Knudsen cell in which the pressure might be
1076 - 1073 atm. If the molecular beam impinges on a target, a force is ex-
erted which is directly related to the average momentum of the molecules in the
beam; the problem then becomes one of measuring this extremely small force,
or if the target is attached to a suspension wire, of a very small (0.1 - 0.0005
dyne cm) torque.

The design of the basic measuring device is based on an absolute
electrodynamometer constructed a half-century ago by the National Bureau of
Standards for evaiuation of the absclute ampere; a precision of 10-20 ppm was
obtained in the NBS work (Guthe.(l‘”)) The EDM which we constructed is
physically smalier than the NBS version by a factor of 5 'nd operating currents
are smaller by factors of 10 to 100; the achievable precision is correspondingly
decreased. In our initiail design an operating precision of (.1 percent was the

goal.

The initial design and construction has been described in detaii by
Dawson(141); Freeman(zl%(l'H) has described the apparatus in some detall and
has reported results of various tests of the instrument. The resuits of the tests
indicate that the electrodynamometer can measure with a precision of 0.1-0.2
percent and an accuracy of + 0.2 - 0.5 percent torques near the upper end of the
range (0.0005 -0.1 dyne cm1) expected for moiecular beams of reasonable cross-
sectional area; it appeared very unlikely that this precision and accuracy couid
be maintained at the middie and iower end of the range of interest.
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Two types of studies were originaily planned for the EDM momentum
detector: (1) measurement of angular distribution of momentum in a moiecular
heam emerging from a non-ideal orifice, as a function of orifice parameters;
and (2) measurement of beam-momentum coupled with weight-loss data for the
Knudsen ccil-source to give sufficlient data for evaiuation of the average moiec-
ular weight of effusing species. The MIKER technique discussed below appears
to have more promise for studies of type (2) than does the EDM momentum de-
tector. For measurements of type (i) use of a torque-measuring device more
sensitive than the EDM appears to be needed; such devices have recentiy been
developed (Humphrey and ]ohnston,(143); Rogallo and Savage,(157). Further,
more sophisticated, and potentialiy more accurate, measurements of auguiar
distribution of momentum are expected in the near future from other workers
(e.g., Wahlbeck, 162).

We therefore have concluded that further development of the EDM
momentum detector is not profitable at the present time.

D. SAMPLE PROCUREMENT AND PREPARATION

Samples of ZrCl, and ZrF4 with high purity and low hafnium content
have been obtained. A sample of ZrCly, prepared by reaction of stoichlometric
quantities of high-purity ZrCl, and Zr metal, but of unknown actuai purity and
composition, has been obtained through the generosity of Dr. Oriville Frampton,
Research Division, U.S. Ludustriai Chemical Co., Cincinnati. A 50-g sampie
of high purity, low-zirconium, hafnium metal is now availabie from the iot pre-
pared for this contract by Wah Chang.

Of the various methods which have been used or proposed for prepar-
ing ZrCl3 and HfCl3 the one which appeared to us most likely to give a high
purity, stoichlometric producr is reduction of the tetrahalide with atomic hydro-
gen (Newnham and Watts,{136)). The reaction is reported to be very specific;
as an added advantage, both the reducing agent (H»2) and its oxidized form (HCI)
&YC gasCs and arc casuy removed from the product. In the techaigue 1 is
passed over hot (~200°C) ZrCLy4(s), entrains ZrCly (g) and carried it into the
reaction zone in which a glow discharge through the Hp(g) produces H(g); the
atomic hydrogen reduces the entrained ZrClg(g) to ZrCl3 which condenses on
the walls of the apparatus. Power for the discharge is provided by a spark-gap-
controiled oscillating circuit in which is the primary of a high voltage induction
coil;, the secondary of the induction coll is connected directly to the discharge
electrodes.

Our initial assembly of electrical components, glass reduction line,
furnaces, etc., was copled as nearly as feasible from Newnham and Watts de-
scription. Considerable difficult was encountered in achieving satisfactory oper-
ation of the discharge; modifications were made iu the electrical circult and are
described helow. Similarly, difficulties were encountered with the furnace
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arrangement and Hy-ZrCl, flow path used hy Newnham and Watts; the hydrogen
reduction apparatus was rather drastically modificd and is described helow.

A dlagram of the electrical circuit of the power supply for the high
voltage discharge is glven in Figure 50. The spark gap Is adjustable; the silver
electrodes of the gap protrude from finncd, massive brass holdcrs which dissi-
pate the considerable thermal energy gencrated at the gap.

Considerable difficulty was expericnced with shorting between succes-
sive layers in the secondary of the induction coll. The design which is currently
in use and performing satisfaciorily with no indication of electrical shorts has
as the prinmary 16 turns of 14 gauge stranded copper wire on a Plexigias spool
3 Inches in diameter; the secondary has 1600 turns of 32 gaugc copper magnet
wirc (witlt heavy Formvar insuiation) in ten layers (160 turns/layer) on a 2-inch
diameter Plcxiglas spooi which slips Inside the spool for thc primary. After
each layer of the secondary was wound, the layer was well shellacked; then three
E;é_rs of Permacel 423 Teflon adhesive tape were wrapped over the layer of wire.

The high voltage components are housed in wooden box with ample
space between components. Leads from the secondary of thc induction coil to
the electrodes of the reduction apparatus carry insulation rated 10KV.

The new reduction apparatus is depicted in Figure 51. In the 2-1.
round-bottomed flask is a liquid which boils at a temperature (~200°C) at whizh
appreclable amounts of ZrCl4(g) are entrained by H2 flowing over ZrClg(s);
vapor from the boiling liquld condenses at a helght in the apparatus determined
by the energy input to a heating mantle which surrounds the flask, thereby pro-
viding an easily controllable method for heating the centcr reaction tube.

ZrCLy4(s) is placed in the "pocket” in the hvdrogen inlet while the
apparatus {without the round-bottomed flask and the condcnser) is {n a dry box.
The apparatus s then assembled, flew of Hy started, and heating of liquid in
the flask begun. The flow of Hp is adjusted with a needle valve to maintain a
pressure of 1 -3 Torr in the reaction zone between the electroedes. A mechani-

cal vacimm pumn continuougly removes gaces from the reactien zone through

an absorption train which removes ZrCl4(s) and HCl(g) (the major portion of
ZrCly which escapes reduction condenses on the water-cooled finger at the top
of the apparatus). When the flow of Hy has been adjusted to produce the correct
pressure in the reaction zone, the discharge is initiated by increasing the out-
put voltage from the Variac and/or by adjusting the spark gap. Finally, energy
input to the heating mantle is adjusted to position the upper condensation line cf
the refluxing liquid at the desired level.

This new reduction apparatus has been tested with some relatively
impure ZrCly, and appears to perform satisfactorily. The main problem now
appears to be achieving comglete exclusion of moisture from thc reaction cham-
ber (including water absorbed on the glass tubing).

202



110D
uoT3oNpPUT

FOUVHOISIA MOTD ¥0d A1ddI1S HOV.LTOA HOTH

oaA 0004

JNGeo

den
Naedg

oaA C

AOSHZ=0

04

me0.0

|

0S5 J¥NOI1d4
)

AOLT-0

Y

1=
w

JBRIJBp

24dT2L
JawIcIsuBd],

203




j\

)
i |
ﬁ to vacuum
pump
'I"w H
A —
Tungsten
Electrodes
FPocket for
tetrachloride
Y
1) H, Inlet
L [N = :

TAL O TN

FIGURE 51 APPARATUS FOR REDUCTION OF ZrCly TO ZrCls
WITH ATOMIC HYDROGEN

204



E. CALORIMETRY

The studies of disproportionation of the subhalides are designed to
ohtain data frorm which to calculate heats of formation of the gaseous species;
among the auxiliary data needed for the calculations are heats of formarion of
the solid subhalides, which are not presently availahle. Accordingly, we have
undertaken the determination of the heats of formation at 298.15°K of the crys-
talline solids ZrCls, ZrCly, HfCiz and HfClp .

Because the zirconium, and presumably hafniuni, suhchlorides react
so vigorously with water to give products with inaccurately known compositions,
their heats of formation cannot he determined by the straightforward aqueous-
solution calorimetry used by MacWood, 955_1_.(152) for the titanium compounds.
There appear to he two reasonahle approaches. One is to construct a "chlorine
bomb" calorimeter in which the energy of direct chlorination of ZrClg and of
ZrCl, to ZrCly could he measured. The other is to find a solvent system in
which the necessary enthalpies of soiution can be measured.

A suitahle solvent system must satisfy the following requirements:
(1) ZrCly must be readily soluble; (2} an oxidizing agent for the subchlorides
and its reduced form (e.g., FeCl3 - FeCly) must be readily soluble; and (3}
the solvent system must be inert to the subchlorides which are very strong re-
ducing agents, l.e., ZrClyand ZrCly must react with the oxidizing agent only.
After review of the available information, we have concluded that N, N-dimethyl-
formamide and/or N, N-dimethylacetamide will probably be a satisfactory medi-
um for solution calorimetry.

Calorimetry in such a medium, with requirements for the strict ex-
clusion of moisture, will pres«nt a number of difficulties, but these appear to
be fewer in number and smaller in magnitude than those to be expected in
chlorine-bomb calorimetry. Accordingly, we have proceeded with design and
construction of a solution calorimeter and assembly of the necessary auxiliary
equipment for calorimetric measurements. The scolution/reaction calorimeter,
which is depicted in Figure 52, incorporates features of calorimeters described
by Gunn{ 48}, Suuner and Wadsd{16%), Keith ana Mackie{!50), and Meetham and
Nichols(!55), and two novel ones: the rocking mechanism and the capsule-
breaking mechanism.

The cup (A, Figure 52) of the calorimeter vessel was machined from
a solid copper har and is 4.4 cm t.d., 7.2 cm deep, and has 0.3-cm wall thick-
ness and a volume of approximately 100 cm3. The outer surface of the cup was
grooved, 28 per inch, and then nickel-plated; into the grooves is wound (non-
inductively} platinum or nickel resistance wire which serves as the thermometer;
a thin-walled (0.15 c¢m) nickel-plated copper shield fits very tightly over the
grooved surface of the cup. The inside surfice of the cup and the mating surface
of the flange were plated with gold (0.005-0.008 in. thick). The top (B} of the
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calorimeter vessel 1s a 0.6-cm thick copper disc with an O-ring groove to mate
with the flange on the cup. A copper re-entrant well in the top contains a man-
ganin or Evanohm heater for electrical calibration. Suspended from the top by
two 0.0625-in. copper tubes, which also serve as conduits for electrical leads,
is a solenoid(C) (2000 turns of No. 32, Teflon-insulated copper wire} wound on
a brass form 0.150 in. 1.d., 0.875 in. o.d. and 0.75 in. high; a brass cover
soldered over the spool completes the isolation of the solenoid from the contents
of the vessel. Immediately above the solenoid and atta_hed to the solenoid sup-
port tubes is an ampoule holder; the glass ampoule (D) is formed in a graphlte
mold 0.375 in. deep and 0.5 in. maximum i.d., and has a flat bottom and thin
walls. Immediately below the solenoid is a plunger (E) - a 0.125-in. diameter
x 0.75 in. long, gold-plated, iron rod-supported in the vertical position by a
0.5-in. long extension of the Interior wall of the solencid. When it is desired
to introduce the sample, which of course is in the ampoule, intc the solution in
the calorimeter vessel, the solenoid is energized (approximately 1 amp) for

10 milliseconds; the plunger is accelerated by the force resulting from the grad-
ient of the magnetic field, impinges on the thin bottom of the glass ampoule,

and breaks it. All metal surfaces which might contact the contents of the vessel
were gold-plated; all exterlor curfaces of the vessel were nickel-plated.

The calerimeter vessel is suspended by eight nylon cords (F) in the
center of a cradle (G) made of copper rod and tubing. The cradle has Plexiglas-
covered brass axles which turn in Delrin AF sockets (I); the Teflon-filled Delrin
AF was chosen because of {ts extremely low coefficlent of friction. The sockets
(I) are mounted in 0.25-in. thick copper bars (H) the upper ends of which are
attached securely to the top of the vacuum envelope (L). The envelope is con-
structed from a 9.75-1n. i.d. copper pipe, is 8.875 in. high and has walls 0.25
in. thick. The outside surface of the envelope is grooved for a resistance ther-
mometer to monitor the temperature of the envelope. All metal surfaces inside
the envelope and the outer surface of the envelope were nickel-plated.

The envelope ls surrounded, in turn, by an air gap (O), a 0.5-in. thick
alurninum jacket (N), and approximately 2 inches of insulation contained by two
thin-wailed metal cans (F and Q). The vuivr surface of the cylindrical walls of
jacket {N) is doubly grooved, for a resistance heater and for a resistance ther-
mometer; the top and bottom of the jacket are grooved for the heater only. The
thermometer and heater are connected to a Hallikainen Thermotro! temperature
regulator which controls the temperature of the jacket.

The envelope (L) is evacuated through a shor. length of thick-walled
Plexiglas pipe (M), which minimizes loss of heat from the envelope and jacket,
and 1 .5~in. copper pipe to the upper end of which is soldered a "cross" copper
fitting. Vacuum pumps are connected to one horizontal arm of the “cross” and
electrical leads (not shown in Figure 52) to the calorimeter vessel enter through
the upper end of the "cross.” In the other horizontal arm of the "cross" is sup-
ported a pulley (K) on a shaft which is driven through a vacuum seal by an
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adjustable-speed, siow-speed, reversible electric motor. Nylon cords (J) pass
around the pulley (K) and down to the cradle (G); rotation of the pulley by the
motor then also accomplishes rotation of the calorimeter vessel and cradle about
axles (I) and consequent agitation of the contents of the vessel. Reversal of di-
rection of rotation when the vessel is about 70 degrees from the vertical orienta-
tion is achieved with limit switches.

This particular design achleves the advantages of isothermal, anerold
operation which ha:s been discussed in detall by Meetham and Nicho1s{155) and of
fluldless operation (Kcith and Mackle, (150)), requires rotation of only the calo-
rimeter vessel and cradle rather than the entire vacuum envelope (Gunn, (146) y,
and provides a simple technique for breaking a sample ampoule which is inside
the completely sealed reaction vessel.

The heat capacity of the assembled calorimeter vessel is about 75 cal/
deg; with approximately 75 em® of solution the total heat capacity becomes 150
cal/deg. The mass of sample is to be chosen to provide a heat of reaction
around 100 cal, i.e., a temperature rise of 0.5-1.0 deg. The energy input to
the solenoid (for ampoule breaking) is approximately 1 amp into 40 ohms for
0.010 sec, or about 0.1 cal, i.e., 0.1% of the heat of reaction; this solenoid
input energy should be reproducible within, at worst, +5% or 0.005 cal, i.e.,
+£0.005% of the heat of reaction and an appropriate correction can easily be made.

The calorimeter has been completed and is now being tested with the
reaction: HCl{aq} + tris-(hydroxymethyl) aminomethane (THAM).
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APPENDIX V

ELECTRON DIFFRACTION STUDIES*
by S, H. Bauer

This is a preliminary report of our results on electron dlifraction
work performed under Contract No. AF 33(616)}-7472, At thls date we have com-
pleted radial distribution analyses for ZrCly, HICly, HfBr4 and Hf14, and prelim-
Inary results are presented in Table 0. We still have to complete the analysis
of the data for the tetrachloride and tetrabromide of tellurium. So far we have
established that the first four compounds are strictly tetrahedrai in structure.
The final radial distribution curves showed complete agreement with this model,
with regard to the ratlo of the two distances, the areas under the two peaks cor-
responding to the M-X and X-X interferences, and the absence of extraneous
peaks. Some additional refinement will have to be carried out to establish the
mean root square fluctuations in the interatoinic distances due to the normal
vibrations. These appear to be somewhat larger than we had expected., Our
present theory is that we have not introduced a sufficient corvection for the phase
shift scattering factors. One problem remains to be solved before we can quote
final values for the M-X distances in these four compounds; there is still snme
ambigulty of the scale factor for the apparatus we used. We hope that this can
be cleared up before the final values are submitted for publication.

The structures of the tellurium compounds are clearly non-tetrahedral.
We suspect that they have C2y symmetry. However, a demonstration of this fact
will have to await completion of the analysis of the distribution curves. Below 1
have outlined some of the experimental problems we have encountcied in obtain-
ing these electron diffraction data,

At the beginning of this program we had copsidered the maiter of sample
preparation to be of paramount importance and spent considerable time in attempt-
ing to purify the commercial sampies by fractional sublimation in quartz tubes at
elevated temperatures, under vacuum. 1 believe that we dld achieve considerable
purification; however, the subsequent handling of the samples thus prepared
proved very difficult, It seems that in the removal of tiie vaporized sample from
the quartz traps, and the introduction into the furnace-nozzle of the electron dif-
fractlon apparatus led to contamination by the atmosphere. Eventually we found
that we had yet to encounter the second and more severe difficulty, the design of
a proper high temperature nozzle, which could withstand the corrosive effects of
these materials at the elevated temperatures. After a great deal of work inwhich

*Report on a subcontracted study at Cornell University, lthaca, N, Y., under
the direction of Professor S, H, Bauer.
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TABLE 56

SUMMARY OF ELECTRON DIFFRACTION DATA

T4 Symmetry demonstrated for: ZrCi4, HfCl4, HtBr4, HfI

Values of interatomic distances: PRELIMINARY

4

Area ratio Area ratio
(M-X)l (M-)'»I)2 (M-X) (X-X)
ZrCl4 2.38 2.33 & .02 2020/2285 970/892
HfCl4 2.44 2.39 £ .03 3800/4029 900/873
HfBr4 2,52 + .03 7600/8022 3486/3585
Hfl_1 2.75 £ .03 10,318/11,101 7460/7507

(M-X)l : deduced directly from RD curves
(M-X)2 : reduced value, 2% scale factor (nozzle and Au foil not colncident)
Area ratlo: exp/theoretical areas, under RD peaks

Peak widths: analysls incomplete
allowance must be made for phase shift factor
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we constructed a variety of sample holders with high temperature valves, we
found our efforts fruitless. We returned to the slmplest nozzle design, which
consisted of a small cruclble surmounted by a conical nozzle, the temperature
of which could be rapidly controiled. No valve was inserted, The amount of
gas which was injected into the electron diffraction apparatus is merely con-
trolled by the temperature of the crucib'e. Crucible materlals were stainiess
steel and inconei.

When a commercially available sample was placed in the apparatus
and raised up to a temperature of about 140° there was an initial large gas evo-
lution. These observations check the preliminary mass spectrometer measure-
ments made by Professor Porter on ZrCiy and HfCly. He found that on inltial
heatlng there was a large amount of HCI and Cly generated. After this flush gas
eveolution the vapor pressure settled down to a lower value, We didn't take elec-
tron diffraction photographs during this Initial heating, but only after subsequent
cooling and reheating. Then higher temperatures had to be reached before any
significant amount of materiai was ejected from the nozzle. It is true that some
of the salt by that time may have been converted to the oxy-halide, but since that
has a much lower vapor pressure than the pure halide {(even though its presence
does lower the actlvity of the condensed tetrahalide) it would not affect electron
diffraction photographs.

Two or three runs were made with each compound. When we com-
pared the photographs for the second and third runs, we found that they were
Identical. This we take as a demonstration that at the second stage there was
sufficient puriflcatlon by sublimation of the more volatile impurlties, such that
we had the deslred material. In preparatlon for a run, the entire electron dif-
fraction apparatus was filled with dry nitrogen and maintained at a slight over-
pressure. The nozzle was removed and was loaded with the material directly
supplled hy the manufacturer or the Bureau of Mines. Operating entirely under
a blanket of dry nitrogen this loading operation was carried out as rapidly as
pussibie. The nozzie section was then reinserted into the apparatus and the
pumping was immedlately Inltlated. After attainment of pressure 10" mm. of
Hg, the crucible was heated slowly. The heating rate was adjusted so that about
a half hour was required for the sample to reach 100°C, The sample was then
raised rapldly to 150°C. at which there was a large gas evolution. The crucibles
were heated by radiation, After the initial large gas evolution. a sample was
cooled down to 100° and pumplng was continued, The temperature was ralsed to
about 200°C. tc obtain electron diffraction photographs. In all cases the second
and third set of photographs obtained were Identical. The estirmated minimum
impurity detectable through the R.D, curves is 5 to 10%. The absence of extra-
neous peaks in the radlal distribution curve, and the occurrence of peaks only at
the distances requilred for tetrahedral symmetry is a good indication of the purlty
of the sample.
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