
UCRL-11317 .· 

University · of··· California 
cl ·, •I 

. . 

Ernest· 0. ·Lawrence 
laboratory Radiation 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Dioision, Ext. 5545 

INORGANIC MATERIALS RESEARCH DIVISION 

ANNUAL REPORT, 1963 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Research and Development· 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

INORGANIC MATERIALS RESEARCH DIVISION 

ANNUAL REPORT, 1963 

March 25, 1964 

UCRL-11317 
UC-2 General Misc. 
and Progress Report 
TID-4500 (27th Ed.) 



Printed in USA. Price $3.50. Available from the 
Office of Technical Services 
U. S. Department of Commerce 
Washington 25, D.C. 



-i-

INORGANIC MATERIALS RESEARCH DIVISION 
ANNUAL REPORT, 1963 

Introduction 

Staff Members 

I. CHEMISTRY 

A. Inorganic Chemistry . . 

B. Chemical Thermodynamics 

Contents 

C. Solid-State Chemistry and Physics 

D. Electrochemistry . 

E. Physical Chemistry 

II. METALLURGY AND SOLID-STATE BRANCH 

A. 

B. 

c. 

Microstructure and Physical Properties 

Superconductivity ... 

High-Strength Materials 

UCRL-11317 

0 ii 

.. iv 

0 1 

15 

. 18 

32 

52 

79 

0 130 

150 

D. Kinetics of Dislocation Mechanisms .......... ;159 

E. 

F. 

Physical Ceramics . . . 

Thermodynamics and High Temperature Reactions . 

III. REACTOR MATERIALS . . . . . 

IV. CURRENT RESEARCH INTERESTS 

V. BIBLIOGRAPHY FOR 1963 

VI. REPORT INDEX . . . . . 

198 

204 

224 

239 



-ii- UCRL-11317 

INORGANIC MATERIALS RESEARCH DIVISION 

ANNUAL REPORT, 1963 

Leo Brewer, Division Head 
Alan W. Searcy, Associate Division Head 

Lawrence Radiation Laboratory 
Department of Chemistry, Department of Mineral Technology 

Department of Chemical Engineering and Department of Nuclear Engineering 

March 25, 1964 

GENERAL INTRODUCTION 

This report contains statements of current staff research interest, des
criptions of research recently completed, and list of publications and theses 
of the past year by members of the IMRD staff. This introductory section 
briefly presents information concerning IMRD personnel and developments during 
the past year which may serve to place the operations in perspective. 

At the end of the 1963 calendar year, the Inorganic Materials Research 
Division, LRL, had been in operation for nearly 4 years. The number of prin
cipal investigators whose research is supported through the Division had reached 
27, and the number of graduate students actively engaged in the research pro
gram stood at approximately 120. 

During the first 4 years of operation of the Inorganic Materials Research 
Division, 34 M.S. and 50 Ph.D. degrees were awarded to students whose research 
was supported through the Division. 

The Division has maintained an active program for exchange of informa
tion with scientists in different disciplines and with scientists from other 
institutions. Approximately 25 young Ph.D. men were engaged in our research 
program on 1- to 3-year postdoctoral appointments. 

Professors Harold S. Johnston, Edward A. Grens, and JohnS. Newman have 
joined the Division staff of principal investigators for limited terms of 
approximately 3 years. Professors Grens and Newman are new members of the 
Department of Chemical Engineering. Professor Johnston of the Department of 
Chemistry is internationally known for his outstanding studies in the kinetics 
of gas-phase reactions. Dr. Johnston will make use of the outstanding design 
and shop facilities of the Lawrence Radiation Laboratory in developing a new 
apparatus for detection of reactive intermediates of reactions in shock tubes, 
flash tubes, etc., at levels of 1012 molecules per cc, by measuring the decay 
constant qf absorbed light in an optical cavity. 

Dr. Lawrence Himmel transferred from our Division at the end of 1963 to 
the Lawrence Radiation Laboratory at Livermore and Professor Dudley R. Hersch
bach left the Division and the University to accept a position as Professor 
of Chemistry at Harvard University. 

Professor Norman Phillips was awarded a Guggenheim Fellowship for a year 
of study at Oxford University. 

Professor Richard Fulrath was presented the Ross Coffin Purdy Award by 
the American Ceramic Society. 
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Professor John Chipman, who recently retired as Chairman of the Metallurgy 
Department at MIT, spent a month as a consultant to the Division on problems 
in metallurgical thermodynamics. Professor Harry Bloom of the University of 
Tasmania spent approximately three months of his sabbatical leave on a part
time appointment with our Division. Dr. Sadakichi Kitajima, Assistant Pro
fessor from Kyushu University, has also been visiting us and doing a research 
study of preferential work-hardening phenomena in metals. 

Dr. Victor F. Zackay has completed most of the arrangements for the 
second International Materials Symposium to be sponsored by the Laboratory. 
This symposium, to be held June 15-18, 1964, is on the topic,· "High-Strength 
Materials." 

During the 1963 calendar year there were 80 contributions to the regular 
technical literature and many additional papers were published as UCRL reports. 
Among the publications of the year were two books: 

Gareth Thomas and Jack Washburn, Electron Microscopy and Strength ·of 
Crystals (Interscience Publishers, Inc., New York, 1963). 

Ralph Hultgren with Raymond L. Orr, Philip E. Anderso~ and Kenneth K. 
Kelley, Selected Values of Thermodynamic Properties of Metals and 
Alloys (John Wiley & Sons, Inc., New York, 1963). 

Additional books by·IMRD staff members were: 

Earl Parker, editor, Materials for Missiles and Spacecraft, University 
of California Engineering and Science Extension Series, (McGraw-Hill 
Book Company, Inc., New York, 1963). 

Bruce Mahan, Elementary Chemical Thermodynamics (W. A. Benjamin, New 
York, 1963). 

An informal ground-breaking ceremony for a new laboratory building to 
house the expanded operations of the Division was held in June. At the time 
that this report went to press, construction of the building was proceeding 
on schedule, and the building is expected to be ready for occupancy in Novem
ber of 1964. 
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I. CHEMISTRY 

A. INORGANIC CHEMISTRY 

l. NUCLEAR MAGNETIC RESONANCE STUDIES OF COMPLEX IONS 

Elaine C. Blatt and Robert E. Connick 

UCRL-11317 

Nuclear magnetic resonance techniques on o17 have proven invaluable 
in the measurement of the very high rates of water exchange from paramagnetic 
transition-metal cations.1 In the studies of complex ions, the resonance 
method is proving equally versatile. 

The complex ion studies were undertaken in order to provide more 
information about the interactions in the electronic systems of the co
ordination complexes. Upon the change of constituents of the first co
ordination sphere of a complex ion, an effect was observed on the water 

. exchange rate which can be related to the influence of ligands in bonding. 
Of the aqua-cations whose water exchange rate has been measured in this 
Laboratory, ferric2 and nickelous1 ions at room temperature have water ex
change rates that are slower than the transverse relaxation of ol7 caused 
by the paramagnetic ions. Thus, the broadening of the bulk ol7 resonance 
is a direct measure of the chemical exchange rate. A detailed investigation 
of the ferric chloride system has been conducted at room temperature. The 
line widths of ol7 in solutions of varying free chloride concentration can 
be analyzed to yield characteristic values for the contributions to the 
relaxation of the ol7 from interaction with various chloride complexes. 
These values are sums of the relaxation rates resulting from different 
processes by which a water molecule is removed from the bulk solution and 
involved in a complex ion, i.e., direct water-water replacement, or re
placement of chloride ligand by a water molecule. In all cases, unless a 
temperature-dependence study shows otherwise, these characteristic numbers 
yield only lower limits to the various reaction processes involved. Cogent 
arguments are available in favor of an interpretation of the line widths as 
a direct measure of chemical exchange rates. These are given .in more detail 
in a publication now in preparation. A temperature study on the o1 7 in 
ferric chloride solutions is contemplated, but the value of such an experiment 
is diminished by the lack of information on the heats of complexing of the 
higher chloro complexes. Even the room temperature results are subject to 
serious uncertainties because of the possible errors in the literature values 
for the equilibrium quotients. 

1. T. J. Swift and Robert E. Connick, J, Chem. Phys. Jl, 307 (1962). 
2. Edward E. Genser, Studies of Fast Exchange Reactions by the Use of 

Nuclear Magnetic Resonance (Thesis), UCRL-9846, January 1962. 
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Relative to the rate of water exchange on the aqua ferric ion, the 
first chloro complex appears to exchange waters about twice as fast. The 
contribution from the reaction whereby water replaces chloride on the 
monochloride complex is very small. 3 In the dichloro- and trichloro-complexes 
such information is not available. For the composite rate of all possible 
paths for water to be removed from the bulk of the solution, the best fit 
to the NMR data yields the following: dichloro-complex, about three times 
as fast as aqua ion: and trichloro-complex, perhaps thirty times as fast as 
aqua ion. 

Although the water exchange rate is so much higher than the rate of 
replacement of chloride by water in the monochloro-complex, in 3 ~ chloride 
and. 0.1 ~ ferric where the higher com~lexes are present, the chloride ex
change rate as measured by NMR of Cl3) seemed to indicate that the3 
chloride ions were exchanging at least as rapidly as the water molecules 
would be in a solution of the same composition. Perhaps a chloride-chloride 
exchange reaction is more favored than a water-chloride replacement reaction. 
Investigation of the Cl35 resonance at lower free chloride concentration 
seems to hint at a sharp dependence of the chloride eKchange rate on free 
chloride concentration. A study of the effect of temperature on a 0. 015 M 
Fe(III), 1M Cl- solution shows no evidence of a decrease of the relaxation 
rate up to 85°C, and in fact shows a

3
5ignificant increase in rate, which 

would reinforce the idea that the Cl transverse relaxation is being 
controlled. by chemical exchange._ More accurate m33surements will be carried 
to 100°C. The very large quadrupole moment of Cl might allow an interpretation 
of the Cl35 spectra to include interactions, decreasing the relaxation time, 
which are not contributed by scalar coupling, the mechanism that we are 
attributing to the bonding between ferric ion and o1 7 in the complex. Ionic 
interactions might affect the chlorine resonance more markedly than the 
o17 resonance. Measurements of the longitudinal relaxation time on Cl35 
would. give valuable information on this subject. 

In the case of the aquo-nickelous ion, a bendover was observed in 
the plot of T2 , the relaxation time due to the paramagnetic ion versus the 
reciprocal of the absolute temperature.l This bendover was attributed to a 
region where the chemical exchange rate was becoming too fast to allow 
sufficiently satisfactory relaxation during the time spent in the first 
coordination sphere. Ignoring the probable changes in the relaxation power 
of the nickelous core upon complexing with ligand.s other than water, one 
might expect that the water exchange rate would be fast enough in some 
complexes to bring us to the region where the relaxation rate is the slow 
step at room temperature. It is interesting to note that a solution contain
ing the first nickelous ammonia complex produces a larger line width for o17 
than a comparable nickelous aqua solution, but when the complexing with 
ammonia is increased the line width narrows. Perhaps the higher nickelous 
complexes with ammonia exchange waters too fast to allow sufficient relaxation, 
even at room temperature. A study of the effect of varying temperature in 
this system is planned for the near future. Heats of complexing are available, 

3· R. E. Connick and C. P. Cappel, J. Am. Chem. Soc. 81, 6389 (1959). 
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and we expect to correlate this work with data on ~4 
resonance available 

from another Laboratory.4 A chemical shift is noticeable in the ol7 work on 
nickelous-ammonia. Preliminary work indicates a frequency dependence for 
the transverse relaxation time, consistent with that found in aquo-nickelous 
ion.l 

4. John P. Hunt and H. W. Dodgen, Washington State University. 

2. THE TEMPERATURE DEPENDENCE OF THE TRANSVERSE 
RELAXATION TIME OF ol7 IN AQUEOUS SOLUTIONS 

CONTAINING CUPRIC IONS 

Charles W. Merideth and Robert E. Connick 

The temperature dependence of the transverse relaxation time of o17 

in aqueous solutions containing cupric ions has been studied previously in 
this Laboratory.l This earlier study was carried out in order that the 
rate of exchange of water molecules from the first coordination sphere 
could be measured. The results seemed to lead to two conclusions. First, 
very low temperatures will be required in order to reach the region where 
the relaxation will be governed by the slowness of chemical exchange. 
Secondly, it was postulated that there are two possible paths by which the 
water molecules exchange. On the assumption that the cupric ions have a 
coordination number of six and that the structure of the molecule is a 
distorted octahedron (owing to the Jahn-Teller configurational distortion), 
it was postulated that below approximately 80°C the axial molecules were 
providing the exchange path and above 80°C the equatorial water molecules 
were beginning to exchange. This conclusion was based on a slight bendover 
observed in the plot of ln T2p vs l/T 0 A for Cu(II) near l00°C. 

In the present study the temperature range of the previous study was 
extended in order that the two above conclusions would be examined more 
closely. The temperature range covered here was from -55°C to l50°C 
(compared to 0°C to l00°C in the previous work). The high-temperature region 
was made accessible by using sealed glass sample tubes designed to with
stand the pressures generated by the aqueous solutions when heated. The 
subzero temperatures were obtained by use of eutectic solutions of perchloric 
acid and water. It has been shown that at 42.7% solution of perchloric acid 
freezes at approximately -55°C.2 The temperatures were controlled over the 
entire range within at least 1° by Utjing the Varian EPR temperature-control 
unit that has been modified for the Varian Wide-Line NMR Spectrometer. 

The high-temperature results of the present study show no evidence 
of the bendover in the plot of lnT2 vs 1/To A for Cu (II) that was observed 
in the previous work.l Thus the poEtulate that the equatorial water molecules 

1. T. J. Swift and R. E. Connick, J. Chern. Phys. 37, 307 (1962). 
2. Langhorn H. Brickwedde, J. Res. Nat. Bur. St. c-42, 309 (1949). 
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are beginning to exchange in the temperature region above 80°C has to be 
discarded. The results of the present work indicate that the same mechanism 
of exchange must be operative above and below 80°C. However, the hypothesis 
that it is the axial molecules (believed to be less tightly bound than the 
equatorial water molecules) which are exchanging still appears to be a good 
one. ·This will offer an explanation of why the observed rate of exchange 
of the water molecules from the first coordination sphere of Cu(II) is 
several orders of magnitude greater than the rates observed for most of the 
other metal ions studied in the previous work. 1 It is still possible that 
this new region, where the equatorial water molecules begin to exchange 
directly with the bulk water, may exist--but at a very high temperature. 
The results .of this study indicate that at l50°C we may still be quite far 
from this region. There is also a good possibility that the equatorial waters 
participate in the relaxation through inversion of the octahedron, rather 
than by direct exchange.l 

In preliminary measurements the low-temperature data revealed two 
very interesting results that may reguire a closer analysis of this region. 
First, the observed line width of ol'( in 42.7% perchloric acid is the same 
as it is in pure water within experimental error. However, the line width 
of o1 7 in the 42.7% solution of perchloric acid in the presence of Cu(II) 
(1.0 X lo-3 M) is about twice as broad at 25°C as it is in pure water in the 
presence of the same amount of the paramagnetic ion. This effect must be 
checked. 

The second interesting observation made in the low-temperature 
region is that the system may be on the threshold of the region where the 
relaxation is controlled by the slowness of chemical exchange. Complete 
analysis of the data has not been carried out to verify this point, and no 
definite conclusions can yet be drawn. 

The present work shows conclusively that the bendover observed in 
the high-temperature region of the previous work was spurious and does not 
in fact exist in the range from 0°C to l50°C. Also, the data indicate 
that it may be possible to reach the region where the relaxation is controlled 
by the slowness of chemical exchange at very low temperatures by using a 
perchloric acid-water eutectic solution. 

3. COORDINATION NUMBERS OF BERYLLIUM AND ALUMINUM IONS 
IN AQUEOUS SOLUTIONS AND THE RATE OF EXCHANGE 

OF THE BOUND WATER 

Daniel N. Fiat 

With a method. proposed by Jackson, Lemons, and. Taube1 the coordination 
numbers of beryllium and aluminum ions in aqueous solutions were d.etermined 
by means of NMR. 2 Addition of cobaltous perchlorate to the solutions of 
aluminum or beryllium ions shifted the ol7 NMR signal of the free water 
to a low field, whereas the signal of the bound water was not shifted 

L Jackson, Lemons, and Taube, J. Chem. Phys. 33, 553 (1960). 
2o R. E. Connick and. D. N. Fiat, J. Chem. Phys--. 39, 1349 (1963). 
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appreciably. The coordination numbers of the ions were calculated from the 
relative areas of the free to the bound water signals and the composition 
of the solutions, and were found to be 4.0±0.2 for the Be++ ions and 
6.0±0.2 for the A1+++ ions at room temperature. 

The form of the absorption curves and their temperature dependence 
revealed quite different exchange rates and mechanisms of relaxation for 
the two ions. 

++ The absorption signals of the bound and of the free water of the 
Be and Al+++ solutions were overlapping, but if Lorentzian could be 
resolved. For the Al+++ ion this was found to be the case, but in the Be++ 
the resolved curves were asymmetric and broadened, indicating exchange 
broadening. The temperature dependence of the width of the line (Fig. IA.3-l) 
and of the relative shift of the bound to the free water (Fig. IA.3-2) confirm 
this indication. It is seen that for the Be++ ions the width of the line 
increases as a function of temperature, whereas for the Al+++ it decreases. 
We must conclude that for the Be++ ions the exchange rate contributes signif
icantly to the line width. For the A1+++ ions there is no indication of 
exchange broadening even up to 80°C, but at higher temperatures this effect 
appears to be setting in. 

The decrease in the shift of the bound. relative to the free water 
as a function of temperature for the Be++ ions in agreement with the 
above explanation, as increase in the rate of exchange should cause the lines 
to approach each other. 
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The width at half height of o17 absorption signals 
as a function of temperature for water bound to 
Al+++ and Be++ ions. 

Solution composition in millimoles: AlCl
3
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2
0) 91.0; HC104) '0.812; Co(Cl04 )2) 0.396. 

BeCl2 ) 4.868; H20~ 86.47; HC104) 1.72; Co(Cl04 )2 ) 
0.520. 
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Fig. IA. 3-2 The shift of the free water relative to the bound 
as a function of temperature. 

0 Solution composition in mi11imoles: AlC1
3

) 2.60; 
H20) 91.0; HC104) 0.812; Co(C104 )2 ) 0.396. 

~ BeC1
2
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4

) 1.72; Co(Cl0
4

)
2

) 
0.520. 
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4. HYDROLYTIC POLYMERIZATION IN Cr(III) SOLUTIONS 

Sister Gertrude Thompson and R.E. Connick 

UCRL-11317 

A blue species isolated from refluxed solutions of Cr( III) has 
4+ 4+ l 2 3 

been identified as a dimer of the form Cr2 (0H) 2 or Cr2o . ' ' Rate 

studies of the decomposition of this species have been carried out in acid 
solutions of mrying concentration (0.005 M to 7 M) at 25.00 (±.05), 
35.50(±.05), and 45.00(±.05)°C. In the solutions of lower acid concentra
tion, a constant ionic strength of ~ = 2.00 has been maintained with 
either sodium or lithium perchlorate. 

The kinetics of the decomposition indicate a two-step process and 
point to the existence .Jf an intermediate complex. It is postulated that 
this species is a singly bridged complex, Cr2 (0H)5+. Attempts to isolate 
the material on an ion-exchange column have been unsuccessful, but a green 
band of higher charge than the dimer-- i.e., resting higher on a column than 
the dimer-- can be detected in solutions known to contain large ~uantities 
of intermediate. A spectrum of the intermediate species in concentrated 
perchloric acid has been obtained (c

590 
= 17.2, E42o = 22.3 at the maxima). 

If the blue dimer is added to concentrated perchloric acid (70%) 
and left for several half lives, very significant concentrations of the in
termediate are formed .. The rate at which this species re-forms the dimer 
can be followed as a function of hydrogen ion concentration, either by merely 
diluting the solution or by partially neutralizing the acid with a solution 
of sodium bicarbonate. 

ESR and magnetic susceptibility measurements at room temperature 

have been made of freshly prepared (a) monomer) Cr(H2o)~+; (b) dimer 

Cr2 (0H)~+, and (c) a green species isolated from refluxed solutions and 

believed to be a trimer} Cr (OH) . The g values determined for these 
species are 1.980, 1.976 and 1.9tl2, and the susceptibilities 3.90, 3.71, 
and 3.54 (Bohr Magnetons), respectively. A magnetic susceptibility measure
ment in high acid concentration (11.5 M) and therefore of the intermediate 
only has also been made, yielding a value of 3.32 B.M. Measurements of mag
netic susceptibility of the stable species at varying temperatures (0 to 50°C) 
are being made at present. 

Determination of the freezing-point lowering in eutectic mixtures 
of HCl04 and H2o (41.7% HCl04) has been undertaken for the three stable . 

species, Cr(H20)~+, Cr2 (oH)~+ and Cr3 (oH)~+. Previously Ardon and Lineberg
4 

did such measurements for Cr(H20)~+ and for what they thought was 

l. James E. Finholt, Chemistry of Some Hydrolyzed Cr(III) Polymers (Thesis), 
UCRL-8879, April 1960. 
2. J. A. Laswich and R A. Plane, J. Am. Chern. Soc. 81, 3564 (1959). 
3. M. Ardon and R. A. Plane, J. Am. Chern. Soc. 81, 3197 (1959). 
4. M. A:t·don and A. L·ineberg, J. Phys. Chem. 65-, 1443 (1961). 
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the dimer, although the solution may have contained some' intermediate. 
Since the blue species readily equilibrates at room temperature with the 
intermediate in solutions of comparable acidity (5.5 ~), confirmation of 
the dimeric character of the intermediate can be deduced from the observation 
that the freezing-point lowering of pure dimer and dimer-intermediate 
mixtures has the same value. To insure the presence of dimer alone, a 
solution is injected into chilled perchloric acid solution (-l0°C). Freezing
point lowering measurements on the green species, supposed to be a trimer, 
are also being carried out. 

A fine crystalline powder is thrown down when a concentrated solution 
(4 ~) of the dimer is added to perchloric acid (70%). On standing, further 
crystallization takes place and larger crystals, which x-ray analysis confirm 
as Cr(H2o)h(Cl04) , are formed. The first fine powder gives a rather more 
complex ana, decid~dly different pattern from that of Cr (H2o )6 ( Cl04 )~. Single 
crystals of this material large enough for x-ray work have not yet been pro
duced. A solution of the material has a spectrum like that of the dimer. 

A determination of the equilibrium constant of the reactions 

and 

2Cr3+ + 2H
2

0 

3Cr3+ + 4H
2

0 

4+ + 
Cr

2
(0H)

2 
+ 2H 

Cr
3

(oH)
4

5+ + 4H+ 

(1) 

(2) 

has been carried out in solutions of constant ionic strength c~ = 1.00) at 
50.00(±05)°C, by an ion-exchange technique. Solutions are equilibrated 
until a constant pH value has been obtained, then chilled rapidly, and 
separated on a column of Dowex 50WX4 resin by elution with a 0.5 ~calcium 
perchlorate solution. The concentration of all chromium species can be 
obtained, and the pH of the solutions is measured at the temperature of 
equilibration. 

5· ANIONIC CHLORO-COMPLEXES OF RUTHENIUM(III) 

Martyn G. Adamson 

An attempt is being made to obtain good crystalline samples of the 
relatively insoluble salts of the higher (anionic) chloro-complexes of 
Ru(III) with the cations of cesium, rubidium, potassium, and possibly barium. 
Inspection under a microscope of the reddish-brown precipitate formed by 
adding 1 ~ cesium chloride to stoc.k solutions of Ru(III) in 6 ~ HCl reveals 
that it consists of many small needle-like crystals. This solid, presumably 
Cs2 [RuCl · H2o2-] is fairly soluble in 6 ~ HCl. The possibility that [RuCl

4
(H

2
o);] 

also fo~s reasonably insoluble salts with certain alkali or alkaline earth 
metal cations--e.g., cs+ or Ba2+ __ is also being investigated. X-ray 
crystallography on pure crystalline specimens of the Ruc14- (x) and. Ruc14- (y) 
salts would confirm which was the cis-isomer and which was the trans-isomer. 
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6. PROTON MAGNETIC RESONANCE SPECTRA OF SILYLPHOSPHINE, 
SILYLARSINE, GERMYLPHOSPHINE, AND GERMYLARSINE* 

J. E. Drake+ and. W. L. Jolly 

The chemical shifts and coupling constants for these hydrides have 
been measured and. interpreted. 

* Abstract of paper in J. Chern. Phys. 38, 1033 (1963). 
+ Now at Chemistry Department, University of Southampton, Southampton, 

England. 

7• THE PREPARATION OF VOLATILE HYDRIDES IN AN ELECTRIC DISCHARGE 

Sudarshan D. Go.khale and. William L. Jolly 

Techniques have been developed. for the preparation of high
molecular-weight hydrides in an electric discharge, and. for their separation 
and. isolation by gas chromatography. These methods have been used for the 
preparation of the two isomers of tetrasilane, Si4H10, and. the two isomers 
of Si2PH7" These isomers have been unambiguously iaentified by their NMR 
spectra, and, where possible, by their infrared. spectra and chemical proper
ties. 

8, THE SYMMETRICAL DEFORMATION FREQUENCIES OF METHYL, 
SILYL, AND GERMYL GROUPS* 

William L. Jolly 

The symmetrical deformation frequencies of the MH groups in 
compounds of the type H M-X (where M = Si or Ge, and. where3x may be bound 
to other atoms) incre-as~ with increasing electronegati vity of the atom X. 
These correlations and the similar correlation for methyl groups may be 
explained in terms of the repulsions between the M-H bonding electrons 
and the electrons in the valence orbitals of the X atom (in particular, 
the M-X bonding electrons and any nonbonding electrons on the X atom). 

*Abstract of paper in J. Am. Chern. Soc. 85, 3083 (1963). 
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9· THE REACTION OF BOROHYDRIDE WITH FERRICYANIDE 

Lydia S. Hsu and William L. Jolly 

The kinetics of the reaction of ferricyanide with borohydride (in 
the concentration ranges, for both reactants, of 0.1 to 0. 5 ~) has been 
studied. in alkaline aqueous solution at room temperature. The reaction was 
found to be catalyzed by glass surfaces. This catalysis, however, can be 
avoided by using wax-coated surfaces. The rate of change of the hydroxide 
ion concentration was found to be first order in both ferricyanide and 
borohydride and. independent of the hydroxide i~n, at least in the high pH 
region, with a rate constant of 4.9t :. ·X : 10- ~-1min-1 • This result is 
different from that found. by Freund for very dilute buffered solutions of 
ferricyanide and. borohydride. Under the conditions of Freund's experiments, 
no glass catalysis was observed. 

L T. Freund, J. Inorg. NucL Chern •. 2.' 246 (1959). 

10. ABSORPTION SPECTRA OF CALCIUM-AMMONIA SOLUTIONS* 

+ Calvin Hallada and. William L. Jolly 

It was observed that, for concegtrations up to 0.025 ~ at -45° and 
for wavelengths in the region of 15 000 A, calcium obeys Beer's Law in 
liquid. ammonia. The molar extinction coefficients are twice those for 
alkali metal solutions; consequently it is clear that two moles of solvated 
electrons are produced per gram-atom of calcium dissolved. Conductivity 
studies indicated that the boundary between the one-phase and. two-phase 
regions on the ammonia-rich side of the Ca-NH

3 
phase d.iagram lies at 0.013 ~ 

at -64° and 0.032 ~at -45°· 

*Abstract of paper in Inorg. Chern. ~' 1076 (1963). 
+ Now at Conduct ron Corporation, Ann Arbor, Michigan. 

* 11. CONVENIENT METHODS FOR PREPARING s
3

N2Cl2 AND S4N
3

Cl 

William L. Jolly, Keith D. Maguire; and David Rabinovich* 

When a suspension of ammonium chloride in s2c12 is refluxed, the 
principal reaction products are NSCl and. HCl: 
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The compounds NSCl, s
3
N2Cl2 , and s 4N

3
Cl are useful intermediates for the 

preparation of other sulfur-nitrogen compounds. 

*Abstract of paper in Inorg. Chern. 2, 1304 (1963). 
+ Now at Pennsalt Chemical Corporation, King of Prussia, Pennsylvania. * Now at Chemistry Department, San Jose State College, San Jose, California. 

* 12. FOUR NEW METHODS FOR THE PREPARATION OF NSCl 

Keith D. Maguire+, Jerry J. Smith, and William L. Jolly 

1 Glemser has reported that NSCl may be prepared by the pyrolysis of 
(NSC1)

3
• We report four additional methods for preparing NSCl. 

The equations for these reactions are 

s 2c12 + 2N .~ 2NSCl (mechanism not yet clear) 7 (l) 

NH
4

Cl + 2s2c12 ~ 3S + NSCl + 4HCl, (2) 

3S
3

N2Cl2 7 2S
3
N

2
Cl + 2NSCl + SC1

2, (3) 

s
3

N2Cl
2 

+ Cl2 . ) 2NSCl + SC1
2 (4) 

*Abstract of paper in Chern. & Ind., 1589 (1963). 
+ Novr at Pennsalt Chemical Corporation, King of Prussia, Pennsylvania 
L 0. Glemser and H. Richert, z. anorg. allgem. Chern. 307, 313 (1961). 

13. THE CHEMISTRY OF SULFUR-NITROGEN COMPOUNDS 

+ * Millagros Villena-Blanco, Keith D. Maguire, 
and William L. Jolly 

The reaction between gaseous ammonia and sulfur chlorides (s2c12 
and SC12 ) has been studied. under various cond.itions of temperature 7 flowrate 
of ammonia, concentration and type of sulfur chloride, solvent, and duration 
or run, for the purpose of determining the optimum conditions for the 
preparation of s 4N4 and. s

7
NH. Adsorption-column chromatography on alumina 

and silica gel columns was employed for the quantitative separation of the 
reaction products. 
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S4N4 is reportedl to react with dry hydrogen chloride to yield a 
red adduct of composition S4N4 o 4HCl which is readily converted to S4N3c1. A 
further adduct S4N4·HCl is also reported,2 The reaction between S4N4 and dry 
hydrogen chloride was examined in order to determine what adducts are formed 
and to determine the overall stoichiometry of the reaction. The establish
ment of a definite stoichiometry is made difficult by the fact that the 
intermediate products s3N2Cl and. S4N

3
c1 react slowly with HCL However, we 

believe the limiting reaction to be 

+ Now at Department of Chemistry, University of California, Riverside, Calif. * Now at Pennsalt Chemical Corporation, King of Prussia, Pennsylvania. 
LA. G. MacDiarmid, Nature 164, 1131 (1949). 
2.M. Becke-Goehring, Er ebnisse und Probleme der Chemie der Schwefelstick
stoffverbindungen(Akad.emie-Verlag, Berlin, 1956 • 

14. 

+ Charles B. Lindahl and William L. Jolly 

Diphosphorus tetrachloride, with a lone pair of electrons on each 
phosphorus, can react as a monofunctional and difunctional Lewis base. 

Nickel carbonyl and. P2Cl4 can react at 0° to form a series of 
compounds the relative amounts of which depend upon the relative ratios of 
the reactants and the CO pressure in the reaction vessel. A large excess of 
Ni(C0)4 reacts with P2C14 to form the yellow-white solid P2c14 • 2Ni(Co)

3
. 

At carbon monoxide pressures less than 0.3 atm, this material decomposes at 
0°. With roughly equal molar amounts of P2c14 and Ni(C0)4, a yellow solid 
of approximate empirical formula P2Cl4'Ni(C0)2 is formed: A polymeric 
structure, [P2Cl4• Ni(C0)2 Jx, with terminal groups of P2Cl4 or Ni(CO)~ is 
suggested for this material. Large excesses of P2Cl4 react with Ni (CO )4 to 
form a yellow-brown solid, (P2cl4 )2• Ni(C0) 2 . If the CO pressure in the 
reaction vessel does not build up to 0.7 atm by the evolution of CO during 
the formation of this. compound, the compound continues to react slowly with 
P2Cl4 to yield. compounds approaching the compositions (P2Cl4)~NiCO and Ni 
(P2Cl4 )4 until the CO pressure does reach 0. 7 atm. Experiments with PCly 
P2C14, and Ni(C0)4 show that P2c14 can replace PC1 3 in PCl~-Ni(CO)x compounds, 
and that in mixtures of PC13 and P2c14 with Ni(Co)4 most of the reaction is 
due to P2Cl4• Thus, P2Cl4 lS a better Lewis base than PC13, in agreement 
with an argument based on the inductive effect. 

* Partial abstract of Charles B. Lindahl, Chemistry of Diphosphorus 
Tetrachlorides (Ph.D. thesis), UCRL-11189, Jan. 1964. 
+ Now at Eastman Kodak Corporation, Rochester, New York. 
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Diphosphorus tetrachloride does not react; or reacts only extremely 
slowly at 0° with Fe(Co) 5; Cr(Co)6 ; or Mo(Co)6 . 

With BBr~ at 0°; P2Cl4 reacts to yield PBr
3

; BCl~; mixed boron and 
phosphorus chloro:::tromo-trihalides; and phosphorus subhalfdes. Boron trichlor
ide and BF3 do not react with P2Cl4 at 0°; in agreement with the known Lewis 
acid trend. BBr3 > BC13 > BF

3
• 

Diphosphorus tetrachloride reacts with B2H6; causing decomposition 
producting H2; BCl3; BHC12; and yellow-orange solids indicative of phosphorus 
subhalides or subhydrides. 

Because P2Cl4 has vacant low-energy d orbitals on each phosphorus; 
it is also a potential Lewis acid. No reaction was observed between P2C14 
and c2H4; c2H2; or c3F6 at 0° or room temperature. However; a reaction 
between P2C14 and trllllethylamine at temperatures of 0 and -78° produces 
large quantities of yellow-orange nonvolatile solids. The apparent products 
of the reaction are PC13 ·N(OH

3
)
3 

and phosphorus? 

Thus; P2c14 undergoes reaction both as a Lewis acid and as a Lewis 
base. However; all reactions except the reaction with Ni(C0)4 involve 
rupture of the phosphorus-phosphorus bond in P2c14• 

r 

I 
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B. CHEMICAL THERMODYNAMICS 

1. ELECTRONIC SPECTRA OF DIATOMIC GASES 

Leo Brewer) Beat Meyer) Jerry Smith) and Martin D. Shetlar 

The calculation of entropies and the use of radiative lifetimes to 
obtain transition probabilities and absorption coefficients requires know
ledge of the ground state and low-lying electronic states of high-temperature 
molecules. 

A correlation of known electronic states of diatomic molecules with 
molecular orbital configurations allows the prediction of relative excita
tion ~nergies of the low-lying electronic states when the bonding is due to 
s and p electrons. A variety of sources of electronic spectra is being 
studied to extend this correlation. 

3 
Studies of the spectrum of Se2 £ave established the ground state 

as ~ instead of the previously accepted ~ state) and clarifications of 
features of SO) s2 ) and Te2 have been obtained.l 

Analysis of emission bands from active nitrogen flames containing 
sulfur compounds has shown that several reported band systems of NS are 
portions of a single band system. These observations allow prediction of 
energies of additional electronic states of NS. 

Study of perturbations in several c2 band systems has provided 
better estimates of the energies of yet unobserved low-lying levels of c2 • 

1. This work is a joint effort with Professor R. F. Barrow of Oxford 
University. 

2. RADIATIVE LIFETIMES OF EXCITED ELECTRONIC STATES 

Leo Brewer) Robert A. Berg) Gerd M. Rosenblatt) and Lucy G. Hagan 

The apparatus1 for measurement of radiative lifetimes in the 
range of lo-5 to lo-9 second has been applied to fluorescent solids} to·~ 
organic compounds) 2 and to the v' = 26 level of the B3n state of gaseous 
iodine. 3 Its use has now been extended to gaseous sodium and other atoms;4 a·ild 
additional organic compounds.5 

1. L. Brewer) C. G. James) R. G. Brewer) F. E. Stafford) R. A. Berg) and 
G. M. Rosenblatt) Rev. Sci. Instr. 33) 1450 (1962). 
2. S. J. strickler and R. A. Berg) J. Chem. Phys. 37J 814 (1962). 
3· L. Brewer) R. A. Berg) and G. M. Rosenblatt) J.-chem. Phys. 38) 1381 (1963). 
4. Work done by John Link and Ara Chutjian. -
5· Work done by JR'obert Walsh. 
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Gaseous I 2 has been successfully studied in a molecular beam,3 and 
the method is being extended to molecular beams of the high-temperature 
molecules LaO and CN. 

Measurements of absolute absorption
6

and emission intensities of c2 
and CN spectral features in the King furnace have been combined with 
estimates of equilibrium partial pressures in the King furnace to calculate 
radiative lifetimes. When directly measured radiative lifetimes became 
available for these molecules, the calculations can then be reversed to 
obtain accurate values of the equilibrium concentrations and free energies 
and enthalpies of formation of c2 and CN. 

6. Lucy G. Hagan, The Absolute Intensity of c2 Swan Bands (Ph.D. Thesis), 
UCRL-10620, March 1963. 

3· THERMODYNAMIC COMPILATIONS 

Leo Brewer, Gollakota R. Somayajulu, Elizabeth Brackett, 
and Gerd M. Rosenblatt 

Methods have been developed1 '
2 

for the prediction of low-lying 
electronic states of gaseous diatomic and triatomic molecules and have been 
used to assist in the critical evaluation and compi~ation of thermodynamic 
data for the gaseous metal dioxides3 and dihalides. A similar critical 
evaluation of high temperature vaporization data and consistent estimation 
of partition functions has been done for the gaseous metal monoxides. The 
application of these data to high temperature purification procedures has. 
been illustrated for removal of oxygen from metals.5 

1. L. Brewer, in Proceedings of Robert Welch Foundation Conference, 
November, 1962. 
2. L. Brewer and M. S. Chandrase.khariah, Free Energy Functions for Gaseous 
Monoxides, UCRL-8713, April 1959· 
3· ·L. Brewer and G. M. Rosenblatt, Chern. Rev. 6],, 257 (1961). 
4. L. Brewer, G. R. Somayajulu, and E. Brackett'; Chern. Rev. 63, lll (1963). 
5· L. Brewer and G. M. Rosenblatt, Trans. AIME 224, 1268 (1962). 

,I 
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4. METAL PHASE DIAGRAMS 

Leo Brewer 

A preliminary evaluation of the fundamental electronic factors that 
can be correlated with thermodynamic stability of metal phases has been 
published.l The Engel theory of metals was used to relate the structures 
and stability of metallic phases through the use of bonding concepts that 
are successful in describing the chemical behavior of conventional materials. 
The theory has been extended to predict the structures of the possible phases 
and their maximum composition ranges for the various combinations of thirty 
transition metals. The results are presented in text) tables) and in the 
form of multicomponent phase diagrams. 2 These diagrams are being used to 
guide choices of compositions for superconductivity studies. 

L L. Brewer) Thermodynamic Stability and Bond Character in Relation to 
Electronic Structure and Crystal Structure) in Electronic Structure and 
Allo Chemistr of the Transition Elements) Ed. Paul A. Beck (Interscience 
Publishers) Inc.) New York) 1963 • 
2. L. Brewer) Prediction of High Temperature Metallic Phase Diagrams) 
UCRL-10701) July 1963; to be published in Proceedings of High Strength 
Conference) Berkeley) June 1964. 
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C. SOLID-STATE CHEMISTRY AND PHYSICS 

1. THERMODYNAMICS OF THE SUPERCONDUCTING TRANSITION IN RUTHENIUM 

Russell H. Batt and Norman E. Phillips 

The absence of an isotope effect in the transition temperature T 
of ruthenium has raised the possibility that the superconductivity of c 
transition metals may be produced by a mechanism other than the electron
phonon interaction. For this reason, the evaluation of the parameters 
characterizing the superconducting state is of particular interest. We 
have made heat capacity measurements on a sample of ruthenium from 0.28°K to 
above l°K. The data are shown in Fig. IC.l-1. The superconducting state 
electronic heat capacity C follows a typical exponential temperature 
dependence, Ce

8
/yT = 8.12e~xp (-1.40 Tc/T), as shown in Fig.IC.l-2. The 

various parameterscdetermined by the measurements fit the usual correlation 
with Tc/g, where g is the Debye temperature, suggesting that the electron
phonon interaction plays the same role as in other superconductors. 

2. THE HEAT CAPACITY OF IRON-TITANIUM ALLOYS 

Russell H. Batt and Norman E. Phillips 

For dilute solutions of iron in titanium the iron atoms carry a 
local moment but the transition temperature, as measured by magnetic 
methods, is increased over that in pure titanium. This behavior is the 
opposite of that observed in nontransition metals, and has been inter
preted as showing that the mechanism producing superconductivity in titanium 
is different from that in the nontransition metals. We have measured the 
heat capacity of a 1% solution of iron in titanium from 0.3°K to 20°K. The 
data suggest that only a small part of the sample becomes superconducting 
at the transition temperature observed by magnetic methods, and that the 
bulk of the sample has a transition temperature lower than that of pure titanium. 
Most of the sample thus behaves in the same way as nontransition metals. 

3· LATTICE HEAT CAPACITY OF SUPERCONDUCTING MERCURY AND LEAD 

Norman E. Phillips, Marcel H. Lambert, and William R. Gardner 

The heat capacities of mercury and lead have been measured at 
temperatures below l°K in both normal and superconducting states. Within 
the experimental accuracy no discrepancy in lattice heat capacity of the 
kind reported in indium was observed. The heat capacity data for indium are 
interpreted as showing that no observable change in Debye-Waller factor 
should be expected at the superconducting transition. 
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HEAT CAPACITY OF THE 4* y PHASE OF He 

Guenter Ahlerst 

UCRL-11317 

About two years ago Vignos and Fairbank reported a new solid phase, 
identified as the y phase, in He4, 1 and soon thereafter Schuch and Mills 
~stablished that this phase has a body-centered cubic (bee) structure.2 
Recently Grilly and Mills established the PVT relations for the transition from 

:;the ·a. to the, y phase, and from the a, and y phases to the liquid. 3 The rt 

phase in He· has a hexagonal close-packed (hcp) structure. Both an hcp and 
a bee structure also exist in He3, and the heat capacity of both o{ these 
phases has been measured by Heltemes and Swenson for this isotope. The 
Debye 9 of the bee phase was found to be about 20% smaller than that of the 
hcp phase at the same density, the isotope effect on Q was observed to be 
only slightly larger than the m0·5 ratio in the hcp phase, and. an anomaly of 
unknown origin was found in the heat capacity of the bee phase. The wor.k 
presented here was undertaken primarily to determine if a similar difference 
in the lattice heat capacity of the two phases also exists in He4, to 
determine the isotope effect in the bee pha~e, and to.see if a similar 
anomaly exists in the heat capacity of Y-He • 

In ord~r to measure the heat capacity, temperature increments of 
(l or 2) :i( lo-3 K had to be used. It was nonetheless possible to obtain a 
precision of the order of l% in the heat capacities by using a germanium 
thermometer which was calibrated. against the vapor pressure of He4. The 
molar volume was inferred from the a,-to-liquid or Y-to-liquid transition 
temperature and. the data of Grilly and Mills.3 

Some of the experimental results in the a, phase and most of the 
results in the y phase are presented in Fig. 1. Within experimental accuracy, 
the Debye $ of the a, phase decreases linearly with increasing temperature 
over the temperature range covered. here. The Debye Q of the y phase is 16.9°K. 
One set of measurements on the a, phase was made at a molar volume of 19.87 cc, 
at which direct comparison with existing data is possible. The data presented 
here agree well with those of Keesom and Keesom,5 but differ from those of 
Webb, Wilkinson, and Wilks6 by about 12% in the heat capacity. The heat 

*Abstracted from Guenter Ahlers, Phys. Rev. Letters 10, 439 (1963). 
t Now at Bell Telephone Laboratories, Murray Hill, Ne;-Jersey. 
1. J. H. Vignos and H. A. Fairbank, Phys. Rev. Letters 6, 265 (1961). 
2. A. F. Schuch and R. L. Mills, Phys. Rev. Letters 8, 469 (1962). 
3o E. R. Grilly and R. L. Mills, Ann. Phys. (N.Y.) 18, 250 (1962). 
4o E. C. Heltemes and C. A. Swenson, Phys. Rev. Letters 7, 363 (1961). 
5· W. H. Keesom and A. P. Keesom, Physica 3, 105 (1936).-
6. F. J. Webb, K. R. Wilkinson, and. J. Wilks, Proc. Roy. Soc. (London) 
A214, 546 (1952). 
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capacity of solid He4 has also been measured by Dugdale and Simon7 and by 
Heltemes and Swenson.4 However, Dugdale and Simon's data are at smaller 
molar volumes, and comparison is difficult. Heltemes and Swenson's data 
include the molar volume range studied here, but are supposedly reliable 
only below 1.1 °K. Thus comparison is again not straightforward. Since the 
G values reported herein are temperature-dependent and extend only down to 
lo3°K or (T/9) ~.052, an extrapolation to l.l°K or (T/9) ~.044 must be 
made. Comparison with Debye G values of other substances on which accurate 
measurements are available over a large temperature range shows that a 
linear extrapolation in this relative temperature range is not likely to be 
in error by more than 1 or 2%. This type of extrapolation agrees well with 
Heltemes and Swenson's data at 20.9 cc/mole, but differs from their data by 
4% in G at 19. 87 cc/mole. 

In order to compare the Debye e values of the ~ and the y phases at 
the same molar volume, again an extrapolation is necessary because the two
phase temperature range at constant volume is about 0.2°K. Extrapolation 
from (T/e) ~.060 to (T/9)~.067 must be made in this case, and again a 
linear extrapolation for the ~ phase is not likely to introduce a prohibitive 
error. This extrapolation yields a difference between the Debye e values 
for the two phases of 24%, which is about the same as that found in He3 for 
the phases of the same crystal structures. It therefore appears that the 
larger lattice heat capacity of the bee phase is not a peculiarity of He3, 
but rather that it is associated with the structure of the lattice. Where
as the uncertainties in the above comparison are rather large, there is a 
definite indication that the Debye 9 ratio for the bee phases of the helium 
isotopes is larger than that indicated by simple theory. 

An anomalou~ contribution to the heat capacity of bee He 
4 

such.,as 
that reported ·for He· was not observed in this work. 

At present neither the data on He3 nor those on He 4 are sufficient 
to establish clearly the relative magnitudes of possible anomalous and lat-
tice rontributions to the heat capacity of the bee phases of the two isotopes. 
In Her;. there is not much hope for improvement because of the natural limitations 
set by the existence range of the phase. The bee phase of He3 can perhaps be 
studied more thoroughlyy and one would hope that more precise data over a 
larger temperature range would shed some light on the problem. 

Consi?,erable information was gained during this wor.k on the detailed 
behavior of He4 along the various phase boundaries. In particular, the 
difference between the :\ point in the liquid at the melting line and the 
upper triple point was found. to be 10 xlo-3"K, in agreement ·with Vignos and 
Fairbankl and in disagreement 1-1ith Grilly and Mills. 3 Work on the ~-Y two
phase region is still in progl~ess J and a comprehensive report on all the work 
will be given elsewhere. 

------· 
7• J. S. Dugdale and F. E. Simon, Proc. Roy. Soc. (London) A218, 291 (1953). 
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5· A ANOMALY IN THE HEAT CAPACITY OF SOLID HYDROGEN AT 
SMALL MOLAR VOLUMES 

Guenter Ahlers + and W. H. Orttung* 

UCRL-11317 

Apparatus for the determination of properties of solid. hydrogen at 
volumes between 15 and 23 cc/mole has been described,l and results of 
measurements on the A anomaly in the heat capacity of solid. hydrogen contain
ing large concentrations of orthohydrogen reported for molar volumes from 
15.8 to 22.6 cc. The A temperature was found to vary with intermolecular 
separation R as R-5, with a small contribution from a higher exponent. This 
is in agreement with the expected relative contributions of electric 
quadrupole and. valence interactions to the intermolecular potential. The 
relative contribution of the A anomaly to the total anomalous entropy was 
estimated. The A anomaly was found to have at least two distinct peaks. 

+ Now at Bell Telephone Laboratories, Murray Hill, New Jersey. 
* Now at Department of Chemistry, University of California, Riverside, 
California. 
1. Guenter Ahlers, Some Properties of Solid Hydrogen at Small Molar Volumes 
(Ph.D.Thesis),UCRL-10757, January 1964. 

* 6. NUCLEAR SPIN ORDERING IN ADSORBED He3 . 

Marcel H. Lambert 

This report presents specific-heat data for He3 adsorbed on zeolite 
in the temperature range 0.1 to 1.4° K (Fig. IC.6-11. The results indicate 
that the nuclear spin entropy is substantially removed at 0.2°K, and 
emphasize the importance of exchange effects at high densities. 

* Abstract of Phys. Rev. Letters 12, 67 (1963). 

7· THE HYPERFINE AND ELECTRONIC HEAT CAPACITIES 
OF y MANGANESE 

James C. Ho and Norman E. Phillipst 

F th f . 1 b lt 2 ' 3' 4 d . k 1 5 th or e erromagnetic metals 2ron, co a , an nlc e , e 

t Alfred P. Sloan Research Fellow. 
1. S. S. Hanna, J. Heberle, G. J. Perlow, R. S. Preston, and D. H. Vincent, 
Phys. Rev. Letters 4, 513 (1960). 
2. V. Arp, D. Edmonds, and. R. Petersen, Phys. Rev. Letters 3, 212 (1959). 
3· A. C. Gossard and A. M. Portis, Phys. Rev. Letters 3, 164 (1959). 
4. Y. Koi, A. Tsujimara, T. Hihara, and T. Kushida, J.-Phys. Soc. Japan 17, 
Suppl. Bl, 96 (1962). 
5· R. L. Streever, Phys. Rev. Letters 10, 232 (1963). 
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magnetic hyperfine fields H are known and have been the subject of several 
theoretical investigations~e6,7,8 Further progress toward understanding the 
relative importance of the different contributions to He seems to ·depend on 
its measurement in a variety of situations. We have therefore made a 
calorimetric determination of He in the antiferromagnet, Y manganese. In 
iron, cobalt, and. nickel, He is approximately equal to the calculated negative 
contribution from exchange polarization of the core electrons.7,b In Y 
manganese, He is much smaller in magnitude (more positive) than the calculated 
core polarization term, suggesting the presence of positive contributions 
that do not exist (or are smaller) in the ferromagnetic metals. 

The y manganese crystal is face-centered tetragonal9 with c/a = 0.95. 
Ions with neff = 2.4 are aligned parallel to the c axis to produce a magnetic 
structure in which each ion has eight antiparallel nearest neighbors and 
four parallel neighbors at a slightly greater distance.lO,ll 

The sample was prepared by electrolytic deposition under conditions 
known to produce the y phase,l2 and the absence of ~-phase material was con
firmed by x-ray examination. The heat capacity was measuredl3 over the 
range 0.066 to 4.2°K, with an estimated accuracy of 1% above l°K and 2% 
below l°K. As shown in Fig. IC.7-l, the experimental points fit the equation 

C(mJ mole-l deg-1 ) = 0.055 T3 + 9.20 T + 0.264 T-2,· (l) 

in which the terms on the right are, respectively, the 
lattice, electronic, and hyperfine heat capacities. The electronic heat 
capacity differs appreciably from the v.alue deduced. from measurements on 
copper-mangagese alloys.l4 Comparison of the hyperfine heat capacity with 
the equation 

Q = 1 ~(i-!He)2 
R 3 I kT 

(2) 

gives The overestimate of IHel arising from the neglect of 

6. W. Marshall, Phys. Rev. 110, 1280 (1958). 
7• D. A. Goodings and V. Heine, Phys. Rev. Letters 5, 370 (1960). 
8. R. E. Watson and A. J. Freeman, Phys. Rev. 123, "2027 (1961). 
9· z. S. Basinski and. J. W. Christian, J. Inst~etals 80, 659 (1951). 
lO.G. E. Bacon, I. W. Duncan, J. H. Smith, and R. Street, Proc. Roy. Soc. 
(London) A241, 223 (1957). 
ll.D. Meneghetti and S. S. Sidhu, Phys. Rev. 1Q2, 130 (1957). 
l2.D. Schlain and J. D. Prater, Trans. Electrochem. Soc. 94, 58 (1948). 
13.Below l°K, temperature measurements were based on a Curie law for the 
susceptibility of cerium magnesium nitrate. In other respects the 
apparatus was similar to that used. in earlier experiments[N. E. Phillips, Phys. 
Rev. 114, 676 (1959)] and. will be described. more completely in another 
paper~. R. O'Neal and. N. E. Phillips) · 
14.J. E. Zimmerman and H. Sato, J. Phys. Chern. Solids 21, 71 (1961). 
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Fig. IC. 7-1 The heat capacity of y-mang~nese. The 
curve represents the equation 
C = 0.055 T3 + 9.20 T + 0.264 T- 2 . 

MU -32838 



-27- '. UCRL-11317 

electric quadrupole splitting in Eq. (2) is shown to be less than 8% of 
the absence of a measurable T-:-3 term in the heat capacity, and comparison 
with other metals suggests that it is not significant. 

6 
In the notation used by Marshall, 

(3) 

where H£ is the field produced at a nucleus by dipoles at other lattice 
sites; Ha is associated with electrons localized on the same nucleus (it 
includes a contribution, Hcore' from exchange polarization of the s electrons 
of the core, which is in the direction opposite to the magnetic moment--i.e., 
negative); He is the contact interaction with 4s electrons, including the 
effects of admixture of 4s functions into the orbitals of the magnetic 
electrons and exchange polarization of electrons in the 4s band. Each of 
these effects give a positive contribution to He• However, in ferromagnets, 
an antiferromagnetic polarization of the 4s electrons accompanies the 
mixture of 4s functions into the 3d band and tends to cancel the contribution.l5 

By neglecting the slight tetragonal distortion and using sums of 
dipole fields for cubic arrays,16 we have estimated H£ = -7.7 kOe. Since 
our experiment does not determine the sign of He, He-H£ = -57 or + 73 kOe. 
In Table IC.7-I, these values are compared with the corresponding quantities 
for iron, cobalt, and nickel. 

Table IC.7-I Observed hyperfine fields He and local field contributions H£. 
An estimated core polarization contribution (see reference 8), Hcore = -126 
neff, is included for comparison. All fields are in kOe. For manganese and 
hcp cobalt the sign of He is not determined by the experiments. 

Metal Reference H H£ H -H -l26neff .e e £ 

Mn This work ± 65 -7·7 -57, +73 -300 

Fe l -33Q 0 -330 -280 

Co(hcp) 4 228 ~o 228 -217 

Co(fcc) 3 -213 0 -213 -217 

Ni 5 - So 0 - Bo - 77 

15.P. W. Anderson and A. M. Clogston, Bull. Am. Phys. Soc. ~' 124 (1961). 
16.L. vJ. McKeehan, Phys .. Rev. 43, 913 (1933). 
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The negative sign of He in ironJ cobaltJ and nickel shows the 
dominance of Hcore· Theoretical estimates of Hcore give values comparable 
to He and not large enough in magnitude to compensate for the expected positive 
contributions.7J8 Calculations by Watson and Freeman8 gave Hcore ~ -126 neffJ 
in reasonable agreement with values obtained from data on salts of the divalent 
ions (including manganese) and approximately equal to the total He in iron 
and. cobalt. The recently redetermined value of He in nickel5 is also very 
close to the predicted. Hcore• As noted by Watson and Freeman) the agreement 
between He and the calculated Hcore is more readily understood in view of 
the suggestion by Anderson and. Clogstonl5 that part of the positive 4s 
contribution to He is self-cancelling. However) it appears that the 
estimated Hcore for iron) cobalt J and nickel is more likely to be too small 
than too large. For y manganese the same estimate gives Hcore = -300 kOeJ 
showing that the calculated Hcore is too large or that the other contributions 
are at least 250 kOe more positive than in the ferromagnetic metals. 

It is· not clear how the difference between ferromagnetic and anti
ferromagnetic ordering would affect the 4s contribution. The partial 
cancellation noted by Anderson and Clogston in ferromagnetic metals occurs 
in the space average of the 4s spin density andJ apparently) the contributions 
to He do not necessarily cancel. The positive contribution gssociated with 
a net unpairing of "free" 4s electron spins in a ferromagnet would be 
absent in an antiferromagnet. 

Another effect that may contribute to the apparent difference in 
behavior between y manganese and. the ferromagnetic metals is the exchange 
polarization of 3s electrons on one ion by 3d electrons on neighboring ions. 
The core polarization in an ion with net 3d spin ~ is a consequence of the 
spin dependence of the exchange interaction of a core electron with the 3d 
electrons. The 2s electrons are "inside" the 3d shell and the result is to 
produce a net 2s~ density at the nucleus and a negative contribution to 
He• The 3s electrons are "outside 11 the 3d shell and. produce a positive 
contribution of smaller magnitude. The sensitivity of the 3s polarization 
to the 3d spin density in the outer region of the ion7 and the amplitudes of 
the Hartree-Fock orbitals at half the nearest neighbor distance suggest that 
the difference between ferromagnetic and antiferromagnetic ordering might 
have a substantial effect on Hcore" In a ferromagnet the 3d '1' spin density 
on neighbors may tend to counteract the inward. attraction of the 3s t electrons) 
making Hcore more negative and improving agreement between experiment and 
theory. In an antiferromagnet the effect of nearest neighbors would be 
reversed and Hcore would. be made less negative. 

8. HYPERFINE HEAT CAPACITIES OF MANGANESE-COPPER ALLOYS 

James Ho and Norman E. Phillips 

The heat capacities of cubic manganese-copper alloys have been 
measured below· 1 °K. At present :it is not possible to separate the con
tributions of the copper and manganese nuclei to the hyperfine heat capacity) 
but it is hoped that further experiments will accomplish this. On the 
assumption that the copper contribution is negligible) the value of 1 He [ at 
manganese nuclei varies from 65 kOe in pure manganese to 370 kOe in dilute 
solutions. This variation is much greater than the change in local moment on 
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the manganese ions, suggesting that interaction between manganese ions or 
conduction electron polarization is important in determining He• 

9· THERMODYNAMICS OF METALS UNDER PRESSURE 

George Jura 

One of the objectives of the high-pressure program is the determination 
of the thermodynamic properties of materials under high pressures. Except 
for very special cases--namely, hydrogen at helium temperatures--no direct 
measurement of a high-pressure thermal property of any solid has been made. 
The difficulty in these measurements is that the heat capacity of the container 
is much larger than the heat capacity of the system under consideration. 
Also, the heat leak is very large. We believe that in metals these difficulties 
can be solved in the following manner. 

The resistance of a metal can be determined as a function of the 
temperature, thus the temperature can be determined by a resistance measure
ment. If a pulse of electrical energy is passed. through the sample, the 
sample is heated.. The energy in the pulse can be measured, and the rise in 
resistance (temperature) can be measured. If the pulse is of sufficiently 
short duration, and. if the resistance measurement is made rapidly enough, 
then the average heat capacity between the original and final temperature may 
be determined. By using various starting temperatures, these data can be 
differentiated and. the actual heat capacity determined as a function of the 
temperature and. pressure of the sample. Calculations of the thermal con
ductivity of silver chloride show that, in 2 microseconds, less than 1% of 
the heat will be conducted away from the sample if the temperature rise of 
the sample is about 200°C. In order to raise the temperature of the sample. 
this much, the pulse must have an energy of about 0.2 joule, delivered in less 
than 1 1-1sec. 

The resistance measurement is easily completed in the alloted time. 
The problems of switching and. obtaining a sufficiently large pulse of 
energy in the necessary time have not yet been solved. It is hoped that 
the electrical problems will be solved within the next six months. 

10. HEAT CONDUCTIVITY OF INSULATORS UNDER PRESSURE 

George Jura 

This measurement is a byproduct of our early attempts to determine 
the heat .capacities of metals. We have found, after heavily pulsing a metal 
sample, and. then following the resistance as a function of time, that the 
temperature decay is controlled by the temperature of the medium rather than 
the sample. By placing probes at various positions with respect to the sample, 
it is possible to determine the temperature gradient in the insulator. By 
measuring the energy input in a steady state it becomes possible to determine 
the flow of heat through the insulating material. If these measurements could 
be carried out over a sufficiently wide range of temperatures, it would become 
possible to approximate--among other quantities--the Debye temperature of the 
insulator. 
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11. RESISTANCE MEASUREMENTS 

George Jura 

There is a continuing interest in resistance measurements. Reliable 
measurements can now be made, and if necessary with an accuracy of 0.01%. 
The major effort at present is directed toward an extension of the working
temperature range from 77°K to about 600°K. In order to obtain higher temp
eratures it has been necessary to use more complex pressure devices than 
Bridgman anvils. By using resistive heating we have reached a temperature 
of at least l400°K, with no ill effects on the anvils. The volume of material 
under study is less than in conventional design, nevertheless, it is large 
enough to make good sample measurements. 

The technique of internal heating will also be a definite asset in 
the study of phase transformation under pressure. Thus far preliminary 
studies of iron and bismuth have been made. The iron transition has been 
difficult to study under nearly hydrostatic conditions, as the transformation 
would. start sometimes at a pressure of 160 kbars and at times over 200 kbars. 
(Even when the transition has been as highly overdriven, the transition 
would. still take about 50 kbars to be completed). Preliminary measurements 
using internal heating give a sharp transition at about 110 kbars. 

The bismuth 6=8 transition has also been surveyed. Here by judicious 
heating it has been possible to transform the material to the two-phase 
region and actually watch one of the phases grow at the expense of the other. 
With this technique, the preliminary value for this transition is 80 kbars, 
as compared with the previously determined 88 kbars. 

If 

12. MOSSBAUER MEASTJREMENTS UNDER PRESSURE 

George Jura 

The two determinations of the M8ssbauer effect under pressure, for 
Dyl6l and. Fe57, show the importance of this technique in high-pressure 
studies. In iron, the experiments became impossible when the data became 
the most interesting when the iron started to transform to the high-pressure 
phase. The first experiments did not permit us to conclude studies of the 
magnetic nature of the high-pressure phase. 

Studies of the geometry and containing rings are progressing. These 
stud.ies will enable us to make determinations at higher pressures. Use of 
higher temperatures will enable us to determine the spectrum of iron after 
it has been completely transformed.' to the high-pressure phase. This in turn 
will enable us to determine the magnetic properties of the high-pressure form. 
There also will be an attempt to make these determinations as a function of 
temperature as well as pressure. In general, when a M8ssbauer nucleus is 
available, it will be possible in many cases to determine the magnetic 
properties of the material under study as a function of interatomic distance. 
These results could be important in the understanding of the ferromagnetic 
state. 

In the Dyl6l work, we found that under certain circlli~stances placing 
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the sarnpleund.er pressure induced the formation of a high-resolution spectrum. 
The development of a hyperfine structure and the increase in the separation 
of lines with pressure developed an increasingly complex fine structure to a 
pressure of 50 kbars. Above this pressure no further resolution of the spectrum 
occurred. It is our belief that it was the absorber that limited the re
solution" We are now building a system whereby the absorber can be maintained 
at any temperature down to helium temperatures. This method, which will be 
of value for many systems, will be tested. with a solution of gold in iron. 
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D. ELECTROCHEMISTRY 

l. A SWDY OF THE OXIDATION AND REDUCTION OF THE In, In( +3) COUPLE 
AT A MERCURY ELECTRODE AS A FUNCTION OF pH IN PERCHLORATE MEDIA 

Wayne Mathews and E. F. Orlemann 

Solutions ~ in NaClo4 containing 5 X 10-
4 !'i In( +3) with pH varied from 

3.7 were investigated by using a hanging-mercury-drop electrode system. 

In one family of experiments the applied potential was linearly cycled 
with time from 0 to -1.4 V (Vs S.C.E.) at frequencies vary~g from 10 to 0.02 
cycles per second. As the voltage sweeps from 0 to -1.4 V, the current volt
age curve shows the reduction of In(+3) species; in the return sweep from 
-1.4 to 0 V, the current voltage curve shows the oxidation of In accumulated 
in the Hg surface. Alternatively current-voltage curves for the reduction of 
In(+3) were recorded with a single, time-varied linear potential sweep from 
+0.2 V to -1.4 V. Comparable studies of the oxidation of In amalgam were made 
by accumulating In in the Hg drop at -1.4 V followed by single time-varied 
linear potential sweeps from -1.4 to +0.2 V. 

In a~l cases the oxidation of In amalgam was characterized by a single 
current-voltage wave with a peak potential at -0.5 V that was independent of 
the applied potential frequency from 0.02 to 10 cps. No evidence of inter
mediate oxidation states was obtained. The oxidation waves were also independ
ent of pH from l to 3.7, showing that the mechanism of oxidation is independent 
of the In(+3) species present in solution. The cyclic experiments showed no 
evidence of an In(+3) species characteristic of the oxidation process. 

The current-voltage curves for the reduction of In(+3) in these solutions 
are characterized by two waves, one at a peak potential of -0.55 V and a 
second one at -1.2 V (vs S.C.E.). At any given frequency of the linear poten
tial sweep the ratio of the height of the -0.55 V wave to that of the -1.2 V 
wave increases with increasing pH. The In(+3) species reduced at -1.2 V is 
presumably the aquo-ion. The species reduced at -0.55 V is, an unde-
fined hydroxy In(+3) species. When the pH is around 2 the relative heights 
of the two In(+3) reduction waves is dependent on the frequency of the 
applied single -sweep potential. The -0. 55 V reduct ion wave is predominant at 
low frequencies, and the -1.2 V wave is predominant at high frequencies. This 
observation, due to a time-dependent conversion of the aquo-ion to the hydroxy 
species, suggests possible dimerization to account for the relatively slow 
rate. 
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2. A STt.IDY OF THE OXIDATION AND REDUCT ION OF THE In, In ( + 3) COUPLE 
AT A MERCURY ELECTRODE AS A FUNCTION OF CHLORIDE ION CONCENTRATION 

IN PERCHLORATE MEDIA 

Wayne Mathews and E. F. Orlemann 

Solutions 5 X 10-
4

M in In(+3) at pH= l, covering a chloride ion con
centration range from 10~5 to l ~' were prepared by using NaCl04 to maintain 
a constant ionic strength of unity. The reduction of In(+3) at a hanging 
mercury drop and the oxidation of In amalgam were studied by using a linearly 
time-dependent applied potential as described in Section ID.l of this report. 

Under all conditions the oxidation of In amalgam is characterized by a 
single current voltage wave at -0.5 V peak potential, independent of the 
frequency of the applied potential. No evidence of intermediate oxidation 
states was obtained. The peak potential shifts to more negative potentials 
with increasing chloride ion concentration. No evidence for the production 
of an In(+3) species characteristic of In amalgam oxidation was obtained. 

Reduction of the In(+3) shows two waves, one at -1.3 V, the other at 
-0.55 V. The latter first appears at a chloride ion concentration of O.OOlM 
and becomes increasingly important as the chloride ion concentration is in
creased. At chloride ion concentration from 0.01 to 0.1 ~the height of the 
-0.55 V wave relative to the -1.3 V wave decreases as the frequency of the 
applied potential increases. The aqua-indium ion is presumably the species 
reduced at -1.3 v. An undefined chloride ion species is reduced at -0.55 V. 
The rate of interconversion of these species occurs with a half life of 
around 10 to 30 seconds. 

3. DISTRIBUTION OF ELECTROCHEMICAL REACTION RATES IN A FISSURE-TYPE PORE 

Rolf H. Muller 

An approach to understanding the complex behavior of porous Ilectrodes 
consists in a detailed analysis of the behavior of a single pore. For this 
purposec a fissure formed by two segmented flat electrodes facing each other 
at typical pore diameters was built. The distribution of current into the 
depth of this single pore was measured using a redox system of ferriferro
cyanide in KOH. Because of cold flow of the bonding material, however, the 
two segmented electrodes could not be brought to the desired distances in the 
order of 10 ~· If construction of a newly designed assembly can be completed 
successfully, its possible applications will ~nclude gas discharge and elec
trodeposition reactions, where the pore geom~try continually changes as the 
reaction proceeds. 

1. Edward A. Grens, Dynamic Analysis of a One-Dimensional Porous Electrode 
Model (Ph.D. Thesis), University of California, Berkeley, Sept. 1963. 
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4. * THICKNESS MEASUREMENT OF TRANSPARENT FILMS BY LIGHT INTERFERENCE 

Rolf H. Muller 

Fizeau interference fringes and interference colors have long been used 
as a convenient means for determining optical film thicknesses. 1 The differ
ent methods based on light interference in thin film2 have more recently 4 
been reviewed in monographs, such as those by Mayer, Heavens,3 or Wolter. 
The observations are usually made with unpolarized light at normal incidence. 
This technique, if applied to transparent films on metal surfaces, results 
in pictures of very low contrast, where interference fringes or colors are 
difficult to recognize. The reason for this failure lies in the high reflec
tance of the film-metal interface as compared with the air-film interface. 
Thus, only a partial extinction results under conditions of destructive inter
ference (Rayleigh criterion5). This situation can be greatly improved by 
simple procedures which do not seem to be treated in the literature, although 
Tolansky has discussed the in6luence of polarization on the appearance of 
silver-~odified Newton rings. The method is based on the dependence of re-. 
flection and refraction on angle of incidence and direction of polarization. 
A theoretical analysis shows that particular angles of incidence exist for 
light polarized parallel (I I) and normal (l) to the plane of incidence under 
which the amplitudes of the interfering waves are matched. Experiments have 
confirmed the dependence of the interference phenomena on angle of incidence 
and mode of polarization, and have yielded saturated, easily identifiable 
interference colors under the conditions determined for amplitude matching. 

For the air-film interface the reflection and refraction coefficients 
are obtained from the Fresnel equations. (The sign convention employed in 
recent texts, such as Stone7 and Francon,8 are used here.) The reflection 
coefficien~ for the film-metal interf~ce is calculated with the equation 10 
given by Konig,9 modified for contact with the film of refractive index n

1
. 

* Abstract of paper accepted for publication by J. Opt. Soc. Am. 

l. P. Drude, The Theory of Optics (Dover, New York, 1959). 
2. H. Mayer, Physik dunner Schichten (Wiss Verlagsges, Stuttgart, 1950), p. 53· 
3· 0. S.Heavens, Optical Properties of Thin Solid Films (Academic Press, 
New York, 1955), p. 103. 
4. H. Wolter, Optik dunner Schichten, in S. Flugge, ed., Encyclopedia of 
Physics, Vol. 24 (Springer-Verlag, Berlin, 1956), p. 528. 
5. S. Tolansk~ An Introduction to Interferometry (Longmans, Green, London, 
1955), p. 39· 
6. S. Tolansky, Multiple-Beam Interferometry (Clarendon Press, Oxford, 1949), 
p. 40. 
7. J. M. Stone, Radiation and Optics (McGraw-Hill Book Co., Inc., N.Y.,1963) p . .397 
8. M. FranS!on, Interference, diffraction et polarisation, in S .~_Flugge, ed., 
Encyclopedia of Physics, Vol. 24 (Springer-Verlag, Berlin, 1956), p. 391. 
9· W. Konig, Elektromagnetische Lichttheorie, in Handbuch der Physik, Vol. 
20· (Springer-Verlag, Berlin, 1928), p. 242. 

10. W. Voigt.; Nachr. Ges. Wiss. Gottingen, Math.-Phys. Kl., 259 (1902). 
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For the complex refractive index of the metal surface, 

(l) 

t t t . d d 11,12 he bulk values for ungs en, n1ckel, an silver are use , representing 
typical metals of low, medium, and high reflectance. 

Of special interest is the amplitude ratio of the interfering waves 
R /ER . In Fig. ID. 4-l this Quantity is plotted as a function of the angle 
o~ inBidence ¢ for a film of refractive index 1.365 on tungsten, nickel, and 
silver. At the "optimum angle of incidence," ¢II, where the ratio of -1 is 
reached, complete destructive interference is expected in a film of very low 
thickness with light polarized parallel to the plane of incidence. Complete 
destructive interference with 1 light is obtained under another "optimum 
angle of incidence," ¢1' with an additional optical path length in the film 
of A/2. The amplitude ratio plotted in Fig. m.4-l with a positive sign 
indicates constructive interference at very low film thickness. The results 
of computations for the three metal surfaces covered with films of three 
difference refractive indices are given in Table ID.4-I. 

Experiments were conducted with a film of refractive index 1.365 (3.4 N 
aQueous solution of KOH) on nickel. As predicted by the computations and 
shown in Fig. ID.4-2, the interference fringes from 1 polarization were 
found to remain Qualitatively the same but increase in contrast with in
creasing angle of incidence. The fringes from I I polarization, on the other 
hand) being the same as those of 1 at normal incidence, ~ecrease in contrast 
as ¢ increases until they: vanish at Brewster's angle ¢ (where no reflection 
occurs at the film-air interface). For angles of incidgnce above¢ they 
increase in contrast with increasing ¢ while their fringe pattern iR comple
mentary to the 1 pattern. In this region of ¢ the use of unpolarized light 
markedly reduces the picture contrast. At an angle of incidence intermediate 
between ¢I and ¢

1 
I (77.5°) satisfactory results could be obtained with both 

polarizat4ons (Fig. ID.4-2). Intensity minima and certain interference colors 
could visually be identified to less than ±0.05 ~film thickness. 

For QUantitative interpretations, only the interference minima and maxima 
in the case of monochromatic illumination, or certain characteristic inter
ference colors in the case of white light, can be used in practice. Since 
their appearance is associated with different film thicknesses under the two 
modes of polarization it is desirable to use both simultaneously, thus obtain
ing twice the number of contour lines on a given film . 

Refinements of the theoretical analysis are under consideration to in
clude the exact phase change upon metallic reflection and the freQuency de
pendence of the optical constants. 

11. Handbook of Chemistry and Physics (Chemical Rubber Publishing Co., 
Cleveland, Oh:i.o, 1956), p. 2703. 
12. Landolt-Bornstein, 2, p. 905, Berlin (1923), Eg 1, p. 468, Berlin (1927). 



w 

0 

-I 

-2 

, 
I 
I 
I 
I 

,' 
/I 

j_ / I 
I 

-3b-

2 
Ro 
~Rn 

I 

... " 
¥1 4>11 ·- _ ... cp 

r--.:. p 

II N 
0 

-I 

30 60 
cp (deg) 

2 
_& 
~Rn 

I 

0 

-I 

-2 

Ag 

' 
-2 

90 

..l ,.• 
- ~------

II 

I 
Ni I 

I 
I 

I 
'I 

..l 
,, 

" I 
"' ¥>1 cpll -

_ ... 
--.......... I 

II N 
30 60 90 

cp (deg) 

I 
I 
I 
I 

I 

I' 
/I 

I 
I 

ch ~I 

~ 

30 60 90 

cp (de g) 
MU-31636 

UCRL-11317 

Fig. ID. 4-1 Amplitude ratio of interfering ·Haves reflected 
by a transparent thin film (n1 = 1.365) on 
different metal surfaces. 
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ZN-3960 

Fig. ID. 4-2 Appearance of a film of 3.4 n KOH solution 
(n1 = 1.365) on a polished, optically flat 
nickel plate. Interference fringes of equal 
thickness are shown as a function of angle 
of incidence ¢ and mode of polarization 
(j or II ) in parallel sodi urn light. 
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Table ID. 4-r. Optimum angles of incidence) ¢~and ¢1J) 
for the observation of transpa nt th 
films on different metal surfaces with Na 
light polarized normal (1) and parallel 
(I I) to the plane of incidence. 

Metal Film Refractive ¢1 ¢11 
Surface Index) n1 (deg) (deg) 

w 1.200 75 82 

w 1.365 67 82 

w 1.500 61 82 

Ni 1.200 75 84 

Ni 1.365 68 84 

Ni 1.500 63 84 

Ag 1.200 76 89 

Ag 1.365 71 89 

Ag 1.500 66 89 
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* 5. ELECTROLYTE FIIMS ON METAL SURFACES 

Rolf H. Muller 

UCRL-11317 

Liquid films extending beyond the apparent liquid-solid-gas interface 
have long been suspected to exist on gas-consuming electrodes,l and attention 
to their importance for the mass transfer in gas diffusion electrodes has 
recently been drawn by Will.2 An analysis for porous electrodes by Rockett3 

has supported the concept of an electrolyte film inside pores. An important 
parameter for understanding the processes occurring in such an electrolyte 
film is its thickness. If the electrochemical charge transfer takes place in 
the film, its thickness will affect mass transfer and ohmic potential drop, 
and thus influence the spatial distribution of the reaction. 

The direct observation of liquid films on metal surfaces is difficult 
because of their sensitivity to most types of probes. Optical techniques 
have the advantage of allowing a continued observation with a minimum dis
turbance to the object. ~Y use of light-interference techniques particularly 
developed for this study, the thickness of liquid films formed by partial 
withdrawal of polished flat surfaces from aqueous solutions has been measured 
for several systems as a function of time. A typical result obtained on a 
rectangular nickel electrode (1.7 em wide, 3 em high) is shown in Fig. ID.5-l 
for two different heights x above the liquid level. At time zero the liquid 
in the cell (3.4 M KOH) is rapidly lowered and cathodic reduction of oxygen 
is initiated under a constant current (100 ~A). Down to a thickness of 
about l ~, where surface effects become noticeable, the film thinning follows 
the relationship (inverse square root of time) expected from a consideration 
of viscous and gravitational forces only. A stationary film thickness is 
first reached in the upper parts of the electrode (after 2.5 hr at x = 1.4 em), 
and considerably longer times are necessary in the lower parts (8 hr at 
x = 0.4 em). After these periods, electrolYte films have been found in 
other experiments to remain unchanged over several weeks. 

The thermodynamic stability of electrolyte films on vertical electrodes 
is due to a lower surface energy of the wet than of the dry metal surface. 
One should therefore expect a spontaneous film formation on a dry electrode 
upon partial immersion. The inability to observe this process, currently 
under study, may be due to adsorption phenomena or surface contamination, to 
which film formation is extremely sensitive. 

* Abstract of paper to be presented at Spring Meeting, 1964, Electrochemical 
Society. 

l. W. R. Grove, Phil. Mag. 21, 417 (1842). 
2. F. G. Will, J. Electrochem. Soc. 110, 145, 152 (1963). 
3. J. A. Rockett, Paper presented at Electrochemical Society Meeting, New 
York, October 2, 1963. 
4. Rolf H. Muller, Light Interference in Transparent Thin Films on Metal 
Surfaces (UCRL-10963, July 1963)) submitted to J, Opt. Soc. Am. 



-40- UCRL-11317 

Time 

::t 

U) 
U) 

2 <1.> 
c 
~ 
u 

...c:: -
E 
iL 

00 0.1 0.2 0.3 0.4 0.5 

MU-33062 

Fig. ID. 5-l Formation of an electrolyte film on a polished 
nickel surface after withdrawal from the liquid. 
(3.4 n KOH, x = height above liquid level). 
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* MOLAL VOLUMES OF ELECTROLYTES . 

Otto Redlich 

UCRL-11317 

The variation of the volume with the concentration was derived from the 
theory of Debye and Huckel in 1931 and reviewed in 1940. Although the facts 
have been quite plain since then, numerous authors did not accept the theoreti
cal limiting law, presumably because the textbook of Harned and Owen proposed 
an obviously wrong value for the limiting slope. The correct slope has re
cently been confirmed by experimental work of Owen and co-workers. A final, 
clarifying discussion was considered to be appropriate. 

* Abstract of a note published J. Phys. Chemo 67, 496 (1963) and a review 
scheduled for Chern. Revs., June 1964. 

7. COMPLEXES OF NEODYMIDM CHLORIDE IN AQUEOUS SOLUTIONS 

Otto Redlich and Diane Meyert 

Since some divalent metal ions form intermediate ions, the existence of 
ions of the types NdCl++ or even NdCl +may be suspected. Extinction co
efficients have not furnished any eviaence for such ions. The spectrum of 
Nd+++ solutions is independent of the concentration in water and in HClo4 
(up to 10M). It varies, however, in a fairly complicated manner in a 
series of mixtures containing c moles HCl and (10-c) moles HCl04 per liter. 
The results are tentatively interpreted as indicating a sequence of complex 
ions from Nd(H

2
0)6++ to NdCl6---. 

t 
Now at Massachusetts Institute of Technology, Cambridge, Mass. 

8. EQUATION OF STATE 

otto Redlich, Robert Gun~ and Max Jacobson 

In thermodynamic calculations for chemical reactions, distillation, 
extraction, and other processes, one needs fugacity coefficients if the 
pressure is high or even moderate. For good reasons fugacity coefficients 
are always derived from an equation of state. Since integrations and differ
entiations are involved, an algebraic equation is practically indispensable. 
An equation suggested in 1949 was found to be surprisingly good in view of 
the fact that it contained only two parameters. Yet, it was by no means 
entirely satisfactory. Pitzer and his co-workers demonstrated that three 
individual parameters are practically sufficient for a good representation. 
The older equation has been improved by a term containing Pitzer's "accentric 
factor." Moreover, a satisfactory combination rule for the representation 
of mixtures without additional parameters has been established. 

Lack of information of fugacity coefficients has seriously limited tech.
nical calculations, particularly in the petroleum industry, where high-pressure 
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operations are frequent and where precise advance calculations are quite 
important. The proposed computer program, after being thoroughly checked, 
is ~xpected to furnish satisfactory information up to high pressures (perhaps 
1000 atm) in a very convenient manner. 

9· EVALUATION OF CURRENT DISTRIBUTION IN ELECTRODE SYSTEMS 
BY HIGH-SPEED DIGITAL COMPUTERS* 

Jack A. Klingert, Scott Lynn,+ and Charles W. Tobias 

In the absence of significant concentration gradients, the distribution 
of potential in electrolytic cells can be satisfactorily described by the 
Laplace equation. Because of severe mathematical difficulties in the past, 
analytical.solutions have been obtained only for a few simple cell configura
tions. In other fields of application it is well known that the finite
difference form of the Laplace equation by iterative procedure is ideally 
suited for numerical solution by digital computers. The method is suitable 
for hanqling any arbitrary two-dimensional cell geometry and allows considera
tion of realistic overpotential behavior. 

A brief description is given of the elementary mathematical relations 
involved and of the iterative procedure employed in machine computations. By 
use of this technique, the primary and secondary current density distributions 
were evaluated for the outside corner of an electrode which is a model repre
sentative of cell geometries commonly employed in industry. The effects of 
the variations of geometric and overpotential parameters are demonstrated. 
The results obtained indicate that the numerical technique employed is 
eminently suitable for rapid and accurate evaluation of current-density dis
tributions for realistic models. 

* Abstract of paper :Ln Electrochem. Acta, :51, 297 :(1964 ). ... 
+ Research Laboratories, Western Division, Dow Chemical Company 
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* PHYSICAL PROPERTIES OF Ca-NH
3 

SOLUTIONS 

Wa-She Wong and Charles W. Tobias 

UCRL-11317 

The following measuremen~were performed at -40°C, -45.5°C, and -5l°C; 

(a) conductivity of dilute Ca-NH
3 

solutions, 
(b) density of Ca-NH solutions, . 
(c) viscosity of dil~te Ca-NH

3 
solutions and liquid NH

3
. 

In the two-liquid-phase region, the specific conductance of the dilute 
phase is constant at constant temperature. However, in the one-liquid-phase 
region, the specific conductance decreases as concentration of Ca decreases. 
This produces a break in the curve of the specific conductance vs overall 
concentration (Fig. ID.l0-1),: which occurs at a concentration corresponding 
to that of the saturated dilute phase (Table ID.lO-I). 

Density measurements were used to determine the phase separation of Ca-NH
3 solutions in the concentrated region. In the two-li~uid-phase region, the 

density and concentration of each phase are constant at constant temperature, 
with the overall density depending only on the relative amounts of both 
phases present. In the one-liquid-phase region, the density of the solution 
changes with the concentration of Ca. If the overall density is plotted 
against the overall concentration· of Ca, a break in the curve is again obtained 
(Fig. ID.l0-2), which indicates the concentration at which the phase separa
tion occurs (Table ID.lO-I). 

The temperature coefficient of conductivity of dilute Ca-NH~ solutions 
is 3.1% per degree at -45.5°C. A comparison of this with the temperature 
coefficient of viscosity of liquidNH~ ( -1.64% .per degree) indicates that the 
temperature coefficient of conductivity of dilute Ca-NH solutions is not 
only due to the viscosity change but is also governed bf the degree of dis
sociation. 

The density of Ca-NH ·· solutions is less than that of liquid NH at all 
concentration. The exces~ volume of the concentrated Ca-NH~ soluti3ns in 
the one-liquid-phase region has been calculated and is plotted in Fig. ID.l0-3. 
The excess Nolume. of Ca-NH~ solutions is considerably larger that that of 
alkali-metal-ammonia solutions, 1 and it decreases rapidly as concentration 
of Ca increases. 

* Contract No. Nl23(62738) 2353lA, Technical Report No. 8. 

P. Marshall and H. Hunt, J. Am. Chern. Soc. 77, 5016 (1955). 
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TABLE ID. -l0-1 
CONCENTRATION OF DILUTE AND CONCENTRATED Ca-NH

3 
SOLUTION 

IN THE TWO-LIQUID-PHASE REGION 

Concentration of 
Dilute Phase 

Mole NH
3 

Mole Ca 
liter Mole Ca 

199 

1600 

1700 

1950 

0.0253 

0.0235 
0.0212 

0.032 

0.013 

Concentration of 
Concent 1 d. Phase 
Mole NH

3 
Mole Ca 
liter Mole Ca 

10.1 

21.1 

19.7 

18.9 

1.667 

1.747 
1.822 

Experimental 
Method 

Vapor pressure 
measurements 

Conductivity 

and d~nsity 

measurements 

Conductivity 

measurements 

a c. A. Kraus) J. Am. Chern. Soc. 30) 653 (1908). 

b C. Hallada and W. L. Jolly) J. Inorg. Chern.~) 1076 (1963). 

Source of 
Data 

Kraus a 

Present Work 

Hallada 
and b 
Jolly 

t:J 
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*+ 
ll. DYNAMIC ANALYSIS OF A ONE-DIM:ENSIONAL POROUS ELECTRODE MODEL 

Edward A. Grens II and Charles W. Tobias 

A one-dimensional model is developed to represent flooded porous elec
trodes in which there is no bulk flow of electrolyte in the pores. In this 
representation the pore configuration is ignored and the entire electrode 
treated as a homogeneous macroscopic region of electrolyte with distributed 
current and species sources. Mass transport in the electrolyte by diffusion 
and migration is considered. No assumptions of uniformity of electrolyte con
ductivity or composition are made. The model is capable of incorporating elec
trode reaction overpotential expressions of quite arbitrary nature. 

Analysis of the model is conducted by numerical techniques to· furnish 
descriptions of electrode behavior f.or both steady-state and transient opera
tion. Performance characterization includes electrode overpotential and 
current and concentration distributions as functions of current drain and 
system parameters. The computational procedure is implemented on digital 
computing machinery. 

Examples are investigated based on the cadmium anode in 5 NKOH and on 
the ferriferrocyanide electrode.in 2 N NaOH. In these samples overpotential 
relationships incorporating both forward and reverse reaction terms are used 
and the inadequacies of approximations to these relationships are demonstrated. 

* Supported by NASA Research Grant NSG 150-61. 

+ Abstract of Edward A. Grens II, Ph.D. Thesis, September 1963 (also Space 
Sciences Laboratory Technical Report, Series No. 4, Issue No. 55), University 
of California, Berkeley. 

12. A MODEL FOR ANALYSIS OF POROUS GAS ELECTRODES 

Edward A. Grens II 

A model has been developed for the analysis of the behavior of porous 
gas electrodes in which the reactant gas is supplied to the reaction sites at 
the pore walls by diffusion through a film of electrolyte covering the walls. 
This treatment includes consideration of the influence of dissolved gas diffu
sion, local overpotential, and removal (by diffusion and migration) of ionic 
reaction products, as well as electric current transport in the film. It 
yields predictions of electrode overpotential and of current distribution along 
the pore walls. The existence of a uniform film of electrolyte, wetting the 
pore interior and extending a long distance beyond the intrinsic meniscus in 
the pore, is assumed. 

Previously published .investigations using similar models, notably the 
recent work of Will, are based upon a local reaction rate controlled exclu
sively by reactant supply (equilibrium reaction). This case is valid only so 
long as the rate of dissolved gas diffusion through the film is equivalent 
to a current density that is small compared with the exchange current density 

1. F. G. Will, J. Electrochem. Soc. 110, 152 (1963). 
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of the reaction in QUestion---a condition that may not be satisfied in many 
cases (e.g., the o

2 
electrode in pores of micron dimensions). The present 

study seeks to describe these cases and predict their behavior. 

In this investigation, the film is taken as a region of electrolyte in 
which the transport of ionic species (and current) is in only one significant 
direction. Subject to assumptions of constant transport parameters, an analog 
solution techniQue is developed. Approximate analytical solutions are also 
derived which are valid for cases of low current drain. Results are presented 
for the example of the oxygen electrode in 30% KOH. 

13. EVALUATING THE EFFECTIVE RESISTANCES QF DIAPHRAGMS 
OR ELECTROLYTIC SEPARATORS 

Robert E. Meredith and Charles W. Tobias 

It is shown that diaphragms or electrolytic separators, such as those 
commonly made of cloth or fibrous asbestos, can be approximated by a model 
comprised of rods which are randomly oriented in a two-dimensional lattice. 
The effective resistances .of various arrangements of rods are measured and 
compared with the data for cloth, asbestos, and spun glass. The theory of 
electrical potential is employed to derive expressions that relate the effec
tive resistance of such diaphragms to the,ir porosity and to the conductivity 
of the dispersing solution. 

* Abstract of paper published in J. Electrochem. Soc. 110, 1257 (l963)(Based 
on Robert E. Meredith, Studies on the Conductivities of Dispersions (Ph. D. 
Thesis), UCRL-8667, July 1959). 

14. THE EFFECT OF BUOYANCY FORCES ON FORCED CONVECTION IONIC 
MASS TRANSFER AT HORIZONTAL PLANAR ELECTRODES* + 

Robert G. Hickman and Charles W. Tobias 

The effect of buoyancy forces on ionic mass transfer to electrodes in a 
horizontal flat duct were studied experimentally with both laminar and turbu
lent bulk flow. Copper electrodes and an acidified cupric sulfate electrolyte 
were used in obtaining mass transfer data by the techniQue of limiting currents. 
The ranges of the significant dimensionless groups covered in the experiments 
were as follows: 

* Partially supported by Contract No. Da36-039 SC-89153 
+ Extracted from Robert G. Hickman, Ph.D. Thesis, December 1963. 
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105 < Gr (Grashof number) < 1012 
' 

75 < Re (Reynolds number) < 7000, 

6oo < Sc (Schmidt number) ·< 12 000, 

0.05 <~ L 
(duct diameter ) 
electrode length < 20. 

With turbulent bulk flow, buoyancy forces were found to have a negli
gible effect on the mass-transfer process in the range of variables covered. 

With laminar bulk flow, buoyancy forces can induce secondary flows near 
the electrode interface in the form of roll cells or even turbulence if the 
Grashof number is sufficiently high. Either of these free convective second
ary flows can dominate the mass transfer process. Average mass transfer co
efficients for laminar bulk flow may be predicted by estimating which of the 
two convective modes (forced or free) controls the mass transfer process, and 
then using the existing correlating equation appropriate to the controlling 
mode. If 

log(Gr) ~ 2.964 + log(Re), 

the process is dominated by free convection; otherwise forced convection 
dominates. 

The data were compared with the equation of Norris and Streid for forced
convection-dominated system, and that proposed for free-convection-dominated 
systems, by Fenech and Tobias, 1 where Nu' is the mass transfer Nusselt number: 

Nu' 1.85 (Re Sc d/1)
1

/ 3 , 

Nu' = 0.19 (Gr Sc)1/ 3 

The average deviation of all the data from the appropriate correlating equation 
was 7% when so treated. 

Other experiments were performed to obtain local mass transfer rates. 
These showed the transition in the direction of flow from forced convection 
control to free convection control as a function of the Reynolds and Grashof 
numbers. The influence of the secondary convective flows on the deposition 
profiles transverse to the direction of flow was also investigated. 

1. E. J. Fenech and C. W. Tobias, Electrochimica Acta, ~' 311 (1960). 

* 15. DESIGN PRINCIPLES FOR ANNULAR-BED ELECTROCHROMATOGRAPHY 

Ray M. Hybarger, Charles W. Tobias, and Theodore Vermeulen 

A cylindrically symmetric arrangement is proposed for an electrochroma
tograph, in order to eliminate thermal bed-face effects. Theoretical analysis 

* Abstract of paper published in Ind. Eng. Chern. Process Design Develop. ~' 
65 (1963). 
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of the thermal and electrical behavior of a simplified model has been made. 
For a given geometry and a·specified separation, the following relations apply: 
The product of residence time and applied voltage is constant. At relatively 
long residence times, power input is proportional to the maximum temperature 
rise in the unit; at any preset power input, the maximum allowable concentra
tion then becomes proportional to the square of .the residence time. These 
relations can be used to maximize the separation capacity of any given unit. 

16. INVESTIGATION ON IONIC DIFFUSION AND MIGRATION 
BY A ROTATING-DISC ELECTRODE*+ 

Stanley Luverne Gordon and Charles W. Tobias 

Contributions of migration to ionic mass transport require consideration 
of the interdependence of the transference number of the reacting ion and its 
concentration which varies within the mass transfer boundary layer. 

The hydrodynamic model of the rotating-disk electrode is chosen for the 
purpose of developing quantitative methods for the evaluation of the contribu
tion of migration to the overall mass transport rate. 

When all ionic diffusivities are equal and a large excess of supporting 
electrolyte is present in the bulk electrolyte, the potential gradient across 
the boundary layer is constant. For this case, an analytical solution for 
the limiting current is obtained. 

Wh~n the concentration of the supporting electrolyte is comparable to 
that of'the reacting ionic species, the potential gradient may not be assumed 
constant. Since for this condition one cannot obtain an analytical solution) 
it is proposed that the arithmetic average of the potential gradient in the 
bulk solution and at the electrode-electrolyte interface may be used in the 
estimation of the effective transference number of the reacting species. 

Anodic and cathodic limiting currents were measured for equimolar po
tassium ferriferrocyanide (0.01 to 0.20 molar) in sodium and in potassium 
hydroxide (0.0 to 3.7 molar). By application of the correction developed for 
bae migrational contribution) it is shown that the Stokes-Einstein parameter) 
T' for the ferri- . and ferrocyanide ions depends on the ionic strength) r, 
only very slightly: 

~~ (ferri) = (0.234 + 0.0014 r) X l0-9 
2 em 

sec 

D 9 cm2 

T~ (ferro)= (.187 + 0.0034 r) X 10-
sec 

poise 
OK 

poise 
OK 

with standard errors of estimate of 0.005 and 0.007, respectively. 

* Partially supported by Contract No. DA36-039 SC-89153. 

+Stanley Luverne Gordon (M.S. Thesis), May 1963. 
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Values of the parameter ~~ obtained for either pure ferricyanide or 
ferrocyanide are within 6% of those obtained for solutions containing support
ing electrolyte, after the correction for the migrational contribution (up 
to 2o%) is applied. 

17. TEMPERATURE MAXIMA IN COUNTERCURRENT HEAT EXCHANGERS WITH 
INTERNAL HEAT GENERATION* 

t 
E. A. Grens II and R. A. McKean 

In countercurrent heat exchange equipment where heat is being generated 
in a process steam being cooled, maxima can exist in the temperature profiles. 
These m~xima may far exceed temperatures that would have been reached without 
cooling and are not necessarily accompanied by high outlet temperature. The 
conditions favoring this phenomenon are discussed and its importance cited. 
The special case of uniform heat generation in a process steam is analyzed 
in detail. Two examples are presented. · 

* 
t Abstract from Chem. Eng. Sci. 18, 291 (1963). 

At Union Oil Company of California, Uniori Oil Center,· Los Angeles, Calif. 
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E. PHYSICAL CHEMISTRY 

1. THE EFFECT OF CONCENTRATION DRIVING FORCE ON 
LIQUID-LIQUID MASS TRANSFER* 

t Donald R. Olander and. L. B. Reddy 

UCRL_.ll317 

The enhancement of the rate of mass transfer due to concentration 
driving force-induced interfacial turbulence has been investigated in several 
typical liquid-liquid. systems. 

The three solvent pairs studied were isobutanol-water, 85 volume % 
tributyl phosphate (TBP) in n-hexane-water, and 85 volume % tributyl phosphate 
in carbon tetrachloride-water. Nitric acid was the solute in all three 
systems. The experiments were conducted in an unbaffled stirred-vessel 
extractor operated as a steady state continuous flow device. The stirring 
speed was 72 rev/min for all experiments. 

For all the systems, transfer from the organic to the aqueous phase 
was unstable. The overall mass-transfer coefficient increased sharply by 
factors of 1.5 to 4 as the driving force was increased. Transfer from 
aqueous to organic phase was stable, except for the TBP-n-hexane system in 
which the mass-transfer coefficient increased at high driving forces. The 
transfer coefficient was found to depend only on the concentration driving 
force, except for the TBP-hexane system in which it appeared to be a 
function of concentration level as well as of driving force. 

The results were consistent with the qualitative features of 
Marangoni instability, although several aspects of the data could not be 
explained on this basis. 

* Abstract of a paper to be published in Chem. Eng. Sci. 19, 67 (1963). 
t Now at Kennametal Inc., ~allon, Nevada. 

2. THE MECHANISM OF EXTRACTION BY 
TRIBUTYL PHOSPHATE- N-HEXANE<: SOL VENTS* 

PART II. NITRIC ACID EXTRACTION 

Donald R. Olander and M. Benedictt 

The kinetics of extraction of nitric acid by tributyl phosphate-n
hexane solvents has been investigated in a stirred-vessel transfer cell. 

* Abstract of a paper published in Nuc. Sci. Eng. 
t Now at Department· of Nuclear Engineering, Massachusetts Institute of 
Technology, Cambridge, Massachusetts. 
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EluCidation,_.of· a posi:dble: ·siLow,·step in:J:.he extract-ion process< due .to .the 
complexing reaction ]IN(Q)j; + 'TBP --> HN03·TBP was of particular interest. 

The criteria used to determine the mechanism were 

(a) The effect of temperature. 
(b) The effect of stirrer speed. 
(c) Comparison of the mass-transfer coefficients to those of nitric acid 

in a nonreacting solvent. 
(d) Comparison of the mass-transfer coefficients to those predicted by a 

previously-developed correlation for two-component, two-phase systems. 

On the basis of these criteria, the kinetics were found to be 
controlled by purely diffusional processes. 

The mechanism proposed involves mass transfer of the nitric acid 
through the aqueous film, rapid and_ complete conversion to the complex at 
the interface, and transfer of the complex to the organic phase. This 
last step constitutes the major portion of the overall resistance, although 
resistance in the aqueous phase also constitutes a small fraction of the 
total. No effect of a slow chemical conversion was found. At high acid 
levels, the transfer process was accelerated by a factor of 2 to 3 by the 
phenomenon of interfacial turbulence, arising probably from the Marangoni 
effect. 

* 3· A MODIFIED MODEL OF STIRRED-VESSEL MASS TRANSFER 

Donald. R. Olander 

The model of stirred.-vessel mass transfer previously presented1 has 
been amended. to account for transfer in the core region. In addition to the 
twa-region picture, a modified. single-region model, in which the ret 'Urn flow 
to the interface occurs in a region close to the vessel wall, is also de
scribed. Both the corrected two-region and. the single-region models show 
good. agreement with data from transfer cells with no separators at the 
interface. The recent data of Loosemore and. Prosser, 2 in which the inter
face was partially blocked, were also in reasonably good agreement with 
theory if transfer in the core region of the interface is included. 

* Abstract of a paper to be published in Chem. Eng. Sci. 
l. D. R. Olander, Chem. Eng. Sci. 18, 123 (1963). 
2. M. J. Loosemore and A. P. Prosser, Chem. Eng. Sci. 18, 555 (1963). 
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4. HIGH FLUX SOLID-LIQUID MASS TRANSFER* 

A. S. Emanuel+ and Donald. R. Olander 

UCRL-1·131 7 

The effect of large concentration gradients upon the rate of mass 
transfer from a rotating d.isk has been measured experimentally and. compared 
with theory. Measured. rates were found to agree with numerical solutions of 
the variable property, finite interfacial velocity diffusion equation. The 
data were also compared. with approximate perturbation and integral solutions 
of the diffusion equation. The systems investigated were benzoic acid, 
potassium bromide, sucrose, and. copper sulfate in water. Variations in 
density, viscosity, and. diffusivity and. the existence of a d.iffusion-induced 
interfacial velocity can result in d.ifferences between the constant property, 
zero interfacial velocity, and the actual Sherwood. numbers as large as a 
factor of two. 

*Abstract of a paper to be published in Intern. J. Heat Mass Transfer. 
t Now at Atomics International Division, North American Aviation, Canoga Park, 
Calif. 

5· TRANSPORT PROPERTIES OF LIQUID METALS 

Alan Pasternak and Donald R. Olander 

The few available data on d.iffusivities in liquid metals have 
been tentatively correlated by a modified. form of absolute rate theory which 
had. previously been applied to ord.inary liquid. solvents.l The method re
presents an improvement of the Stokes-Einstein relation in that the inter
action between solute and. sol vent can now be taken into account. Interactions 
of the simple d.ispersion type are incorporated into the theory by a term in
volving the viscosities of the pure metal components. 

All available data agree satisfactorily with the analytical model 
except for the d.iffusion coefficients involving uranium as one component. 
The d.iscrepancy may lie in the fact that the viscosity of uranium has not 
been measured, and. the common empirical estimations of liquid metal viscosities 
may not be applicable to the actinide elements. 

In order to resolve the question of uranium diffusion coefficients, 
a capillary viscosimeter has been constructed to measure the viscosity of 
uranium in the range 1130 to 1200°C. . Because of the corrosive nature of 
liquid uranium, the device is constructed. of tantalum metal. To avoid errors 
due to corrosion-induced. alteration of the capillary geometry, the viscosimeter 
is used as a relative rather than an absolute measuring device. The unknown 
viscosity is obtained. by comparing the efflux time to those of standards 
such as tin and. copper. 

L D. R. Olander, A.I.Ch.E.J .. _2, 207 (1963). 



I 

IE.6,7 -55-

6. A LAMINAR JEI' APPARATUS FOR THE STUDY OF 
HIGH-TEMPERATURE GAS-LIQUID REACTIONS 

Jose L. Carnahort and. Donald R. Olander 

UCRL-11317 

The precisely controlled and. known hydrod.ynarnics of a laminar jet 
of liquid. passing through a gas phase makes a contacting device based on 
this principle useful in studying high-temperature gas-liquid reactions. 
Similar designs have been used. for studying low-temperature aqueous systems,l, 2 
but considerable modifications were required before fused. salts or liquid 
metals could be handled .• 

The present design consists of a nickel reaction vessel approximately 
10 in. high and 4 in. in d.iarneter, which is divided into two sections by a 
nickel plate pierced by a 1-mm orifice. The molten salt is fed to the upper 
section from a feed. tank and. is maintained. at a constant head by a level 
controller. The jet existing from the orifice leaves the reaction section 
via a 2-mm capillary tube and is collected in a reeei ving tank. 

The d.ynarnic characteristics of absorption into the jet produced by 
this apparatus have been checked by measuring the diffusivity of C02 in 
water with the equipment. The 5% agreement between the measured and literature 
values of the d.iffusion coefficient indicate that an ideal jet is in fact 
produced .• 

1. p~ 

2. w. 
Raimondi and. H. L.Toor, A.I.Ch.E.J. _2, 86 (1959). 
Manogue and. R •. L. Pigford, A.I.Ch.E.J. §, 494 (1960). 

7· STUDIES OF MOLECULAR STRUCTURE USING NMR TECHNIQUES 

Charles H. Sederholm 

In this Laboratory, high-resolution NMR techniques are being used to 
stud.y the structure of molecules. In addition, correlations are being found 
between the structure of molecules and. their NMR spectra. 

A thorough study of the factors influencing fluorine-fluorine coupling 
constanti:l has led to the conc;Lusion that<the direct overlap of nonbonding 
electrons around. the two nuclei being coupled is as important to fluorine
fluorine coupling constants as are the bonding electrons in the molecule. 
The spin information carried. by the bonding electrons is reduced as the electro
negativity of the other atoms attached. to the molecule is increased. 

Measurements of fluorine NMR spectra over a wide temperature range 
have resulted. in two types of information. Barriers to internal rotation in 
several halogen-substituted. ethanes containing at least one fluorine atom 
have been determined, and. some correlation has been established. between the 
barrier heights and the size of the halogen substituents. The time-weighted 
average approximation for chemical shifts and coupling constants has been 
tested in several compounds, and. it has been demonstrated that sol vent effects 
can cause serious exceptions to this approximation. The effect solvents have 
on coupling constants is being further investigated. 
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Proton geminal coupling constants are predicted to vary with the 
H-C-H bond angle. For a normal tetrahedral angle the coupling constant is 
predicted to be and. is generally found. to be roughly 8 to 12 cps. In several 
four-membered ring compounds the geminal coupling constant has turned out to 
be quite small;· on the order of 2 to 3 cps. Geminal coupling constants in 
four-membered rings are being further investigated to determine which factors 
affect their size. 

8. NMR FLUORINE-FLUORINE COUPLING CONSTANTS 

Charles H. Sederholm 

A thorough stud.y of F-F coupling constants has resulted in a reason
ably complete picture of the factors influencing the magnitude of these coupl
ing constants. We believe that magnetic spin information is transmitted both 
by the direct overlap of the electronic cloud.s of the atoms being coupled 
(through space. coupling), and by indirect coupling through bonding electrons 
(through-the-bonds coupling). 

Experimental data to support our belief that a large amount of the 
F-F coupling comes about as a result of the direct overlap of the electronic 
clouds of the atoms being coupled is shown in Fig. IE.8-l. Here for a group 
of perfluoro compound.s we have made the assumptions that: (a) there is no 
through-the-bond.s coupling, and. (b) through-space coupling is zero if the 
two fluorine atoms are at a distance greater than 2.72A. The·first 
assumption is discussed. below. The latter is based. on the fact that vicinal 
F-F coupling constants in perfluorocarbons are typically zero. On the basis 
of these assumptions, coupling constants are plotted. vs distance between the 
two fluorine atoms under consideration. This correlation shows that as the 
distance gets smaller, and. the electronic overlap gets larger, the coupling 
constant increases. Each point on this plot corresponds to the data for 
many compound.s. 

In a four-membered ring compound. in which two nonequivalent CF3 
groups can be either on the same side of the ring or on opposite sides, the 
coupling constant for the cis compound is large (approx. 12 cps), while the 
coupling constant for the trans compound is near-zero. See Fig. IE.8-2. 
Again, our interpretation is that only through-space coupling is active 
here, and. hence the coupling is large only when the two fluorine atoms get 
close to each other. 

The magnitude of the indirect coupling through the bonds is affected 
by the electronegativity of other atoms in the molecule. In Fig. IE.8-3, 
for a group of halogen-substituted ethanes, vicinal fluorine-fluorine coupling 
constants are plotted vs the sum of the electronegativity of the other atoms 
attached to the carbon skeleton. A good correlation is found. It should be 
noted that the results of this correlation predict that the through-the-bonds 
vicinal coupling constant in perfluorocarbon compounds should be nearly zero, 
as was assumed above. 

I 
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Fig. IE. 8-1 Plot of F
1 9 spin coupling constants as a function 

of internuclear distance between interacting nuclei. 
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Fig. IE. 8-2 F19 NMR spectra of cyclobutane diastereomer mixture. 
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9· SOLVENT EFFECTS ON F-F COUPLING CONSTANTS 

Charles H. Sederholm 

UCRL-11317 

Some F-F coupling constants vary considerably with temperature. 
This temperature dependence could. come about as a result of exciting 
vibrational and. rotational modes of a molecule, or could. also come about 
as a result of temperature-dependent solvent effects. In an effort to show 
that the second. is not negligible we have investigated. the low-temperature 
spectrum of CF2Br-CFBrCl in a variety of solvents. The temperature was 
sufficiently low so that the ind.i vidual rotamers could. be observed.. It was 
found. that the observed coupling constants for a single rotamer at a single 
temperature could. be altered. by several percent by a change in the solvent. 

The spectrum of bromotrifluoroethylene was also taken in a variety 
of solvents at room temperature. Again, all of the coupling constants were 
observed. to vary with the solvent by a few percent. 

10. REACTION KINETICS BY PARAMAGNETIC RESONANCE 

Bruce H. Mahan and Rollie ·J.~ .Myers 

Electron paramagnetic resonance permits the d.irect observation of 
gaseous free radicals, and. can be used to study the rates of their chemical 
reactions. There are no completely satisfactory measurements of the rates 
of 

0 + Q + Ar ~ 02 + Ar, 

N + N + Ar ~ N2 + Ar, 

and. H + H + Ar ~ H2 + Ar, 

and. we intend. to determine the rate constants for these reactions within 
the next year. They are of particular interest because the potential energy 
surfaces are well known, and. the rate data can be interpreted. theoretically. 

As a second. part of the program, metathetical free-radical reactions 
will be stud.ied.. For example, 

H + 02 ~ OH + 0 

and 0 + H2 ~ OH + H 

are reactions in which both product and. reactant radicals can be detected. 
This allows a more certain determination of reaction mechanisms and rate 
constants in these potentially more complicated. systems, and. in some cases 
gives rate information that cannot be obtained. by any other technique. 
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11. KINETICS OF ELECTRON REACTIONS 

Bruce H. Mahan 

By using microwave cavity resonance techniques, 
measure the concentration of gaseous thermal electrons. 
be used to study the kinetics of the elementary reactions 
For example, 

and. 

e + N02 + Ar ~ NO; + Ar, 

e + N
2

0 ~N2 + 0-

e + NO+ --> N + 0 

UCRL-11317 

it is possible to 
This method can 
of electrons. 

(l) 

(2) 

(3) 

are three different types of reactions that gaseous electrons undergo. 
Reaction (l) is presently under investigation. It is of practical interest 
because N02 is an important negative ion in the upper atmosphere. The 
theoretical analysis of such a reaction in which the de Broglie wave length 
of the electron is large compared with the extent of the field.s of the 
molecules is possible, and. ind.icates that the data can be analyzed to give 
a limit for the lifetime of the electron on N02 in the process 

e + N02 ..... (No;)*, 

(No;)* ..... N02 + e. 

The energy dependence of reactions ( 2) and ( 3) can be interpreted 
in terms of the potential energy surfaces for reactants and product mole
cules. Thus we plan to make such measurements on these and a variety of 
other small molecules and ions in which the potential energy surfaces are 
expected. to be of simple form. 

12. THE DISSOCIATION ENERGY OF Cs~ BY A PHOTOIONIZATION METHOD 

Yuan-tseh Lee and. Bruce H. Mahan 

Experiments on the photoionization of cesium vapor in a space charge 
detector by Mohler, Foote, and. Chenault1 have shown that in add.ition to the 
predicted. ionization beyond. the absorption series limit there is some ioniz
ation by line absorption. 

Subsequent stud.ies by Mohler and Boeckner2 established that the 
ionization by line absorption involves the production of an excited atom and 
the subsequent collision of the excited. atom and. a normal atom, i.e., 

l. Mohler, Foote, and Chenault, Phys. Rev. 27, 37 (1926) 
2. Mohler and. Boeckner, B~reau of Standards-yournal Research 2, (RP 186). 



IE.l2 -62- UCRL-11317 

Cs* (np) + Cs = Cs~ + e. 
I 

Independ.ent kinetic stud.ies by FtreudenbergP suggested., from the 
obseryation and. temperature dependence of ioniz!f-tion current due to the 
4555..;A line, that the dissociation energy of Cs2 is 1.05 eV, much higher 
than the d.issociation energy of Cs2 (0.45 ev). 

Recent investigations by Barrow4,5 by a spectroscopic method 
furnished. the following values of dissociation energies of Li~, Na~, rS:: 

De(M2 ) 
+ 

De(M2 ) 
+ 

De(M2 )-De(M2 ) 

Li 1.20 1.63 0.43 eV 

Na 0.76 1.01 0.27 eV 

K o. 51 0.76 0.25 eV 

Owing to the low concentration of diatomic species in the vapor 
of heavy alkali metals, spectroscopic determinations of dissociation energy 
of Cs~ and. Rb~ are not available. +Because there seems to be a large gap 
between Freudenberg's value for Cs2 and the value that might be extrapolated 
from the general behavior of alkali metals obtained by the spectroscopic 
method, it seemed. worthwhile to carry out the excited-cesium-atom reaction by 
direct measurement of ionization current of cesium by line absorption, there
by avoid.ing the possible complications of the space charge detector. 

Preliminary experiments were carried out by detecting with a vibrat
ing-reed electrometer the ionization current under steady illumination with 
the cesium pressure of lo-2 to lo-1 mm Hg. These experiments showed that it 
is impossible to detect such a small signal current, because of the high 
level of background current due to thermal electron emission from the 
collecting electrode. In order to pick up the small signal current buried 
in the high background. current, we arranged to chop the~ incident light 
and to detect the signal by a lock-in amplifier which is composed of a 
narrow band-width tuned amplifier and phase-sensitive detector. 

In preliminary experiments carried out at 288°C and at a vapor 
pressure of 10-l mm Hg, we have bee~ able to measure Cs~ current for the 
absorption lines shorter than 3612 A with signal-to-noise ratio greater 
than 25. On the basis of these results, we can conclude that the bond 
energy of Cs~ is 0~6 ± 0~1 eV, w~icp is more nearly in ac(!ordaJJ.C~ with the 
results for the other alkali metals than is the value of Freudenberg. 

3· Freudenberg, Physik 67, 417 (1931). 
4. Barrow, Travis,and Wright, Nature 4732, 141 (1960). 
5· Robertson and. Barrow, Proc. Chern. Soc. 329 (1961). 
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13. MECHANICS OF ATOM RECOMBINATION 

Bruce H. Mahan 

There have been several attempts
1

'
2

' 3 to calculate the rate constant for 
the recombination of atoms according to the three-body collisional mechanism 

(forK), 

(fork). 
c A~ + M -->~ A2 + M 

The e~uilibrium constant K for the formation of unbound atom complexes can be 
calculated reliably by statistical mechanics. Commonly, kd is set e~ual to 
<P> z, where Z is the biinolecular collision rate, and <P> lS the average pro
bability that a collision of M with the A* complex will lead to a bound mole
cule .. The usual procedure has been to se~<P> e~ual to unity, in the absence 
of any other information. In this note we show how the conservation laws 
alone can be used to obtain a more refined estimate of the deactivation prob
ability. 

Figure IE-13-l is a velocity vector diagram for two recombining atoms 
(particles land 2) and an inert deactivator M (particle ·3). At any separa
tion r, the relative speed g12 of particles l and 2 is 

gl2(r) = c~2(oo) - ~l:~r/2, 
where~ is the (negative) potential energy of particles land 2. If particle 
l undergoes an impulsive col~ision such that the resulting relative speed 
gl2 is less than (-2Cf>/1112 )112 , the aitoms become bound. Therefore, a "deac
tivation sphere" of radius (2 cpjll12)lf2 can be drawn with the tip of x:,2 as the 
origin. If the collision of atom I with M is such that the final velocity 
vector X:.i falls within the deactivation sphere, particles 1 and 2 are bound. 

The effect of the l-3 collision is to rotate the relative velocity vector 
~l~ about the center-of-mass vector y~~· The final vecloity vector vl will 
ll~ somewhere on the surface of this collision sphere," whose radius is 
g1 m /(m

1
+m ). If there is a hard-sphere interaction between the particles 

l ~J 3, th~ir scattering is isotropic, and the collision sphere is uniformly 
populated with final velocity vectors. In these circumstances, the fraction 
of collisions that lead to deactivation is just the fraction of the area of 
t..he c'ollision sphere that lies within the deactivation sphere. Although this 

l. C. B. Kretschmer and H. L. Peterson, J. Chern. Phys. 39, 1772 (1963). 
2. S. W. Benson and J, Fueno, J, Chern. Phys. 36, 1597 (1962). 
3· D. L. Bunker, J. Chern. Phys. 32, 1001 (1960). 
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Fig. IE. 13-l Velocity vector diagram for atom combination. 
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fraction is easily expressed in terms of the velocity vectors, proper averaging 
over the magnitudes and directions of the velocities to obtain <P> is very 
difficult. However, it is possible to qonclude that when the separation of 
the atoms is small, so that (-2<f'/f.l1 )1;2 >> g 2 (oo),<P> ~ l. It is also 
true that for l<f> I < kT, <P> < 0 .1. Eonseq_uend:y we can dec ide that in order 
for deactivation to occur two atoms must be close enough so that 1~1 > kT. 
This provides a practical criterion for a three-body rate calculation. 

14. * RECOMBINATION OF GASEOUS IONS. I. 
+ -Bruce H. Mahan and James C. Person 

The rate at which gaseous NO+ and No; neutralize each other has been 
measured in a variety of gases over a relatively lar~e pressure range. In 
the limit of low pressures of inert gas, the neutralization process is a 
bimolecular electron transfer reaction, 

The measured value 
two ions that come 

k 
+ -

NO + N02 
0 ...... 

/ neutrals. 

of k is'2.lxl0-7 cc per ion sec, which means that any 
0 0 

with1n 25 A of each other undergo charge transfer. 

At pressures of inert gas in the range of 0.01 to l atm, most ions are 
neutralized by a three-body recombination process, 

+ NO + N02 

(NO+No;)* 

(NO+No;)* 

kl ( + - )* ---:;::> NO NO 
2 

, 

k2 + 
---:> NO 

k3 
+ M :::> + M ~> neutrals. 

i Here (NO+No;)* is a ~ai: of ions close to each other, but with enough energy 
to separate, and (NO N02 ) is a pair of ions in bound orbit which will even
tually bring them close enough for 

6
charge transfer to occur. The value of k

1 has been found to be 1.7 ± 0.5Xl0-
0

cc per ion sec. This means that any two 
ions closer to each other than 140 A are susceptible to collisional deactiva
tion by a third body M. At these distances the negative potential energy of 
the ions is approximately eq_ual to 4 kT. It would appear then that the re= 
q_uirement for susceptiblfty to deactivation is that the kinetic energies of 
the ions be noticeably greater than the average thermal energy. If an ion 
is moving faster than the average neutral, it is more likely to lose than to 
gain energy upon a collision. 

* 
+ 

Abstract of paper submitted to J. Chern. Phys. 
Now at Argonne National Laboratory, Argonne, Illinois. 



IE.l4,15,16 -66- UCRL-11317 

The relative values of k3 were measured for a variety of inert gases_, 
and are given below. 

He 1~00 N 2 5· 2±1.1 

H
2 

1. 4±0. 4 Ar 3.6±0.8 

D
2 

1.5±0.4 Kr 4.3±1.0 

Xe 6.8±1. 5 

These values are consistent with the larger collision cross sections of the 
heavier molecules, and with the limitations imposed on energy transfer by 
the law of conservation of momentum. 

15. * RECOMBINATION OF GASEOUS IONS. II. 
+ 

Bruce H. Mahan and James C. Person 

The mechanics of a three-body collision involving two gaseous ions 
and a neutral atom are discussed, and a method for calculating the rate at 
which ions are deactivated into bound orbits is presented. The relative 
efficiencies of various gases in promoting ion recombination are calculated, 
and found to be in satisfactory agreement with the experimental values found 
in Part I of this series. The details of the mechanics show that deactivation 
efficiency increases with the mass of the neutral molecule, and decreases 
with the relative kinetic energy of the ion pair. 

*Abstract of article submitted to J. Chem. Phys. 
+ Now at Argonne National Laboratory, Argonne, Illinois. 

* 16. RECOMBINATION ·oF GASEOUS IONS. III. 

Terry S. Carlton and Bruce H. Mahan 

In an earlier publication, Mahan and Person showed that the 
mechanism of the mutual neutralization of gaseous ions involves two parallel 
processes. One of these is a bimolecular electron transfer reaction, 

k + - 0 . A + B -----~ neutrals. 

The other is esentially J. J. Thomson's three-body ion recombination reaction, 

* Condensation of UCRL-11134 (November 1963h submitted to J. Chem. Phys. 
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k 
l ' ----,. ( + - )* A B , 

+ -A + B , 

+ * k3 + (A B-) + M ) (A B-) + M ---7 neutrals. 

UCRL-11317 

In this note we report values of k
0 

measured in three different systems: 
(a) a photoionized mixture of NO and SF6, in which the principal ions are 
probably NO+ and SF6, (b) a photoionized mixture of benzene and SF 6 , in which 
t~e prin~ipal ions are C6H~ and SF6, (c) photoionized iodine vapor, in which 
I 2 and I are prevalent. The values of k

0 
were obtained by measuring the 

low-pressure limit of a, which is defined by 

dA+ 
dt 

Three different inert gases were used in each system. The results. are con
tained in Table IE.l6-I • 

System 

NO-SF6-He 

NO-SF
6

-Ar 

NO-SF
6

-xe 

c
6

H
6

-sF
6

-He 

c6H6-sF6-Ar 

c6H
6

-sF6-xe 

I -He 2 
I -Ar 2 
I -Xe 2 

. 
Table IE.l6-I. Results of k Measurements. 

0 

kxl07 (ccbon sec) 

1.95 ± 0.1 

2.0 ± 0.15 

1.5 ± 0.15 

1.8 ± 0.2 

1.75 ± 0.15 

l. 35 ± 0.15 

1.5 ± 0.2 

L2 ± 0.2 

1.0 ± 0.2 

The results seem to be rather insensitive to the chemical nature of 
the ions. This is in accordance with the idea that the electron states in
volved in the electron-transfer process are Rydberg states, whose nature is 
similar in all systems. The slightly smaller values of k

0 
obtained when Xe 

is present in the system are thought to be caused by ion-induced dipole com
plexes between the ions and the polarizable xenon atoms. 

* Condensation of UCRL-11134, (November 1963) submitted to J. Chern. Phys. 
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* 17. ELASTIC SCATTERING OF CHEMICALLY REACTIVE MOLECULES 
+ .++ Dudley R. Herschbach and George H. Kwel 

The angular distribution and the velocity dependence of the total 
elastic scattering cross section are calculated for a potential which presents 
a deep "chemical well" at small distances and van der Waals well at large 
distances. A two-body central force model and semiclassical mechanics are 
used. It is found that the chemical well suppresses much of the wide-angle 
scattering and under suitable conditions may introduce several special effects, 
including "multiple rainbows" and "chemical orbiting" in the angular dis
tribution and 'beats" in the undulatory velocity dependence of the total 
cross section. 

* Abstract of a paper in Proceedin s of the Third International Conference 
on Collision Processes (North-Holland Publishing Co., Amsterdam, 1963 
(also UCRL-11178, January 1964). 
+ Present address: Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 
+Woodrow Wilson Foundation Predoctoral Fellow, 1961-63. 

18. TESTING OF DIATOMIC POTENTIAL ENERGY 
FUNCTIONS BY NUMERICAL METHODS 

John K. Cashion+ 

An accurate and efficient numerical method for solving the radial 
Schrodinger equation for diatomic molecules has been employed in two tests 
relating to approximate potential functions. First, quantitative estimates 
have been made of the errors in the approximate eigenvalue equation derived 
by Pekeris for the rotating Morse oscillator. Secondly, as an example of 
testing a potential function for which no analytic solution is known, the 
eigenvalues of the Clinton potential have been compared with those of Morse 
and with experiment. 

* Abstract of J. Chern. Phys. 39, 1872 (1963) (also UCRL-10643, May 1963). 
+ 

Present address: Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 
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CALCULATION OF INTENSITY DISTRIBUTION IN THE VIBRATIONAL 
STRUCTURE OF ELECTRONIC TRANSITIONS: THE B3rrotu- X1~ + 

RESONANCE SERIES OF MOLECULAR IODINE. 
0 

g 

Richard N. Zaret 

Franc.k-Condon overlap integrals have been calculated which predict 
within experimental error the intensity distribution of the 60 measured lines 
in the visf~le fluorescence spectrum of molecular iodine, B3rr

0
+ (v' :;= 15, ·16, 

or 26) __..X ~o+g(v" = 0 to 69). Rydberg-Kl.ein-Rees potentials ~ere used for 
both electronic states, and exact vibrational eigenfunctions were obtained by 
direct numerical solution of the radial Schrodinger equation, including 
vibration-rotation interaction. The electron transition moment was assumed 
to be independent of internuclear distance. Overlap integrals derived in the 
same way for Morse potentials: fail to give even qualitative agreement with 
experiment for lines with v" -, 10. Because of the rapid oscillation of the 
vibrational wave functions for high v' and v", a shift in the potential of 
only 0.002 A is found to alter appreciably the calculated intensity dis
tributionj thus the agreement obtained provides a very severe test of the 
RKR potentials and. the Franc.k-C:ondon principle. The radiative lifetime of 
the B state has also been calculated from the absolute intensity of a 
single line and the integrated intensity of the band system, and the re
sults compare favorably with direct lifetime measurements. 

*Abstract of a paper ·tt.n J. Chem •. Phys~ 4o, 1934. (l964j. · (Alsb UCRL-11110, 
October 1963, and UCRL-10925, November 1963). 
t National Science Foundation Predoctoral Fellow, 1961-63. Present add.ress: 
Department of Chemistry, Harvard. University, Cambridge, Massachusetts. 

20. EMPIRICAL EVALUATION OF THE * 
LONDON POTENTIAL ENERGY SURFACE FOR THE H + H2 REACTION 

t t 
John K. Cashion and. Dudley R. Herschbach 

An empirical potential surface for the hydrogen exchange reaction is 
de.rived from the simplest form of the London approximation (neglecting overlap), 
by evaluating the ~o~lomb and exchange integrals from the potential curves 
for the 1~~ and 3~ states of H2 • This procedure gives an activation energy 
of 8. 9 ± l. 2 .kcal/mole. .The potential surface has a single saddle point, 
and the H3 complex is linear and symmetrical, with a bond length of 0. 96 A. 
Simple, explicit formulas for the activation energy and the vibrational 
force constants are also obtained. The results emphasize the important con
tribution from the triplet repulsion between the end atoms with parallel 
spins in the complex. 

*Abstract of a paper to be published in J. Chern. Phys. (also UCRL-11171, 
January 1964). 
t Present add.ress: Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 
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21. INFLUENCE OF VIBRATIONS ON MOLECULAR STRUCTURE DETERMINATIONS. 
III. INERTIAL DEFECTS* . 

Dudley R. Herschbacht and Victor W. Laurie* 

The relationships among various types of moments of inertia and 
vibration-rotation corrections are developed from general theory, with 
emphasis on the qualitative physical features and. the quantities that may be 
calculated. without knowledge of anharmonic force constants. The inertial de
fects of planar triatomic and tetratomic molecules and nonplanar molecules with 
a plane of symmetry are considered, and it is found that simple approximations, 
which depend mainly on the one or two modes of lowest frequency, give results 
within 10 to 20% of the experimental values. The application of inertial 
defect corrections in structure analysis is illustrated for the calculation 
of HH distances in CH2Cl2, SiH2F2 , and CH3cxo molecules (X = H, F, Cl, Br). 

* Abstract of a paper to be published in J. Chern. Phys. (Also UCRL-11208, Nov. 01963)., 
t Present address: Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 
t Present address: Department of Chemistry, Stanford University, Stanford, 
California. 

22. VIBRATION-ROTATION INTERACTION FACTORS FOR DIATOMIC 
MOLECULES CALCULATED BY NUViliRICAL METHODS* 

John K. Cashion 
t 

The influence of vibration-rotation interaction on transition 
probabilities for d.iatomic molecules has been studied through numerical 
solution of the Schr8dinger radial equation. The numerical method described 
is readily applicable to any choice of potential and dipole moment functions 
for the molecule, its accuracy considerably exceeds the requirements of 
practical applications, and it is very economical in terms of computer-time 
requirements. Its use is demonstrated here in two applications. First, it 
has been used to check the accuracy of the approximate formulae for the F 
factors of a rotating Morse oscillator with a linear dipole moment function, 
derived by Herman, Rothery, and Rubin. It was found. that their formulae 
were very accurate for 6v = l transitions, but that the two formulae given 
by them for the first and second overtones could introduce errors of several 
percent at moderate J values. Secondly, quadratic and cubic terms were add.ed 
to the dipole moment function in order to estimate the sensitivity of F 
factors to changes in this function. The results indicate that for all 
transitions in which 6v > 1, the higher terms can have considerable signif
icance. For example, F factors for the lines R(l9) and R(20) of the 3-0 
band of LiH were changed by factors of more than 3 when the dipole moment 
function employed was carried from a linear to a cubic approximation in a 
Taylor's series expansion. 

*Abstract of a paper submitted to J. Chern. Phys. (also UCRL-10644, July 1963). 
t Present ad.dress: Department of Chemistry, Harvard. Unj_versity, Cambridge, 
Massachusetts. 
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* 23. SEMICLASSICAL ANALYSIS OF WEAKLY INELASTIC MOLECULAR COLLISIONS 

Mark S. Child 
t 

The deflection angles for weakly inelastic vibrational and rotational 
transitions are shown to be simply related to the classical deflection angles 
for elastic scattering conditions. The position of the crossing point, at 
which the values of the initial and final Lagrangian are equal, plays an 
important role in the discussion, and. expressions are derived for these points 
for different types of transition. Allowance is made for the fact that the 
effective translational potential energy may depend on the vibrational states 
of the members of the system. 

* Abstract of a paper submitted to Molecular Physics (also UCRL-11135, 
November 1963) 
t Present address: Department of Chemistry, Glasgow University, Scotland. 

24. PARAMAGNETIC -RESONANCE IN' LIQUID AMMONIA 
Donald H. Levy and Rollie J. Myers 

The study of the paramagnetic resonance spectra of organic negative 
ions in solution allows one to obtain the isotropic hyperfine coupling 
constants, which are a measure of the interaction between the unpaired 
electron and. any magnetic nuclei in the molecule. The measured proton 
hyperfine coupling constant of a proton bonded to a carbon atom in a rt-electron 
system has been related approximately to the rt-electron spin density on this 
carbon atom, and consequently these coupling constants provide an excellent 
check on any theoretically derived wave function. 

Formerly only rat9er large aromatic conjugated molecules could be 
reduced to form the paramagnetic negative ion. This was unfortunate, since 
only roughly approximate calculations could be performed on such complicated 
molecules although very good experimental data could. be obtained. The in situ 
electrolytic reduction technique developed by Maki and. Geske offered the · 
possibility of observing steady-state concentrations of less stable but 
theoretically more simple radical anions. Unfortunately, with the usual 
solvents, this technique has serious limitations. The high electrolysis 
potentials necessary to produce the more unstable rad.icals often preferentially 
reduce the more reactive sol vents. Moreover, all the solvents used have rel- · 
atively high freezing points, and. the possibility of prolonging the lifetime 
of unstable species by cooling is thus eliminated. 

It has long been known that the alkali metals dissolve read.ily in 
liquid ammonia to produce blue paramagnetic solutions. Although the exact 
nature of the paramagnetic species is still open to considerable question, 
the species is known to be a powerful reducing agent. We have electrolyzed 
solutions of the tetralkyl ammonium iodides and alkali metal iodides in 
liquid ammonia and produced a species with properties extremely similar to 

1. D. H. Geski and A. H. Maki, J. Am. Chem. Soc. 82, 2671 (1960). 
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the species that exists in the alkali metal ammonia solutions. This species 
appeared potentially useful as a reducing agent for organic molecules, and 
a stud.y of organic radical anions produced electrolytically in liquid ammonia 
was undertaken. 

Butadiene has been the subject of several theoretical calculations, 
2 

and. its spettrum is of considerable interest. A 0.01 M solution of butadiene 
in liquid ammonia was electrolyzed at 25 V. Tetramethyl ammonium iodide was 
used as the supporting electrolyte. The resulting spectrum is shown in 
Fig. IE.24-l. The hyperfine coupling constant associated with the protons 
attached. to carbon atom l was found to be 7.6i7±0.005 gauss, and that 
associated with the proton attached to carbon atom 2 was 2.791±0.007G. The 
full line width between points of maximum slope was 0. 32 G and the g value 
was equal to 2.0026. When the electrolysis voltage was turned off the 
spectrum decayed, following a first-order rate law with rate constant 
equal to 0. 36 sec-1. The line width appeared to be independent of the 
temperature of the sample. 

In order to compare the experimental coupling constants with 
theoretical calculations it is necessary to obtain the unpaired spin densities. 
Inasmuch as the quantity Q in McConnell's equation is difficult to determine 
experimentally, we shall compare only the relative spin densities by defining 
the quantity R=A1/A2 • The experimental value of R is 2~729. The simple 
molecular orbital theory of Ruckel predicts a value of R=2.6l, in excellent 
agreement with experiment. Recently Savers and Kau~mann3 have modified the 
simple Ruckel theory by mixing in d atomic orbitals on the carbon atoms. 
Thismodification predicts an R = 2.9. Unfortunately the moreelaborate self
consistent field. calculations have given less accurate results. The ab initio 
calculation of Parr and. Mulliken2 pred.icts R=L 9• This calculation was done 
for the neutral butadiene molecule (four :rc electrons), and. in order to 
pred.ict the R of the negative ion one must assume that the unpaired electron 
goes into the lowest unpaired :rc orbital without significantly perturbing the 
:rc system. A more correct calculation was performed by Goodman, but unfortu~ 
nateJygave even poorer results. Goodman calculated the molecular orbitals of 
the negative ion directly (five :rc electrons) and. thus took into account the 
perturbation of the closed. shell caused. by the fifth electron. His calculation 
predicts R=l.6. 

A solution of nitrobenzene was electrolyzed at 1.0 V. The spectrum 
of the nitrobenzene negative ion is well known, and the ion itself has 
formerly been prepared by both chemical reduction and electrolytic reduction 
in acetonitrile solution. The coupling constants in ammonia solution are 

2. R. G. Parr and R. S. Mulliken, J. Chern. Phys. 18, 1338 (1950). 
3· 0. Savers and W. Kauzmann, J. Chern. Phys. 38, Bl3 (1963). 
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H\ H H /H I I · 
C=C-C=C . 

H/1 2 3 4\H 

MU-32841 

Fig. IE. 24-l The paramagnetic resonance spectrum of butadiene 
radical-anion. The derivative of the absorption 
spectrum is shown as a function of the magnetic 
field. 
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A0 rtho=3.44, Ameta= 1.09, Apara=3·90, and. AN=ll.47. These coupling constants 
are similar to those obtained. by reduction in the other media with slight 
solvent shifts in the direction noticed previously in polar solvents. By far 
the most dramatic solvent effect noticed in the course of this work was in the 
electrolysis of cyclooctatetraene. This molecule had formerly been reduced 
by Strauss and. Frankel,4 using chemical reduction. They had observed that 
the chemical reduction produced primarily the di-anion and that so little of 
the mono-anion was produced that it was difficult to obtain a spectrum. In 
liquid. ammonia the mono-anion is by far the most prevalent species, and. a 
very strong spectrum was observed. The proton coupling constant was 3.278 
±0.004 gauss. This is slightly shifted from the value measured by St~auss 
and. FrankeL 

The symmetric molecule 2, 3 dimethyl butadiene was electrolyzed. At 
lower voltages the line width was similar to that of butadiene, but when the 
electrolysis voltage was increased the line width decreased to 0.099 gauss 
and. a well resolved spectrum was obtained. The spectrum produced. showed 
small splittings which could. be explained. by assuming that the molecule 
contained three different kinds of protons. The coupling constant associated 
with the methyl protons was 1.200±0.002 gauss, and the two different coupling 
constants associated with the end protons were 7.033±0.003 and 7.241±0.003 G. 
Of course there was no way to determine which coupling constant was associated 
with the cis protons and. which with the trans. The g value was 2.0020. By 
use of the above parameters and assumption of Lorenzian line shape, a theoretical 
spectrum was calculated and. shown to be identical with the experimental spectrum. 
The spectrum wa~ calculated on an IBM 7094 and the output plotted on a Cal-Comp 
plotter. 

4. H. L. Strauss, T. J. Katz, and. G. F. Fraenkel, J. Am. Chern. Soc. ~' 
2360 (1963). 

25. HIGH-TEMPERATURE MICROWAVE SPECTROSCOPY 

James S. Muirhead and Rollie J. Myers 

High-temperature microwave apparatus has been extensivelY t.est,ed~ 
(The original equipment for this experiment was assembled by John Howe). 
The vapor of a number of molecules heated. from 400 to l000°C has been examined. 
The molecule AgCl was very seriously examined, but no microwave lines for 
this substance were observed. It is quite probable that AgCl vapor decomposes 
while in contact with ou:r;: apparatus, but we have little direct evidence for 
this decomposition. On the other hand, the decomposition of Agi in our 
apparatus can be readily observed. A very good signal-to-noise ratio could 
be obtained. for KCl, and rotational transitions can be obtained from the 
v = 6 excited. vibrational state. From what we know of other high-temperature 
microwave spectrographs, our sensitivity is among the best that has been 
obtained. As presently designed the cell should be satisfactory for the 
study of most high-temperature diatomic molecules with dipole moments. 

Some effort was made to observe the microwave lines of PbCl2 • Recent 
molecular beam deflection measurements have confirmed that this molecule has 
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a dipole moment, and it should have a microwave spectrum. The situation is 
complicated by the fact that two chlorine isotopes will produce nuclear 
quadrupolar hyperfine interaction, and also that 1ead has a large number of 
isotopes. Both these factors will reduce the intensities of any observable 
microwave transitions for PbCl2 • At this time we have not been able to 
observe any lines due to PbCl2• It; ip fi,Fit;,e :p:pqpabie t;ha~ qe8:pHe o~rr: lS,()gd 
sensitivity· for diatomic molecules we still lack the very high sensitivity 
necessary to detect triatomic molecules. The major factor limiting our 
sensitivity is the low transmission of the microwave cell. By changing the 
design of the cell it should. be possible to correct this low microwave trans
mission and. obtain sufficient sensitivity to observe the spectrum of PbCl2 
and similar molecules. 

Since our cell is constructed largely out of high-grade alumina and 
platinum, it might be possible to study either fluorides or oxides in the 
vapor. Our present work on these interesting species has not been successful 
because of attack by the melts upon our crucibles. If a metal or boron 
nitride is substituted for our present crucibles it may be possible to study 
fluorides and perhaps oxides in the vapor. As the cell is presently designed 
it should be quite suitable for thermodynamic studies involving the alkali 
halides, and. such studies are presently being planned. 

26. POWER SATURATION IN PARAMAGNETIC RESONANCE 

Douglas C. McCain and Rollie J. Myers 

The S-band 200-watt spectrometer has now been completely assembled. 
It was not possible to complete this spectrometer until late this year, when 
more space became available. Only preliminary work has been completed with 
this instrument, but it has operated at nearly full·power level. We plan 
to measure the spin-lattice relaxation times of several transition metal 
complexes. A variety of experiments are possible with the high microwave 
fields that can be produced with this instrument, and it should be possible 
to do electron-nuclear double resonance studies of paramagnetic ions in 
solution. 

27. THE MICROWAVE SPECTRA OF UNUSUAL MOLECULES 

Peter M. McKinney and Rollie J. Myers 

The microwave spectra of CH30SiH3 and IF5 have been given a pre
liminary examination. The first molecule is particularly interesting because 
it is now well known that SiO bonds are linear or nearly linear. Both the 
bond angle and barriers to internal rotation are of particular interest for 
CH30SiH~. The IFs molecules is one of the very interesting class of interhal
ogen molecules. This molecule probably has a pyramidal structure, and the 
iodine atom is presumed. to be close to the base. A complete microwave assign
ment should settle these points and establish accurate structures for both 
molecules. , 
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28. THE HYPERFINE COUPLING C01~STANTS AND RATES OF EXCHANGE 
FOR cl3N- WITH THE AXIAL AND EQUATORIAL POSITIONS IN Cr(CN)

5
No-3 

J. Brock Spencer and Rollie J •. Myers 

It has been recently reportedl,2 that the magnetic hyperfine inter
action o~ cl3 is observable in the paramagnetic resonance spectrum of aqueous 
solutions of Cr(CN) 5No-3. It seemed probable that this interaction was due 
only to the equator1al CN-, but the possible axial coupling remained unknown. 
In a preliminary report of the exchange with cl3N- we too were unable to 
differentiate between the axial and. equatorial positions. 3 We have now been 
able to prepare the complex by exchange with cl3 substituted primarily .in the 
axial position and by synthesis with every cyanide substituted by cl3N-. 
Both the hyperfine interaction and the rates of exchange of the axial and 
equatorial positions have now been clearly resolved. 

Sam~les of K3Cr(CN)
5

No were synthesized by utilizing NaCN enriched 
to 55% in clj isotope.4 The largest hyperfine splitting in the paramagnetic 
resonance spectrum of Cr(CN) 5No-3 should. arise from the species5 containing 
Cr53, Nl4, and. five cl3. In the X-band spectrum of the enriched sample, 
clearly resolved lines occur 62.4 gauss above and below the center of the 
spectrum. Since these lines must be due to a combination of axial and 
equatorial cl3 hyperfi ne interaction, this splitting can be combined with the 
previously assigned cr53,Nl4 and cl3 equatorial splittingsl,2 to yield a 
value of 8.55 ± 0.4 gauss for the-axial cl3 coupling constant. 

A prominent hyperfine line can also be observed between the c12 and 
the expected equatorial cl3 lines when the complex is exchanged in solutions 
containing nearly equal amounts of cl3-enriched eN- and HCN. Direct measure
ment of this line gives 8.93 ± 0.2 gauss for the axial c13 coupling constant. 
Our va5ues can be compared to the 8.43 ± 0.2 gauss reported by Kuska and 
Rogers from a resolution of the complex pattern observed for both axial and 
equatorial cl3 substitution. A summary of our coupling constants is given in 
Table IE. 28-I. 

In the temperature range 60 to 100°0 the exchange with c13N- can be 
observed without decomposition of the complex. We have followed the decrease 

1. R. G. Hayes, J. Chern. Phys. 38, 2580 (1963). 
2. I. Bernal and. S. E. Harrison-,-J. Chern. Phys. 38, 2581 (1963). 
3· J. B. Spencer and R. J. Myers, presented before-the Inorganic Division 
of the American Chemical Society l44th National Meeting, Los Angeles, 
April 1963. 
4. W. P. Griffith, J. Lewis,and G. Wilkinson, J. Chern. Soc.

4
872 (1959): 

5· There is no observable hyperfine interaction from the N1 in the CN ; 
Cr53 is 9·5% abundant. 
6. H. A. Kuska and M. T. Rogers (we would like to thank Professor Rogers 
for sending us a prepublication copy of their work~. 
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in the signal due to unsubstituted compl ex and the increase in the signal 
resulting from equatorial cl3 substitution while the samples were held at con
stant temperature in the microwave cavity of a paramagnetic resonance spe ctro
meter . In solutions ranging from 0 . 01 5 to 0 . 035 f in complex and 0 .1 to 0 . 2 f 
in NaCN(55% in cl3 isotope ) we followed the adjacent lines for unsubstituted 
a nd cl3 equatorial- substituted complex for the cr53 species until approximately 
50% of the compl ex was substituted with one cl3N-. These experiments were con
ducted in the nearly complete darkne ss of the cavity . In separate experiments 
no pronounced light catalys i s, as r epor t ed for other cyanide complexes,r was 
ob·served. 

Table IE .2~- I. Hyperfine Coupling Constants. 

A( Cr 53 ) 

A(~4) 

A(C 13) 
e 

A(C 1 3 ) 
a 

(gauss) 

5·27±0.05 

12.64±0.2 

These exchange data were fitted by rate law s on the _assumption of first 
order in unsubstituted compl ex and zero order in total CN concentration . An 1 

integrate d rat e law was used whi ch took into acc ount th~ possible substitution 
of the axial and one of the four possible equatorial CN . The total rate 
constant ka + 4ke can be directly obtained from the decrease in the unsubsti 
tuted compl ex, and the equatorial rate constant ke can be evaluate d by suc cessive 
approximation from the growth of the equatorial cl3 signal. At 75 °C we obtain 
ka = 1 x lo-4 sec - 1 and .ke = 7 x lo- 6 sec-1. Over the range of t emperature 
we get L:R* = 33·5±4 kcal/mole, DS* = 1()±() eu, L:ili* = 30.5±4 kcal/mole , and ts! = 5±8aeu . In the solutions p~epared by addi~g NaCN to neutral solutions 
of the complex the ratio ka/4ke = 4±2 over the full range of temperature. 

:j: 
The apparent large positive value for 68 ind~cates that the activated 

compl ex for axial exchange i s a protonated spe~ies . b The formation of 
HCr(CN) No- 2 by the removal of the proton from HCN could contribute about 
40 eu td the apparent entropy of activation. When exchange experiments are 
conducted in acidified solutions so that both CN- and HCN have nearly equal 
concentrat ions, the axial rate is accelerated. In thi s case, as previously 
mentioned, a line due to axial substitution becomes prominent before the 
equatorial line is clearly observable. It seems probable that the formal 
charge of +l on the NO group makes the axial CN- more likely for protonation 
than the more adjacent equatoria l CN- . Our data indicate the possibility, 
however, that the equatorial exchange is also part l y acid-catalyzed. 

The similar values for the N14 and both c13 coupling constants do not 
z i ve any clear contradiction or support to the bonding scheme proposed for 

(. A. G. MacDiarmid and N. F. Hall, J. Am. Chern . Soc. 76, 4222 (1954). 
8 . We would l ike to thank professor R. E. Connick for suggesting this 
possib ility to us. 
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these complexes . 9 The axial CN i s more liable to exchange in aqueous solu
tion) primarily because of greater protonation at this position) and the 
enthalpies of activation are equally large for both positions. The theory 
for the i sotopic hyperfine inte raction in these compounds is necessarily 
complex) and both the s i gns of the coupling constants and the anisotropic 
terms should be determi ned before a serious effort is made to explain the 
axial and equatorial coupling constants in terms of bonding. 

9· H. B. Gray) I . Berna~ and E. Billig) J. Am. Chem . Soc. ~4 ) 3404 (1962). 
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II. M E T A L L U R G Y AND S 0 L I D - S T A T E 

A. MICROSTRUCTURE AND PHYSICAL PROPERTIES 

* l. CLUSTERING OF VACANCIES AND HARDENING 

Gareth Thomas and Jac.k Washburn 

UCRL-11317 

BRANCH 

Consideration is given to the clustering of vacancies, the factors in
volved_ in their preci pitat ion, annihilation, and the manner in which vacancies 
induce harde ning. The number, .kind, and morphology of quenching defects 
(dislocations formed after vacancy clustering) is a function of material, 
composition, and. quenching conditions. The absence of dislocation loops in 
various regions inside the grains is probably due to plastic deformation 
during quenching. In general, precipitation of vacancies in solid solutions 
i s hindered as a result of vacancy trapping by solute atoms. The extent of 
such trapping depends on the solute atom-vacancy binding energy, and small 
amounts of impurities may provide sites for heterogeneous precipitation. Al
though stacking-fault energy determines in a general way the type of defect 
formed. (i.e., perfect or imperfect loops or tetrahedra of stacking faults), 
the activation energy required to convert one type of defect to another is a 
very important factor to be considered. if the occurrence of defects having 
d.imensions outside those predicted from defect energi es is to be understood. 
The possibility of dissociated pri smati c loops may a lso account for the size 
and stability of loops in certain metals. 

The effect of impurity atoms on vacancy climb of dislocations can be 
studied by hot-stage experiments in the electron microscope. This technique 
enables one to estimate the impurity-vacancy binding energy Eb· For example, 
experiments on Al-Mg alloys permitted determination of a value of Eb of 0.1 
to 0.4 ev. This technique is being extended to other systems. 

In copper it has been shown by small-angle scattering of x-rays that 
excess vacancies cluster at 20°C to form small voids. These result in a 
marked. hardening of the crystal, and also in changes in the strain-hardening 
behavior. On~y at higher agi ng temperatures are defects formed_ that are 
large enough to be clearly detected by transmission electron microscopy . 

* Abstract of paper presented at AIME Symposium on Point Defects, Dallas; 
published i n Rev. Mod. Phys. J2, 992 (1963 ) (UCRL-l0674, February 1963). 
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* 2 . PHASE TRANSFORMATIONS IN Nb INVOLVING INTERSTITIA.LS 

Lenon I. Van Torne and Gareth Thomas 

UCRL-11317 

A homogeneous phase transformation of bee Nb to an fcc crystal 
structure, probably NbO but containing some C and N also, has been observed 
by transmission electron microscopy, both in thin foils and in bulk specimens 
containing~ 0.5 at. % interstitials, after suitable aging treatments . The 
transformation proceeds in thin foils at 600 °C in a matter of seconds by the 
following sequence: (a) ordering in Nb with interstitials taking up ~~0, and 
00~ lattice sites, (b) formation of a precipitate in alternate layers (~0 A 
thick) of Nb and NbO with the transforming region bounded by a pr ism of (110} 
Nb, (c) growth to a perfect "NaCl" structure corresponding to NbO but 
probably contai ni ng C and N, also, (d) recrystallization and possible disorder 
of NbO . See Fi gs . IIA . 2- l and 2. 

In thin foils (1000 A thick) the crystallographi c features of the 
transformation are observed to be 

[OOl]Nb II [OOl]NbO, 

[ml ]Nb · II (111 )Nbo . 

The habit planes are four variants of (lOl)Nb, but only those inclined at 
less than 90° to the foil surface operate. See Figs. IDt.2- 3 and 4. 

In bulk specimens the habit planes are observed to be (021 }Nb, which 
is in accord with the crystallographic theory for martensitic transformations-. 
The difference in observed habit planes i n bulk and thin foil specimens is 
attributed to the lack of constraints i.n the latter, whe re the transformation 
dilatations can be accommodated elastically by foil buckliJ;J.g. However, these 
dilatations are .observed to~be ac~qmmodated. in bulk specimens by dislocations 
generated at the precipitate-matrix interfaces. 

*Abstract of paper in Acta Metallurgica, in press (UCRL-10956, October 1963) . 

3 · MICROTWINNING IN EXPLOSIVELY DEFORMED COPPER AND COPPER ALUMINUM ALLOYS 

Om Johari and. Gareth Thomas 

Nolder and Thomas studied the substructures i n shock- loaded nickel 
and for the first time reported that when a particular value of pressure 
( 350 kbar ) was reached a cell structure was no longer observed and the 
mechanism of deformation changed to microtwinning. 1 Simila2 results have 
been found in explos i vely deformed copper and Cu-Al a lloys . In Cu, twinning 
•t~as observed after a pressure of 28 kbar was applied . The cell size observed 
pr ior to twinning was found to be nearly 0 .1 5 ~' as was found for Ni. 1 

l. R. · Nolder · and G. Thomas, Acta Met., 12, 227 (1964 ) . 
2 . 0. Johari and. G. Thomas (UCRL-l093~Rev. ) . 



-81- UCRL-J1317 

2T1 . o2o 

211 000 2iT 

020 21T 
0. 5fL 

(a) (b) 

2T I 
o2o 

000 
211 

211 

020 
2 IT 

{c) (d) 

ZN - 4 257 

Fig . IIA . 2- 1 (a) [l02] lfu foil in the init ial state . 

(b) Diffraction pattern of (a ); orientation is 
not ezac.:tly lio2] O'-'ing to slight rotat i on 
of crystal about [020) \·l ith respect to in
e i dent electron ueam . 

(c) 

(d) 

The same field of vie"' as (a ) after t•10 
electran beam pulses of 40 ~ a t l sec/pulse . 
Note alternate lay·ers of Nb - NbO- Nb - NbO, ~<ith 

the tr nsforming r egion confined to a pri sm 
of [110) l\b . 

Diffraction pattern of (c) . Note the inte nsity 
spi kes on the primary reflections due to a re 
laxation of the .Laue cond itions in direction s 
perpendicular to the hab it planes (Oil) Nb and 
(011) Nb . 
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(b) 

(c) (a) 
ZN-3948 

Fi g . IIA . 2- 2 (a ) Recrystalli zation of the transformation product 
a t l000°C i n the electron microscope heat i ng stage . 
Note the preferred ori entat ions of the nucle i . 

(b) Di ffraction pattern of (a) : the sequence of rings 
corresponds to an fcc structure . 

(c) Furthe r growth of the crystals shown i n (a ) . 



-83- UCRL-11317 

2oo 
• 

iTo T10 

000 020 

ITO 110 

~~ ~ 

(c) (d) (e) 

ZN -394 7 

Fig . IIA . 2-3 (a) An [OOl] Nb crystal in the process of 
transformation after three electron beam 
pulses . Note the presence of two boundary 
prisms whi ch are possible in this orientation . 

(b) A magnified vi ew of the prisms formed 
by the four operating (110 } Nb habit planes . 
Compare obse rved structure at A with sketches 
in Fig . IIA . 2-4. 
(c) [OOl] Nb diffract ion pattern of r egion 
where prisms have formed . Note the presence 
of intensity spikes on primary r eflections 
due to (110 } Nb habit planes vJ ithin the Nb 
matrix . 
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Fig . IIA. 2- 4 Sketches showing how the structure observed 
in Fi g . IL~ . 2- 3b can ari se from i nt ersect i ons 
and overlap of t he four operating hab i t pl ane s. 
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It was propos ed by Nolder and Thomas) using Venable 1 s model) 3 that 
the onset of twinning and the critical pressure should depend on stacking
fault energy; it is the purpose of these experiments to investigate thi s 
model by using Cu-Al alloys of known stacking- fault energy. The important 
indicat ions to date are : 

(a) The critical pressure for onset on twinning is found to decrease with 
a decrease in stacking fault energy (Fig. IIA . 3- l)) as is expected. 
(b) It i s found in nearly all cases that explos i vely deformed foils have 
a very hi gh tendency to polygonize in the el ectron beam despite measures 
to minimize heating effects. 
(c) In alloys deformed at pressures lower than the critical) cell structures 
are not always observed . 
(d) The substructure at pressures higher than the crit i cal pressures i n 
explos ively deformed copper mostly consists of microtwi nning (Fig .IIA. 3-l) . 
It is found in the alloys that the structure tends to be heavily faulted and 
possible some other complex process is simutaneousl y taking place . 
(d) Our results on copper did not quantitatively agree with those on 
ni ckel . We attribute this difference to the fact that in the two cases the 
mode of deformat ion and shapes of specimens were much di fferent (in Ni 3- in.
diam. slabs l/4 in. thick) for Cu 0. 5 - in.- di am. 2 -mil - thick sheets). By 
using specimens of thickness of the order of l/4 to 3/8 in. we are investigat
ing vlhether the size factor is i mportant . 

We are grateful to Dr . D. Munson of Sandia Corporation for kindly 
explos i vely deforming the specimens. 

3 · J . Venables) in Deformation Tw i nning) ed, by R. E. Reed - Hill (Gorden & 
Breach) 1964 ). (In pr ess ). 

4. t 
STRUCTURE AND PROPERTIES OF TD- NICKEL 

* Manfred von Heimendahl and Gareth Thomas 

TD-nickel is a dispersion - strengthened alloy of nickel with 2 volume % 
Th02 made by means of powder metallurgy. The alloy offers high- temperature 
stability due to the very high melting point of Th02 . Some structure-property 
i nvest igations have been reported earlier .l)2 This work describes results of 
a detailed transmission el ectron microscopy study of annealed and deformed 
TD- nickel) and the a lloy is compared to pure (99·99%) Ni. The following 
states have been investigated: (i) as extruded ; (ii) 60% cold rolled sheet) 
made from the extruded bar; (iii) as (ii)) but additionally annealed in 
vacuum 2.5 hat 900 °C; (iv) annealed like (iii) but addit ionally deformed by 
tensile deformation up to 10%. Results The as - extruded material) which is 

-r This work has been completed. and has been submitted to Trans . AIME (UCRL-11260 ). 
* NATO Postdoctoral Fellow on leave from Institut fur Metallkunde der 
Bergakademie Clausthal . 
1 . F . J. Anders) G. B. Alexander) and W. S. Wartel) Metal Frog . 82)88 (1962) . 
2 . D. K. Dorn and S . F. Marton) Powder Metallurgy (Interscience )New York) 
1960 ) p. 309- 342 . 
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Fi g . I IA . 3- l The upper kbar values for whi ch twinning i s 
observed and the lower kbar values showing 
no twinni ng are plotted vs stacking- fault energy . 
For 8 . 2% Al - Cu alloy) no observations were made 
below 6 kbar . 
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(a) 

ZN -3925 

Fig . IIA. 3- 2 (a) Electron micrograph showi ng twin structure 
in explosively deformed copper spec i men at 200 
kbar pressure . Note the fringe contrast at t win 
interfaces) the high di slocation density in areas 
away from twins and prefer ent i al etching of 
twinned material . The fo il orientation is (001) 
and the twins are on (lll} plane s and appear as 
traces in (110) direct i ons . 
(b) Diff r act ion pattern corresponding to above 
figure. 
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important f or many te chni cal appl i cat i ons,cons i sts of extremely smal l gra i ns 
(average grain size l ~ ) and exhibits low- angle gra in boundarie s as well as 
l a rge gra in boundaries. The annealed alloy (2.5 h, 900 °C) has a grain size 
of about 5 to 10 ~ · The s ize and distribution of the Th02 partic les can be 
seen from Fig. IIA.4- l. The parti cles are roughly spherical and exhi b i t 
dark contrast. The size of the particles is not uniform a nd the diameters 
vary betwe en 100 and 1600 A. Thi s result i s shown much more clearl y by 1 
transmission microscopy than by an earl i er carbon- extraction replica study . 
Selected area diffract ion - pattern analysis was in agreement with the known 
structure data of the Th02 structure from the ASTM file (cub ic, a = 5.600 A). 
Many Th02 part i cles a re covered even by the smallest di ffract ion aperture , so 
mostly very weak spotty rings appear fr om the particles. A characteristic 
feature of annealed Td-nickel is the appear a nce of many very narrow annealing 
twins (Fig.IIA.4- l). The boundaries of the se twins are qui te jagged , owing 
to the presence of the particles. This ind i cates that the twi n growth has 
been i nfluenced to a great extent by the part i cles . For comparison, mi cro 
graphs of a nnealed pure nickel showed no twins i n the (small) visual fi eld 
of the electron mi croscope. Very large twi ns (100 ~) were observed under the 
light micros cope. 

In the deformed spec imens , the dislocation- particle i nteraction has 
been studied . The particles act as hard obstacles to moving dislocat i on 
lines, which are p inned by the parti cles and bow out between them. With i n
creasing stress, the dislocations do not loop off from the part i cl es , leaving 
concentric (glissile) loops, but rather they tangle around the part i cles, or 
try to avoid the parti cles by cross slip. Someti mes e longat ed pri smatic 
loops a r e formed. Such loops may be clearly seen i n Fig.IIA.4- 2. Thi s micro 
graph also shows tangling of the dislocation l i nes. Other photographs reveal 
the i mportance of the f i ne - scale annealing twins in the deformat ion process : 
many di sloc ations ar e seen near the twin interfaces, wh i ch may act as sources 
as well as ob stacles for the di slocations. 

After l a rger deformat ions the di slocations a ppear to cross - sli p 
more profusely . The result i s the tangled structure of dislocat i ons and 
f inally a more or l ess well - developed cell structure. After 10% tens ile 
deformat ion a cell structure is present i n some, but not all, areas of the 
samples. The average cell size has been determined to be about 0.3 ~ , and 
this cell s i ze i s apparently governed by the spacing of the largest particles. 
For comparison pure ni ckel of the same treatment (10% tens i le deformat ion) 
was studied: here the cell size was much larger, between 0.5 and 3 ~, ave r age 
l ~. But i t must be kept in mind, that the grain s ize of thi s pur e Ni was 
also extremely large (100 to 300 ~ ) . Finally, in the case of cold rolled 
TD- Ni, the cell structure was very pronounced (cell size 0 . 5 ~) . We are 
presently comparing TDNi wi th pure Ni of similar gra i n s i ze. 

Acknowledgment 

Financ i al assistance from the German Academic Exchange Servi ce is 
acknowledged (M.V.H.). 
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ZN-4235 

Fig. IIA . 4- 1 Annealed TD- ni c.kel (2 . 5 h, 900°C) . 
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ZN-4236 

Fi g . I IA . 4- 2 TD- ni ckel ) annealed plus 2% plast i c str a i n . 
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* 5· PRECIPITATION AND DISLOCATION NUCLEATION IN QUENCH-AGED Al-Mg ALLOYS 

Alf Eikum and Gareth Thomas 

Small precipitates have been observed in thin foils prepared from 
bulk Al - 5% Mg and Al - 6 .5% Mg alloys after quenching followed by aging at 
l00°C. The precipitates) concluded to be an intermedia t e form of Mg~13 ) 
apparentl y nucleate only when a critical supersaturation of both Mg atoms and 
vacarJc j_ e s exists in the specimen. The vacancy denuded zone between colonies 
of prismatic dislocation loops and grain boundaries is one good example of 
regions where the critical supersaturation can occur. 

A high stress i s associated with the precipitates that can be 
relexed by the punching out of rows of prismatic dislocation loops . This has 
been observed directly in the electron microscope. An example is shown in 
Fig. IIA. 5-1. A comparison of the experimental results with the theory of 
Bullough and Newman enables one to est imate th:

4
critical shear stress for 

prismatic glide. The value obtained is 3.4xl0 G. (where G is the shear modulus) . 

Some general observations on the nature of the precipitation and the 
generation of dislocation loops are discussed. 

* Abstract of paper in Acta Metallurgica) in press (UCRL-10968) October 1963) . 

6. * SLIDE RULE METHOD FOR INDEXING ELECTRON DIFFRACTION PATTERNS 

Walter R. Roser and Gareth Thomas 

I t i s important to have a rapid and conveni ent method for indexing 
electron diffraction patterns) because of the large number of patterns that 
must be taken in order to obtain the maximum information from the electron 
microscope. An ordinary 10- i n . slide rule has been adapted by adding scales 
of reflecting planes so as to allow the direct i ndexing of diffraction patterns 
from the measured di stances of spots from the origin of the pattern . 

Practical Appli cat ions. A patent inquiry is being made through 
the Atomic Energy Commission. The techni que has wide appli cation for all 
people working with crystalline materials. 

* Abstract of paper submitted to Rev. Sci. Instr. (UCRL-11136) January 1964) . 
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Fig . IIA. 5- l A punching sequence observed directly i n the 
microscope) showing (a) precipitate at S ex
hibiting coherency strain contrast ) (b) a 
single small loop punched out at S) (c ) a 
second larger loop and another row at SJ and 
a row of five loops at T. Foil prepared from 
Al- 6 . 5 wt % Mg after quenching from 550°C 
into iced brine) and aging 100 h at 100°C . 
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7. ANALYSIS OF ELECTRON DIFFRACTION PATTERNS CO~TAINING 
TWIN REFLECTIONS IN ISOMETRIC CRYSTALS 

Om J ohari and Gareth Thomas 

UCRL-11317 

During the analysis of twinnirg in explosively deformed copper i t 
was felt that an easier method i s needed to solve the electron diffraction 
patterns . By using general crystallographic principles it wa.s der i ved that 
a point p,q,r becomes a point PQR by twinning about an axis [hk£ ] i n such a 
way that the following matrix for transformation is obeyed: 

h2- k2- .e2 2hk 2h£ 

h2+ k2+ £2 h2+ k2+ .e2 h2+ k2+ .e2 

2hk k2- h2- £2 2k£ 

h2+ k2+ £2 h2+ k2+ £2 h2+ 2 
k + £2 

2h£ 2k:& p,2 _ h2 k2 
. 2 2 
h + k + i 2 2 

h + k + l 2 2 
h + k + .e2 

The relat i ons can be reduced to 
twinni ng i n fcc metals, 

p 

simple forms, as shown below, for (lll ) 

- hp + 2kq + 2£r 

Q 

R 

3h 
2hp - kq + 2£r 

3k 
2hp + 2kq - £r 

3£ 

and for (112) twinning in bee meta ls 

p (hp + kq + .er )h 
- p + 3 

Q - q +(hp + kg+ .er)h 
3 

R 
(hp + kq + £r)£ 

= - r + 3 

It was shown that this method, when combined with stereographic 
projection and electron microscopy (particularly dark- fielo studies), is 
extremely useful in studies of twinned structures . In Fig .JIA . 7- l the 
stereographi c analys i s (a) and expected diffract ion pattern (b ) and the actual 
diffract ion pattern (c) are shown for twinning on (lll) planes of a crystal 
in (110) matr i x orientation. 

* Condensation of paper in Trans . AIME, in press (UCRL-11094, October 1 963) . 
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Fi g . IIA . 7- l Stereographi c analys i s of di ffract i on 
pattern . 
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(b) 

ZN -3923 

Fi g . IIA . 7- 3 Diffract i on pattern of microgr aph showing 
no extr a spots due to twi nni ng . 
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* 8 . THE FORMATION OF DIAMOND- SHAPED PRISMATIC LOOPS IN QUENCHED fcc METALS 

Alf Eikum and Gareth Thomas 

The concept of dissociated prismatic dislocation loops is proposed 
to explain the formation of diamond - shaped loops observed in several metals 
after quench agi ng . The dissociated prismat i c loop is composed of par allel 
segments on (111 ) planes having$ ( 112) Burger's vectors, as shown in Fig .IIA . 8- l . 
The segment along AB cannot dissociate, but can climb in the (011) plane . 
The resultant di amond shaped loop can fo rm as shown in Fig.IIA .8- l c , and an 
example is given in Fig . IIA. 8- 2. It i s shown that diamond- shaped loops form 
from e ither a tri angula r or hexagonal Frank loop) and once formed can rotate 
on the glide cylinder to any ori entati on between and including (111) and (110 ). 

Climb kinetics a re qualitatively discussed in terms of the equilibrium 
separation of part i a ls. The separation i s approximately equal to the core 
rad ius (2 lbl) i n Al, but in Cu i s large enough (~12 1 £1) to be experimentally 
detected . These considera tions may explain why l arge loops are not often 
observed in metals other than aluminum. 

*Extract from paper in J. Appl . Phys . 34, 3363 (1 963 ) (UCRL-10814, May 1963 ). 

* 9 · FACTORS AFFECTING DISLOCATION SUBSTRUCTURES I N DEFORMED COPPER 

Om Johari and Gareth Thomas 

Studie s on substructures i n plastically deformed copper have been 
r eport ed b y a number of workersl - 4 as a funct ion of st r a i n and temperature . 
Warrington gave a relat i on between the temperature and cell s i ze. 2 Our work 
was carri ed on to study the relation of cell size to gra in size , temperature, 
and stra in rate for a given deformation. 

This work was performed on copper of 99 · 999% purity . Two grai n 
sizes (s i ngle crystal s and pol ycrystal s - - 70 to 100 grains/em), two strain 
rates (lo- 3 i n./in . /min and 1 i n./i n./mi n), and three temperature (77 °K, 
l96 °K, and 273 °K) were selected. After 20% tensile deformation the speci mens 
were prepared and examined by thin- foil elect ron microscopy . 

Our results showed no systematic correlation b etween observed sub 
structure and deformation conditions . The subst ructures varied widely in the 

*Condensat ion of paper in Acta Metallurgi ca , in press (UCRL- 10932 Rev . , 
October 1 963 ) . 
1 . G. Thomas and J . Washburn, Eds . , Electron Microscopy and Strength of 
Crystal s (Intersci ence Publishers, New York , 1 963 ), pp . 131-183 . 
2 . D. H. Warrington, i n Proceedings of the European Regional Conference of 
Electron Mi cros copy , Del ft , 1 960, pp. 354- 357· 
3 · A. Hm;ie, in Direct Observat ions of Imperfections in Crystals, ed . by 
J , D. Newkirk a nd J, K. Werni ck (Inters ci ence Publishers, New York, 1962),p .. 283 
4 . z. S. Basinski, Symposium on the Role of Substructure in the Me chanical 
Behavior of Metals, Technical Document Report No . ASD-TDR- 63- 324, 1963 . 
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Fig . IIA. 8-1 Climb geometry of the ~[Oll] prismat ic loop; 
(a ) perfect triangular loop) (b) after dis
sociation of two segments i nto ~ (112) 
orientation) (c) equil i brium diamond shape. 
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~" 0.5p 

ZN -3629 

Fig . IIA. 8- 2 Di amond- shaped pri smati c loops i n Al - 5 . 6 at . % 
Mg quenched from 520°C and aged 94 h at 100°C . 
The most probable plane of t he loop i s (111 ) 
or (iil). 
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same specimen from one region to another--between the extremes of a reas show
i ng cells and areas showing only dislocation tangles . Some of these varied 
structures are shown in Figs .IIA. 9 . - 1 and 2. 

Although our results did not enable us to carry out quantitative 
analyses) it was poss i ble to arrive at the following general conclus ions: 
(a ) Cell format ion i s favored when two or more independent slip systems 
operate . 
(b) Cell size decreases for increas ing strain rate . 
(c ) C"'-':Ll size decreases for decreasing temperature of test i ng. 
(d ) The dislocat i on density i s a function of grain size) being greater in 
polycrystals than in single crystals. The effect can be understood if 
bounda.ry sources are opera ting during plastic flow . 
(e) In single crystals) the dislocations tend to lie very close to the 
active glide plane . This is not usually true for polycrystals. 
(f) After explosive deformation) unlike condit i ons after stat i c deformation) 
a uniform cell structure is observed; the cell sizes decrease with increa sing 
pressure until after a crit ical size of 0 .1 5 11 is atta ined (28 kbars or 
higher)) deformation occurs by microtwinning . 

* 10 . ORIGIN AND MULTIPLICATION OF DISLOCATIONS 

Ga r eth Thomas 

A review i s presented of the current knowledge concerning the origin 
and mult i plication of dislocations) with illustrations obtained by transmi ssion 
electron microscopy . It seems unlikely that formation of dislocations from 
collapsed vacancy disks occurs during solidification) but stress may be the 
most important factor . Heterogeneous nucleation from impurities or gra i n 
boundaries has been observed) and an example of the latter i s shown in 
Fig.IIA.l0-1. A new k ind of dislocation source --viz.) the Bardeen- Herri ny 
climb source --has been observed ) and i s discussed full y i n another paper . 
An example i s shown in Fig.IIA.l0- 2 . 

Almost all models for the multi plication of dislocations involve 
the Frank- Read mechanism or modific ations thereof . Any barrier to a moving 
di slocation may cause cross - slip and multiplication. Another possible 
genera l mechani sm of multiplication i s that of dislocat i on cross over) whi ch 
initia lly i nvolves formation of dipoles separated by more than a critical 
di stance . Figure IIA.l0- 3 shows example s of dipol es and dislocation cro ss 
over . 

*Extract from pape r in J. Met a ls) i n press (UCRL- 10714 ) March 1 963 ) . Presented 
at Western Metals Congress) L. A.) 1 963. 
1. A. Eikum and G. Thomas) Acta Met .) i n press (UCRL-10968) October 1963 ). 
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(a) (b) (C) 

(d) (e) (f) 

ZN -4034 

Fi g . IIA. 9- l Transmission Electron Micrographs f rom polycry
stals deformed 20% in tension at : 

(a) 273°K and l per min stra i n rate 
(b) 273°K and l0- 3 per mi n strain rate 
(c ) 196 °K and l pe r min strain rate 
(d) 196°K and lo- 3 per mi n strain r ate 
(e) 77°K and l per min strai n rate 
(f) 77aK and l0- 3 per min strain rate 
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(a) (b) 

(c) (d) 

ZN - 4 0 36 

Fi g . IIA . 9- 2 Electron micrograph showi ng dislocation structure 
i n s i ngle cr ystals after 20% tensile deformat i on at 
(a) 273°K and l per min strain rate 
(b) 273°K and l0- 3 per min st r a i n r ate 
(c) 196 °K and l per min strain rate 
(d) 77°K and lo- 3 per min strain r ate 
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0 .5fL. 

ZN-4255 

Fi g . I IA . 1 0- l Showi ng the operation of a dislocation source 
at a high angle grain boundary in Nb . 
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0.5p 

ZN-4254 

Fi g . I IA . 10- 2 Showi ng preci pi tate contrast and mult i ple 
sources i n Al-6. 5 wt % Mg ) quenched from 
550°C i nto i ced b rine) aged 100 h at 100 °C. 
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ZN-3686 

Fi g . IIA. 10- 3 Examples of profuse dislocation i nteractions i n 
Nb after 10% tensile strai n . The cross - overs 
produce local tilts in the crystal leadi ng to 
changes i n contrast . Many of the dislocations 
are of opposite sign . 
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11. NUCLEAR MAGNETI C RESONANCE AND ELECTRON MICROSCOPE OBSERVATION 
OF STACKING FAULTS IN COBALT* 

t t 
Louis E. Toth, S. F. Ravitz, . Tom R. Cass, and Jack Washburn 

The nuclear magnetic resonance spectrum of cobalt contains satellite 
peaks that can be explained if a high density of stacking faults is a ssumed 
to exist in the face-centered cubic phase.l,2 From an analysis of the relative 
intensities of the various peaks and from an estimate of the probable inter
pl anar- spacing in the neighborhood of stacking faults based on the spacing of 
cl ose packed planes in the hexagonal and face - centered cubic structures of 
cobalt, it can even be predicted that the majority of the faults are of the 
intrinsic type. Small amounts of plastic deformation were found to increase 
the rel ative intensities of peaks associated with intrinsic faults. This 
result substant i ates the interpretation, because intrinsic faults can be 
created by the gli de of a single Shockley partial dislocation . Extri nsic 
faults can be formed by glide only if the right combination of Shockley 
partial s glide on two successive close - packed planes . This is highly unlikely. 

To further substantiate the interpretation of NMR results, the nature 
of the stacking faults (Fi g. l) produced. during· the diffusionl.ess · al;totropi c phase 
transformation from hexagonal close - packed to face - centered cubic was determined 
independently by transmission electron microscopy, making use of the theory 
of electron di ffraction contrast at stacking faults.3,4 According to this 
theory i t i s possible to dist i ngui sh between intr i nsic and extrinsic stacking 
faults by comparing the bright - field and dark- field images. (Fi g. 2). 

*Extract from paper in Phil . Mag., in press (UCRL-11038, October 1963). 
t This research was a cooperative project, the nuclear magnetic resonance 
experiments being carried out by L. E. Toth and S. F. Ravitz under a 
National Science Foundation Contract, and the Transmission Electron Microscopy 
being supported by the Inorganic Materials Research Laboratory 
l. W. J. Hardy, Appl. Phys. 32, l22S (1961). 
2. L. W. Toth and S. F . Ravitz, J. Phys. Chern. Solids 24, 1203 (1963) . 
3· H. Hashimoto, A. Howie, and M. J. Whelan, Proc. Roy-. - Soc. A 264, 80 (1962). 
4. A. Art, R. Gevers, and S. Amelinckx, Phys. Stat. Solidi J, - 697 (1 963) . 

* 12 . DEFECTS IN ALUMINUM QUENCHED FROM THE LIQUID STATE 

Gareth Thomas and R. H. Willenst 

High purity aluminum was quenched from the liquid state and specimens 
were examined by transmission electron microscopy. Very high densities of 

* Extract of paper in Acta Metallurgica, 42, 191 (1964) , (UCRL- ;LOI:322 May 1963) . 
t W. M. Keck Laboratory, California Institute of Technology, Pasadena, 
California . 
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Fi g . I IA . ll- 1 Electron micrograph of a cobal t stri p annealed 
20 minutes at 600°C in hydrogen and. a i r - cooled . 
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(a) (b) (c) 

ZN -4019 

Fig . IIA. 11- 2 Stacki ng faults i n fcc coba l t) 

a . bright - f i eld image with 111 ope r at i ng . 

b . dark- f i eld image of (a)) using lll. 

c . dark- f i e ld image of (a)J using lll . 
Foil orientat i on (431) . T r epr esents the top 
surface of the foil. 
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defects in the form of perfect loops, i mperfect loops, and small black spots 
were observed.. The vacancy concentration, as deduced from the number and 
size of defects in foils quenched from various temperatures, increased with 
increas ing temperature at a much slower rat e i n the liquid than in the solid. 
As shown in Fig . IIA.l2-l, both the vacancy formation energy and. the entropy 
factor appeared to be considerably reduced above the melt i ng point. Also a 
di scontinuity in the vacancy concentration was found at the melting point. 

* 13. EXTRINSIC - I NTRINSIC STACKING-FAULT PAIRS I N EPITAXIAL SILICON 
. + Jack Washburn, Gareth Thomas, and H. J. Quelsser 

Previous work has shown that most of the faults in epitaxially grown 
Si start at the original surface of the crystal and grow through the deposited 
material, usually forming closed figures. Because faults always lie on (111} 
planes, triangular figure s are observed. for (111} and (110} surface orientations 
and. square f i gures for (100} surfaces . It has been shown that de liberate con
tamination of the starting surface with oxide greatly increases the number of 
faults.l This suggests that each stacki ng fault figur e results from the i n
clusion at the original surface of some foreign atoms or particle. If the 
thickness of such a fore ign particle is not e qual to an i ntegral multiple of 
Si unit cell dimensions, then coherence with the particle can b e mai ntained 
only by a small upward. or downward. translation (relat i ve to the surrounding 
lattice) of the Si lattice directly above the particle . This may result i n 
the nucleation of stacking faults at the edges of the patch of fore ign atoms. 
When symmetrical closed. stacking f ault figures are formed by this mechani sm 
(i.e., three - s ided. or four - sided pyrami ds ), it can be shown that the faults 
must all be of the same type, i. e., all extrinsic or all intrins i c . However, 
i f a closed f igure of f aults i s formed , two sides of whi ch l ie on parallel 
planes , and the material inside the faults has simply been translated upward 
or downward relative to the surrounding crystal , then the t wo parallel f aults 
must be of the opposite type, prov ided they are joined by low energy~ (110) 
stair rod d.i slocations . 

Figure IIA.l3- l shows two parallel faults i n a (110 ) expitaxial layer 
that are joined. at one end b y a third. fault. This appears to be an example 
of an extri ns i c-intrins i c pair . 

* Summary of a letter t o J. Appl. Phys. J, 44 (1 963 )(UCRL-10908, July 1963 ) . 
+ 

Shockley Trans i stor, Unit of Clevite Transistor, Pa lo Alto, California. 
Present Address : Phys i kal isches Institut der Universit~t, Frankfurt am 
Main, R. Mayerstr . Str. 2- 4, Germany. 
1. R. H. Fi nch, H. J. Quei sser, G. Thomas, and J. Washburn, J. Appl . Phys. 
~' 4o6 (1 963 ). 



z 
0 
t
< 
a: 
t- -3 z 10 
w 
u 
z 
0 
u 
>-u 
z 
< u 
< > 

TEMPERATURE ("C) 

800 600 

--~ "' MELTING 
0 ~ rPOINT 

~ 
I 
I 

SOLID_. 
STATE 

06 07 09 1.0 1.1 1.2 1.3 

RECIPROCAL TEMPERATURE (•K-1 X 103 ) 

MU-31382 

UCRL-11317 

Fig . IIA . 12- l Relationship between vacancy concentration and 
reciprocal temperature . 
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ZN-4253 

Fig . IIA . 13- l A probable example of an extrinsic - intrinsic 
pair of stacki ng faults . Transmi ss i on el ec 
tron micrograph shows two parallel faults 
joined by a connecting fault at one end i n 
epitaxi ally grown (110) s ilicon . 



IIA . l4 -109 -

* 14. DIFFUSION-INDUCED DISLOCATIONS I N SILICON 
. t 

J ack Washburn) Gareth Thomas) and H. J . Que l sser 

UCRL- 11317 

I n sil i con) di ffu s ion treatments wi th boron or phosphorus cause 
lattice parameter changes in the surface l ayers . For high concentra tions of 
solute the resulting stresses are relaxed by plastic deformation . 1 The 
result ing arrays of dislocations have b een studied by transmi ss i on e l ectron 
microscopy i n an attempt to cl ari fy the mechanism by whi ch the dislocations 
move into the crystal during the diffusion. 

2 
For these experiments a special stage was used in a Siemens el ectron 

microscope . It allowed the normal to the spec imen surface to be tilted ±6 o 
in any direction away from the axis of the microscope . This made possible 
the achie vement of several different singl e di ffraction conditions for the 
same field of view) as illustr ated by Fig.IIA.l4- l . From an analysis of the 
diffract i on contrast experiments i t was possible to determi ne unamb iguous l y 
t he Burgers · vectors of the various k i nds of dislocations in the array . The 
follow i ng are the main conclusions: 

(a ) The di slocation networ.k consisted pr imarily of a crossed grid of very 
long edge dislocations with Burger ' s vector ~ [110 ] and ~ [10 ] parrallel to the 
(001) surface of the spec imen . 
(b) The d i slocations did not all lie at exact l y the same depth . Two or more 
edge dislocations of the same sign often l ay one above the other . 
(c ) The long edge dislocations ended at nodes . The presence of these nodes 
suggested that the crossed grid was formed by dislocat i on react i ons. I n this 
way it would be poss ible for the array to move into the crystal at least in 
part by gl i de of di sl ocations having Burger's vectors that were not par allel 
to the surface . 
(d) There was also evidence for prec i pitation--both homogeneous and pre 
ferent i ally along dislocati on lines. When dislocations were out of diffraction 
contrast) strings of prec ipitates were often still visible . Although these 
precipitates were not ident ified they were assumed to contai n phosphorus . 

*Extract from paper submitted to J . Appl. Phys. (UCRL- 11102) J anua r y 1 964). 
t Clevi~Semiconductor Divis i on) Palo Alto) California . Present address : 
Phys i kalisches InstitutJ Uni vers i tat Fra nkfurt) Germany . There expe riments 
were conducted in cooperat i on wi th the Clevi te Semi conductor Division 
Laboratories . 
1. H. J. QueisserJ J . Appl. Phys . 32 J 1 776 (1961). 
2 . G. V. Patse r and P . R. Swann) J . Sci. Instr. 39J 58 (1 962) . 



Fig . IIA. 14- l Diffusion-induced di slocation array 
in silicon, shown for 400 di ffraction . 
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Fig. I IA . 14- 2 Di ffus i on-induced di s l ocati on array 
i n silicon) shown for 220 di ffr act i on . 
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Fig . I IA . 14-3 Diffusion-induced dislocation array 
in silicon) shown for 220 d.iffraction . 
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* 15. EFFECT OF QUENCHING CONDITIONS ON THE VACANCY SUBSTRUCTURE IN ALUMINUM 

Gobinda Das and J ack Washb urn 

In a quenched metal) excess va canc ie s cluster . At some st age during 
the growth of clusters dislocation loops are formed) but i t i s not cl ear 
exactly how or when the collapsed defects are formed . I n alumi num two 
different kinds of di sl ocation l oops a r e observed : (a) stacking- fault l oops 
cons i sting of an intrinsic stacking fault surrounded by an-} (111 ) dislocat ion) 
and (b ) perfect ~ ( H O) di slocation loops. 

By investigating the factors that affect the type of coll apsed de 
fect formed in a luminum it may be poss ible to further elucidate the mechanism 
by wh i ch a cluster of vacancies becomes a di slocation l oop . 

It has been reported
1

)
2 

that i n 99 · 99% purity alumi num the common 
type of defect i s the perfect dislocation loop) but that in zone refined 
aluminum stacking- fault loops predominate. Thi s suggests that the pr esence 
of certain impuritie s favors formation of~ (110) loops . 

In t hese experiments it ha s been found that i n 99 · 999% purit y 
aluminum slight changes in the quenching conditions can cause marked changes 
in the ratio of imperfect to perfect loops . The quenching conditions were 
changed b y varying the thickness of the spec imen to be quenched within the 
range 25 to 400 ~ · The results a r e illustrated by Fig . IIA.l5-l a) l b. Both 
spec imens were quenched from 540°C i nto water a t 40 °C) the only di fference 
being the thickness at the time of quenching . For the i25 - ~ specimen almost 
all the loops contain a stacki ng fault) whereas for the 300- ~ spec imen nearly 
all the loops are perfect and di amond-shaped) with all four sides l ying on 
(lll) planes . 

Changes i n 'both cooling rate and quenching stresses are thought to 
accompany a change i n thickness of the specimen being quenched . It has 
been found that to a first approximat ion the total number of excess vacancies 
that finally appear as l oops i s the same i n thick ani thin spec imens . There 
fore) the changes i n l oop substructure seem most likely to be due to changes 
in the amount of quenchi ng deformation or to the stress . 

* Condensation from Gob inda Das) I nfluence of Quenching Conditions on 
Vacancy Loops in Alumi num (M . S . Thesis)) UCRL- 11188) Jan. 1 964 . 
l.S . Yoshida) M. Kiritani ) andY . Shimomura) J. Phys . Soc . J apan 18) 175 (1 963 ). 
2 . R. M. J. Cott erill and R. L. Segall) Phil. Mag. §) 1105 (1963 ).--
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125 ~ thick specimens . Note all Frank 
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Fi g . IIA . l 5- l b (a ) ,(b ), (c ), (d) : The substructure of 4oo~ 
thi ck spec i mens . Note well devel oped di amond 
shaped l oops of aver age di ameter of 4100 A. 
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16 . DI RECT OBSERVATIONS OF INTERACTI ONS BETWEEN * 
IMPERFECT LOOPS AND MOVING DI SLOCATI ONS I N ALUMI NUM 

J ean L. Strudel and Jack Washburn 

UCRL- 11 317 

Observations have been made by transmi ssi on electron mi croscopy on 
the i nt eractions between faulted dislocation loops and moving dislocations 
in 99 · 999% aluminum . Single crystals of (110) orientati on were grown; this 
part i cul a r ori entation fac i litated the determi nation of the Burger ' s vector 
of loops and movi ng di slocations . Quenching from 650°C i nto 20~C water 
foll owed by 10 hours ' ag i ng at 20°C produced a hi gh densi ty of small imperfect 
l oops (Fig . IIA . 16-1). Lower i ng the quenchi ng temperature to 540 °C produced 
a lower dens i ty of larger imperfect loops (Fi g . I IA . l6- 2 ). 

Most of the dislocation lines that were seen movi ng in the thi n 
fo ils had relat i vely hi gh veloc i ty (> 5xlo- 3 em/sec). Hence the interpretations 
of i nt eract i on with imperfect loops were deduced from the spec i al features 
exhi b ited by sl ip traces left behind these movi ng dislocat i ons (note the 
i ndentat i ons on slip traces on Figs . I IA .16-1 and I I A. l6- 2). 

I nterpretat i ons mostly based on thi s method led to the follow i ng 
conclusions : 

1. When t he i mperfect loop does not lie on e i t her gl i de plane of the 
moving di slocation t he st ac .ki ng fault i s removed by a s i ngle Shockley pa rt i al 
that sweeps across the whol e area of the loop and reaches t he edge,where i t 
comb i nes wi th the Frank sessi le dislocat i on. One turn of a helix is formed 
on t he di sl ocation l i ne (Fi g . I IA.16- 3) . Thi s port i on that does net lie on 
the ori ginal glide plane h i nders further motion of the d i slocation; and 
hence i s generall y eliminated, either uni quely by gl i de to the surfaces of 
t he fo i ls (leavi ng indentat i ons E'N'Q' as on Fi g. IIA.l6 - l) or in part by 
gl i de , i n part by leavi ng behi nd a smaller perfect loop (F is changed into 
P+I on Fig . IIA. l6 - 2 ). 2 . When the imperfect loop l i es on a plane parallel 
to t he Bur ger' s vector of the moving dislocation two Shockley partials are 
emitted by the dislocat i on and remove the stacki ng fault each on it s s i de . 
Two nodes are created and then el i mi nated by gli de when the di slocation 
passes the loop . Examples of thi s type of i nteraction can be seen in 
Fi g . IIA .16- 1, where M i s cha nged to a new Burger ' s vector at M; and in 
Fig . I IA . l6 - 2, where Sis changed at S'. 

These observations suggest that whenever a movi ng di slocat i on 
i ntersects an i mperfect loop i n aluminum the stacking fault i s always 
completely destroyed. In the bul.k crystal when di slocations cut across 
coloni es of i mperfect loops , perfect loops are left behi nd and helical dis 
locat i on segments are swept i nto the subgrai n boundaries or i nto regi ons of 
hi gher di slocat i on dens i ty . 

*Condensed from paper in Phil. Mag.,~, 491 (1964) (UCRL-10959, Oct. 1963). 
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( a ) (b) 

Fi g . IIA. 16- 1 a,b . Specimen quenched from 650 °C i nto 
0°C water . Interact ions with small loops . 

ZN-3982 
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( b) 
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Fi g . IIA . 16- 3 aJbJcJd . Successive stages of interactions 
between dislocation0 l i ne LJ perfect loop P 
and. imperfect loop I . 
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* 17 . ELECTRON MICROSCOPY OF THI N FOILS 

Gareth Thomas 

UCRL-11317 

Thi s paper revi ews the present state of knowledge regardi ng the 
appl i cat i on of the theory of di ffract i on contrast to the interpretati on of 
electron micrographs) and i s i llustrated with many examples of contrast 
experiments . The topi cs di scussed are l i sted below . 

(1 ) Theor y of di ffraction contrast) i ncludi ng ext i nct i on and absorpti on.~ 
(2 ) Geometri cal treatment of diffraction contrast ) the correct sense of g . 
(3 ) The devi at i on parameter s; determi nation of i ts s i gn . 
(4 ) Det ermi nat i on of "hab i t planes " of latt i ce defects. 
(5 ) Vi s i b ility of di slocat i ons) di slocati on loops ) and stacking faults . 
(6 ) Determi nation of the s i gn of di splacement vect ors . 
(7 ) Determi nat i on of the sense of stacki ng faults ( i . e . ) i ntri ns i c or 
extri ns i c ) . 
(8 ) Deter minat i on of foil thi ckness . 
( 9 ) Contrast from small prec i pi tates . 
(10 ) Reli ability of tra nsmi ss i on electron microscopy . 

* Extract from paper present ed at ASM Sympos i um) Cleveland) 1 96 3; to be 
publi shed i n a boo.k) Structure and Properties of Thi n Fi lms (ASM) . (UCRL-11009) 
Oct. 1963 ) . 

18. * MODERN METALLOGRAPHIC TECHNI QUES 

Gareth Thomas 

A revi ew i s presented of metallographi c methods for analyzi ng the 
structur e of mater i a l s. The foll owing topi cs are di scussed . 

(1) Mi cros copi c exami nat i on. 
(2) Li ght metallography . 
(3) X- ray microscopy . 
(4) Thermi oni c emission mi croscopy. 
(5) Field i on microscopy. 
(6 ) Electron mi croscopy. 
(7 ) Electron probe mi croanalys i s. 

* Extract from paper presented at a spec i al Symposium on Metallurgy i n 
Aerospace Technology) UCLA) 1963 . To be publi shed in a book of the conference 
proceedi ngs (UCRL-11067) Oct . 1 963 ). 
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19. DISLOCATION MOTION IN CRYSTALS CONTAINING VACANCY CLUSTERS 

Jack Washburn 

When dislocations move during plastic deformation, clusters of 
vacancies are left behind as part of the damage that causes strain hardening. 
Similar defects are also the cause of radiation hardening, and ar~ produced 
by quenching a crystal from elevated temperature so as to trap thermal vacancies. 
Moving dislocations can also Q.estroy same of these defects. An understanding 
of the detailed interactions b.etween moving dislocation and vacancy clusters 
of all sizes, from a divacancy up to voids or dislocation loops consisting 
of > 103 individual vacancies, is fundamental to any real understanding of 
yielding and slip-band growth in crystals. 

Research in this general field during the year 1964 will be con
centrated on (a) a study of the growth of vacancy clusters or small voids in 
quenched copper during low-temperature aging (small-angle x-ray scattering 
techniques will be used) (b) Quantitative measurement of dislocation mobility 
in copper crystals containing vacancy clusters of known size. 

20. THE THEORY OF STRAIN HARDENING 

Jack Washburn 

Quantitative theories of strain hardening, the most successful of 
which has been that due to Seeger, 1 have concentrated on an explanation of 
the second-stage linear hardening of face-centered cubic crystals--in partic
ular those that have been carefully annealed so as to produce initially a 
small density of dislocations. So .far it has not been possible to propose 
more general theories because of the complexity of the changes in defect 
substructure that take place during plastic deformation. The shape of a 
stress-strain curve depends on so many variables that in spite of the vast 
amount of work in this field there are important aspects of the problem 
that have not been quantitatively studied. · 

Our research in this area during 1964 will consist of the following 
specific investigations. 

(a) The effect of initial dislocation substructure on yielding, on the hard
ening rate during stage I, and on the transition to stage II, studied with 
pure copper single crystals. 
(b) Experiments utilizing surface observations of slip bands in an attempt 
to find out whether or not changes in the shape of stress-strain curves can 
be correlated with changes in the distribution of strain. 

l.A. Seeger, S. Mader, and H. Kronmuller, Electron Microscopy and Strength 
of Crystals (Interscience, New York, 1963), p. 665. 
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21. THE GROWTH OF DEFORMATION TWINS 

Jack Washburn 

Although the formal crystallography of twinning is well ·established, 
the mechanism of deformation twinning when considered on an atomic scale is 
far from being understood. In this respect our knowledge of twinning lags 
far behind our knowledge of deformation by slip. 

The reasoris for this lack of knowledge are: 

l. Deformation twinning occurs only under special conditions of temperature 
and strain rate in cubic structures. In hexagonal metals these conditions 
are less rigorous, but here the crystallographic orientation for twinning is 
more critical. The result' is that, in practice, deformation by twinning is 
less commonly observed than deformation by slip. 

2. Detailed quantitative information about the stresses required for twin 
nucleation and growth is difficult to obtain because the twin nucleation 
and initial growth process under a un~form stress is very rapid (occurring 
in a time of the order of lo-5 to lo-4 sec). This rapid formation leads to 
the production of an almost instantaneous strain resulting in a large load 
drop and, often, the nucleation of additional twins. 

3· Although dislocation mechanisms have been proposed to account for twinning 
in the three common metal structures, the strain rates and temperature required 
by the cubic structures preclude direct observation of the process by trans
mission electron microscopy. Observations on hexagonal metals, admittedly 
made under conditions of nonuniform stress, do not support any proposed 
mechanism. 

Deformation twinning is nevertheless an important phenomenon in deformation 
studies because the presence of small twinned regioris may change the 
properties of metals, either by producing favorable orientations for slip 
or else by acting as a barrier to dislocations resulting in pile-ups and 
possible crack nucleation. 

Experiments are at present in pr9gress to study the thickening of 
twin lamellae in zinc specimens deformed in tension. Normally this process 
cannot be studied closely because it occurs immediately after nucleation, 
under a rapidly decreasing load, and is accompanied by the nucleation of 
other twins. 

A technique has been developed for producing properly oriented 
cylindrical zinc tensile specimens the gauge section of which is traversed 
by a single twin lamella. On deforming such a specimen at 20°C with the 
tensile axis in the basal plane, the only process observed is the thickening 
of the·twin lamella. This occurs by the smooth propagation of the two 
parent-twin interfaces at a constant load~ 

It is hoped to study the effect of shear stress and temperature on 
the rate of twin boundary propagation and to investigate the effect of 
grown-in or 
boundaries . 

introduced dislocation structures on the mobility of these 
Present experiments are using specimens of 99·999% pure zinc. 
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22. THE INFLUENCE OF OXYGEN ON THE INTERNAL FRICTION 
OF HIGH-PURITY (99·9999%) SILVER* 

Michael W. Guinan and Larry Himmel 

UCRL-11317 

Measurements of the temperature dependence of the internal friction 
and elastic modulus of high-purity (99·9999%, P296~K/P4.2°i> 2000) oxygen-free 
(< lppm) silver and silver containing approximately 20 to 40 ppm of oxygen 
have been made on single crystals at frequencies of the order of 25 kc by the 
resonant-bar technique. Measurements were made over the range from 4.2°K to 
l000°K at low strain amplitudes (approximately lo-B). In addition, the depen
dence of the damping on strain amplitude was measured at various fixed tempera
tures throughout the same range. 

The procedure followed was essentially the same for all specimens. 
After suitable annealing to insure that no additional changes in the dis
location structure occur during the course of the measurement (we found, for 
example, that cycling the specimen between 800°K and l000°K reduced the 
damping in this range by an order of magnitude below that obtained by long 
anneals at l000°K), the damping and modulus were measured at law strain 
amplitudes over the entire temperature range. Measurements were taken both 
on heating and cooling at rates from 15 to 30°K/h in steps of 200 to 300°K, 
with the specimen remaining for approximately 12 hr between steps. A second 
run was then made stabilizing the temperature every 50 to l00°K and measuring 
the strain-amplitude dependence of the damping and modulus. The specimen was 
then saturated with oxygen (up to 40 ppm) in place in the apparatus and the 
above set of measurements was repeated. 

Although a detailed analysis of the data is not yet completed, we 
have made the following observations: 

(a) The addition of aslittle as 20 ppm of oxygen reduces the damping to less 
than 3% of its initial value over the entire temperature range. The initial 
value can be completely recovered by a vacuum anneal. This provides us with 
a modulus base from which we can obtain the modulus defect associated with 
the damping in the oxygen-free silver. 
(b) In the temperature range above l00°K, the experimental results for the 
oxygen-free silver are consistent with an· interpretation based on the vibrat
ing-string model. 
(c) Oxygen (or some configuration of oxygen) can act as an effective pinning 
agent for dislocations in silver. Preliminary calculations also indicate 
that the binding energy associated with this pinning is considerably larger 
than that associated with substitutional impurities. 

* Extract from Michael W. Guinan's Ph.D. Thesis, in preparation. 
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THE EFFICIENCY OF DISLOCATIONS AS SINKS FOR VACANCIES 
IN KIRKENDALL EXPERIMENTS* 

Dennis M. Maher and Larry Himmel 

The nature and extent of the porosity that forms during chemical 
interdiffusion at 900°C in the Cu-Ni system has been studied metallographically, 
and the accompanying dimensional changes have been measured in massive, 
sandwich-type diffusion couples prepared from two different grades of copper
OFHC and spectroscopically pure (99·999%, American Smelting and Refining Co.), 
Estimates of the relative fraction of the excess vacancies that condense to 
form pores on the copper-rich side have been obtained in two ways: (a) from 
the ratio of the overall expansion of the couple to the normal Kirkendall 
shift, and (b) from the ratio of the measured pore volume to that associated 
with the net vacancy flux, as derived from the concentration-distance profiles. 
Both estimates are in reasonable agreement and indicate that upwards of 90% 
of the excess vacancies agglomerate as pores rather than being annihilated at 
jogs on dislocations or other sinks; in spectroscopically pure copper, about 
50% of the excess vacancies end their· lives at pores. It is concluded that, 
contrary to the usual assumption, dislocations are not very effective sinks 
for vacancies under the conditions (e.g., relatively low vacancy supersatura
tions) which prevail within the diffusion zone. The observed differences in 
the extent of porosity in the two grades of copper are believed to be due to 
differences in the number .or potency of nucleating sites available for vacancy 
condensation rather than to differences in the ease with which dislocation 
climb can take place in these two materials. 

* Abstract of paper presented at the 1963 fall meeting of The Metallurgical 
Society, Cleveland, Ohio. See Dennis M. Maher, The Formation of Porosity 
During Diffusion Processes in Metals (M.S. Thesis), UCRL-10383, Sept. 1962. 

24. 
.. * 

RECOVERY OF INTERNALLY OXIDIZ~D SILVER MAGNESIUM ALLOYS 

Raymond A. Busch and Larry Himmel 

The low-temperature annealing behavior of a cold-worked internally 
oxidized silver-0.1 at. %magnesium alloy has been investigated and compared 
with the annealing response exhibited by the corresponding unoxidized alloy 
and by pure silver. Wire specimens of each material were deformed in tension 
at 78oK and the recovery was followed by measuring the electrical resistivity 
and the flow stress at 78°K after suitable isochronal and isothermal anneals 
at temperatures between 78° and 550°K. It has been found that both point 
defect and dislocation annealing processes are markedly retarded by the 
presence of the dispersed oxide phase. The effect of internal oxidation on 
the annealing behavior is broadly explained in terms of defect-solute atom 

*Abstract of paper presented at the AIME Annual Meeting, February 17-20, 
New York, N. Y. See Raymond A. Busch) Recovery of Internally Oxidized 
Silver-Magnesium Alloys (M.S. Thesis)) UCRL-10816, July 1963. 
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cluster interactions. It is suggested, for example, that point defect 
annealing may be inhibited because vacancies and interstitials generated 
during plastic deformation are trapped in the strain fields surrounding Mg-0 
atom clusters. 

* 25. INTERNAL FRICTION PEAKS DUE TO OXYGEN IN SILVER 

John M. Papazian and Larry Himmel 

The addition of oxygen to high-purity silver (p20-=loK/P4. 2 oK- 2000) 
is found to give ~ise to three separate low-temperature iriternal friction 
peaks. In single-crystal specimens, these relaxation peaks occur at about 
130°, 180°, and 270°K at a frequency of 2 cps. The activation energies asso
ciated with these peaks are 8. 5±1.0, ll. 5±1.0, and 15. 5±1.0 kcal/mole respec
tively. A study has been made of the orientation dependence of the peaks, 
the variation in the peak heights with oxygen concentration, and the response 
of these peaks to various thermal and mechanical tr~atments. It is shown 
that, for both the 130° and l80°K peaks, the relaxation strength is propor
tional to the square of the oxygen concentration over the range from about 
100 to 300 ppm, For both peaks, the maximum relaxation strength is ol;J served 
when crystals are tested in torsion about a (lll) axis, whereas torsion about 
(100) results in minimum values of the peak heights. On the basis of these 
observations and others, the l80°K peak has been assigned to the stress
induced reorientation of interstitial oxygen atom pairs. It is proposed that 
the defect responsible for the l30°K peak consists of a pair of oxygen atoms 
residing in a vacant silver lattice site. The peak a:t about 270°K, which is 
considerably broader and less reproducible than the lower-temperature peaks, 
is tentatively ascribed to an oxygen-dislocation interaction. 

* Abstract of paper presented at the AIME Annual Meeting, February l'T-20, 
New York, N.Y. See John M. Papazian, The Internal Friction Due to Oxygen 
in Silver (M.S. Thesis),UCRL-11017, Sept. 1963. 

* 26. THE ELASTIC CONSTANTS OF CADMIUM 

A. Y. Chang and Larry Himmel 

The temperature dependence of the elastic constants of cadmium has 
been measured over the interval from 78aK to the melting point of cadmium 
(320°C). The elastic constants were determined from measurements made on 
suitably oriented single-crystal specimens by the pulse-echo technique. 
Single crystal spheres l in. in diam. were grown in high-purity graphi.te 
molds from 99· 999% cadmium by a modified Bridgman technique. A 0. 5-in.
·thick center section of the desired orientation was then cut from the sphere 
by spark erosion and the ends were lapped. Measurements were made utilizing 
a Sperry ultrasonic attenuation comparator operating at 10 Me. 

* Extract from paper in preparation. 
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27. TEMPERATURE DEPENDENCE OF FLOW STRESS 
IN INTERNALLY OXIDIZED SILVER BASE ALLOYS* 

Subhash Gupta and Larry Himmel 

UCRL-11317 

There is convincing evidencel-3 that dilute alloys of Cu and Ag with 
Mg, Si, Be, AI, etc. harden considerably on internal oxidation. The various 
theories which have been proposed to explain the increase in yield strength 
in dispersion-strengthened materials predict different temperature sensitivity 
of the flow stress. Accordingly, the study of temperature dependence of flow 
stress in these materials may provide possible information about dislocation
particle interaction. 

Since previous experience has shown that polycrystalline samples of 
Ag-1 at1Mg and Ag-1 at1~d alloys specimens were embrittled as a result of 
internal oxidation, all the specimens used in this work were in the form of 
single crystals. The mechanical tests carried out were of three general 
types: (a) conventional stress-strain curve determination at a fixed. temperature 
and strain rate, (b) measurements of the temperature dependence of the flow 
stress at a constant strain rate, and (c) determination of the strain-rate 
dependence of the flow stress as a constant temperature. 

A detailed analysis of the data has not been completed, but we would 
like to comment that a very strong temperature dependence of the flow stress 
was observed in Ag-Mg-0 and Ag-Cd-0 systems. This suggests that neither 
Orowan's mechanism nor shearing of particles is responsible for hardening 
in these materials; cross slipping of dislocation around the particles may 
be the cause of strengthening. 

*Extract from Subhash Gupta's Ph.D. Thesis, in preparation. 
l.J. L. Meejering and M. J. Dryvesteyn, Philips Research Report 2, 81-102 (1947). 
2.E. Gregory and G. C. Smith, J. Inst. Metals 85, 81-87 (1956-57). 
3.M. F. Ashby and G. C. Smith, J. Inst. Metals 91, 182 (1962-63). 

28. *+ 
THERMAL CHARACTERISTICS OF A 150-kW ARC IMAGE SYSTEM 

Ira Pratt, Mark Davis, 
T. H. Hazlett and R. Eberhart 

The arc image as a source for high thermal flux irradiation studies 
of materials has received considerable attention in recent years. The 
objective in this program was to develop an efficient tungsten to tungsten 
argon plasma for use as an intense thermal source for irradiation materials, 
and avoid the difficulties associated with carbon arcs. Theoretical heat 

* Abstract of paper presented at The Asilomar High Temperature Symposium, 
September 8-11, 1963 (UCRL-11007). 
+ Principal support for this program was provided by the U.S. Air Force, 
initially by the Office of Scientific Research, and later by the Aero
nautical Systems Division, Wright-Patterson Air Force Base. 
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transfer and preliminary studies in a pressurized chamber indicated the way 
toward development of a tungsten cathode and a composite tungsten-copper 
anode structure suitable for currents to 3000 amperes as supplied by a 
three-phase silicon rectifier power supply at a nominal 70 volts. 

The electrical characteristics at three different environmental 
pressures are plotted in Fig. IIA.28-L The thermal flux intensity at the 
image plane is illustrated in Fig. IIA-28-2 and flux intensity distribution 
is shown schematically in Fig. IIA.28-3. High speed motion pictures, taken 
during arc initiation and shutdown, indicate that with the present power 
supply, it takes approximately 5 milliseconds for the plasma to grow to 
equilibrium size, and about the same time to decay. 
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B. SUPERCONDUCTIVITY 

1. SUPERCONDUCTIVITY OF Mo
3
Al2C 

Jean Johnston, Louis Toth, Kurt Kennedy, and Earl R. Parker 

An investigation of ternary compounds of the form M3Al2C (M = Mo, 
Nb, Ta, V, Ti, or Cr), recently found by Jeitschko et al.7' 2 has led to the 
discovery of a new superconductor, Mo

3
Al2C, which crystallizes in ~-Mn (Al3) 

structure .l 

The samples, with the exception of V3A12c, were prepared by hot
pressing the metal powders in graphite moldsj V~Al2C was made by arc-melting 
powder compacts in an argon atmosphere. In add1tion, sintered samples of 
NbJAl2C and Ta~Al2C were prepared from powder compacts. All samples were 
annealed at l000°C in vacuum and furnace cooled. 

A superconducting transition was observed at l0.0°K for the compound 
Mo3A12c. The lattice parameter for the ~-Mn cubic cell was a = 6.867A, which 
is in good agreement with the value reported by Jeitschko et al. 2 These 
investigators also found that ~-Mn structure at the compositions Nb3Al2C and 
Ta3Al2C, but reported that the phase crystallized with a second phase, the 
11 H phase, 11 which has a hexagonal subcell. In the present investigation, the 
11H phase 11 could be identified in both hot-pressed and sintered samples j 
lattice parameters for the hexagonal subcell of the H phase are shown in 
Tabl~ IIB.l-1. The ~-Mn structure could not be detected in any of the 
samples of Nb3Al2C or Ta~Al2C and none were superconducting above 4.2°K. 
Only the H phases were ooserved for the compounds V3A12c, Ti3Al2C, and 
Cr3Al2C, and no transitions were found above 4.2°K. The lattice parameters 
for the hexagonal subcells of these compounds are also given in Table IIB.l-1. 

To our knowledge, this is the second compound of the ~-Mn type 
3 found to show a superconducting transition, the first being A10 .

5
Geo.5Nb 3, 

which has transition temperature of l2.6°K. The occurrence of superconductivity 
in both compounds at l0°K or higher indicates that the ~-Mn structure is 
favorable for the occurrence of superconductivity at relatively high tem
perature. 

We are grateful to Dr. Erwin Rudy of Aerojet-General Corporation, 
Sacramento, California for his assistance in making the hot-pressed samples. 

l. W. Jeitschko, H. Nowotny, and F. Benesovsky, Monatshefte fur Chemie 94, 
247 (1963). 
2. W. Jeitschko, H. Nowotny, and F. Benesovsky, Monatshefte fur Chemie 94, 
332 (1963) .. 
3· T. B. Reed, H. C. Gatos, w. J, La Fleur, and J. T. Roddy, Superconductors. 

(Interscience Publishers, Inc., New York,l962), p. 143. 
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Table IIB.l-1 H phase lattice parameters 
for hexagonal subcell 

Compound Parameters 

Nb
3
Al2C a = 2.67 

c = 8.02 

Ta
3
Al2C a = 2.68 

c = 7·97 

v
3
A1

2
c a = 2.52 

c = 7·52 

Ti
3
Al2C a = 2.63 

c = 7·87 

Cr
3
Al2C a = 2.47 

c = 7·39 
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2. THE NIOBIUM-RICH CORNER OF THE Nb-Al-C SYSTEM 

Jean Johnston, Louis Toth, and Victor F. Zackay 

Recently found ternary compounds of the form Me 3Al2C (where Me is 
Mo, Nb, or Ta), which crystallize in the ~-Mn structure, 1,2 have led to the 
study of the Nb-rich corner of the Nb-Al-C ternary system in an attempt to 
combine the superconducting carbides with the superconducting intermetallics. 

The samples were prepared by hot-pressing metal powders in graphite 
crucibles or arc-melting cold pressed compacts. All samples were annealed 
at l000°C and furnace cooled. 

The work completed to date indicates a partial ternary phase diagram 
as shown inoFig. IIB.2-l .. o The compound Nb 3Al2C showed a hexagonal structure 
(a = 2.674 A, c = 8.020 A) and, although several heat treatments were tried, 
the reported ~-Mn structure could not be identified. The superconducting 
transition temperatures in the binary system and for the compound Nb 3Al2C 
are noted in Fig.IIB.2-l. 

Further work on solubility extents and transition temperatures 
within the ternary system are in progress. 

We are grateful to Dr. Erwin Rudy of Aerojet General Corporation 
for his assistance in making the hot-pressed samples. 

l. W. Jeitschko, H. Nowotny, and F. Benesovsky, Monatshefte fur Chemie 94, 
247 (1963). 
2. W. Jeitschko, H. Nowotny, and F. Benesovsky, Monatshefte fur Chemie 94, 
332 (1963). 

3. PHASE RELATIONSHIPS AND SUPERCONDUCTIVITY 
IN THE TERNARY SYSTEM Nb-V-Al 

Jean Johnston, Louis Toth, and Earl R. Parker 

Compounds with the Al5 (or ~-tungsten) crystal structure have the 
highest critical temperatures of any known superconductors. The critical 
temperature is being determined for the (as yet unevaluated) metastable Al5 
compounds V3Al, Ta":\Au, (Nb,v)

3
Si, and Nb 3Pb. In addition, the sigma phase, 

also a favorable structure for superconductivity, is being investigated in 
the unexplored Nb-V-Al ternary system. 

Recently, Halleck et al. 1 have reported the existence of the compound 
V3Al with an Al5 structure. This compound was not found in earlier investiga
tlons of the V-Al binary system.2-4 Since most compounds of this structure are 

l. H. Halleck, F. Benesovsky, and H. Nowotny, Monatshefte fur Chemie ~' 477 (1963). 
2. C. B. Jordan and P. Duwez, Trans. Am. Soc. Metals 48, 789 (1956). 
3. W. Rostoker and A. Yamamoto, Trans. Am. Soc. Metal~46, 1136 (1954). 
4. 0. N. Carlson, D. J. Kenney, and H. A. Wilhelm, Tran-;:- Am. Soc. Metals. 
47, 520 (1955). 
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superconductive and a substantial fraction of these have critical temperatures 
above l0°KJ .it would be of considerable interest to obtain V3Al with an Al5 
structure. 

In the present investigation we studied the pseudo-binary 
Nb0.73Alo.27 - Vo. 7~10.27 in an effort to stabilize the Al5 structure on 
the vanadium-rich s~de. The samples were made in a helium arc furnace to 
remove most of the. danger of impurity contamination. Each sample was melted 
four times and homogenized for 80 hours at l250°C in vacuum. 

x~ray analysis of the samples thus obtained show a bee solid solution 
(a = 3.055 A) at the composition v0 73A10 . ) which is in good agreement with 
results of earlier investigators.2)4 Fuft~Jr heat treatment at 800°C pro-

. duced no observable change in structure. The bee structure was found to 
exist as far as the composition (Nbo. 5V0. 5) 3Al. The variation of the 
lattice parameter for this solid solution is shown in Fig.IIB.3-l. These 
samples showed no superconducting transition above 4.2°K. 

On the Nb-rich side we obtained the Al5 structure) which showed a 
transition temperature of l7·5°K at the composition Nb0.73Al . 2 (a = 5.185 A)) 
in good agreement with results as shown in the literature.5-9 tn the binary 
system Nb-Al the critical temperature was observed to decrease to l2°K with 
add.i tion of Nb) while the lattice parameter increased to a = 5.196 A. The 
transition temperature of the Al5 structure at the composition Nbo. 7~Alo.27 
remains essentially constant with addition of up to 10% vanadium) ana then 
begins to decrease rapidly as shown in Fig.IIB.3-2. 

The sigma pha§e in the bin~ry Nb~Al system 0 showed a lat]ice parameter 
change from a = 9· 318 A) c = 4. 813 A to a = 9· 295 A) c = 4.819 A) while the 
transition temperature decreased from 13.5°K to less than 4.2°K with the 
addition of aluminum. The maximum critical temperature obtained is higher 
than the l2°K reported by Corenzwit)5 but is considerably lower than that 
reported by Raetz and Saur.6 Addition of vanadium to these compounds de
creased the transition temperature to less than 4~.2°K. ',,, 

An investigation shows that the Al5 structure V Al cannot be formed 
by arc melting with the limited heat treatments tried. ~imilar results were 
obtained by Geballe.8 According to NowotnyJ9 the phase V~Al is probably 
stabilized. by small amounts of impurities (CJ NJ 0). We are undertaking an 
investigation of the ternary system V-Al-C to determine if the Al5 phase can 
be stabilized with carbon. 

5· E. Corenzwit) J. Phys. Chern. Solids 9) 93 (1959). 
6. K. Raetz and E. SaurJ Z. Physik 169)-315 (1962). 
7· P. S. Swartz) Phys. Rev. Letters~ 448 (1962). 
8. T. H. Geballe (Bell Telephone Laboratdlries) Murray Hill) N.J.)) private 
communication. 
9· H. Nowotny) University of Vienna) Vienna) Austria) 
(private communication). 
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THE SUPE~CONDUCTIVITY OF SOLID SOLUTIONS 
OF TaC AND NbC 

Molly Wells, Milt Pickus, Victor F. Zackay 

UCRL-11317 

The critical temperatures of ternary systems consisting of two 
metals and one nonmetal are being studied as a function of composition. 
Examples of unevaluated pseudo-binary systems o;f this type under investigation 
are: NbC-TaC, NbC-WC, NbC-VC, and NbC-MaC. 

Work is in progress on a study of critical temperature of solid 
solutions of niobium carbide and tantalum carbide. Previous work has been 
done by Mathias et al.~ who studied solutions of MaC in various other 
transition metal carbides. All these solutions were of the NaCl structure. 
Although MaC .is normally hexagonal, it forms a cubic solid solution with the 
cubic carbides up to 80% MaC when quenched. When Tc was plotted as a function 
of per cent MaC, the only curve showing a maximum was that for MaC in NbC, 
where NbC was the only solute studied which was known to be superconductor. 
All other curves extrapolated up to hypothetical critical temperature for 
cubic MaC. 

From these results it was assumed that solid solutions of NbC and 
TaC would have an optimum composition for maximum Tc. NbC and TaC are both 
known superconductors whose critical temperatures are highly dependent on 
stoichiometry. The stoichiometry of the carbides used was determined by 
lattice parameter measurements,2,3 ~nd the expected Tc obtained from a 
graph ofTc versus per cent carbon. Results confirmed those of Giorgi 
et al., who had studied critical temperature as a function of stoichiometry 
in the pure carbides. 

Solutions of NbC and TaC did have a maximum T·c, as expected. 
Although the pure carbides began the superconducting transition at ll.5°K 
for TaC and 10.7°K for NbC, the best solid solution began the transition at 
l4°K. 

Work has been initiated op solutions of vanadium carbide in tantalum 
carb~de and niobium carbide in order to complete a pseudo-ternary system. 

1. B. T. Matthias, J. Phys. Chern. Solids 1, 188-190 (1956). 
2. A. L. Bowman, J. Phys. Chern. 65, 1596-1598 (1961). . 
3· E. K. Storms and N. H. Krikorian, "The Niobium-Niobium Carbide System", 
to be publ~shed in Phys .. Rev. Letters. 
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5. ELECTROMAGNETIC PROPERTY MEASUREMENTS 

Ira Pratt 

UCRL-11317 

Electromagnetic induction techniques for the measurement of the elec
trical and magnetic properties of materials have long been useful. There has 
been some question,l however, of the interpretation of the results in terms 
of the basic properties of the material being examined. The classical con
cepts of resistivity (attributed to conduction electron density and scattering) 
and permeability still represent a most convenient means for designating 
electrical properties. The concept of permeability is a little more evasive 
than is resistivity, since it involves the conduction electrons with associa
ted scattering terms, the bound electrons of the atom core, and--on a fine 
scale-- the nucleus itself. It is clear that resistivity and permeability as 
used in electrical calculations are not independent variables, although they 
are usually treated as such for convenience. 

Of interest here are the susceptance (or permeability) and the resis
tivity of a metallic specimen as deduced from alternating-current induction 
measurements; and the effect on these measurements of a change in the specimen, 
or a change in the frequency of the applied magnetic induction field, or both. 

A metallic material, sitting in.an alternating magnetic field, is repre-' 
sented as a single-turn current loop with three characteristics: (a) physical 
size with and effect cross-section area A2 normal to the exciting field; (b) 
resistivity p, based upon free electron density, mean free path £, and the 
thermal (Boltzmann) electron velocity v; and (c) permeability 11 , where the 
subscript of the 11 indicates the component of the complex permgability in 
phase with t~e indRced current in the specimen. Also the term 1-lH is used to 
represent the complex component in phase with the excitipg field H. The 
effective cross section of the specimen A2 is equal to the actual cross section 
area multiplied by a constant g, for a particular frequency. 

For a cylindrical specimen, the inductive reactance may be written as 
~ = 4nl-l m A2/t2 , where w is the radial frequency of the applied magnetic 
field.- 0 The resistance may be written as R = 2np/t2 • With an induced voltage 
in the specimen e2 , current in the specimen may- be calculated.: 

e2 
---R+jX (l) 

This specimen current will develop a magnetic field which will, in turn, 
generate a voltage in the sense coil e~. Upon making the substitution2 

~ = P/21-l A2 , the ratio of the difference voltage ~ to the reference voltage 
e becomgs 

0 

~ 
0 

(2) 

is the ratio of specimen effective cross section_to actual 

2. 
E. Maxwell and M. Strongin, Phys. Rev. Letters 10, 212 (1963). 
This is similar to the usual penettattondepth 5equati6nwith 
and o2 =.JATrC. -

frequency ~, 
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6. COMPOSITION FLUCTUATIONS IN HARD SUPERCONDUCTORS 

Louis E. Toth an.d Ira P. Pratt 

It is well knwon that the critical magnetic field and critical current 
density are structure-sensitive prope:r:ties. The interaction of imperfections 
with the magnetic field, however, is.now well understood. According to 
Anderson flux penetration in the mixed state is a thermally activated process 
with an activation energy resulting from inhomogeneities, strains, dislocations, 
and other physical defects. 1 Ap external field in effect, aids the motion 
of "bundles" of flux over these energy barriers and plays a crucial role 
in determining the critical current density. Recently Webb has analyzed the 
pinning forces due to forests of screw dislocations on fluxoids and single 
screw dislocat~ons on coaxial and parallel superconducting filaments. 2 Webb's 
model is based on the small differences in elastic compliances and moduli 
between the normal and superconducting phases; these differences result in 
a small free-energy density difference and a pinning force. Evidence for a 
dislocation-stabilized filament~ry network has been found.3 

It has been suggest~d on the basis of experiments with heat-treated 
niobium-zirconium alloys and age-hardened alloys5 that the stress field 
around precipitation zones is important in determining critical current den
sities and hysteresis effects. Because of the importance of Nb-Zr as a 
high~field superconductor, we determined the general equatio%s for the pinning 
forces due to any array of isolated composition fluctuations. We show here 
that an array of isolated composition fluctuations can result in localized 
stress fields capable of pinning a continuous filamentary phase. 

Our model material contains "regions of composition fluctuations'·' which 
are represented as spheres of radius a separated from the other similar 
spheres by an average distance of 40 a. The superconducting filaments (or 
the fluxoids) are present in the form of cylinders with an effective radius 
c, and the cylinders extend from the region of one sphere to the next. A 
stress field will necessarily surround regions of composition fluctuation 
when the types of atoms composing the alloy are of different sizes. Precipi
tation of a second phase would tend to relieve this stress. Although we are 
primarily interested in the effects of the stress field, it is also necessary 
to distinguish between three types of composition fluctuations: those with a 
localized critical temperature equal to, greater than, or less than that of 
the material in the matrix. For the first two types, the superconducting 
filaments are most stable when the center of the ·sphere coincides with the 

l. P. W. Anderson, Phys. Rev. Letters .2, 309 (1962)~ 
2. W. W. Webb, Phys. Rev. Letters 11, 191 (1963). 
3· E. Maxwell and M. St~ongin, Phy~ Rev. Letters 10, 212 (1963). 
4. M. S. Walker, R. Stickler, and F. E~ Werner, MetE;:llurgy of Advanced 
Electronic Materials, G. Broc.k, editor (Interscience Publishers, New York, 
1963), P· 49. 
5· R. E. Mould and D. E. Mapother, Phys. Rev. 125, 33 '(1962). 
6. In a single-phase inhomogeneous alloy certain microscopic regions contain 
more of one kind of atom than the other: We shall call these "regions of 
composition fluctuation" and the surrounding material the matrix. 
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axis of the superconducting filament. In the last type the region of 
composition fluctuation tends to trap flux, while the strain field tends to 
trap superconducting filaments in the same region. To approximate the last 
type we shall determine the pinning force on a superconducting filament when 
its axis is separated from the center of the sphere by a distance b = a + c. 

The elastic energy density in the matrix surrounding a spherical inclu
sion is given by Eshelby7 as 

4 2 6 
6~a (a-r ) /r . 

s 
(1) 

Here ~ is the shear modulus and r is defined as the radius the sphere would 
assume if it contained an equal ntlmber of stress-free atoms of the same 
composition as the matrix. For the case b ~a+ c the interaction energy U 
between a superconducting filament and a stress field surrounding a spherical 
imperfection is 

u 
co 

2 4 2 dZ 
24 L\S44 ~ a (a-r s) f 2 2 3 

0 (r + z ) 

g max 
f rdr f d8, (2) 

0 

where the limits on r are given by b cos 8 ± (c2-b2 sin2 o)1/ 2 and e is 
given by sin g = c/b. The integration is over the superconductingm~&lume. 
Here LB

44 
is tfl@Xchange in elastic compliance between the normal and super

conductlng state. Integrating with respect to z and r gives 

Substituting k = c/b and sin g = k sin ¢ yields 

u 
2 4 2 · TI/2 

3TI LB44 ~a (a-rs) f 
0 

or 

u = 

Here F and E are Legendre normal forms of the complete elliptic integral. 
The pinning force F = dU/db is 

c 

( 4) 

F 
c 

2 4 2 fb
2 

+ 7c
2 

3TIL\S441..ta (a-rs) 2 2 3 
(b -c ) 

F (.[! ~) -. b +14b c +c E(.[! ~) (6 ) 4 2 2 4 3 
2'b . 2 2 4 2'b • 

(b -c ) 

7· J. D. Eshelby, Solid State Physics, edited by F. Seitz and D. Turnbull 
(Academic Press, New Yor, 1956) p. 115. 
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For the region b ~a+ c, F has its maximum value at b =a+ c. The 
magnitude of F can be estimated~y using typical values of a = 10-5 em, _ 

6 c = lo-5 em, /~a-r )/a/ = 0.02, 11 = 3 x loll dyne cm- 2, and. D.S44 = 4 x 10 1 

dyne-1 cm2. The v~luBs of 11 and. DS
44 

are the values of Nb at . 4.2°K reported 
by Alers and Waldorf. Substitution of these values into Eq. (6) yields 
F = 2.2 x 10-2 dyne cm-1 when the spacing of these spheres is 40 a. The 
l~rger the sphere and the greater the difference in atomic size, the larger 
F becomes. 

c 

For the case in which a = c and b = 0, we find 

2 2 6Tia(a-r')
2 

U = 3· 3TI DB44 11 a(a-r s) + --x-=-,---'s;;__ (7) 

Here x' is the compressibility within the sphere, ~I = x' - x' and r' is the 
is the radius the sphere would. assume in its stress-free ~tate~ The first 
term on the right is the difference in strain energy contained in the matrix 
and the last term is the difference in the sphere.~ To avoid geometric com
plications, we underestimate the pinning force and define 

Setting X' 
values for 
1.6 x 1o-2 

F _ U(b=2a)-U(b=O) 
c - 2a 

-12 2 -1 I = 2 X 10 em dyne 6 X' X' 
Nb at 4.2°K), and I (a - r' )/a/ 
dyne/em. s 

-6 
-1 x 10 (Alers and Waldorf's 

= 1/2/(a- r /a/ yields F 
s c 

These values for F are of the same order of magnitude as those found 
for dislocations. 2 Herg the regions of composition fluctuations are separa
ted from one another by 4 microns, while in the dislocation model the dislo
cations and filaments are coaxial. 

Pinning of fluxoids in the critical state results from their repulsion 
from the stress barriers of the imperfections. Webb estimates that the value 
of the pinning force on fluxoids by a "forest" of dislocations is of the 
same order of magnitude as that due filament pinning by a single screw dis
location. Although we expect the pinning by the stress field due to group
ings of these regions of composition fluctuations to be of comparable value, 
there is, however, a significant difference. The fluxoid may become trapped 
on the region of composition fluctuation when the Tc of the material in this 
region is less than that of the matrix. Livingston 10 has explained his 
magnetization results on the Pb-Sn system in this manner. 

8. G. A. Alers and D. L. Waldorf, Phys. Rev. Letters §, 677 (1961). 
9· J. Friedel, Advan. Phys. 3, 446 (19154). 

10. J. D. Livingston, Phys. ~v. 129, 1943 (1963). 
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C. HIGH-STRENGTH MATERIALS 

1. A STUDY OF STRENGTHENING MECHANISMS IN NITROGEN MARTENSITE 

Ray Busch and Earl R. Parker 

Carbon and nitrogen-free austenite single crystals are being used 
in the study of strength in martensite. Martensite can be formed in the 
austenite single crystals by cooling them to liquid nitrogen temperature. 
The resulting change in hardness and yield strength can then be measured and 
compared. This has been done; the increase was relatively ·small, being less 
than a factor of two. 

The martensite structure is stable upon reheating to several hundred 
degrees above room temperature (because of the large hysteresis in transforming 
bac.k to austenite). It is possible, therefore, to diffuse nitrogen--an effective 
martensite strengthener--into the martensite. The nitrogen cannot form a 
supersaturated solid solution within the martensite, as it could if it had 
been dissolved in the austenite prior to quenching, and must therefore be 
restricted in its actions to dissolving in the lattice defects, or in forming 
particles of a second phase. In experiments completed to date, second-phase 
particles have formed and the hardness has increased se~eralfold. It is 
hoped that by these experiments it will be possible to identify and to 
evaluate the various possible hardening mechanisms. 

2. THE NATURE OF MARTENSITE 

Aziz Ahmad,ieh and Earl R. Parker 

One of the strongest of the useful metallurgical structures is 
martensite--the supersaturated solid solution of carbon in the low-temperature 
form of iron. The importance of the martensitic structure has led to numerous 
and extensive investigations concerned with the mechanism of its formation, 
the location of the carbon atoms, and the reason for its great strength. There 
is general agreement that the atomic processes involved when the face-centered 
cubic phase transforms into a body-centered tetragonal structure during quenching 
are well understood, and it is genearlly accepted that the carbon atoms are 
located along the cube edge midway between the iron atoms, but there is no 
agreement about the nature of the strengthening process. Since the structure 
of martensite is presumably well understood, and yet the accepted picture of 
the structure has not led to an understanding of the strengthening mechanism, 
it seemed appropriate to question the validity of the accepted structural 
picture. A re-examination of the role of carbon has led to a new insight 
into the nature of martensite. A picture has evolved which has made it 
possible to predict, with a high degree of accuracy, the effect of carbon 
on the lattice parameters of austenite and martensite, and to forecase that 
the first carbide to form from martensite should have a hexagonal crystal 
structure vlith predictable lattice constants. 

If the assumption is correct, that carbon atoms in solution in the 
austenite are randomly distributed it should be a straightforward procedure 
to calculate the lattice parameter as a function of the carbon content. 

\ ._, 
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This was done as follows: For a steel containing 1 wt % carbon, there are 
21.66 iron atoms per atom of carbon, or 5.41 unit cells. If the one carbon 
resides at the center of one of these unit cells, its lattice parameter will 
be increased by 0. 513 A, the;'amount that a crabon atom would expand a unit 
cell. The average increase in lattice parameter is therefore 0.513/5.41, or 
0.0948 A. This figure is twice the experimentally determined value. The 
simplest explanation for this discrepancy is that the carbon atoms are paired. 
This explanation is reasonable, because the lattice around a single carbon 
atom is so .expanded that a second carbon atom can find a lower-energi site 
in an adjacent expanded position (e.g., if the first atom is at [~, 2, ~], 
the second one will fit without effort into the [~, 0, 0] position). A 
calculation based on elastic distortion of the lattice for two atoms separated 
vs two atoms paired showed clearly that from the strain-energy point of view, 
pairing was favored. From the kinetic point of view, it is easily possible 
for carbon atoms to pair. Internal friction measurements have shown that, 
even at room temperature, carbon atoms jump from one location to an equivalent 
site about once each second. 

Models with paired atoms were constructed, and from these as well as 
from lattice distortion calculations it was evident that the second carbon 
could easily fit into an expanded neighboring site without causing any 
significant additional distortion. It was concluded, therefore, that the 
theoretical lattice parameter should be a= 3·548 + 0.047 C, where Cis the 
wt % of carbon. This theoretic·al l·ine is in excellent agreement with 
experimental data, as Fig. IIC.2-l shows. 

The concept of carbon pairs was extended to studies of the behavior 
of carbon in ferrite and martensite. The assumption that carbon atoms reside 
at the midpoint of the long edges of the martensite (or ferrite) unit cell 
has been accepted as "factual" since the work of Fetch two decades ago. The 
octahedral sites were selected for the location of carbon atoms because the 
tetragonality of martensite could apparently be explained only if carbon atoms 
were located therein. It was thou~ht that if the carbon atoms resided in the 
larger tetrahedral sites, (e.g., [2, t, 0] only uniform expansion of the bee 
lattice should result. However, the validity of this assumption is highly 
questionable. The tetrahedral site is l. 9 times as large as the adjacent 
octahedral site. The [~, 0, 0] location is, therefore, highly unfavorable 
from the viewpoint of elastic strain energy. 

The only objection of "allowing" the carbon to reside in the 
energetically favorable site was that it did not seem possible to explain 
the tetragonality of martensite if carbon atoms were located in the tetra
hedral sites. When the problem was re-examined on the basis that pairs of 
carbon atoms should reside in adjacent tetrahedral sites (e.g., [~, i, 0] 
and [~, i, 0]), then the objection disappeared, because carbon pairs so 
located produce a tetragonal distortion of the structure in much the same way 
as a single carbon atom would if it were located midway along the cube edge 
(i.e., at [~, 0, 0]). Furthermore, from the elastic strain-energy point of 
view, the pairing of carbon atoms in adjacent tetrahedral sites is strongly 
favored over the single-atom state. Thus, the objection to carbon atoms' 
occupying tetrahedral sites is invalid, and the role of carbon in martensite 
can be re-appraised. 
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Fig. IIC. 2-l Comparison of experimentally determined room
temperature lattice parameters of austenite 
containing various amounts of carbon with 
values calculated from carbon-pair theory. 
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From geometric considerations and a study of scale models of 
tetragonal martensite with carbon pairs in tetrahedral sites, it became 
evident that a single carbon pair would cause about 17 pairs of the iron 
atoms located along the crystal axes to move farther apart. Calculations 
showed that the lattice constant of the unit cell containing the carbon pair 
was increased from 2.8605 to 3.7180. For 1 wt %of carbon alloy, there are 
21.66 iron atoms per carbon atom, or 43.32 iron atoms per carbon pair. Each 
iron atom forms three Fe-Fe pairs--one along each crystallographic axis. 
The average increase in lattice constant in th'e c-axis direction of the 
tetragonal structure is given by 

6a (3.7180 - 2.8605) 

where 6 a = 0.1126 for 1 wt % of carbon. 

The c-axis lattice constant for a 1% carbon martensite should thus be 

2.8605 + 0.1126 = 2.9731 A, 

which is exactly what many past measurements have shown it to be. The almost 
perfect agreement between the predicted values and those obtained by measure
ments for various carbon contents is shown in Fig.IIC.2-2. 

Calculations were also made for the a-axis lattice constants, and 
the results are also shown in Fig.IIC.2-2. In the tetragonal structures, as 
the atoms along the c axis are moved apart by the carbon pairs, the pairs of 
iron atoms located along the two a axis move closer together. The nU¥lber 
of Fe-Fe pairs involved is 34, which is twice as many as for the c-axis 
iron atom pairs, because of the two a axis that are mutually perpendicular 
to the c axis. The Poisson's-ratio type of contraction is to be expected 
in the a axis directions, but because of the large c axis strains (i.e., 
0.8575 / 2.8605, or 30%) it is unreasonable to expect the normal value of 0.3 
for Poisson's ratio to apply for such large strains. The repulsive forces 
between atoms increases inversely at a high power of the distance that 
separates them. Poission's ratio would therefore vary as the atomic distance 
decreased, and would approach zero as the outer electron shells of the atoms 
began to overlap. Ther is no exact way of determining a precise value of 
Poisson's ratio for strains as large as those involved in this case. From 
the measured values of a axis lattice constants, a figure of 0.05 for 
Poisson's ratio seems appropriate. The value of /::, a for a 1% carbon 
martensite would thus become 

6a 
(2)(17) 

(3)(43.32 

6 a 0.0113 A . 

(3-7180 2.8605) (0.05) 

The agreement between experimentally determined values of a axis lattice 
constants for various carbon contents and those calculated are shown in 
Fig.IIC.2-2. 
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Fig. IIC. 2-2 Comparison of experimentally determined room
temperature lattice constants of martensite 
containing various amounts of carbon with values 
calculated from carbon-pair theory. 
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From the concept of carbon pairs comes a;potent mechanism of strengthen
ing of martensite that has not heretofore been proposed.. Slip would. separate 
some of the C-C pairs into single atoms. This would. require a high value of 
stress because of the strong C-C interaction (preliminary calculations have 
set the value .. of this interaction energy at more than 10 kcal/mole). 

During the tempering of martensite, the first carbide to form is the 
metastable E-Fe~C, which has a hexagonal unit cell. From preliminary studies 
it now appears that the formation of this carbide is a natural consequence 
of the C-C pair formation. These studies are continuing. 

3· THE STRAIN HARDENING OF IRIDIUM 

* Victor Zackay, T. Trozera, Jack Washbur~and·Gareth Thomas 

The precious metal iridium has been reported to have an exceptionally 
high rate of work hardening, i.e., 300 000 psi with 5% uniform elongation 
for a 50% deformed. polycrystalline sample. This combination of strength 
and. ductility is equivalent to that of a conventional high- strength steel. 
The exceptionally high rate of work hardening at both small, and. large strain 
prompted. a basic stud.y of its properties. Single crystals of, zone-refined 
and. high-temperature vacuum-annealed. iridium were prepared. and. mechanically 
tested. It became readily apparent that impurities, especially those in the 
grain boundaries, influenced. the rate of work hard.ening, the tensile strength, 
and. the mode of fracture. The shear stress of the irid.ium decreased. from 
23 000 psi (polycrystalline) to 2000 psi (single crystal) to 900 psi (single 
crystal) with zero, one, and. two zone passes, respectively. However, the rate 
of work hardening of the doubly zoned. crystal remained. high. For example, it 
is five times as high as that of Fe-Si single crystals. In addition, a high 
d.egree of twinning is observed. as well as an usual type of growth face which 
appea~after zone refining. Further zone purification of the single crystals 
is un"der way, in add.ition to preparation of thin foils for electron trans
mission microscopy. 

* General Atomics, San Diego, California 

4. CYCLIC PHASE TRANSFORMATIONS IN STEELS 

Victor Zackay and. David. Dickson 

For the achievement of high strength in complex multiphase systems, dis
location theory suggests a size and. d.istribution of hard. particles in a ductile 
matrix that hitherto has not been attained. in real alloy systems. For example, 
in conventional high-strength steels the particle spacing is two to three 
orders of magnitude greater than the ideal. Microstructures closer to the 
id.eal have been obtained. in this investigation by a process involving solid.
state transformations coupled with control of composition, plasti,~ deformation 
and. temperat:ure. The process consists of cycling a cold.-worked. high-carbon 
austenitic steel between room temperature and progressively decreasing 
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temperatures such that with each cycle a greater volume of a hard. phase 
(martensite) appears; which causes large numbers of dislocations to be pro
duced.. After each low-temperature cycle the steel is annealed., causing pre
cipitation of carbides on the d.islocations. The resulting precipitation 

l 

renders the austenitic steel susceptible to further transformation during the 
next cycle. The process is continued. until all the austenite is transformed. 
to a dispersion of fine carbides in martensite. By this type of cyclic trans
formation the hardness of the steels is increased. from 49 to 65 (Rockwell 11C 11 

scale). As shown in Fig. IIC.4-l, the hardness of the cycled steel is pri
marily determined. by the degree of cold.-work of the austenite. The hardness 
of the deformed. and. cycled. steel is about 15 points Rockwell "c" greater (at 
low tempering temperatures) than the convention~lly quenched. and. tempered. 
steel; as shown in Fig. IIC.4-2. Optimum processing cycles have been estab
lished by metallographic; magnetic, and. hardness measurements. Attempts to 
correlate the microstructures obtained. and. their associated. mechanical proper
ties with the predictions of theory are currently under way. 
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D. KINETICS OF DISLOCATION MECHANISMS 

* 1. PHYSICAL ASPECTS OF CREEP 

John E. Dorn and Jimmy D. Mote+ 

UCRL-11317 

This constitutes a summary and analysis of the physical theories and 
pertinent experiments on high-temperature creep. Several newly developed con
cepts are presented as follows: 

1. Whereas Nabarro and Herring assumed that creep in polycrystalline 
aggregates occurs by stress-directed diffusion of vacancies through the volume 
of the grain, there is a finite probability that this diffusion may occur 
preferentially in the grain boundary. An approximate kinetic analysis has 
been made which suggests that for 

diffusion preferentially occurs in the grain boundary. The values of gf, gf , 
and 9n refer to the free energy of formation of a vacancy in the volume of b 
a crystal (f), the free energy of formation of a vacancy in the grain boundary 
(fb), and the free energy of activation of a vacancy for motion (m), respec
tively, where kT has its usual meaning. This suggests that volume diffusion 
will be the preferred mechanism in most metals, whereas grain-boundary diffu
sion may predominate~ in some ceramic materials. An equation for creep by 
grain-boundary diffusion of vacancies has also been developed. Whereas the 
appropriate experimental creep data for Al

2
0?.. suggest that Nabarro creep is 

controlled by anion volume diffusion, data for BeO and uo
2 

suggest the process 
may be controlled by anion grain-boundary diffusion. 

2. Although experimental results on dislocation-promoted creep have re
vealed that high-temperature creep results from the formation and migration of 
vacancies, no completely satisfactory formulation of the theory has yet matured; 
it can be shown that creep of bee and fcc metals with high-stacking-fault 
energy can be well rationalized in terms of the motion of jogged screw dislo
cations. The critical issue concerns the fact that the distance between jogs 
in these metals is very small and therefore the activation energy is only 
mildly reduced as a result of stress. The short jog length arises from facile 
cross-slip of screw segments. The observed activation energy for creep coincides 
well (as has been experimentally demonstrated) with that for self-diffusion. 
This also accounts for the insensitivity of the activation volume to tempera
ture. A second major issue concerns the fact that dipoles, entanglements, 
and subgrains are formed during primary creep. The entire change in creep 
rate over the prtmary stage can be ascribed to the decreasing density of 
moving jogged screw dislocations. 

* Short form of a presentation to the International Conference on Elevated 
Temperature Structural Mechanics, held at Columbia University, New York City, 
January 23-25, 1963. 
+ Now at Sandia Corp., Albuquerque, New Mexico. 
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3. A secondary creep rate was assumed to arise when the generation of 
dislocations by climb from dipoles and entanglements equals the rate of forma
tion of these substructural~details as controlled by the motion of jogged 
screw dislocation. Thus the creep in this region can be analyzed by either 
the motion of jogged screw dislocations or the climb of edge dislocations. 

4. The major advantage of this theoretical approach is that for the 
first time the primary stage of creep may be explained in some detail. It 
follows from the theory that the total creep strain y can be given by 

-6. Hd 
y = f (te ~), 

where t = d~ration of the test and 6.Hd is the enthalpy for self-diffusion. 
This equation has been experimentally verified in our laboratory. 

5· A more accurate equation describing the equilibrium distribution of 
solute atoms in a Cottrell atmosphere has been developed, taking into considera
tion the problem of occupancy of lattice sites and, for the first time, the 
effect of non~ideality of the solution. 

6. The qualitative formulation for a better theory of creep in disper
sion-strengthened alloys has been developed. This analysis suggests that the 
high-temperature creep resistance in these alloys is due to the low rate at 
which dislocations are released by climb from high-density dislocation en
tanglements resulting from the presence of the dispersed particles and par
ticularly to the shor~ distances they move before they again become entrapped. 

* 2. DISLOCATION CONCEPTS OF STRAil\I RATE' EFFECTS 

John E. Dorn and Frank E. Hauser 

Whereas von Karman and Taylor independently based their analyses for 
plastic wave propagation on the deformation concept, which assumes the defor
mation stress is exclusively a function of the plastic strain, Malvern be
lieved that a viscoelastic type of behavior is more realistic, assuming the 
flow stress is a function of the.strain rate as well as the strain. With 
relatively few exceptions, current investigators of plastic wave propagation 
phenomena are rather sharply divided into two camps, those who insist on the 
von Karman-Taylor type of formulation and those who adhere to the Malvern 
approach. It is the thesis of this paper that both concepts are substantially 
correct under appropriate circumstances. This thesis will be upheld not only 
in terms of new experimental evidence but also in terms of deductions arrived 
at from elementary dislocation theory. 

* A shortened version of paper in Proceedings of Symposium on Structural 
Dynamics Under High Impulse Loading, ASD-TDR-63-140, May 1963, pp. 173-178. 
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3. ON THE NATURE OF STRAIN HARDENING 

* IN POLYCRYSTALLINE ALUMINUM AND ALUMINUM-MAGNESIDM ALLOYS 

Sandtp K. Mitra+ and John E. Dorn 

By applying experimental techniques involving changes in temperature and 
strain rate during the low-temperature plastic deformation of polycrystalline 
Al and several Al-Mg a solid solutions, it was possible to deduce--from an 
appropriate extension of Seeger's theory for thermally activated intersection 
of dislocations--the mean force-displacement diagram for the thermally activated 
'intersection, the mean distance between the dislocations being intersected, 
and the contribution of the athermal processes to the flow stress. The force
displacement diagram for pure polycrystalline Al agreed precisely with that 
previously obtained for pure single Al crystals, revealing that intersection 
is the rate-controlling mechanism.l,2 Whereas the initial effective dislocation 
spacing was found to be identical in polycrystalline Al and in single crystals 
of Al, the dislocation density increased much more rapidly with straining in 
the polycrystalline material. This behavior was attributed to the polyslip 
that must take place when polycrystalline metals are deformed. Furthermore, 
in the polycrystalline metal, the athermal contributions to the flow stress 
increased much more rapidly with strain. The principal factor causing this was 
shown to be the greater long-range back stresses due to blockage of dislocations 
at the grain boundary. The theoretical ratio calculation predicting that the 
flow stress of a polycrystalline aggregate is 3.10 times the resolved shear 
stress for slip, as suggested originally by G. I. Taylor, was not confirmed. 
When the strains were identical, the ratio did hold if the effective disloca
tion density was the same in the polycrystalline and single-crystal specimen. 

Theoretically, many factors such as short-range-order hardening (Fisher), 
dislocation-solute atom locking (Cottrell), and che~ical interaction due to 
stacking faults (Suzuki), can account for solid solution strengthening. In 
this investigation it was found that the thennally activated mechanism for 
deformation of Mg a solid solutions of Al ·was alco ascribable to intersection. 
The force-displacement diagram deduced from the the plastic behavior was only 
slightly different from that for pure Al, as expected when the stacking-fault 
energy is decreased slightly. The major factor, however, in accounting for 
the increased strength on alloying was the greater initial density of disloca
tion and the more rapid increase in dislocation density with strain. The back 
stress due to various athermal processes was also increased as a result of 

!Short version of published paper, Trans. AIME 227, 1015-24 (1963). 
Now at National Physical Laboratories, Teddington, Middlesex, England. 

l. S. K. Mitra and J. E. Dorn, On the Nature of Strain Hardening in fcc 
Metals, Trans. AIME 224, 1062-1071 (1962). 
2. S. K. Mitra, P. w:-osborne, and J. E. Dorn, On the Intersection Mechanism 
of Plastic Deformation in Al Single Crystals, Trans. AIME 221, 1206-14 (1961). 
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alloying. Undoubtedly the various locking mechanisms are responsible for the 
retention of high dislocation densities following annealing of the cold-worked 
specimens. This effect of alloying on increasing the density of dislocations 
was overlooked in all previous investigations on solute-atom strengthening. 
Since this effect was observed to be much greater than those attributed to the 
Fisher, Cottrell, and Suzuki contributions to alloy hardening, the entire 
field of solid solution strengthening should be re-explored. 

4. ON THE THERMALLY ACTIVATED MECHANISM OF PRISMj}TIC SLIP 
IN THE Ag-Al HEXAGONAL INTERMEDIATE PHASE 

Eugenia M. Howard, Willis L. Barmore, Jimmy·D. Mote,+ and John E. Dorn 

Previous research results have revealed that the prismatic slip of Ag-Al 
(33 at. %) hexagonal intermediate phase from 170° to 475°K was athermal and 
could be ascribed only to short-range-order strengtherting.l,2 From the 
mechanical data, and assuming chemical e~uilibrium at 475°K, the short-range 
order energy was determined to be 730 cal/ mole, and Cowley 1 s degree <df order 
was about x = 0.30. Above 475°K, however, thermally activated creep was 
observed. 

Both the activation energy for creep and the stress laws for creep have 
been determined in order to assist in identifying the thermally activated 
mechanism for creep. Following a short inverted transient, a steady-state 
creep rate, y, given by 

l 4 3.6 -33 000 I RT 
y = . ~ e ' 

there ~ is the applied shear stress, was obtained. The activation energy of 
33 000 cal/mole was independent of the applied stress and about e~ual to the 
estimated value for diffusion. Since the stress level for creep was much 
below that necessary to overcome short-range ordering, the process could not 
be ascribed to either the motion of jogged screw dislocations or the climb of 
edge dislocations. E~ually it could not be attributed to viscous ,drag of a 
Cottrell atmosphere, since such an atmosphere does not form in this alloy 
because of the identity of the atomic radii of Ag and Al. A theory in ~uali
tative agreement with the facts was proposed, based on local disordering by 
diffusion due to relaxation in the near vicinity of the cores of moving dis
locations. 

* Trans. AIME 227, 1061-68 (1963). 
+ Now at Sandia Corporation, Albu~uer~ue, New Mexico. 

1. J.D. Mote, K. Tanaka, and J. E. Dorn, Effect of Temperature on Yielding 
in Single Crystals of the Hexagonal Ag-Al Intermetallic Phase, Trans. AIME 
221, 858 (1961). 
~ K. Tana~a and J.D. Mote, The effect of Temperature on the Yield Strength 
of Polycrystalline Hexagonal Ag-Al Intermetallic Phase (UCRL-9992, Dec. 1961), 
submitted for publication in Trans. ASM. 
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* 5. THERMODYNAMICS OF STACKTI!'G FAULTS. Til' BTI!'ARY ALLOYS 

John E. Dorn 

Distribution of solute atoms between the matrix and stacking faults is 
significant to the mechanical behavior of alloys as a result of Suzuki locking 
of dislocations. A more complete and sophisticated analysis of the distribu
tion coefficient was established by use of classical thermodynamics, for any 
solid solution (not just regular solutions) and the final results were ex
pressed in terms of experimentally measurable quantities. 

* Extract from paper in Acta Met. 11, 3, 218-19 (1963). 

6. * DISPERSED-PARTICLE STRENGTHENING AT LOW TEMPERATURES 

Jack B. Mitchell, Sandip K. Mitra,+ and Jqhn E. Dorn 

Current thoughts on the effect of dispersion strengthening are based on 
the Fisher-Hart-Pry extension of Orowan's concept that dislocations can ex
trude past particles spaced a distance ~ apart when the applied stress is 
'r = 2 r/b~, where r is the line energy and b is the Burger Is vector. Fisher' 
Hart, and Pry suggested that the dislocation loops left around the particles 
provide high back stresses that are responsible for the high rates of strain 
hardening observed in the initial stages of straining. Finally, fracturing 
of the dispersed phase as a result of the high stress concentration due to 
the dislocation loops results in very low final rates of strain hardening. 

By use of the same techniques as described in the preceding investigation, 
it was shown that the thermally activated mechanism of plastic deformation 
in polycrystalline aggregates of Al containing dispersions of CuA12 is again 
intersection of dislocations. The force-displacement diagrams for intersec
tion of dislocations in these alloys differed only slightly from those for 
pure Al, in a manner suggesting that the alloys had a slightly lower stacking
fault energy than pure Al. The great increase in flow stress in the early 
stages of deformation was principally attributable to the great increase in 
dislocation density. The mean dislocation spacing deduced from the mechanical 
data coincided closely with that observed in the entanglements by transmission
electron microscopy. No circular dislocation loops as postulated by Fisher, 
Hart, and Pry were observed. This suggests that the dislocation mechanics for 
dispersion-hardened alloys are similar to those of solid solutions. Extensive 
polyslip and cross-slip in the vicinity of the particles causes the formation 
of high-density entanglements rather than loops. The low rates of strain 
hardening after extensive deformation were not due to fracturing of the pre
cipitate, and probably are ascribable to cross-slip. 

* Extract from paper in Trans. ASM 56, 2, 236-48 (1963). 
+ Now at National Physical Laboratories, Teddington, Middlesex, England. 
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* PLASTIC WAVE PROPAGATION IN RODS · 

Stanley Rajnak and Frank E. Hauser 

UCRL-11317 

A recent determination of the relation between stress, strain, and 
strain-rate for polycrystalline pure aluminum under impact loadirig permits 
precise theoretical predictions to be made of the behavior of thin bars using 
a "Malvern" type system of eq_uations. Two types of computations and experi
ments were carried out. One was a check on the validity of Kolsky's "thin 
wafer" techniq_ue for determining the relation between stress, strain, and 
strain rate. In the second experiment a long tubular bar was impacted and 
the fina~ strain distribution was predicted by using the experimentally de
termined strain-rate function. 

* Extract from paper in Proceedings of ASTM Symposium on Dynamic Behavior of 
Materials, held at the University of New Mexico, Albuq_uerq_ue, September 27, 
1962, ASTM Special Technical Publication 336 ; 167 :·(1963)~·. 
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E. PHYSICAL CERAMICS 

* 1. CERAMIC COMPOSITES 

UCRL-:11317 

Donald 0. Nason, Didericus P. Hasselman, and Richard M. Fulrath 

Glass matrices have been used to fabricate well-characterized 
composite systems by introducing metal microspheres or spherical porosity. 
When the glass was chosen so that the thermal expansion of the dispersed metal 
spheres was greater than the matrix, a system without interfacial bonding was 
produced which had a characteristic decrease in strength with increasing volllille 
fraction of the dispersed phase. When an interfacial bond was present between 
the dispersant and the matrix, an increase in strength with increased dispersed 
phase was attained. Interfacial bonding did not appear to change the behavior 
of a,composite system when the glass had a higher thermal expansion than the 
dispersed phase, however, the fracture-propagation path changed significantly 
between systems with and without interfacial bonds. Without interfacial 
bonding, the fracture plane bisected the spherical particles. When inter
facial bonding was present, the fracture plane appeared to avoid the dispersed 
phase. 

The elasticity of a glass containing less than 2.5% spherical porosity 
was shown to follow the relationship 

E = E (l - a, P), 
0 

where E
0 

represents the Young's modulus of pore-free material, P the volume 
fraction porosity, and a, is a constant. 

* This summarizes portions of the results presented in UCRL-11011, UCRL-11027, 
UCRL-10973, and UCRL-10846. 

* 2. FIRST-STAGE DENSIFICATION OF CaF2 UNDER PRESSURE AND TEMPERATURE 

Yasuo Hashimoto and Richard M. Fulrath 

The initial densification of spherical CaF2 powders was determined 
by dilatometric and microscopic observations. The experiments consisted of 
heating the powder to a fixed temperature at a constant rate under a load 
and then releasing the load and quenching. Further experiments were performed 
by heating to a fixed temperature without load application, rapidly applying 
the load and holding for 40 sec or l h, and releasing the load and quenching. 

The initial stages of hot pressing were divided into three regions. 
Region I exhibited little densification. Region II showed densification by 
limited plastic flow and fracturing. Region III above a pressure-dependent 
critical temperature exhibited extensive densificatiort due to plastic flow, 
fracturing of particles, and their subsequent rearrangement. After this 

·'. ~. 

-:-:--~-----'--- ., ' * Abstracted from Yasuo Hashimoto, First-Stage Densification of CaF2 Under 
Pressure and Temperature (M.S. Thesis), UCRL-11214, Jan. 1964. 



IIE.2,3,4 -166- UCRL-11317 

initial densification, the densification rate was consistent with the 
equations proposed by Murray et al. 1 

1 P. Murray, D. T. Livey, and J. Williams, Hot Pressing of Ceramics, in 
Ceramic Fabrication Processes, W. D. Kingery, Ed. (Technology Press and 
Massachusetts Institute of Technology and John Wiley & Sons, Inc., New York, 
1958), PP· 147-171. 

3· THE EFFECT OF TENSILE STRAIN ON HELIUM PERMEATION 
OF GLASS AND SEVERAL REFRACTORY CERAMICS* 

Orlin M. Stansfieldt and Richard M. Fulrath 

A mass spectrometer was used to measure helium permeation through 
the walls of tubes made of Pyrex glass, fused silica, refractory mullite, 
and high-alumina ceramics. Application of tensile strains near the break
ing point g~ve an instantaneous and reversible increase in steady-state 
helium permeation, on the order of 1%. The strain dependence of the 
permeation in Pyrex, fused silica, and mullite could be expressed as 

K = K exp[ME/RT] , 
E 

where KE and K are the strained and unstrained permeability coefficieht, 
respectively, M is the strain coefficient of the activation energy of 
permeation, E is the total strain, and R and T are respectively the 
universal gas constant and absolute temperature. The observed strain 
dependence of permeation in these materials was similar and presumably 
due to aniaxial strain in the glassy phase with a resultant decrease in the 
activation energy of helium permeation. The high-purity alumina showed no 
detectable helium permeation in the stressed or unstressed state within the 
temperature range investigated. 

* Abstracted from Orlin M. Stansfield, The Influence of Tensile Stress on 
Gaseous Permeation in Glassy-State and Complex Ceramics, (M.S. Thesis), 
UCRL-10755, April 1963~" 
t Now at Solar Airc~aft Company, San Diego, California 

4. LIQUID..: SOLID TRANSFORMATION 
KINETICS IN A12o

3
* 

Amio R. Das and Richard M. Fulrath 

A de arc plasma torch was used to subject sized particles of synthetic 
sapphire in the range of 9 to 104 1-1 to rapid melting and resolidification. 

* Abstracted from Amio R. Das and Richard M. Fulrath, Liquid-Solid 
Transformation Kinetics in A12o

3
, UCRL-11166, Dec' 1963. 
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In order to study the formation of metastable phases of alumina, the size 
and apparent density of spheroidized particles were used as parameters in 
determining quenching rates. A hypothesis based on the kinetics of nucleation 
of the crystalline solid phases from the supercooled liquid droplets was 
proposed to explain the ratio of the metastable phases to the stable a phase. 
Experimental data relating this ratio with quench rates of the liquid drop
lets have been shown to give good agreement with the proposed hypothesis . 

. · * 
5· DEFORMATION AND FRACTURE OF POLYCRYSTALINE LITHIUM FLUORIDE 

William D. Scott and Joseph A. Pask 

Techniques for the fabrication of polycrystalline LiF test specimens 
were developed and evaluated with single-crystal LiF as a control. An etch 
was developed which revealed dislocations on all crystallographic faces of 
LiF. Large-grained polycrystalline specimens tested in four-point loading 
underwent 0.076 to 0.798% plastic strain before fracture. In most cases 
their yield stress was similar to that for single crystals favorably oriented 
for flow on (llO)(llO)slip systems. Deformation was inhomogeneous among 
the grains because of differences in orientation with respect to the applied 
stress and within individual grains because of interactions at grain 
boundaries. Grain boundaries were barriers to slip, but stresses resulting 
from slip in one grain were transmitted to neighboring grains and often 
caused local deformation near the boundary. In one case, local boundary slip 
occurred on a (010) plane. Three-grain junctions were areas of high residual 
stresses, and fractures originated at boundaries at or near three-grain 
junctions. Fractures were mixed transgranular and intergranular. 

*Abstract of published paper, J. Am. Ceram. Soc. 46, [6], 284 (1963). 

6. EFFECT OF TEMPERATURE ON THE FLOW STRESSES ON THE (100} and (110) PLANES, 
AND ON THE PLASTICITY OF POLYCRYSTALLINE LITHIUM FLUORIDE* 

David W. Budworth and Joseph A. Pas.k 

Stress-strain data were obtained in four-point bending at temperatures 
up to 500°C for large-grained specimens of polycrystalline lithium fluoride. 
A marked increase in ductility and decrease of work hardening was observed 
to occur between 350°C and 400°C, and to coincide with the appearance of 
wavy slip lines on the specimen surface. It was suggested that these changes 
were due to the add.itional movement on (100) slip planes above this temperature 
range, supplementing the movement on the (110} planes. Failure above 400°C 
was of the grain-boundary type, while at lower temperatures it was principally 

*Extract from published papers, Trans. Brit. Ceram. Soc. 62 [9], 763 (1963); 
J. Am. Ceram. Soc. 46 [ll], 560 (1963). 



IIE.6,7,8 -168- UCRL-11317 

of the cleavage type. It was suggested that this difference was due to the 
decreased ease of cleavage. 

Compression studies were then made on single crystals to determine 
the flow stress on the (110) (ilO)and (100) (llO)families of slip systems· 
(Fig. IIE.6-l), and on polycrystalline specimens (Fig. IIE.6-2) as a function 
of temperature upto 700°C. The stress-strain curves for the polycrystalline 
specimens at 400°C and higher exhibited a sharp yield, lower work hardening, 
and considerably more strain at fracture. It was thus substantiated that 
plastic deformation cannot be expected until it is possible to activate the 
(100) (llO)family of slip systems almost as easily as the {llO)<llO)family. 
Also, it appears that the stress-vs-temperature curves, obtained in compression 
at a constant loading rate, for both single crystals and polycrystals of LiF 
tend to extrapolate to zero or a very low stress at the melting point. 

* 7. INDEPENDENT SLIP SYSTEMS IN CsCl-TYPE CRYSTALS 

Stephen M. Copley 

Rachinger and Cottre111 showed that slip occurs on the {llO)<oo~ 
slip sxstems in CsCl-type crystals which tend toward ionic bonding, and on 
the (ll·O J(lll) slip systems in crystals in which bonding is of metallic 
character. Johnson and Pask2 have shown that in CsBr slip occurs on the 
(llO)(OOl)family of slip systems. This family yields three independent slip 
systems and, thus, a general deformation is not possible by this mechanism. 
Extensions parallel to the crystal axes cannot be produced. 

* Extract from published correspondence, Phil. Mag. 8 [93], 1599 (1963). 
l.W. A. Rachinger and A. H. Cottrell, Acta Met. ~ 7 109 (1956). 
2.Lawrence D. Johnson and Joseph A. Pask, Mechanical Behavior of Single-Crystal 
and Polycrystalline Cesium Bromide, UCRL-10468 Rev., July 1963. 

8. EFFECT OF CRYSTAL ORIENTATION * 
ON PLASTIC DEFORMATION OF MAGNESIUM OXIDE 

t 
Charles 0. Hulse,, Stephen M. Copley and Joseph A. Pask 

. Stress-strain data for single crystals of MgO tested in compression 
with(loo)and (11],)1oading axes and polycrystalline MgO were obtained for 
temperatures ranging from 26° to l250°C. Single crystals with a(lll)loading 
axis were found to deform plastically on the (lOO)(llO)slip systems at 
temperatures above 350aC. The total strain at fracture for polycrystalline 
specimens at temperatures above about 600°C was about 2%. The general in
ability of the (llO)(llO)slip system to satisfy the Taylor requirement--i.e .. 7 

*Abstract of published paper, J. Am. Ceram. Soc. 46, [7], 317 (1963). 
t Now at United Aircraft Corporation, East Hartford, Connecticut. 
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the necessity of five independent slip systems, ease the cleavage, and slip 
nonuniformity--all act to limit polycrystalline ductility at low temperatures. 
At higher temperatures the additional flow on (100 }(llO)slip systems provides 
the add.itional slip systems necessary to satisfy Taylor's criterion, and 
stress-induced climb and high dislocation mobility inhibit cleavage fracture. 

9· HIGH-TEMPERATURE REACTIONS. 

THE KINETICS AND MECHANISM OF THE 
ANATASE-RUTILE TRANSFORMATION* 

Robert D. Shannon and Joseph A. Pask 

The mechanism of the transition has been analyzed in detail from 
pole figures obtained from transformed single crystals of anatase. Both the 
anatase and rutile structures can be represented as sodium chloride structures 
with half the cations removed. The difference in the two structures lies in 
the distribution of the cations in the pseudo-close-packed planes. The cations 
lie in rows along [OOl] in the rutile (100) close-packed plane, while they 
form zig-zag chains along [221] in the anatase (112) close-packed plane. 
Beca~se the spacings of these two planes are nearly identical in both structures 
(d~~a = 2. 33; d~~~ = 2.297), the reaction mechanism was assumed to occur by 
retention of these planes and rearrangement within the planes. Because it 
was also assumed that the mechanism would occur with the least spatial 
disturbance of the ions, a distribution of cations similar to that in the 
rutile (100) was sought in the anatase (112) plane. Of the several possible 
configurations, the one corresponding to the least distortion of the oxygen 
ions and the smallest change in titanium ion distribution was found to result 
in a pole figure closely approximating the experimental pole figures. The 
mechanism for this structural change was determined to be a cooperative 
movement of the oxygen ions and titanium ions whereby three-fourths of the 
titanium atoms brea.k two Ti-0 bonds in reaching their new sites while the 
remaining fourth retained their original six neighbors. This movement is in 
contrast to diffusion, in which the cations would move in an essentially 
fixed anion structure. 

The nucleation and growth of rutile was observed in anatase single
crystal sections under a hot-stage microscope. Nucleation occurred at 
temperatures of 1000° to ll00°C at inclusions, at the corners and edges of 
the crystals, and at surface scratches. Growth occurred at inclusions and 
edges and corners at 950° to 1050°C. 'The growth was generally found to 
spread from several discrete .sites rather than to spread instantaneously 
over the surface. The significance of this observation is that it enables 
the exclusion of the shrinking-sphere model for application of rate laws 
to powder reactions. 

* Abstracted from Robert D. Shannon, The Kinetics and Mechanism of the 
Anatase-Rutile Transformation (Ph.D. Thesis), UCRL-11001, March 1964. 
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Our report of last year included data on the kinetics of transformation 
of several Ti02 powders. Additional studies have been made on 'the effect of 
CuO on the kinetics of Rl63 powder. The reaction temperatures were lowered 
by 200° to 300°C and the activation energy increased from 100 to 180 kcal. 
It was evident that the kinetics of another process, probably the diffusion 
of Cu into Ti02, were being measured. The formation of a CuO-Ti02 solid 
solution at a level of 0. 3% CuO were indicated by a typical error-function 
distribution of Cu in a pressed disc of anatase which had been heated in 
CuO powder. 

The influence of CuO on the transformation rate suggested that the 
concentration of oxygen vacancies was important in determining the rate of 
transformation. The rate in various mixtures of H2 -N2 was also found to be 
greatly accelerated. Optical reflection spectra showed a direct correlation 
between the amount of reduction and the amount of transformed material. These 
observations combined with the CuO data confirmed the conclusion that the 
accelerating effect of both CuO and a hydrogen atmosphere can be explained 
on the basis of an increased vacancy concentration. Conversely, the reaction 
should be inhibited by a decrease in vacancy concen6ration. This conclusion 
is supported by the fact that impurities such as s+ , p+5, and F- have all 
been observed to raise the transformation temperature, and that it appears 
reasonable, as the cooperative movement of the oxygen and titanium atoms 
during transformation would be expected to occur more easily with increase 
of the oxygen vacancy concentration. 

10. THE KINETICS OF THE HIGH TEMPERATURE HYDROLYSIS 
OF MAGNESIUM FLUORIDE* 

. t . 
·Donald R. Messier and Joseph A. Pask 

The rate of the hydrolysis of magnesium fluoride was investigated 
by a gravimetric method as a function of temperature and water vapor pressure 
over the ranges from 745 to 835°C and l to 20 mm Hg, respectively. 

Single-crystal and polycrystalline specimens were investigated with 
·regard to their suitability for use in rate determinations. Because of 
orientation effects and a limited supply of single-crystal material, heat
treated slabs of hot-pres~ed MgF2 were chosen for the final rate determinations. 

A linear rate law was found, and it was concluded that the rate
determining process was chemical reaction at the MgF2-MgO interface. A 
three-step reaction mechanism was postulated. The first step involves the 
chemisorption of water vapor, 

* Abstracted from Donald R. Messier, The Kinetics of the High-Temperature 
Hydrolysis of Magnesium Fluoride (Ph.D. Thesis) UCRL-11103, Jan. 1964. 
t Now at Argonne National Laboratories, Metallurgy Division, 'Argonne, Illinois• 
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(l) 

The second step, formation of. a hydroxyfluoride complex, can be represented 
by 

Mg(OH)F(c) + HF(g). (2) 

The third step, decomposition of the hydroxyfluoride complex to form products 
can be written as 

Mg(OH)F (c) MgO ( c ) + HF ( g ) . (3) 

With the assumptions that the chemisorption step was in equilibrium 
and that the HF pressure was negligible, an expression was developed which 
showed that the rate was proportional to the concentration of chemisorbed 
water vapor. It was possible to express the rate dependence on water vapor 
pressure in terms of the Langmuir ~dsorption isotherm equation. 

Values of -16.9 kcal/mole and -4.2 eu were obtained for the enthalpy 
and entropy of chemisorption. The activation enthalpy and frequency factor 
for decomposition of the chemisorbed intermediate, MgF2 ·H20(ads), were 46.4 
kcal/mole and 1.75 x 10lO sec-1. The low value for the entropy of 
chemisorption was attributed to possible oversimplification in the inter
pretation of the reaction mechanism. 

11. ·KINETICS OF THE HIGH-TEMPERATURE HYDROLYSIS 
OF CALCIUM FLUORIDE 

* Donald R • .Messier and Joseph A. Pask 

The rate of the hydrolysis of calcium fluoride single-crystal slabs 
was gravimetrically investigated ,as a function of temperature and water vapor 
pressure in the ranges from 1000 to ll20°C and l to 20 mm Hg, respectively. 
The curves of weight loss vs time were found to be paralinear, in agreement 
with the results of Bontinck (1958), who investigated the kinetics by a 
chemical analysis method at a single water vapor pressure. 

Reaction rates for both the initial, parabolic portion and final, 
linear portion of the weight-loss curves were found to be pressure-dependent. 
The parabolic rates, which apparently may be identified with the process of 
dissolution and diffusion of oxygen and fluoride ion vacancies in the 

* Now at Argonne National Laboratories, Metallurgy Division, Argonne~ Illinois. 
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1 fluorite structures, showed .a strong tendency toward saturation values. 
The linear rates were approximately proportional to the square root of the 
water vapor pressure, and may represent a surface reaction, step. Both rates 
also showed s-ignificant temperature dependencies. 

1 W. Bontinck, The Hydrolysis of Solid CaF2, Physica 24, 650-658 (1958). 

1~ DIFFUSION OF IRON INTO SINGLE-CRYSTAL MgO* 

Stuart L. Blank and Joseph A. Pask 

Magnesium oxide single crystals were placed in iron powder and 
heated in a vacuum furnace at 1150, 1250, and l350°C for various times. 
Concentration-vs-penetration profiles were determined by using the electron 
microprobe analyzer. The interdiffusion coefficient D was determined from 
these concentration-vs-penetration curves by using a computer program de
signed for these calculations. The interdiffusion coefficient D was found 
to be concentration-dependent in the range 1 to 22 at.1~e. At ll50°C, 

-12 2/ D = 8.1 x 10 exp (O.l50Fe) em sec; 

D 1.60 x 10-ll exp (O.l73Fe) cm2/sec; 

-11 2/ D = 2.40 x 10 exp (O.l90Fe) em sec. 

The apparent activation energy for the diffusion process was found 
to increase with increasing iron concentration in the composition range 
stud.ied. At an iron concentration of C = 5 at.%, 

D = 6.34 x 10-7 exp(-29,600/RT); 

at C 10, 

D 4.49 x 10-6 exp(-32,900/RT); 

at C = 15, 

D = 5.04 x 10- 5 exp(-37,700/RT); 

and at C 20, 

-4 I D = 8.40 x 10 exp(-43,500 RT). 

An electron paramagnetic resonance study was made to determine if 
the concentration of trivalent iron increased as the divalent iron concentration 
was increasing. 

*Abstracted from Stuart L. Blank, (M.S. Thesis), UCRL-11073, Nov. 1963. 
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* 1~. DIFFUSION OF IRON INTO SODIUM DISILICATE GLASS 

Marcus P. Borom and Joseph A. Pask 

UCRL-11317 

Diffusion couples of elemental iron and degassed sodium disilicate 
glass rod were prepared under neutral to reducing conditions at several 
temperatures and at varying times. The various diffusion profiles were 
analyzed by use of electron microprobe techniques. Diffusion-coefficient 
calculations and activation energy plots indicated that a change in mechanism 
occurs between l000°C and l050°C. Transmission spectroscopy and magnetic 
susceptibility measurements were employed as an aid in determining the diffusing 
species at the various temperatures. Magnetic susceptibility measurements 
indicate that elemental iron is the diffusing species at 900°C and that 
ferrous iron is the diffusing species at l050°C under the test conditions. 
These observations are supported by transmission spectro'scopy measurements 
and by theoretical thermodynamic considerations. 

A furnace has been designed and built for the preparation of iron 
oxide disks by controlled oxidation of iron. These oxide samples will be 
used in the further studies of the diffusion of iron into sodium disilicate 
glass, with the various oxides of iron used as the substrate material. 

* Abstracted from Marcus P. Borom, Diffusion of Iron Into Sodium Disilicate 
Glass, (M.S. Thesis), UCRL-11116, Nov. 1963. 

14. DEHYDRATION OF CRYSTALLINE ALUMINUM HYDROXIDES 
AND ALUMINUM OXIDE HYDROXIDES 

Robert B. Langston and Joseph A. Pask 

The decomposition path the trihydrates of alumina follow can be 
represented by 

Uncertainty exists in the literature as to the effect of the reaction 
variables of temperature, water vapor pressure, and particle size. Also, 
it has been observed that dehydration reactions proceed to a series of differ
ent levels as a function of temperature, which in some cases has been inter
preted as the existence of intermediate compounds. Preliminary results do 
not indicate the existence of any intermediate compounds, and suggest that 
a diffusion mechanism controls the dehydration. 
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F. THERMODYNAMICS AND HIGH-TEMPERATURE REACTIONS 

1. HEATS OF FORMATION OF ~-PHASE Cu-Zn ALLOYS 

Raymond Orr) Ralph Hultgren) and Bernard. Argent+ 

UCRL-11317 

Measurement of the heats of formation of twenty a.-phase Cu-Zn alloys) 
Xzn = 0.010 to 0.335) at 573°K has been completed. The variation of heat of 
formation with composition was studied in close detail in an effort to find 
further evidence for the existence of order.ing in a, brass which has been 
inferred from other types of measurement. Anomalies have been found in 
measurements of Cpl and. zinc vapor pressure2 and in thermal analysis studiesJ3 
which have been interpreted as resulting from the occurrence of considerable 
amounts of short-range order at certain compositions. 

Measured heats of formation show an unusual amount of scatter above 
Xzn = 0.20) which might result from differences in the initial ordered states 
in the alloys. The heat of formation becomes markedly more exothermic at 
about Xzn = 0.33. Resistivity measurements being conducted on these same 
alloys by Argent4 at Sheffield University show an anomalous increase in this 
same composition range. Further analysis and correlation of the data are 
necessary before definite conclusions can be drawn. 

t Sheffield University) Sheffield) England. 
l.H. Masumoto) H. Saito) and M. Sugihara) J. Japan Inst. Metals (Sendai) 
16) 359 (1952)~ 
2.B. B. Argent and. D. W. Wakeman) Trans. Faraday Soc. 54) 799 (1958). 
3-L. M. Clarebrough) M. E. Hargreaves) and M. H. Loretto) Proc. Roy. Soc. 
(London) A-261) 500 (1961). 
4.B. B. Argent) private communication. 

2. HEAT CAPACITY OF THE LIQUID EQUIATOMIC Bi- In ALLOY 

Raymond Orr) Marc Onillon) and Ralph Hultgren 

The heat capacity of the liquid equiatomic Bi-In alloy has been 
measured from its melting point) 383°K) to 750°K) with experimental methods 
and apparatus previously developed for similar measurements on a liquid In-Sn 
alloy .l As in In-Sn and the pure metals studied) Cp was found to decrease 
rapidly with increasing temperature for about 250° above the melting point) 
from 7.8 cal/deg g-atom at 383°K to 6.85 cal/deg g-atom at 650°K; above this 
temperature the heat capacity appears to level off. This behavior is believed 
to be the result of either (or both) of two primary mechanisms: (a) the breakup 
of quasi-crystalline atomic associations remaining in the liquid or (b) 
changes in the vibrational-translational energy distributions with increasing 
temperature. Because of the rather extended temperature range over which 
the decrease occurs) the latter mechanism is thought to be more likely. 

l Raymond L. Orr) Henri J. Giraud) and Ralph Hultgren) Trans. ASM. 55) 853 (1962). 
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Above the melting point of Bi, a negative deviation from Kopp's law 
was found. This is in qualitative accord with the existence of an intermediate 
solid Bi-In.phas.e and the exothermic character of the system. 2 The heat con
tent with respect to 298°K and the heat of fusion of Bi-In(s) (1.65 kcal/g-atom) 
have been determined also .. 

2.Ralph Hultgren, Raymond L. 
Selected. Values of Thermod 
and Sons, Inc., New York, l 

Anderson, and Kenneth K. Kelley, 
of Metals and Allo s (John Wiley 

3. THERMODYNAMIC AND ELECTRICAL STUDIES ON SEMICONDUCTING PHASES 

Barry Lichter and Ralph Hultgren 

A d:iphenyl ether, Bunsen-type calorimeter has been constructed for 
measurements of the heat content of solid and liquid semiconducting phases 
up to a temperature of l500°K. Several sources of error have been analyzed, 
and the heat content of platinum has been used as a secondary calibration 
standard. An ultimate precision of the order of ±1 cal in the measured heat 
is indicated for measured amounts of heat up to TOO cal and for temperatures 
up to l000°K. · 

The heats of fusion of GaSb (~ == [.94 ± 0.08 kcal/g-atom, 
Tm == 980°K) and of InSb (~ == 5.82 ± 0.06 kcal/g-atom, Tm == 798 °K) have 
been determined. The heat content (HT - H29s) of solid GaSb has been determined 
from 400° to 800°K, and measurements are presently continuing up to the 
melting point. Several measurements of the heat content of liquid InSb in 
the vicinity of the melting point have been made, and these measurements are 
being continued in order to check for a reported higher-order transition in 
liquid InSb ,l 

Apparatus has been constructed for determination of the electrical 
conductivity of liquid In-Sb alloys by means of a four-probe de potentiometric 
technique. The "probe" has been calibrated at room temperature by use of 
the known conductivity of mercury. The conductivity of liquid indium has 
been measured in the temperature range 500° to 900°K, extrapolating to good 
agreement with previous measurements between 430° and 500°K.2 Measurements 
6n In-Sb alloys are in progress. 

l.A. Schneider and R. Blachnik, Naturwiss. 49, l (1962). 
2.Alexis I. Kaznoff, Raymond L. Orr, and Ralph Hultgren, Thermal Properties 
of Indium, Second Technical Report, Series 155, Issue No. 2, Contract 
Nonr-222(63), April, 1961. ' 



IIF.4)5 UCRL-11317 

4. THE ACTIVITY OF Mn IN Fe-Mn ALLOYS FROM VAPOR PRESSURE MEASUREMENTS 

Prodyot Roy and Ralph Hultgren 

Measurements of the equilibrium vapor pressures of Mn above Fe-Mn 
alloys with compositions between XM == 0.09 and 0.70 have been made in the 

o o n temperature range 1300 to 1500 K for the purpose of determining the activities 
of Mn in the alloys. Measurements were.made by both the Knudsen-effusion 
and torsion-effusion methods. 

Activities determined from Knudsen measurements showed a slight 
negative deviation from ideality for XMn < 0.35. However) torsion-cell 
data indicate a slight positive deviation from ideality over the range from 
XMn == 0 to XMn == 0. 70) at which composition YMn approaches unity. This 
discrepancy is believed to result from the effect of depletion of Mn from 
the alloy surface in the Knudsen measurements) which require a much longer 
time at the temperature of measurement in order to get a sufficient weight 
loss. The rate of diffusion of Mn in the lower Mn content alloys (XMh < 0.50) 
does not appear to be sufficient to replace the Mn vaporized from the surface. 
This conclusion was also indicated by torsion measurements on these same 
alloys in which a gradual decrease in apparent Mn vapor pressure was found 
if the torsion cell was held at temperature for extended times. For alloys 
of compositions above XMn == 0.50) however) this effect was not found) 
suggesting that diffusion is not the rate-controlling step for the alloys 
with higher Mn content. 

5· APPLICATIONS OF THE BORELIUS EQUATION 
FOR HEATS OF FORMATION OF BINARY ALLOYS 

Marian Smith and Ralph Hultgren 

Borelius1 has proposed a zeroth approximation for the heat of 
formation of a binary alloy based on the bonding energies of groups of four 
atoms in the combinations A4) A3B) A2B2 ) and B4. For a random solid.· so~ution, 
this leads to the expression 

6H == 4 ax3y + 6bx
2

y
2 

+ 4cxy3 ) 

where 6H is the heat of formation) x and y are the atom fractions of the 
components) and a) b) and c are constants. 

2 
Selected values for the heats of formation of.74 binary alloy 

systems were fitted to the Borelius equation using a method of least squares 
with the aid of an IBM 7090 computer. For all cases) the data fit the equation 
very well) the average deviation for each system being less than the estimated 
uncertainty in the data. 2 The usual quasi-chemical treatment in which 

l.G. Borelius) Ann. Physik 24) 32 (1935); 28) 507 (1937). 
2.Ralph Hultgren) R. L. Orr) P. D. Anderson) and K. K. Kelley) Selected 
Values of Thermodynamic Properties of Metals and Alloys (John Wiley and Sons) 
Inc.) New York) 1963). 
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nearest-neighbor bonds are considered (i.e., atoms are counted two at a time) 
yields one empirical constant and a symmetric dependence of 6H on composition, 
which is not followed by the majority of alloy systems. The three empirical 
constants .contained in the Borelius equation provide the flexibility for a 
much better fit. 

The Borelius equation is useful because it provides a means of 
comparing different alloy systems even when the experimental re.sults do not 
cover the same compositions. Attempts to demonstrate physical significance 
for the constants--e.g., in connection with ordered states--have not been 
encouraging .• 

6. EVALUATION OF THERMODYNAMIC DATA FOR METALS AND ALLOYS 

Marian Smith, Raymond Orr, and Ralph Hultgren 

The results of the first phase of the project for the compilation 
and critical evaluation of published thermodynamic data for metals and 
alloys has been published in book form. 1 Included are tables of selected 
values and critical discussions of data for 63 metallic elements and 168 
binary alloy systems. The project has been continued and extended to include 
several nonmetallic elements, e.g. B, c, Si, Ge, As, Se, and Te. Limited 
data available for the actinide series elements have also been evaluated. 
The appearance of new data, especially for alloys, requires continuing add.itions 
to and revisions of the evaluations already completed. 

A new Termatrex system of bibliography coding and searching has 
been installed. The entire reference file has been transferred to the new 
system, which permits all references in the file to a specific system or 
topic to be quickly located. On a trial basis, limited bibliographies of 
references to thermodynamic or phase diagram data for specified systems are 
being provided to responsible laboratories which require them. The 
bibliographies consist of Xerox copies of file cards which often include 
abstracts. 

l.Ralph Hultgren, R. L. Anderson, and K. K. Kelley, Selected 
~V~a~l~u~e~s~o~f~Th~e~rm~o~d~7=am~i~c~~~~~~~o~f~M~e~t~a~l~s-=a~n=d~A~l~l~o~s (John Wiley and Sons, 
Inc., New York, 1963. 
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* 7. HIGH-TEMPERATURE HEAT CONTENT OF NIOBIUM · 

·Donald. Hawkins, Raymond. Orr, and. Ralph Hultgren 

UCRL-11317. 

Growing interest in niobium as a high-temperature refractory metal plus 
the availability of a sample of high purity (99· 99+ %) material made it de
sirable to determine the high-temperature thermal properties of niobium by 
means of heat content measurements. Previously reported. data of the high
temperature thermal properties by Jaeger and. Veenstra

3
1 (HT-H

295
, 670°-l828°K), 

Lowenthal, 2 (Cp, 147l 0 -2259°K) and. Gel'd. and. Kusenko, (HT-H298, 433-1840°K), 
are not in agreement. The present heat content measurements 1,RT-H2 8 ) were 
mat· d.e odver th

1
e t~mpteratudre ~angde 298° to

1
14lf5°K wtitdh. a d.iph

1
e
1
nyl teth11e~ Bunse~- 4 

ype rop ca orlffie er, es1gne . express y or s u .y1ng sma me a 1c specl!llens. 

The results are well represented. by the analytical expressions 

H298.15 

HT - H298.15 

6.564 T- 1.81 X l0-
4

T
2 

+ 5.12 x 104 T-1 -2113 (298°-500°K), 

= 5.672 T + 5.06 x l0-
4

T
2 

- 1736 (500°-l400°K). 

The data join smoothly in both Cp and. (d.Cp/dT) with reported low-temperature 
Cp data.5 Heat content values of Jaeger and. Veenstra are about 0.5% lower 
than those found. here, while those of Gel'd. and. Kusenko are from 1% to 3% high. 
Cp values of Lowenthal obtained. from optical~emission measurements appear to 
be about 3% high. 

* Extract from paper submitted. to J. Chern. Eng. Data. 
1. F. M. Jaeger, and. W. A. Veenstra, Rec. Trav. Chern. 2], 677 (1934). 
2. G. C. Lowenthal, Australian J. Phys. 16, 47 (1963). 
3· P. V. Gel'd. and. F. G~ Kusenko, Izv. Akad .• Nauk SSSR, otd. Tekhn. Nauk Met. 
i. Toplivo, 2, 79 (1960). 
4. Ralph Hultgren, Peter Newcomb, Raymond. Orr, and. Linda Warner, Phys. Chern. 
Metallic Solo, Natl Phys. Lab. Symposium, Tedd.ington, Middlesex, England., No. 
9, Vol. 1, Paper lH, 8pp., 1959· 
5· K. P. Clusius, P. Franzosini, and. V. Piesbergen, Z. Naturforsch. 15, 728 
(1960). -. 

* THE ACTIVATION ENERGY FOR THE SUBLIMATION OF GALLIUM NITRIDE 
+ .· ' 

Zuhair A. Munir and. Alan W. Searcy 

In 1932, Johnson et al.
1 

reported. that gallium nitride sublimes without 
d.ecompos~tion at temperatures in excess of 800°C. Recently, Sime and. 
Margrave measured. the vapor pressure of gallium nitride. by a transpiration 

* Abstracted. from Zuhair A. Munir, The Activation Energy for the Sublimation 
of Gallium Nitrid.e (Ph.D. Thesis), UCRL-10702, March 1963. 
+ Now ... at San Jose State College, San Jose, California. 
1. W. Johnson, J. Parsons, and. M. Crew, J. Phys. Chern. 36, 2651 (1932). 
2. R.. Sime and. J. Margrave, J. Phys. Chern. 60, 810 (195bJ· 
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method and concluded from their experimental results, estimated free-energy 
functions, and the heat of formation, tha,t the vapor species above the solid 
is a polymer (GaN) (g). 

The present research has proved that no gallium nitride molecules 
are present. However, the kinetics of sublimation of gallium nitride proved 
to be extremely interesting and we have measured the heat of activation and 
entropy of activation for sublimation. 

Gallium nitride was. prepared by the action of ammonia gas on liquid 
gallium at. temperatures between 900 and 1000°C. Preliminary vapor pressure 
measurements were made by using a torsion-effusion cell with 2.5-mm-diam 
orifices. X-ray analysis showed that under these conditions, only gallium 
nitride remained in the cell after heating., indicating that the gallium 
nitride sublimed consequently. The total pressures obtained in these runs 
with 2.5-mm effusion holes lay slightly below the vapor pressure of elemental 
gallium, and far below the nitrogen pressures reached in the gallium nitride 
decomposition studies of Lorenz and Binkowski. 3 Thus, the pressures measured 
in the cell with 2.5-mm-diam holes must be nonequilibrium values. Theoretical 
calculations show that the effusion holes would have to be impracticably 
small in order to approach equilibrium pressures in the cell. 

The vapor species above gallium nitride were identified with an 
Inghram-type mass spectrometer at several temperatures corresponding to the 
temperature range of the proposed vapor pressure measurements. The principal 
ions detected were N2 + and Ga+ with minor amounts of Ga2+ and Ga2o+. The 
latter were usually less than 2% of the total Ga+ intensity. No peaks that 
could be attributed to gallium nitride molecules were observed. 

Solid gallium nitride wafers were prepared at room temperature under 
pressures of 1.5 x 106 psi. Using these wafers in place of orifices in the 
side walls of the torsion-effusion cells, free surface sublimation was 
studied. This method may be designated as the torsion-Langmuir method. 
Microscopic examination of the wafers under 200 X magnification showed no 
pores. Similarly, no discernible change in the contour of the surface was 
observed when a sample wafer was heated at 1200°C for l hour. 

Deflection measurements on the torsion-Langmuir cell were made at 
temperatures from 1166 to l428°K. Figure IIF.8-l shows the free surface 
vapor pressure as a function of 1/T. Least-square treatment yielded the 
expression (Pin atm.) 

log P = 5,28 - 15 4oo/T~ 

3.M. Lorenz and B. Binkowski, J, Electrochem. Soc. 109, 24 (1962). 
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The data led to the expression 

Log Q = 7.92 - 23 100/T 

for the reaction GaN(s) = 1/2 N2 (g) + Ga(g), where Q is ~/2• PG • The acti
vation energy for the sublimation of gallium nitride was c§lcula~ed by using 
both the second.- law and. third-law method.s. The second-law heat of activation 
was calculated to be ~2 8 = 106 kcal/mole, and the entropy was calculated. to 
be 54.85 eu. Third.-law ~alculation.s based on the assumptions that the acti
vated. complex was the free vapor species and that the free energy function 
for GaN(s) is the same as that of ZnO(s) gave 6H2qR = 127.50 kcal/mole for the 
heat of activation and ts298 = 52.92 eu for the entropy of activation. 

The equilibrium constant for the reaction GaN(s) = Ga(g) + l/2N2 (g) as 
calculated. from thermodynamic data is about 5 x 10-5 at l400°K. The apparent 
equilibrium constant calculated from our Langmuir data is only 3 x 10-:1. The 
marked difference between the apparent equilibrium constants for sublimation 
measured under Langmuir conditions and. those measured in Knudsen cells demon
strates the existence of a high free-energy barrier to the sublimation process. 

9· THE SUBLIMATION OF INDIUM SESQUISULFIDE 

Alan R. Miller+ and. Alan W. Searcy 

Sublimation pressures were measured for indium sesquisulfide between 
950 and ll30°K by the Knudsen effusion method, and the composition of the 
vapor was investigated with a mass spectrometer. The solid sublimes almost 
exclusively by the reaction In2S~(s) = In2S(g)+S2 (g), for which 6H

2 8 is 
calculated. to be 147.4±3 kcal. The equiliorium constant is given lg the 
experimental range by the equation - log K = 30 6oo/T - l 7. 94. The heat of 
formation of In S(g) at 298oK is calculated. to be+ 14.5±5 kcal. The free
surface sublima~ion rate is above 0.01 times the equilibrium rate at l000°K. 

* Extract from Alan R. Miller and. Alan W. Searcy, J. Phys. Chem. 67, 2400 (1963). 
+ Now at Aerojet General Nucleonics, San Ramon, California. 
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10. IONIC MODEL CALCULATIONS OF THE STABILITIES 
OF GASEOUS ALKALINE EARTH MONOHALIDE MOLECULES 

Gary D. Blue 

UCRL-11317 

Recent thermochemical investigations
1

- 3 have yielded values for the 
dissociation energies of the gaseous alkaline ~arth monofluoride molecules. 
These values are, with one possible exception, much greater than the

6 
old 

values based on rather unreliable extrapolations of spectral data.5, 

A previous attempt to determine the binding energies of these 
monofluoride molecules by use of an ionic model due to Rittner 7 was very 
encouraging, especially for the monofluorides of the heavier alkaline earth 
metals. In the research presented here an attempt has been made to improve 
the values of the metal ion polarizabilities used in the calculations and to 
extend the method to the remainder of the alkaline earth monohalides for the 
purpose of predicting the stabilities of these molecules, which may be of 
importance in some high-temperature systems, especially under reducing 
conditions. 

The alkaline earth metal ion polarizabilities were improved by 
correcting the previously calculated values3 by comparison with the ratio of 
the known values8 to the calculated values (obtained from the same approximation 
formula) for the isoelectronic alkali metal atoms. Values of most of the 
other parameters needed for the calculations were available in standard 
sources. However, it was necessary in many cases to estimate the bond 
distance in the monohalides ·as being 97% of the distance in the corresponding 
dihalides.9,10 

l. M. A. Greenbaum, R. E. Yateo, M. L. Arin, M. Arshadi, J. Weiher, 
and M. Farber, J. Phys. Chern. 67, 703 (1963). 
2. G. D. Blue, J. W. Green, R. G. Bautista, and J. L. Margrave, J. Phys. 
Chern. 67, 877 (1963). 
3. G. D. Blue, J. W. Green, T. C. Ehler, and J. L. Margrave, Nature 199, 
8o4 (1963). 
4. M. M. Novikov, and L. M. Tunits.kii, Opt. Spectr. (USSR) §, 396 (1960). 
5. A. G. Gaydon, Dissociation Energies (Chapman and Hall, Ltd., London 
1953). 
6. G. Herzberg, Molecular Spectra and Molecular Structure, I. ~pectra of 
Diatomic Molecules (D. Van Nostrand Co., Inc., New York, 1'953) ," ., 
7. E. S. Rittner, J. Chern. Phys. 19, 1030 (1951). 
8. A. Dalgano 1 Advan. Phys. 11, 281 (1962). 
9. E. Morgan and R. F. Barrow, Nature 185, 754 (1960); 192, 1182 (1961). 
lO.Leo Brewer, G~ R. Somayajulu, and Elizabeth Brackett, Thermodynamic 
Properties of Gaseous Metal Dihalides, UCRL-9840, Sept. 1961. 
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The dissociation energies obtained from the ionic model are shown 
in Table IIF .. l0-1. Values from several other methods are shown for comparison. 
The stabilities predicted by the ionic model show the expected trends and are 
in excellent agreement with the thermochemical results for the monofluorides. 
It is felt that an upper limit on the dissociation energy is set by the 
average bond energy in the dihalide and that a lower limit is given by the 
ionic model calculation7 which probably closely approximates the true dissoci
ation energy for the more ionic molecules. 

* 11. SUBLIMATION AND THERMODYNAMIC PROPERTIES OF ZINC OXIDE 
t 

Donald F. Anthrop and Alan W. Searcy 

Brewer and Mastick
1 

concluded in 1951 that under neutral conditions 
zinc oxide sublimes congruently by decomposition to the gaseous elements 
according to the reaction, 

tnO(s) = Zn(g) + ~ o2 (g) • (l) 

Brewer calculated a limit ~f DR~< 92 kcal/mole for Zn0(s).
2 

Several invest
igators studied the rate of sublimation of zinc oxide in various environments 
and reported general agreement with the rate calculated from the thermodynamic 
data for Reaction (1) 7 except in an atmosphere of zinc vapor.3-5 Two of these 
investigators proposed that the sublimation of zinc oxide by Reaction (l) is 
catalyzed by zinc vapor. Since this proposal is at variance with accepted 
theory and with experimental evidence for other systems 7 the study reported 
here was undertaken. 

Knudsen Effusion Studies 

Zinc oxide was shown in a mass spectrometric study (see below) to 
sublime only to zinc atoms and oxygen molecules. Since the ratio of zinc 
atoms to oxygen molecules in the vapor must therefore be 2/1 7 the partial 
pressures of oxygen and zinc in equilibrium with zinc oxide can be calcu
lated from Knudsen weight-loss determinations. Measurements were made in 
alumina and silica effusion cells. The effusion cell assembly was inductively 
heated in a glass vacuum system. 

*Abstracted from Donald. F. Anthrop 7 Vaporization and Thermodynamic Properties 
of Zinc Oxide (Ph.D. Thesis) 7 UCRL-10708 7 May 1963. 
t Now at Avco Corporation7 Wilmington 7 Massachusetts. 
l.L. Brewer and D. F. Mastick 7 J, Chern. Phys. 197 834 (1951). 
2.L. Brewer 7 Chern. Revs. 52 7 l-75 (1953). --
3.W. J. Moore and E. L. Williams 7 J. Phys. Chern. 63 7 1516 (1959). 
4.E. A. Secco 7 Can. J. Chern. 38 7 596 (1960). --
5.T. C. M. Pillay 7 paper presented at Electrochem. Soc. Symposium on 
High-Temperature Chemistry7 Los Angeles 7 May 1962. 
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Table II F.lO-I. Dissociation energies of gaseous alkaline earth monohalides 

Gaseous Repulsive Coulomb Ionic Valence-state Avg. bond Spectroscopic Thermochemical 
molecule constant (a) term (b) model h)'1'othesis (c) energy (d) 

p (Al 
2 (This work) 

~6HA (MX2 )(ev) MX ~- I,+E(ev) D(MX) (ev) D(l-lX)(ev) D(MX)(ev) D(MX)(ev) 

BeF 0.192 4.76 6.24 4.81 6. 50 4.oe,5.4r,8.og 6.29i 

BeCl 0.238 2.97 4.20 3.13 4.81 3,0e,4.l, 5·9h 

BeEr 0.264 2.02 2.94 2.42 4.11 

Be I 0.295 0.88 1. 53 1. 57 3.26 

MgF 0.243 4.18 4.64 3·92 5· 50 3.2e,4.2f 4.6oj 

MgCl 0.291 2.72 3.04 2.64 4.21 2.7e,3.2f 

MgBr 0.309 2.21 2.49 1.94 (3.51) <3· 35f 

Mgi 0.337 1.44 1.68 1.17 2. 75 

CaF 0.274 4.63 5.44 4. 73 5.81 <3.15f 5.44j,k 

CaCl 0.318 3.60 4.10 3.68 4. 75 <2.76f 

CaBr 0.332 2. 96 3· 39 3.08 4.15 2.9f 

car o. 353 2.21 2. 59 2. 32 (3.40) 2.8f 

SrF 0.287 4.67 5.46 4. 73 5· 75 2.7e,3.5f 5·45j 

SrCl 0.329 3·69 4.18 3·85 (4.86) 2.5e,3.0f 

SrBr 0.344 3.08 3·49 3.21 4.22 2.8f 

Sri 0.367 2.39 2. 75 2.47 (3.48) 2.2f 

BaF 0.299 4.88 5.84 5.16 6.05 3.8f 5.8oj 

BaCl 0.337 3·87 4.45 4.21 5·09 2.7r 

BaBr 0-348 3·27 3·77 3· 57 4.45 2.8r 

Bai 0.369 2.62 3.06 2.86 (3. 75) 

(The superscript lower case letters refer to references for this table) 

a Ref. 7 

b J. L. Margrave, J. Phys. Chern • .2§, 258 (1954); different values of re are used in many instances in calculating these values. 

H. A. Skinner, Trans. Farad. Soc. ~' 20 (1949), 

d Ref. 10 

e Ref. 

f Ref. 

g V. Mo Tateuskii, L. M. Tunitskii, and M. M. Novikov, Opt. Spectr. (USSR) _2, 521 (1958). 

h Ref. 4 

i Ref. l 

j Ref. 

k Ref. 
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Data obtained with the alumina cell are shown in Fig. IIF.ll-L 
Pressures inside the cell were calculated from the weight loss through an 
orifice by means of the Knudsen equation.6)7 The last four measurements were 
made with some silica mixed with the zinc oxide sample) because it had been 
observed that silica) present as particles or as the container) reduced the 
evaporation rate of zinc oxide. The Knudsen studies proved that under neutral 
conditions the va.porization rate for zinc oxide is exactly that expected from 
thermodynamic data on the assumption that Reaction (1) is the only vaporization 
reaction. 

Mass Spectrometric Investigation 

A high-temperature mass spectrometer was used to determine the vapor 
species in equilibrium with solid zinc oxide at background pressures below 
10-6 torr. The cells from the weight-loss studies were used in the spec
trometer as well. 

Determination of the rate of effusion from the cells by means of the 
weight-loss experiments) coupled with the knowledge that the oxide sublimes 
congruently at a Zn/02 ratio of 2/1) allowed calibration of the spectrometer 
intensities vs pressures for zinc and oxygen with an uncertainty of less than 
20%. No gaseous zinc oxide molecules of any kind were detected. Upper limits 
were calculated for the pressures of Zn20(g) and ZnO(g). From these limits 
dissociation energies of D~9b ~ 127 and < 66 were calculated for Zn20(g) and 
ZnO(g)) respectively. To investigate th~ effect of zinc vapor on the dissoci
ation of zinc oxide) zinc oxide was heated with a 40% zinc-60% gold alloy in 
the mass spectrometer. The results showed no change in evaporation rate of 
ZnO due to the presence of zinc vapor. 

Transport Studies 

Re-examination of zinc oxide sublimation in a tube furnace in a 
dried helium carrier gas) sometimes with liquid zinc and sometimes with iron 
wire present in the furnace) at 1056°C resulted in the data shown in 
Table IIF.ll-1. 

The explanation of the conflicting data reported by other investi
gators was revealed by the tube furnace experiments with the iron wire. 
Cubicciotti had suggested that water vapor) present despite normaB drying 
procedures) might produce the observed zinc oxide volatilization. Our 
substitution of iron wire for zinc was designed to test this hypothesis. 
Iron has a negligible volatility at the temperatures of the tube furnace 
experiments) but can reduce water to hydrogen) and carbon dioxide to carbon 
monoxide. The evaporation rates of zinc oxide obtained when iron wire was 
heated in the gas stream were comparable to those obtained when liquid zinc 
was present. 

6 .Joos) Theoretical Physics (Blackie and Son) Ltd.) London) 1958)) Chap. 34. 
7 .Leo Brewer) in Chemistr and Metallur of Miscellaneous Materials: 
Thermodynamics) L. L. Quill) Ed. McGraw-Hill Book Co.) Inc.) New York) 
1950). 
S.D. D. Cubicciotti (Stanford Research Institute)) private communication. 
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Table IIF. ll- I. 

Time Temp He flow rate 
(h) ( oc) (cm3/min) 

44.4 1056 77.0 

19.97 1019 64.8 

22.8 1019 75.8 

26.3 1006 65.2 

(~/ 

Sumrnary of tube furnace experiments 

Wt. of Zn Pzn Wt. loss Wt. loss Calc. rate of 
transported of ZnO of ZnO loss of ZnO 

(g) (mg) (g/hr) (g/hr) 

3.8 8.56 X 10-5 1.31 X l0-4 

3.0046 1.45 X l0-2 
387.6 1.94 X l0-2 

3·7 X l0-l2 

128.7 5.64 X l0-3 5.79 X 10-5 

152.8 5.81 X lo-3 3.72 X 10-5 
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7.00 

Fig. IIF. ll-1 

7.20 7.40 7.60 7.80 8.00 8.20 

MUB-1760 

The equilibrium constant for the reaction ZnO(s) = Zn(g) 
+ ~ o2 (g) measured in alumina cells. The solid triangles 
are experimental determinations on zinc oxide alone. The 
line is plotted from the free energy of the reaction 
ZnO(s) = Zn(g) + ~o2 (g) that was calculated by Coughlin 
from the heats of formation of zinc oxide, the heat of 
vaporization of zinc, and from entropies and heat capaci
ties. The numbered points were obtained when silica was 
added. 
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We conclude that when zinc is present in the cooler region of the 
furnace the reaction taking place is H2o+ Zn(£) = ZnO(s) + H2 (g) or 
C02 + Zn(£) = ZnO(s) + CO(g), or both, whereas in ~he hot region the hydrogen 
gas or CO (or both) reacts with the zinc oxide sample to yield zinc vapor 
and to regenerate H20(g) or C02 (or both). Zinc vapor in the absence of a 
readily reducible gas and. of a temperature gradient has no unusual effect on 
the rate of vaporization of zinc oxide. 
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TORSION-EFFUSION STUDY OF THE VAPOR PRESSURE 
AND HEAT OF SUBLIMATION OF GALLIUM* 

t . 
Zuhair A. Munir and Alan W. Searcy 

UCRL-11317 

Measurements of the vapor pressure of gallium have been reported by 
Harteck1 and by Speiser and Johnston2 who employed the Knudsen effusion method 
using quartz effusion cells. Recently, Cochran and Foster investigated the 
apparent vapor pressure of gallium in alumina Knudsen cells with and without 
added silica or magnesia.3 Apparent pressures obtained with silica present 
agreed well with the pressures of Harteck and of Speiser and Johnston, but 
pressures measured when only gallium was present were four-to fivefold lower. 
Cochran and Foster concluded that the previous studies in quartz were erroneous 
because of the reaction 2Ga(£) + Si02 (c) = SiO(g) + Ga20(g), and further 
concluded that the vapor pressure of gallium is lower by about a factor of 4 
than previously reported. 

We here report a redet~rmination of the vapor pressure of gallium 
by the torsion effusion method, using a graphite container. Drowart and Honig 
have demonstrated that gallium atoms are the only major vapor species when 
gallium is heated in graphite.5 Our results are in disagreement with the 
results of Cochran and Foster. 

Figure IIF.l2-l shows the data measured with two orifices (25 mm and 
10 mm diam). The least-square method gave a second-law heat of sublimation 
of DRs 298 = 64.3 kcgl/mole. Third-law calculations using free-energy functions 
selectcf:d by Hultgren yielded DRs 298 = 65.44±0.23 kcal/mole. The third-law 
analysis gave the following expre§sion for the vapor pressure of gallium, in 
atmospheres, between 1174 and 1603°K, 

Our third,-law value of DR 0 

298 = 65.44 kcal/mole is significantly 
lower than the value of 68.96 kcal/~6le reported by Cochran and Foster.3 

It is not possible to explain the discrepancy between this work and 
that reported by Cochran and Foster as resulting from the presence of volatile 
impurities in our present investigation. Mass spectrometric studies conducted 

*Abstracted from Zuhair A. Munir, The Activation Energy for the Sublimation 
of Gallium Nitride (Ph.D. Thesis), UCRL-10702, March 1963; submitted for 
publication in J. Electrochem. Soc. 
t Now at San Jose State College, San Jose, California 
l·P. Harteck, z. Physik. Chern. 134, l (1928). 
2·R. Speiser and H. L. Johnston~. Am. Chern. Soc. 75, 1469 (1952). 
3•C. N. Cochran and L. M. Foster, J. Electrochem. Soc. 109, 144 (1962). 
4.M. Vollmer, Z. Physik. Chern., Bodenstein Fest band 863Tl93l). 
5•J. Drowart and R. E. Honig, Bull. Soc. Chim. Belges 66, 411 (1957). 
6.R. Hultgren, R. L. Orr, P. D. Anderson and K. K. Kelley, Selected Values of 
Thermodynamic Properties of Metals and Alloys (John Wiley and Sons, Inc., 
New York, 1963). 
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Fig. IIF. 12-l Vapor pressure of gallium (£). 
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. in a graphite cell under conditions very similar to the conditions during 
the torsion-effusion pressure studies showed that the ratio of Ga/Ga20 is 
greater than 50. No other impurities were found. The possibility of a 
systematic error was checked by redetermining the vapor pressure of tin 
in the temperature range used for the gallium measurements. The results were 
in excellent agreement with the best literature values.6,7 

7.D. A. Schultz (Ph.D. Thesis), L[niversity of California, Berkeley, 
1961. 

13. VAPOR PRESSURE AND HEAT OF SUBLIMATION 
OF BARIUM FLUORIDE 

Patrick E. Hart and Alan W. Searcy 

Only limited vapor pressure data have been available for barium 
fluoride. Ruff and LeBoucher obtained ~~assures between 1960 and 2206°K 
by use of a dynamic method. Blue et al. used a mass spectrometer to 
obtain vapor pressure data by the Knudsen method at temperatures between 
1232 and l$05°K. The mass spectrometer pressures were normalized to agree 
with free-surface weight loss studies. The normalized pressures were used 
to calculate the he~t of sublimation at 298°K by the third-law method. 
Pressures were calculated from the weight loss study by means of the Langmuir 
equation with the assumption that the sublimation coefficient was unity. 
Therefore, the pressures calculated in neither the Langmuir study nor in 
the mass spectrometer study would be equilibrium values if the sublimation 
coefficient of barium fluoride were less than unity. It therefore seemed 
desirable to measure pressures for barium fluoride in the temperature range 
of the Langmuir study by a method that clearly gives equilibrium data. 

Experimental Procedure 

The vapor pressure of barium fluoride was determined by the tors~on 
effusion method that has been described by Schulz and :Searcy5 and others. , 7 

*Abstr~cted from Patrick E. Hart, Vapor Pressure and Heat of Sublimation 
of Barium Fluoride (M.S. Thesis), UCRL-11124, Jan. 1963. 
1•0. Ruff and L. LeBoucher, Z. anorh. Chern. 219, 376 (1934). 
2.G. D. Blue, J. W. Green, E. C. Ehler, and ~L. Margrave, paper presented 
to the Eleventh Annual Conference of Mass Spectrometry and Allied Topics, 
May 19-24, 1963, San Francisco. 
3.J. W. Green, Ph.D. Thesis, University of Wisconsin, 1963. 
4.R. G. Bautista and J. L. Margrave, private communication. 
5.D. A. Schulz and A. W. Searcy, J. Phys. Chern. 67, 103 (1963). 
6.H. Mayer, Z. Physik 67, 240 (1931). --
7.M. Vollmer, Z. Physi~ Chern., Bodenstein Festband, 863 (1931). 
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The graphite torsion cell was of match-box shape. Two different se~s of 
orifices were used to measure pressures over a range of lo-7 ~o 10- · 
atmosphere. For this work barium fluoride of optical quality was used. 
The cell was heated in a resistance furnace. The configuration of the hair
pin-shaped heating elements eliminated any residual deflection of the cell 
due to a directional magnetic field. Such fields have been troublesome in 
other work of this type.5 

The pressures obtained are shown in Fig. IIF.l3-l. 

Results and Discussion 

Molecular flow equations only apply when the mean free path,\~' is 
greater than the effusion orifice d. Therefore, pressures for which tr- <0.5 
were excluded from the final calculation of L'JI 0

'29e (Fig .IIF .13-l). A least
squares calculation for the data gives an expression of the form 

8 104 
log P(atm) = ( - L5 :+~ ± 1.42) X~+ 6.94 ±0.23 

between 1261 and l548°K. The heat of sublimation of barium fluoride at 
298°K by both the second-law (sigma plot) and third-law method were calculated. 
In all calculations BaF2 is considered to be the major vapor species. A 
least-squares calculation yields 6H 029~ = 87.06±1.45 kcal/mole. A third-law 
calculation yields 6H 0 298 ·= 90.29 kcaljmole. . 

The §esults of this and earlier vapor studies are shown in Fig.IIF.l3-l. 
Brewer et al. suggest 6H 0

298 = 88 kcal/mole based on the earlier work of 
Ruff and LeBoucher. Blue, in the mass spectrometer study, found 
6H 0 298 = 92.3 kcal/mole by the third-law method~ using the same free-energy 
functions as were assumed in this work. Nearly the same temperature ranges 
were employed in the two studies. 'rherefore J the differences in the 
calculated heats of sublimation at 298°K reflect only the systematic 
differences in measurements and not possible errors in the free-energy 
functions. Apparently~ a significant discrepancy exists between the results 
of this and the previous study of barium fluoride sublimation. 

The difference in results' obtained by the two techniques may 
indicate a systematic error in measurement of temperature j or may indicate 
that the Langmuir data with which Blue's measurements were normalized were 
not equilibrium measurements. A low sublimation coefficient for barium 
fluoride would cause Langmuir pressures to be less than the equilibrium 
pressures. 

The best way to identify the source of the discrepancy appears 
to be to conduct Langmuir free-surface sublimation experiments in our 
torsion effusion apparatus. Errors in temperature measurements and other 
systematic errors will largely cancel when pressures are measured by effusion 
and by free-surface sublimation in the same apparatus. If lower apparent 
pressures are obtained in free-surface sublimation experiments than have 
been obtained in effusion experiments~ a low sublimation c·oefficient can be 
concluded to characterize barium fluoride sublimation. 
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14. THE VAPOR PRESSURE OF INDIUM SULFIDES 
AS A FUNCTION OF COMPOSITION AND TEMPERATURE* 

. t Alan R. M1ller and Alan W. Searcy 

UCRL-11317 

It is usually essential for the determination of the partial pressures 
of vapor species in multicomponent phase systems by a dynamic method (such 
as the Knudsen effusion method) to choose conditions that yield pressures 
which do not change with time at constant temperature. Time-independent 
pressures for a two-component system can be obtained by bringing two condensed 
phases into equilibrium with the vapor. Some two-component single-phase systems 
have particular compositions that sublime congruently and that can also be 
studied by dynamic-pressure-measurement techniques. However, the pressures ·/ 
that characterize other single-phase compositions are not readily studied. 

The major purpose of this study was to determine whether or not 
ion intensity-vs-time data obtained with a mass spectrometer can be used 
for continuous determination of composition-vs-pressure data in composition 
ranges in which compositions change with time of heating at constant tem
perature. 

Indium sesquisulfide was chosen for the study because (a) we had Jl 
previously obtained, as a function of temperature, reliable measurements of 
the total vapor pressure at ~he composition of congruent sublimation, 1 (b) 
the vapor pressure range is a convenient one for study with a high-temperature 
mass spectrometer, and (c) our preliminary investigations revealed the indium 
sesquisulfide phase to have a relatively wide solid solution range at high 
temperatures (this fact had not been recognized in previous investigations). 

In this study the partial pressures of In2S and S2, the major vapor 
species, were measured as a function of temperature in the two-phase region 
on the indium-rich side of the indium sesquisulfide phase, and as a function 
of composition and tempera~ure in the solid-solution region of the indium 
sesquisulfide phase. · 

X-Ray Diffraction Studies 

Samples of composition between 41.5 and 42 at.% showed that x-ray 
diffraction pattern after heating to 600°C of a single phase with the known 
In2S3 pattern2 but with a contraction in the unit-cell volume. The patterns 
of samples containing 43 to 45% indium indicated that two phases were present, 
one of which had the contracted I~s3 pattern. The other pattern matched 
that ob~ained from the sample quenc~ed in the mass spectrometer at a time 

*Abstracted from Alan R. Miller, (Ph.D. Thesis) UCRL-10857, Oct. 1963. 
t Now at Aerojet General Nucleonics, San Ramon, California 
l.A. R. Miller and A. W. Searcy, J. Phys. Chem. 67, 2400 (1963). 
2.H. Hahn and W. Klingler, Z. anorg. Chem. 260, 97 (1949). 
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when the ion intensities were rapidly changing (46.5% In). From the 
diffraction-vs"composition studies, the maximum solubility of indium in the 
phase of ideal-composition In2s3 appears to occur at 42 at.% indium at the 
temperature of our experiments. The diffraction pattern of the sample of 
46.5 at.% indium agreed in position and approximate intensities with the 
pattern of a phase previously reported to have the approximate formula 
In5S6.3 For convenience in subsequent discussions, this phase will be de
signated InSl+• The x-ray diffraction pattern of the 50 at.% indium sample 
(nominally InS) appeared to be that of a third single phase, and patterns 
of samples ranging from 46.5 to 50 at.% indium contained lines of both InS 
and InSl+• The InS pattern, however, did not agree with the one reported 
by Schufle.4 A sample of overall composition In2S yielded the diffraction 
patterns of indium and of InS as found in this study. 

Mass Spectrometer Stud.ies 
Indium-rich samples were heated at 600°, 650°, 700°, 750°, and 

800°C; the sulfur-rich samples were heated at 6ooo, 650o, 700°, and 750°C. 
Several 40-at.% samples were heated to between 880° and 950°C. During each 
run the intensities of the ions In2s+ and s2+, the major vapor species, were 
alternately recorded on a strip chart until the ion intensities became con
stant with time. 

Several samples, initially 50-at.% indium, were heated in the tem
perature range 600° to 750°C; all showed constant ion intensities at first, 
then a rapid change in intensities in a very short time period. The rapid 
change indicated that a narrow, single-phase region at 46.7 at.% Tn. 

If the intensity of an ion that is produced from each major vapor 
species can be followed as a function of time at constant temperature, a 
preSSQYe-vs-composition plot can be derived. The necessary constants can 
be evaluated for In2S and S2 by taking advantage of the circumstance that 
the partial pressure of each of these species is known at known compositions 
of congruent sublimation. 

The Free Energy of Formation of In2S3 and InSl+ 

The pressure-vs-composition curves derived from intensity-vs-time 
data were used to calculate the free energy of Reaction (1) as a function 
of composition for the indium sesquisulfide phase. Calculations were 
performed for the reaction 

1-x 
2 

(l) 

where x is the atom fraction of sulfur. The results are shown in Fig. IIF.l4-l 
as solid lines. 

In Reaction (l) the slope of DF 0 vs composition for In2S3 between 
40 and 44 at.% should change smoothly with temperature and must always have 

3.American Society for Testing Materials x-ray card 5-0429. 
4 ·American Society for Testing Materials x-ray card 5-0722. 
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a positive curvature, instead of the negative curvature indicated by the 
experimental data at 600° and 650°C. In order to determine more definitely 
the change in slope with temperature, 6F 0 was calculated at 600°, 650°, 
700°, and 750°C and at various compositions between 40 and 44 at.% indium, 
from the experimental value at 800°C and with the assumption of a simple 
model for the entropy of formation (See Fig. IIF.l4-l). 

The calculated curves are, within the experimental error, in agree
ment with the curves of negative curvature that were calculated directly 
from the experimental data. These new calculated curves probably represent 
the true composition dependence of 6F 0 for formation more correctly than the 
curves of negative curvature. 

The heat and free energy of formation of InS1+ (approximately 
Ino.~67s0 . 533 ) were determined at 600°, 650°, 700°, and 750°C at the sulfur
rich boundary. Since the phase is only a few tenths of an atomic percent 
wide, 6F and 6H per gram atom must be essentially constant with composition 
across the phase. The results are shown in Table IIF.l4-I. 

Table IIF.l4-I. The heat and free energy of formation of InS1+ 
(kcal/ g atom), 

0.467 In(£)+ 0.266 s 2 (g) = In0.467s0.533(s) 

T( °C) -6Ho 
f 

-6fo 
f 

600 27·3 16.6 

650 27·3 16.1 

700 27·5 15· 7 

750 27.8 15· 5 

This study demonstrated that a mass spectrometer can be used for 
measurement of pressure-vs-composition data and for determination of var
iation in thermodynamic quantities with temperature as well as for determ
ination of composition limits at high temperatures. 
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I I I. REACTOR M A T E R I A L S 

l. THE SOLUBILITY OF HELIUM IN U02 

Firooz Rufeh, Donald R. Olander, and Thomas H. Pigford 

An investigation of the diffusion of helium in uo2 would provide a useful 
comparison to the more plentiful data on xenon and krypton diffusion in the 
same material. Although helium cannot be generated in the solid by uranium 
fission, it exhibits sufficient solubility in uo2 at high gas pressures to 
permit study. In order to study the diffusion process, the solubility must 
be known, since this parameter constitutes one of the boundary conditions of 
the diffusion e~uation. Conversely, the ~uantity of helium absorbed by a 
sample in a finite time is less than the solubility, by an amount depending 
upon the diffusivity. In principle, a set of experiments can be designed to 
measure both the solubility and the diffusivity. In the work reported here, 
the former was measured with considerably greater precision than the latter. 

A weighed amount of uo2(4 to 5 g) was held in a resistance furnace 
capable of helium pressures up to 100 atm and temperatures of 2000°C. The uo2 was in the form of a powder consisting of~ 4-~ particles. The system was 
pressurized for times long enough to attain between 70 and 99% saturation. 
The samples were kept under vacuum for 2 months to remove any helium in open 
pores, then annealed at 300°C for several hours to remove adsorbed helium 
from the uo2 surface. The sample was dissolved in a molten salt flux tore
lease the contained helium (He4), and a measured amount of He3 was added to 
the gas. The gas mixture was analyzed mass spectrometrically for the ratio 
of He3 to He4, from which the average helium concentration in the solid could 
be determined. The measured helium content is less than the solubility by 
the factor 

6 2 Dt 
f = l- II2 erg(-TI a2 ), ( l) 

where f is the fractional saturation, D is the diffusivity of helium in U02 , 
as is the particle radium (assumed spherical), and t is the time of pressuri
zation. E~uation (l) is the two-term approximation to the infinite-series 
solution of Fick's second law for spherical geometry.l For f > 0.7, neglecting 
the remaining terms introduces an error of less than 1%. The results are 
shown in Table III.l~I. 

The precision of the data is estimated as ± 2%. The difference in the 
amount of dissolved helium in 46.9-hr Run 4 and 71.4-hr Run 6 is of this 
order of magnitude, and these two experiments represent the solubility of 
helium in U02 at l200°C. The average of Runs 4 and 6 is 6.7 x lo-4, which is 

l. H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (Oxford 
University Press, London, 1959). 
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nearly an order of magnitude greater than the results of Bostrum extrap6lated 
to l200°C.2 Comparison o~ Runs 4 and 5 shows that He~uo2 obeys Henry's law 
within experimental precision. The heat of solution from Table III.l-I is 
""' 34 kcal/mole . 

The diffusivity at l200°C was roughly estimated by plotting the data of . 
Table III.i-I and fitting the points with curves of the form of Eq. (l) for 
various values of D. The best estimate of the diffusivity is 1.5 ± 0.4 .:X: l0-13 
cm2/sec. 

Several experiments at l500°C and l800°C were attempted, but sintering 
of the uo

2 
powder resulted in nonreproducible and anomalously high apparent 

solubilit~es, probably due to inclusion of helium during sintering. 

Table III.l-I Helium dissolution in uo2 . 

:RJn T(°C) p (atm) Time (hr) He dissolved a 

1 1200 100 6.0 5.16 x :ta-4 

2 1200 100 8.9 5.39 x lo-4 

3 1200 100 5.2 6.o6 x lo-4 

4 1200 100 46.9 6.61 X 10-4 

5 1200 50 48.9 6. 71 X 10-4 

6 1200 100 71.4 6.80 X lo-4 

7 1300 100 30.1. 3.23 X 10-4 

a cc(STP) per g uo2-atm 

2. Bostrum, WAPD-183 
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2. PARTICLE-VOLTAIC EFFECT IN SEMICONDUCTORS 

Allen R. Kirkpatrick, John G. Poksheva, 
Lawrence D. Posey, arid Thomas H. Pfgford ·· 

UCRL-11317 

An experimental study has been undertaken of the use of silicon and 
gallium arsenide large-area junction diodes as a.-particle energy converters. 
The diodes under study are commercially available IRC p on n and n on 
p silicon solar cells, Hoffmann p on n solar cells, and RCA p on n 
gallium arsenide solar cells. 

Irradiations have been performed with the IRC S0510Ell p on n 
cells at temperatures of 200°K and 275°K with a.-particle energies of approxi
mately 2.6 MeV, 3·3 MeV, and 4.3 MeV. The a particles are obtained from a 
l-3-millicurie americium-241 source. Under irradiation the silicon solar 
cells yielded, initially, short-circuit currents of approximately lo-7 A, 
decreasing to values below 5 x lo-b A at exposure times in excess of 3000 
minutes at 275°K. The resulting decrease in short-circuit current at -200°K 
is less than at 275°K. Similar changes in performance during exposure are 
observed for the various a.-particle energies employed. The energy-conversion 
efficiency of these cells is generally found to increase with decreasing 
temperature. The effect of a.-particle radiation damageon these large-area 
junction devices is obtained from the changes in cell performance during 
exposure. 

The effects of radiation damage are also obtained from observing 
exposure-induced changes in the dark-current-voltage characteristic of a 
cell. These characteristics are found to deviate from existing theoretical 
predictions.; the deviation becomes more pronounced as the cell temperature 
is decreased. 

Also under study is the energy loss mechanism for high-energy charged 
particles in semiconductors. The energy required to produce an electron-hole 
pair has been measured for a particles in silicon. The value obtained at 
275°K, 3·5 eV, is in good agreement with previous measurements and 
theoretical predictions. Measurements at lower temperatures show that the 
existing theory cannot adequately explain the experimentally observed tempera
ture dependence of the energy per electron-hole pair in silicon. 

3· RELEASE OF FISSION GAS BY 
SIMULTANEOUS DIFFUSION AND EVAPORATION 

Stephen D. Lowe, Paul L. Chambre, and Thomas H. Pigford 

Isothermal postirradiation anneal experiments have been extensively 
used to determine diffusion coefficients for fission gases in nuclear fuel 
bodies. Several of these experiments have been carried out at temperatures 
sufficiently high for the fuel body to show an appreciable evaporation rate, 
but the effect of this evaporation upon the release of fission gas and upon 
the determination of diffusion coefficients has heretofore been neglected. 
We have carried out an analysis of the release rates to be expected when 
evaporation and diffusion occur simultaneously; this analysis permits a 
proper determination of the Fick's Law diffusion coefficient under such conditions. 
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For simplicity, we describe herein the analysis and results for slab 
geometry. A similar analysis for spherical geometry hl'i's also been completed.l 

The rate of decrease in fission gas concentration C(x,t) within the 
sample is given by 

ClC(x,t) 

dt 

2 
Dd C(x,t) 

2 ' Clx 

(l) 

where D is the diffusion coefficient. The sample is exposed to vacuum in 
these experiments, so that the resulting boundary condition is 

C [ ± (a-bt), t ] o, (2) 

where a is the initial half-thickness of the sample and b is a constant 
rate of decrease in the half-thickness resulting from evaporation. For a 
spatially uniform initial (t=O) concentration of the diffusing species, the 
fraction f(t) of the initial amount of fission gas which has been released 
by time t due to simultaneous diffusion and evaporation is obtained by solv
ing Eqs. (l) and (2): 

f( t) 

I m-1 1/2 
Q..,.l 2 m rh 

+ 'Ll/2 I: ( 4 ) m-1 ..;......:__~--'::---'- i erfc-2-
2 

where 13 

and 'L 

ba 
D 

Dt 
2 

a 

m=l 

( 3) 

Equation (3) has been obtained by restricting the general solution of 
'L <O.Ol and 131" <0.5, which are the regions of interest in most postirradiation 
anneal experiments. The integral error functions are tabulated in Reference 
(2). 

;
2
As shown in Fig. III. 3-l, the fractional release is a linear function 

of 'L 1 for no evaporation (13=0). A very small but finite rate of sur/ace 
evaporation can result in a more rapid increase of f with increasing 'Ll 2, \ 
which is consistent w~th observations in some high-temperature postirradiation 
anneal experiments.3, 

1. Stephen D. Lowe, Fractional Release of a Tracer Element Through a Moving 
Boundary (M.S. Thesis), UCRL-11097, Oct. 1963. 
2. H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (Oxford 
University Press, London, 1959). -- ------
3· Hagai Shaked, Diffusion of Xenon in Uranium Monocarbide (Ph.D. Thesis), 
UCRL-10462, Nov. 1962. 
4. G. Long, D. Davies, and J. R. Findlay, Diffusion of Fission Products in 
Uranium Dioxide and Uranium Monocarbide, TID-7bl0, Oct. l9b0. 



-202-
UCRL-11317 

0.024 

0.008 

~--~--~~--~--~----~--~----~--~--~~--~0 
0 0.002 0.004 0.006 0.008 0.01 

yl/2 

MU-32926 

( 1) (3 = 0 (,no evaporation) 
(2) (3 = 20 
(3) (3= 100 
(4) (3 = 200 
(5) (3 = 500 
(6) (3 = 1000 
( 7) (3 = 2 000 

Fig. III. 3-l Fractional release vs ~1/2 for various 
rates of evaporation. 
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!3-rl 2 
For values of ~ less than ~ 0.2, Eq. (3) may be further simplified 

to 

1 2 l/2 f(t) =2 !3-r+--r 
. Ire 

( 4) 

which is a form easily adaptable to predicting D from postirradiation anneal 
experiments. An equivalent equation for spherical geometry, where a now 
represents the initial radius, is found to be 

f(t) = 3/2 !3-r + ~ -r1/
2

• 
Ire 

For example, the diffusion coefficient for zenon in uranium mono
carbide at 2040°C has been determined from a measured fractional release 
f of 5.2 x lo-3, corrected for initial release, after:. an anneal time of 2.25 
x 104 ~ec.3 Thermodynamic data5 for uranium monocarbide at this temperature 
lead tp a predicted surface disappearance rate b of 0.015 cm/hr if the 
sample is exposed to vacuum. The evaporation rate in the experiment cited 
was estimated to be only 3 x lo-5 cm/hr, because the sample was contained 
in a Knudsen effusion cell of small aperture. These data lead to a diffusion 
coefficient D of 4.1 x lo-12 cm2/sec, as predicted from Eq. (5), which is 
60% less than the value obtained if evaporation effects are not considered. 

/ 

As a more extreme case, if the sample had been directly exposed to 
vacuum for the same period as above, a fractional release of 0.7b would be 
predicted from an equation equivalent to (3) which we have obta.ined for 
spherical geometry. If surface evaporation were ignored, the diffusion 
coefficient so predicted would be erroneously high by more than four orders 
of magnitude. 

These examples illustrate the importance of ei;ther minimizing 
evaporation experimentally or taking it into account analytically, using 
the theory and equations summarized herein. 

5· C. B. Alcock and P. Grieveson, A Study of Uranium Borides and. Carbides by 
Means of the Knudsen Effusion Technique, IAEA, Vienna, May, 1962. 
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IV• CURRENT R E S E A R C H I N;T E R E S T S 

Summaries of current research interests, as of January, 1964 under 
the direction of eachprincipal investigator. 

· .1. · Leo -Brewer 

HIGH TEMPERATURE CHEMISTRY AND THERMODYNAMICS 

a. The available data for nitrides, carbides, sulfides and halides of 
molybdenum have been critically evaluated, and estimated values have been 
tabulated when no data were available. 1 ' 2 During the next two years, it is 
planned to consolidate these previous compilatiohs, to bring them up to date, 
and to compile complete thermodynamic tables for molybdenum and its compounds. 

b. The radiative lifetime apparatus is being used with various atomic 
light sources to excite d.ifferent rotational and vibrational levels of the 
3rc state of I

2 
to determine the variation of lifetime with rotational and 

vibrational excitation and. to measure the lifetimes of various electronic 
states of the alkali metals. Similar work is planned for LaO. 

c. Studies of electronic spectra of Se2 and Te2 are continuing. Various 
sources of emission spectra of alkaline earth oxides are being investigated 
in an effort to analyze several known but uncharacterized bands of MgO and 
CaO which are predicted to be triplet systems. The Si2 spectrum is also being 
examined for triplet systems. 

Tl:).e spectra of the alkaline earth monohalides are being examined in the 
infrared. for evidence of predicted. low-lying electronic states. The third 
group oxides are being examined for low-lying electronic states and in an 
effort to establish the group states of transition me~al oxides. 

d. An attempt will be made to develop new methods of analyzing elec
tronic spectra. Absorption spectra of high-temperature molecular beams have 
been obtained. in an effort to establish the ground states. The polarization 
of fluorescence from molecular beams will be examined. in an effort to detect 
Q branches and heads. The possi~ility of exciting and. studying electronic 
Raman spectra of molecular beams is being considered. 

e. It has been found that sharp electronic spectra of high-temperature 
atoms and molecules trapped in rare gas matrices at liquid helium and liquid 
hydrogen temperatures can be obtained. Forbidden ~ransitions such as the 
infrared vibration spectrum of S can be seen in matrices.3 The spectra of 
a variety of high-temperature molecules in rare gas as well as polar matrixes 
are being studied. 

1. L. Brewer, L. A. Bromley, P. W. Gilles and N. L. Lofgren, National 
Nuclear Series, Vol. 19B, Ed .. by L. L. Quill (McGraw-Hill, New York, 1950), 
Papers 4 and 8. 
2. L. Brewer, ibid., Paper 7. 
3· B. Meyer, J. Chern. Phys. 37, 1577 (1962). 
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f. A bibliography of papers dealing with high-temperature vaporization 
processes and high-temperature spectra is being prepared for quarterly distribu
tion by the National Bureau of Standard.s as an IUPAC function. 

2. Robert E. Connick 

KINETICS AND STOICHIOMETRIC STUDIES OF HYDRATED METAL IONS 

The observation of the broadening of the o17 NMR resonance of water has 
yielded measures of very rapid rates of water exchange in and out of the 
first coordination sphere of a number of paramagnetic ions [Swift and Connick, 
J. Chern. Phys. 37, 307 (1962)]. This type of measurement will be extended to 
other magnetic cations and the temperature range covered by the original 
measurements will be broadened to yield add.itional information on exchange 
kinetics and the relaxation process. An extensive set of data should reveal 
the primary factors controlling these rates of exchange. The change in the 
water exchange rate brought about by complexing of the metal ion by ligands 
other than water is also being investigated. 

Work has started on measuring the number of water molecules in the 
first coordination sphere of diamagnetic cations whose exchange is sufficiently 
slow to yield a separate ol7 resonance for the bound water. In certain cases 
it will be possible to obtain rates of exchange from studies of temperature 
dependence. 

Time permitting, determinations of oxygen bridging in hydrolyzed 
cationic polymers and poly acids will be attempted with the ol7 NMR resonance. 

3· John E. Dorn 

KINETICS OF DISLOCATION MECHANISMS 

The major objective of this research program in mechanical behavior is 
determination of the various dislocation mechanisms responsible for the plastic 
behavior of crystalline materials. This study requires consideration and 
development of suitable theories of dislocation mechanics, critical investi
gations of mechanical behavior of crystalline materials (particularly the 
determination of activation energies and volumes for deformation) complimented 
with auxiliary x-ray, metallographic, and electron microscope evidence so 
directed as to provide documentation, and identification of the strain-rate
controlling deformation mechanisms. Specific areas of current interest include: 

a. Mechanisms of low-temperature prismatic slip in alpha solid 
solutions of Li in Mg .. 

b. The low-temperature deformation of polycrystalline aluminum 

c. High-temperature creep of iron and iron alloys 

d. Recovery of creep-induced substructures 
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e. The effect of crystal orientation on strain hardening of aluminum-

f. The mechanism of deformation of AgMg at elevated temperature · 

g. The dynamic behavior of crystalline materials and plastic wave 
theory 

h. The rate-contrqlling mechanism of slip in the intermetallic compound 
AgMg at low temperatures 

i. The mechanism for thermally activated. slip in Ag2Al 

j. The theory of dislocation constriction processes 

k. The role of dislocations in the recovery of cold-worked aluminum 

l. The impact of dislocation theory on engineering 

m. The nucleation of kink pairs and the Peierls mechanism of plastic 
deformation 

n• The recovery of creep-resistant substructures 

4. Richard M. Fulrath 

PHYSICAL CERAMIC RESEARCH 

This project is concerned. with a study of the properties of polycry
stalline and multiphase ceramic materials. A major effect is directed toward 
characterization of the microstructure of ceramic materials and understanding 
how specific microstructures are formed. The mechanical properties and 
diffusional characteristics of polycrystalline and multiphase ceramics are 
strongly dependent on the microstructure and. are of primary concern. 

Specific areas of interest include~ 

a. Stud.ies of composite systems with emphasis on alumina spherical 
:particles dispersed in a glass matrix. The effort will concentrate on es
tablishing the effect of the particle size of the dispersed phase on the 
mechanical properties of the composite. 

b. Studies of the final densification in hot pressing AI2o3. Preliminary 
studies indicate that pretreatment of the alumina powders has a marked effect 
on the rate of densification and on the final density achieved. The effects 
of pretreatment will be studied in detail. 

c. Study of th~ permeation of gas through ceramics under stress, with 
!emphasis on increasing the temperature at which the permeation is determined. 

d. Studies on the electrical and mechanical property changes induced 
in poling ferroelectric ceramics. The poling of a ferroelectric can induce 
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considerable strain at grain ,boundaries in a polycrystalline body. These 
strains are believed to be responsible for loss of dielectric strength and 
the failure of these materials when exposed to large electrical fields. 

5· Edward A. Grens II 

ELECTROCHEMISTRY 

a. Experimental studies of current distribution in electrodes with 
fissure-type pores. This work involves measurement of a redox reaction as a 
function of depth in a single fissure (of micron-order width) which serves 
as one electrode of a laboratory cell. 

b. Measurements of rates of dissolution of porous metal anodes under
going electrolysis, and the dependence of these rates upon position and pore 
depth in the electrodes. 

COMBUSTION 

Investigation of the initiation and course of the reaction of liquid 
droplets (or solid particles) suspended in gaseous atmosphere, including 
components with which they react. Effects of the composition and temperature 
of the atmosphere are to be investigated. 

6. Ralph Hultgren 

THERMODYNAMICS OF THE METALLIC STATE 

a. The relative partial molar heat contents of Au and Sn in a liquid 
Au-Sn alloy will be measured in the liquid metal solution calorimeter. The 
change with composition of DBA and 6H8 in the equiatomic region will be 
studied at a temperature just ¥lightly ~ove that of the melting point of 
solid AuSn, 69l°K. 

b. Heat capacity measurements on liquid alloys will be continued to 
determine whether the rapid decrease in Cp above the melting temperature 
found previously for Bi-In and In-Sn alloys is shown by other representative 
systems. 

c. · High ·temperature heat contents (HT-H2 8 ) and heats of fusion of 
the solid phases AlSb and InAs will be determine~. Heat contents of liquid 
In-Sb alloys will be determined and combined with phase-equilibrium data in 
order to determine the partial molar enthalpies and free energies for the 
liquid alloys. Electrical-conductivity studies of In-Sb alloys presently in 
progress will be continued. 

d. Galvanic cell studies will be made at elevated temperatures with 
a solid oxide, Th02 (containing 8% Y2o

3
), as the electrolyte. It is planned 



-208- UCRL-11317 

to determine the standard free energy of formation of some oxides, to measure 
the oxygen activity in dilute metallic solid solutions, and to determine the 
activity of the oxygen-saturated

4
metal in some binary alloyws. Systems with 

oxygen activities as low as 10-3 can be investigated at temperatures up to 
1600°K. The refractory metal-oxide systems selected for study are those of 
Ti, Zr, V, Nb, and Ta. 

e. The heats of formation of the ordered and disordered phases of 
CuPt and thus the heat of ordering will be determined by liquid-tin solution 
calorimetry. 

f, The compilation and evaluation of published thermodynamic data 
for metals and alloys and possibly a few nonmetallic systems will be continued. 

7· Harold Johnston 

STUDY OF GAS-PHASE CHEMICAL REACTIONS 

Principal interest is the detection of intermediates in gas-phase 
reactions and measurement of their lifetimes. Usually in chemical reactions, 
one measures the rate of disappearance of reactants and the rate of appear
ance of products, but most of the chemical change is carried out by fast
reacting intermediates in very low concentrations. These intermediates in
clude atoms, free radicals, and excited electronic states. By utilizing 
recently developed techniques in optics and electronics and the data-taking 
computer, we are developing new methods to see these intermediates and to 
measure their lifetimes in reacting systems. 

The first stage in utilizing optical cavities as an analytical chemical 
tool for following reactive intermediates is to set it up for a free radical 
of known spectrum, to measure its absorption spectrum, and to measure its 
decay time after quenching the exciting light. The first radical to be 
studied is the photochemically produced HO radical. The radical will be 
followed by the absorption of HO emission lines produced from a water dis
charge lamp. The photochemical reaction will be activated by a square-wave 
low-pressure mercury-vapor lamp, and the decay of the HO radical sampled at 
a series of times up to 0.01 sec duration after quenching the light. The 
output per cycle will be stored by the College of Chemistry's computer and a 
large number of cycles ave~aged to reduce the problem of noise. The wave 
length is just above 3000 A, and special multilayer dielectric narrow-band 
coatings will be used to give mirrors of high reflectivity--perhaps better 
than 96%. The first chemical process to be studied will be photolysis of 
hydrogen peroxide. 
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8. William L. Jolly 

INORGANIC CHEMICAL SYNTHESIS 

A. Sulfur-Nitrogen Compounds 

UCRL-11317 

The chemistry of compound.s containing sulfur-nitrogen bond.s rep:r;fsents 
a large, although little understood, branch of inorganic chemistry. We are 
attempting to systematize the reactions of these compounds. 

Recently we reported four new methods for preparing NSCl and new 
improved. methods for the preparation of s

3
N2Cl2, S~N2Cl, s3N~Clv and 

S~N3c1. As an offshoot of these studies, we are presently investigating 
the nature of the reaction of HCl with S N4. The reaction of ammonia with 
s2c12 to produce, among other things, s4h4, S

7
NH, and s8 is being studied to 

determine the optimum conditions for the preparation of s4N4 and s
7

NH. It 
appears that various sulfur-nitrogen-chlorine compounds are formed as inter
mediates in this reaction, and perhaps some of these can be isolated. 

We have found that solutions of s4N4 in tetrahydrofuran can be titrated 
with solutions o! sodi~_naphthaleneide to form a series of species, probably 
of the type s4N4 , s4N4 , etc. We plan to follow the course of the reaction 
by measuring the uv absorption *pectra and ESR spectra of the solutions. 
Other species, such as the s4N

3 
ion, will also be titrated. 

The reactions of atomic nitrogen with a variety of sulfur-containing 
compounds are being systematically studied. So far we have found that 
sulfur vapor reacts to give s4N

2
, that s

2
c1

2 
reacts to give NSCl, and that 

H2S reacts to give s4N4. 

B. Hydrides 

We have found that it is possible to prepare the higher hydrides of 
silicon and germanium, as well as their phosphorus- and arsenic-substituted 
derivatives, by the action of a silent electric discharge on the simple 
hydrides. We plan to compare these new compounds with the structurally 
analogous hydrocarbons, organo-phosphines, and organo-arsines in order to 
determine which properties are similar and which are markedly different. 

We are currently studying the NMR and infrared spectra of trisilane 
and both isomers of tetrasilane. We are now engaged in preparing the isomers 
SiH~SiH2PH2 and SiH~PHSiH in large enough quantities to permit the measure
ment of their physical anJ chemical properties, By studying the effect of 
the electric discharge on mixtures of SiH4 and SiH~PH2 , and of Si2H6 and PH

3
, 

we hope to get an insight to the mechanism of the discharge tube reaction. 

We plan to study the reactivity of species such as germane and diger
mane with the borohydride ion. Preliminary data suggest that it is possible 
to prepare the ion GeH

3
BH

3
• 

Practically nothing is known of the mechanism whereby the borohydride 
ion reduces inorganic species in aqueous solution. As a start toward obtain
ing this information, we are studying the kinetics of the reduction of 
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ferricyanide to ferrocyanide. 

C. Liquid Ammonia Synthesis 

We have recently completed studies of the absorption spectrum of cal
cium in liquid ammonia and the calcium-ammonia phase diagram. Projected 
studies in liquid ammonia chemistry include: 

a. A study of the kinetics of the reactions of the electron with 
various species such as NH4, ROH, N02, Mu04, etc. It will be interesting 
to compare the rate constants for these reactions with the rate.constants 
for the corresponding reactions in aqueous solution. 

b. A study of the rates of proton exchange reactions in liquid ammonia 
by means of NMR measurements. Such rates are often acid- or base-catalyzed, 
so it may be possible to establish a relative acidity scale in liquid ammonia. 
This would be extremely useful in other physical chemical stud.ies in this 
solvent. 

c. A direct measurement of the equilibrium constant of the reaction 

1 . 
NH

2
- + -H = NH + e • 

2 2 3 

9· George Jura 

ULTRAHIGH PRESSURE RESEARCH 

A study of the chemical and physical properties of materials under high 
pressure. 

Future program plans include the following studies: 

a,. The two determinations of the Mossbauer effect under pre ssure, for 
Dyl61 and Fe57, show that this tool can be as important and useful under 
pressure as at one atmosphere. For iron the experiments became impossible 
when the data became the most interesting-when the iron started to transform 
to the high-pressure phase. The first experiments d.id not permit us to 
decide the magnetic nature of the high-pressure phase. 

b. Studies of the geometry and containing rings are under progress. 
These studies will enable us to make the determinations up to higher pressures. 
Other physical methods--namely heating-- will enable us to determine the 
spectrum of iron after it has been completely transformed to the high pressure 
phase. This in turn will enable us to determine the magnetic properties of 
the high pressure form. These determinations will also be attempted as a 
function of temperature as well as of pressure. In general, when a Mossbauer 
nucleus is available, it will be possible in many cases to determine the 
magnetic properties of the material under study as a function on interatomic 
distance. These results could be important in the understanding of the 
ferromagnetic state. 
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c. One of the objectives of the high pressure program is the determina
tion of the thermodynamic properties of materials under high pressures. At 
1 atmosphere, the usual measurements are of the volume and thermal properties. 
Except for very special cases, namely hydrogen at helium temperatures, no 
direct measurement of a thermal property of any solid at high pressures has 
been made. The difficulty in these measurements is that the heat capacity 
of the container is much larger than the heat capacity of the system under 
consideration. As a further complication, the heat leak is very large. We 
plan to solve these difficulties by using a pulsed heating technique, with 
the sample resistance used as an indicator. of sample temperature. 

10. Bruce Mahan 

GASEOUS MOLECULAR ION REACTIONS 

The principal portion of this program is concerned with the study of 
elementary reactions of molecular and atomic ions in the gas phase, by 
means of vacuum ultraviolet photon excitation. · The work includes studies of: 

a. The nature of ionized gases. 

b. Photosensitized ionization. 

c. The kinetics of electron reactions by microwave techniques. 

d. The kinetics of atomic reactions by paramagnetic resonance. 

Future program plans include the following studies: 

a. Nature of ionized gases. In order to understand the magnitude of 
the rate constants associated with mutual charge neutralization in gaseous 
ions, it is important to .know what fraction of the ions are held in complexes 
with inert neutral molecules. Construction has begun on a mass spectrometer 
which will be used to determine equilibrium constants as a function of 
temperature. This investigation will give information about the magnitudes 
of ion-neutral binding energies, as well.as the data necessary to understand 
ion neutralization rates. 

b. Photosensitized ionization. Measurements of the threshold of photo
sensitized ionization, in combination with direct photo-ionization measurements, 
will be used to study the one-electron bond energies of Cs~, Na~, K;, and Rb~. 

c. Microwave cavity resonance. This technique will be used to measure 
the concentration of gaseous thermal electrons. The method can be used to 
study the kinetics of reactions such as 

.e- + N02 + Ar --}No;+ Ar. 

d. Electron paramagnetic resonance permits direct observation of gaseous 
free radicals, and can be used to study the rates of their chemical reactions. 
Rate constants for 0 + 0, N + H, and H + H will be determined first. They are 
of particular interest because their potential energy surfaces are well known 
so that rate data can be interpreted theoretically. 
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11. Rolf H. Muller 

ELECTRODE-ELECTROLYTE INTERFACES 

UCRL-11317 

Studies will be conducted on the preparation and characterization of 
solid.-fluid interfaces. Of special interest are the properties of electro
lytically prepared. metal surfaces and the influence of adsorbed or reacted 
interfacial layers on kinetic parameters. Ellipsometry, which is sensitive 
to transitional layers of atomic dimensions, promises to be a powerful tool 
for this work. Later studies will include-the electrolytic crystal growth 
on surfaces of d.efined characteristics, preferably single crystal faces. 
Optical,electron and field ion microscopy are being considered as experimental 
techniques. 

Electrolyte films on gas-consuming electrodes will be investigated. in 
detail, and theoretical reasons for the observed phenomena will be sought. 
Refraction and adsorption indices for light reflected at the solid-liquid 
interface will be measured with an ellipsometer to determine the exact value 
of the optical phase retardation. Knowledge of these quantities is needed to 
ascertain the position of the zero point in film thickness measurements. 

Efforts to measure current d.istributions in pore models of realistic 
critical dimension will be continued. In a new high precision assembly under 
construction, the width of each electrode section is being decreased to provide 
a better resolution of current d.istribution. At the same time, the width of 
the separating insulation between sections is being decreased and its con
struction revised so as to reduce dead. surface and chance of cold flow. 

12. Rollie J. Myers 

STRUCTURE AND CHEMISTRY OF MOLECULES 

The general program includes studies in 

a. High-temperature microwave spectroscopy. 

b. Paramagnetic resonance of free radicals. 

c. Power saturation in paramagnetic resonance. 

d.. The microwave spectra of unusual molecules. 

e. The paramagnetic resonance of transition metal complex ions. 

Future program plans include: . 

Improvement in the design of a high-temperature microwave spectrometer 
so that triatomic molecules like PbCl2 can be stud.ied. 

Continuation of work in paramagnetic resonance, including both radical
anions and radical-cations. The paramagnetic resonance work will be extended 
to include studies of triplet-state molecules. Line-width studies of the 
effect of anions on Mn+2 will be extended to so4-2 and similar anions. 
Triplet-state work will include both phosphorescent and ground-state triplet 
in molecules such as c2o in a frozen matrix. 
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Extension of power saturation measurements both to direct studies of 
relaxation times and to electron-nuclear double resonance studies. 

13. John Newman 

FLUID DYNAMICS: STEADY, LAMINAR EDDIES 

This program is concerned with an investigation of the formation of 
eddies for fluid flow past bluff bodies and for fluid flow past reentrant 
corners. 

Plans are being prepared for the construction of a suitable flow channel. 
In order to obtain a uniform velocity profile in the test section, the up
stream section will have moving walls. The construction techniques for moving 
the wall will require preliminary development. 

The velocity d.istribution in the eddy formed by flow past a square 
notch will be studied, with particular attention to the possible existence 
of secondary eddies in the corner. 

The principal investigator has proposed a procedure for predicting the 
flow pattern past bluff objects. Preliminary consideration will be given to 
the extensive numerical calculations involved in this method. 

14. Donald R. Olander 

PHYSICAL CHEMISTRY: INTERPHASE DIFFUSION AND GAS-SOLID REACTIONS 

This program involves research on several physicochemical problems 
associated. with nuclear reactor technology. Some of the areas under investi
gation are: theoretical and experimental studies of the diffusional kinetics 
of interphase mass transfer; the transport properties of liquid. metals; and 
the development of equipment for studying reactions between a gas phase and. 
a fused salt. Current experimental work is concerned. with high temperature 
gas-solid reactions, with emphasis on systems which are subject to diffusion
limited kineti~s. 

Current and. future plans of this program include: 

a. Liquid Metal Extraction 
The kinetics of extraction of cerium-144 from a molten uranium-chromium 

eutectic drop into liquid magnesium is being studied. The rate of fall of 
the drop will be measured by rad.ioacti ve detection at various intervals along 
the column. The amount extracted. will be determined by gamma analysis of 
the drop before and after extraction. 

b. Kinetics of the Chlorination of uc14 in UC14-LiCl-KCl Melts with 
Elemental Chlorine 

The solubility of chlorine in the LiCl-KCl eutectic salt has been 
investigated.. Results ind.icate that the equilibrium concentration of chlorine 
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in the melt is below the limits of detectability, or < 10-9 mole Cl
2 

per liter. 

The reaction UCll.J. (.e) + Cl2 (g) --> UClh (g) will be studied 
recently completed. lam1nar jet apparatus. A theoretical study of 
limited surface reactions in this system is under investigation. 

c. The Graphite-Hydrogen Systems 

in the 
diffusion-

The primary heterogeneous reactions between hydrogen and graphite are 
to be studied by a modulated. molecular beam technique. 

A modulated. molecular beam of hydrogen effuses from an oven source at 
a prescirbed. temperature through a coll~ating slit into the main reaction 
chamber, maintained. at approximately 10- mm Hg, where it impinges upon a 
heated graphite surface. A small fraction of the hydrocarbon reaction products 
( CH, CH2 , CH , and higher hydrocarbons) enters the ionization chamber of a 
mass spectro~eter, and the resulting ion currents are mass-analyzed. and. 
measured by an electron multiplier. 

d.. Diffusion Controlled Oxidation of the Refractory Metals 
The kinetics of the oxidation of the refractory metals will be studied 

at temperatures in the neighborhood of the sublimation point of the principal 
oxide in a device which permits accurate estimation of the diffusional resis
tance. 

e. Elastic- Scattering of Crossed Alkali- Metal Beams 
The d.ifferential elastic scattering cross sections of the alkali metals 

are to be measured by scattering of crossed atomic beams. From these measure
ments the interatomic potentials can be obtained by the usual kinetic theory 
method.s. In addition, the transport properties of the gas phase, which are 
difficult to measure at ele_vated temperatures, can be computed directly from 
the d.ifferential cross sections. 

f. Chemical Reactions Induced by Fission Fragment Irradiation 
The purpose of this research is to measure the buildup of unstable 

products and. unstable intermediates in the radiation-induced. conversion of 
a~onia to hydrazine. This system has been chosen because of the relatively 
small number of stable species (H

2
, H

2
, NH

3
, and N

2
H

4
) and free radicals 

(H, N, NH, and. NH2 ) • 

15. Edwin F. Orlemann 

ELECTRODE REACTION MECHANISMS 

Current interest is centered around. a study of the mechanism of oxidation 
and. reduction of the In, In(+3) couple at a mercury electrode. Specifically, 
the electrode processes will be investigated below room temperature. An in
vestigation of the species present in In(+3) perchlorate solutions in the 
pH range l to 4 will be undertaken. The In(+3) species present in acid 
perchlorate solution containing 10-3 to l ~ chloride ion will be investigated. 
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16. Earl Parker 

THEORETICAL AND EXPERIMENTAL STUDY OF HIGH-STRENGTH MATERIALS 

In general high-strength materials tend. to be brittle. From theoretical 
considerations) howeverJ it has been concluded that high strength and. ductility 
are not incompatible. Dislocation theoryJ in conjunction with alloy theory 
and. control of process variables J can lead. to an understand.ing of factors that 
control ductility in high-strength alloy systems. The following areas of 
experimental research are intended to elucidate flow and. fracture processes 
in complex multiphase alloy systems: 

a. Nitrogen martensite. 

b. Theory of the strength of martensite. 

c. Internal oxidation of silver alloys. 

Future program plans include the following studies: 

Homogeneous Nucleation in Precipitation Hardening Systems 
Homogeneous nucleation of precipitates is nearly impossible to obtain 

in precipitation hardening alloys because of heterogeneous nucleation at 
defect sites. Common nucleation sites are grain boundaries and. dislocation 
networks. The finest network developable by cold work has a spacing of about 
0.5 ~. This limits the interparticle spacing in alloy systems to about 0.5 ~· 

Theoretical considerations lead to the conclusion that considerably finer 
dispersions can be produced by unique combinations of thermal and mechanical 
treatments. Substantial improvements in strength and. toughness could be 
obtained. if the finely dispersed. precipitates could be produced. This princi
ple is applicable to many different alloy systemsJ and. a number of base 
materials) including aluminum) copper and ironJ will be used. 

Internal Oxidation of Silver Alloys 
Preliminary work on Ag-1 at. % Mg-0 with a transmission electron micro

scope revealed. no discrete particles in thi$ system, even though the yield 
strength was increased. 75-fold by oxidatiod.. The reasons for this very large 
increase in strength are not knownJ but efforts to d.isclose the nature of the 
hardening mechanism are continuing. The principles governing strengthening 
in this case should. be applicable to other systems. 

Aluminum Alloys 
High-strength precipitation hardening aluminum alloys are to be re

examined. in view of the latest concepts of controlled dispersions. Alternating 
short aging periods with plastic deformation treatments should produce finer 
d.ispersions than ever before attained. If the concepts prove correctJ alloys 
with superior strength and toughness will result. 

Nickel Alloys 
Age-hardening systemsJ such as Ni-TaJ are to be subjected to cyclic 

heating and. straining in an effort to produce finer structures than have 
heretofore been attainable. 
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17. Joseph A. Pas.k 

HIGH-TEMPERATURE REACTIONS, AND MICROSTRUCTURE 
AND PHYSICAL PROPERTIES 

UCRL-11317 

The objective of this program is a fundamental understanding of the 
factors responsible for microstructure of ceramic materials, and of the re
lationship of such microstructures to mechanical behavior at room and high 
temperatures. The research program may be divided into two principal areas: 
One is concerned with studies of the .kinetics and mechanisms of reactions in
volving at least one nonmetallic inorganic solid phase which play a part in 
the development of microstructure; the second with studies of the mechanisms 
responsible for the mechanical behavior of single crystals and subsequent 
application of such .knowledge to a similar understanding of polycrystalline 
ceramic materials. 

Specific areas of interest include: 

a. The diffusion of iron into single-crystal MgO at temperatures up 
to l600°C. 

b. The diffusion of iron into sodium disilicate glass. Experiments 
will also be extended to include iron oxide-sodium disilicate glass diffusion 
couples. 

c. The .kinetics and mechanism of the dehydration of aluminum hydroxide. 

d. The stress-strain behavior of polycrystalline MgO in relation to 
its microstructure, including such variables as pore size and distribution, 
nature and amount of impurity, and nature of grain boundaries. The deformed 
specimens are being examined to determine the relative effects of dislocation 
movements and grain boundary sliding. 

e. Plastic deformation of single-crystal specimens of a number of 
compounds with NaCl-type structures. 

18. Norman E. Phillips 

LOW-TEMPERATURE CALORIMETRY 

Experimental wor.k in this area currently covers the temperature interval 
between 0.07°K and 20°K, with emphasis on the relatively unexplored regions 
below l°K and from 4 to l5°K. The calorimeters used are of two distinct types. 
The first employs the technique of adiabatic demagnetization to cover the 
region from l°K to the lowest temperatures. Experiments are in progress to 
improve the accuracy of temperature measurements below O.l°K and to extend 
the measurements to lower temperatures. The second type of calorimeter exmploys 
liquid H2 and liquid He4 to produce temperatures between l°K and 20°K and 
in some cases a He3 stage is added to extend the range to 0.]°K. A special 
apparatus for the calibration of germanium thermometers between 0.]°K and 
20°K is being made. 
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Measurements in progress or planned for the next year include 

a. Magnetic hyperfine heat capacities in ferromagnetic and antiferro
magnetic metals. In some cases it should be possible to determine the sign 
of the hyperfine field by making measurements in a magnetic field. 

b. The heat capacity of solid rare gases at pressures up to 10 000 
atmospheres. 

c. Spin wave heat capacities of ferromagnets and antiferromagnets. 

d. Comparison of elastic constants and lattice heat capacity in super
conducting and normal metals. 

19. Ira P. Pratt 

ELECTRONIC PROPERTIES OF MATERIALS 

The specific properties of materials that are directly attributable to 
density of conduction electrons or bound electrons (those under the Fermi 
surface), and electron excitational levels, are being examined on a semi
classical basis. An attempt will be made to extend ac relationships des
scribing resistivity and complex permeability to include Larmor frequency in a 
static magnetic field, and perhaps to include description of the normal-to
d.ia.m,agnetic transition associated with superconductors. 

Photoexcitation in nonmetals by ultraviolet photons is being experimen
tally studied to gain information on electron trapping and metastable exci
tation levels. 

20. Otto Redlich 

EQUATION OF STATE AND CRITICAL PROPERTIES 

An equation of state for gases and a rule of parameter combination for 
mixtures have been developed. A convenient computer program is being set up 
which requires only the critical temperatures and pressures, and the accentric 
factors of the components. It furnishes compressibility factors, mean and 
individual fugacity coefficients, heat contents, and entropies. The arrange
ment allows the prescription of any desired set of temperatures, pressures and 
compositions. 

The extension of the equation to liquids is progressing. At the same 
time, various problems concerning critical lines, region of retrograde conden
sation, stability of·two phases, and so on, become interesting. Although the 
equation of state is primarily intended to be a practical tool, thought is 
given to the possibility of using it for the elucidation of some fundamental 
problems never discussed before. 
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21. Alan W. Searcy 

HIGH TEMPERATURE REACTIONS, MASS SPECTROMETRY 

As part of a general effort to investigate the evaporation coefficient 
of alkaline earth dihalides, torsion furnaces will be used for measurements 
of equilibrium pressures of SrF2 by the torsion-effusion method, and. for 
measurements of the free-surface apparent pressures of SrF2 and BaF2 by the 
torsion-Langmuir method.. -

Nitrides studied. to date--GaN, AlN, and Be N -- have high free energies 
of activation for vaporization. Measurements of3t~e vapor pressure and free 
surface sublimation kinetics for Mg~N2 as functions of temperature will be 
initiated. Attempts will be made to correlate surface structure, porosity, 
and impurity level with variations in sublimation kinetics in order to obtain 
not only a free energy of activation for the vaporization process but also 
more detailed understanding of the factors that influence rates of evaporation. 

A technique of determining the multiplicities of ground and low-lying 
electronic states by use of an inhomogeneous field magnet attached to the 
mass spectrometer will be tested and perfected on known species such as 
oxygen. The technique, if successful, will then be applied to the problem 
of establishing the ground electronic states for vapor molecules. 

The theory of purification of metals by removal of carbon by use of 
controlled oxygen pressures will be explored for a variety of metals. A new 
method, which would remove carbon and nitrogen simultaneously as HCN, will 
also be theoretically evaluated. 

The reactions of water vapor and pitrogen dioxide gas with tungsten will 
be studied. at chlorine pressures of 10-b to lo-3 Torr over a temperature range 
of 1900 to 2600°K. 

Oxidation reactions of various metals, such as tungsten, tantalum, etc., 
will be studied at low pressures and high temperatures in the presence and 
absence of other gases such as nitrogen and halogens. 

'C. 

22. Charles H. Sederholm 

THE STRUCTURE OF MOLECULES, AS STUDIED BY NMR TECHNIQUES 

High-resolution NMR techniques are being used to study the structure 
of molecules. Such techniques make available information about electronic 
configurations, geometric structures, and barriers to changes in the geometric 
configurations. In addition, various instrumental techniques are being 
developed which will substantially increase the amount of information available 
from NMR measurements. 

An investigation is being started to determine the role that solvent 
effects have on NMR coupling constants between fluorine atoms. 

I 

I 
I 
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Computer programs have been written to describe the NMR spectra due to 
internal rotation of AB, ABX, and ABC spin systems. These programs are cur
rently being used to obtain t,he barriers to internal rotation in CF 2BrCCl~Br and CF2BrCFBr2 • In CF2BrCCl2Br, all the barriers are approximately 10.5 kcal/ 
mole. In CF2BrCFBr2, the barrier between the two dl rotamers is about 7.8 
kcal/mole, and the other two barriers are about 9.3 kcal/mole. Work is also 
in progress on CF2BrCHBrCl to see if there is a correlation between the barrier 
heights and the size of the halogen substituents . 

Geminal proton-proton coupling constants are very difficult to measure. 
A few constants have been determined in four-membered ring compounds. Several 
of these constants have been unexpectedly low. An effort is being made to de
termine the proton-proton-geminal coupling constants in a variety of four-mem
bered ring compounds and to determine the factors that influence these con
stants. This effort involves special experimental techni~ues such as double 
resonance and re~uires extensive calculations. 

By accurately measuring chemical shifts of both protons and deuterons 
in a series of perchloric acid solutions in which both the acid concentration 
and the hydrogen to deuterium ratio are varied, we hope to determine the ion
ization constant of perchloric acid as well as the extent of hydration of pro
tons in solutions of varying acid strengths. 

In addition, it is hoped to connect two NMR spectrometers directly to 
an SDS 910 computer. By using the computer's data retrieval possibilities, 
a substantial improvement in the signal-to-noise ratio of the spectrometer 
should be obtained. It should also be possible to improve the effective re
solution of the spectrometers by mathematical decomposition of the experimen
tal spectra into a superposition of several Gaussian-shaped resonances. 

23. Gareth Thomas 

RELATION OF SUBSTRUCTURE TO PROPERTIES OF CRYSTALLINE MATERIALS: 
ELECTRON MICROSCOPY 

The relation of substructure and in particular 
tions, stacking faultsJ vacancies, solute atoms) to 
iently studied by transmission electron microscopy. 
research are as follows: 

a. Body-Centered Cubic Materials 

lattice defects (disloca
properties can be conven
The general areas of 

The effect of interstitial impurities upon dislocation arrangements of 
bee metals and solid solutions ~nd their effect upon mechanical properties 
will be studied. 

b. Stacking=Fault Energy 
The stacking-fault energy of fcc solid solutions is a function of com

position and solute atom distribution. Estimates of SFE can be made from 
node measurements on electron micrographs. At present the following factors 
in relation to SFE are under investigation: ( i) short.-ra...'l.ge order,; ( ii) mech
anical twinning in shock~loaded metals; (iii) temperature. 

c. Impurity-Vacancy Interactions 
The concentration of ~uenched-in vacancies is a function of solute atom 

kind and concentration. The important parameter is the binding energy between 
vacancies and solute atoms. Estimates of this parameter can be made from 
dynamic measurements of dislocation climb rates, using hot-stage microscopy. 
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I 
The data will also be useful in understanding phenomena such as recovery and 
creep. 

d. Defects in Silicon 
The types and. origin of lattice defects in undoped and doped epitaxial 

silicon are under study. 

24. Charles W. Tobias 

STUDIES OF CHARGE AND MASS TRANSPORT IN ELECTROCHEMICAL SYSTEMS, 
NONAQUEOUS SOLVENT MEDIA, AND UNCOMMON ELECTRODE REACTIONS 

These studies include the following problems. 

a. Development of precise numberical techniques for the evaluation of 
current distribution in two-dimensional enclosures. 

bo Experimental studies of current distributi~n, and the distribution 
of rates of dissolution in a porous metal electrode. 

c. Experimental and theoretical studies of transport properties in 
concentrated electrolytes.+ 

d. Experimental and theoretical studies of the effect of mass transport 
on current distribution on "rough" surfaces. 

e. Studies of the anodic oxidation of liquid phosphorous in aqueous 
media. 

f, Determination of physical properties and of the electrochemical 
behavior of metallic solutions of calcium in liquid ammonia. 

g. Exploration of the nature of the electromotive series in dimethyl 
sulfoxide. · 

h. The mechanism of electrodes of the second kind in nonaqueous solvents. 

* Partially supported by NASA Research Grant NsG 150-61 during 1964-5. 
+ Partially supported by Contract No. DA36-039-SC-89l53 during 1964-5. 

(, 
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25. Jack Washburn 

INFLUENCE OF CRYSTAL IMPERFECTIONS ON MECHANICAL PROPERTIES 

The central them of the research program is an attempt to achieve a 
more fundamental understanding of the behavior of dislocations in crystals 
so as to be able to make more accurate correlations between crystal structure, 
the crystal imperfections that are always present, and important mechanical 
and physical properties. The emphasis is on simple experiments with sipgle
crystal specimens and direct observation of individual dislocations. Most 
of the experimental work involves etch pit or transmission electron micros
copy observations of dislocations in single-crystal specimens of carefully 
controlled crystallographic orientation. Specific research topics include: 

a. The effect of quenching conditions on the type of vacancy defects 
that form during aging in pure aluminum. 

b. Interaction between moving dislocations and large faulted loops in 
the FCC structure. 

c. Dislocation multiplication in magnesium oxide. 

d. Mechanism of mechanical twinning. 

e. Correlation between nuclear magnetic resonance and transmission 
electron microscopy determinations of the type of stacking faults in cobalt. 

f. Diffusion-induced plastic deformation of silicon. 

Future program plans include the following studies: 

a. Study of Dislocation Motion in Crystal Containing Vacancy Clusters 
When dislocations move during plastic deformation, clusters of vacancies 

are left behind as part of the damage that causes strain hardening. Similar 
defects are also the cause of radiation hardening, and of hardening produced 
by quenching a crystal from elevated temperature so as to trap thermal vacan
cies. Moving dislocations can also destroy some of these defects. An under
standing of the detailed interactions between moving dislocation and vacancy 
clusters of all sizes, from a divacancy up to voids or dislocation loops con
sisting of 103 individual vacancies, is fundamental to any real understanding 
of yielding and slip band growth in crystals. 

Research in this general field during the year 1964 will be concentrated 
on the following measurements: (i) a study of the growth of vacancy clusters 
or small voids in quenched copper during low-temperature aging. Small-angle 
x-ray scattering techniques will be used. (ii) Quantitative measurement of 
dislocation mobility in copper crystals containing vacancy clusters of known 
size. 

b. Theory of Strain.Hardening 

(i) The effect of initial dislocation substructure on yielding, on 
the hardening rate during stage I, and on the transition to stage II will be 
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studied, with pure copper single crystals. 
observations of slip bands will be conducted 
or not changes in the shape of stress-strain 
changes in the distribution of strain. 

c. Growth of Deformation Twins 

UCRL-11317 

(ii) Experiments utilizing surface 
in an attempt to find out whether 
curves can be correlated. with 

A technique has been developed for producing properly oriented cylindri
cal zinc tensile specimens the gauge section of which is traversed by a 
single twin lamella. On deforming such a specimen at 20°C with the tensile 
axis in the basal plane the only process observed is the thickening of the 
twin lamella. This occurs by the smooth propagation of the two parent-twin 
interfaces at a constant load. 

It is hoped to study the effect of shear stress and temperature on the 
rate of twin boundary propagation, and to investigate the effect of grown-in 
or introduced dislocation structures on the mobility of these boundaries. 
Present experiments are using specimens of 99·999% pure zinc. 

26. Victor.F. Zackay 

THE DESIGN OF HIGH-STRENGTH MATERIALS FROM FUNDAMENTAL PRINCIPLES, 
STUDIES OF MATERIALS FOR SUPERCONDUCTIVITY 

The requirements for tough, ductile, high-strength solids can be deduced 
from dislocation theory. By combining a knowledge of the thermodynamics and 
kinetics of phase transformations in metals with the precise control of pro
cess variables such as temperature, composition, and deformation, "ideal" 
microstructures can be approximated and the associated properties compared 
with those predicted from theory. 

The following programs comprise the effort currently being devoted to 
the study of complex high-strength solids. 

a. Elevated-Temperature Strain Aging. 
Highly alloyed martensitic steels are being strained varying amounts 

at different strain rates and temperatures. The volume fraction of finely 
dispersed carbides is significantly increased by this kind of processing. 

b. The Spinodal Transformation. 
A characteristic of the spinodal transformation is the formation of 

composition gradients in a single-phase solid. By appropriate choice of 
alloy systems, a ternary element can be diffused into the binary spinodal 
alloy. Compounds formed by this process are in a three-dimensional grid and 
the array can be closely controlled. The interaction of dislocations with 
grids of hard particles is being studied in both bulk and foil specimens. 

c. Tne Liquid-Solid Transformation. The liquid-solid phase transfor
mation can also be employed to produce controlled arrays of hard particles in 
ductile solids. One such system is that of alUminum and silicon with 
phosphorus added as an inoculant. 
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d. The Theoretical Strength of Solids~ 
A comparison of the theoretical and actual strength-weight ratios of the 

common structural metals over a wide range of temperature has been made. The 
discrepancy between the theoretical and the actual strength-weight ratios at 
room temperature were shown to vary by factors ranging from approximately 3 
for Fe and Ti to about 40 for Be. 

e. The strain Hardening of Iridium. . 6 
The metal iridium has a high elastic modulus (74 x 10 psi), is 

chemictally inert, oxidation-resistance to about 1000°C, and is reported to 
have an exceptionally high rate of work hardening. 

f. Structure of Al5· 
The Al5 structure consists of nonconnected orthogonal "chains" of 

close-packed atoms held apart by "spacer" atoms. There is reason to believe 
that the chains of these compounds do not extend continuously for long dis
tances throughout the crystal, but that they end rather abruptly at the 
boundary of another "domain" of different orientation. The techniques of 
electron transmission microscopy are being used to study these domain struc
tures. 

g. Metal-Nonmetal Compounds. 
In contrast to the behavior of intermetallic compounds with the Al5 

structure, the critical temperature of compounds composed of metals and non
metals, such as the metal carbides and nitrides, is sometimes significantly 
increased by ternary additions. The variation of the superconducting transi
tion temperature in the Nb-N-C system is being studied as a function of 
composition and nitriding pressure. 

h. ~-Mn Structure and Superconductivity. 
Although compounds having the ~-Mn structure have not been extensively 

investigated, it has been assumed that this structure is not a favorable one 
for superconductivity. However, current studies of the Al5 structure of inter
metallics and the Bl structure of the metal carbides suggested to us that 
compounds of the ~-Mn structure, especially ternary systems containing non
metals, would be good superconductors. We have found that the compound 
Mo

3
Al2C is a superconductor with critical temperatures of 10.0°K. 

i. Mo-Te System. 
The critical temperature of compounds with the Al5 structure usually 

decreases with increasing deviation from the ideal stoichiometry A~B. In 
the system Mo-Te, however, an Al5 structure, perhaps (A,B)

3
B, exis~s at the 

approximate composition 50% Mo, 50% Tc. It has a reported transition 
temperature of l5°K. Further recent theoretical predictions by Leo Brewer 
indicate that the Al5 structure should be stable in the ternary system, 
Mo-Tc-Nb. Studies are being made of the relation of the critical temperature 
to composition for the binary and ternary systems. 
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V. PUBLICATIONS, 1963 

Publications, or papers issued, by the staff members of the Inorganic 
Materials Research Division that appeared during the 1963 calendar year are 
listed below. Most, but not all, of these publications received primary 
financial support from the U.S. Atomic Energy Commission. 

Brewer and Associates 

Brewer, L., "Prediction of High Temperature Metallic Phase Diagrams," 
UCRL-10701, July (1963). 

Brewer, L., R. Berg, and G. Rosenblatt, "Radiative Lifetime of I2 Fluores
cence, B3rro+u -xli:o+g," J. Chern. Phys. 38,1381-88 (1963). 

Brewer, L. , G. Somayajulu, and E . Brackett, "Thermodynamic Properties of 
Gaseous Metal Dihalides," Chern. Rev. 63, lll (1963). 

Hagan, L., "Absolute Intensity of the C2 Swan Bands" (Ph.D. Thesis), UCRL-
10620, March (1963). 

Meyer, C. B., "Unstable Solid Allotropes of Sulfur," UCRL-10768, August ( 1963) . 

Rosenblatt, G., "H~rmonic-Oscillator Thermodynamic Functions for P4," J. Mol. 
Spec. 10, 484~5 (1963). 

Rosenblatt, G., "Interpretation of Knudsen Measurements on Porous Solids," 
UCRL-10271, July (1962), J. Electrochem. Soc. 110, 6 (1963). 

Connick and Associates 

Connick, R., "Chemical Kinetics in Laboratory and Classroom," J, Chern. Educ. 
40, 587 (1963). 

Connick, R. , with R. Hasty and D. Fine, "Identification of Anionic Ru (III) 
Species," UCRL-10605, December (1962). 

Connick, R., and D. Fiat, "The Coordination Numbers of Beryllium and Aluminum 
Ions," UCRL-10763, May ( 1963). 

Dorn and Associates 

Dorn, J., "Thermodynamics of Stacking Faults in Binary Alloys," UCRL-10487, 
September (1962), Acta Met. ll [3], 218-9 (1963). 

Dorn, J., "Impact of Dislocation Theory of Engineering," UCRL-10788, May 
(1963). 

I 
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Darn, J., and J. P. Andre, "Energies d'''Activation pour le Fluage du Magnesium 
Polycristalline," Memoires Sc. Rev. Met. 60, 12 (1963). 

Darn, J., with J. Mitchell and S. Mitra, "Dispersed Particle Strengthening at 
Low Temperatures," UCRL-10469, August ( 1962), Trans. ASM, Quart. 56, 
2 ( 1963). 

Darn, J., with E. Howard, W. Barmore, and J. Mote, "On the Thermally Activa
ted Mechanisms of Prismatic Slip in the Ag-Al Hexagonal Intermediate 
Phase, 11 UCRL-10588, December ( 1962), Trans. AIME, 227, 1061 ( 1963) . 

Darn, J., and J. Mote, "Physical Aspects of Creep," UCRL-10598, January, 
(1963). 

Darn, J., and S. Rajnak, "Dislocations and Plastic Waves," UCRL-10627, March 
(1963). 

Darn, J., with A Rosen, "On the Role of Dislocations in the Recovery of 
Cold-Worked Aluminum," UCRL-10728, April ( 1963). 

Darn, J., with T. L. Larsen, S. Rajnak, and F. Hauser, "Slip Behavior of 
Single Crystals of Hexagonal Ag-Al Under Impulsive Loading," UCRL-10789, 
June ( 1963). 

Darn, J., and S. Rajnak, "Nucleation of Kink Pairs and the Peierls' Mechanism 
of Plastic Deformation," UCRL-lo833, July (1963). 

' 
Darn, J., and \N· Jaffe, "Effect of Stress and Recovery of the Creep of High 

Purity Polycrystalline Aluminum at Intermediate Temperature," Trans. 
AIME, 227, 1314 (1963). 

Darn, J., and S. Mitra, "On the Nature of Strain Hardening in Polycrystalline 
Al and Al-Mg Alloys," Trans . AIME, 227, 1015 ( 1963) . 

Darn, J., with A. Rosen and J. Mote, "On the Low-Temperature Thermally 
Activated Mechanism for Prismatic Slip in the Ag-Al Intermediate 
Hexagonal Phase, 11 UCRL-10917, August ( 1963). 

Darn, J ., with A. Mukherjee, "The Rate Controlling Mechanism of Slip in the 
Intermetallic Compound AgMg at Low Temperatures," UCRL-10916, August 
(1963). 

Darn, J., and L. Raymond, "Recovery of Creep Resistant Substructure," IER 
Report No. MT-63-4, April (1963). 

Darn, J., and F. Hauser, "Dislocation Concepts of Strain Rate Effects," ASD
TDR-63-140, pp. 173-178, May (1963). 

Mote, J., with J. George, "Dislocation Etch Pits in Hexagonal Ag-Al Inter
metallic Phase," UCRL-lo87l, July ( 1963). 
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Mukherjee, A., and J. Martin, "The Effect of Nitriding Upon the Creep Proper
ties of Some Molybdenum Alloys," J. Less-Common Metals 5, 403-10 (1963). 

Mukherjee, A., and J. Martin, "The Effect of Nitriding on the Elevated Tempera
ture Tensile Properties of Some Molybdenum-Base Alloys," J. Less-Common 
Metals, 2, 117-127 (1963). 

Mukherjee, A., and J. Martin, "Hot-Hardness of Dispersion-Hardened Molybdenum
Titantium and Molybdenum-Zirconium Alloys," J. Inst. Metals 91, 283-4 
(1963). 

Fulrath and Associates 

Fulrath, R., "Controlled Microstructure of Refractory Bodies," UCRL-10846, 
September (1963), International Symposium on High-Temperature Technology 
at Asilomar, September 1963. 

Fulrath, R., "Composite Materials Fabrication, Structure, and Prc;perties," 
UCRL-10973, August(l963). 

Fulrath, R., with 0. Stansfield, "The Influence of Tensile Stress on Helium 
Permeation of Glass and Several Refractory Cerami-cs," UCRL-10755 Rev., 
June (1963). 

Fulrath, R., and R. Rossi, "Epitaxial Growth of Spinel by Reaction in the 
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