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I. INTRODUCTION

This is the first annual technical report on the
research program entitled '"lLong Range Materials Research,"
covering the period June 1, 1973 through May 31, 1974.
This program is composed of four separate programs as

follows:

1. Harmonic Generation and Detection of X-Ray Radiation

2. Superplasticity and Warm Working of Metals and
Alloys

3. Synthesis of New Types of Catalyst Materials
4. Development of Elevated Temperature Electrocrystal-

lization Techniques

Progress in each of the subareas during the first year
of this program will be described separately in the succeeding

sections of this report.
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Introduction

In the present report we summarize the status of our various programs
aimed at the development of techniques for the generation of coherent
ultraviolet, vacuum ultraviolet and soft x-ray radiation., Results of a

program aimed at the application of this radiation to sub-micron fabrica-

tion and to holographic microscopy will also be reported.,

During the past twelve months, we have demonstrated efficient third
harmonic generation of high power, high energy pulses at 1.06p into the
ultraviolet, we have gencrated continuously tunable radiation in the vacuum
ultraviolet using a newly developed high power broadly tunable visible
source. In application, we have produced a holographic grating with a
fringe spacing of 3350 R and recorded far-field Fraunhofer holograms of
sub-micron particles, Details of these results appear in subsequent

sections.,

We note that the present program is supported both by the Advanced

Research Projects Agency and the Office of Naval Research.

B. Generation of Vacuum Ultraviolet Radiation

The technique of phase matched harmonic generation in gases was first
proposed and demonstrated two years ago in this laboratory. Since then we
nave obtained up to 10% energy conversion efficiency in a Rb-Xe mixture
for the process of third harmonic generation from 1,064 to 3547 R. The
technique has also been estended into the vacuum ultraviolet region., In

early experiments, we employed a phase-matched mixture of Cd and Ar in the




ratio of 1 part Cd to 'S5 parts Ar to generate 177% R%. Subsequent experi-
ments have yielded 1570 R and 1182 R, For radiation shorter than 1470 X,
we tound that a mixture of iner: gases could be used. By using the tech-
nique of continuous circulating system to allow dynamic mixing of 1 part
kenon to 10,9 parts argon we have success fully generated the third harmonic

of 35k7 R ar 119 & with demonstrated phase matching output power enhance-
),
ment of up to 10 . Careful pump depletion measurements have verified that

better than 1Y vnergy conversion for this process has been achieved. Power

dependence measurements and linear absorption measurements at 1182 & indi-

cate that the parameters used have reached the saturation regime, By

lengthening the interaction region and operating at lower total pressures

we believe that higher conversion efficiencies can be obtained. However,

the large absorption cross-section by xenon at 1182 2 may limit the

ultimate efficiency of this process due to loss in the inactive regions,

Until the cfficiency of the 1132 g ~~nversion process can be improved the
approach of cascading several efficient third-nrder nonlinear processes to
shorter wavelengths will have to shiit from depending on having high power

densities at 11%° R. At present the shortest wavelength genevated by this

technique is #87 & (Fig. 1).

C. Tunable Vacuum Ultraviclet Radiation

An alternate approach toward generation of soft x-ray radiation is
to make use of resonantl; enhanced nonlinear optical susceptibilities to

obtain very hign conversion efficiencies with relatively low input power.
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Toward this goal, we have recently completed the construction of a high
power tunable picosecond source usiiig a quadrupled Nd:YAG laser pumped
ammonium dihydrogen phosphate parametric generator-amplifier arrangement,

By changing the phase-matching temperature of the ADP crystals, continu-

ously tunable radiation from L4200 R to 7200 & with typical bandwidths of

2 % has been generated. The pulse width is estimated to be approximately

50 picoseconds and the peak power is more than 1 megawatt, By focusing

tight the radiation from this source into a cell containing pure xenon

at 100 torr, we have obtained tunable radiation spanning the region from

1180 & to 1950 R (Fig. 2). Additional dye amplifiers can be inserted

eventually to boost the power output of the tunable source, Etalons and

spatial filters could be inserted to impro.e the temporal and spatial co-

herence of the beam. Ultimately, we will use this same source to generate

1202 8. Two photons of 1202 R is resonant with the 1s-2s transition in

helium and will allow efficient generation into the 400 X region., For

this process, we calculate that the two-photon absorption allowed incident

power density to be 2 x lJlo W/cm + Thus, for a cell containing 10 torr

of helium, corresponding to an interaction length of approximately 1 cm

due to absorption at 401 % by helium, the required incident peak power at
1:02 & will be 5 <« 10 watts and the resulting conversion efficiency will

-]
be 10 ‘. The output power will increase linearly with input power beyond

this operating point due to linear absorption at the third harmonic (Fig. 1

4). In a related experiment, employing resonant two-photon pumping, we

e Ut AL

have up-converted infrared radiation at 10.6u and 9.26p to the near ultra-

violet at 5321 R and %305 X with photon conversion in excess of 50%. Other
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applications of the tunable source include study of singly ionized metal
vapor as a generation medium, far infrared generation, coherent source for
high power electron beam pumped excimer amplifiers and picosecond spectros-

copy.

D. Harmonic Generation at High Field Strengths

Due to the lack of intermediate resonances or suitable atomic specie,
harmonic generation into the vacuum ultraviolet or soft x-ray region usually

. I . 10 2
requires power densities of at least a few times 10 watts/cm and very

1 .'.) :2 : 3

often more than 107 watts/ecm”. It is known that at these field strengths
the energy levels of an atomic system show intensity dependent shifts, By
using the density matrix formalism we have in the past year performed a
seneral analysis of the resonance positions of an atomic system in the
presence of dn intense electromagnetic field and its effect on harmonic
generation in atomic vapors. We found that with the ability to predict

the amount of frequency shift, it is possible to allow the atomic system

to shift into resonance with harmonics of the incident frequency and thus
generate efficiently the higher harmoniecs. As an example we considered
the generation of 198 & by a five-photon mixing process in Li (Fig. L).
By initially tuning the incident frequency such that four times this fre-
quency is about 3000 cm-1 from the unshifted 2s level of Li+, we showed
14

that at a power density of 4,9 x 10 W/cm2 the system becomes four-photon

resonant and conversion efficiency of about 10% is possible, It should be
noted though that the resonances are very sharp and hence a high power

laser with amplitude stability of better than 1% is required.

-10-
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E. Holography in the Vacuun Ultraviolet

We have conducted an exploratory study of the feasibility of using
coherent vacuum ultraviolet radiation for holography. This work has led
to the first demonstration of holographic techniques in the vacuum ultra-
violet spectral region. Coherent 1132 R radiation was used to produce a
holographic grating with a fringe spacing of 836 % and to record far-field
Fraunhofer holograms of sub-micron particles, The holograms were recorded
in polymethyl methacrylate (PMMA) and read out with an electron microscope.

The resolution capabilities of PMMA were evaluated by recording a
series of holographic gratings with progressively finer fringe spacings.
The finest fringe spacing produced was 836 & (Fig. 5). This high resolu-
tion capability makes it possible to use simple holographic recording
gecrnotries whicii allow large angles of interference between the reference
and object waves and which do not require VUV optical components of dif-
fraction limited quality.

Far-field Fraunhofer holograms of latex spheres ranging in diameter
from 1,305 to 0.365u were recorded. The spheres were supported about
251 above the PMMA recording medium and illuminated with a single beam
of 1182 ] radiation. A scanning electron microscope was used to read
out the holographic fringe patterns,

There are several possible applications of this work to the fields
of microfabrication and microbiology. Direct applications for holographic
gratings with very fine fringe spacings exist in the fields of integrated

optics, microwave acoustics, and the study of superlattices, Biological

-12-
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subjects such as cellular fine structure and viruses, heretofore observable
only by electron microscopy, lie in the resolution range of VUV holography.
Since some VUV wavelengths pass through centimeters of air, it might even-
tually be possible to examine living specimens.

This holography project was primarily supported by the JSEP.
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A. Introduction

Sodium activated cesium iodide CsI(Ma) is one of the most rugged, stable
and efficient roem temperature alkall halide scintii_etor materials to come
along in recent years (1965). 1Its large x-ray stopping power relative to the

other alkali nalides, its high conversion efficiency (12%) at its emission maximum

[
of 4200 A makes it an ideal detector of x-rays in conjunction with a photocathode

surfac., radiographic film or a photomultiplier tube. It has made x-ray sensing
systems employing zinc sulphide or calcium tungstate almost extinct(l’z).

Its narrow spectral output when bombarded by particles in the mev. range makes

it also an excellent nuclear particle detector(3-19). In spite of its immense
practical possibilities and current uses, little work has been done on determining
the specific luminescent mechanism in this material. As experimental techniques
become nore refined, it is becoming increasingly obvious that many of the activated
alkali-halide which were originally thought to be well understood, such as KI(TI)
and KCI(T1) need to be re—examined(zo). Another reason for studying CsI(Na)

is that in at least one way, it is a simpler system to study than the thallium
activated alkali halides., In CsI(Na), the emission at 4200 A cannot be due

to transitions between crystal field split levels of the sodium ion in tlie

CsI host crystals because no such levels exist to give this emission. The
luminescent mechanism can thus be due to a trapping of a center or complex,
already existing in the crystal by the sodium ion, or the creation of a center

or complex due to the introduction of the sodium. In the thallium activated
materials, evidence exists that the emission is due to transitions between

crystal field split states of the thallium ion as well as the center responsible

for the dntrinsic emission in these crystals(zo). Thus CsI(Na) offers the

unique possibility of studying centers responsible for the intrinsic emission




in the alkali halides at temperatures higher than normally observed, without

the complicating effects of other emissions.

B. Research Progress to Date

We have measured the absorption, emission and 2xcitation spectra of thin
(~1000 R) and thick (~2mm) samples of pure CsI and CsI(Na) with sodium
goncentrations between 0.01 and 1 mole percent at room, dry ice, and liquid
nitrogen temperatures. We are planning to extend these measurements to
liquid helium temperatures.

Our principal results can be summarized as follows:

&bsorption
(1) All measurements of absorption on pure CsI (Merck Suprapur) at room and

liquid nitrogen temperatures are in agreement with previous measurements made

on this materia121’22,i.e. two exciton bands centered at 2050 A and 2150 &

respectively.

(2) The sodium activated material behaves quite similar to CsI doped with di-

valent cationic impurities like catt Sr++, Mn++ and Mg++, i.e. the shape

s
of the tail of the fundamental absorption edge is strongly modified over

that of the pure material., 1In particular an absorption band centered at

about 2500 X is present in CsI (Na) which is not present in pure CsI and the
intensity of this band is a function of heat treatment, the intensity being
maximum for those samples which are tempered at 150°C for several minutes (1/2
hour) and then slowly cooled to room temperature. It is tempting at this time
to suggest that the luminescent mechanism is the same for CsI(Na) and CsI
doped with divalent cationic impurities. Because of the smaller size of their
ions Na, Ca, Sr, etc. are expectel to enter the CsI host interstitially

giving rise to Cs vacancies and the possiblities for the position of localized

excitons in the vicinity of such cation-cationic vacancy complexes has been

~-18-
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discussed previously. 2 However, the temperature dependence of the luminescence

for the Csl with divalent cationic impurities is opposite to that of CsI(Na),
i.e. it increases as one goes to lower temperatures, whereas the luminescence of
CsI(Na) decreases as one lowers the temperature. Another important difference
between the absorption of CsI(Na) and CsI doped with divalent cationic im-
purities is that the absorption peak occurring for CsI(Na) on the tail of

the fundamental absorption is detectable at sodium concentrations of 6ppm,

whereas ‘for the divalent impurities one has to have about 100ppm for the peak

to become observed.

Emission and Excitation

(1) No emission at room temperature occurs for pure CsI.

(2) A single emission at 4200 A occurs for CsI(Na).

(3) As one lowers the temperature to liquid nitrogen temperature one sees

the normal excitonic emissions in both pure CsI and CsI(Na). The 4200 X
emission which occurs at room temperature is considerably reduced in magnitude
anc shifts to ~3900 K.

(4) If one lowers the temperature to 1iquid nitrogen and then heats the
sample back up to room temperature one observes the appearance of two
overlapping emission bands centered 4400 A and 3920 K. This occurs in both

pure CsI and CsI(Na) but only in thin films of these materials (-1000 K).

Films 2mm thick do not show this emission and it is postulated that this emission

is strain-induced. We are not aware that this has been reported on in the literature

in this field. We are pursuing this as a separate investigation.
(5) Excitation spectra for thin films of CsI and CsI(Na) have been taken, but

we are still in the process of interpreting the results.

Future work will center on taking data at liquid “elium temperatures.

-19-
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I. Warm Working aud Superplasticity of Plain High Carbon Steels
C. M. Young, B. Walser, E. Cady, S. Kayali and 0. D. Sherby

A. lntroduction
During the past year our research has centered on a study of three

unique new high carbon steels containing finely spheroidized cementite.

T~ has been possible to produce these innovative microstructures in 1.3%C,
1.67%C and 1.9%C steels by various thermal-mechanical treatments in the
warm range of temperatures (0.3 to 0.6 of the melting temperature). The

3 recent addition of a 2.3%C steel combined with prior research on a 0.8%C

i steel extends the scope of this investigation on the properties of alpha
iron containing a dispersion of spheroidized cementite from 12 v/o Fe.C to

3

34.5 v/o Fe3C. Since most steels contain carbon in the range 0.2 to 0.3

percent these high carbon materials are a clear departure from the nominal
compositions used for structural steels and are approaching carbon com-
positions commonly thought of as cast irons. Our investigations have
shown that these spheroidized high carbon steels have exceptional forma-
bility at elevated temperature as well as excellent ambient temperature
properties, thus making these steels attractive to both the fabricator and
the user. Commercial castings of these steels were obtained from a local
foundry which had no experience in casting such high carbon materials.
Yet, the properties obtained on these first castings indicate the tremen-
dous potential inherent in this class of materials when all of the pro-
cessing variables are understood and controlled. The low material cost
(no deliberate alloying elements other than carbon) and the simple pro-

cessing are definite attributes of these materials. The most exploitable

-29-
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property of these sphero.dized high carbon steels may be their high hardness
and concomitant resistance to wear. These properties should make these
steels ideal for slave dies, easily formed from master dies, for use in tooling
and forming operations. Structural application with requisite complex shapes
are other possible uses for these alloys.

In the following sections the processing technique to produce the spher-
oldized microstructures will be described first (Section A) followed by a
section on elevated temperature properties (Section B) and microstructural
features (Section C) and finally by a section describing the ambient temper-
ature properties (Section D).

B. Processing

Several distinct thermal-mechanical processing techniques have been
utilized to produce fine dispersions of cewmentite in these high carbon
steels. In all cases, the key step to producing the fine spheroidized
structures has been warm working. [We define warm temperature to be in the
range 0.35 - 0.65 Tm, where Tm is the absolute melting temperature of the é
material]. The warm range of temperature is important for the following

09

reasons: (1) Atom mobility is enhanced by concurrent straining to such
a level that microstructural changes can occur rapidly compared to low
temperature; (2) The deformation stresses are relatively high so that fine
spheroidized cementite (Fe3C) microstructures result [previous work has
shown that fine spheroidized structures are produced at high stresses(2’3)];
(3) The ductility is sufficlently great at warm temperatures so that the

fairly large strains necessary to produce homogenous microstructures are

possible before fracture(a); and (4) There is usually no recrystallization

due to a phase transformation on cooling from the warm working temperature

g

to ambient temperature.
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C. Elevated Temperature Deformation

A typical stress-strain curve obtained during the deformation of the
1.3%C steel at a constant temperature of 650°C and a constant rate of

elongation of about 1.7 x 10-4/3 is shown in Figure 1. These high carbon

steels typically strain harden to large strains followed by strain softening

during superplastic deformation. Strain softening is primarily attributable

to the decreasing strain rate in a constant cross-head speed test. All three
high carbon steels when properly spheroidized appear to exhibit "trve
superplasticity" (m >.4,elongations >300%). The best results to date have
been elongations of 488% for the 1.3%C, 4857 for the 1.6%C and 380% for the
1.9%C. Samples deformed to these elongations are shown in Figure 2.

True superplastic deformation in fine 8tructures is observed when the
strain rate sensitivity exponent m (In 0 = Kém) is about equal to 0.5(5-9).
In order to determine if our high carbon steels are truly superplastic we
have evaluated the strain rate sensitivity exponent by means of stress re-
laxation tests. Such tests are especially useful because they represent the
strain rate sensitivity at essentially constant structure. In typical tests
we deformed our high carbon steels in tension at 650°C at an initial strain
rate of 1.7 x 10-4 secs-l. The samples were deformed to a total engineering
strain of 100% and then the stress was allowed to relax under constant strain.

Analysis of stress relaxation tests can be done by either of two methods,
both being basically equivalent. One method is that of Lee and Hart(lo),

wherein the strain rate € is given by

S N SR |
T TRA, v 1 @ (1)

in which Lo is the initial specimen length, X is the deformation experienced

by the sample, %% is the unloading rate, and K is the test machine stiffness,

-24-
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Figure 1. Typical elevated temperature stress—-strain curve for Fe-1l.3%C
spheroidized steel deformed at 650°C and at a strain rate of 1.7 x 10™%/s.

The engineering elongation was over 480% or a true strain of more than 1.7.
These finely spheroidized steels typically strain harden to large values

of strain followed by strain softening. The strain hardening reflects some
type of microstructural change with strain eventually leading to a superplastic
like structure. The strain softening is primarily attributed to the decreasing
true strain rate during the constant elongation rate test.
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given as-% = %-+~% (where S is the stiffness of the testing machine itself
and E 18 the dynamic elastic modulus of the test specimen)., The stress at
any given instant during stress relaxation is given by P/A where A is the
area of the sample at the beginning of the relaxation test.

An alternate method, which will be used here, is to assume that the
creep rate 1s proportional to a power of the stress, namely é = KON. During
stress relaxation the following relation is maintained,

E +¢ =0 (2)

where ée is the elastic strain rate (equal to %'%%) and ép is the plastic

straln rate (equal to Kcn). Thus,

do _ N
it - KEo 3)

Dividing both sides by GON, where 00 is the stress at the start of stress

relaxation, and then taking reciprocals one obtains

g
1 v (oW
d/o_ K ) (4)
dt
where K' = 1/KE OO(N-l). One can now take logarithimus of both sides, obtaining
the expression
dc/oo -1 g,
= = ' —
log - ( It ) log K' + N log r 6))
do/o_ -1 o

Thus, a plot of log - ( T 2 )}  versus log 7? should yield a straight line
with the slope equal to N. We illustrate typical stress relaxation curves

for a 1.3% carbon steel and a 1.6% carbon steel in Figure 3. We note the
rapid rate of stress recovery with the stress decreasing to a quarter of its
original value in less than 5 minutes. The specific values of N are calculated
from the plots shown in Figure 4 where both N and its reciprocal "m" (the
strain rate sensitivity exponent) are given for each of the three high carbon

steels. As can be seen, rather good straight lines can be drawn through the
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Figure 3. Stress relaxation curve for 1.3%C steel and for 1.6%C steel
at 650°C after superplastic deformation to 100% engineetring strain at ;
€ = 1.7 x 1074 secr-ds™1, 7
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Figure 4. Stress relaxation data plotted as log [- dt ] versus
log GO/G for three different high carbon steels indicating the high
strain rate sensitivity observed in these materials.
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data (Figure 4) and m is shown to increase with increasing carbon content.
Specifically, m = 0.33 for the 1.3%C steel, m = 0.4 for the 1.6%C steel and

m = 0.41 for the 1.9%C steel. Such high values of m are definite indicationms
of superplastic type behavior. Further studies will center -on determining the
influence of strain ratg and temperature on "m" in order to optimize the rangec.
of superplastic behavior and determine the range of deformation variables over
which superplasticity can be expected. 03tress relaxation tests are also
planned to measure m at various stages of straining (Figure 1) to gain insight
into the superplastic deformation mechanism and its dependence on strain.

The increase in strain rate sensitivity of our high carbon steels with
increase in carbon content is probably directly attributable to the decreasing
grain size present with increasing amount of cementite. Indirect evidence for
this suggestion is given in Figure 5 where stress-strain curves for the 1.9%
carbon steel are shown at 650°C after various amounts of annealing, at 650°C,
before testing. The initial strength of the material annealed for 15 hours
prior to testing was double the initial strength of the material annealed for
only two hours. This increase in strength is probably attributable to an
increase in grain size during annealing for it is now well documented that
the strength of superplastic materials at elevated temperature increases with

an Iincrease in grain size. Specifically(s—g), it appears that é a QE_ where
Lp
N is typically 2.0 and p is about 3.0, Or, at a given strain rate, the flow

stress can be written as a function of grain size as follows 0 a LP/N or

ga L2/3. Thus, for a two-~fold increase in strength (Figure 5) one would

expect the grain size to increase by 23/2 = 2.8. This amount of grain growth
in 15 hours is certainly reasonable and in line with our current observations

(see, for example, Figures 8B and Figure 10).
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In Figure 6 we illustrate the influence of cementite content on the flow

stress of iron at 650°C and at e = 1.7 x 10-4 sec-l. In the case of the high
carbon steels the flow stresses reported were those obtained after 100Y%
elongation. It is noteworthy that the flow stress first increases with carbon
addition but then decreases with increased carbon additions. These results
are censistent with cir earlier interpretation that fine grain size leads to
weakering in the superplastic range of temperatures and increasing the volume
fraction of cementite leads to decreasing stable grain sizes (after warm

working). It is rather remarkable to note that the ultra high carbon steels are

1 as weak as pure iron under the stated conditions of testing.

D. Electron Transmission Studies of the 1.9% Carbon Steel

The fine scale of the spheroidized structures requires that electron
microscopy be employed to correctly resolve the microstructure. Transmission
electron microscopy of thin foils has been selected because of its ability
to resolve individual dislocations, dislocation arrays and subgrains, grain
boundaries, small particles, as well as second phase distributions and orienta-
tions. To prepare folls for transmission electron microscopy a longitudinal
section was cut from the as-rolled plates or from the gage length of tested
4 samples with an electrical discharge machine. 7This section was ground on
#600 SiC-paper to a thickness of about 0.003". These thin plates were thinned
at room temperature in a twin jet electropolishing unit using a window technique.

The electrolyte was 150 grams NaCrO4 (anhydrous) in 750 mil acetic acid, at a

et D5 2

voltage potential of 19-22 volts (closed circuit) using a moderate jet speed.
After the first hole was perforated the sample was thoroughly washed in methanol

and the edges were re-lacquered. This process was repeated several times until

enough holes and bridges were produced. A small piece was then cut out for

investigation. The foils were examined at 100 kV in a Philips 200 electron

K - A5
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microscope. The TEM investigation was done on several samples of the 1.9%C

steel: (a) as warm worked, (b) after superplastic deformation at 650°C and
(c) after annealing at 650°C for 15 hours,

(a) As Warm Worked

Tha structure of the warm rolled plate is shown in Figure 7A (top).
About three-quarters of the investigated material looks like this example:

containing equiaxed grains and spheroidized carbides. There is a high

dislocation density within the grains. To find out if the microstructure

consists of subgrains or grains some diffraction and dark field studies were
done. This study established that the material contains very fine grains,
about 0.8um average diameter (measured by intercept technique). Some evi-
dence of subgrain formation was found but the working process produces a
microstructure comprised primarily of very fine high angle grains., The
carbides are very well distributed and most of them reside in grain bound-
arles. The warm working process leads to the desired spheroidization. The
size of the carbides lies between 0.1 and 0.4um. Some portions of the as-
rolled material (about one-quarter) consisted of a pearlitic structure
(Figure 7B). This may be caused by inadequate warm working strain to
spheroidize all of the large amount of carbide contained in the 1.9%C steel.

The following conclusion can be made based on these micrographs. The
material recrystallizes during warm working producing the very fine grain
Structure. The large volume fraction of carbide particles prevents grain
growth during the thermal-mechanical processing operation. A subgrain
Structure is observed but because of the fine grains and the high disloca-
tion density it is difficult to distinguish between subgrain and grain

boundaries in normal bright field microscopy.

34
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Figure 7. Transmission electron micrographs of 1.9%C steel as warm
worked. Top, well spheroidized Fe.C between sub-micron grain of
a-Fe; bottom, incompletely spheroigized pearlite region due to limited
warm working.
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(b) As Superplastically Deformed 1.9%C Steel

We investigated two samples by transmission electron microscopy: one
sample was deformed 100% at 650°C and the other was deformed 200% at 650°C.
In general we could find two typical regions with respect to their micro-
structural appearance; one region exhibited » homogeneous distribution of
carbides in a ferrite matrix and the other exhibited mainly ferrite with
very few carbides. From the electrolyric polishing it is to be expected

that the carbide-free areas are preferentially attacked and therefore thin

enough for transmission electron microscopy. Most of the areas observed

are like the example in Figure 8A (top). The ferrite grains are very clear
of dislocations or subgrain boundaries. The high angie grain size is about
lum even in these areas with very low carbide content. The carbides are
mostly within grain boundaries and show a typical equilibrium appearance.

In the case of carbides within grains, they show a perfectly spherical force.

We can conclude that during superplastic formation an equilibrium structure

is achieved, which does not change once it is formed. Figure 8B shows re-
glons comprising the majority of the material which is more difficult to
thin because of the large amount of carbide phase. This microstructure 1is
typical for a superplastic material, i.e., fine equiaxed grains for both

phases, large amount of second phase, no (free) dislocations within grains

aie e o

and no subgrain boundaries. The ferrite grain size is about 1 to 2um and

the carbide size ~0.5 - luym. The photomicrographs suggest that the carbides

form a continuous network. This would be a bad feature for room temperature 1
strength because of the brittleness of the continuous cementite at room

temperature. Figure 9 illustrates some of the very seldomly observed dis-

PR S A T

locations and sub-boundaries within the superplastically deformed materials.

SR

Obviously the round carbides within grains act as pinning sites. But, in

-36~
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Figure 8. Spheroidized 1.9%C steel after 1007 elongation at 650°C,
Top, a region containing few carbides; bottom, a1 region containing a
"normal" amount of Fe,C second phase in the a-Fe grain.




e

Pigure 9. Transmission electron micrograghs of spheroidized 1.9%C steel
after 100Z elongation at 650°C, 1.7 x 10™4/s. Top, one of the few dislo-

cation arrays observed in this material; bottom, a dislocation pinned by
small Fe3C particleg.
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general, there are very few of these pinned dislocation structures

There was an indication that some regions of the microstructure con-
tained a high dislocation density and were not deforming superplastically.
This may have been due to a non-homogeneous distribution of the spheroidized
carbides. Figure 10 shows a sample of spheroidized 1.97%C steel deformed 200y
at 650°C with a micro-structure similar to the previous one (Figure B). The
srain size has increased to about !.5 - 2um indicating that grain growth is
occurring during superplastic deformation. The carbides have also growvs to
about 1 - 1.5um and they appear to have formed 4 nearly ¢cntinuons network
in the «-Fe grain houndaries.
(c) As Annealed at 650°C for 15 hours

To investigate the influence of the testing temperature of 650°( on the
microstructure we looked at a thin foil prepared from the guip of the sample
described in section (b) (Fivure 10) and shown in Figure 11. It is cvident
that most of the microstructure is partially recrvstaliized and that we get
very fine equiaxed grains and a good distribution ot carbide: (grain size
0.8um). Recrystallization is not complete after 15 hours at 650°C and there
are still some regions with the warm rolled structure (Figure¢ 11B). The micro-
graph shows the structure-free characteristics of these ferrite grains, i.e.,
there are no dislocations in the recrystallized areas. The carbide distribu-
tion shown in the grip region indicates that the network structure of carbides
observed in the superplastically deformed material forms during the deformation
process. We never saw continuous carbide strings outlining the ferrite grain
boundaries in the grip region.

E. Ambient Temperature Properties

To complement the excellent superplastic formabilitv of these high carbon

spheroidized steels it is desireable to have good ambient temperature proper-

T




Figure 10. Transmission electron micrograph of spheroidized 1.9%C steel
after 200% elongation at 650°C, 1.7 x 10~%4/s. The grain size has grown
to about 2ym and the carbides are forming a continuous network in the
a-Fe grain boundaries.
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Figure 11. Transmission electron micrograph cf spheroidized 1.9%C steel
after annealing for 15 hours at 650°C. Top, fairly uniform recrystallized
area; hottom, recrystallized areas growing into the remaining warm worked
region.
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ties.Figure 12 shows the room temperature strength and ductility of spheroi-
dized 1.3%C steel after various heat treatments, Curve (A) 18 for this
material after warm worked such that the finishing temperature was about
560°C. This curve represents a very attractive combination of strangth

(178 ksi yield) and ductility (4.8%). Warm working this material at a
higher temperature, 650°C, lowers both the yield strength (160 ksi) and

the ductility (1.3%) as shown by curve (B). This unexpected result may be
due to particle coarsening and or to the formation of a continuous cementite
network at this high temperature of warm working. Heating the warm rolled
product to a temperature low in the austenite pPlus cementite phase region
(760°C) for 10 minutes followed by a slow cool resulted in a further decrease
in the yield strength to 119 ksi but an increase in the ductility to 6% as
shown by curve (C). Similar treatments on the 1.6 and 1.9%C Steels have
produced disappointing results in terms of both strength and ductility.
Annealing of these two alloys (500°C, 100 Hr) resulted in a product with
lower strength and ductility than the as-rolled material. It is clear that
further research is required to obtain an attractive combination of ambient
temperature properties in these two high carbon steels.

The room temperature tensile stress—strain curves for these spheroidized
high carbon steels following superplastic deformation (100% elongation at
650°C, 1.7 x 10-4/3) are shown in Figure 13. These tests were performed to
measure the room temperature properties of these alloys after a simulated
superplastic forming operation at elevated temperature. The appearance of
a seemingly continuous cementite network during superplastic deformation in
these alloys (Figures 8 and 10) has apparently not completely embrittled
these materials. Curve (A) is for the 1.9%C steel which reveals a yield

strength about 125 ksi with about 2% elongation. Curves (B) and (C) are nearly
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Figure 12. Room temperature tensile stress-strain curves for the
spheroidized 1.3%C steel after various heat treatments. Curve (A)
warm worked at a finishing temperature of 560°C; curve (B) warm
rolled at a finishing temperature of 650°C, curve (C) warm worked
followed by heating to 760°C for 10 min, then air cooled.
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Figure 13. Room temperature tensile stress-strain curves of
spheroidized high carbon steels following superplastic deforma-
tion (100% elongation at 650°C, 1.7 x 10~4/s). Curve (A) is
for 1.97%C; curve (B) is for 1.6%C; curve (C) is for 1.37%¢;
curve (D) is for 1.3%C which was heated to 750°C for 5 min and

then air cooled after superplastic deformation (100% elongation
at 650°C).
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identical for the 1.6 and 1.37%C steels, respectively, with yield strengths
of about 106 ksi and about 12% elongation which makes these respectable
engineeriig structural materials. Curve (D) is for a sample of 1.3%C steel
which was given a special heat treatment after superplastic forming. This
sample was heated to 750°C for 5 min then air cooled resulting in a 76 ksi
yleld strength and about 117% tensile strain. A large yield point phenomenon
was observed in this material.

From the results depicted by Figures 12 and 13 it is clear that even at
present these high carbon steels have good engineering structural properties.
It is also evident that the mechanical properties can be radically altered
by various heat-treatments on the as-worked or superplastically formed pro-
duct. With further research it is felt that a thermal-mechanical processing
schedule can be found which will result in the best combination of strength

and ductility for each alloy.
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- 2. Breakdown of Lamellar Microstructures During Wamm Working

i J. C. Shyne and M. Shimizu

One of the most Important aspects of the influence of warm working on
plain carbon steels is the breakdown of lamellar pearlite to spheroidite.
Neither the mechanism for this process nor its kinetics are understood.

Therefore one aim of our research is to elucidate the breakdown process of

such lamellar microstructures.

Lamellar microstructures are a common feature of many alloys. Steel
provides the most common technological example, the eutectoid pearlite
consisting of alternating layers of o -~ Fe and Fe3C. Such lamellar micro-
Structures are unstable and tend to change to mixed equiaxed grains or
particles of the two phases. In particular, the breakdown of lamellar
pearlite to equiaxed spheroidite occurs in steel as a consequence of heat
treatment and metal working processes. Pearlitic iron-carbon alloys, however,
: are experimentally difficult materials because of the brittleness of Fe3C
under most conditions. Lead-tin forms a lamellar eutectic microstructure
when solidified slowly. This materiai, 40 wt. pct. Pb - 60 wt. pct. Sn, is
interesting for its own sake and serves as an experimentally convenient
model for the more intractable pearlite.

The aim of the research is to obtain meaningful kinetic data for the

;g breakdown of the lamellar Pb-Sn eutectic after cold deformation. The

] pertinent data are the geometric details of the microstructure changes.
the degree of cold work, time and temperature. Cold work is accomplished §
on the cast miscrostructures by rolling. Rolling must be performed below 4
room temperature to avoid microstructural breakdown from occurring con-
currently with the rolling process. The sublimation temperatures of dry

ice, -=77°C, has proved to be experimentally convenient for rolling.




Subsequent to rolling, specimens are held for various times at various temp-
eratures and the microstructural changes observed after metallographic

polishing and etching. To date satisfactory metallographic techniques have been
developed using both mechanical polishing and electrolytic polishing, however,
it is not clear yet that the temperatures necessary for these metallographic
operations are low enough to avoid any microstructural change during the
polishing process itself. Some auxilliary experiments have undertaken to
utilize differential thermal analysis, DTA, to characterize the effect of
temperature especially on the rate of the process of structural breakdown.

Specimens cold worked various amounts at -77°C will be heated slowly from the

rolling temperature to a temperature well above room temperature e.g., 60°C.
During heating the DTA apparatus monitors the relative amount of heat re-
leased by the endothermic process of structural change. At this point, it
appears that DTA may be suitable to this intended purpose; several tricky
experimental problems arising from the fact that the DTA data range must
extend to -77°C have been overcome, but no useful DTA results are yet
achieved.

The metallographic part of the program has not yet included quantita-
tive kinetic data, however, some very interesting qualitative observations
have been made.

1. The cold worked lamellar microstructure breaks down ("recrystallizes')
into a microstructure consisting of essentially equal sized, equiaxed grains
of the two phases. The grain diameter tends to be somewhat larger than the
original lamellar thickness.

2. This process of structural change occurs preferentially at previous
colony boundaries where discontinuities in lamellar orientation occur.

3. The process of structural change proceeds by the growth of band of

—48-
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3 the equiaxed regions outward from the original lamellar colony boundaries,
: l.e., the process of structural breakdown is essentially a discontinuous

process similar to the growth of recrystallized regions in normal, single

phase, recrystallization.

3 These observations imply that the process of structural breakdown

ought to be limited in its rate by the diffusion of Pb and Sn as these

elements are transported from the original lamellar configuration to the

new, equiaxed configuration.
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This portion of the investigation has been concerned with two aspects
of superplastic flow in Pb-Sn eutectic alloys. First, the influence of a
fine precipitate distribution on superplastic flow and fracture is being
investigated. The second and related aspect of the study is the possibility
of strengthening the normally soft superplastic alloys by a precipitation
heat treatment. This would be useful for improving the strength properties
of superplastic materials following forming treatments.

To date, the majority of experiments have been carried out on the Pb-
Sn~Au system. The alloy composition is the Pb-Sn eutectic composition with
about 0.1% Au. Samples are melted, cast, and then cold rolled to produce
an equiaxed grain structure, with average grain size of 3u. Aging the
alloys in the temperature range 120 - 160°C prior to cold rolling causes
AuSn4 precipitation with an average precilpitate spacing of about 0.1y. The
flow properties of these alloys are being evaluated using stress relaxation
techniques, tensile tests, and carrying out dynamic studies in the scanning
electron microscope using a special tensile stage. The results obtained
thus far are listed below. .

Stress relaxation tests have been carried out at room temperature over
a range of relaxation rates (strain rates) of 107. The data for pure Pb-
Sn and Pb-Sn~Au (aged for a variety of times at 120° or 160°C) show similar
characteristics. Namely, at low relaxation rates (low stresses) Newtonian
viscous deformation 1s observed (directional diffusion creep) and the flow
stress is increased the dominant deformation mode is grain boundary sliding
and superplastic flow is observed. At high stresses recovery-work hardening
creep assoclated with the generation and motion of dislocations is observed.
At low stresses the Pb-Sn and Pb-Sn-Au data superimpose whereas in the
superplastic flow region and recovery work hardening creep region the Pb-
Sn-Au samples have a flow stress about twice the Pb-Sn samples at the same
strain rate. Although the flow stresses differ, the maximum strain rate
sensitivity is the same for the two alloys, beilng about 0.33-0.4. This
strengthening of the Pb-Sn-Au precipitate hardened alloys in the super-

plastic flow region does not result in any noticeable change in the
-51--
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mechanism of plastic flow., The scanning electron microscope date suggest
that the predominant deformation mode is grain boundary sliding for both
alloys. The only grain deformation observed is localized to the region
of the grain boundaries and 1s associated with the preservation of coher-
ence between grains.

The origin of the increase in the flow strength of the Pb=Sn-Au
alloys i8 as yet undefined. Two possibilities are (1) a slight change
in diffusivity with addition of Au to the Pb-Sn alloy and (2) an influence
of the AuSn4 precipitates on the accomodation deformation accompaning grain
boundary sliding. The weak stress dependence of the strain rate during
superplastic flow means that a small change in diffusion coefficient will
be translated into a similar magnitude change in flow stress at constant
strain rate. That is, if the diffusion coefficient were to change by a
function of three, we could expect to see a two-fold or so change in flow
stress. The second possibility listed above relates to the influence of
the AuSn4 precipitates on the plastic deformation which must accompany
grain boundary sliding 1if grains are to maintain coherency. The acommoda-
tion deformation may take place either by diffusional flow or grain
boundary sliding. There is considerable data in the literature to suggest
that a fine distribution of precipitates or dispersed particles may alter
the local flow characteristics for either of these flow conditions. Pre-
sent work is directed to examining the various possibilities listed above.

One further aspect of the study involves the influence of AuSna
precipitates on the fracture properties of Pb-Sn-Au alloys. It is observed
that the total strain to failure is lower in the precipitation hardened
alloys (about two or three times less than that observed for Pb-Sn alloys
tested under identical conditions). Scanning electron microscope studies
to date indicate considerable porosity generation in the Pb-Sn-Au alloys
during superplastic flow. This feature probably accounts for the de-
creased ductility. Work is underway to establish the cause of this porosity
and determine what influence it may have on the formability of the Pb-Sn-Au
alloys.
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1. Synthesis and Characterization of Supported Organometallic
Rhodium (I) Cacalysts

D. N. Marquardt

The PhD dissertation by Donald N. Marquardt serves as the
Annual Technical Report for the work on hybrid homogeneous-
heterogeneous catalyste supervised by Professor Collman with
consultation by Professor Boudart, and is presented separately
as an appendix to this Technical Report.

The chelating silated phosphine mentioned in the last
Quarterly Report has been prepared and catalysts derived from
it have been studied kinetically. This work represents the
best comparison to date between homogeneous and heterogeneous
catalysts. During the first part of the next year, this work
will be extended to chelating arsines and the kinetic results

amplified. Arrangements have been made at Yale University

with Professor Jack Faller for a collaborative study using

X-ray photoelectron spectroscopy (ESCA). Preliminary results
are very encouraging and through the use of this technique,

we hope to further clarify classic heterogeneous catalysts.




2. Structure Insensitive and Structure Sensitive Catalytic Reactions

For catalysis by metals, a traditional distinction has been made
between geometric and electronic factors. The geometric factor is related
for a given metal to changes in structure, as exhibited by different
crystallographic planes or surface atoms with different coordination numbers.

The electronic factor is related to changes in electronic structure as expected

for different metals or metal-support interactions or very small metallic clusters.
Because of the frequently observed effect of both geometric and

electronic factors on the rate of a catalytic reaction, it came as a surprise

to discover a number of reactions with turnover numbers almost identical on

particles of a metal with varying sizes between 1 and 10 nm. This discovery

made recently in several laboratories was unexpected because of the marked

change in the relative proportion of surface atoms of different coordination

E numbers on particles in this size range. A reaction with invariant turnover

number in this size range has been termed structure insensitive. Two additional

structure insensitive reactions have been studied recently at Stanford: the

hydrogenation of ethylene and of cyclohexene on platinum.
For ethylene hydrogenation on supported platinum catalysts, no
effect of support was detected except in one instance. A special kind of
' support effect, namely hydrogen spillover could be ruled out as contributing
to the observed rate. Otherwise, hydrogen spillover would have enhanced
the rate of reaction in the presence of alumina as a result of hydrogen atoms
diffusing away from platinum onto alumina where they might have hydrogenated
chemisorbed ethylene. No such effect was detectable. The only support with
which platinum was observed to have a substantially higher turnover number
than for all other platinum catalysts, was a Y -zeqlite with multivalent cations.

However, platinum on a Y -zeolite with Na ions, had a turnover number

equal to that of all the normal platinum catalysts. [t appears that very small 3

PR
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clusters of platinum in the supercages of the zeolites with multivalent cations
are transferring some electronic charge to the zeolitic framework with
corresponding increase in the turnover number of platinum. Thus the observed
effect is attributed to an electronic factor for a reaction which is insensitive
to geometric factors.

i The occurrence of structure insensitive reactions may be explained

by corrosive chemisorption as a result of which the uppermost layer of metal -

T e

adsorbate complexes is not in registry with the underlying metallic layers and
acts as an array of surface molecules. This explanation seems particularly
appropricte in the case of the hydrogen-oxygen reaction on platinum which
we have found to be structure sensitive with excess hydiogen but structure

insensitive with excess oxygen. In the latter case, corrosive chemisorption

. of oxygen seems reasonable. Surface reconstruction of platinum following
oxygen chemisorption has indeed been evidenced independently at Stanford

by means of hydrogen chemisorption and also rates of hydrogenation of

ethylene and cyclohexene on oxygen reconstructed platinum surfaces.

The occurrence of structure sensitive reactions may be explained
by the higher reactivity of certain sites (corners, ledges, multiplets) and the
problem is then to identify the active sites.

An attempt to do this has just been made in the case of the

ammonia synthesis on iron. Metallic iron particles spanning the range

from 2 to 30 nm were prepared by using magnesium oxide as a support. Over §
these particles, the ammonia synthesis at atmospheric pressure between 570
and 680K was found to be a structure sensitive reaction with a turnover

number on the small particles being an order of magnitude smaller than that

on the large particles. The small particles were then treated with ammonia
at 680K so as to obtain a high virtual pressure of nitrogen with formation of 1

an iron nitride. The latter was then decomposed in a hydrogen-nitrogen gas
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mixture. After this treatment, the tumover number on the small particles
was significently higher than before but this enhancement disappeared after
prolonged treatment of the catalyst in hydogen.

These observations suggest a surface reconstruction of small iron
particles. This reconstruction that seems induced by nitrogen was studied by
M&ssbauer spectroscopy and the selective chemisorption of carbon monoxide.
It was found that those treatments of the small iron particles which increased
the turnover number in ammonia synthesis, brought about a decrease in the
uptake of carbon monoxide by the catalyst as well as a decrease in the
anisotropy energy barrier for the magnetization relaxation of metallic iron.
From these results, it is concluded that the increase in turnover number is due
to the creation of C] surface atoms where a Ci atom denotes one with i
nearest neighbors. This assignment of active sites for nitrogen chemisorption

agrees with that of others, based on field emission microscopy.

_57_



3. The Structure and Bonding of Lithium Clusters

M. Boudart, K. T. Chow, J. B. Diamond, J. G. Fripiat, and K. H. Johnson

A. Introduction

Supported metal catalysts in very small particle sizes are often
employed in industry because small particles permit a better utilization
of the metal. Since many properties (c. g. morphology, miscibility,
electronic properties, magnetic properties and some thermodynamic
properties) depend on particle size, this may also be the case for the
catalytic activity of small metal particles.

In this report, we ask the simplest question for the metal with the
smallest number of electrons, namely lithium. The question is: how large
must a cluster of lithium be to possess chemical properties approaching
thosc of the bulk metal?

Our calculation was carried out with the Sclf Consistent Field-Xo,.-
Scattecred Wave method (1). The mecthod is based, first of all, on the arbi-
trary division of matter into component clusters of atems. The cluster,
take Li,) for instance, is partitioned into three regions as shown in Fig. 1:
the first region within nonoverlapping spheres surrounding the constituent
atoms, the sccond region between the atomic spheres and an outer sphere
surrounding the entire cluster, and the third region outside the cluster.

The onc=clectron Schrddinger equations for the cluster are described
as:

b
o

[-Vl PV )+ VXa“)] U, (D) = ¢ U(1) (1)

where: Vl is the kinetic energy term, Vc(l), determinced classically, is
the clectrostatic potential at position 1 due to the total clectronic and
nuclear charge, Vy (1) is Slater's X statistical approximation (2) to

exchange correlation, namely

-58-

P e

B i . o e L s G e o G Tl e




uuuuuuuuuuuuuu




i

3 /3
quv (1) = -6q l_ﬁp!(l)]

(2)

3 1/3
Ve o (D) -(Joz[;ﬁpl (N7

These potentials are dependent only on the local electronic charge densitics
p1 (1) and p! (1) for spin-up and spin-down clectrons, respectively, and
on the scaling paramecter a. The valuc of o is generally chosen to be
between 2/3 to 1.

The main objective is to solve the onc-clectron Schriddinger cquations
(1) for the spin orbitals Ui(l) and encrgy eigenvalues € of the cluster,
subject to the boundiary conditions on the clusters. fach spin orbital can

be associated with cither the spin-up or spin-down Pauli function. Thus

the clectronic charge density

) = ZnU’(1)U (1 3
P = Z o UR1I, () (3)
can be scparated into spin-up p 1(1) and spin-down g (1) parts, where
n, is the occupation number of the ith spin orbital.

The numerical solutions of cquations (1) are foun ior a polyatomic
cluster by first spherically averaging the potential V(‘(l) + VX(-,(l) inside
cach of the atomic regions | and the extramolecular rcgion 3. The potential
15 gencrally assumeced to be constant throughout the interatomic rcgion 2,
cqual to the volume average of Vc(l) + VXG(l) over this region. This pro-
cedure leads to a sct of rapidly convergent sccular equations which are
solved numerically for the molecular-orbital energics and wave functions.
The continuity of the wave functions and of their lst derivatives across
cach regionis taken carc of via the scattered-wave formalism (1).

The complete calculation proceeds in the following manner. The

eigenfunctions of cquations (1) for an initial superposed-atom potential
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Vc(l) + Vxq (1) are the starting point for a complete SCF-Xg-SW calculation.
The initial set of spin orbitals Ui“) is substituted into expression (3) to
obtain the clectronic charge density throughout the cluster. This charge
density is then substituted into Poisson's equation of classical electrostatics
to determine a new Coulomb potential Vc(l) and into equation (2) to deter=~

minc a new cxchange-correlation potential. As before, these potentials

arc spherically averaged in regions 1 and 3 and volume averaged in region 2.

A weighted average between the new potential and the initial potential serves
as input for the first iteration. A new set of spin orbitals is calculated by
the scattered-wave method and the entire computational procedure is
repeated until scelf-consistency is attained.

This method permits accurate calculations of electronic structure of
polyatomic molecules from first principles (without introducing any experi=~
mental parameters) and requires only moderate amounts of computation
time compared with the ab initio LCAO-5CF~-MO method (_31, 4).

The exchange scaling parameter of ¢ of the lithium atomic sphere
was taken from the table given by Schwarz (5). This value (a = 0.78147)
had been chosen in such a way that the total energy computed for a lithium
atom by the X method cqualled cxactly that obtained by a Hartree=-Fock
calculation. The @ values for the interatomic and extramolecular regions
were set equal to that of the atomic region.

Six clusters of lithium, namely Liz, Li3 (triangular), Li4 (square),
Li8 (cubic), and Lilj (cubooctahedral Oh

studied: their propertics were calculated at several internuclear distances.

and icosahedral Ih) have been

To test the validity of the computational method, the experimental equi=~-
librium interatomic distance of Liz was chosen to calculate the corres-
ponding binding cnergy per atom. The latter was then compared with the

cxperimental value (6). The geometrical parameters employed in our

calculations arc defined in Fig., 2 and collected in Tables 1 to 5.

i it ol




a)

central atom

outer atoms outersphere of radius rg

(tangent to all outer atoms)

b)

overlapping occurs
between outer and central
atoms when r; =rg = V2 r;

Figure 2. Geometries for different close-packed

systems.
a) General Close-packed geometry

b) Close-packed geometry for icosahedron
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B C
T. 2.173 .19 3.
i
r 1. 37 .40 1.
o
T 2.94 .01 3,

Table 1. Bond -h-ngth and sphere radii for Li3 (triangular) (in X).

Table 2. Bond length and sphere radii for Li4 (square) (in X)

A B
2.89 3.52
1.45 1. 76
3.49 4,25

Table 3. Bond length and spherc radii for Li8 (cube) (in R)

A B C D £
T, 2.12 2.67 2.96 3.18 3.70
T 1. 00 1. 34 1.48 L2589 1. 85
T 2.90 3. 66 4. 04 4. 34 5.05
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Table 5.

Bond length and sphere radii for the Lil3(cubooctahedrah ﬁn.ﬁ)

A B C
¥, .67 . 86 3.05
r . 34 .43 1.53
T .01 4.29 4, 57
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In general, o close-packed geometry requires the radius of the

atomic sphere to be cqual to half of the internuclear distance between two
ncarest atoms (Fig. 2a). However, for a close-packed icosahedral
structure (Fig. 2b), the central atom must be slightly smaller than the
outer atom. In our calculations, the radius of the atomic sphere, r
was chosen to be cqual to half of the distance (ri) between twno adjacent
outer-atoms. Conscquently, a very small overlap existed between the
central atomic sphere and the outer atomic spherces (overlapping volu-
metric ratio: 4% for central atomic sphere and 0. 37 for cach of the outer
spheres). Furthermore, the radius of the sphere delimiting the extra-
molccular region was chosen for each case in such a way that the sphere
was tangent to all outer atomic spheres.

lixcept for the Liz molccule and L.i8 cluster, all other clusters were
treated as open=-shell systems and calculations were carried out in spin-
unrestricted form so that the effect of spin polarization was accounted for.
Initially frozen core states were relaxed at the end of cach complete

calculation. Li, and Li were not treated as open-shell systems becausc 3
[

8
their occupicd orbitals are completely filled.

B. Results and Discussion

(1) Equilibrium internuclear distance

The results obtained for the five clusters are collected in Tables 6 to

12. Equilibrium internuclear distances r of Li_, Li_, and Li. . clusters
C

&’ 8’ 13

wore determined graphically on a plot of cnergy versus interatomic dis-

tances r.. For instance, the curve of total energy ET of Li_ versus inter-
i

, 4
atomic distance r. has a minimum corresponding to the equilibrium state §
J 0
of the system at the cquilibrium interatomic distance r = 2,76 A (Fig. 3). ]
L\
|
E

On the other hand, the virial thcorem suggests that r, for Li3 would be
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Table o,

lilectronic properties of Lithium atom and Li. molecule,

2

A)

Lithium atom: (rcsults oblained from Herman Skillman program)

Total Energy = ~202.17 ¢V

€ = =52.81 ¢V, ¢, =-2.58¢V
ls 2s
= 0.78147
XLi
Liz molccule
Bond length (ri)
radius (r
0
r
S
a . (from atomic data)

Total Energy

Total Kinctic linergy
Virial ratio

Total knergy per atom
Binding £nergy per atomn

€
‘corce state

€O')'l
Charge densities: .
B o ¢ qu

qi nteratomic

q

S

H

2.67 K
1.34 K
2.67 K
0.78147
-405.13 ¢V
405. 46 ¢V
1. 0008
=202, 56 ¢V
0.392 ¢V
~52.78 ¢V
-3.22 ¢V
2

1.02

0.44
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Table 7. [lectronic properties of I_.i3 (triangular)

e -

knergy in ¢V and distance in K

Interatomic Distance

interatomaic

r. 2.67 2.73 2.79 3.03
Total nergy -007.47 -607.48 -007. 48 -607.43
Kinetic Energy 608, 52 608. 0u 607. 72 606, 22
Virial ratio 1.0017 1.0009 1.0003 0. 9980
Total Encrgy/atom -202.49 -202.49 -202.49 -202.49
Binding Encrgy/atom 0.341 0. 341 0. 341 0.313
Orbital Energics
core state 1 -53,04 -53.07 -53.12 -53.43
:1'} 1 -4.42 -4.41 -4, 39 -4, 34
'k 1 -2.68 -2.04 -2.61 -2.49
c'l 1 -2.50
a'] 1 -1. 14
coure state l -53,01 -53.04 -53,05 -53,19
:x'l ! ~-3.58 -3.58 -3,59 -3.59
5 [N} l - .
1/‘ .74
c'l l -1.70
a'l ! -0. 50
Charge densitics
g 0.587 0. 559 0.533 0.444
(ILI 2. 3006 2.318 2.329 2.372
q 1.492 1.485 1.478 1.440




Table 8. Electronic properties of Li4 (squarc)

inergy in eV and distance in R

Interatomic Distance

r, 2.89 3.52
Total Energy -810.07 ~-810.33
Kinctic Encrgy 813.15 810.24
Virial ratio 1. 0040 0.9999
Total Energy/atom -202.52 -202.58
Binding Encrgy/atom 0. 340 0.413
Orbital Encrgics
core state 1 -53.07 ~53.08
a 1 -4,81 -4, 39
lg
¢ 1 -3.18 ~3.22
u
core state | =52, 85 ~52.92
a ! -3.50 ~3.19
lg
Charge densitics
q, 0.611 0. 344
Zp 2.52
AU 393 2.523
q 1.819 1.564

intcratomic
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Table 9. FElectronic properties of Li& (cube)

Energy in ¢V and distance in A

Interatomnic Distance

r, 2.12 2.67 2.96 3.18 3.70
Total Encrgy -1618.27 =-1623.60 -1623.60 -1623.51 -1622. 60
Kinctic Energy 1662, 12 1631. 90 1624, 37 1620.51 1614. 56
Virial ratio 1.0271 1.0054 1. 0005 0.9982 0.9950
Total Energy/atom -202.28 =202.90 =202 95 -202.94 -202.83
Binding Energy/atom 0.113 0.730 0.781 0. 769 0.655

Orbital Orbital Encrgies in ¢V

(at cquilibrium r = 2. 96 X)

core state (ls) -52.81
a =5, 34

g
t -3.90

lu
¢ -2.73

g

-2.26

lg
20 -2.23

. .



Table 10.

Electronic properties of Lil3 (Icosahedral)

Energy in eV and distance in R

PO LR

Interatomic Distance
1',1 2. 89 2.96 3.05 3.23 3.49
Total Energy -2639.90 -2640. 25 =-2640. 55 -20u40, 78 -2040. 43
Kinetic Energy 2656.27 2652, 46 2648.90 2040, 51 2631.65
Virial ratio 1.0062 1.0046 1.0029 0.9999 0.9966
Total Energy/atom -203.08 -203.10 -203.12 -203. 14 -203,12
Binding Energy/atom 0. 899 0.925 0. 949 0.967 0. 940
Orbital Energies
core state | 1 -52.78 =52,77 -52.175 -52. 74 -52.73
core state 2 1 =52.55 -52, 86 -52,73 -52.78 -52.99
1 alg 1 -7.02 -6.92 -6.80 =6.55 ~6.19
i tlu 1 -5.46 =-5.41 -5,34 =5.19 -4,97
1 Hg 1 -3.89 -3.87 -3.86 -3.83 -3,79
2 a 1 =3,57
lg
1 8, 1 -2.66
2t 1 =-2.10
lu
1 -
2 tZu 1.72
core state 1 | -52, 89 -52. 89 =52, 86 -52.85 -52, 85
core state 2 | -52,39 =-52.45 =-52.49 -52,63 -52, 84
1 alg i -6,01 -5,93 -5.84 -5,65 -5.37
1 tlu i =-4,29 -4,24 -4,19 -4,08 =-3.92
1 H i =2.59
g
2a 1 =-2,.58
lg
{ -1.4
1 8, 9
2t l -1,37
lu
l =0, 74
2 tZu 0
Charge densities
qs 1.071 1. 004 0,928 0,783 0.626
qc 3,117 3.119 3.121 3.129 3,142
q 2.601 2.610 2.619 2.636 2.659
q . 3,602 3.563 3. 524 3,456 3.324
interatomic
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Table 11.

Electronic properties of Li” {cubooctahedral)

Energy in eV and distance in )¢

Interatomic Distance

2.67

Sauigad hadid i 1

l‘i 2,86 3.05 3.33 3.49
Total Energy -2634,99 -2637.24 -2638, 40 -2638,97 -2638.78
Kinetic Energy 2676.79 2661.83 2651, 18 2637, 18 2632.29
Virial ratio 1,0159 1.0093 1. 0048 0.9993 0.9975
Total Enerygy/atom -202.69 -202. 87 -202. 95 -202.99 -202.98
Binding Energy/atom 0.530 0.694 0.775 0. 830 0.816
Orbital Energies ‘
core state 1 7 -53.52 -53.39 -53.29 -53,33 -53. 37
core state 2 ' -52. 50 -52, 56 -52,66 -52.95 -53,08
1 alg ' -6.88 -6.67 -6.45 -6.15 -5,.98
1 tlu ! -5,26 -5.15 -5.04 -4, 88 -4, 77
1 tZg ! -3.54 =-3.52 -3.50 -3.51 =3.51
2a ' -3.20
lg
le T =2.90
g
T -
1 3. 2.75
core state 1 ¢ -53.54 -53.41 =53.30 -53.34 -53.38
core state 2 !} -52.46 -52.52 -52,63 -52.92 -53.05
1 alg i -6.66 -6.47 -6.26 -5.98 -5, 82
1 tlu i -5,03 -4,93 -4, 82 -4,68 -4,58
1 tZg ) -3.28 -3.27 -3.26 -3.30 -3.30
2a { -3,05
lg
le i =2.171
g
3 -
1 aZu 2,53
Charge densities
q, 1.505 1.253 1. 060 0.817 0.721
q. 2.959 2.959 2,967 2.971 2.978
q 2,5kl 2.535 2.557 2.576 2,587
q° 4.403 4.366 4,290 4.304 4,252

interatomic
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0
about 2. 81 A (Fig. 4). The discrepancy between both values of r, is probably

duc to some round-off error introduced during the calculation. Anyhow, it

0 0
was fclt that ¥ would be somewhere between 2,76 A and 2. 81 A, Ifa
¢

-3
virial ratio (total encrgy/kinectic energy) with an acc uracy up to 10 ~ was
considered satisfactory for our present purpose, the value 1.0003 (Table 12)

0
would then be acceptable, thus T, of Li, was taken to be 2.79 A from our

3

0
calculation., Likewise, the value of re for cubic Li_ was found to be 2. 96 A.

8
In a similar fashion, r of both Li_ (O, ) and Li. _(1 ) was estimated to be
¢ 13'"h 13" h

0
3.23 A (Figs. 5 to 8). To fit the five data points in Fig. 5, the curve was

approximated by a parabola:

Y
Ep-Ep= 3k -r)

where ET is the total energy corresponding to the distance T and EO is

the minimum total ¢nergy corresponding to the cquilibrium interatomic

distance r . The fit was considered adequate.

C

(2) Spin-orbital energy levels of the clusters

The spin=-polarized SCF-Xa-SW clectronic cnergy levels of Li_(D_, ),

5> 3h
L14(D4h), L18(Oh), and L113(Oh and Ih) clusters arce depicted in Figs. 9

through 11.  The levels are labeled according to the irreducible representa-
tions of their symmetry group. The highest occupied levels in the ground

1t for

state were found to be a'' for Li_, a for Li,, 1t for Li,,
2 u 8 2g

3 1g 4 1
13(Ih)'
The bonding status of each spin orbital was determined through the

I_.113 (Oh) and 1 Hg for Li

sign ol the cocefficient of the expanded spin-orbital in cach region. For Li3,

the first (a'l) and sccond (a'?:) occupicd valence orbitals were found to be

completely bonding.
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Figure 5.

Total Energy ET vs Interatomic Distance r, for

= (2523.0 + value on scale).
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Figure 7. Energy E vs Interatomic Distance r, for Ih Lil3
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Figure 9. The spin-polarized SCF-Xo-SW electronic energy
levels of Li4y and Li, clusters. The levels are
labeled according to the irreducible representations
of the triangular- and square-planar (D3h and D,y)
symmetry groups for Lij and Liy respectively. The
highest occupied le\:ls in the ground state are a¥

for Lij and a1g for Li,. Those levels above the
dotted line are unoccupied.
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the irreducible representations of the I, and
O symmetry groups. The highest occupied levels
in the ground state .re 1 t2g for Oh and 1 H

for Ih. Levels that lie above the dotted line
are unoccupled.
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Relevant rcsults in Tables 10 and 11 reveal that three valence
molecular orbitals are occupied in the ground state for both the icosahedral
and cubooctahedral l..i13 clusters. The first orbital in both geometrics was
found to be completely bonding and characterized by the symmetry lable
ag (or alg for the (_)h group). The second occupied molecular orbital is
classified as tlu for the icosahedron. It assumes a bonding character in
both the upper and lower parts of the molecule but an antibonding character
existing between the two parts is counterbalanced by the small contribution
from P, spherical harmonics of the central atom. On the contrary, the
highest occupicd molecular orbital is described as bonding both in and be-
tween the two pentagonal planes but antibonding betwcen atom 1 (or 12)
and its corresponding adjacent planes (Fig. 12b). This orbital is character=
ized by the ”FL irreducible representation. The anti-bonding character is
again modcerated by the contribution from the central atom though this time
it is duc to the d spherical harmonics.,

As far as the cubooctahedron is concerned, the second orbital
classified as ‘lu is found to be bonding in cach plane and nonbonding between
adjacent planes (Fig. 12a). The latter character is counteracted by the
contribution of the p function of the central atom. The last occupied molecu-
lar orbital falls into the td;; category. This orbital is mostly antibonding

¢xcept for the bonds between the central atom and the outer atoms.

(3) Binding energy and other data

The binding energy B is defined as the amount of cnergy holding a
number of atoms together, divided by the number of atoms. In our calcu=
lations, the magnitude of B was determined by the difference between the
total energy of the entire cluster and the sum of the energies of all of its

scparated atoms. The values of B for all clusters are shown in Table 12,
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Figure 12. Geometry of a) Cubooctahedron

b) Icosahedron
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To test the validity of the computational method, the experimental

value of T, (2.067 A’) for Li, was used in calculating its corresponding

2
binding energy. The binding energy per atom B of Liz (0.392 cV) is 724
of the experimental value /0. 546 eV) indicating the rcliability of the

3 computational mectt.~d.

The equilitzium interatomic distances of the clusters arc collected
in Table 12. The large value of r, cxhibited by ]..,i4 might be accounted
for by its geometry. For the Li4, two different geometries are possible,
namely squarc and tetrahedron. Clearly the square has only 4 bonds while

the tetrahedron has 6 bonds. According to Fukano and Wayman (7), the

tetrakedron would be more stable than the squarce. Calculations are in

e i

progress to test this hypothesis.,

- In addition, we note that the I_,i13 clusters also attained on equilibrium

? interatomic distance (3.23 X) which is larger than that of the bulk crystal
(3.03 X). Again this might be accounted for by their differences in geometry.

First of all, the bulk crystal is known to have a body centre cubic (b.c.c.)

structurc while both Lil3 clusters (Ih

structurc. Thus if a lithium cluster does exist in f.c.c. form, the magni-

tude of r_ (3.23 K for Li

and Oh) have a face centre cubic (f.c.c.)

13 clusters may be understood. In fact, a gradual

transformation from b.c.c. to f.c.,c. structure docs exist for lithium
crystal at temperaturcs below -200°C (8,9). Morcover, during such a phase
transition, both volume cxpansion (about 2. 8%) and atomic radius increase
occurrcd, Thus the resultant f.c.c. crystal possesses a larger lattice
constant, and consequently a larger cquilibrium interatomic distance than
the b.c.c. crystal does. The effective temperaturc in our calculation is

0°K. Thus the magnitude of r, for our Li,  clusters would be larger than

13
that for the bulk crystal.

The total encergy per atom E‘.!r of cach cluster is lower than the cnergy

of a single separated lithium atoin (Table 12). In other words, all the
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clusters are more stable than a scparated atom. Moreover, the clusters

become more and more stable as they grow in size, cxcept for Li Both

3
L‘),'F and B show that 1_1'13 is less stable than Li/_' The recason for this is
not known,

The icosahedral cluster possessces larger B and lower E!' values
than the cubooctahedral cluster. Thus the former is more stable than
the latter. Morcover, the shape of the curves in Figs. 5 and 6 demonstrate
that at cquilibrium, the icosahedron is more stable than the cubooctahedron.
Admittedly the small diffcrence (about 0. 17) between the total encrgies
of these 2 clusters warns us to accept such a conclusion with care. A
siinilar conclusion has been reached by Allpress and Sanders in their
theoretical calculations concerning the structure and stability of small
clusters of awoms (10).

The binding energy per atom B is believed to be of a good index of
chemical behavior. For the bulk crystal B was obtainced from a Self-
Consistent Augmented-Planc-Wave (APW) calculation done by Rudge (L1).
The APW and our X0-Scattered Wave methods are basically similar to cach
other.  The principal difference resides in the particular choice of the
representation and basis set used in the expansion of the composite wave
functions. In other words, when equivalent sets of parameters are chosen,
these two methods are expected to yield practically identical results. The
sct of parameters (o = 2/3, O/GIC = Ay o(E is an arbitrary factor multi-
plying Slater's exchange in the total energy expression) chosen by Rudge

wis more or less cquivalent to ours. Hence, we belicve that Rudge's

results can be used to compare our results to those obtained for bulk
Lithium.  The comparison between B of the icosahedron and that obtained

by Rudge for the bulk crystal showed that the 13-atom cluster (about 10 X)

has attained about 857 of the bulk crystal value. This result is of great

. . . ) g
importance for it reveals that a cluster of size about 10 A might behave
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chemically in a way very similar to that of the bulk crystal, Even the

stmple cubic L'iH ¢luster has a binding cnergy per atom cqual to approxi-
mately 687 of the theoretical value for bulk crystalline lithium (sce Table 12).
These results may help to understand why, in the absence of support inter-
actions, clusters of platinum small enough to be in the supercages of a Y
zcolite, behave catalytically like larger crystallites of platinum for the
hydrogenation of cthylence (12).

It has originally been shown in Ref. 1 that the SCF-Xa-SW mcihod
facilitates the computation of molecular-orbital wave-functions and densitics,
thus permitting the visual display (via computer-gencerated contour maps) of
clectronic charge distributions and chemical bonds. This facility is par-
ticularly valuable for analyzing the fundamental nature of interfacial (e. g.
adsorbate~substrate) chemical bonds. In Fig. 13, for e¢xample, we dis-
play a contour map of the valence clectronic charge distribution for a L'18
cluster, vomputed at the cquilibrium internuclear distance shown in
Table 12 and plotted in the plane of the cube face. It is especially interest-
ing to note the significant amount of charge density located between the
nuclei and dirccted toward the center of the cube face (indicated in Fig. 13
by the contours labeled 10),  The pile-up of charge in the cube face is
important, not only because it relates to the bonding and stability of the
I_JiH cluster, but also because it may be relevant to the type of charge
overlap which is essential to the reactive chemisorption or absorption of

hydrogen by small lithium particles.

At the taime of writing of this manuscript, calculations arc in progress §
on Ni, Cu, Pt, and Pd aggrcgates. Preliminary results for small Cu and
Ni clusters indicate the importance of 3d-4s hybridization and spin polari- ;f
zation in determining the most stable clectron configuration and geometry ‘

of the system (12). Calculations are also in progress on models for

chemisorption and absorption of hydrogen by these metal aggregates, For
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Contour map of valence electronic charge density of Li, in the
plane of a cube face, calculated by the SCF-Xa-SW method.
Density of contour nearest each Lij nucleus is 0.092 e/ao3;
density of contour 10 is 0.012 e/ao3; density of contour

8 1s 0.03 e/aOB.

Figure 13,




example, in modeling the absorption of hydrogen atoms by palladium
particles, SCF-Xao Scattered=Wave calculations arc initially being carried

out for single H atoms in small Pd clusters (c.g. Pd , Pd

4 8 Pd”. etc.)
as functions of the position of the H atom and of the cluster size and
geometry,

In addition to investigating the electronic structures of unsupported
metal clusters as described above, we are also attempting to establish
the cffects, if any, of supporting materials such as silica and alumina on
the structures, bonding, and stabilities of the clusters. For example, in
considering a Ni cluster supported in silica, it 1s possible to determinc
whether the surrounding matrix functions in a largely inert fashion or
whether there are specitic metal=support bonding interactions that can
enhance catalytic activity and specificity. This can be implemented by
dircctly inclInding silicate complexes as components of the Ni cluster and
then comparing the clectronic structure and chemisorption capacity of
this composite system with the corresponding results calculated for a pure
Ni aggregate.

Small alloyed metal particles in the form of supported "bimetallic
clusters' arce becoming ncreasingly important in heterogencous catalysis
(ﬂ)' With the SCF-Xg Scattered=Wave method, it is straightforward to
model the offects of alloying on the clectronic structures and magnetic
properties (e. g., charge transfer and spin polarization) of metal aggre-
gates, by systematically substituting "impurity" atoms in the aggregate
(e g v N Gn (juH or (;ul .‘) and then Carrying out the electronic structure

calculations to sclf=consistenc Y.

This work was supported by ARPA Grant No DAL C15=73-G 15, NSF
Grant GK 17451X, the Coenter for Materials Rescarch at Stanford University
and the Center for Materials Science and Lngincering at the Massachusetts
institute of Technology., One of us (JBD) acknowledges an IBM postdoctoral
Fellowship,
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A. Introduction

The electr chemical synthesis program was initiated to develop
the facilities, techniques and understanding necessary for the prepara-
tion of a variety of materials by controlled electrolysis of molten
salt systems at elevated temperatures. The potential advantages of the
electrocrystallization technique are numerous. A broad range of unusual
materials may be synthesized in this way. The relatively low temperature
at which this type of synthesis can be accomplished (generally 500 -
100°C) can also be advantageous, especially in the case of materials
with very high melting points, materials which do not melt congruently,
and those in which the vapor pressure of one of the components is high.

The technique can be operated isothermally with the deposition
parameters controlled electrically. This provides the opportunity for
great precision and reproducibility in both measurements and the control
of process parameters, and represents a substantial advantage over normal
high temperature crystal growth, where thermal parameters are dominant.
In addition, one has the possibility of producing both uniform and
reproducible stoichiometry.

A very large fraction of the work done in this area to date has
centered about the exploratory use of this method for the synthesis of
various compounds, primarily of the transition elements. Essentially,
no previous effort has gone into the development of sufficiently sophis-
ticated understanding and technology for the control of the growth
morphology necessary for the production of useful bulk samples, including
single crystals, of a wide range of materials. In orde: to do this,
however, it is necessary to understand how to produce and maintain the
pertinent thermodynamic and kinetic conditions at the growth interface
during the electrocrystallization process. It is in this direction that
the major emphasis of this pProgram is oriented.

In addition, attention 1is being given to the development of the
electrochemical conditions necessary for the production of a group of

specific materials of special interest. ‘nese include intermetallic
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E. nioblum compounds with high superconductive transition temperatures,
several high melting point boride compounds with either unusual hard-
ness or good electron emissivities, and other materials of interest
because of their potential technological us¢ as optical materials or
as mixed conductors in new types of battery systems.

The body of this section consists of the individual research
1 reports of the investigators currently working in the areas of boride
. synthesis, niobium intermetallic synthesis, and continuous growth

techniquzs.
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B. Investigation of the LaB, System
J

I. V. Zubeck and P. A. Pettit

1. Introduction

Activities of the past twelve months have led to significant
advances in the understanding of electrolytic crystal growth, and of the
LaB6 system in particular. The MB6 system (where M is a lanthanide or an
alkaline earth metal, and B = Boron) was chosen as a pilot system for
development of electrolytic crystal growth techniques. The hexaborides
have a cubic tunnel structure in which the central ion is free to move
(Fig. 1) and can be present over a wide stoichiometry range. This also
makes them of interest as potential electrode materials for solid state
batteries. The MB6 can be a metal or a semiconductor, depending on the
valence of the central ion. The compounds possess a hardness approaching
that of diamond and melting peints in excess of 2000°C. LaB6 is currently
being used as an electron emitter material in electron microscope filaments.

To the present, LaB6 for industrial use has been obtainable only by
high temperature methods which make it difficult to controi the morphology
and physical properties. 1In 1929, Andrieux(l> obtained powdery deposits
of LaB6 by electrolytic decomposition of molten salts at 800°C. The
present work constitutes a reinvestigation and extension of the original
work of Andrieux. Cubic crystallites of millimeter dimensions can now
be routinely obtained, and the stoichiometry of the compound can be
controlled by adjusting the composition of the molten salt bath. In
recent months, we have documented what appear to be the controlling vari-

ables in LaB6 deposition from molten salts. We are currently engafad in

refining the control of these variables to produce large single crystals.

2. Research Results

Activities of the first six months were concerned with a study of
morphology and control of the stoichiometry of LaB6 from ..udrieux—type
melts. Bath failure at high operating current densities was observed.

Deposition of LaB6 from a fluoride solvent was attempted.
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In the second half of the year, the effects of constant voltage vs.
constant current mode operation on deposit morphology were investigated

along with a study of secondary nucleation effects. The study of electro-

deposition from molten salts can be treated as a form of solution crystal

growth, even through the operating characteristics of electrolytic cells

differ significantly from traditional crystallization processes.

A. Theory

In the electrolysis of molten salts, the passage of current through

a molten salt electrolvte can be used to deposit material at electrodes.

The passage of current is the result of an oxidation - reduction reaction

in which electrochemically active gpecies a

oxidized at the anode.

e reduced at the cathode and
When voltage is applied to inert (non-dissolving)

electrodes of an electrolytic cell, the current behavior is as shown:

—

Ee11 = Eq

IR = EIR

— — — — — —

e Ed—*"i1h""l

IR

Figure 2

-96--




T T T g oy o P

The applied voltage to a cell can be written as E
- IR. The quantity (E

cell = (Ecathode - Eanode)

cathode ~ Eanode) equals Ed’ the deposition potential

(the voltage required to drive the oxidation - reduction reaction) and is

an equilibrium potential. As the voltage is increased above Ed and depo-
sition begins (the cell begins to draw current) the additional voltage
drop EIR = IR is combined with Ed to give Ecell'

B. Experimental Apparatus

The experimental apparatus, Figure 3, for molten salt electrolysis
consists essentially of a crucible containing molten salts, an anode, a
cathode, a power supply and an ammeter and voltmeter. A thermocouple is
placed in the vicinity of the crucible. The electrolytic cell is operated
at 500° - 1000°C under a helium atmosphere inside a vacuum tight inconel
vessel, which is embedded in a furnace. The system is sealed with a flange
containing quick connect fittings through which electrodes, a He inlet
(wvhich also serves as bubbler-stirrer), and a thermocouple may be railsed
and lowered. The flange is also equipped with a source of illuminated and
viewing port which allow the operator to see inside as he adjusts the
position of the electrodes. A cathode tower allows changing of the cathode
during a run without having to cool down the furnace or allowing the entry
of air into the system. Cooling coils on the flange and upper section of
the inconel vessel protect the fittings. Electrolysis is usually carried

out in Ni curcibles with gold wire or foil electrodes coupled to Ni rods.

€. Experimental Procedure

The composition of the basic Andrieux bath, which deposits stoichiometric
material (La1 0B6) is seen in Table I. The decomposition potential Ed
(deposition potential for LaB6) for the above bath at 800°C using inert

Au electrodes is -1.85 V. Current flowing in the cell is regulated by

adjusting the cell voltage in the region of the IR drop of the cell. LaB6

deposition is generally carried out in the range -1.86 to -2.0 V. The cell

reaction is the following:
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Figure 3. Schematic of Electrolysis
Apparatus
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Total reaction:

2 L8203 + 12 B203 = 4 LaB6 + 21 02

Corresponding half reactions:

Cathode Anode
2 La,0,: ) e e T2l el e G 6 0% = 3 0, + 12 e
+3 - . -2 =
12 B,0,: 2 B'° 4+ 72-e = 24 B 3 0°=180,+72e

1. Stoichiometry

The effects of hath composition on the stoichiometry of the deposited
material was investigated. Baths containing 0.1, 0.5, 1.0, 2.2, and 4.0
mole % La203 were electrolyzed. Due to their excessively high melting
points, baths containing more than 4.0 mole % LaZO3 were not investigated.
The melting point, deposition potential, and a current - voltage plot were
recorded for each bath. Quantitative analysis was perfoimed on the samples
using an electron microprobe, and x-ray techniques were used to check for
changes in lattice parameter with composition.

Electron microprobe analysis of samples grown from baths containing
varying amounts of L3203 gave the results shown in Tcble II. Due to the
low atomic number of boron, the accuracy of the determination is highly
dependent upon the type of standard used, the orientation of the sample
with respect to the detector, etc. Samples grown from the 1.0 - 4.0
mole % LaZO3 baths were magenta colored metallic cubes. The material
grown from the 0.5 % L3203 bath was still cubic, though of a deeper blue
metallic luster. The material grown rom the 0.1 % La,0, bath was =a

273
mixture of cubic and rectangular crystals of a deep violet color. Voltage

versus current data showed the effects of La203 content and operating
temperature on the decomposition potential of the bath to be negligible.

Analysis of x-ray data showed no change in lattice parameter with stoichiometry. E
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2. Morphology

A series of experiments was run te study the effects of current
density (deposition rate) on crystal morphology. Cathodes, 0.020 in in
diameter, were inserted into the melt to point of contact, and the
electrolysis voltage was set at values corresponding to initial currents
of 1.0, 2.0, 3.0, 4.0, 5.5, 10.0, and 13.0 mA. Electrolysis was allowed
to proceed as the current was monitored, until the current versus time
reached a steady-state value (almost immediately for the low current
sample, 20 ~ 30 minutes for the 7.0 and 10.0 mA samples).

Moderate and low initial currents yielded cubic LaB6 crystals at
the cathode. Higher currents produced distorted cubes with one prominent
corner, while the highest initial currents produced dendrites of roughly
triangular cross section.

Cubic material was obtained at and below initial currents of 1.0

to 3.0 mA (current densities 30 to 90 mA/cmz), which remained essentially

constant during the run. The material obtained at an initial current of
4.0 mA (current density 100 mA/cmz) was in the form of distorted cubes.in
which one corner was more acute than cubic (tending toward dendritic
behavior). Starting with an initial current of 5.5 mA or greater (current
densities > 150 mA/cmz) the current did not remain constant, but increased
rapidly during a run, the amount of the increase being greater, the greater
the initial current. Under these conditions, dendrites of roughly trian-
gular cross section, whose length/width ratio increased with initial
current, were grown. Powdery finger-like dendrites obtained at an initial

current of 13 mA indicated that the useful range of operation had been :
extended.

s

3. Bath Failure due to High Currents
While studying crystallite morphology, it was noticed that batns
subjected repeatedly to high current densities failed. After several

repeated runs of dendrite generation (0.020 in Au wire cathode to point

g e s & L

of contact, .~ 10 mA, > 150 mA/cmz) no cathode deposit could be produced.

The condition could not be reverserl.
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(2)

Senderoff and Mellors » In electrodepositing ZrB2 from a bath

compnsed of LiF, NaF, KF, and ZrF2 + B203, also reported bath failure,
which they correlated with the O/B ratio of their melts. Their analyses
showed that when the O0/B ratio of the bath exceeded 1.75, the bath failed,
depositing only powder of ZrB2 and Zr02. In sélected cases, when enough
B203 was added tc an electrolysis bath to reduce the 0/B ratio to 1.5,

the cathode product would again be coherent ZrBz. They believed the
mechanism to be as follows: as the system is electrolyzed and borou is
removed from the melt, the O/B ratio increases above 1.5 (that of B,0

2 3)
and the following reaction occurs:

-2 -2
2B203 + 0 -+ 3407 :

B203 can act as a getter for O—2 ions and several complex ions
containing boron and oxygen are known. K. E. Johnson(B) prepared a series
of electrode potentials (vs. Cl2 and F2 reference electrodes) for the

=2 2

S =4
reduction of B203, B204 , B407 , and 3205 + In the presence of 02,

B203 1s easily reduced at a cathode to one of the alove complex oxyanions.

In the present experimental system, a Au anode of small surface
area resulted in the dissolution of the ..mode produce (02) in the bath.
The excess 02 might then combine with 3203, forming one of the complex
lons. The passage of current without deposition of a cathode product '
indicates the operation of a cyclic oxidation - reduction process invclving
B203 and its complex oxy~nions. The presence of oxide compounds, L3203
and LiZO, in the bath compounded the problem,

The current densities which produced bath failure were too high
to be useful for good crystal growth. The Andtieux bath could be electro-
lyzed to depletion at moderate current densities. It was, therefore,
decided that excessively high current densities should be avoided, and
that further investigation of bath failure at high currents was beyond

the current scope of interest.
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4. Constant Voltage vs. Consiant Current Operation

The effect of maintainin, constant voltage versus constant current
on both cell operation and resulting quality of electrochemical deposi-
tione of LaB6 was investigated. All samples produced were studied with
the aid of a scanning electron microscope. Using a constant voltage
power supply . samples were run at selected voltages for time periods in
the range of 15 min. to 4 hr., wulle moritoring variations as a function
of current and time. In a second series of constant voltage mode experi-
ments, the vcltage setting was increased in small increments over a
period of five days according to a prearranged schedule, while monitoring
the current and voltage as a function of time along with the current
efficieny.

The above experiments were repeated using a constant current
power supply. Samples were run at selected constant currents for 15
min., 1 hr., and 4.0 hr. Samples were then grown in small increments
over a period of days.

Table III contains a summary of voltage~time data for samples run
under constant voltage conditions. The deposits which resulted, consisted
of clusters of cubic crystals, with the crystal size increasing with
voltage. At moderate deposition voltages, terraces are formed on the
cube faces. The terraces (evidence of an unstable growth interface)
became more pronounced with increasing voltage, Figure 4 a,b.

Increasing the cell voltage in small increments manually over a
period of days proved an unsatisfactory technique. The cell current,
sensitive to perturbations in voltage, often rose rapidly to inapprop-
riately high levels and had to be decreased manually by lowering the
applied cell voltage. Other samples were maintained at a constant
voltage for a long period of time (several Jays) after an initial
increase in voltage. The applied cell voltage was never lowered in
these experiments.

Those crystals nof subjected tc a decrease in operating voltage
had sharp corners and smooth faces, and also yilelded the highest current

efficiency (100%), Figure 5 a,b. Two samples which had experienced
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a)

Applied voltage: 1.95 volts

Time: 15 minutes

b)

Figure 4.

Applied voltage: 1.90 volts

Time: 30 minutes

Examples of terraces formed on growing
cube faces. 2000X.

~103-




a) Applied voltage: 1.95 volts
Time: 30 minutes

2000X

'.}h y

b) Applied voltage: 1.85 to 1.93 volts
Time: 355 hours

20X

Figure 5. Examples of crystals grown with applied
voltages which were not allowed to decrease.
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decreases in voltage during deposition had degraded surfaces showing
rounded edges composed of numerous growth or solution steps, Figure

6 a,b. Samples grown in this manner had low current efficiencies
(66% and 20%). The deposit undergoing the greatest number of voltage

decreases showed the more serious surface degradation and had the

lower current efficiency.

Table 1II also contains the current time data obtained from
constant current experiments. The deposits again consisted of clusters
of cubic crystals whose dimensions increased with current and time as
described. No deposit at all was obtained at or below 0.5 mA. Such
small currents lie within the domain of the residual current of the
cell and require a voltage below Ed' Currents greater than or equal to
1.0 mA required voltages greater than Ed (at least initially). In all
cases, the cell voltage decreased with time and the crystalline product
was, with one exception, heavily etched, with rounded corners and cubic

pits (Figure 7 a,b). In one case, the cell voltage decreased to below

Ed and the cell ceased to deposit LaBG.

Operating in constant current mode, the current was incraeased
from 0.5 mA to 9.0 mA in small increments over a period of five days.
The cell voltage never rose above ~1.79 V, and x-ray analysis showed

the cathode product to be LaB03. The behavior of the electrolysis cell

as well as the condition of the cathode product show the nccessity of
operating in a constant voltage mode if good crystal growth is to be
obtained.

As deposition proceeds, the surface area of the cathode increases,

reducing the overall resistance of the cell. In constant current mode,
decreasing R caused a decrease in ECell through ECell = Ed - IR. The
use of a small cathode (as here) magnified the effect. Deposition caused :
a large percentage increase in cathode surface area and a correspondingly j
large decrease in R.

To summarize, ithen ECell was allowed to decrease, the individual

crystal lites making up the cathode product always showed rounded corners,

cubic pits, etc. In those cases in which material was grown at constant
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Figure 6.

500X

Morphology of crystallites grown under
conditions where incremental decreases
in voltage of between 0.01 - 0.03 V
were experienced.
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a) Current: 1 ma

Time: 4 hours

Figure 7.

b) Current: 1 ma

Time: 1 hour

Examples of trystals grown in constant
current mode. 2000X.
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Oor increusing voltages, the deposited matcrial showed sharp corners and
edges, and smooth surfaces. Inappropriately high voltages (deposition

1 rates) resulted in crystallites with cubic morphology, but containing
numerous terraces or dendrites.

Morphological stability in the electrochemical crystal growth
A process depends on the deposition rate, in much the same way that it

does in standard solution or flux crystal growth. In the former process

the deposition rate can be controlled by changes in current induced by

variations in EIR' In the case of solution growth, the driving force

for crystallization is the supersaturation of the solution and the
deposition rate can be varied by adjusting evaporation rates or solution
temperature. Growth of good single crystals by solution techniques is

achieved by use of a constant or smoothly increasing (as surface area

Increases) deposition rate, the ideal casge being a constant deposition

rate per unit area (current density in electrochemical crystal growth). :

Application of the fundamental theories of nucleation and growth i
as they pertain to solution growth, while taking into account the i
operating chardacteristics of electrolytic cells, should allow single

crystals of appreciable size to be obtained by electrolytic decomposition
of molten salts.

b 2 e

5. Primary and Secondary Nucleation

The cathode product obtained in the constant voltage mode at
moderate current densities consisted of clusters of cubic crystallites, é
It was unclear whether these were cubes of identical dimensions deposited
in conceatric layers (secondary nucleation) surrounding the cathode, or
whether the crystallites originally nucleated simply continued to grow
larger with time, crowding out smailer ones as they grew. A sample was
mounted and cross sectioned. The deposit shown in Figure 8 exhibits
both types of behavior. Some of the original crystallites nucleated on
the Au wire substrate (primary nucleation) were found to have grown to i

the deposit surface. 1In addition, some secondary nucleation had taken 3

place on the surfaces of already existing crystallites. Deposits

-108~
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Figure 8.

Cross section of a LaB, deposit on a
{
0.020 inch diameter gnfd wire.
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obtained by increasing the voltage (in constant voltage mode) in small
increments, showed a minimum amount of secondary nucleation. This

suggests that regulation of the deposition rate can minimize secondary

nucleation.

3. Continuing Research and Future Plans

The results of the constant voltage vs. constant current mode runs
strongly suggested that electrolytic crystal growth can be satisfactorily
treated as a form of solution growth. That is, the deposition rate must
be closely regulated and increased as the crystallites increase in size.
A constant local growth rate should be maintained. To this end, a ramp
generator is being built, which will increase applied cell voltage in
small increments over a preset period of time. This instrument will be
used to determine growth rites appropriate to given initial conditions
and should minimize secondary nucleation while promoting the growth of
larger crystals. This instrument will also be used for nucleation
studies. An additional aid to control deposition rates will be the
installation of better temperature regulators for the growth furnaces.

The objectives for the coming year include understanding of
nucleation characteristics and refinement of the control of growth
parameters, taking into account the operating characteristics of

electrolytic cells, in order to grow larger single crystals.
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TABLE I

COMPOSITION OF THE MOLTEN SALT BATH FOR LaB6 DEPOSITION

Mole % Moles/100 gm charge gms/100 gm charge
La203 2.2 .046 15.2
B203 33.4 .698 48.6
L120 31.2 .650 19.5
.690 18.1
97.4 gm
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TABLE 11

] Mole % La203 Deposition -Probe Analysis

4 Temperature No. 1 No. 2
0.1 7% ~700°C La.67236
0.5 % 700°C La.85836
1.0 7 700°C

La gguBg  La gooBg

2.2 % 700°C La.86736 La.834B6
f 4.0 % 700°C La.86736 La.83436
8.0 % 800°C

16.0 > 1000°C



CONSTANT VOLTAGE SAMPLES

TABLE III

Constant Time Sample Deposit Morphology and
Voltage Number Maximum Crystallite Size
1.60 15 min 13 -1 Cubic Dmposit (1.5-3 y)
1.80 15 min 13 - 2 Cubic Deposit (5u)
1 hr 13 -9 Isolated cubes (15u);
terraces
2 hr 13 - 12 Isolated cubes (10u);
degraded, cubic pits
1.85 15 min 13 -3 Cubic Deposit (8-12p),
cubic pits
1 hr 13 - 11 Cubes, terraces (L20p)
1.90 15 min 13 - 4 Cubes, terraces, (10u)
30 min 13 - 7 Cubes, terraces, (12u)
1 hr 13 -8 Cubes, terraces, (15u)
1.95 15 min 13 -5 Cubes, large terraces,
(10u)
30 min 13 - 10 Cubes, well formed inter-
secting c.ubes, (20-25u)
2.0 15 min 13 -6 Cubes, terraces, (15-25u)

=114~




CONSTANT CURRENT SAMPLES

Constant Time Sample Number Deposit Morphology and
Current Maximum Crystallite Size
.10 mA 15 min 15 - 7 Etched Au No Deposit
1 hr 15 - 13 Etched Au No Deposit
4 hr 14 -1 Etched Au No Deposi:
.25 mA 15 min 15 -6 Etched Au No Deposit
1 hr 15 ~ 12 Etched Au No Deposit
: 4 hr 14 - 3 Etched Au No Deposit
.50 mA 15 min 15 - 4 Etched Au No Deposit
1 hr 15 - 11 Etched Au No Deposit
4 hr 14 - 4 Etched Au No Deposit
1.0 mA 15 min 15 - 1 Small cubes (2.5M) with cubic pits
1 hr 15 - i0 larger cubes (5.0H) with cubic pits
4 hr 14 - 2 Badly etched material
2.0 mA 15 min 15 -3 Cubic deposit (L4U) with cubic pits
1 hr 15 -9 Cubic deposit (4M) 1solated cubes
with pits
4 hr 15 - 14 Isolated cubes (5u) rounded edges
and cubic pits
(same as below (8 -~ 10u))
4.0 mA 15 min 15 - 2 Heavily nucleated cubic deposit ;
1 (10 - 15y) etched cubic pits g
1 hr 15 - 8 Heavily nucleated cubic deposit b
2 (10 -~ 15u) etched cubic pits
4 hr 15 ~ 15 Heavy nucleation cubic stacked

protrusions, no pits (20 - 254)

e o

1 Sample #8, V decreased steadily, 1 hr

. Sample #14, V decreased, but held steady for 2 of 4 hr

O S R P - SR - PO e

-115-




C. Electrodeposition of Niobium Alloys Superccnductors from Molten

: Fluorides

] U. Czhen

jj Introduction

4 The niobium intermetallic compounds NbSX, where X 1s Al, Sn, Ge, Si,

or Ga, are among the best known superconductors. They exhibit the A-15 (or
B-tungsten) structure and are extremely brittle. Conventional preparation

by arc melting, sintering, etc. results in non-homogeneous and non-machinable
products. Vapor deposition is the best method of preparation to date, but
this technique suffers from many disadvantages. It 1s possible to coat thin
films on premade simple shapes, but the uniformity of the coatings and the
stoichiometry is not easily controlled. Also, thé films are usually thin

and can not carry a very high superconducting current.

The interface mechanisms during vapor deposition are considerably
different from those during electrodeposition. In vapor deposition, mole-
cular specles, sometimes, of appreciable size, atrive at the substrate
surface, and since the interface rearrangement kinetics are rather slow,
defect incorporation is a strong possibility. In electrodeposition, the
interface mechanism is atomistic, the exchange flux density is greater, and
surface rearrcangement is much easier and faster.

The electrodeposition technique offers the potential for the uniform

coating of complex articles, the preparation of heavier films, and easy

control of composition and structure, hence greater reproducibility.

The fluoride melts were chosen since they have been proved to yield

superior coatings of niobium and other refractory metals.(l-7) The

excellent bonding of the coatings 1s probably due to the fluxing effect of
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fluoride solutions, exposing clean metallic surfaces.

The objectives of this project are:

(a) Electrochemical investigation of the fluoride solutions of Al,
Sn, Ge, Si, and Ga.

(b) Electrochemical investigation of niobium fluoride solutions.

(c) Electrochemical investigation of the mixed fluoride solutions of
Nb-Al, Nb-Sn, Nb-Ge, NH-5i, and Nbh-Ga.

(d) Investigation of the feasibility of the electrodeposition of the
superconducting phases Nb3A1, Nb3Sn, Nb3Ge, Nb3Si, and Nb3Ga.

(e) If successful in any of (d), morphology control and experimental
parameters to improve superconducting properties will be invesvigated.

For co-deposition to occur, the two electroactive species must have
electrode potentials which are not widely separated. In accordance with the
Nernst equation, operating electrode potentials can be brought closer by
variation of the relative concentrations of the species. A practical limit
on this correction is of the order of 100 - 300 mV. A difference of more
than 300 - 50" mV between the standard electrode potentials of the twu species
makes them unsuitable as a co-deposition couple.

Other problems of co-deposition are the relative kinetics of charge
transfer of the two species, and the relative kinetics of charge transfer
and coupled chemical reactions, adsorption, and catalysis. Thus, for
instance, two electroactive species may match with regard to their electrode
potentials, but differ greatly in their charge transfer rates, and, therefore,
not be suitable as a codeposition couple. Similar problems may arise when
the total reaction is controlled by either adsorption or interfacial

trangport processes.

-117-




F /F., Au/ as a Quasi-Reference Electrode

The electrochemical investigation of the fluoride solutions requires
the use of a suitable reference electrode, It was found that a gold wire
can be used as an anode and simultaneously as a quasi-reference electrode.

Fluorine is liberated upon the gold by the reaction
F' 2 1/2F, + e

It war founc that the weight loss of the Au electrode was less than 1% for
anode current densities below 50 - 100 mA/cmz. Assuming that the only anode
reaction 1s the one described and that Py = 1 atm, this electrode operates

2
under standard conditions, and thus it can be used to measure decomposition

potentials.

Note that for the fluorine bubbles to escape from the melt, which is
under about 1 atm of pressure, the bubbles must have a pressure of slightly
above 1 atm. This reference electrode was somewhat erratic and less repro-
ducible in fluorides than in oxides. The main advantage of its use was the
simplicity and ease of getting approximate results quickly. The main
difficulties and disadvantages in using this electrode are:

(a) F2 attacks the N1 crucible to form Nin, vhich dissolves in the
melt and contaminates the electrodeposits.

(b) The fluorine electrode can not readily be compartmented, since F2
attacks any diaphragm which is not made of gold. This further complicates

the I-V curves if the electroactive species is capable of more than one

valency. Reoxidation of the species is possible at the anode. This is also

a reason for lower decomposition potentials recorded for the alkali-fluorides,

as the fluorine reacts directly with the alkali metal.9
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(c) Sometimes anode passivation occurs for unknown reascns. This
ugually occurs when using high current densities. The anode surface is
covered with a dark layer, probably insoluble gold fluoride.

(d) The temperature range for the use of Au as an anode is below
900°C. Otherwise rapid dissolution of the gold takes place.

(e) Inaccuracy in the determination of the decomposition potential
due to extrapolation to zero current of non-linear curves of a "catalytic"
type, 1s estimated at 50 - 100 mV.

In order to obtain absolute values, a new compartmented reference
electrode Ni/NiF2 is being now designed, similar to the one developed by

(19)

Jenkins and Mamantov., However, their boron nitride sheath is to be

replaced by a sintered nickel cup, with micron-gcale porosity. This should
eliminate the junction potential they reported, which prevented them from
investigating temperature dependencies, as their electrode resistance did
not vary linearly with temperature. A differen’ial voltmeter is used to
measure potentials with accuracy of up to * 10 ﬁV. A new potentiostat-
Galvanostat and a Universal Programmer will soon be put to use in cyclic

voltammetry and chronopotentiometry measurements.

Materials and Experimental Procedures §

All materials used in this work are of 99.9% purity or better, and

are kept in a vacuum dessicator. Water is an important contaminant in

fluoride baths, and the very hygroscopic KF is dried in a vacuum oven at

200°C for 48 hours. Ultimate drying was achieved by adding KHF2 to the T

salt mix, and heating above the decomposition temperature of KHFZ.
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The equilibrium reaction

24F + 0 = Hy0 + 2F

is shifted to the right under vacuum. Continuous production of HF via
decomposition at a slow rate of heating also helps to maintain the shift of

the reaction to the right. The salt mixture containing KHF, is held at 200°C

2
under vacuum over night, then heated at a rate of 30 — 50°C per hour under
vacuum to 750 - 800°C. During that time, the excess HF and the H20 vapors

are collected in a liquid nitrogen trap. At 750 - 800°C, helium is admitted,
and at 850°C, helium bubbled through the melt to drive out the rest of the
dissolved HF. A very clear solution is an indication of a very dry melt.
Also, when cooled, the frozen slug comes out of the Ni crucible exsily if

the solution is pure and dry. This technique seems to be superior to HF
bubbling.

No specific analysis for impurities in the melts has been undertaken
to date. Satisfactory purity, however, can be judged by melt appearance
and clarity. Nevertheless, some metallic contamination from the chamber and
the crucible can always be detected in the electrodeposits. Methods to avoid
these are now being sought.

Grade A helium gas is used over the fluoride bath, after being purified
on a Linde 13X molecular sieve in a liquid nitrogen trap, and by passing over
Ti chips at 700°C.

A typical experimental procedure involves weighing and mixing the dry
chemicals in a Ni crucible, melting and HF treating as described .above. The
chamber is then cooled and opened, and the crucible rapidly transferred to a

vacuum dessicator. The chamber is then cleaned, and the crucible placed
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back in it, and kept at 200°C under vacuum overnight. Helium is admitted
and the system heated to the desired temperature. The electrodes are
typlically dipped into the melt to ~1 cm. depth for obtaining electrical
measurements or electrolysis.

The cathode can be removed and a new cathode introduced with no need
to cool down the system, unless chemical modification of the bath is
required.

Typical operating }arameters are:

Current density: a few mA/cm2 to several A/cm2

Voltage: O - 4 volts

Temperature: 500 - 900°C

Solvent: KF - LiF eutectic

Cathodes: Plates and wires of Au, Nb, Ni, Pt, and Mo
Anodes: Plates and wires of Au, Nb, Al, and Ge

Period of Electrodeposition: Few minutes to several days

Analyses of deposition compositions have been obtained utilizing X-ray
diffraction, X-ray fluorescence, Metallography, Electron Microprobe, and
Scanning Electron Microscope techniques. Rough estimates were also made of

honding quality and morphology.

Results and Discussion

1. KF Decomposition Potentials
The purpose of decomposition potential measurements of the solvent
and pure KF was to evaluate the range of potentials useable for the electro-

deposition from this solvent without decomposing the solvent.
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An 1-V curve of the solvent KF - LiF (50%, 50%, mp 492°C) is shown in
Figure 1, and that of KF only, in Figure 2.

The values of the decomposition potential found for KF from these
curves, are lower by about 1.0 - 1.2 volts than the theoretical values of
(8)

Hamer and Malmberg. These lower experimental values for alkali fluorides

are explained by Dellmarskii(g) as being due to insufficient separation of
the electrodes, leading to a reaction between the fluorine and the alkali

metal. Another reason is metal solution in the melt and resultant cathode
depolarization. For comparison with other experimental and theoretical

values, see Table I.

The temperature dependence of the KF decomposition potential in the
eutectic KF - LiF is shown in Figure 3.

It should be noted that the present values are between the theoretical
value and previously reported experimental values. The effect of eutectic
complexing on the decomposition potential is small. For pure KF at 867°C,
the decomposition potential was found to be =3.427V and for the eutectic at

this temperature, the value is -3.405V, from Figure 3.

2. Niobium Fluoride Decomposition Potentials

I-V curves for KZNbF7 in the KF - LiF eutectic solvent were taken as
a function of temperature and concentration. Two steps are observed before
the solvent decomposition at =3.92V, Figure 4. At 563°C and a scan rate of
33.3 mV/sec. the first wave initiates at -1.93V, and the second at -3.18V
(after a correction for the IR drop of 0.20V).

Thermodynamic data and previous experimenial data for the niobium

fluorides are extremely scarce. Senderoff and Mellors investigated the

e s e s e R s
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Figure 4. I-V curves of 0.2 mol ¥ of KngF-/ in KF-LiF
eutectlic. Au anode; t = 563 C;
(a) v = 33.3 mV/sec.; (b) v = 83 mV/sec.
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system of KszF7 in the LiF - KF - NaF eutectic by chronopotentiometry.

They report anodic oxidation of Nb+5 to Nb+6
(10)

on inert electrodes such as
+

graphite. This reaction has E1/4 = 0.25V with respect to a Ni 2/Ni

reference electrode. They also reporteé4{hree steps in the reduction of

the pentavalent niobium at 750°C with all decomposition potentials referred
to the reierence electrode Ni+2/Ni: a reversible step Nb+5 +e 27 Nb+4

at -0.11V, a reversible step Nb+4 + 3¢ 7 Nb+l at -0.76V, and an

irreversible step Nb+1 + le” -+ Nb at -1.01V.

Figure 5 shows an I-V curve for a solution of 0.02 mol % of KszF7 a

670°C. The first wave is observed at =1.77V and the second at -2.82V
(after correction for IR drop of 0.10V, since R = 1.50 ). It should be

noted that both waves proved to yield Nb metal as the cathode deposit. The

absolute value for the decomposition potential, calculated from reference

4 by the addition of -1.01V and the NiF2 decomposition potential taken to

be -2.72V at 750°C after Hamer and Malmbergg, ylelds a value of -3.73V for

the NbF5 decomposition potential. This is about 0.91V more cathodic than

the measured value of -2.82V.

It may be pointed out that Delimarskii and Grigorenkéll)reported the

decomposition potential of Nin in NaF at 1000°C as ~1.58V, whereas the

theoretical valuee)for pure Nin at this temperature is -2.575V. However,

the value of reference 8 is believed to be the true one, as other indepen-

dent investigators reported a similar value.(12’13)

Kolchin and VOl'dman(IA) report thermodynamic data for the reaction

K2NbF7 + 5Na -+ Nb + 2KF + 5NaF.

As the free energy of the formation of NaF is known(s’ls) it is possible to

calculate the free energy change of the reaction
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K2NbF7 + 2KF + Nb + 5/21-'2

which is the actual decomposition reaction in the fluoride solvent.

The reaction (3) may be considered as a linear combination of the

following two reactions:

Na + 1/2 F, = NaF; AG, (1)

K NbF, + 5Na = 2KF + Nb + 5NaF; ac, (2)

KNbF, = 2KF + Nb + 5/2 Fo AG3 (3)
06y = MG, - 546,

According to reference 14, between 371 and 983°K:

AG; (T) = =-258,150 + 19.42T

and AG; (T) is taken after wicks and Block.(ls)

To calculate the standard decomposition potential, use is made of the

fundamental relationship

EO .= - -A—G.O
zF

where z is the number of electrons transferred per atom, F is the Faraday
constant, and AG®° is expressed in Joules/mole.

Table II 1lists the theoretical values calculated by this way, and the
experimental results for 670°C (943°K), and 563°C (836°K). In the experi-
mental results, two major corrections should be made: a correction for the
IR drop of the circuitry and bath (R = 1.5 ), and a correction for the

concentration effect, according to the Nernst equation

AEconc. o =B 1naNb+5
zF
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where aNb+5 is taken to be equal to the concentration of Nb+5.

The accuracy of the I-V technique, utilizing the gold quasi-refcrence
electrode, was evaluated at 100 - 200 mV.

The effects of concentration and temperature were more extensively
investigated at the first decomposition wave, which is considered to be
more important from a practical point of view when co-deposition with other
metals is desired. It was found that a concentration change by a facto:
of 10 results in a change in decomposition potential less than the expoii
mental error. The temperature dependence, however, was well establishui.
The dependency is linear, as can be seen in Figure 7, which was drawn i (he
basis of the data of the I-V curves such as Figure 6 for solutions of

0.27% and 80% of concentration.

The slope of the linear graphs of E vs. T becomes less nc¢ . e
decomp

with the decrease in concentration. A plot of E vs. the log of

decomp

mole fraction of KszF7 in the solvent is shown in Figure 8 for 800°C.
slope is found to be 0.0432V, in excellent agreement with the predict.
value of 0.0431V. The dependence of the I-V curves on the rate of vo!
scanning can be seen in Figure 9, for the 80% concentration. The ori;
peaks in the first curve, taken at scanning rate of 8.34 mV/sec have 1
been identified. They may be due to impurities, or intermediate valel
reactions. It should be noted, however, that in all experiments, the
I-V curve has peaks which disappear in successive curves, tending to

indicate the presence of impurities.

3. Aluminum Fluoride Decomposition Potential

An I-V curve for a 1.5 Mole % of AlF3 in the alkali fluoride was tuaken
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at different temperatures.

v = 3.33 mV/sec.
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with a Nb anode and cathode. The result obtained is shown in Figure 10.
The bump on the curve increased with successive runs and developed into

two peaks. Since the original bath did not contain any Nb, these bumps

are believed to be due to the Nb deposition after anodic dissolution.

This system is rather ill-defined, since the Nb concentration is not fixed.
However, this experiment clearly indicates that Nb is much more noble than
Al in the fluoride melts.

A better-defined system was achieved using the gold quasi-reference
electrode. The I-V curves obtained are shown in Figure 1l.

Low temperatures were chosen, since at temperatures higher than 660°C,
aluminum melts, floats on the melt surface and shorts the electrodes, Also,
as it floats, the effective cathode surface area increases rapidly.

Two waves are observed before the solvent decomposition. The first
wave at about -2.03V and the second at about -3.26V. Different I-V curves
were observed for the solution at a lower temperature (520°C), as seen in
Figure 12. These results are non-conclusive, but they clearly demonstrate
that Al deposits at a more cathodic potential than Nb. As an estimate of
how much the Nb and Al decomposition potentials differ,. the E° value for
pure AlF3 at 560°C taken from Hamer and Malmberg8 is -3.825V, while for NbFS’
as previously noted, the value is -3.02V. Actually, Nb deposits in the first
wave, at about -1.90V. This large difference in the deposition potentials
of the two metals, renders them a non-compatible couple for codeposition.

It is possible that the two waves in the I-V curves of AlF_ before the

3

+
solvent decomposition wave belong to intermediate valencies, such as Al i

+ 2¢ Al+, and the actual decomposition wave of AlF,_ is masked by the

3

golvent decomposition. One should remember that the solvent decomposition
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potential was found to be -3,75V at 600°C, and that AlF3 in the sclvent is

in a complex form such as AlF6 , which is more stable than pure A1F3, and
a higher E° is required for the decomvosition of this complex. The big
difference in the deposition poteuntials explains the fact that codeposition

of Al and Nb was never achieved, even at the lowest practical Nb concentration

and highest practical Al concentration.

4, Tin Fluoride Decomposition Potential

I-V curves for the decomposition potentials of SnF, in the KF-LiF

2
eutectlic were taken. The 1investigation of this system, however, was only f@
in a preliminary stage, when the compound Nb3Ge was found to have a super-

conducting transition temperature of 23°K, and interest shifted to the

Nb-Ge system.

Figure 13 and 14 are 1-V curves of 0.1% SnF, solution at 655°C. Two

rates of scan and two current scales are indicated. The general appearance

of the curves is rather complex. Four waves are observed before the solvent

+2

decomposition. Sn is known to have two stable valencies, Sn+4 and Sn
Since the anode was Au, two anode reactions are possible

snt? o+ st o+ 2e” (1)

F - 1/2F2 + e (2)

The possible cathode reactions are: |

Sn+4 + 2¢ - Sn+2 (3) ‘

]

snt® + 4e” + sn (4) \

snt? 4+ 2¢” » sn (5) 2
~141-
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A lack of thermodynamic data for the tin fluorides, such as the redox

+
potential of the couple Sn+4/Sn 2, Prevents the ordering of the reactions.

It is known that in the chlorides, the decomposition potential of

+ +
Sn & is lower than that of Sn 2. It is, therefore, reasonable to assume

that reaction (4) occurs before (5) in the fluorides, too.

Also, in the chlorides, the redox porential of the couple Sn+4/Sn+2

is much below that of the deposition o. any ions (reaction (4) or (5)).
Interpretation of the curves of Figure 13 can be helped by the fact that

the starting salt was SnFZ, and, therefore, initially Sn+2 is the major

species.,

The anodic reaction (1) is believed to occur before (2), and the

hypothetical sequence of reactions is the following: ;

Step 1. Cathode: Sn+4 + 2¢ - Sn+2 (3)

Anode: Sn+2 -+ Sn+4 + 2 (1)

(This step should begin at zero potential or close to it.)

Step 2. Cathode: Sn™® + 4e~ = Sn (4)

Anode: Sn+2 > Sn+4 + 2 (1)

(This with a simultaneous reaction (3).)

Step 3. Cathode: Sn+2 + 2 -+ Sn (5)

Anode: Sn+2 - Sn+4 + 2e 1)

(This with - simultaneous reactions (3) and (4).)

Step 4. Cathode: Sn+2 + 2 -+ sn (5) ]

Anode: F > 1/2F2 + e (2) ]

(with simultaneous cathode reactions (3) and (4) and

the anode reaction (1).)
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The following evidence supports this hypothesis. The first wave begins
close to zero potential, and has a rather low limiting current peak, as
initially there is a very low concentration of Sn+4 available for reaction
(3). The second step accordingly, should also have a low limiting current E
as it depends on reaction (3). This is verified in the curves of Figures
13 and 14 where the peak of the second wave is at about -0.75V. 1

The third wave 1s observed to have a much higher limiting current, as
this wave depends on the more available Sn+2 for reaction (5). The fourth
step begins at -3.24V, and depends on the concentration of F (reaction (2))
and Sn+2 (reaction (5)). Considering Step 4 as the ultimate decomposition
] of San, the break is found at -3.23V. The correction for IR drop is

+0.021V, and the concentration correction is +0.276V. The corrected E

experimental value for E° is =2.93V for SnF, in the alkali fluoride
decomp 2

melt. Thermodynramic data for the alkali tin fluorides is rather scarce.

3 It is known that the most stable species 1is SnFB_ and AG§98 = -11,480

v = -

s for the reaction Sn+2 + 3F -~ SnF3 , after Hall and Slat:er.16 The free
15

energy of formation for SnF2 is taken from Wicks and Block™ ™ and extrapolated

to 655°C (928°K).

AG;98°K = -126,520 Cal/mole

Since no data are available for SnF3_ at temperatures other than 298°K, the f
decomposition free energy change for the reaction

KSnF3 + KF + Sn + 3/2F2

is taken as AGodecomp = =(-126,520 - 11,480) =

= +138,000 Cal/mole,

and E° = =2,992V at 928°K.
decomp
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The agreement between this calculated value and the experimental
value of -2.93V is very good.

It should be noted that the tin metal was observed to deposit at
lower potentials than this value, that is to say, at about -2.00V, and
thus providing further support for the hypothesis concerning the reaction
sequence. According to this hypothesis, the third wave, initiating at
about -1.68V can deposit Sn without fluorine evolution. This value of

-1.68V is close to the value for niobium deposition at its first wave

(about -1.87V) and a codeposition compatibility was established. Nb and

Sn have been codeposited. See Section 6.

5. Germanium Fluoride Decomposition Potentials
I-V curves for 1% of KzGeF6 in the LiF-KF eutectic are shown in ;

Figure 15. The decomposition potential is clearly seen to be about -1.71V.

In addition to this main wave, a small wave initiates at about -1.1V. The

L e Lo

small wave is believed to be due to Ni contamination. Figure 15 is from an
experiment, which was prepared by mixing LiF - KF - KzGeF6 - KHFZ, melting
and HF treati . cooling and opening the can system, there was evidence
of a severe attack on the Ni tubes of the bubbler and thermocouple well. ?

It is believed that a substitution reaction took place:

N+ Getd 2 owit? 4 get? ;
4 2

or i+t T 2wt 4 ce. :

Support for this assumption was found when the deposit from electrolysis ;
at a constant voltage of -1.40V was analyzed and proved to be mostly Ni,

with traces of Ge. Another electrolysis at a constant voltage of -1.73V

gave Ni and NiSGe.
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3
‘

With the addition of Ge and Nb metal chips to the solution used 1in
the earlier experiment, different I-V curves were obtained, as seen in
Figure 16. The main wave is now at about -2.42V.

All subsequent electrodeposits from this solution contained only
niobium with traces of nickel. No Ge was obtained at potentials lower
than -2.30V. The reason for the change in the decomposition potential is
not clear. The shape of the latter curves and the wave positions were

stable and reproducible.

At the time, it was believed that the species depositing at Edecomp
= =2,42V was the stable germanium species at equilibrium in the solution.
Recalling that for niobium, the first decomposition wave was observec at

about -1.80V (at 760°C), it was concluded that niobium was more noble than

germanium by about -0.60V. This conclusion, however, was later proved
wrong. Niobium metal was dipped in a freshly prepared germanium solution
with germanium metal chips. A metallic lump immediately appeared around
the niobium metal, and was found to contain Ge and GeZNb. This indicated
that Nb metsl may not be used as free element or an anode in germanium
fluoride solutions. The failure to obtain Ge electrodeposits in all the
experiments where Nb metal was used either as chips, an anode, or even as
a cathode under low cathodic potential was the result of germanium ions
being replaced by niobium. In all these cases, Nb electrodeposits were the
only product, though sometimes they contained traces of Ge. Realizing now
that Ge is the more noble metal, an experiment with a solution of KZGeF6
and KZNbF7 in LiF - KP, and with Ge chips in the crucible was prepared.

A Ge anode and Ni cathode were used for the I-V curves, Figuras 17, and for

a constant voltage electrolysis at -150 mV. A ternary alloy of the
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composition Niz_xGerx where 0 £ X £ 0.1 was found. It was concluded that

Ge(E

= =1.71V) is more noble than Nb(E
decomp

decomp -1.82V) by about 100 -

200 mV at 750°C in the alkali fluoride solvent. This couple is, therefore,

compatible for codeposition.

6. Alloy Codeposition

(a) Although codeposition of Nb-Al alloys has been tried under a wide
range of conditions, codeposition has never been accomplished, Nb being the
exclusive electrodeposit in all cases. In light of the recently obtained
data on individual decomposition potentials, and available thermodynamic

data, it 1s now concluded that Nb is much more noble‘than Al in fluoride

melts. As the deposition potentials of the two are far apart, no codeposition

is feasible. Consequently, the work on Nb-Al codeposition was terminated.
(b) Codeposition of Nb-Sn was accomplished. The work on this system
is still in a preliminary stage, as major interest has shifted to the Nb-Ge
system. Figure 18 is a micrograph of the cross section of a Ni wire cathode
with a 10 U deposit. Chemical analysis by electron microprobe revealed two
phases. The phase in the center of the deposit was of the composition

NbBNiSn0 33; the other one on both sides of the middle layer, was Ni,NbSn

4 0.5

The source of Ni could be either the Ni wire substrate or Nin contamination.
The electrodeposition was performed with a Au anode, Ni cathode, and

a fluoride solution of KszFZ—Z mol 7%, San - lmol Z. A constant voltage

of -2.00V (N1 vs. Au anode) was used, yielding current density of ~1.2 A/cmz.

At this voltage, according to the I-V curves of Figures 5 and 13, the

niobium deposits at the first wave, and the tin deposits at its third wave.

Recalling the hypothesis concerning the tin reaction series, the third wave

T
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Figure 18. Cross section of Ni wire ;
substrate and electrodeposit.
1050 X. g




corresponds to the cathode reaction Sn+2 4+ 2¢e + Sn and the anode reaction
Sn+2 > Sn+4 + 2e . The first wave had zero cathode efficiency. This
explains the reason for the high current density used in this experiment,
and the very low cathode efficdency. No fluorine evolution is expected at
-2.00V for tin, but fluorine does evolve for KszF7 at this voltage. It was
found that the gold weight loss was 0.9% for continuous electrolysis at a
constant voltage of -2.00V and anode current density of about 500 mA/cmz.
Recall that in KszF7 decomposition alone, such current densities were
disastrous for the Au anodes. It was, however, possible in this case, since
most of the anode current was dissipated via the reaction Sn+2 & Sn+4 + 2e .

(c) Codeposition of Nb-Ge was also accomplished. Figures 19 and 20
show a cross section of Ni wire cathode (#900). A coherent layer of an
excellent bonding deposit is seen. The layer thickness is about 60 - 80 um.
A ring of particles about a fourth of the way out can be seen. These

particles of about 1 - 5 y, have a composition of Niz_xGerx, where x can be

as large as 0.1. The rest of the coherent deposit is Ni_Ge, with Nb traces.

2

The sample was electrodeposited from a fluoride solution of K2NbF 0.2 mol 7,

7
and KzGeF6 0.2 mol %. A Ge plate was used as the anode, and Ni wire as the
cathode., An I-V curve was first taken (see Figure 17) and a constant voltage
electrolysis at -0.15V followed on the same sample. The niobium-rich
particles were probably formed during the higher voltage part of the I-V
experiment. The total charge trunsferred in the two parts of the experi-
ment, the I-V and the constant voltage electrolysis were about equal.

This experimental result supports the conclusion of a previous section,
namely, that the germanium is more noble than niobium in the fluoride melts

by about 100 - 200 mV. Clearly, it is possible to co-deposit the two, and

work on the electrodeposition of NbBGe is now in progress.
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Figure 19. Cross section of Ni wire

substrate and electrodeposit.
200 X.




Figure 20. Same as Figure 19. 500 X.
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Conclusions and Future Objectives

(1) Work on the system Nb-Al has been terminated, as it became
clear that niobium and aluminum have widely disparate deposition potentials,
and are, therefore, incompatible for co-deposition.

(2) Alloys of Nb-Sn were obtained, but the work on this system is
only at a very preliminary stag.. It is now believed that niobium and tin
have close enough deposition potentials to allow them to co-deposit. More
work is needed to improve control of stoichiometry and morphology.

(3) Alloys of the Nb-Ge were also obtained, but this work is at a
preliminary stage. Germanium was found to be more noble than niobium by
about 100 - 200 mV. This difference 1s close enough so that the two metals
can be co-deposited. An advantage of the Nb-Ge system over Nb-Sn and Nb-Al
is that when depositing Ge metal alone, it produced a solid, whereas the Al
and Sn are deposited as liquid metals at the working temperatures. As
liquids, they float to the top of the bath, short-circuiting the electrodes

and changing the effective electrode surface areas.

(4) Investigation of the solution of K281F6 in KF - LiF will be
carried out to study the compatibility of Nb and Si for co~deposition. At
present, the superconductor NbBSi can hardly be prepared by other techniques.
Non-reproducibility and non-stoichiometric compositions are the general
case. However, there 1s much interest in this compound, as a high super-

conducting transition temperature, in excess of 23°K, is theoretically

predicted for a homogeneous and stoichiometric sample.
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D. Continuous Growth

R. De Mattel

Introduction

An important factor in the development of techniques for the continuous
growth of crystalline solids during electrochemical crystallization is the
control of the interface morphology of the growing solid. Of primary impor-
tance in this regard is an understanding of the conditions leading to, and
the means of avoiding interface instability, the extreme manifestation being
dendritic growth. A dendrite is formed when a microscopic protrusion on the
cathode surface has a growth rate which accelerates under the influence of
the gradients within the diffusion layer adjacent to that interface. When
such a protrusion tip extends far enough from the electrode surface to form

its own independent diffusion layer, the dendrite grows at a constant rate.(l)

See Figure 1,

The mechanism of the deposition process can be broken into two general
steps: diffusion of the electrochemically active species to the interface
region, and discharge of the electrochemically active species and incorpora-
tion of the product into the growing crystallite.(z) See Figure 2, As in
such series kinetic processes, the rate of the total event, in this case
deposition, depends primarily on the slowest step in the kinetic chain. 1In
the case of electrochemical crystallization, this leads to two limiting growth
regimes: one in which the diffusion step is the slowest mechanism and one in
which interface attachment kinetics dominate. This second condition is most
desirable, since the diffusion-limited mechanism favors dendritic growth.

The problem thus reduces to finding a set of conditions which will insure
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potential was found to be -3.75V at 600°C, and that AlF3 in the solvent ie
in a complex form such as A1F6_3, which is more stable than pure A1F3, and
a higher E° is required for the decomposition of this complex. The big
difference ia the deposition potentials explains the fact that codeposition

of Al and Nb was never achieved, even at the lowest practical Nb concentration

and highest practical Al concentration.

4. Tin Fluoride Decomposition Potential

I-V curves for the decomposition potentials of San in the KF-LiF

eutectic were takeu. The investigation of this system, however, was only

in a preliminary stage, when the compound Nb3Ge was found to have a super- -

conducting transition temperature of 23°K, and interest shifted to the

Nb-Ge system.

Figure 13 and 14 are I-V curves of 0.1% San solution at 655°C. Two

rates of scan and two current scales are indicated. The general appearance

of the curves is rather complex. Four waves are observed before the solvent

i
decomposition. Sn is known to have two stable valencies, Sr1+4 and Sn+2.

Since the anode was Au, two anode reactions are possible

il

Sn+2 > Sn+4 + 2e o)

F 1/2F2 + e (2)

The possible cathode reactions are:

F
sntd 4+ 2¢” + sntl (3) 1
g’ & 4be~ -+ Sn 4)
Sn+2 + 2 -+ Sn (5)
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rapid transport of the electrochemically active species across the diffuaion

layer, so that interfacial processes dominate the deposition.

Despic and Purenovic's(3) introduction of the concept of a limiting

kinetic overpotential for the formation of dendrites gives some insight into

the approach to solving the transpert problem. This overpotential is given

by:
n,x =R 1n t R
1/2
a F 6 (x 1) a F i

where o is the cathode transfer coefficient, n is the number of electrons

involved in the electrochemical process, D 1s the diffusion coefficient,

§ is the diffusion layer thickness, x is the projected experimental time

divided by the limiting dendritic induction time, C° is the bulk concentration

of the electrochemically active species, io is the exchange current density

and R, T, and F have their usual meanings. The larger the value of nL g the
3

less the chance for dendritic formation. Since ac, n, and i, are constants

of the system under investigation and x and T are fixed by choice, Co’ 8,

and D are free to be varied.

Co can be increased, but it is subject to certain constraints. The

ratio of different electrochemically active species must be maintained such

that the desired phase is deposited. The solubility of the components in

the melt can limit the concentration increase, as can the melting point of

the rolution.

Two methods of decreasing the thickness of the diffusion layer, §, have

been proposed. Schell and Elwell(z) present an equation relating § to the

stirred fluid velocity u
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§ = Ku-l/2

where K is a constant depaendent on the viscosity of the solution, its
density and the length of the liquid-solid interface. A second method

proposed by Despic and Popov(a)

involves deposition using an applied
square wave as the deposition potential. Analysis of the concentration

variation with time and application of Nernst's diffusion law gives an

expression relating & to the frequency v of the applied potential.

§ = Dl/2 nl/z = Kv-l/z

606 vi/?

The diffusion coefficient D can be increased in two ways. The
temperature can be increased to increase ion mobility, but care must be
taken not to railse the temperature to a point where it can affect the

(5)

deposit composition as it does in the sodium tungsten bronzes. D may
also be increased by adding a specles to the melt which will lower the
viscosity.

Ultrasonic energy introduced into the plating system has also been

(6)

suggested as a means of obtaining good quality deposits. The exact

mechanism of this process is not know.l.

In order to evaluate the effectiveness of some of the above outlined
approaches to dendrite suppression, a study of the growth of copper from a
low temperature chloride molten salt system was undertaken. This allowed
a study of morphological effects and continuous growth under relatively
gimple conditions. Techniques developed can later be transferred to the

more demanding high temperature, atmosphere-controlled systems.
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Rescarch Results

Based on the appraoches outlined above, a program was initiated to
study the effects of AC potentials, rotating cathodes, and ultrasonic energy
on dendrite suppression. Concurrently, an effort was made to continuously
pull dendrites from a melt. The first three subsections of this section
outline the results of these experiments.

One system suitable for studying the morphology of electrolytically

deposited copper is the potassium chloride (KC1) (46 mole %) - zinc chloride

ae o el

(2nC12) eutectic containing 5 mole % cupric chloride (CuC12.2H20). This

system melts at 228°C and can be handled in air.

1. Deposition in AC Potentials 4

The first series of experiments were designed to investigate Despic
and Popov's(a) method of deposition with ac potentials. The results of
these experiments were masked under virtually all growth conditions by an
"umbrella effect" related to an enhanced rate of dendritic growth near the
melt surface. It was found that this phenomenon was most probably due to

convective movement of depleted solvent within the diffusion layer, leading

to enhanced conditions for dendritic growth near the surface of the melt.

See Figure 3.

2. Effect of Rotating Cathodes

i ad ob e sl

A second series of experiments to test the effect of a rotatiig cathode

]

on the characteristics of che deposit were initiated. It was hoped that a f
2

reduction in 8, the boundary layer width, as suggested by Schell and Elwell( ) 3

could be achieved in this manner. The apparatus used allowed cathode

rotational speeds of 95, 176, 351, 468, 936, and 1872 rpm. Experiments were
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Figure 3. Schematic representation of process leading to
umbrella formation.

Figure 3a. Small volume of melt (a) slightly depleted
of solute moves in y-direction due to decreased density.
(a) is further depleted as it moves along electrode.

Figure 3b. Schematic plot of solute concentration in
depleted region versus vertical position y.

Figure 3c. Schematic plot of current density (i) versus
concentration showing region in which dendrites can occur.
At an operating current density (ig), under conditions
outlined above, a range of morphologies will be obtained
on the same electrode.
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run using cathodes of both 12 gauge copper wire and 0.25 in diameter copper

rod at two different current densities. In all cases, the distribution of

the deposit was more uniform from top to bottom with the improvement

increasing with rotational speed, Figure 4, Changes in morphology of the

deposit were also observed, Figure 5.

3. Continuous Pulling of Dendrites

Concurrent with these experiments, copper dendrites were deliberately

grown from a 2.5 mole % cupric chloride melt utilizing continuous pulling

of the product from the melt. Under proper conditions, dendrites several

centimeters long and with morphological variations were obtained, Figure 6.

4. Influence of Ultrasonic Energy on Growth Morphology

In order to test the effect of ultrasonic energy on electrochemical

deposition, a series of Zn plating experiments was run in an aqueous zincate

(ZnOZ—Z) solution. An aqueous, rather than molten salt system was chosen

initially for the sake of simplicity, as it could be operated at room

temperature. The solution used was 10% by weight potassium hydroxide (KOH)

in water with 0.1 mole per liter of zinc oxide (Zn0) added. This was electro-

lyzed in a three-electrode cell with the anode and reference electrode being

zinc and the cathode being either zinc or steel. The ultrasonic energy was

introduced in one of three ways: (1) on a vibrating cathode (steel, since

zinc fractured readily), (2) on an auxiliary rod not involved in the deposition

and (3) through the cell bottom. The solution was electrolyzed for two hours

at constant current (5.4 ma, 2.7 ma/cmz) while both the applied potential and

the overpotential were recorded at five minute intervals.
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Figure 4. Effect of electrode rotation on deposit distribution.

From left to right: 1) i = 3.6 ma/cmz, rpm = 0, time = 23 hrs
2) i = 3.4 ma/cmz, rpm = 94, time = 15 hrs
3) i = 4.1 ma/cmz, rpm = 176, time = 15 hrs
4) i = 3.5 ma/cmz, rpm = 468, time = 7 hrs ;
5 i=3.9 ma/cmz, rpm = 936, time = 7 hrs ]
6) i = 4.4 ma/cmz, rpm = 1872, time = 6 hrs
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Figure 5.

Changes in morphology using rotating electrode.

20X.
a) i =5 ma/cmz, rpm = 0, time = 17 hrs
b) i =5 ma/cmz. rpm = 94, time = 27.5 hrs
c) 1 = 5 ma/em”, rpm = 936, time = 20.25 hrs
c) i =35 ma/cmz, rpm = 1872, time = 32 hrs
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Plots of the applied potential and overpotential at 0, 10, 30, 60,
and 120 minutes versus ultrasonic power for the vibrating cathode system
showed a consistent minimum between the 40% and 50% power setting, Figure
7, (approximately 20-25 watts at 24 KHz). At power levels of 70 to 80%,
both potentials became erratic. The cathode efficiency (weight of deposit/
weight calculated from Farraday's law) showed a slight improvement at 40%
power and dropped to zero at 70% (Figure 8).

The relationship between current density i and overpotential n is

given by(7)

n=41 RT + 16RT + 2V

i nF DC F2n2 nFr
o o

where vy is the interfacial energy between the deposit and the melt, V i1s
the molar volume of the deposit, r is the surface radius and the other
symbols are as previously defined. Since io’ R, T, n, F, Co’ Yy V, and
are constant from experiment to experiment and assuming 1 at time t is the

same for any power level, then for any two experiments

1 2
2.2
C F Dl D2
nl*Kﬁ=n2-K2 1
D, D, .
but 1if .
[
nl > n2
then 1
s1 o> 82 ‘
D D

[
[ ]
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Figure 7. Overpotential and applied potential versus
ultrasonic power at time t = 120 minutes.
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Figure 8. Cathode efficiency versus ultrasonic power.
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Thus, D

o must be greater than Dl’ where D, as defined by the

1
experiment may be an effective diffusion coefficient, which includes mass
transport due to solution mixing by the ultrasonic energy, and/or 61 must
be greater than 62. These are the conditions necessary to increase the
limiting kinetic overpotential for dendrite formation.(3) This type of
mechanism can explain the overpotential behavior between the 0 and 50%
ultrasonic power levels. The changes in overpotential and decrease in
cathode efficiency above 50% power may be an indication of the onset of a
second reaction induced by the ultrasonic energy. Such reactions have

(8)

been reported.

The data for the other methods of power introduction are not yet

complete, owing to equipment limitation, but the same trends as outlined

above are observed.

Future Plans

As a result of the above experiments, a new approach to the problem
of continuous growth and interface (dendrite) control has evolved. The
copper and zincate plating systems were only of limited utility because the
growth habit during electrochemical crystallization was not well-defined.
A new system based on Nazwoa—wo3 melts is now under investigation. Large
sodium tungsten bronze crystals (NaxWO3 0.1 »X > 1) with well-defined
morphologies can be produced from the melts at relatively high growth rates
in the presence of suitable electric potentials, Figure 9. The growth of
NawaB crystals from tungstate melts provides a better system for iusvestiga-
ting the limits of interface stability, since it is much easier to alter the

quality of crystal which can be readily grown under a wide range of
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Figure 9. Examples of Naxwo3 grown from a Na2w03

(75 m/0) - WO, melt at 750°C.

3

From left to right:

1)

2)

3)

4)

5)

Applied voltage (v) = 1.11 to 1.20 volts
Current (I) = 5 ma
Time (T) = 63.5 hours

= 1.25 to 1.18 volts
20 to 18.8 ma
= 23.3 hours

= 1.50 to 1.30 volts
40 ma
= 26.4 hours

= 1.10 to 1.22 volts
0.95 to 8 ma
= 97.6 hours

= 1,17 to 1.22 volts
5 to 10 ma
= 149.4 hours

M€ Hp<d Mg
" ] ]
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| ]

-172-



conditions, than it is to improve the interface stability in a system which
is far from yielding stable growth conditions.

Experiments will be designed which will permit continuous pulling of
Naxw03 from the melt. NaXWO3 ciystals remelt when exposed to air at high
1 temperatures. A study of the appropriate conditions necessary to inhibit

remelting has been initiated, along with measurements of the variation in

the electrical conductivity of the melt with composition, and the effect
of voltage on crystal composition as a function of bath composition. The
major thrust of this phase of the program, however, will be specific
experiments designed to develop an understanding of and techniques for

Czachralski growth ot NaxWO3 with an applied electric potential difference.
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