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ABSTRACT

Polycrystalline nickel oxide and lithium substi-
tuted-nickel oxide alloys fanging from 0.12 to 8.23 atomic
percent lithium were prepared by wvacuum pressure sintering.
Chanées in particle texture and shape, iﬁcreased relative
density, larger final grain size and a shifting fractufe
mode were observed with increased lithium content. This
sintéring behavior was interpreted in terms of enhanced oxy-
gen diffusion caused by either a decrease in the chemi-
sorptive surface properties or by an increase in the '"mo-
bility" of a couﬁled anion vacancy-electron hole cbmplex.

. Pure nickel oxide was found to tend very close to
stoichiometric proportions, deviations from stoichiometry
being predominantly caused by the impurity-affected surface
properties of the material. ' The composition of 99.999%
pure nickel oxide used in this investigation was found to

be Ni01.000003i0_0003%. Todometric titration analysis

showed the concentrations of Li*l and Ni*3 to be equal in
pure single phase Ni;EQXLillNiigO. Analysis also indicated

the absence of any detectable metallic nickel and showed no
detectable lithium loss during pressure sintering. The

diécrepancy between these findings and those previously

-1-



reported in the literature indicates previous difficulty in
the careful preparation and characterization of these ma-
terials.

The measurement of Young's modulus as a function of
temperature for the lithium-nickel oxide alloy system was
found to be a very sensifive method for the determination
of the variation of the Néel temperature with composition.
The low temperature value of Young's modulus was found to
increase with increased 1ithiuﬁ content and the température
of the modulus anomaly was found to decrease linearly with
_.increased l1lithium content. This behavior was interpreted
in terms of Van Vlecks'(l) localized-electron theory of
antiferromagnetism.

Resistivity measurements made on well characterized
pressure-sintered polycrystalline lithium-nickel oxide
alloys agreed with the reporfed results on single crystal
material. These include a break at the née1 temperature,

a 1owér activation energy'atzhigher temperatures than at
lower temperatures, and a dedreése in the 1ow temperature
activation energy with increasing lithium content. The com-=
bined trends in the modulus and resistivity as a function
of temperature and impurity level were interpreted in terms
of Toyczawa's(2) electron-acoustic mode interaction model
’which predicts an inverse relation between the elastic

modulus and the energy difference between the self-trapped



and acfivated electron states. It was concluded that the
success of a quantitatively correct localized electron

" model appears to depend on the development of a theoretical
approach which would simultaneously account for both opti-

cal mode and acoustic mode interacticns.

RETERENCES

1. "Recent Developments in the Theory of Antifferomagnetism"
J. H. Van Vlieck, J. Phys. Rad. 12, 262-274 (1951)

2, "Self-Trapping of an Electron by the Acoustical Mode of
Lattice Vibration. I." Y. Toyozawa, Prog. Theo. Phys. 26,
29-44 (1961)



I. INTRODUCTION

The transition metal oxides represent a group of high
-melting point materials which have electrical properfies
ranging from that of an insulator, such as pure stoichio-
metric nickel oxide (1), to excellent metallic conduction,
such as is found in TiO and Vo035 (2). Ih the years 1948
through 1950, Verwey and coworkers (3,4) demonstrated that
the addition of suitably sized, fixed valence impurity ions
to the oxide of a transition metal that possesses variable
valence can cause extremely large changes in conductivity.
These changes are accomplished without the creation of
vacant lattice defects and thus, as a group, these mate-
rials represent electronic conductors of high stability.
These authors noted that the resistivity as a function of
. temperature could be represepted by an activated process,
and they ascribed the activation energy to the ionization
of the electron-hole and its removal from the vicinity of
the trivalent cation—monovalent imburity source. Verwey
propbsed the use of these materials as thermistors, but
further extension of the same approach to impurities which
increase the'resistivity, such as Cr,03 (5),could result in
their use as stable balanced resistors over wide temperatﬁre

ranges.



Heikes and Johnston (6) reasoned that if carrier gen-
eration was the activated process and-if the activation en-
ergy was the work required to separate a trivalent transi—.
tion metal ion (T+3) from a monovalent impurity ion (M+1),
then‘the activation energy should vanish at approximately
10% M*1 (each transition metal ion having at least one im-
purity ion nearest neighbor). Because their experimental
results indicated that the activation energy did not dis-
appear, they concluded that the mobility, rather than the
carrier generation, was the activated process. They ex-

pressed the resistivity as

p=p°T e e/kT where
p, = 2 k ¢
Qv X
a = lattice constant
k = Boltzmann's constant
q = charge on an electron
\Y = lattice vibration frequency

= mole fraction impurity ion

¢ = constant related to the entropy
of activation

and € = mobility activation energy.
The trivalent cation has a smaller ionic radius and a
higher effective charge than the divalent cation and, there-
fore, causes a localized collapse of the anion lattice. ' The

trivalent cation is thus "self-trapped" by the lattice pol-
-5- '



arization or the elastic lattice distortion. A qualitative
>description of the Seebeck effect in hopping conductors was
provided by Heikes (7) by assuming one-half of the energy
for a jump to be absorbed at the initial site and one-half
at the final site. In order to obtain a more quantitative
description of the transport properties of low mobility ma-
terials it has been found necessary to provide a more
sophisticaﬁednm@el. If the lattice is assumed to remain
perfect and the polarization or lattice distortion is in-
stead "quantized" and associated with the electron-hole,
then a hypothetical "poléron" may be used to obtain more
rewarding information.

Polaron models based on electron-optical phonon in-
teractions have been develoﬁed by Yamashita and Kurosawa
(8), Sewell (9), and Holstien (10), while ToyozaWa (11,12)
and Schnackenberg (13) have treated electron-acoustic
phonon interactions. At low temperatures the electron-
optical phonon interaction models yield a picture of a heavy
particle moving in a narrow band ("polaron band") while at
higher temperatures, the models predict localization of the
polaron and a thermally_activated mobility. The develop-
ment of the polaron theories also made possible the explan-
ation of experimentally observed Hall effects which could
not be explained by the simple hopping model. Tbe diffi-

culty with the polaron theories is that the necessary sim-

-6-



plifying assumptions (such aé either only optical mode or
-acoustié mode interactions) yield incomplete results.

It is interesting to note that after almost thirty
years of intense investigation the controvérsy as to the
- nature of the conduction mechanism in low mobility solids
has still not been solved. In a recent volume of Solid

State Physics, Adler (14) states that:

"Five years ago, a review of the elec-

trical properties of the transition metal

oxides would have concluded that the domin-

ant mode of transport was by means of uncor-

related hopping of small polarons. It now

appears that this is never the case..."

In the same volume, Appel (15) asks:
"Is there experimental evidence for lo-

calized small polarons and for their phonon-

activated hopping motion? The answer to both

parts of this question is yes!"

Part of the reason for this problem is the lack of a
clear quantitative theoretical basis for all but the normal
wide band semiconductors and part is the nature of the ma-
terial itself. Many of the transition metal oxides have
fairly large deviations from stoichiometry (16) and thus .
specimen preparation plays a large role in the ultimate
magnitude of the electrical transport properties which they
exhibit. The refractory nature of the oxides makes the
growth of large stress-free perfect crystals very dif-

ficult and susceptible to contamination, while at the same

time causing problems such as non-uniform segregation of



doping impurities duriné crystal growth. In addition, uni-~
formly high alloy concentrations are almost impossible to
achieve due to the nature of the growth process itself.
Thus,‘many of the published works on transition metal ox-
ides are_based on the use of poorly characterized poly-
crystalline samples'(17).

Recent advances in purification techniques such as
zone refining (18,19) and in the fabrication of high density
-polycrystalline ceramics (20) offer the opportunity of pro-
duéing polycrystalline oxide materials capable of being
used as reliable and economic electronic materials. The
purpose of this work is to elucidate the elastic and trans-
port properties of lithium substituted nickel oxide and to
show the capability of fabricating well characterized polycrys-

talline electronic materials.



IT. EXPERIMENTAL PROCEDURES

A. Powder Preparation

The chemical composition of the materials used in
this investigation are given in Table 1. Except where
specifically noted, the Johnson-Matthey 99.999% pure nickel
oxide powder was used for preparation of the alloy powders.
The nickel oxide powder and the alloy doping additions were
weighed out in 100 gram charges, mechanically mixed for ten
minutes and then air fired at 900°C for 10 hours in a cov-
ered high purity alumina crucible. The porous slug was
then ground in an alumina mortar and pestle until the pow—.
der passed through a 325 mesh sieve. The alloy powder was
then washed in hot distilled and deionized water until the
solution indicated a neutral pH. The powder was then dried-

for 24 hours at 1u0°cC.

B. Vacuum Pressure Sintering

Pressure sintering was performed in a Model 1-2300
vacuﬁm preséure sintering furnace manufactured By Vacuum
Industries, Somerville, Massachusetts (Figure 1). This
unit consists of a cold wall vacuum furnace equipped with
a 15 kw - 9600 éycle per second induction heating unit

and is capable of reaching 1500°C. The pressure is supplied -

-9-



through two vertical rams, the lower ram rigidly mounted to
the frame and the upper ram connected to a hydraulic actu-
ator that is mounted on the top of the frame.

The hydraulic pressure in theioriginal system was
controlled by a pneumatically-operated static pump which al-
lowed the ram force to vary by * 1200 pounds (21). Due to
the high initial densification rates observed in this study
during_sintering, this variation caused the specimens to
crack as thé pressure control system would cause the pres-
sure to surge in order to keep up with the densification
rate. The static pumping system was replaced with a dy-
namic system (Greenlee Model 1721 Hydraulic Power Pump)
having an oil flow capability of 30 cubic inches per minute
at 10,000 psi. The o0il flow was controlled by a stainless
steel needle valve which was water cooled at 13 *4°C. The
water cooling was necessary in order to remove the heat
~generated as the oil was pumped through a large‘preSSure
differential and to keep the orifice size from expanding or
‘contracting due to ambient téﬁperature changes. This system
provided very smooth pressure control within * 2 percent of
any given setting.

The major disadvantage éf the system was the lack of
any capability for hot ejection of the specimen and the re-
sulting concern over the difference}in thermal shrinkage
rate of the specimen and the die. 1In additidn, the high

~10-
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pressures used in this study necessitated the use of high
strength refractory metal dies. In turn, because the lith-,
ium additions in the specimen tended to react with the met-
al die, a compound die design similar to that of Moss and
Stollar (22) had to be used. The final die design that was
used for this study is shown in Figure 2. It consisted of
a 1" I.D. X 1/4" wall high purity, high strength WEAROX (%)
alumina tube inserted within a 1-1/2" I.D. X 3" 0.D.

T.Z.M. (t) die, and a 1/8" thick X 1" diameter alumina
spacer inserted between the specimen and each of the T.Z.M.
plungers. The wall thickness of the alumina insert was
chosen so that it would be thick enough to avoid cracking
of the wall at an applied pressure of 20,000 psi, but thin
enough so as to provide maximum T.Z.M. die wall thickness
for coupling to the induction heating system and for safe
operation of the die system at high pressures. In addition,
two Pt-Pt 10% Rh thermocouples were inserted in the T.Z.M.

die wall and graphite susceptors were placed around the

"T.Z.M. die and each of the plungers. The temperature dif-

ference between the two thermocouples was never greater

than 10°C and previous radial temperature profiles with a

(*) Trade name of Western Gold and Platinum Co., Belmont,
Calif. :

(+) Proprietary name of Climax Molybdenum Co., Coldwateb,
Mich. for a Mo-0.5% Ti-0.08% Zr wrought alloy.

-11-



ference of 15°C at 1300°C.
The operational sequence was such that approximately

25 grams of loose alloy powder was loaded into the die sys-
. tem and the powder was then compacted by fhe plungers at a
fressure of 80 psi. The vacuum furnace was then closed,
pumpéd down, and the temperature was raised to and held at
550°C = 50°C for 30 minutes. The control temperature set-
ting was then increased and pressure was slowly applied to
the specimen so that the full operating pressure was
reached before the temperature of the system reached 750°C
+ 50°C. The temperature was then increased to the desired
sintering temperature and held at that temperature for 90
minutes. The pressure was then released, the ram was
raised, and the system was cooled at a rate of approximately
175°C per hour to 600°C and then all power was turned off
and the system allowed to cool overnight. The specimen was
'unloaded and cut out of the alumina insert with a diamond
blade by making two longitudinal cuts 180° apart along the
axis of the insert.

| The upper cross-frame of the pressure sintering unit
was equipped with a linear &ariable differenfial trans-
former (Sandborn 7-DCDT). The core of the L.V.D.T. was at-
tached to the uppef ram and the signal from this system was
fed to a Varian F-80A X-Y recorder. Thus a relative

measure of the rate of densification was obtained from the

-12-



ram displacement. A time equal to twice the time when ram
motion ceased, 90 minutes-at temperature and pressure, was
chosen for all of the remaining runs.

The ambient vacuum level within the chamber was al-
iowed to decrease to slightly less than 100 microns before
initial heat was applied, was held to approximately 20 mi-
crons during heating to maximum temperature, and was held
at approximately 0.1 micron during pressure sintering and
the cooling part of the cycle. Some of the pure nickel
oxide specimens were observed to have two phase structures
(less than 1% metallic nickel). These specimens were fired
in air at 1350°C for 24 hours, were then reexamined, and
found to possess single phase structures near theoretical

density.

C. Chemical Analysis

Lithium was analyzed by using flame photometric meth-
ods. Lithium standards were.prepared by drying reagent
"grade lithium carbonate (Table 1) at 120°C for 24 hours and
then dissolving 4.945 grams of the dried powder in 300 ml
of distilled and deionized water (*). Carbon dioxide was

then released by the addition of 15 ml. of concentrated HC1,

(*) All analyses and washing operations were carried out
: with distilled water passed through a mixed-bed ion-
exchange resin column. :

-13-



and the solution was then diluted to 1 liter. This pro-
vided a stock solution equivalent to 4,000 ppm Li. The
stock solution was diluted to 1/4, 1/3, 1/16; 1/32 of the
original stock concentration for calibration solutions.
Thé sample solution was prepared by dissolving approximate-
ly 0.5 grams of unknown in 7.5 ml of hot céncentrated HC1
and then diluting to 25 ml (the sample weight or concentra-
tion was readjusted in a second run if the original sample
did not fall approximately midway between the calibration
solutions). Analyses were performed on a Beckman Model DU
Flame Photometer using a Model 4030 Medium Bore Atomizer-
Burner with gas pressures of 3.5 psig for the acetylene and
8.5 psig for the oxygen. The slit width was set at 0.15
mm and the 670.8 mu lithium line was monitored (24). The
standard calibration procedure for the instrument was modi-
fied in order to use the full width of the transmission
scale. After adjusting the sensitivity and burner controls
in the normal manner, the following sequence was used:
(1) With the shutter closed, adjust the dark-current millia—‘
meter to zero.
(25 Place the highest concentration calibratibn solution in
| the burner, open the shuttef, and vary the wavelength
until maximum response is indicated. Set the trans-
mission scale to 100 énd balance the instrument by ad-

justing the sensitivity control.

iy



(3) Place a "blank" of deionized water in the burner and
adjust dark current to zero.
(4) Repeat steps (2) and (3) until "blank" reads zero and
highest standard reads 100 on the transmission scale.
Previous reports have indicated anomalously high
readihgs with H,S0, solutions (24, 25) and low lithium re-
sults in the presence of nickel (25). Prior to establish-
ment of the above procedure, lithium standards were run in
both HC1l and H,S0; solutions and in the presénce of nickel
(as nickel chloride). No evidence of any change in the
readings was indicated.
The lithium content in the nickel oxide alloy sample,

expressed as mole fraction lithium, was calculated from the

equation:
< - (W) (74.71)
[(36.9455)(WS) + (WL)(51.77)]
where Wg = Weight of sample Eer liter
WL = Equivalent weight per liter of Li2C03 for equal

transmission.

Trivalent nickel was analyzed by iodometric titration.
A schematic representation of the dissolution equipment is
shown in Figure 3. Due to its extended length, the exact
procedure is outlined in Appendix I. All of the analyses

were performed with the same lot of concentrated (36.5 to

=15~



38 per cent) hydrochloric acid (*). A "blank" run using
this acid gave no indication of the formation of free io-
dine. In practice, a minimum amount (2 to 7 ml) of acid
was used to dissolve-the sample, and the sample weight was
varied (0.1 to 0.5 grams) in order to maintain the volume
of 0.01N standard sodium thiosulfate (1) titrating solution
within reasonable working limits. The sample powders were

passed through a #325 mesh (4Lp) screen prior to analysis.

D. Modulus Measurements

Young's modulus as a function of temperature for both
pure and doped nickel oxide specimens was measured using a
thrée-part "composite oscillator" method. The furnace was
constructed from a 3 inch I.D., 1/4 inch wall thickness,
10 inch long Norton "Alundum" refractory tube wound with
20 gauge Nichrome V wire, with six turns per inch over the
central seven inches of the tube. The winding was coated
with "Alundum" cement and then the assembly was placed in-
side a four inch I.D., 1/8 inch wall thickness type 30U

stainless steel furnace shell. The gap was packed with

(%) A.C.S. Reagent Grade Hydrochloric Acid, Fisher Scien-
tific Co., Lot 772438, Maximum Limits of Impurity: Free
Cl -.0.0000%, Sulfites (SO3) - 0.00008%, Sulfates (S0y)
0.00008%, Heavy Metals (as Pb) - 0.0001%, Residue on
Ignition - 0.0004%, Fe - 0.00001%, As - 0.000001%,
NH, - 0.0003%. | - |

(1) Sodium Thiosulfate (NapS903),- Baker "Dilut-it", 0.01N
+ 0.1%, Lot #000-15283-3584.

-16-



"Alundum" insulating powder and type 304 stal .less steel
end pieces were used to seal the powder in and to hold the
_refractory tube in place. A thin walled iron tube was
placed inside the reffactory tube in order to provide a
more uniform temperature profile; electrical contact was
maintained between the inner iron tube and the outer stain-
less shell both of which were grounded directly at the ‘
vertical input of the oscilloscope. A.C. line voltage was
controlled by a 0 - 10 ampere Powerstat and monitored by a
General Radio Type 1806-A Electronic Voltmeter connected
across the furnace input terminals. Furnace profiles in-
dicated that a temperature variation of * 2°C was main-
tained in the central two inéhes of the furnace at inter-
mediate temperatures (room temperature to 250°C), * 5°C
at higher temperatures (250°C to 450°C) and that a tempera-
ture variation of * 1.5°C was maintained in a one inch
‘furnace length over the entire temperature rénge.

The driver and gauge transducers for the composite
.oscillafor consisted of two "X-cut" piezoelectric quartz
crystals (®¥). Each of the quartz crystals had a 1/4" X 1/u4"
cross-section, its Y-axis orientéd along the length of the
crystal, and the X- and Z—akes perpendicular to the other

faces. The X-cut faces were vapor plated (¥) with chromium,

(*) Purchased from Piezo Co., Carlisle, Pa.

(1) Courtesy of Bell Telephone Laboratories, Allentown, Pa.
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.for good adherence; and gold, for good electrical contéct
under high temperature conditions. This orientation has
been found to provide high intensity pure longitudinal ?i-
brations with good femperature stability (26).

The "Lavite" (*) holding fixture for the composite
oscillator supported four 1/4 inch wide, 1-1/4 inch long,
0.015 inch thick stainless steel spring strips. A fine
tungsten point with a 0.001" tip radius (+) was passed
through a small hole in the upper end of each of the flat
springs and was then silver-soldered to it. The spacing in
bétween each set of points was set at 3/16" so that they
would maintain a positive holding pressure on the 1/4"
quartz crystals. Stainless steel wire leads were silver-
soldered to the lower part of each of the spring strips.
These leads emerged from the furnace through "Lavite" end

pieces and provided electrical contact to the assembly.

A L/WM x 1/4" x 2" long "Lavite" bar with a 1/8" diameter x 1"

deep hole along its length axis was cemented to the center
of the top surface of the holding fixture. Temperature

readings for all ofAthe runs were read from a Pt-Pt 10% Rh

(*#) American Lava Corp., Chattanooga, Tenn.
(+) Semimetals, Inc., Westbury, Long Island, New York.

(#) All thermocouples were calibrated in boiling distilled
water and read 100.375°C = :99% oc,
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the experimental runs, a second bar identical to thaf de~
scribed above was placed between the tungsten points, and
fhe temperature difference between tﬁe oscillator position
and the "monitor" thermocouple position was determined over
the temperature range 0 - 390°C. The "equilibrium" tempera-
ture gradient was found to be less than 1 °C over most of
the range, and this value was reached within 15 to 20 min-
utes after temperature changes of 25 to 50 °C were made. An
inert gas atmosphere of CO, or pre-purified N, was main-
tained within the furnace for these and all succeeding runs.
The quartz crystals were frequency matched within 0.7
per cent. Matching of the specimen and the crystals will
be discussed in the Results and Discussion section. Cali-
bration curves for the frequency versus temperature response
of each of the crystals were determined by placing marked
and identified crystals in the composite oscillator holder
inside the furnace but without the specimen cemented between
them. The composite oscillator was then prepared by cement-
ing a specimen of similar cross section between the crys-
tals with GA-60 (*) epoxy strain gauge cement. Pressure .
was applied as the system was being cemented together in
order to squeeze as much cement out}of the joint as possible.
A thin cemented joint was desired in order to produce good

coupling between the various components of the oscillator.

(*) Automation Industries, Instrument Div., Phoenixville, Pa.
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.The assembly was baked in a drying oven at 120°C for one
hour and theri placed in the holding fixture so that the
quartz crystals were in the same position as when‘they were
calibrated. The assembly was positioned so that the center
~of the specimen fell directly.over the center of the moni-
tor thermocouple block and the tungsten points held the
quartz crystals at their respective centers (nodes). The
holder was then situated so that the center of the specimen
fell at the center of the thermal flat within the furnace.
A schematic of the measuring equipment is shown in
Figure 4. The sigﬁal from a 2c-2mc General Radio type
1310-A Variable Frequency Oscillator was monitored with a
General Radio Type 1150-BPH Digital Frequency Meter which
had an internal 100 kc test crystal. Frequency control of
1 cps in 200,000 cps was achieved by placing a three turn
1.5-5 picofarad variable capacitor across the main frequency
control of the oscillator. The 600 ohm output of the os-
cillator was modified by the:addition of a 0 - 2.5 ﬁegohm_
- potentiometer so that the output could be controlied at 0.2
volts over the entire frequency range. The.output was then
fed to a 20c - 3 mc General Radio Type 1233-A Power Ampli-
fier. The constant 0.2 volt input produced maximum output
and no signal distortion from the power amplifier. The
 output from the amplifier was monitored by a General Radio

Type 1806-A Electronic Voltmeter, and was connected to the
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driving crystal of the composite oscillator. The signal
from the gauge crystal of the composite oscillator was fed
directly to the vertical input of a Hewlett-Packard Model
130-B oscilloscope. Electrical ground was maintained
throughout the system by grounding the shielded cable at
each input and output terminal, connecting the grounded
side of both crystals together, and carrying this ground
connection directly to the scope. A clear undistorted sig-
nal was then obtained, and resonance was determined by vary-
ing the oscillator until maximum peak height was achieved
on the scope. The furnace temperature, resonant frequency,
magnitude of the output signal from the amplifier, and the
peak-to-peak voltage from the scope were recorded and used

to calculate the modulus and relative acoustic loss.

E. Resistivity Measurements

| Four point probe dc resistivity measurements as a func-
tion of temperature were made on the same samples as were
used for the modulus measurements. A schematic diagram of
the measurement circuit is shown in Figure 5. Measurements
were made inside a platinum wire-wound vertical quartz tube
furnace that was insulated with Johns-Manville "Min-K" high
temperature quartz fiber. Thé specimen was cut into a
rectangular bar approximately 0.1 inches thick, 0.15 inches
wide and 0.5 inches long, and then placed on a fused quartz

microslide at the end of an alumina multibore tube. The

-21-



physical arrangement of the fixturing is quite similar to
that used for previous investigations and is‘adequately
described in the literature (27, 28). Platinum leads were
attached to the specimen with 80% Au-20% Pt alloy paste (%*),
and the contacté were sintered at 800°C for one hour.
Measurements made with wide variations in the current
indicated the contacts to be ohmic. A switching network
was provided so that current flowed through the specimen
only while a measurement was béing made and current and
vcltage reversals made during each run indicated the ab-
sence of any measureable thermoelectric effects. A moni-
toring Pt-Pt-IO% Rh thermocouple placed in contact with the
guartz microslide and directly under the specimen indicated
a temperature within 2 degrees of that indicated by the fur-
nace control thermocouple placed 1/2 inch away from the
specimen. The temperature was slowly increased from room
temperature to 400°C over a six hour period and then al-

lowed to cool at a similar rate (1.1°C/min).

(*) Squeegee Gold Alloy Paste #A-1199, Engelhard Ind.,
East Newark, N.J.
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ITI. DISCUSSION AND RESULTS

A. The Ni-0 System

The only known investigation of the Ni-0 phase system
was performed by Bogatskii (29) whose results are shown in
Figure 6. There is a small region where solid solutions of
0y in Ni are formed at concentrations up to one weight per
cent 0p. The liquidus curve drops from approximately
1450°C for the melting point of Ni to a eutectic.at 1438°C
and 1.5 weight per cent 02, then rises to approximately
1650°C at the compound NiO. The curve then drops off al-
most vertically, levelling off at the melting point of
N1203 and again at NiO,.

In addition to being thermodynamically incorrect, the
region between Ni0 and 0, points out the argumeht that has
existed since the early 1900s as to the existence of anhy-
-drous higher nickel oxides.

In 1926, LeBlanc and Sachse (30) gave the analysis of
;the'products of NiCO3 calcination as Nio, Ni203, active
oxygen and water,when calcined in air. They used an iodo-
metric titration technique in order to find the concentra-
tion of Ni*3 present and then expreséed this as Niy,O5. In

another investigation (31), LeBlanc and Sachse attemptedAto
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.form Nizo or NiO2 bué found only nicgel oxide.With up to
ten per cent excess oxygen (NiO; ;). Lunde (32), in 1927,
reported that slow heating of Ni (NOB)Z produced a black
powder having an analysis nearly thét of NipyO3 but with the
. x-ray pattern of NiO. Commenting on Lunde's work, LeBlanc
and Sachse (33) argued that his material was probably a
mixture of NiO, active oxygen, water, with possibly only a
maximum of ten per cent of higher nickel oxides. Lunde
then proposed (34) thét the material could also be a hy-
drated higher nickel oxide such as NiOZ-XHZO.

Holtermann (35) reported that higher oxides were ex-
tremely unstable and that only the monoxide could be iden-
tified, while Bogatskii (29) reported that NiO2 was stable
under "high pressure" and that Ni,03 had a crystal structure
and unit cell very close to that of NiO. In 1954, Shimo-
mura and coworkers (36) reported that nickel oxide with up
to 20 per cent excess oxygen still had the NiQ structure
and that no higher compounds.could be found. 1In 1956, Rode
(37) observed nickel oxides with up to 32 per cent excess
oxygen without any evidence of anhydrous Niéou, Ni,0Og or
NiOz, although hydrides of higher oxides were definitely
thought to be present. Based on a very thorough study of
reaction products from nickel cathodes in electrolytic
cells, Briggs and Wynne-Jones (39) also concluded that no

anhydrous higher oxides could be identified. In addition,
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based on a study of x—;ay fine structure, Tsutsumi (40)
stated that compounds identified as Ni£O3 were actually NiO
plus NiO,.XH»0. However, in 1957, Finch and Sinha (41)
identified a complex nickel spinel NiygO39, and in 1959,
Bogatskii and Mineevg;(HZ) again identified both NiO, and
Ni203 which decompose at 50°C and 350°C respectively.

Finally, Labat (43) made an extensive review of the
conflicting information and concluded that although the ex-
istence of higher anhydrous nickel oxides was largely doubt-
ed, it seemed to be well established that their hydrates or
combinations withvalkali or alkali-earth oxides were well
established. Tuomi (L4) came to similar conclusions in
1965,

The extent of non-stoichiometry in nickelous oxide has
also been the source of much controversy. In 1930, LeBlanc
and Sachse (45), performing the first work with bulk mate-
rial rather than powder, found that NiO dissolves only a
"small" quantity of oxygen without forming higher oxides.
.In 1931 they measured the conductivity of these bulk sam-
ples (46) and found that "pure" NiO had a conductivity
of 1078 (ohm-cm)~1 while NiO with § per cent excess oxygen
(Ni0y gg) had a conductivity of 103 (ohm-cm)™1. Klemm and
Haas (47) noted a wide variation in magnetic susceptibility
and the presence of metallic nickel in their work on pow-

dered materials and proposed that stoichiometric nickel ox-
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.ide was unstable and Qould break down to N:'LOl.005 and
metallic Ni. Baumbach and Wagner (48) found a maximum de-
viation from stoichiometry of Niol.OOOS to N:'LOl.005 working
with oxidized nickel foil, and Boswell and Iler (49) found
a maximum of Niol.OOS when working with sintered but porous
specimens. Even with oxygen pressures up to 300 atmospheres,
Holtermann (35) was able to obtain a maximum deQiation from
stoichiometry of NiOl.07 with powder material, while Shimo-
mura and coworkers (36) obtained results between Niol.O?
and NiO; , at 0.21 atmospheres pressure. In 1962, Perakis
(50) found a maximum deviation from stoichiometry of
Ni01.0196 and a minimum of NiqﬂUD07 in equilibrium with
metallic nickel. In 1964, Blaise and Lefevre (51) gave an
analysis of NiOy ggggg: In 1965, Cherkashin (52) reported
a range of NiOL00013 to Niol.022u’ and in 1966, Gravelle,
Shobaky and Urbain (53) reported an analysis of Ni01.00016,
all on powdered materials. In 1968{ Fender énd coworkers
(54) reported an analysis of Ni01.000i0.002 for spectro-
graphicélly standardized powder obtained from Johnson-
Matthey Chemicals (metallic impurities less than 15ppm).
The above discussion is summarized in Table 2. There
appearé to be a stfiking corfelation betweén the natﬁbe of
the sample (powder versﬁs bulk material), the year of in-
veéfigation (or realisticélly the purity), and the observed

maximim deviation from stoichiometry. Gossel (55,56) has
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made the observation that the nonstoichiometry of nickel
oxide is mainly a surface property and that surface condi-
tions affectea the excess oxygen content to a much greater
extent than did variations of temperature énd atmospheric
conditions. LeBlanc and Sachse (31) and Charman and co-
workefs (59) both found a rapid change in color from black
to green when nickel oxide powder was placed in an acid-KI
titration solution, which suggested that excess oxygen was
present only at the surface. .The surface properties and
catalytic activity of nickel oxide have been quite exten-
sively studied by many investigators (55-61) and since, in
general, the study of the chemistry and physics of surfaces
becomes a science unto itself, it will not be dealt with
here except for one experimental observation in the next
paragraph.

"Pure" reagent grade nickel oxide from Fisher Scien-
tific or Baker Chemical Company having an clive green color,
99.9%.pure nickel oxide from Atomergic Company having a
grey color, and 99.999% pure nickel oxide from Johnson-
Matthey Company having a bright "Kelly Green" color were
all fired in cleaned high pufity silica or alumina crucibles
at téﬁperatures between 800°C and 1000°C. While all the
other powders tended to change to a lighter green color,
the Johnson—Matthey powder remained the same green color.

In addition, the same powders fired in crucibles contaminated
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with small amounts of lithium all formed sintered "cakes"
that were black on the outside but bright green towards the
center. Keeping in mind that all previous investigations
have associated the bright green color with nearly stoichio-
Ametric nickel oxide, it is concluded that the extent of
deviation from stoichiometry (or the quantity of excess
6xygen) is an impurity affected-surface controlled effect
(see Table 1 for chemical analysis of powders).

The early development of the quantitative relation-
ship between imperfections, the departure from stoichio-
metry, electrical conductivity, matter transport and chemical
reactions in the solid state can largely be attributed to
the work of Schottky (62), Wagner (63), Mott (64), Hauffe
(65) and Kroger and Vink (66). Using the law of mass ac-
tion as first applied to this type of system by Wagner, and
the relationship between the self diffusion coefficient of
Ni*? and nickel vacancies as given by Mott, the concentra-

tion of vacancies has been given by Mitoff (67) as:

[vn?1=7.8x10-3p 178 . (-11,%00/RT)vacancies per ion pair.

2

Based on work by Eror (68) which indicated that a P +/%
0
. . 2

dependence might be more appropriate, Price (69,70) has

restated Mitoff's relationship as:

, ) .
[VNi]=8-97X10 3P021/4 exp(~11,%00/RT) vacancies per ion pair.
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Using Mitoff's approach; but with different diffusion data,
Eror (68) gives the concentration of nickel vacancies as:

[VNi]iu.58x10'5exp(+5000/RT) vacancies per ion pair

in air (PO2 =.0.209). Recenfly, Sockel and Schmalzried
(71), using a coulometric titration method with célcia
stabilized zirconia as a solid electrolyte, have again
found a POJQ*/6 dependence of vacancy concentration, and ex-
trapolation of their results at 1200°C to P02 = 0.209 would
give [Vy;] = 3.1x10~%. Finally, Ormont (72), using binding
energy theory and experimental data existing in the litera-
ture found [VNi] = 2x10'11.at 25°C. A tabulation of the
above results is given in Table 3 for 1200°C and 25°C where
possible.

Comparison of these values with corresponding vacancy
concentrations in CoO and MnO would also be indicative of
the relative differences in magnitude for the three com-
pounds. Carter and Richardson (73) found a value of 8x10~3
for [Vco] at 1150°C and one atmosphere oxygen pressure dur-
ing oxidation studies with cobalt foil, and Fisher and Tann-
hauser (74) reported a value of 1x10-2 under similar condi-
tions. Eror (68) also reported a value.of 1x10"2 vacancies
per ion pair, and extrapolation of Sockel and Schmalzried's
work gives the same. As for MnO, Davies and Richardson (75)

réported a range of stoichiometry from MnOy ggg to MnOl 0us

-29-



at 1650°C with varying pressure, and Eror (68) reported a
value of 2x10”3 vacancies per ion pair at 1200°C and a par-
tial oxygen pressure of 7%x10”10 atmospheres. Although
Eror's work involved the thermogravimetric analysis of NiO,
Co0 and MnO, he presented no results for NiO because the
change in weight was smaller than the sensitivity limit for
his equipment. |

The iodometric titration results of the present in-
vestigation (discussed in detail in a later section) show a
precision of #0.0003 per cent (Table 4) for the lower Nit3
concentrations while the "blank" HC1l run and both of the
unalloyéd 99.999% pure nickel oxide powders (as received,
and fired) gave no indication of any reaction with KI solu-
tion. The analysis of the pure nickel oxide used for this
investigation may thus be given as essentially Ni01'000003
+.0003%. This is in excellent agreement with Fender and
coworkers'(54) results on the same powder but with a less
accurate method. Comparison:of this value with those given
~in Table 3 indicates good agreement, realizing that even
under extremely slow cooling +the powder would not be able
to reach the equilibrium vacancy value but would rather
have a "frozen-in" vacancy concentration corresponding to
the higher temperature range. Referring back to the color
change observations, it might now be stated that pure

nickel oxide tends very close to stoichiometric proportions
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and that deviations from stoichiometry are caused only by
the impurity-affected surface conditions of the material.
Although electrical conductivity or conductivity type
per se is not enough to successfully describe a transport
mechanism, a knowledge of both permits some approximate
judgments as to the relative position of phase boundaries
and the stability of certain types>of defects in the lattice.
Thus the fact that yﬁstite in equilibrium with iron at 900°C
was determined (76,7&) as Fe0; 4 and wustite in equilibri-
um with Feso,+ was determined as Fe01.125 while the electric-
al conductivity has been shown to be p-type only (78,79)
indicates that the wustite phase field is shifted from the
hominally stoichiometric compound and that conductivity in-
volves the formation of cation vacancies and higher valence
cation states. On the other hand, manganous oxide has been
observed with either excess metal or excess oxygen (75,80)
and possesses both n-type and p-type conductivity (68,81-835.
The phase region for manganous oxide therefore overlaps the
stoichiometric compound, has a fairly wide stoichiometry‘
range (75) and conduction may be either by cation vacancies
(p-type) or by cation interstitials (n;type) or by anion
vacancies (n-type). Cobalt oxide has been reported (83) to
have a sign reversal in the Slope of the thermbelectric'
power vs. oxygen partial pressure curve, while neither the

thermoelectric power nor conductivity have a sign reversal
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themselves. Thus, as mentioned before, cobalt oxide has a
fairly small compositional variation néar the stoichio-
metric compound, and also possesses a conductivity type
dominated by cation vacancies but with the possibility of
‘small amounts of interstitial cobalt or anion vacancies at
very low pressures or at high temperatures (74).

Despite the large number of investigations which have
found nickel oxide to possess only p-type conduction, there
are a few reports in the literature indicating n-type con-
ductivity. However, due to conflicting experimental ob-
servations, all of these reports appear to be highly ques-
tionable. Takeuchi and Igaki (84) reported n-type conduc-
tivity, but later reported (85) this as "semimetallic con-
duction accompanied by ferromagnetic behavior." Schlosser
(86) noted that nickel oxide doped with gallium was n-type
for 0.6 atomic per cent gallium or greater, but Rooksby and
coworkers (87) noted the formation of NiGaZOu spinel even
with very small gallium additions, and El Shobaky and co-
.workers (88) have noted the increased tendency for the
formation of metallic nickel with gallium additions. 1In
1365, Snowden and Saltzburg (89) reported n-type conduc-
tivity through Seebeck-coefficient measurements at room
temperature but also reported a sign reversal at 380%30°C
(the Curie point of nickel). Recent work (90, 91) on the

Seebeck coefficient of nickel oxide single crystals as a
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function of temperature and pressure indicated no change

of sign from p-type conduction, but indirect experimental
evidence does exist for an n-type component for the carrier
mobility term (92 - 95). This component has, however, been
interpreted as being related to an anomalous effect due to
internal magnetic fields (92,93), rather than as caused by
a second carrier component.

The above discussion thus provides a picture of
nickel oxide as having an extremely small deviation from
stoichiometry (narrow phase field) shifted to the oxygen
excess side but including the nominally stoichiometric com-
pound, NiO. The conductivity may be described as heavily
dominated by the formation of cation vacancies and higher

valence cations.

B. NiO—MXOy Alloy Systems

A tabulation of the extent of solid solubility of
MxOy oxides in NiO at various temperatures and pressures is
-given in.:TabIe 5, along with known stoichiometric compounds,
common valence and size deviation (in per cént) between
RNi+2 and Ry- The ionic radii used for this tabulation
were taken from Pauling (96) because they represent the
most complete and consistent set of both divalent and tri-

valent empirical radii available. In particular, Pauling

gives the following pertinent radii:
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Element & Valence Ionic radius, A°

0-2 1.4
Litd 0.6
Mg*? 0.65
Nit2 0.72
Nit3 0.62
Cot? 0.74
co*3 0.63
ret? 0.76
Fet3 : 0.6L
crt3 ~ 0.89
cut? 0.69
Zn*2 . 0.74

Using Pauling's value of RO"2 = 1.4A°, and the average

Ni*3 - 072 interionic distance of 2.02A° in Li+lNi+3O2
given by Dyer and coworkers (97) a value of Ryj+3 = 0.62A°
is obtained which is in excellent agreement with Pauling's
”tabulation. The observationithaf RMg+2 lies between both
RNi+2 and RNi+3’ and RC0+2 and RC0+3’ might also be made.
This fact has been used by Oakey (98) to hypothesize a "pre-

relaxation" effect in LingyCo 0 alloys.

(1-x-y)
The NiO—MXOy systems seem to provide excellent agree-

ment with the Hume-Rothery solid solution rules (99,100).

The oxides of Group IA, IIA, IB, IIB show a definite trend

towards high solubility when the deviation between cation
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radii is less than 20% (SIZE EFFECT). Solubility is gener-
ally restricted for almost all systems showing intermediate
phase formation (ELECTRONEGATIVE VALENCY EFFECT) such as
Group IA and IIIA, or for those oxides with much higher ca-
tion valence such as the oxides of the IIIB, IVB, and VB
groups. The NiO-ZnO and NiO-CuO systems with up to 35 mole
per cent CuO or ZnO soluble in NiO bﬁt with almost no NiO
soluble in CuO or 7Zn0(101-103) seem to demonstrate an ELEC-
TRON CONCENTRATION EFFECT (Nitt = [Ar]118348, cutt = [Ap]18
3a%, zn** = [Ar]183410),

The seeming abnormality in the solubility of Cr(<1%),
Mn(100%), Fe(<10%), Co(100%) oxides in NiO may be explained
by referring to Figure 7 which is a plot of the free energy
of formation (stable oxygen pressure) versus temperature
for the compounds of interest. The stable phase field for
NiO has wide overlap with the CoC and MnO phases and hence
~the large solubility, while there is no overlap for the Cr
Systeﬁ and therefore low solubility. It may be observed
“that there is no overlap between the NiO and Fe0 phases but
that the phase fields are fairly close.- Indeed, for small
additions of FeO to NiO_(loW activity) the u?per stability
limit would fall within the NiO stable phase field because
of the higher allowed oxygen pressure, while the lower
stability limit for FeO would fall even lower because of

the lower allowed oxygen pressure before the appearance of
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a metallic iron phase. Thus, the stable FeO phase field is
wider and overlaps the NiO phase field for iow iron concen-
trations and therefore enables some solubility of the two
components.
| The first work with the NiO-LioO system was published
in 1948 by Verwey and coworkers (3) who found lithium to
be soluble in nickel oxide in amounts as great as ten mole
pef cent aﬁd then later (4,104) to be soluble to less than
40 per cent. Kohler and Jamison (105) réporfed the solu-
bility limit at 28 atomic per cent lithium in thin nickel
oxide films, and Heikes and Johnston (6) found difficulty
in dissolving more than 15 per cent lithium in the lattice.
The compound LiNiO2 was identified by Dyer, et al (97) and
again later by Johnston and coworkers (106). Perakis and
coworkers (50,107-109) reported various degrees of ferro-
magnetism for the system but Fensham (110) working with
single and two phase alloys with up to 50 atomic per cent
lithium found metallic nickel present whenever ferroﬁagnetic
"behavior was exhibited. In aﬁdition,Janusz, et al (111) and
Johnston, Heikes and Sestrich (112) duplicafed the sample
préparation technique of Perakis but found no evidence of
ferromagnetism down to liquid nitrogen temperature.

In 1958, a thorough investigation of the magnetic and
crystallographic properties of the system was made by Good-

enoﬁgh and coworkers (113,114) and then essen{ially con-
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 firmed by Bronger, et él in 1964 (124) and by Bade, et al in
1965 (125). Their results show that, for values of x be-
tween zero and 0.3 in Li Ni;_,0, the material is a random
solid solution possessing a sodium chloride type structure
(MnO magnetic cell). For 0.3<x<0.5.the material possesses

a rhombohedral a-NaFeO, structure with a definite ferrimag-

+1 and Ni*3 on alternate 111

netism caused by ordering of Li
planes. THeAstrongest ferrimagnetic effect is found for
x = 0.38 (Bronger) and corresponds quite well with the or-
Adering parameters given by Goodenough (zero ordering for
x=0.3, maximum order for x=0.5) predicting maximum magneti-
zation in the middle of the phase region. At x=0.5 the or-
dered compound LiNiO2 is formed and for 0.5<x<0.67 the ma-
terial is paramagnetic and possesses a monoclinic structure.
The Japanese literature seems to indicate a parallel
development of the knowledge concerning the solid solution
region of the NiO-Li20 system but from a more chemical view-
point. Takeuchi (25) obtained alloys containing up to 8 mole
per cenf lithium oxide at 700°C (kinetically limited) and
made a very careful study of the flame spectroscopy methods
for analyzing lithium. Iida and coworkers (126-129) investi-
gated the kineties of the solid state solution reaction for
'u weight per cent lithium (18 atomic per cent) and found
that solution formation started at temperatures as low as

300 to 500°C and then reached a maximum solubility at 800-
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1000°C because of the volatility of lithium oxide. These
same authors later combined their chemical techniques with
x-ray methods (115-117) in order to determine the variation
of latticé constant with lithium content and then estab-
lished the limiting solubility at 25-28 atomic per cent.
Many other investigators (112-114, 118-123) have determined
the lattice parameter variation with composition and these
are shown as the volume of the chemical cell versus com-
position in Figure 8. The data of Goodenough and coworkers
(113,114) covers the widest concentration range, is fairly
linear and falls midway in the range.

The NiO-MgO system exhibits complete solid solubility
(130-132) and has been shown by Hahn and Muan (133) to be
an ideal solid solution following Vegafd's law. It is in-
teresting to note, however, that even though the Li+1—Mg+2
cation size deviation is only 7.7 per cent as opposed to
17 per cent for Li+1—Ni+2,less than one per cent lithium
(139, 1m0, 142, 1u43)

oxide is found to be soluble.in MgO.

_Inspection of the following ionization potentials for Li,

Mg,and Ni,
I II ITT
Li 5.4 75.6 122.4
Mg 7.6 15.0 ' 80.1
- Ni 7.6 18.2 35.2

shows the second ionization pofential of lithium to be ap-
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proximately the same as the third lonization potential of
magnesium but much higher than the thifd ionization poten-
tial of nickel. If the charge neutrality condition is

" looked upon as an addifional degree of freedom for the sjy:o-
tem, it might be proposed that the high solubility of 1lith-
ium in nickel oxide and the low solubility in magnesium |
éxide are the expected results. In effect, this combina-
tion of small deviation of cation size in conjunction with
ease of ionization of one of the component cations is the
cause of the formation of the group of materials called

"econtrolled valence" compounds. (U4)

C. The Ni-NiO Phase Equilibria

Various experimental observations have been made in
the literature (47,50,53,58,88,110,1u44-149) that indicate
the presence of metallic nickel in nickel oxide. Almost
all of these studies report the use of very high surface
area oxides (150-300 mz/g) prépared by thermal dehydration
of Ni(OH)2 at 200-300°C under-a pressure of 1078 mm Hg as
originally developed by Teichner and coworkers (1uu,1u45).
These reports seem to be in conflict with studies of ther-
mochemical equilibrium for the Ni-Ni0 system (133-138) as
shown in Figure 9. Alternatively, investigations using
lower surface area powders prepared at high temperatures in

air (146) do not show the presence of metallic nickel,while
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those prepared at high temperatures in vacuum (110) do show
the presence of nickel, both observations being in agree-
ment with simple thermochemical considerations.

Using a value of AG® = -46,500 cal/mole NiO at 250°C

T

BULK:AGO-%;1n902=-35,ooo cal/mole NiO =-U70cal/gram NiO.

(Figure 7), P., = 10~6 mm Hg, Po = 0.21 PT (in atmospheres),
2
AG

If a value of y = 103 erg/cm2 is chosen for the surface en-
ergy of nickel oxide (150) and 225 mz/gram for the surface

area, then

3EXg. me_, 40%2
ABgyRFACET 10 o2 225gram 10 = 53.8 cal/gram NioO.
4.185x1079£%
ca

Thus the surface energy effect cannot be neglected when con-
sidering very high surface area powders. A second possible
explanation for the appearance of metallic nickel at low
temperatures would be the presence of retrograde solubility
as has been demonstrated for the PbS system (151), but no

. evidence of such behavior haé’beén reported for any of the
transition metal oxide systems.

The conditions of temperature and pressure under
which the present pressure sintering investigation was car-
ried out (approximately 1100°C at 0.1 micron Hg total pres-
sure) would indicate that they fall close to the Ni-NiO

phase boundary (Figure 9). The presence of metallic nickel

~4Q0-



(1 to 2 per cent) as shown by metallographic inspection for
the as pressed 99.999 per cent nickel oxide specimens in-
dicates that they were on the nickel side of the boundary.
However, under similar conditions, the lithium doped spec-
imens did not show evidence of a two phase structure. An
initial explanation of this behavior might be given by
considering the variation of the activity of nickel oxide
with lithium doping level. As lithium oxide is added, the
mole fraction of nickel oxide and therefore its activity
should decrease. If the activity of nickel oxide decreases,
the equilibrium okygen partial pressure for equilibrium
between nickel and nickel oxide decreases, or the doped
nickel oxide is stable at a lower oxygen pressure.

The difficulty with the above explanation lies in the
realization that despite experimental variations in pressure
and temperature around the "nominal" conditions, all of
the pure 89.999 per cent nickel oxide specimens gave two
phase structures, while even extremely small lithium addi—
tions (0.1 mole per cent) eliminéted the presence of metal-
lic nickel. The fairly large (28 to 30 mole per cent) sol-
ubility of lithium in nickel oxide would seem to predict
either adherence to or a slightly positive deviation from
Réoult's law for the nickel oxide solvent phase for small
lithium additions (152). Thus, for an alloy with

Nyio = 0.999 (0.1 per cent lithium) the activity, ayig,
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would be equal to'orvgfeater than 0.999. The resdlting

0.999"9.001°

would be small in comparison with the variation of experi-

shift in the Ni-NiO phase boundary for Ni L

mental conditions and a two phasé structure might still be
expected for this alloy and possibly Nio,ggsLiO.ODSO as

well. The single phase structures obtained with pressure
sintered sub-micron 99.9 per cent pure nickel oxide (Atom-
ergic CI435) eliminate the possibility of a kinetic effect
related to the surface area (300 fold difference in the
particle size betwéen the two powders) and point to an effect
related to sample purity.

The’widening of the stable phase field for pure and
doped non-stoichiometric binary semi-conductor compounds
such as PbS, PbSe, and PbTe has been iﬁvestigated by R.F.
Brebrick (153,154). Brebrick extended the qualitative ap-
proach to imperfection chemistry developed by Kroger and
Vink (66) into a quantitative theory through the applica-
tion of a simple non—degenergte band type semiconductor
model. The assumptions made during his theoretical develép—
Ament are: |

1. The predominant point defects present in the two

sublattices are vacancies,

2. Clustering of point defects is unimportant,

3. Each M or N vacancy is associated with arlaccepfor'or

donor level,
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4. Non-degenerate statistics may be used, and

5. The phase coexisting with solid MN compound is one .

or thé other of the pure elements.
The net electron or hole concentration, n-p, is used to ex-
press composition because experimental results are usually
expressed in these terms rather than as mole fraction of
either of the components. For an N rich, pure compound, the

net relative hole concentration, n-p, is given as:

2RT [sinh 10D 4 ginn "1 BB} - oagx 4o

2vk_ 2n, MN
s i
where
n, = intrinsic carrier concentration
k., = Schottky constant = [Vy] [Vy]
AG* = Gibbs free energy change of formation of one mole
of compound from the elements.
. A = Bond strength parameter.

This equation indicates that the magnitude of (n-p) will be
larger (the stability range is wider) the larger the free
energy of formation of the cémpound.

Although this analysis has been applied mainly to
IV-VI semicbnducting compounds, there is very good reason
to believe that the approach is directly applicable to the

transition metal monoxides (155). As a group, they tend to
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favor singly or. doubly ionized cation defects with no evi-
dence of clustering. In particular, pure nickel oxide
tends close to stoichiometry, has a eutectic system with
almost pure nickel and vaporizes primarily by dissociation
to the elements (135). Investigators that have adopted é
band approach for pure nickel oxide variously give the band
~gap as 2 - 5 electron volts in width with the Fermi level
0.5-1 electron volt above the valence band (86,58,156,157).
Comparison of the free energy of formation of each of the
divalent transition metal oxides (Figure 7) with the ex-
perimentally determined maximum deviations from stoichio-
metry gives good qualitative agreement with Brebrick's
analysis. Kroger (158) has recently used the same approach
to explain the assymmetry in the stable phase field for
both divalent and trivalent transition metal oxides.
Brebrick (159) gives the chemical potential of the

metal component, M, as:

: _1Fn-p)-(N N ;
Wy - Mjf = RT sinh — Ay (5 - E

M- — £)
| o
where ND’NA = concentration of ionized donors or acceptors
i 1 . ..
ul,E = chemical potential and Fermi level of intrinsic

f ' material )
Whether a hopping model (where each Litt ion produces
a Nit? mobile hole) or an exhaustion region extrinsic band
model is chosen makes no difference in the applicability of

the previous analysis to the present work. For a pure
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p-type semiconductor such as nickel oxide, n = ND= 0 and
P = NA. The first term in the above equation therefore

goes to zero, and the result is simply

The reported drop of Fermi level to 0.2 - 0.3 electron
volts with even the smallesf l1ithium doping concentrations
(86) thus causes a very sharp drop in the chemical poten-
tial of Ni in NiO, decreases the activity precipitously and
rapidly widens the stable phase field for nickel oxide.
This results in a large negative deviation from Raoult's
law (as opposed to a slight positive deviation proposed in-
itially) and gives a good qualitative explanation of the

present experimental observations.

D. Chemical Analysis

The iodometric titration method (Bunsen-Rupp Tech-
nigue) was‘first used (38,14},160-163) in order to measure
the quantity of "excess oxygeh" br "oxidizing power" of
chromium and manganese oxides. Verwey and coworkers (3,L4)
used the method to show that "within certain limits of Li
contént, the Ni*3 content is equivalent to the amount of Li
added to the system." 1In 1961,.Deren (164), and in 1962,
Bielanski and coworkers (165) showed approximate equivalence

+3

of Ni and pit! up to 0.8 atomic per cent 1ithium and er-
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'ratic results between 1.4 and 2.5 atomic per cent lithium.
In 1865, Hayashi and Iida (116-117) showed épproximate
equivaience over the range 0 - 28 atomic per cent lithium.
However, in 1966, Gravelle and coworkers (53,166), using a
modified method similar to that of Charman (59) (combined
HC1 and KI solutions in same flask), found large discrepan-

1 and Ni*3 for the range 2 - 10 atomic per

cies between Li*
cent lithium. Many of the above investigators have shown
that partial dissoclution of the sample or vacuum baking
of the sample prior to analysis indicates g non-homogeneous
distribution of Ni+3; These results have been attributed
to either a non-homogeniety in the lithium distribution, or
to a tendency for the "excess oxygen" to remain at the
powder surface. More accurate methods for the chemical
analysis of surface layers, such as surface reduction by
aqueous hydrazine (167), indicate that the amount of sur-
face excess oxygen decreases monotonically with increasing
calcining temperature and with increasing lithium concen-
tration;

The iodometric titration method used for this work is
similar to the improved technique devéloped by Panthony and
Siddiqi (168) and has béen described earlier. The major
advantages of the present arrangement (Figure 3) over pre-

vious techniques is that the HC1 feed system allows the in-

troduction of HCL after the system has been purged of air,
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and permits continuous gas flow throughout the system after
the gas inlet tube in the reaction flask has been clogged
by the dried residue. .

The combined results of Nit3 iodometric and Lit!
photometric analyses are given in Table 4. Inspection of
the table shows a consistently larger difference between
Litl ana Nit3 (in both the startingqpowder and the pressure
sintered samples) for the unwashed 5% Li alloy than for any
of the other samples. The pH of this powder wés found to
be basic, and therefore all further analyses and pressure
sintering work was performed on washed pdwders. This in-
dication of incomplete solution of lithium in nickel oxide
is the most likely explanation of previously reported dis-
crepancies between Li*l and Nit3.

A comparison of the 1lithium and Ni*3 content for the
starting alloy powders and the pressure sintered samples in-
dicétes that there was little or no 1lithium loss during
vacuum pressure sintering. This is quite surprising since
hany reports of lithium loss during sintering in air exist‘
in thé'literature (4,98). These reports of lithium loss
might be related to small amounts of second phase material,
which would not be detectable by standard x-ray techniques,
but which were removed by the extended washing process éf
the present investigation.
| The dissolution of nickel oxide powder is a resﬁlt

of the reacticn
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+3

- +
Ni*3 + c1” - Nit?

1
2012 ()
and the formation of free iodine is a result of the dis-

placive reaction

1
—C1
2 2(g)

-1
+ I > C1l™ +-1I .
22
The presence of metallic nickel in the reaction flask would

. also cause the reaction

Nic + C1 > 2C17 + Nit?

and therefore the quantity of ClZ(g) entering the KI solu-
tion will be a function of the difference in Nit3 and free
nickel. Thus, in addition to showing the equivalence of

Litl ang nit3 concentrations, the present results indicate

the lack of detectable metallic nickel.
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E. Sintering of Pure and Doped Nickel Oxide

The first extensive investigation of the sintering
behavior of pure and dopéd nickel oxide was performed by
Iida (169) and Iida and Ozaki (170). They observed that
- the sintering rate of nickel oxide was greater in vacuum
than in air. Because an increased vacuum level should de-
crease the number of cation vacancies and hence decrease
the sintering rate, these authors concluded that densifica-
tion is not predominantly affected by a lattice defect
mechanism. However Blackman (171) observed the sintering
rate of nickel oxide to be greater in oxygen than in nitro-
gen and in 1965, Brown (172) noted that normal grain growth
was always observed during the sintering of nickel oxide.
Brown proposed that the departure from stoichiometry and
hence the occurrence of lattice vacancies make the movement
of ions so facile that it is impossible for either impuri-
ties of pores to build up on the grain boundaries and thus
prevent discontinuous grain growth. In 1966, Wang (173)
investigated the low temperature (549 - 993°K) sintering
behavior of nickel oxide by monitoring resistivity versus
sintering time. Through the use of Coble's intermediate
stage‘sintering model (174) he identified the diffusion of

Ni*? to be the rate-determining step during sintering. On

-49_-



the other hand, initial sintering studies with nickel oxide
spheres (175) indicate the presence of a higher activation
energy (73.3 k cal/mole) than either the activation energy

2 cations (45.6 k ‘cal/mole) given

for self-diffusion of NiT
by Choi and Moore (176) or the activation for oxygen anion
self-diffusion (57.5 k cal/mole) given by 0'Keeffe and Moore
(177). 1In addition, the observation of high creep rates in
nickel oxide films (178) at temperatures as low as 850°C
(well below 0.5 TM where diffusion controlled creep is nor-
mally expected to become operative) indicates the possibil-
ity of é plastic flow contribution to sintering behavior.

It is extremely likely that a multi-mechanism approach such
as that recently proposed by Johnson (179) will be more
fruitful in describing the early stage sintering behavior

of this type of material.

Optimum final relative densities obtained by normal
sintering methods are 89% (Iida [169]), 93% (Harrison [1801),
and 95% (Herbst and Friedberg 181-182]) while the litera-
ture abounds with reports of poorer density materials.
Pressure sintering (20) makes practiéal the study of the
more contfollable later-intermediate and final stages of
sintering, and affords the possibility of both increased
density and increased strength through finer final grain
size. Harrison (183) reported a relative density of 96.u4%

for hot pressed nickel oxide, and Spriggs and coworkers
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(184,185) reported the achievement of nearly theoretical
density in very short times.

The relative final density of pure nickel oxide and
of each of the alloys used in this investigation are shown
in Figure 10 as a function of lithiuﬁ content. Transmis-
sion electron micrographs of representative start-
ing poﬁders are presented in Figure 11, and a carbon-chrome
replica of a fractured surface of each of the same pressure
sintered samples is presented in Figure 12. The range of
final grain sizes 1is given in Table 6. It is interesting
to note that while there is little or no particle growth
during the solid state alloying treatment, there is a defi-
nite change in the surface texture and particle shape. The
surface changes from a rough hackled texture for pure nickel
oxide to an increasingly smooth appearance with increasing
lithium content, while at the same time the shape appeérs
to sﬁift from a somewhat rounded geometry to a definitely
angular structure. A similar comparison of the fractographs
indicates the fracture mode to shift from predominantly
tranégranular for pure nickel oxide, to predominantly in--
tergranular with increased lithium content; at the same
time there is a definite increase in the final grain size
(Figure 12 and Table 6).

| A consistent qualitative explanation of all of the
observed results may be gained by interpretatioﬁ of the

sintering behavior with respect to the lattice defect struc-
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ture of the material. As previously described, nickel ox-
ide is a p-type, oxygen excess (cation Vacancy) compound
that has a strong tendency to chemisorﬁ oxygen at a free
surface. Deren and coworkers (57) have found that the
quantity of oxygen which can be removed by desorption in-
creases with increasing lithium content and Keier (186)
has found the 018 isotopic exchange rate to increase rapid-
ly with lithium additions. Keier proposed that lithium ad-
ditions decrease the chemisorptive tendency of nickel ox-
ide, thus making possible the formation of anion vacancies
at the surface. These vacancies increase the isotopic ex-
change rate at the surface because they permit anion bulk
diffusion. However, for a simple defect model it is il-
logical that electroneutrality could be maintained by the
simultaneous addition of lithium (M*1l) and the formation of
an anion vacancy, VO’ which would have an effective posi-
tive charge. Hoch and Szwarc (187 - 188) have propoéed
that the defect responsible f%r oxygen self-diffusion is a
éoupled anion vacancy-electron hole complex. In their
model, although the anion vacancy concentration is constant,
.the "mobility" of the complex is increased by lithium ad-
ditions because of the corresponding increase in the concen-
tration of electron holes.

With respect to the present investigation, the-addi—
tion of small éuantities of 1ithium to the nickel oxide
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lattice fills the available cation vacancies in the pure ma-
terial and thus decreases the sinterability by removal of a
possible diffusion mechanism (Figure 10). The conditions
under which pressure sintering was carried out (Figure 9)
were such as to place the material near the Ni/NiO phase
boundary. Under these conditions the pressure and temper-
ature dependent equilibrium defect concentration relation

(Schottky defects)
[VNi][VO] = K(T,P)

would cause the concentration of anion vacancies to be max-
imized. Thus, whether lithium additions enhance anion dif-
fusion by reducing the chemisorption at the surface or by
increasing the "mobility" of a complex defect, the result
of increasing the lithium content should be an increase of
the lattice diffusion contribution to the sintering rate.
The increase of relative density with substantial lithium
additions (Figure 10), the change in particle texture and
shape (Figure 11) and the increasing grain size (Figure 12
ahd.Table 6) may all be interpreted in terms of this ap-
proach. The changing fracture mode may be attributed to
the loss ofbhigh chemisdrption tendency (strong free sur-
face bonds) with lithium additions.

A similar diffusion enhancement mechanism to that

described above has been proposed by Rovner (189) to ex-
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plain enhanced oxygen diffusion in magnesium oxide single
crystals, and may be applicable to the interpretation of
enhanced grain boundary anion diffusion in Al 0, (1%0),

MgO (191) and CoO (192).

- F. Electron Microprobe Analysis

Microprobe analysis was performed on both pure and
doped nickel oxide specimens. The samples were mounted
without heating by using a low-level exothermally setting
potting compound (*#}. They were theh slowly ground on num-
ber 240,320,400 and 600 grit silicon carbide papers (under
kerosene in order to prevent surface heating), lapped on a
short nap felt cloth with 15 micron and 6 micron diamond
abrasive and then polished on a silk cloth with 1/4 micron
(maximum diameter) diamond abrasive (1) without éressure,
for three hours. This procedure produced a good surface
for microprobe work and held grain pullout to a minimum.
The specimen was then ultrasonically cleaned with acetone
and immeaiately placed in the microprobe. Thz probe was
always focused adjacent to the area of interest and then

shifted for the scan sequence in order to prevent prior

contamination of the area analyzed. The instrument used

(#*) Klearmount, Vernon-Benshoff Co., Inc., Albany, New York

() 1/4 Micron Geonite Diamond Compound, Geoscience Inst.,
~ Mount Vernon, New York
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was an ARL Cec. Model EMX-SM (Electron Microprobe X-ray
Scanning Microscope) with a 0.2 micron beam size, and all
photographé were taken at the slowest electronic scan rate
(5 sec/cm).

| Figuré 13A shows the area scanned for the 99.999 per
cent nickel éxide specimen. The trace made by the beam
clearly indicates the beam location. Figure 13B shows the
same area after etching for ten minutes in boiling concen-
trated HCl. It is evident that the beam passed through a
large pore and two grain boundarieé. The pore may be used
as the reference point for the microprobe photographs.
Figures 14,15, and 16 show both area and line scan displays
for specimen current, secondarv electron and back-scattered
electron images. The secondary electrons are low energy
electrons (less than 200 ev) and therefore respond to sur-
face conditions and topography. The lack of response shown
by the secondary electron scans (Figure 15) thus indicates
the absence of a topography gffect, and therefore, the
positive response demonstrated iﬁ the specimen current
scans (Figure 14) may be interpreted in terms of enhanced
grain boundary conduction. The peak height at the grain
boundary (Figure 14B) is only 4 per cent above the base
lihe current. A similar analysis was performed on an 8.23
étomic per cent lithium sample. Figﬁré 17 shows both a

- specimen-current area and line scan display for this alloy.
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Tﬁe specimen-current péak at the grain bdundary is only
1-1/2 per cent above the base line current.

A Ni-Ka.X-ray scan of the 8.23 atomic per cent lith-
ium sample is shown in Figure 18A. For comparison, Bickel-
haupt's (140) photograph of a Mg-Ka scan for a 5 atomic
per cent lithium doped MgO specimen is shown in Figure 18B.
Because of its low atomic mass, lithium cannot be directly
detected with the microprobe, and therefore the absence of
nickel (or magnesium in Bickelhaupt's work) must be used in
order to indicate a variation in the lithium level. Al-
though no quantitative data were taken, in comparison to
the work performed with 1lithium in magnesium oxide, there
appears to be no significant segregation of lithium in nick-
el oxide.

. The possible effects of grain boundary or pore conduc-
tion in polycrystalline materials have long been a trouble-
some barrier to the use of these materials for reliable
electronic applications. For, example, Goodman (193) has
found an increase in resistivity of four orders of magni-
tude in barium titanate at its ferroelectric Curie tempera-
ture. Hutson (17) has reviewed the possible idiosyncracies
of'poiycrystalline materials in general, and Morin (19U4)
has suggested the possible presence of grain boundary con-
duction in nickel oxide caused by higher concentrations of

excess oxygen at the grain boundary than within the Bulk

-56-



material. This excess‘oxygen causes a higher concentration
of holes and hence a higher p-type conauctivity. Sinilar
results have also been reported by Nachman and coworkers
(195). However, both of these investigations were performed
on specimens with relative densities only 75 to 87 per cent
of theoretical density and would therefore be very prone to
such effects. Boseman and Crevecoeur (196) report an order
of magnitude difference between dc and ac resistivities for
an 8.8x10~2 atomic per cent lithium alloy, 93 per cent
dense, cooled in nitrogen, and identical dc and ac resis-
tivities for the same alloy cooled in air. Boseman and
Crevecoeur suggested that this was due to a grain boundary
effect, but recent work by Kabashima and Kawakubo (137)
shows similar discrepancies between ac and dc measurements
in single crystals with similar doping concentrations and
similar measurement temperature ranges. In addition to the
above, Thornton(198) has reported grain boundary conduction
in nickel oxide bicrystals to be caused by the presence of
‘a discontinuous metallic nickél phase at the boundary. The
preparation techniques used in this work are questionable.
Microprobe analysis of the grain boundary diffusion
of Ni*2 in MgO (199), oxygen self-diffusion in polycrys-
talline alumina (200), and sintering studies in alumina
(201) show that the grain boundary width in oxide materials

is of the order of 1 micron rather than 10 to 100 angstroms
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as would be expected in most metals. Therefore, the pres-
ent microprobe results on both pure and doped nickel oxide
specimens, using very slow scan rates (5 sec/cm) and a
small beam size (0.2 microns), give good indication that
significant grain boundary effects are absent in the ma-
terials used in this investigation. This might also be ex-
pected from the high density and high purity of these sam-

ples in comparison with the polycrystalline materials used

in previous investigations.

G. The Elastic Moduli and Electrical Conductivity

Varioué attempts have been made in the literature to
relate the electrical, magnetic and elastic properties of
pure and substituted transition metal oxides. Heikes and
Johnston (6), who observed a higher activatioh energy for
electrical conduction above the Néel temperature fhan at
low temperatures for a variety of sintered transition metal -
oxide alloys, related thé major portion of the activation
‘energy to the localized lattice distortion which surrounds
a positive hole as it jumps, or "hops", through the lattice.
Since the magnitude of the lattice distortion is related to
the elastic properties of a material, and because of exper-
imental observations (202) which indicated a large increase
in Young's modulus for NiO and CoO as temperature is in-

creased through the Néel point, Heikes and Johnston argued
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that the activation energy should likewise increase. Simi-
larly, they explained the observed decrease in activation
energy with increased lithium additions as caused by a de-
crease in the elastic constants with increased impurity
concentration.

Toyozawa (11,12) proposed that, in polar materials,
there should be an interaction between electrons possessing
- high effective mass and the acoustic (1) vibration modes of
the lattice (as opposed to the simple "polaron" models
which consider only optical mode interactions). Toyozawa
showed that there is a sharp transition from a "band" state
(M* zMo) to a "localized" state (M*>104M°) when the elec-

tron-acoustic phonon coupling constant reaches a critical

value, g = gczl. The coupling constant may be expressed as
E2M*
g = %‘"9‘—
hca .
where Ed = Bardeen-Shockley deformation potential constant
= 2 ev.
€ = effective elastic constant
- a = nearest neighbor distance.

Adler (14) has recently given a more usable equivalent

(1) The acoustic mode is defined as both the cation and an-
ion moving 1in phase or as the center of mass of the two
ions moving with them, while the optical mode is de-
fined as both the cation and anion moving out of phase
or as the center of mass remaining stationary.
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expression as

2
d =]

(Mv2) A

E

where M = mass per unit cell

v velocity of sound

A

"band width".

Koide (122} investigated the electrical conductivity
of LiXNi(1_x)O single crystals and found a lower activation
energy above the Néel temperature than at lower tempera-
tures. This experimental work was interpreted in terms of
Toyozawa's interaction theory, and the "band width", A, was
equivalent to the energy difference, sm= Ea - ES, between
the self trapped state (Eg) and the activated state (Ea).
Koide gives the expression for resistivity as

p=XaB exp —[éc/kT] exp [em/kT]
Te?v_x
I : _

where k is the Boltzmann constant, a is the lattice con-
stant, T is the absolute température, e is the electronic
charge, v, is the lattice vibrational frequency, x is the
mole fraction of impurity, and B is a constant. The €o
term is associated with the ionization of holes and is im-
portant at low impurity concentrations, while the e, term
is associated with an "activated" mobility. The lower ac-
tivation ehergy observed by Koide above the Néel tempera-

ture is consistent with Toyozawa's model and the experi-
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mental increase of the modulus at the Néel temperature.
With reference to Adler's expreséion for Toyozawa's
model, threé observations may be made:

(1) If there is a change of modulus at the Néel temperature
-then a change in the slope of resistivity versus tem-
perature curve should occur at the same temperature.
This change should occur at a different temperature for
each composition.

(2) If the modulus increasec at the Néel temperature then
the activation energy should decrease above the Neel
temperature (E >E ).

HT

LT
(3) If the low temperature modulus increases with increased

impurity content then the difference between the low
temperature and high temperature activation energies
should decrease (the modulus above the Néel temperature
is normally expected to decrease with temperature for a
paramagnetic material and is therefore a poor indicator).
The Néel temperature of qickel oxide was first measured
by Foex (203) using dilatometric methods and was found to
be 525°K. Many other measurement methods have been used,
and the results are given in Table 7. The best value for
the Néel temperature, obtained from more recent data in the
table, appears to be 523°K. Because of the relatively
broad susceptibility peak (50) as opbosed to the sharp mod-

ulus change (202), and because of the interest in the vari-
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ation of the low temperéture modulus with lithium concentra-
tion, measurements for this investigation were performed us-
ing the modulus technique.

The difficulties encountered in measuring elastic mod-
uli of small samples are outlined in Appendix 2. Careful
investigation was made of the accuracy and experimental dif-
ficulties associated with each of the available methods be-
fore a specific method was adopted. The Forster free vibra-
tion method was ruled out (230) because of the need for a
long specimen, while the "pulse-echo", "Phase Comparison"
and "Pulse Superposition" methods were eliminated (231) due
to the inaccuracy of velocity measurements associated with
small samples. Although the ﬁPulse Transmission'" and
"Sphere Resonance" methods were found to give good accuracy
for small specimens (232), they were similarly eliminated
because of the difficulties associated with measurements at
elevated temperatures. The composité oscillator method was
adopted. because of its applicability to small specimens,
lack of complicated electronic equipment, and adaptability
for high temperature measurements. HbWever, the room tem—'
perature Young's modulus measurements were standardized
against "Pulse Transmission" and "Sphere Resonance" measure-
ments for both the pure nickel oxide and the highest lithium

alloy investigated (¥®). A description of the mathematical

(*) These measurements were made bthessrs. M. Notis and J.
Snyder at the Lamont Geological Observatory of Columbia
University with the kind permission of Dr. 0.L. Anderson.

67—



basis for the composite-oscillator method and a tabulation

of the data are presented in Appendix 3; A descrip-

tion of the experimental and associated calculation proce-

dures for the "Sphere Resonance" and "Pulse Transmission"

methods is given in Appendix 2. The experimental "Sphere

Resonance" data for pure nickel oxide at room temperature are

given in Table 8, and all of the room temperature modulus

"results for each of the methods are given in Table 9.
Observations made from the data given in Table 9 might

be summarized as:

(1) The shear velocity of the 8.23 per cent lithium alloy is
50 per cent higher than that for pure nickel oxide
(Pulse Transmission data) while the longitudinal veloci-
ties are nearly identical.

(2) The Young's modulus values from Sphere Resonancé and
composite oscillator methods agree within 0.2 per cent,
and Pulse Transmission and composite oscillator within
22 per cent, for pure nickel oxide. Pulse Transmission
and composite oscillator measurements agree within 10
per cent for the 8.23 per cent lithium alloy.

(3) The value of Poisson's ratio, 0.443 from Pulse Transmis-
sion, and 0.416 from Sphere Resonance, for pure nickel
oxide is extremely high. The value of Poisson's ratio

for the 8.23 per cent lithium alloy is 0.35, and repre-
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sents a very substantial decrease from the value for pure
nickel oxide.

The values obtained for the room temperature ﬁoduli
of nickel oxide may be compared with the pre-existing exper-
imental work in the literature and with theoretically de-
rived moduli. Street and Lewis (202) give the room tempera-
ture value of Young's modulus for 68 per cent dense nickel
.oxide (240) as 5.1x1011dyne/cm2, Belov (217) gives the
Young's modulus for ﬁnidentified nickel oxide as 3.2u4x1011
dyne/cm2 (3.3x103 kg/mm2 in the original paper), and Slack

(241) has given the value of C,, as 10.0x101ldyne/cm2.

11
Wakabayashi and coworkers (242) have measured the effect of
pressure on the lattice parameter of NiO and have expressed

this as:

AV
Vo

= ~5.ux10"7P + 0.6x10"12p2

where P is the applied pressure in bars. The bulk com-

pressibility, BT’ may be expressed as

g - L{3V) __1(avy _ av(_1 _ Avf1
T V[P,  vl{apj_ ~ V [P-P, TV, (P
T V=V

o]

Po=0

and since the bulk modulus is just the inverse of the com-

pressibility,
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K = - —(P) = - . . (1L
AV -5.4%10-7(1)+0.6x10"12(¢1)2

lOGdyne/cm2 11 2

= 1.85%10° bars x - 18.5x10 dyne/cm?2.

bar
The mean sound velocity may be derived from the Debye

temperature (243) using the relation

p{-1/3
g =Kk 3PN 0

m o h | oumM D
where k = 1.38x10716 erg/°K
h = 6.6x10-27 erg-*sec
P = Numbef of atoms per molecule = 2
NA = 6.023x1023 molecules/gram atomic weight

density = 6.806 g/cm3

©
1

M = molecular weight = 74.71.

Seltz and coworkers (24L) give eD = 404°K and Wenner (245)

gives 6D = L415°K. Using the average value of 410°K, the
value of 9 is 2.9x105cm/sec,_and the Debye frequency,
- ko 12

vp = GD o is 8.6x10-“/sec.

If the infrared reflection specta for a diatomic sub-
stance is known, the bulk modulus can be determined (refer-

ence 243 equation 10) from the Szigeti (246) relation:

-

um2C2m [so+2]

2
GROAO gt 2
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where C = speed of light = 3% 1010

cm/sec
R, = interatomic spacing = 22 = 2,09A° = 2.09%x10"8cm
2

m = effective mass per ion pair =

MoMys| 1 - (16)(58.71) o = 20.8x107 2%

MQﬂﬁq' NA (74.71)(6.023%x104°)
€, = dielectric constant
e = square of the index of refraction (n)
Ao = "Reststrahlen" wavelength.

Marshall and coworkers (247) give these last three values

as €, = 11.9, €, = 4.75 and Ao = 24.5u (v_ = 408 em LA, =
10* : . 11
=——). The above equation then gives a value of K = 20.2x10

v

t

dyne/cmz.

The mean sound velocity, ¢ , may be related to (243)
m

Poisson's ratio and the bulk modulus according to the ex-

pression
i gl
5 = 3 : . 3 .[K]l/Z
m [l+c ]3/2 N 2[2(1+6)]3/"— p
3(1-0) 3(1-0)

The eXperimental and derived values of 0m and K are sum-
marized in Table 10. Where necessary, the conversion from

g to K was performed using the Poisson's ratio of 0=0.416
obtained from the Sphere Resonance.method. The agreement of

these values is excellent, éxcept for the Debye value.
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Young's modulus as a function of temperature for pure
nickel oxide is’' shown in Figure 25. The two curves repre-
sent measurements made with two different sets of crystals,
92.5 kc and 118.5 kc. The specimen matched the 92.5 ke
crystals at room temperature and the 118.5 ke crystals at

245°C. The maximum deviation of fs(o) and f (equation

s(f)
A3.%4 and equation A3.3) for the 118.5 ke crystal measurements
occurred at 250.5°C and was 0.57 per cent. Although the ef-
fect of sample and crystal matching is pronounced for the
high temperature modulus, the low temperature modulus values
agree very well and the curves overlap in the region of the
anomalous modulus increase. _Below the anomaly, the slow
increase in modulus is caused by a decrease in spin ofdering,
while above the anomaly, the decreasing modulus is caused by
the normal thermal decrease found in paramagnetic materials.
The Néel temperature was therefore defined as the point of
maximum slope in the modulus curve. This choice of Néell
temperafure was found fo”be independent of crystal-~sample
frequency matching for both pure nickél oxide and all alloy
compositions measured with different sets of crystals. The
high and low temperature modulﬁs measurements obtained for
pure nickel oxide using the 118.5 kc crystals, and the low
temperature moduli for the alloy specimens represent good
modulus values because of good crystal-sample matching. The

high temperature modulus values obtained for the alloy com-
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positions should not be tzken as being representative of the
absolute modulus because of poor matchiﬁg of specimen and
crystals in that region. |

Figure (26) shows the effect of using equation (A3.3)
as an approximation of equation (A3.2) for pure nickel oxide
measured with 118.5 kc crystals (i.e. ignoring the tan? term) .
There is a slight decrease of the low temperature modulus
and an increase of the high temperature modulus, but again
there is no change of Néel’temperature with either choice of
solution. Table 11 gives the appropriate data for the same
specimen and indica{es the value of the modulus obtained at
. room temperature and the Néel point for each solution method.
Although equation (A3.2) provides a slight correction to the
modulus value for reasonable deviations from matched conditions,
the original starting assumptions (which were made in order
to obtain an analytical expression) produced an incomplete
solution. Thus, as the tan2 term approaches 1, 1-tan? ap-
proaches zero and the value of fs.obtained from equation
(A3.2) increases rapidly. For this reason and in order to
be consistent with other published experimental work using
this method, the tan? term was ignored.

The explanation of the anomalous modulus increase at
the Néel temperature has been the source of much argument.
Street and‘Lewis (202) originally proposed that the modulus

effect was caused by changes in spin orientation, but later
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(248) these same authors-ascribed the anomaly to domain mo-
tion. Pine (248,250) measured Yoﬁng's modulus and internal
friction of Co0 and explained his results in termé of domain
changes related to crystal distortion. If seems logical
however that the Néel temperature represents the point at
which critical fluctuations in the spin system are reached,
causing an interaction between acoustic lattice vibratilons
and the spin system. This type of interaction qualitatively
accounts for the modulus change and the sharp increase in
sound attenuation at the Néel point. Slack (251) observed
that stresses of approximately 105 to 10° dyne/cm2 were re-
quired to cause domain wall motion in nickel oxide single
crystals. Yevtushchenko and Levitin (252) measured the
moduli of MnO, Co0, and Cr,03 under dynamic stress condi-
tions of 10% dyne/cm2 or less, and consequently concluded
that the anomaly is attributable to either the rotation of
magnetic moments within a domain or to spin rotation. Belov
(253) and coworkers came to similar conclusions for NiO.
Difficulties also exist as to the correspondence of
the Néel temperature and the observed crystallographic dis-
tortion. A slight rhombohedral distortion (a, = 2.9518A°,
a = 60°4.2' at 18°C) beloQ thé Néel temperature was first
observed by Rooksby (254,255), and the correspondence_of the
Néel temperature and ijattice distortion was observed in CoO

and CréOsvby'Greenwald and Smart (256). General agreement
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with these obsefvations was noted by Slack (251) in 1960.
However, thermal éxpension measurements made by Gillam and
Holden (257) indicate no observable distortion until 90°C
below the Néel temperature. Vernon and Lovell (258) have
explained anomaliies in resistivity measurements on nickel
oxide single crystals as being caused by the non-correspond-
ence of the Néel temperature and the onset of distortion.
The most recent evidence (259) based on high temperature ob-
servation of domain structure in annealed nickel oxide crys-
tals ihdicates correspondence of the magnetic and crystallo-
graphic transformations.

Young's modulus versus temperature data for pure nickel
oxide and for five lithium alloys ranging from 0.12 to 8.23
atomic per cent lithium are presented in Figures 27 and 28.
The relative acoustic loss corresponding to each of these
specimens is given in Figure 29. Young's modulus versus
temperature for a nominal LiO.OlMgO.llsNi0.8756 alloy is pre-
sented in Figure 30. Comparison of Figures 27, 28 and 30
demonstrates the excellent repeatability of the measurement
method. Inspection of Figure 27 or.28.shows a definite de—.
crease in Néel temperature with increased lithium content
and a fairly large incréaée of low temperature modulus with
increased lithium content. Comparisén of Figures 27 or 28
and Figure 29 shows that the maximum in each acoustic loss

curve corresponds very closely to the anomalous modulus in-
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crease. The Néel tempefature for each of these alloys, ob-
tained from the modulus curves, is plotted in Figure 31. A
similar curve can be obtained from the acoustic loss.
Shimomura and Tsubokawa (213) observed that the tem—
perature of the anomaly in the specific heat of nickel oxide
-copper oxide alloys decreased with increasing copper con-
tent. Perakis (107), Bielanski (260), and Mehandjeev (121)
and coworkers have all investigated the magnetic suscepti-
bility of powdered lithium-nickel oxide alloys as a function
of temperature. The susceptibility curves all show a broad
maximum and, although there is a general decrease in Ndel
temperature with lithium content, the results indicate very
erratic behavior. On the other hand, Richardson and Mille-
gan (207) indicate a very large decrease of Néel temperature
with decreasing particle size for pure colloidal nickel
oxide. They attribute this behavior to a decrease in the
-number of spin-opposed nearest neighbors caused by the in-
fluence of increased amounts of excess oxygen as the sur-
face area is increased. Akiyamé and coworkers (261,262) re-
port a general decrease in Néel temperature with increased
lithium.content but give neither composition nor Ty for any
.0of the alloys; No other reports on the effect of impurity
additions on the Néel temperature could be found. |
The linear relation between Néel temperature and lith-

ium content observed on bulk material in this inVestigation
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can be explained'in terﬁs of a localized eleétron approach
to antiferromagnetism. Van Vleck (263)'has shown that the
Néel temperature, for antiferromagnetic compounds having a
sodium chloride type structure and spin alignment such as

that possessed by MnO or NiO (264), may be expressed as

Ty = .i;oaCM
where CM = Curie constant per gram-.mole = Nu?/3 k

H o= absolutg.yalue of the magnetic moment =
ng/ETE?ij' (reference 265)

g = Landé factor = 2 for pure spin magnetic moments
(reference 265)

S = Spin angular momentum (in Bohr Magnetons) = 1
{reference 265)

Mg = Bohr Magneton = 9.2733x10-21 ergs/gauss.

The proportionality factor, a, is given by

_ _2[ZI[ApX]
Nu}gz-
B
where Z = number of nearest neighbors with opposite spin
AEX = "Exchange Integral."

2

. . .+2 . . .
For pure nickel oxide, each Ni ion has six nearest neigh-

bors of like spin and six of opposite spin so that Z = 6.
If one of these thirteen Ni*? ions is replaced by a Li+1,~a
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2 3

+2 . T .+3 . . ;
second Ni ion changes valence to Ni in order to maintain

charge neutrality and, then Z = 5. For this situation the

lithium content would be (1/13) x 100 = 7.7%, or

AZ _ 6-5
N - = —0013
AC%LA) 0-7.7

If a divalent element such as Mg were addéd the change of
nearest neighbors would be only one-half of that for lithium
since no Ni+3 would be produced. Thus if Z is a simple mon-
otonic function of impurity concentration (as should be the
case for a random solid solution) and if the magnitude of
the "exchange integral" is constant (as should be the case
for a localized electron model), the Néel temperature should
be a simple decreasing linear function of impurity content.
Using the values given above, Cy for nickel oxide is
found to be equal to 1, and if Z = 6 and the Néel temperature
of nickel oxide‘is set at 523°K then the "exchange integral"

is found to be

(A_ )Y . = ~3.6x10" 1" ergs.
EX NioO

This agrees fairly well with a theoretically derived value
of 1.17x10 1% ergs given by Nesbet (266). If the experi-
mentally determined value of CM = 3.1 obtained by Perakis
(50) is used, then the value of the "éxchange integral"
would be -1.16x10" 1" ergs. Although the agreement is excel-

lent; it may be somewhat fortuitous because of the simple
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cubic lattice used by Nesbet. If

7 = 7 + 9L —BZ -6 -0.13 (3Li)

NiO ACSLA)

then for a 10% lithium alloy Z = 4.7,

-(Z) (Apy)
Ty - T TEXT ¢ - yogoxk
N THEORETICAL 2Np2g2
B
or ATy/A(SLI) = §§§§%93 = -11.4°K/(%Li). This com-

pares very well with the observed value of -9.1°K/(% Li) ob-
tained from Figure 31. A similar calculation for Mg addi-

tions would give
ATN/a (3Mg) = -5.7°K/(%Mg).

If the localized approach is correct then the total
change in Néel temperature should just be the arithmetic sum
of all the AT's from each impurity addition. This may be

expressed, for lithium and magnesium additions, as

AT = A -+ AT

AR IS D N(Mg) *
The experimental value of the Néel temperature of the ter-’

’ - . o & d
nary alloy LlO.OlMg0.115N10-8750 was 461°K (Figure 30), while
the contribution to the Néel temperature decrease caused by
a one per cent lithium addition should have been 9.1°K. The

decrease of Ty attributable to the magnesium addition is

then

e



. - . = - - = °
ATN(Mg) AT ATN(Ll) (523-u461) 9.1 52.9°K

-

or ATN/A(%Mg) = -U.6°K/(%Mg). Again the agreement be-

tween this value and the theoretical value of -5.7°K/(%Mg)
seems good. It might also be noced that the value of the
experimentally observed ATN/A(%Li) is almost exactly twice
that of the value of ATN/A(%Mg) as was predicted by the
1oca1iz¢d model.

‘The resistivity of each of the lithium-nickel ox-
ide alloys as a function of temperature is given in Figure
32. The break in each curve shifts to lower temperatures
with increasing lithium content, and the magnitude of the
shift from pure nickel oxide to the 8.23 atomic per cent
lithium alloy corresponds to the Néel temperature change
shown in Figure 31. The slope of each curve (the activa-
tion energy) is lower in the high temperature region, and
the slope in the low temperature region decreases with in-
creasing lithium content. All of these trends are in quali-
tative agreement with the electron-acoustic phonon interac-
tion proposed by Toyozawa(ll,12)and the measurements made on
lithium doped single crystals by Koide(122).The pure nickel
oxide specimen shows an additional break at approximately
100°C. Similar results have recently been observed in

nickel oxide single crystals and have been attributed to
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ionization éf localized acceptor impurity levels and inter-
acceptor "hopping" (267), crystal distortion (258), thermally
activated impurity tunnelling (268) and to normal band-type
acceptor ionization (269). A schematic resume of the ex-
perimentally observed behavior of the resistivity of pure
nickel oxide as a function df temperature is shown in Fig-
ure 33,

Resistivity measurements alone are not conclusive
or even sufficient criteria upon which to base a conduction
mechanism. However, the interpretation of the linear de-
crease in Néel temperature with increasing lithium in terms
of localized-electron magnetic theory, and the interpreta-
tion of the inter-relation between the elastic modulus and
the conduction activation energy in terms of an acoustic
coupling effect both give support to some type of "hopping"
mechanism.- Experimental investigations on the optical
properties of nickel oxide yield similar conclusions.
Morin (157) found the spectral response of the Nl'r2 ion in
the isolated,octahedrally bound, Nl(H20)5 hydrated complex
to be the same as in NiOj; other investigatorsA(27O—272)

found identical response for Nit2

in MgO and Ni*2? in NioO.
Photoelectric emission and optical reflectance work (273)
show the various band models not to be applicable to the

outer electron shells of nickel oxide. Finally, recent

work (274%4) with the infra-red optical absorption spectra ard

-76~



high-frequency conauctivity of lithium doped nickel ox-
ide single crystals has been interpreted in terms of
the small polaron theory of Bogomolov and coworkers(275-
276). One of the major difficulties with the descrip-
tion of localizgd—electron transport properties in
terms of optical mode ("polaron") interactions still
appears to be the explanation of abrupt changes in con-
duction properties acfoss critical points (such as the
. Néel temperature).

To summarize the results and discussion presented
in this section, it has been found that

(1) the low temperature value of Young's modulus in-
creases with increasing lithium content and the tem-
perature of the modulus anomaly decreases in a sim-
ilar manner.

(2) The temperature of the modulus anomaly is equivalent
to the Néel temperature for each of the alloys, and
the linear decrease in Neel temperature with lith-
ium content was interpreted in terms of Van Vlecks'(263)
localized-electron theory of antiferromagnetism.

(3) Resistivity measurements made on well characterized
- pressure-sintered polycrystalline lithium-nickel
.oxide alloys agree with the reported results on
31ngle crystal material. These include a break at
the Néel temperature, a lower activation energy at
higher temperatures than at lower temperatures, and
a decrease in the low temperature activation energy

with .increasing lithium content.

(&) The combined trends in the modulus and resistivity
as a function of temperature and impurity level
were interpreted in terms of Toyozawa's electron-
acoustic mode interaction model which predicts an
inverse relation between the elastic modulus and
the energy difference between the self-trapped and
activated electron states.
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(5) Alfhough more direct techniques such as resistivity,
Hall effect and thermoelectric power measurements
have not yet provided clarification of the conduc-
tion mechanism (primarily because of the unavail-
ability of adequately prepared and well charac-
terized materials) optical studies have provided
_strong indirect evidence for a localized model.

The success of a quantitatively correct localized
electron model appears to depend on the development of a
theoretical approach which would simultaneously account for
both optical mode and acoustic mode interactions. Close
kinship between the theoretical work and the careful prepa-
ration and characterization of materials is equally needed

in order to realize critical interpretation of observed

behavior.
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1.

CONCLUSTIONS

Pure nickel oxide tends very close to stoichiometric

proportions, Deviations from stoichicmetry are predom-
inantly caused by the impurity-affected surface proper-
ties of the material. The composition of 99.999% pure

nickel oxide used in this investigation was found to be
Ni03 000003£0.0003%"

The qualitatively observed shift in the Ni/NiO phase
boundary with 1lithium doping additions was explained in
terms of a sharp decrease in the Fermi energy level. In
turn, this shift causes a very sharp drop in the chem-
ical potential of Ni in NiO, decreases the activity pre-
cipitously, and rapidly widens the stable phase field of

NiO.

The concentrations of Li*l and Ni*3 are equal in pure

single phase Ni'{z2 Li*1Ni%30. The iodometric titration
-2x x X

results indicate the absence of any detectable metallic

Anickel in the oxides used for this investigation, and

show no detectable lithium loss during pressure sinter-
ing. The discrepancy between these findings and those
previously reported in the literature indicates previous

difficulty in the careful preparation and characteriza-
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tion of these materials.

The sintering behavior of lithium substituted nickel ox-

ide (change in particle texture and shape, increased re-
1ative density, increased grain size and change of
fractufe mode) was interpreted in terms of enhanced oxy-
gen diffusion caused by either a decrease in the chemi-
sorptive surface properties or by an increase in the

"mobility" of a coupled anion vacancy-electron hole

complex.

Electron microprobe results on both pure and doped
nickel oxide specimens indicate that significant grain
boundary conduction effects are absent in the samples

used in this investigation.

The measurement of Young's modulus as a function of tem-

perature for the lithium-nickel oxide alloy system was

- found to be a very sensitive method for the determination

of the variation of the Néel temperature with composi-
tion. For the lithium-nickel oxide system this varia-
tion was explained in terms of a simple localized-elec-

tron approach tc magnetic properties.
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7. For each of the polycrystalline alloys, the trends in
the variation of resistivity as a function of temperature
agree with previously reported work on single crystal
material. These trends, in cdmbination with the modulus
results, were interpreted in terms of a localized elec-

tron-acoustic mode interaction. .
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Appendix I

Procedure for Determindation of Ni+3

1. Set up the apparatus as shown in Figure 3.

2. Coat all joints with Dow Corning Silicone Lubricant
Stopcock Grease.

3. Before coating the joints of the reaction flask a),
weigh out sample directly into the flask.

b. Pipette 10 ml of conc. HCL into pressure equalizing
funnel (B)

5. Pipette 50 ml of 20 weight per cent KI solution (%) into
flask #1 and 25 ml into flask #2.

6. Cool both KI flasks in ice baths.

7. All joints are positively sealed with commercial spring
clips.

8. Open all stopcocks, except stopcocks (C) and (D), and
" slowly pass dry CO0, through the apparatus for 5 minutes
to purge system of air (rapid flow will blow sample

powder out of reaction flask).

9. Close stopcock (E), open stopcock (C) and allow 2.5 ml
HCLl to enter reaction flask. Close stopcocks (C) and
(F). ‘

10. Open stopcock (D) and allow C0, to bubble through
reaction flask. :

11l. Heat reaction flask with boiling water until the sample
dissolves. The solution will be dark green 1in color and
should show no residue at the bottom of the reaction
flask. 1If dissolution is incomplete, repeat steps 9
through 11.

(*). Potassium Iodide, Baker Lot 31640, Reagent Grade.
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12. Remove boiling water. from reaction flask and heat with
a direct, but gentle, flame until the sample has been
evaporated to dryness.

13. Heat glass ware between reaction flask and flask #1 to
dryness.

14, Bubble CO2 through- apparatus for 5 minutes and then
close stofecock (G).

15. Remove flasks #1 and #2. Test flask #2 with 2.5 ml
starch solution (**). If there is a color change save
the solution as it will be added to flask #1 later.

16. Wash gas diffusion tubes into their respective flasks
to insure no loss of iodine.

17. The jodine in flask #1 is then titrated with 0.01N

Na28203 until the solution is pale yellow. Add 5 ml of

starch solution. (If flask #2 indicated the presence
of a color change it should now be added to the con-
- tents of flask #1). The solution should be dark blue.

18. Slowly add Na,S,05 until the end point (blue to clear)
is reached.

19. The weight percent Ni*3 is calculated from the following
~equation: .
' f - 58.71)

weight %Nit3 x 100

_sample wt

'20. The atomic per cent Ni*3 is calculated from the follow-
ing equation: .

weight anit3

atomic #Ni*3 - , A _-> °8.71 x 100
weight $Ni*3 + [100-weisht %Nit3]
58.71 | TH.71

(#%) 2 grams Baker's Soluble Starch Powder in 1 liter dis-
tilled and deionized water.
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Appendix 2
"Pulse Transmission" and "Resonant Sphere"

Elastic Modulus Measurementé

The accurate determination of dynamic elastic moduli
bn small samples (less than one inch in length) has been
found to be of utmost importance for the research and develop-
ment of new materials. Standard measurement techniques,
such as the Forster resonance (213) and the sonic "pulse-
echo" (220) methods, have not been found to be directly ap-
plicable to small specimen measurements. The Forster method
consists of resonating a "free" bar with frequencies in the
audible acoustic range and thus requires a long sample
(eéuivalent to the long wavelength). The "pulse-echo" tech-
nique depends on a direct measurement of the transit time of
a mechanical wave through the specimen and is therefore not

~accurate for short specimens (Qery short transit times).
MecSkimin has proposed two modifications of tﬁe basic sonic
methbd, the "Phase Comparison" (221) and "Pulse Superposi-
tion" (222) techniqﬁe, in order to provide more accurate
transit time measurements. The phase. comparison technique

_measures the difference in transit time between two pulses

which have traveled different numbers of round-trips along a

specimen. The pulse superposition technique consists
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of the superposition of two different waves of similar con-
stant frequency but with a slight phase shift. A "beat"
_frequency is produced, and the transit time of this beat may
be related to the velocity of sound in the sample. Further
-advéncement was made with the development of the "pulse
transmission”™ or "Time of Flight" technique by Birch (223)
and the elimination of major instrumentation errors for the
same technique by Mattaboni and Schreiber (224).

The pulse transmission method (Figure 19) consists of
displaying both a variable "timing frequency" and the initial
test pulse, or alternately the final specimen signal, on the
same oscilloscope. The variable timing frequency is adjust-
ed (both in frequency and pulse shape) until the time delay
between the initial test pulse and the specimen response
signal is equal to an integral number of cycles (N) of tim-
.ing frequency. The time between peaks on the timing fre-

guency display is just % and the specimen transit time is

The velocity of sound in a sample of length, 1,, is

).

= | +h

8 = L/t = L(

In practice, the driver and pickup transducers attached to
the specimen may be either x-cut quartz discs for the measure-

ment of the longitudinal wave velocity (01), or Y-cut quartz
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discs for the measurement of the shear wave velocity (08).
" The shear modulus (G), Young's modulus (E), bulk modulus

(K) and Poisscon's ratio (o) are given as:

G = p 92

s
E = 2p0; (1 + o)
o 2 _ B
K p(v?l 308)

. 5 2 2
ga=11 - % 'S 1 - il s Where
Js I

p = épecimen density

The previous sonic methods suffer, to some degree, from
inherent inaccuracies in measuring short transit times, from
large end effects caused by specimen geometry, and trans-
ducer coupling effects relative to the specimen size. All
of these difficulties were eliminated through the develop-
ment of the "fesonant sphere technique" by Fraser and LeCraw
(225). The method consists of placing a small sphere of the
sample on a single shear wave transducer as in Fraser and
LeCraw's original technique, 6r between two transducers, as
in Soga and Anderson's (226) modified method, and of moni-
toring the resonant frequencies of the sphere.

The major experimental error in.this technique is the
producfion of specimens of good sphericity and the measure-

ment of the specimen diameter. Pneumatic sphere grinding
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equipment t227) as shown in Figure 20 is used to grind a
spherical shape from that of a cube by random tangential
abrasion of the cube against the inner wall of the alumina
contaiher. A highly polished surface is then obtained by
lapping the sphere with successively finer silicon carbide
powder and then Linde "B" alumina with counter-rotating lap-
ping pipes (228) as shown in Figure 21.

A schematic representation of the resonant sphere
method is shown in Figure 22. The variable frequency signal
that excites the specimen is continuously switched on and
off by the solid state switch and is monitored on the scope.
When the generated frequency causes the sphere to resonate,
%he sphere continues to vibrate after the signal is switched
off and a decay pattern is observed. An RC decay generator
with variable capacitance and resistance is used to match
the decay pattern, and the "Q" for the circuit (acoustic loss)

may be calculated (227) from
Q = 2nft = 2wf(R-C).

The modes of vibration bf the sphere are either spherical or
shear (Figure 23) waves and only the spherical modes are de-
pendent'on Poisson's ratio. Fraser and LeCraw (225) have
shown that an arbitrary experimental resonant frequency, f,
for a sphere of diameter, d, may be rélated to the resonant

frequency of a given specific mode, fj, by a non-dimensional
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normalized or "reduced frequency", f , which is not a func-
r

tion of specimen diameter, according to the relation:

: Qhere A = mode constant for the nth mode of free-oscillation
n of a homogeneous elastic sphere.

The constants, Apns have been determined and tabulated by

Sato and Usami (229), and a plot (Figure 2u4) of. reduced fre-

quency versus Poisson's ratio,‘c, for each vibrational mode

has been given by Fraser and LeCraw (225).

In practice, one of the lower frequency, high inten-
sity modes oﬁt of the experimental resonant frequency spec-
trum is arbitrarily chosen, identified as a specific pure
shear mode (therefore not dependent on Poisson's ratio), and
-a series of reduced frequencies are calculated. A match
between the experimental reduced frequencies and the plot of
Fraser and LeCraw (225) provides a solution for Poisson's
ratio (because the spherical modes are single valued func-
tions of Poisson's ratio); at the same time, each of the
vibrational modes is identified. The process may be sim-
plified if the approximate value of Poisson's ratio has been
previbusly détermined (as by the "Pulse Transmission" method),
If the initial identification of thé first pure shear mode
Was‘incorrect, the entire process is repeated until a match

is found.
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The shear velocity may be caluclated (226) for each of

‘the pure shear modes from the relation:

= Wdfn

v
shear
An

The shear velocity and the value of Poisson's ratio are then

used to calculate the remaining elastic moduli.
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Appendix 3

The Composite Oscillator

The fundamental frequency of free longitudinal vibra-
tion of a bar has been found (233) to be related to Young's

modulus according to the equation

E = pf2(uL%+2nw20%r?) ~ 4pf?L2 Eq (A3.1)
where p = specimen density
f = frequency of free vibration
L = length

¢ = Poisson's ratio

r = radius
If the radius is small compared to the length of the bar,
and since o < 0.5, the last term may hormally be ignored. If
a piezoelectric quartz crystal is attached to a rod of given
dimensions and if a sinusoidaliy varying potential difference
is applied'across the electrode surfaces of the.crystal, a.
stable state of forced vibration is eétablished for the com-
posite system. When the applied fre@uehcy is equal to the
free vibrational frequency of the composite system, a
"pesonant" condition is established and the ampiitude of the
output is at a maximum. If the resonant frequency of the

composite can be related to that of the isolated bar,
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then the modulus of the-bar could be calculated from the
above equation. Zacharias (234) first ﬁsed this method to
measure Young's modulus at elevated temperature for thin
nickel rods. Fine (235) explained that for materials with
high internal friction the capacitance of the crystal dis-
torts the output and the system must be balanced by the use
of a second(or '"gauge") crystal. If the crystals and speci-
mens are frequency matched then, at resonance, each section
is one-half wave length long, the frequency nodes appear at
the center of each section, and the stress nodes occur at
the cemented joints.

The rélation between the resonant frequency of a
threé part composite oscillator and the natural frequency of
each of the components was first given by Rose (236) and

then by Cooke (237) as

nqﬁan Yih mzﬁaﬁ yirm3ﬁan Yﬂ mimsy3

yi J l_yz _l L y3 JYlYZmS

{tan y; tan y, tan yg}= 0

1

where m. = mass of each section

i ﬂ{_f_ﬁ}
i 3

resonant frequency of the composite

<
1

Hh
"

£

i resonant frequency of each section.

If the quartz crystals are matched such that my = M, = m,,

-
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Y1 5 ¥y = Vg and mg = m_, ygu = Vg the? this equation may

be rewritten in the form

- —
fy £ m2f2 , T
(2mc)fctanﬂf— tm £ tanm X| 1-|_C¢ ¢} tan®w X |= 0 Eq(A3.2)
C fS m2f2 fc
s s
~ -

In theory, it is possible to measure the resonant frequency
of the crystals alone, and then of the composite, and use
equation (A3.2) to calculate the resonant frequency (f ) of
the sample. 1In practice, the crystals and specimen may be
roughly matched such that fxasfczsfs and the tan?® term may

then be ignored. This results in a simplified expression,

£ f
M f tanm—= + m_f tanm.X = 0 Eq(A3.3)
Cc cC £ S 8 f
c X
where M, = 2mc = combined crystal mass.

The tangent terms may be manipulated (238) such that

- ' £ ‘
tanﬂfﬁ = tan [ﬂ + ﬂgf§ - 1%] = tanﬂ[iﬁ =1
i 1 i
since
tan(a+8) = (tan o + tanp)/(1l - tan atanB).
} £ SV I
If f =~f., then X = 1, >~ - 1| is small, and
x~ i f- i
i
£y f (£ . . .
tan 7.2 = tan 7 | X - 1| = w|_X - 1] . Thus if the crystals
f1 i fi

are closely matched, equation (A3.3) simplifies into the
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linear relation,
£ = f e (F. - £). | | Eq(A3.L).
S X mg X c
The assumptions inherént in the composite oscillator
.method may be summarized as,
(1) intermal friction for each of the components is small
(2) there is no Poisson's contraction or expansion as the
modulus changes (if o changes then L would change)
(3) there is no length change with temperature (thermal ex-
pansion is small)
(4) cement joints are elastic and strain free, and
(5) stress nodes are at or near the joints.
For this investigation, a CDC 6400 computer was used
to solve for the frequency of the specimen. Equation (A3.4)
provided an initial trial value for fS and thgn a Newton-

Raphson method was used to solve Equation (A3.2) or (A3.3) for

f . Young's modulus was then computed from Equation (A3.1)
and the modulus was plotted as a function of temperature on
a Calcomp Plotter. The final program design and a tabula-
tion of all of the pertinent data (with tan? term assumed
smallj are presented at the end of this appendix.

Marx (239) has shown that the acoustic loss for a

composite oscillator such as that described above can be ex-

pressed as
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- Vv
d = K{_Q}
Va

where Vy = input voltage to the driver crystal
VG = output voltage from the gauge crystal
K = constant depending on the equipment and the ma-

terial.

A relative measure of § can be obtained by assuming K = 1

and using the ratio of the input to output voltages.
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Table 1

IMPURITY CONCENTRATION OF STARTING MATERIALS

(parts per million)

Material NiO
Identification Johnson-
Matthey NiO NiO
Specpure Atomergic Baker Fisher
Grade 1 Sub-Micron Reagent LisCOg
\ Lot. No. Lot No. Lot. No. Fisher MgO Lot. No.
Impurity S6616 C1435 2796 "Electronic Gradé' 764296
Ag <1
Al <1 20 150 75
B 10 40 3
Ca <1 50 1000 150 100
Cl 50 27 180 285 30
Co 200 2000 10
Cr 10 10 5
Cu <1 150 200 3 1
F 140 110
Fe 10 200 100 100 200 85 10
K 100
Mg <1 30
Mn 70 2
N 50 100 2
Na 180 100 100
Ni - - - 5 10
P 7 130
Pb 50 10
S 100 50 50 510 1000
Si 3 300 300 1000 2400
Ti 50 10
Zn 5
Other, as 2000
Insolubles (in HC])
Approx. Particle 2-5 0.015 0.1 .05 .05 -
Size, Micron
Source of Analysis, 1 1 1 2 2 3 1
Note No.

Notes: 1. Supplier Analysis :

2. Jet Propulsion Lab. Tech. Rept. No. 32-736, M.H. Leipold, T. H. Nielsen

3. "Impurity Distribution in MgO" M.H. Leipold, J.Am. Cer. Soc. 49, 498 (1966)
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"Table 2

Survey of Stoichiometry Range Reported

Stoichiometry Range

NiO

1.05 (Max.)

Ni0y 925 (Max.)

Ni0) 6005-N107 ggs

NiO - Niol,OOG

NiO - N101.07

Ni0y 4o - N0, ,

Ni0y 5007~ Ni0y g196

Ni0; 6o09s

Ni0; ggo13z - NiO

Ni0 - Ni0y 49016

N0y 000 * 0.002

1.0224

For Pure Nickel Oxide

Nature of Sample

Year (and Reference)

Powder

Powder Calcined
from NiCO3

Oxidized Nickel
Foil

Porous Sintered
Specimen

Powder, 300 Atm.
Pressure

Powder, Calcined
Ni(N03)2

Powder, Calcined
Ni(NO3)2

"Commercialt
Nickel Oxide

Powder, Calcined
NiCO3 '

Thermal Dehydra-
tion Ni(OH)2

" "Spegpure™ Nickel
Oxide
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1931 (46)
1934 (47)
1934 (48)
1936 (49)
1940 (35)
1954 (36)
1962 (50)
1964 (51)
1965 (52)
1966 (53)
1968 (54)



Table 3

Calculated Values of [VNi) at 25°C and 1200°C

and P02 = 0.209 atm, (vacancies per ion pair)
Source | [VNi] at 25°C [VNi] a+ 1200°C
Mitoff (67) 3.6 X 10711 1.83 x 1074
Price (69, 70) 3.6 X 1071 1.83 x 1074
Eror (68) - 2.47 x 107%
4

Sockel, Schmalzried (71)

3.1 X 10”

Ormont (72) 2 X 10711 _ -

i Fryre
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Table 5

Periodic Table of the Elements Demonstrating
the Extent of Solubility and Compound Formation
in NiO—M‘(Oy Phase Systems.
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Table 6

Final Grain Size Range for Pressure Sintered

Lithium-Nickel Oxide Alloys

Atomic Percent Lithium Run No. Grain Size Range, microns
Pure NiO 16 1-2
Pure NiO 16, 15-20

airfired

.12 22 3-4
.49 27 10-15
.95 29 15-20
.95 31 15-20
1.96 25 40
4,97 26 | 35-50
6.84 ' 30 30-60
8.23 19 8-10
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Table 7

Experimental Values of néel Teﬁperature

for Nickel Oxide

Néel :
Temperature  Measurement Method

525 Dilatometric
525 Magnetic Susceptibility
604 . 1 1
623 1" 1
607 1 7"
647 ' 1 ) 17
647 7 1"
523 1" 1
523(640) " "
523 1" 1
523 Magnetic Torque
533 Magnetic Scattering
520 Mossbauer Effect
518 Specific Heat

. 523 1 1"
525 1 1
513 1t 1

- 507 Modulus
510 Modulus
524 Magnetostriction
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Author

Foex
Perakis
Perakis and

coworkers

Perakis and
coworkers

Foex and
coworkers

LaBlanchetais
Trombe
Richardson and
coworkers
Singer

Blasse

Kondoh and
coworkers

Roth

Bhide and

coworkers

Shimomura and
coworkers

Tomlinson and
coworkers

Xing and

coworkers

~ Maksimov

Reference
No.

(203)
(50)

(107)
(108)
(204)

(205)
(206)

(207)

(208)
(209)

(210)

(211)

(212)
(213)
(214)
(215)

(216)

Street and Lewis (202)

Belov and Levitin(217)

Belov and Levitin(218)
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Table 9

Compilation of Experimental Data and Elastic Moduli for Pure and Doped Nickel Oxide Using

Different Measurement Techniques

Sample Identity and Measurement Method

Specimen
Length, em
Specimen
Diameter, em

Matched timi-;l-g

frequency, cps
Integer frequency

number
Resonant fre-

quency, cps

Velocity,
cm/ sec

Shear modulus,

d/cm?

Youn%' 8 nodulus,

d/em
Bulk modulus,
d/cm?2

Poisson's ratio
9
Density, g/em

8.23% Li 8.23% Li
Pure NiG Alloy Alloy
Run 12 Pure NiO Pure NiO Run 19 Run 19
Pulse Trans- Run 12 Run 12 Pure NiO Pulse Trans- Pulse Trans- 8.23% Li
mission Pulse Trans-~ Resonant Run 12 mission mission Alloy Run 19
Longitudinal mission Sphere Composite Longitudinal Shear Composite
Wave Shear Wave Method Oscillation Wave Wave Oscillator
Measurement Measurement #) Method Measurement Measurement Method
0.6934 0.6934 - 1.90 0.6797 0.6797 1.898
- - 0.6549 - - - -
2,641,000 1,129, 789 - - 2,719,236 2, 595, 700 -
3 4 - - 3 6 -
- - - 98, 600(*) - - 121,019(**)
6.137x105(9)  1.959x109(%5)  2.231x10% - 6.161x105(9) 2. 94x105(9;) -
2,61 x 1011 3.38 x 1011 - 5.41 x 1011 -
7.50 x 1011 9.58 x 1011 9.56 x 1011 14.66 x 1011 13.23 x 1011
22.0 x 1011 19.0 x 1011 - 16.62 x 1011 -
0.443 0.416 - 0,35 -
6.801 6.801 6.801 6.269 6. 269

(*) Measurement was made using quartz crystals with an average frequency of 92, 550 cps, a total crystal mass of 6.34 grams,

and a specimen mass of 5.26 grams.

""Silastic" cement was used.

(**) Measurement was made using quartz crystals with an average frequency of 119, 250 cps, a total crystal mass of 4.84 grams,

and a specimen mass of 4. 68 grams.
(#) See Table 8 for Resonant Sphere Data Analysis.

"GA-60" cement was used.



Table 10. ' e

Experimental and Derived Values of Mean Sound Velocity and

Bulk Modulus for Pure Nickel Oxide at Room Temperature

" Source K» dyne/cm2 v-m, cm/sec
Sphere Resonance 19.0 x 10 2.55 X 10°
. . 11 5 oo
Pulse Transmission 22,0 X 10 2.2 X 10
4 cyoems 11 5
Compressibility Data 18.5 X 10 2,49 X 10
. . . 11 5
Szigeti Relation 20.2 X 10 2.59 X 10
' . 11 . 5
Debye Analysis 25.0 X 10 2.9 X 10
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Figure 1

Vacuum Pressure Sintering Furnace. The Water-

Cooled Base and the Induction Heating Coil can

be seen in the Foreground. A Similar System is
Shown Inside the Chamber, The 1% Inch Diameter
"T,Z.M." Plungers are Attached to the Upper and
Lower Rams. ‘
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Figure 2

Schematic Drawing of Pressure-Sintering Die
System. Graphite Susceptors Extend Over the

Entire Length of the Silica Liner for Uniform
Heating.
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Figure 3

Chemical Apparatus for the Dissolution of
Powdered Samples in Hydrochloric Acid for
the Todometric Titration Analysis of Nit3
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Figure 4

Schematic Representétion of the Composite
Oscillator Method for the Determination of
Young's Modulus.
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Figure 5

Schematic Representation of the Equipment
Used for the Four Point Resistivity
Measurements.
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Figure 6

Phase Diagram for the Ni-O System (After
Bogatskii (29) ).
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Figure 7

Standard Free Energy of Formation (Kilocalories
per Half Mole Oxygen) as a Function of Tempera-
ture. The Upper Shaded Area is the Stable Phase
Field for Pure NiO and the Cross-Hatched Area is
the Stable Phase Field for Pure Fe0.
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Figure 8

Lattice Parameter (in Terms of Unit Cell
Volume) as a Function of Mole Percent Lithium
in Nickel Oxide.
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Figure 9

A P-T Diagram Showing Published Data on the
Ni/Ni0 Phase Boundary. The Vertical Line
Between the Two Open Circles Represents the
Ambient Pressure Range During Sintering in the
Present Investigation..
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Figure 10

Relative Density as a Function of Atomic
Percent Lithium for Specimens Pressure-Sintered
at 1100°C for 90 Minutes., The Pure Nickel Oxide
Sample was Fired at 1350°C for 24 Hours After
Vacuum Pressure-Sintering.
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Figure 11

Electron Photomicrographs of Representative
Pure- and Alloy-Starting Powders.
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A, STARTING POWDER. PURE NICKEL OXIDE,
2300X. ONE INCH BQUALS 11u.

B. STARTING ALLOY POWDER. 0,12 ATOMIC PERCENT
LITHIUM ALLOY. 2357X. ONE INCH BEQUALS 10u.
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C. STARTING ALLOY PCWDER.1.96 ATOMIC PERCENT LITHIUM
ALLOY. 2357X. ONE INCH EQUALS 104.

D. STARTING ALLOY POWDER. 8.23 ATOMIC PERCENT LITHIUM
ALLOY. 2357X. ONE INCH EQUALS 10u.



Figure 12

Carbon-Chrome Electron Microscope Replicas
of Representative Pure and Alloy Pressure-
Sintered Samples,
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A. CARBON-CHROME REPLICA OF PURE NICKEL OXIDE
AFTER 1350°C AIR FIRE, 5100X. ONE INCH EQUALS 5.5u.

B. CARBON-CHROME REPLICA OF 0.12 ATOMIC PERCENT
LITHTUM ALLOY. 3674X. ONE INCH EQUALS 7.1u.
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C. CARBON-CHROME REPLICA OF 1,96 ATOMIC PERCENT
LITHIUM ALLOY. 2839 X. ONE INCH BEQUALS 10u.

D. CARBON-CHROME REPLICA OF 8.23 ATOMIC PERCENT
LITHIUM ALLOY. 2839 X. ONE INCH EQUALS 10u.
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Figure 13

Photomicrographs Showing Microprobe Trace (A)
Before Etching and Same Area (B) After Etching
or Pure Nickel Oxide Specimen. These Photo-
graphs are the Mirror Image of the Microprobe
Scans Shown in Figures 14, 15 and 16. The Pore
at the Right-Center Position in Each Photograph
(Left-Center Position in Each Probe Scan) may
be Used as a Reference.
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PHOTOMICROGRAPHS OF PURE NICKEL OXIDE SPECIMEN., 1000X.

A, SHOWING TRACE FROM MICROPROBE SCAN BEFORE ETCHING.

B. SAME AREA ETCHED FOR 10 MINUTES IN BOILING CONCENTRATED
HC1l. NOTE POSITION OF GRAIN BOUNDARIES.
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Figure 14

Electron Microprobe Specimen Current Image (&)
and Line Scan (B) for Pure Nickel Oxide.
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SPECIMEN CURRENT IMAGE (A) AND LINE SCAN (B) AT
1000X, PURE NICKEL OXIDE. PEAK HEIGHT IS 0.0004uAMPS,
ABOVE BASE LINE, BASE LINE CURRENT IS 0,01 QAMPS,
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Figure 15

Electron Microprobe Secondary Electron Image (n)
and Line Scan (B) for Pure Nickel Oxide.
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SECONDARY ELECTRON IMAGE (A) AND LINE SCAN (B) AT
1000X. PURE NICKEL OXIDE.
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Figure 16

Electron Microprobe Back Scattered Electron

Image (A) and Line Scan (B) for Pure Nickel

Oxide. The Line Scan (B) is Flipped 180° on
the Horizontal Axis so That the Trace at the
Pore Conforms With Figures 14 and 15.
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BACK SCATTERED ELECTRON IMAGE (A) AND LINE
SCAN (B) AT 1000X. PURE NICKEL OXIDE.
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Figure 17

Electron Microprobe Specimen Current Image (A)
and Line Scan (B) for 8.23 Atomic Percent Lithium
Alloy.
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B

SPECIMEN CURRENT IMAGE (A) AT 1000X AND LINE SCAN (B)
AT 2000X, 8.23 ATOMIC PERCENT LITHIUM ALLOY. PORE
PEAK HEIGHT IS 0.0017 & AMPS. BELOW BASE LINE. BASE
LINE CURRENT IS 0.,0112 p AMPS. R—
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Figure 18

Ni-Xo Scan for 8.23 Atomic Percent Lithium-
Nickel Oxide Alloy (A) and Mg-XKa Scan for 5
Atomic Percent Lithium-Magnesium Oxide Alloy (B).
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{

B

A, Ni-Koo SCAN FOR 8.23 ATOMIC PERCENT LITHIUM-
NICKEL OXIDE ALLOY. 1000X. (PRESENT STUDY).

B. Mg-Kx SCAN FOR 5 ATOMIC PERCENT LITHIUM-
MAGNESIUM OXIDE ALLOY. (AFTER BICKELHAUPT).
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Figure 19

Schematic Representation of the Pulse Transmission
Method for Modulus Measurements
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Figure 20

Schematic Representation of the Pneumatic
Sphere Grinder,
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Figure 21

Schematic Representation of the Contra-Rotating
Sphere Lapping and Polishing System.
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Figure 22

Schematic Representation of the Sphere
Resonance Method for Modulus Measurements,
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Figure 23

Schematic Representation of the First Three
Shear Vibration Modes of a Sphere.
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Figure 24

Normalized Resonant Sphere Frequency, f_,
Versus Poison's Ratio. Note That Only

the Spherical Modes, .S., are a Function
of Poisson's Ratio. The Data for Pure
Nickel Oxide are Shown and a Best Fit is
Found at ¢ = 0.416.
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Figure 25

Young's Modulus as a Function of Temperature
for the Same Pure Nickel Oxide Specimen Using
Two Different Sets of Matched Crystals. Open
Circles are 92.5 XC Measurements, Closed
Circles are 118,5 KC Measurements.
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Figure 26

Young's Modulus as a Function of Temperature
for Pure Nickel Oxide Measured with 118.5 XC
Crystals. Open Circles,are Values Obtained

" From Equation A3,2 (tan~ Term Variable) and
Closed Circies,are Values Obtained From Equa-
tion A3.3 (tan”® =0). '
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Figure 27

Young's Modulus as a Function of Temperature
for Each of the Lithium-Nickel Oxide Alloys
Investigated, Each Curve is Identified by
the Lithium Content (Atomic Percent) of the
Sample, Measurements Taken With 118.5 KC
Crystals (Increasing Temperature).
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Figure 28

Yaung's Modulus as a Function of Temperature
for Each of the Lithium-Nickel Oxide Alloys
Investigated. Each Curve is Identified by
the Lithium Content (Atomic Percent) of the
Sample., Measurements Taken With 118.,5 KC
Crystals (Decreasing Temperature).
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'Figure 29

Relative Acoustic Loss as a Functioir of Tempera-
ture for Each of the Lithium-Nickel Oxide Alloys
Investigated. Each Curve is Identified by the
Lithium Content (Atomic Percent) of the Sample.
Measurements Taken With 118.5 XC Crystals (In-
creasing Temperature). The Flat Response of the
1.96, 6.84 and 8.23 Atomic Percent Lithium
Alloys is Caused by the Peak Amplitgde at
Resonance Going to Zero Above the Neel Tempera-
ture.
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Figure 30

Young's Modulus as a Function of Temperature
for a 1 Percent Lithium-11.5 Percent Magnesium-
Nickel Oxide Alloy. Measurements Taken With
118.5 KC Crystals. Open Circles are Data Taken
With Increasing Temperature, Closed Circles are
Data Taken With Decreasing Temperature.
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Figure 31

Néel Temperature as a Function of Atomic
Percent Lithium as Determined From the
Maximum Slope of the Modulus Versus Tempera-
ture Curve of Figure 27. The Line was
Determined by Least-Squares Analysis.
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Figure 32

Resistivity as a Function of Temperature for
Each of the Lithium-Nickel Oxide Alloys
Investigated. Each set of Points is Identified
by the Lithium Content (Atomic Percent) of the
Sample. Closed Symbols are Data Taken With
Increasing Temperature, Open Symbols are Data
Taken With Decreasing Temperature.
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Figure 33

General Form of the Resistivity Versus Tempera-
ture for Nickel Oxide.
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