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ABSTRACT

This research program was designed to develop melt-grown
oxide-metal composite structures for high field electron emis-
sion testing. To meet these objectives the research program
was divided into five areas: 1) Solidification Behavior of
Oxide-Metal Mixtures, 2) The Formation of Optimum Emitting
Arrays, 3) Oxide-Metal Composite Properties, 4) Experimental
Emission Measurements, 5) Theoretical Analysis of Electron
Emitting Arrays. A variety of refractory oxide-metal mixtures
(i.e. UGE-W, stabilized Zrdé and HfOp-W, U0%5-Ta, and the rare
earth oxides of Gd,03, ngeé and LaQO%—Mo and W) have been
successfully induction melted and uniairectionally ;olidified
to form aligned metallic fibers emb:dded in the oxide matrix.
Composite structures containing betweer. 5 and 70 x 106 fibers
per cm2 were obtained. 'Metal solubility in the molten oxides,
control of the oxide stoichiometry and metal volatility were
shown to be significant parameters contrblling the successful
composite growth in these systems. Chemical etching and
annealing treatments were employed to form a variety of emitter
geometries. Various materials were tested as brazes for use
with the composite materials and pure Cu appeared to adequately
wet both the oxide matrix and metal fibers, and provided good

electrical contact between the emitter and cathode support

structure. Emission measurements were performed with a variety
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of unusual emitter geometries, including metallic coated
samples and structures designed to operate at low voltages
(< 100V). Several emitter samples have produced curront
densities above 500 ma/cmg. Long-term testing has extended
to over 1000 hours for samples operating at a few ma/cm2.
Analysis of post-emission damage and emission performance

were used to assess the probable failure mechanism limiting

the currenq density and life of the cxide-metal cathode

structures. The theoretical analysis of emission employed

a single-pin model with corrections introduced to account
for the electric-flux-sharing produced when a multi-pin
array is involved. Results from tchis model qualitatively
predict the effects of pin density, pin height and pin

radius on the electron emission.




SECTION I
INTRODUCTION

This is the sixth and Final Report describing research
performed on the "Melt-Grown Oxide-Metal Composites" Project,
ARPA Order Number 1637, and also the Annual Technical Report
for Contract DAAHOl-T71-C-1046, covering the report period 10
June 1971 through 31 December 1973. The information contained
in this Report will emphasize work accomplished since the Semi-
Annual Reportl, although some of the earlier information will
be repeated to provide informational continuity. The Summary
Sectlon (Section VII) of this Report reviews the significant
accomplishments of the entire oxide-metal composite research
program, lasting three and one half years.

Previous reportsg’u contained a description of the
modified internal floating zone technique employed during

the growth of the oxide-metal composites. These materials

typically contain many millions of less than 1 um diameter

metallic fibers per cm2 uniformly embedded in an oxide

(insulating or semi-conducting) matrix. A brief description
of the growth technique will be included again, as it provides
valuable background information for interpreting the various
sections of this Report. In addition, it was the availability
of the induction melted internal zone technique which made

the growth of the refractory oxide-metal composite structures

possible. The major research objectives in the different




project areas are also outlined in this section.

A modified floating-zone technique was used to grow
oxide-metal composites. In this technique pressed rods
of the oxide-metal mixture were sintered inside rf heated
molybderm tubes in an inert atmosphere to densify and
preheat tre material. A schematic diagram of the growth
facility is shown in Figure I-1. After the initial heating,
which also served to increase the electrical conductivity
of the oxides, the molybdenum tube heaters was separated
to expose approximately 2 cm of the rod to an rf field
normally between 3 to 5 megahertz (Mhz). Often only a
single Mo preheater was used, and in this configuration
the Mo tube was simply lowered out of the coil to expose
the sample to the rf field. The concurrent increase of
temperature, electrical conductivity and resistance
heating continued until the interior of the rod melted at
temperatures up to 3000°C. The high radiant heat loss from
the surface and the inherent low thermal conductivity of
the oxides maintained the skin of the rod well below the
eutectic temperature of the mixture. The solid skin acted
as a crucible to contain the molten zone. Composite growth
was obtained by moving the molten zone up through the rod.
In practice a cavity was generated in the molten zone
because of the difference in density between the initial
polycrystalline rod and solidified composite. During growth
the oxide and metal melted from the roof of this cavity and

solidified at the base.
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The primary technical objective of this study was
to understand the growth processes leading to coupled
growth and ordered microstructures during the controlled
solidification of refractory oxide-metal mixtures, and to

successfully produce useable samples of these composites

and evaluate their potential for electronic applications,
with the major emphasis on high field electron emission.

The research program was divided into five areas, and the
objectives of these project areas and recent work in each

area is briefly outlined below.
A. SOLIDIFICATION BEHAVIOR OF OXIDE-METAL MIXTURES

A study of the chemical, thermal, electrical and
mechanical variables active during the solidification of
numerous oxide-metal mixtures was employed to interpret
and understand the parameters that control the successful
growth of oxide-metal composites. Various techniques
including doping, higher sample densification and higher

preheat temperatures were used to ‘ncrease the number of

oxide-metal mixtures that could be internally melted by
induction heating. Of fundamental importance were the
factors which impart and control the metal solubility in
the molten oxides. Oxides which possess variable stoichi-
ometry appeared to dissolve the refractory metals more

effectively than the compounds of fixed stoichiometry.




B. FORMATION OF OFTIMUM EMITTING ARRAVS

Selective chemical etching to €xpose, shape and remove

the metallic Pins from the oxide-metal Ccomposites were used
to obtain structures of interest for electron emission
testing. The development of gequential chemical etching
and annealing treatments were employed to achieve a range
of hemispherical pin tips sizes for Uo

2-w and Ce02 doped
Gd203-Mo samples,

C. OXIDE-METAL COMPOSITE PROPERTIES

Work in this area was designed to explore the properties

Of these materials which are unique and botentially useful for
applications. Emphasis was placed on electrical conductivity
and the development of suitable brazing materials and procedures

for use with the composite samples. Both front and back surface

metallic coatings were also employed to achieve good electrical

contact with the individual fibers.
D. EXPERIMENTAL EMISSION MEASUREMENTS

The electron emission performance of oxide-metal

composites was evaluated as a function of pin array geometry

and such electrical variables as fielg strength and inter-

electrode spacing with the objective of obtaining the largest

current density possible, Emission measurements were conducted

under carefully controlleqg conditions so that the onset of




physical damage to the emitter structure could be determined.

A variety of unusual emitter geometries, including metallic
coated samples and structures designed to operate at low
voltages (< 100V), were tested. Several emitter samples

have produced current densities above 0.5 A/cme. Long term
testing has extended to over 1000 hours for samples operating
at a few ma/cme. Analysis of post-emission damage and emission
performance were used to assess the probable failure mechanism

limiting the current density and life of the oxide-metal cathode

structures.

E. THEORETICAL ANALVSIS OF ELECTRON EMITTING ARRAY

Initial theoretical efforts produced an approximate
analytical solution for the electron emission valid in the

neighborhood of the pin tips. Since the pin shape and

periodic geometry precluded an exact solution, the analytical
work was later supplemented by a numerical solution. The

numerical methods, which could be made arbitrarily accurate, ‘
produced very good results for a single pin or arrays of

several pins. However, capabilities of available computing

facilities made many-pin solutions very difficult.

The latest study embodied a single-pin model with corrections
introduced to account for the electric-flux-sharing produced when
a multi-pin array is involved. Results from this model, and
presented in this report, qualitatively predict the effects of

pin density, pin height, and pin radius on the electron emission.
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SECTION II

SOLIDIFICATION BEHAVIOR OF OXIDE-METAL MIXTURES

This section i1s subdivided into five major subsections:
A) Induction Coupling and Solidification Behavior of Oxide-
Metal Systems, B) Variation of Eutectic Compositions with
Growth Rate, C) Electron 'Beam Melting‘and Solidification of
Oxide-Metal Systems, D) Possible Banding Mechanisms in Oxide-
Metal Compositesa'and E) X-ray Analysis of Oxide-Metal Composites.
These subsections cover investigations designed to develop new
oxide-metal systemg that are capable of being internally melted
by high frequency indﬁction heating, development of techniques
de signed to grow oxide-metal composites suitable for high field
electron emission testing, the determination of some cf the
parameters which control the successful growth of oxide-metal
composites, and the initiation of research into the use of an
electron-beam zone refiner to investigate oxide-metal systems
that cannot be internally melted by direct induction heating.
A. INDUCTION COUPLING AND SOLIDIFICATION BEHAVIOIL. OF OXIDE-

METAL MIXTURES

Melting and subsequent controlled solidification of
refractory oxides and oxide-metal mixtures have been previously
reportedl_5 using high (4 to 30 MHz) frequency rf heating. This
technique is limited to systems that have sufficient electrical

conductivity at elevated temperatures to support eddy current

heating at the level required to produce internal melting.
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Since the Annual Technical Report2 (July 1972) a number

of major accorplishments have been achieved in the ordered

) growth of metal fibers in oxide matrices. These include:

; 1) extensive ordered growth in the Gd203-Ce02-Mo system and
' the fabrication of composite rods in this system up to 5 cm

long; 2) the development of growth parameters designed to

achieve "steady state" conditions during solidification in
the UO,-W c:ucem; 3) the growth of ordered composites from

| the Y203(Ce02)-Mb and Y203(Ce02)-w systems; 4) the initial

ordered oxide-metal composite growth in the CeOE-Mo system;

\ 5) the calculation of the eutectic composition of the Y203
' stabilized HfOE-W system, and determination that the eutectic

composition for several of the oxide-metal systems varies

with growth rate; and 6) the successful induction melting

of two A1203-based systems.

This subsection is subdivided into four areas based on

the oxide matrix waterials.

, l. Stabilized Zr0,5=1 and HfOE-W

2. UOE-W ;
s : 3. Rare Earth Oxide-Metal i
l 3 .

;. éA1803Mgr203) W or Mo

| . r2 3

1. Yttria Stabilized Zr0,-W and HfO,-W

Previous reportsl’2 have described the influence of rf
frequency, Y203 and W content, and growth rate on composite
r;‘ growth in Y203 stabilizeq ZrOE-W samples melted in N.-H

2 2 |

atmospheres. Thece samples (Zro, - 10 m/o Y.0O required

2 203) 'y




the addition of 16 w/o W to achieve the best eutectic

‘growth and still contained areas of primary oxide.

only about 6.5 w/o W to produce fibers throughout the
entire solidified area. Calculation of the W content
before and after growth in those samples solidified in

H2 indicated that very little W was lost from the rods

Similar samples grown in a H2 atmosphere required
by vaporization during growth. Samples previously

solidified in N2-H2 mixtures which initially contained

| 16 w/o W lost so much W by vaporization that the good
%. growth areas contained only about 6 w/o W and the upper
e portions of the rod, which typically contained primary
oxide areas, retained even less W.

An analysis of well ordered eutectic areas in a previously
grown Y203 stabilized HfOE-W sample was made to estimate the
eutectic composition in this system. The sample composed of

HfO2 with 10 m/o Y2 and initially 12.3 w/o W was found to

0
3
contain cualy 2.5 w/o W in the final eutectic structure. This

is a reasonable eutectic composition for Y stabilized HfO

203 o

, and W. This composition was determined by measuring fiber

" diameters and counting fiber densities on SEM micrographs and

i then using 9.75 and 19.27 gm/cm3 as the theoretical densities
of HFO, stabilized with 10 m/o Y203 $ and tungsten respectively

- to convert from volume percent to weight percent tungsten.

The tungsten content in the molten zone apparently decreased




throughout the growth process by vaporization of W, WO2 and

WO3 which were detected in vapor coatings deposited on the

quartz atmosphere containment tube.

2. UO,=W

1,2
2253 the importance of the

In previous reports,
stoichiometry of uranium dioxide on composite growth in
the system UOE-W was reviewed. The influence of the 0/U
ratio on the sintering and rf coupling characteristics and
on the melting and solidification behavior of the U02-W
samples were described in detail. Special emphasis was
placed on the role of the 0/U ratio on the solubility of
tungsten in molten U02. During the present repor’' period,
work in this system continued on approaches designed to
achieve "steady state" growth condition. In many of the
solidification experiments the entire length of the interior
of the U02-W rod was melted with the intent of maintaining
a constant temperature and a uniform concentration of W
dissolved in the molten oxide. To achieve these conditions
the oxide-metal rod was exposed to the ri field (by removing
the molybdenum pre- and post-heaters from the rf coil), and
the unmelted skin acted as a crucible to contain a two to

three centimeter long molten zone. The sample was lowered

in various atmospheres designed to keep the stoichiometry of

the melt above 2.00 . In the following discussions, the growth




of U02-W composites in an atmosphere of N2-H2 is reviewed

and recent experiments designed to increase the oxygen
potential in the growth atmosphere using H20/H2 and COg/CO
gas mixtures are reported. Lastly, the status of composite

growth in the system UO,.-W is presented.

2
Most of the early composite growth in the system UOQ—W

was performed using powders with an 0/U ratio above 2.10 and

melting and solidification was accomplished in a N -H

2
atmosphere, typlcally conteining approximately 10 v/o H

2,
using molybdenum pre-and post-heaters. Table II-I reviews
the series of experiments performed since the last Annual

2
Report , employing the N -H2 gas mixture and Mo heaters,

2
designed to assess the influence of various starting 0/U
ratio powders on composite growth in the system U02-W.

Some general observations can be obtained from the data

in Table II-I. Using an oxide powder with an 0/U ratio of
2.03 and melting in the N2-H2 atmosphere apparently resulted
in an oxide-metal system where the 0/U ratio of the melt was
below that required to maintain the necessary tungsten
solubility for ordered growth (Table II-I, experiments
Numbers 3-29 to 13-64). The majority of the metal usually
appeared as undissolved droplets dispersed in the oxide.

By increasing the 0/U ratio of the powder to 2.1L and above
the growth of well-ordered composite materials occurred

during the initial period of solidification. However, as

growth proceeded in the N2-H2 atmosphere kinetic processes
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TABLE II-T |
THE RESULTS OF UO2 - W COMPOSITE GROWTH EXPERIMENTS |
PERFORMED IN A N, - 10 v/o H2 ATMOSPHERE
Growth
Experiment Starting Rate, ¥
Jumber O/U Ratio w/o W cm/hr Composite Growth Description
3-29 2.03 6.0 6.0
3-29a 2.03 7o T s
Horizontal banding of pure

13-63 2.03 5.0 - oxide (fans) and W droplets

13-64 2.03 3.3 2.4

25-30 2.14 10 1.9 Growth very good at base,
banded in middle and fair
at top of zone.

25-32 2.14 10 1.8 Good growth for about 8 mm,
thin cells but long and
continuous growth

25-39 2.14 10 1.9 10 mm of solidified zone
with badly banded fibers.

W droplets in the bands,
short thin cells.

25-43 2.16 10 1.9 6 mm of solidified zone
with badly banded fibers.

W droplets in bands.

25-45 2.16 10 e Badly banded with W droplets

25-47 2.16 9 2.16  Badly banded with W droplets

25-51 2.16 9 2.0 7 mm of solidified zone but

fibers the entire length of I
zone. Moderate banding and
thin cells.

In these experiments heated (~1400°C) Mo pre-and post-heaters 1
were used (as shown in Figure I-1).

12

1
i
[PROTRERE  IR ona SE




reduced the 0/U ratio of the oxide, and vaporization of

W and W oxides, etc., continued and resulted in limited
metal solubility in the top portion of the UOQ-W samples
(Table II-I, Experiments Numbers 25-30 to 25-51). Figures
IT-la and b are typical of the oxide bands and W droplets
formed in UOQ-W samples solidified in the N2-H2 atmosphere.
As a result of the UOE-W solidification experiments performed
with different starting 0/U ratio powders and listed in Table
IT-T it was aptly demonstrated that the tungsten solubility
was dependent on the stoichiometry maintained in the liquid

oxide.

Approximately a year and one-half ago an effurt to

minimize the major variations of temperatures and compositions

during the solidifications of UO2-W samples was initiated. A
noted in the introduction to this section, this approach was

designed to achieve "steady state" conditions by melting and

maintaining a long (several centimeter) molten zone. Composite

growth was accomplished in H20/H2 or CO2/CO atmospheres where
oxygen was available to maintain the stoichiometry of the
molten oxide at or above 2.00

A series of U02-W solidification experiments performed
in a H, atmosphere saturated with H,0 (~20,000 ppm H2O) are
listed in Table II-II. Most of these composite experiments
were run with the long molten zone without any heated Mo in
the system. The pre-and post-heaters were removed to prevent
the reaction between the Mo and H2O resulting in a reduction

of the oxygen potential available to the er-w samples.

13
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a) Bright Field,
X600.
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i b) Dark Field,
X600
Degeneration of Uniform Composite Structure
because of Reduced W Solubility in Molten uo,,.
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TABLE II-II

THE RESULTS OF UO2 - W COMPOSITE GROWTH EXPERIMENTS

PERFORMED IN A H2 SATURATED WITH H,O ATMOSPHERE

2
Experiment Initial General Growth  Length of Good
Number 0/U Ratio w/o W Description Composite Growth
31-13 2.06 6 Generally good,

fair banding “n
middle of zone

31-23 2.04 6 Good growth from 11 mm
very bottom of
molten zone

31-25 2.043 8 Very poor
31-28 2.034 6% Fibers slow to 7 mm
start, excess
W at base
*
31-29 2.04 6 Excess W at base,
good growth low
in pellet
31-34 2.035 6% Good 12 mm
* % 1 .
31-39 2.035 63 Jood, primary
oxlde at base
¥* %
31-42 2.019 6% Very poor, large
W blobs entire
length of sample
* %
31-44 2.035 6% Good, primary 12 mm
oxlde at base /
31-46 2.035 6% Good growth 8 mm
from base
¥* %K
31-50 2.035 6% Good growth, 18 mm

base has layer
of oxide with
W needles

* Test of ceria doping. Composition: 84.6 w/o UO,, 9.4 w/o
CeOp and 6.0 w/o W.

#* A platinum tube was employed as post-heater (~1400°C) to
reduce thermal gradlents during cooling.
*** Atmosphere was diluted with approximately 50 v/o Ns.

ik s
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In general, the UOQ-W growth experiments performed in
an atmosphere of H2 saturated with HQO yielded 0.5 to 1.0 cm
of good composite growth at the base of the sample followed
by an upper rogion of apparent low oxide stoichiometry and
insufficient W solubility. This behavior is similar to that
observed with the experiments performed in the N2-H2 atmosphere
and reported in Table II-I. (Note that the runs reported in
Table II-II used oxide powders with 0/U ratios of about 2.04
with 6 w/o W.)

Several items of special note in Table II-II include
Experiment Numbers 31-39, 31-42 and 31-44 where a platinum
tube was employed as a post-heater. The platinum was
substituted for the Mo tube to prevent the Mo reaction with
the HQO and the depletion of this gas from the growth atmos-
phere. Unfortunately, the surface temperature of the UO_.-W

2
samples was too high and the platinum melted as the heated

sample was lowered into the tube. Experiment Number 31-50

was also noteworthy because it indicated that diluting the

HQO/H2 gas with inert N2 resulted in an approximately 50%
increase in the usable length of uniform UOQ-W composite
growth. 1In general, the data from Table II-IT indicated
there was a continual reduction of the 0/U ratio of the
oxide during composite growth in the HQO/H2 atmosphere and,

consequently, COQ/CO gas mixtures were considered as means

of further increasing the oxygen potential in the UO?-W

growth atmosphere.
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A tabulation of the U02—W runs performed in COQ/CO gas

mixtures 1s listed in Table II-III. The majority of the
U02-W runs performed in the COQ/CO atmospheres were also
accomplished without the Mo pre-and post-heaters and with
the long (several centimeter) molten zone. A significant
result of this series of experiments was the generally poor
or complete lack of composite growth obtained in Experiment

Numbers 25-71, 25-90,-92,-94, 31-8 utilizing 4 to 5 v/o €O, .

Apparently this gas mixture (CO + 4 v/o CO,)sets an upper

o)
limit of the usable oxygen potential for composite growth in

the system UOQ-W. The reactions that eliminated eutectic

¢, owth under these conditions are unknown,although excessive

vaporization of W as WO, or WO_ undoubtedly was a major

e E

contribution to this behavior, since the resultant oxide-metal
structure was almost depleted of W. Figure II-2 shows the

distinct U02-W microstructure found in large areas of the

UO,-W samples grown in the CO-Lv/o CO, atmosphere. Similar

structures have been observed in Zr0.,-W and HfO,-W samples
[

2
previously.3 Another significant result of the series of

COQ/CO experiments was the excellent reproducibility between
U02—W samples consecutively grown in the CO0-1 v/o €Oy atmosphere.
This behavior suggested the initial comparative study of the
composition profiles along the length of composite growth of
several samples. Four of the better UO,-W samples were cut

2
in wafers approximately 60 mils thick and the wafers were

|




TABLE II-III

THE RESULTS OF U0, - W COMPOSITE GROWTH EXPERIMENTS
PERFORMED IN CO - CO2 ATMOSPHERES
Initial Growth
Experiment 0/U Rate, Description Length of
Number Ratio w/o W v/o CO, _cm/hr _of Growth Good Growth
113-17 2.04 6 0.3 3.6 Good (1) 2 cm
113-20 2.04 8 1.0 7.2  Good (1) 1 cm
Excess at top
25-49 2.04 6 0.3 1.7 Good, low -
fiber density,
thick walls
25-53 2.04 6 0.3 2.1 Good growth -
25-55 2.16 6 0.3 1.9 Very poor, -
banding and
primary oxide
25-57 2.04 6 1.0 3.14 Good growth -
25-59 2.04 6 1.0 3.44  vVery good (2) 2.5 cm
25-61 2.04 6 1.0 3.4 Very good (2) 2.0 cm
25-64 2.04 6 1.0 3.4  Very poor, No =
W solubility
25-66 2,0l 6 1.0 4.1 Good (2) 1.5 cm {
| 25-71 2.12 6 4,5 3.4  Very poor W -
platelets and
fan banding
25-72 2,12 6 iy, (0) 3.4  Short length -
of good growth
at base (1)
25-73 2.12 6 1.0 2.4  Short length -
of good growth
at base (1)




TABLE II-III (continued)

Initial Growth
Experiment O/U Rate, Description Length of
y Number Ratio w/o W v/o COp cm/hr  of Growth Good Growth
g Nl -4
; 25-77 2.049 6 1.0 3.4  Good (1) 1.0 cm
25-81 2.049 6 1.0 3.4 Good (1) 1.5 cm
25-85 2.04 4 1.0 3.4  Larger cells, 0.9 cm
| short area at
base with no
Wwo(1)
25-88 2.05 L 1.0 3.1 Large cells 1.0 em
25-90 2.05 4 4.3 3.1 Very bad, -
random W
platelets
| 25-92 2.11 10 4.3 3.1 Good, primary 0.6 cm
, oxide at top
= (1)
25-94 2,18 10 4.3 3.1 Very poor,
primary oxide
(1)
31-8 2.04 6 5.0 3.1 Very short -
fiber zone,
mostly large
area without
W (3)
|

Notes:

(1) The upper portion of the solidified zone in these samples
contained poor growth containing "fan banding" with W
droplets in the oxide bands. 4

ﬁ‘._v_
~—~
n
~—
-

See Table II-IV for data on fiber dlameters, density and
d w/0 W in these samples. i

(3) Slow cooling was accomplished with a Mo post-heater which
reacted with the COQ/CO atmosphere. r

19 L%ﬁ‘
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a) Dark Field,
X600

b) Scanning Electron
Micrograph after
U0, selectively
removed to expose
the W Needles,
X10,000.

g3
{
J

1g e [1-2. Microstructure of UOE-W Samples Solidified in
£ CO

CO + 4 v/o CO, Showing Fine W Needles and Platelets.

20




numbered starting at the base of the composite growth.

Table II-IV shows the fiber density, diameter and weight
% W which was determined from SEM micrographs of selected
» wafers, An error analysis on the calculations involved in
obtaining these figures indicated errors of + 10% in both

fiber diameter and density and an error of i} 30% in the

weight % W. Based on this limited data (only three sections
per sample) three of the UOQ-W composite rods showed wide
variations in the fiber size and density; however,the
examination of Sample No. 25-59 indicated, in principle

-W composite rods with

2
‘ differences of + 3% in fiver diameter and + 12% in fiber

‘ at least, that 2 cm or longer UO

. density are feasible. Eutectic growth typical of the UOQ-W
samples grown in the CO-1 v/o COsn starting with a mixture of

UO2 ol and 6 w/o W is shown in Figure II-3.

The major consideration for successful and extensive
oxide~-metal composite growth in any system, and especially

| with UOQ-W mixtures, is the necessity of obtaining and
r
maintaining a homogeneous oxide-metal liquid. In earlier

e L /
reportsl’z’3 the importance of the 0/U ratio on sintering,

| | rf coupling behavior and low temperature oxidation problems

. was described. This brief summary reviews the problems

l associlated with maintaining W solubility in molten UO2 at ‘
: temperatures of 2700-2800°C, and the general status of ¢

composite growth in the system UOQ-W.

.
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TABLE II-IV

COMPOSITION PROFILES OF UO

2

- W COMPOSITES

GROWN FROM A MIXTURE OF UO2 ol AND 6 w/o W

IN AN ATMOSPHERE OF CO - 1 v/o CO

2
Lowering Fiber

Experiment  Wafer Rate, Die.:uneter, pensity, 5
Number Number cm/hr Microns Fibers/cm w/o W
25-59 i 3.4 0.45 8.0x100 2.2
25-59 5 3.44 0.47 8.6x10° 2.6
25-59 10 3.44 0.45 6.8x106 1.9
25-61 2 3.40 0.40 11.9x10° 2.6
25-61 ! 3.0 0.49 8.9x106 2.9
25-61 6 3.40 0.41 l9.8x106 4,6
25-66 3 4.10 055 11.7x10° 2.0
25-66 5 4.10 0.41 10.8x10° 2N
25-66 il 4,10 0.50 10.4x10° 3.6
25-69 3 5.65 0.34 1o.5x106 1.9
25-69 5 5.65 0.28 17.8x106 1.9
25-69 7 5.65 0.32 19.0x10° 2.6
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a) Transverse Section,
Bright Field, Xx480.

b) Longitudinal Section,
Dark Field, X600.

Figure 1T-3. Uniform and Continuous Uog—w Composite Structures
in Samples Solidified in CO + 1 v/o CO?.
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It has been well documented in this and previous
1,2,3

reports that the solidified oxide-metal composites

typically contain significantly less metal than originally
used in the initial starting mixture. Consequently,any growth
scheme must face the continual depletion of the metal from
the molten zone predominantly through vaporization losses

(especially in the systems with high eutectic temperatures,

i.e. UOE-W, ZrOE-W). In the case of UOE-W this behavior is

further complicated by the need to maintain the stoichiometry
of the molten oxide at or above 2.00 (using high starting 0/U
2O or CO2 additions to
the growth atmosphere) to maintain solubility of W in the

ratio powders, WO3 additions, or with H

molten oxide. Obviously, any increased oxygen potential in
the system only aggravates the W oxidation and the UO2 and W
vaporization problems.

The modification of the growth procedures to achieve
"steady-state" conditions and minimize temperature and
compositional variations has proved moderately successful
and led to reproducible U02-W composite structures.
Unfortunately, this approach requires maintaining the
entire length of the oxide-metal rod at 2700-2800°¢ and,
consequently, the oxidation and vaporization reactions

are proceeding rapidly under these conditions, and the

growth of UOE-W composite samples with uniform structures

longer than 2 cm has proved difficult.




1
| In the previous report the prospect of varying the

metal content of the oxide-metal liquid using controlled
stoichiometry was discussed. Unfortunately, a much better
understanding of the high-temperature chemistry of the
molten oxide-metal system is needed Lefore this control

can be exercised over the growth of UOE-W eutectic

structures.

Some general comments about growing'crack-free'" U0 -W
samples are also pertinent. 1In the early UOQ-W runs made
with molybdenum pre- and post-heaters shown schematically
in Figure I-1, numerous crack-free samples were obtained
because this geometry greatly reduced the thermal gradient
the sample was subjected to during cooling. 1In most of the
controlled atmosphere experiments described in this report
(Tables II-II and II-III) the molybdenum was removed from
the system to simplify interpreting the experimental variables,
and the resulting temperature gradient typically produced

cracked samples. At present it is not certain whether using

inert refractory tubes (Ir or Re) to replace the molybdenum

and growing in the COQ/CO atmosphere or returning to the
| molybdenum pre- and post-heaters and utilizing high 0/U ratio
powders in a NE'HQ gas mixture will yield the best eutectic
structures.
In summary, oxide-metal composite growth in the system
UOE-W has progressed to the point where samples 10 to 12 mm

in diameter and 20 mm long can be routinely produced. Composite

w».
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geometries containing between 10 and 3Ox106 ordered metal
fibers/cm2 are available. The parameters associated with
induction melting and the mechanics of solidification have
been fairly well optimized. The high temperature chemistry

of the U02-W system needs more study, both from an equilibrium
viewpoint as well as the kinetic considerations associated with

the unidirectional solidification process.

3. Rare Earth Oxide-Metal Systems

During the past two years unidirectionally solidified
rare earth oxide-metal eutectics have been developed into a
promising class of oxide-metal composites. Some of the
reasons the rare earth oxide composites are attractive can
be summarized as follows: a) they are stable materials

(excepting pure CeO which can be meltecd in H, atmospheres

2) 2

without major stoichiometry changes; b) they form easily
controlled molten zones which allow a wide latitude of power
settings between sclidification and excessive meiting; c) these
oxldes withstand the severe thermal gradients present in the
zone melting technique very well and yield crack-free samples;
d) large samples 4 to 5 cm long with good fiber continuity can

be routinely grown. One major disadvantage,however, is that the

grown fiber arra''s are not as uniform in both diameter and

spacing as the other oxide-metal systems.
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As reported in a previous report,2 ordered eutectic

structures have been achieved using Mo or W in conjunction

with G4 O La O_ and Nd,O_. The best composites were grown
2°3° %73 2°3 P <

) from these systems when the metal solubility was increased by

' the addition of ceria. During this report period work has

been concentrated on the Gd203—Ce02—metal system to avoid

the hydration problems associated with La203 and Nd20 . In

addition, the use of Ce0 Sm O Y O Eu 0 and Ho O_ as
’ 2’ 273’ T273” o3’ 273

matrix materials has also been investigated.

’ ; A summary of the rare earth oxide-metal systems investigated

\ to date is presented in Table II-V.
£ a) Gd 0 -Ce0 -Mo
2 3 2

The variation of fiber density and fiber dizmeter versus
growth rate has been determined for the Gd203—20 w/o Ce02—
10 w/o Mo composition. Fiber density versus growth rate varied
in a near linear manner as shown in Figure II-U4 for growth rates

between 0.75 and 4.8 cm/hr. However, the parabolic equation

2
Y =0.822 + 11.9X - 0.741 X

where Y is the fiber density per cm2 in millions and X is the
; growth rate in cm/hr had a higher correlation coefficient
]

(0.966) and a lower standard error of estimate (2.61 x 10

auidim

r fibers/cmg) than did the best linear fit for these data points.
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TABLE II-V

SUMMARY OF COMPOSITE GROWTH IN THE
RARE EARTH OXIDE-METAL SYSTEMS

Oxide Metal Description of Composites
Nd20 Mo Poor Fiber Continuity
3 W Poor Fiber Continuity Slowly
Nb Unstable Zone Hydrates
Ta Unstable Zone
Nd20 (Ce02) Mo Good Fibers
3 W Good Fibers Matrix
Fe No Fibers, Unstable Zone Slowly
Ni No Fibers, Unstable Zone Hydrates
Co No Fibers, Unstable Zone
ILa O Mo Poor Fiber Continuity Matrix Rapidly
23 W Poor Fiber Continuity Hydrates
La_0_(CeO ) Mo Good Fibers Matrix Rapidly
23 2 W Good Fibers Hydrates
Eu O (Ce0_) Mo Good Fibers
2 3 2
Ho O_(CeO ) Mo Good Fibers
2 3 2
Ce0 Mo Good Fibers Structure Dependent On
2 W Good Fibers Oxide Stoichiomety
N1 No Fibers
Gd203 Mo Did Not Couple
ad 0 (Ce02) Mo Good Fibers, No Hydration
23 W Good Pibers, Zone Unstable

Cu No Fibers
Rh No Fibers

Dy203 Mo Did Not Couple, Possible Phase Change

Sm203 W Did Not Couple, Slowly Hydrates

7 0) (Ce02) Mo Good Fibers i
23 W Platelets
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The relationship between fiter diameter and growth rate

is also parabolic in nature and ic described by the equation
2
Y = 0.966 - 0.376X + 0,045X

where Y is the fiber diameter in microns and X is the growth
rate in em/hr. The correlation coefticient for this equation
was 0.990, and its standard error of estimate was 0.031 pm.
Metal morphology and cell size versus growth rate and
cell size versus growth length have been qualitatively
determined in the Gd203-Mo system. The number and size of
platelets decreased significantly as the growth rate was
increased. However, samples grown at rates of 3.5 cm/hr and
greater exhibited areas of disordered growth (similar to those
observed in samples where the molten zone spontaneously traveled
to the top of the pellet), and these disordered areas increased
in size as the growth rate increased. A sample grown at 5 cm/hr
had this disordered morphology (see Figure II-5) throughout the

entire solidified zone.

Figure II-6 shows the typical microstructure of a Gd203-Mo
sample grown at 4 em/hr. Platelets are only present at cell
boundaries, and no cell contains only platelets. However,
when the growth rate was reduced to 2 cm/hr (see Figure II-T),
some cells contained almost entirely platelets and most cells
contained a few platelets in their interiors. Cell size

appeared to increase with growth length and decrease with

increasing rate of growth.
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Disordered Composite Morphology
of CeO» Doped Gd203-ﬂo Sample
Grown at 5 cm/hr. Dark Field,
X600.
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The advantages of growing longer samples include

larger cell size and more uniform growth the longer the

length of the solidified zone since the more preferentially

4 orientated c2lls will tend to predominate, and initial melt
‘ inhomogeneities will tend to be damped out. It was felt

that the high sintered density of the rare earth samples

would permit the growth of composites up to 15 cm in length,

since the void size (a factor limiting growth in other

systems) would not be a problem.

The use of thick-walled rubber molds and isopressing
techniques allowed long uniformly dense green rods to be
produced. Using these rods unidirectionally solidified
lengths from 4 to 5 em long were easily produced (see
Figure II-8). Even longer samples could be produced if
the growth-lowering apparatus had a greater stroke length.

Examination of cross sections taken at increasing
distances from the base of the solidified zone showed
that platelet size and density increased with increasing

growth length. Oxide-metal composite structures typical

i of this behavior are shown for a Nd203(Ce02)-Mo sample
(see Figure II-10).
Various schemes were tried in an attempt to eliminate

the platelets and produce more uniform fiber arrays. Small

changes in composition were tried, such as lowering the CeO2 ¢

content and metal content, but no improvement was observed.
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TiO

o> and Pr60ll were substituted for CeO2 in hopes they
would act similarly but would reduce the metal solubility
slightly. Neither sample melted, and both showed poor
thermal shock characteristics.

Impurities were added in trace amounts in hopes they
would preferentially concentrate at the metal growth front
causing the metal solidification front to coincide with (or
lag slightly behind) the oxide solidification front. Traces
of Ni and As were tried but no difference in fiber structure
was observed.

As has been previously reported, as the growth rate
was increased a disordered area in the center of the rod
appeared in Ce0O

doped Gd,_,0_-Mo samples grown at about 3.5

2 23

cm/hr. This region increased as the growth rate was further
increased until at about 5 cm/hr it encompassed the entire
rod (see Flgure II-5). The disordered area consisted of
oxide dendrites embedded in a matrix of eutectic material.
This phenomena could be explained by the existence of a
coupled region similar to that proposed by Hogan8 for
metal-metal systems. Hogan states that there is a range

of compositions over which normal eutectic growth can be
obtained if there is sufficient undercooling of the liquid.

At zero growth rate, i.e equilibrium, there is only one

composition, the eutectic composition, which will produce

coupled growth. But if the growth rate is increased, thus




increasing undercooling, a range of compositions can be

solidified into normal composites. On a conventional

Phase diagram this region can be thought of as a metastable
region spreading out from the eutectic below the solidus
line. If the two phases have different melting temperatures,
the coupled region will be skewed toward the higher melting
phase. A proposed pseudo-binary phase diagram is shown in
Figure II-9, and, for a selected composition "A", as the
growth rate (undercooling) is increased the structure will
pass through three stages. First, at very slow rates metal
dendrites and eutectic regions will be observed; second, at
moderate growth rates, the composition will be entirely in
the coupled region and good composite growth will occur.
Lastly, as the growth rate is increased, the composition will
be out of the coupled region requiring oxide dendrites to
precipitate in the disordered region to bring thé composition
back into the coupled zone. As the growth rate is increased
further, more primary oxide must precipitate in order to bring
the composition into the coupled region and the disordered
area increases until it encompasses the entire growth area.
If, however, the composition is moved to B (Figure I1I-9),
further toward the metal rich side, this composition will
remain in the coupled'Eone at greater undercoolings without
oxide precipifation. Table II-VI summarizes experiments run

at high growth rates with excess metal in an effort to
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TABLE II-VI

SUMMARY OF THE SOLIDIFICATION OF EXCESS METAL

Gd,,0.(Ce0

-Mo SAMPLES GROWN AT RAPID RATES

)
2" 3po TEST THE COUPLED GROWTH THEORY

Composition Growth Rate
Weight % Cm/Hr Comments
Gdgo3 20% CeO _ 12% Mo 10 Oxide Dendrites + Eutectic
2 Very Little Excess Mo
Gd O_ 20% CeO_ 12% Mo 6 Oxide Dendrites + Eutectic
23 2 Very Little Excess Mo
GdQO 15% CeO2 15% Mo 8.2 Oxide Dendrites Some Fiber
3 Areas Near Metal Blobs
Gd203 20% Ceo2 12% Mo 4,3 Good Uniform Growth
¢d 0. 20% CeO_ 14% Mo 6.4 Oxide Dendrites + Fiber
23 2 Growth Near Metal Blobs
Gd 0., 20% CeO,. 12% Mo .9 Oxide Dendrites + Eutectic

273 2




experimentally observe this phenomenon. Although good results

were obtained with one sample (Gd203-20 w/0 o -12 w/o Mo at
4,3 cm/hr), the existence and extent of a coupled zone is still
inconclusive. It is felt that even though undercooling shouid
be increased by increasing the growth rate the difference could
be so small as to make extremely rapid growth rates necessary
to change undercooling a significant amount. It is also probable
that the growth kinetics, such as mixing and melting, cannot be
successfully carried out at greatly increased growth rates.
This conclusion is born out by the undissolved metal "blobs"
seen in good composite areas while other areas in the sample
are oxide rich., There is probably Jjust not enough time to get
the metal dissolved and distributed evenly across the growth
front when samples are grown too rapidly.

Although the rare earth oxide-metal composites do not,
at present, possess uniform fiber arrays comparable to other
oxide-metal composite systems, the avenues of approach to
eliminate this problem have not been fully explored. Presently
composite samples 16 mm in diameter and 70 mm long containing
between 8 to 50xlO6 fibers per cm2 can be routinely grown in
the CeO2 doped Nd203 and Gd203-Mo systems. These systems are
quite insensitive to changes in growth atmosphere and display
excellent thermal shock resistance. Etching techniques have

been devised to produce a variety of fiber-matrix configurations

and several samples have been emission tested. Thc rare-earth

oxide-metal systems may prove attractive for future applications
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requiring improved mechanical pbroperties or where large

quantities of composite area are needed,

b) Gd,,0,-Ce0,,-W

Long (4 to 5 em) composite areas were difficult to
produce in Gd203 CeO -W samples which haé been initially
prepared by isostatic prescing. The primary problem was
that it was difficult to control the rf generator power
80 as to maintain the molten zone without decoupling or

melting out through the sample skin.

c) Nd203 Ce0,-Mo

Examination of a long unidirectionally solidified
Nd203 CeO -Mo sample at 3 mm intervals showed that the
metal platelets increased in size and number from the

base to the top of the solidified zone. Four represen-

tative slices from this 30 mm long sample are shown in
Figure II-10. This behavior, also noted in the Gd203-
CeOQ-Mb system, may be related to the segregation of

impurities in the upper portion of the sample resulting

in conditions favorable for platelet formation.

d) Gd,0 -Ce0,-Rh

273

A Gd203 -Ce0,-Rh sample (10 w/o Rh) was successfully
induction melted and unidirectionally solidified, however,
only metal "blobs" were observed in the melted regions of

the sample indicating no metal solubility.
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a) First Liquid to
Solidify, Base.

b) 15 mm Above Base

Transverse Sections of a :eo? Doped Nd203-Wo
Sample Showing the Transition from Fiber to

Platelet Morphology from the Base to Top of

Solidified Zone. Dark Field, X600.

.



Figure II-10 (Continued).
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c) 24 mm Above Base

d) Last Liquid to
Solidify, 30 mm
Above Base.
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e Er O -Ce0 -Mo
) 23 2

An Er203-Ce02—M0 sample (10 w/o Mo) was successfully
melted and unidirectionally solidified producing an ordered

, oxide-metal (fiber) eutectic structure.

f Ho O _-CeO _-Mo

A 10 w/o Mo sample of H0203

melted and unidirectionally solidified and produced an

-Ce02 was also internally

ordered metal fiber composite structure.

Sm 0_-W
g) m,0q

A pellet of Sm203 with 10 w/o W was preheated to
1800°C in a N,-H, atmosphere but the sample could not

be induction melted.

nh) Dy O_-Mo
) ¥,03

A Dng3 pellet containing 5 w/o Mo did not couple
when preheated to 1900°C and broke up badly on cooling,

suggesting the presence of a destructive phase change.

|

i) Y203-Ce02-M0 (W)

Composite growth in the Ce02 doped Y203 - Mo system
has been investigated within the compositional ranges of f
0 to 50 w/o Ce02 and O to 25 w/o Mo. The effect of various 1
} growth atmospheres on composite growth have also been |

observed.
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The optimum starting composition for uniform composite

growth has been established as Y203 - 50 w/o CeO2 - 15 w/o Mo

when the samples are grown at about 2.5 em/hr ina N - 10 v/0

H2 atmosphere. Composite rods containing 12 x lO6 fibers/cm2
have been routinely produced using these conditions and a
typical microstructure is shown in Figure II-11. More recent
experiments have shown that Mo solubility in the molten oxide
mixture war increased to 20 w/0 or higher when the growth

atmosphere was modified by passing the 10 v/o H through HZO

2
and adding this mixture with the N2 to the composite grow:h

assembly.
Composite growth in the (Y203 - 50 w/o Ceoz) + Mo
system possesses several favorable characteristics:

1. Rf coupling is easily accomplished due to the low (150000)

preheat requirement;

2. The Y203 (Ce02) 1iquid is capable of dissolving large
amounts of Mo ( 20 w/o);

3. Composites are relatively free of banding - no banding
has been observed in the composites grown in Né:Hz/HZO

atmospheres,

Other Y‘EO3 (Ceoz) - metal mixtures were successfully

2
solidified at 2.2 ecm/hr. The microstructure contained

melted. A Y O3 - 25 w/o CeO2 + 16 w/o W rod was melted and

extensive areas of ordered pletelet growth. Mixtures of

YQO3 and Ceo2 containing Ti and Zr were easily induction

N T
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Figure II-11.

Longitudinal Section of Ce0 Doped Y.0.-Mo

Samples Grown in a N
Dark Field, X600.
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melted, but a stable molten zone could not be formed.
Sample cracking has been a problem throughout the
CeO2 doped Y203 - metal solidification work. However,
slow cooling reduced the number of visible cracks in
similar samples from 13 to 1 when the cooling rate was
reduced to 15°C/min from 60°C/min. It also appears

that the use of high oxygen potential atmospheres such

as N2:H2/H20 or CO/CO2 reduced cracking.
j Ce0 -Mo
J) )

Mixtures of CeO2 and Mo have been induction melted
and unidirectionally solidified to produce ordered oxide-
metal composites consisting of metal fibers and platelets
aligned in the oxide matrix. Mixtures of CeO2 with other
metals (W and Ni) were also investigated; however, the CeO,,
work has centered on CeO,-Mo mixtures because of the better
structures obtained from this system.

Development studies have emphasized the influence of
growth atmospheres and lowering rates on composite geometries.
Growth atmospheres employed included N2, N -H_, and NQ—CO-CO

2 2 2

mixtures. Solidification of numerous CeO, - 10 w/o Mo samples

2
indicated a growth atmosphere of N2 - 10 v/o H2 consistently
produced the best samples (see Figure 1[-12). Increasing the
oxygen potential during growth using N2-COQ-CO gas mixtures

resulted in an oxide matrix void of any metal; no trace of

Mo fibers, platelets or particles could be found in the

solidified region.
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The influence of lowering rates on composite geometries
was studied using CeO2 - 10 w/o Mo samples solidified in the
atmosphere consisting of N2 - 10 v/o H2- The lowering rates
varied from 1.0 to 2.8 cm/hr. At the lower growth rates,

1.0 - 1.5 cm/hr, the most uniform and extensive composite
geometries were achieved and a typical structure is shown

in Figure II-12. At the fast growth retes, 2 cm/hr and above,
the occurrence of primary oxide areas (dendrites) increased
(see Figure II-13).

The system Ceo2-Mo has not been as extensively studied
as is the case for UO2-W; however, the wide stoichiometry
changes existing from CeO2 to Ce203 suggest most of the
comments pertinent to U02-W eutectic growth (Section II A2)
are most applicable to Ceo2-metal systems. A potential
unique feature with CeO2 is that its oxide-metal eutectic
temperatures are significantly below that obtained with
the current refractory oxides under investigation, and
consequently,CeOz, with proper stoichiometry control, is
considered a possible host for a variety of the lower melting
metals. However, the initial attempts to produce Ce02-Ni

composites have not been successful so far.

b, A1203 (Cr203) - Wor Mo

Alumina would be an attractive matrix material for
oxide-metal composites; however, most efforts to induction

melt this material have been unsuccessful because of the

b




Figure II-12. Longitudinal Section of CeO2 - 10 w/o Mo
Sample (Showing Mo Platelets) Solidified

in a N, - 10 v/o H, Atmosphere. Dark Field,
2 2
X600.

Figure II-13. Longitudinal Section of Ce0O. - 10 w/o Mo
Sample (Displaying Oxide Dendrites) Solidified
at 2.8 em/hr. Dark Field, X600.
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inability to impart enough electrical conductivity for

eddy current heating. Two different techniques were
described previouslyl for melting A1203(Cr203)—w or Mo
mixtures using direct rf heating, but unfortunately ther:
was little if any apparent solubility of the refractory

metals in these molten oxides.
5- CI‘ O -MO
23

Mixtures of Cr203 containing 3 w/o Cr metal were
melted in closed Mo crucibles using rf heating and
solidified by slowly lowering the crucible out of the
rf coil. The resulting structures contained many well
ordered fiber structure areas. (See Figure II-1.4).

These fibers were determined to be predominately Mo by
analyzing the primary x-rays produced by electron impinge-
ment in the SEM. Apparently the solubility and mobility
of Mo (dissolved from the crucible walls) is sufficient

to readily disperse this metal in molten Cr203. Since

the x-ray analysis indicated that both the starting and
melted matrix material was type III Cr203, it is uncertain
as to the location of the Cr metal added in the original
starting mixture. The metallic fibers could actually be

& Mo-Cr alloy, since it would be impossible to distinguish

any Cr in the fibers from the intense Cr background from

the Cr O, matrix.
MREPAE




Figure IT-14.

Eutectic Regions in Crgf)g
Solidified in a Mo CrucibBle.

D
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Bright Field,
X600.

Dark Field,
X600.

-Mo(Cr) Samples
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B. EFFECT OF LOWERING RATE ON THE EUTECTIC COMPOSITION OF
UNIDIRECTIONALLY SOLIDIFIED OXIDE-METAI, MIXTURE

1,2
As has been reported in previous reports, 2253 the fiber

density and fiber diameter of unidirectionally solidified

oxlde-metal composites vary with growth rate. If the eutectic

composition for a given system was independent of growth rate,

the volume percent metal calculated by determining the product
of fiber cross-sectional area and fiber density should be a
constant for different growth rates. This has not proven to

be the case in analysis of single samples in the UO

2-w, Gd203"

2 2
The first analysis of the volume % Mo contained in the

1
Ce0,.-Mo and ZroO —Y203-W systems.

eutectic composition of Ce02 doped Gd203 samples at five
different lowering rates was found to follow the parabolic

equation

Y = 8.927 - 3.500X + o.3947x’2

where Y 1s the volume % Mo, and X 1s the growth rate in cm/hr.l

A plot of this curve and the experimentally determined Mo v/o

1s shown in Figure II-15, The results of similar analysis of /
UOQ-W and ZrOQ-Y203-W composlites also indicated a minimum in

the metal content for samples grown at 4-6 cm/hr.l

A second investigation of the effect of growth rate on

the eutectic compositions of Gd 03-Ceo -Mo composites indicated

2 2
that the v/o Mo decreased with increasing growth rates and then

Increased as the growth rate was increased above 4 cm/hr.
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(Behavior similar to that shown in Figure II-15). It should
be noted, however, that in the second analysis of the Gd203-
CeOQ-Mo samples the Mo contents were significantly higher than
those shown in Figure II-15. X-ray analysis of the 405 4
spacing increased with increasing growth rates. This might
indicate that at least some Mo is in solid solution in the
Gd203 samples grown at the faster rates. Since examination
of three oxide-metal systems showed a decrease in the metal
component (found in the eutectic structures) as the growth
rate increased up to about 4 em/hr, it is likely this is a
realistic model of oxide-metal solidification behavior.
However, no completely satisfactory explantion for this
behavior has been found.

C. ELECTRON BEAM MELTING AND SOLIDIFICATION OF OXIDE-METAL
SYSTEMS

A Materials Research Corporation electron beam zone

refiner has been utilized in attempts to produce unidirectionally

solidified eutectic composites in oxide-metal systems that cannot

be inductively melted or cannot be successfully self-contained
using the internal floating zone technigue because of their low
melting points.

The last Report1 described a series of modifications to
the eb zone refiner that were necessary in order to utilize
this equipment for oxide-metal melting experiments (in Mo

crucibles) at temperatures above 2000°¢.




After these modifications were completed, a spinel

(A1203.Mg0)-10 w/0 Mo mixture was heated above the melting

point of the spinel (2105°C). Examination of the sample - |
showed unmelted Mo particles surrounded by solidified
spinel matrix. Additional samples of spinel (A1203.Mg0)
containing 10 w/o of either Fe, Ni, or Co were melted in

Mo crucibles in the electron beam furnace in an attempt to
grow oxide-metal composites containing magnetic fibers.
Random metal spheres were observed in all three samples
after melting and the samples containing Ni and Co appeared
to contain a second oxide phase at the grain boundaries.
The Co addition colored the spinel matrix blue, indicating
some solubility, at least in the solid state.

The primary experimental problems associated with
developing successful electron beam melting techniques
suitable for the unidirectional solidification of oxide-
metal mixtures are: the difficulty in obtaining accurate
temperature readings on the highly reflective crucible
wall, just behind the hot tungsten filament, the increase
in crucible temperature as the thermal geometry changes
as the hot zone is moved towards the top of the crucible

and electrical leakage or arcs caused by vapor depositions 1

of crucible metal on insulators.




D. POSSIBLE BANDING MECHANISMS IN OXIDE-METAL COMPOSITES

The major growth discontinuity observed in the
oxide-metal eutectic structures is a horizontal oxide
band, partially or completely void of metal, which
interrupts the growth of continuous parallel fibers.

This phenomenon is termed "banding" and three types
of banding have been observed in essentially all the
unidirectionally solidified oxide-metal systems.

The most disruptive type of banding (Figure II-16)
consists of an abrupt halt in fiber growth, above which
a rather wide band of oxide which contains metal droplets
is solidified. The fibers subsequently are renucleated in
a limited number of sites at the top of the band and fan
out to again produce a continuous uniform fiber structure.
This second type appears similar to the first type except
the oxide bands are generally thinner (Figure II-17) and
there is no solidified metal in the oxide band. The third
type of banding (Figure I1I-18) consists of a much thinner
band of oxide (1-5 pm thick) and a few of the fibers may be
continuous across the band.

It has been previously reported2 that the first type
of banding is the result of power fluctuations equivalent
to typical line voltage variations occurring during the

solidification process. Possible explanations for the

other two types are discussed below.
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Figure II-16.

Randing Produced by a Power Fluctuation
in a Yo0, Stabilized ZrOo-W Composite,
Dark Field, X600.
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Figure 1I-17.

Fan Type Banding in Oxide-Rich Area of a
Y203 Stabilized Zrog-w Composite. Dark
Field, X600.
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Thin Oxide Band With Aligned Fibers in

YQO Stabilized Zrﬁg—ﬁ Composite. Dark
Fie%d, X600.
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The second type of banding (Figure II-17) is most likely
related to the depletion of the metal content of the liquid
ahead of the solidification front during the solidification
process. If the metal content of the liquid is decreased
sufficiently (in effect supersaturated with primary oxide),
the eutectic growth could suddenly stop and a band of primary
oxide containing no metal would precipitate. As this occurs
the metal concentration of the liquid would increase until a

few stable metal nuclei form, and then the metal fibers would

appear to fan out from these renucleation sites. An alternate
mechanism to revert an oxide-rich liquid back toward the eutectic
composition is through the formation of oxide dendrites; such
structures typically display circular primary oxide areas in
both longltudinal and transverse sections of the composites.

Thin banding (Figure II-18) may be related to small, short
duration variations of the energy absorbed by the liquid pool
in the sample during composite growth. The energy supplied to
the liquid pool could be temporarily increased by two possible
mechanisms, rapid fluctuations in the rf generator line voltage
or the change in the density of the magnetic field in the liquid
pool due to a geometrical change of the interior of the pellet
(such as a very large drop of liquid falling from the roof of
the void into the liquid pool). This in turn could cause a thin
layer of the solidified material to remelt. As the energy level
quickly returns to normal, the initial solidification is pure
oxlde as the supersaturation necessary for metal nucleation is g

absent, and the concentration gradients existing in the liquid
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necessary for eutectic growth were destroyed during remelting.

The precipitation of pure oxide increases the metal content of

the liquid (ahead of the s0lidifying oxide) until the required
supersaturation results. Supersaturation occurs first in the
liquid region just above the existing fibers since the excess
energy condition lasted only a short time, and the metal from
the remelted fibers does not have time to uniformly disperse
within the oxide liquid by diffusion (Figure IT-19-b). This
process may account for the almost perfect alignment of the

fibers across the narrow oxide band (Figure II-19-c).

. X-RAY ANALYSIS OF OXIDE-METAL COMPOSITES

1 . . .
3 In the previous work )3 the orientation relationship
| of the metallic fibers and oxide matrix was estimated using
x-ray methods on bulk polygrain composite samples. An improved

method which can precisely determine the orientation of the

fibers and matrix within a cell has been developed. A single
cell which was separated from the bulk composite was examined
using the diffractometer single crystal technique and a Laue

r back reflection pattern. This method was mainly applied to

UOg-W samples because this system was chosen for the majority
of field emission experiments and its cell sizes were large
\ enough to utilize these methods.

The bulk composite sample was first crushed and the
"grains" were examined using an optical microscope and a

r large single "grain" (cell) was chosen for x-ray examination.

The grain (in which the growth direction was easily identifiable)
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was attached to the gerniometer head of the single crystal
orienter of the G. L. XRD-6 diffractometer. The 26 angle
was set on the position for the (111) UO2 reflection. The
angles 'X and @ (sce Figure II-20) were then systematically
adjusted until a reflection was detected at the maximum
intensity. These Valuesof'y and ¢ were the orientation

of a (111) pole of UOQ. Two poles can determine an
orientation of a crystal; however, in order to completely
confirm the orientation, all four (111) poles of the Uo,

were searched. The 2@ angle was then repositioned so that
(110) reflection of the W fibers was detected. The same
process was used to record the various (110) poles of the

W fibers.

Figure II-20 shows that the orientation of the W fibers
and UOQ matrix are almost identical. The growth direction of
both the fibers and matrix is very close to the (111) pole.
Figure II-21 shows the Laue back reflection of the same grain.
The reflections from the fibers spread into clusters of barely
visible tiny spots (because of the very small W content of the
composites) which consistently fall on the zones reflected
from the UO2 matrix. Note that the Laue pattern was taken
approximately 25° from the growth direction of the grain.
There are also a few very weak reflection rings in Figure II-
21 which may be reflections from random orientated W fibers

as the diffraction angles correspond to that of tungsten.




DETECTED (110) REFLECTIDN OF FIBRES, W DETECTED (111) REFLECTIONS DF MATRIX,
SAMPLE GRDWTH DIRECTIDN. A [111], O (110], gQTl100], o[112].

——— — —— ZDNES DF FIBRES

—————— ZDNES DF MATRIX
@

;; Figure II-20. The Orientation Relationships of the Metal
r Fibers and Oxide Matrix in a Single Cell
from U02-W Sample No. 113-23-1. Hollow

Marks are Poles of the Fibers; Solid Marks
t : are Poles of the Matrix.
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The orientation relationship of another U02-W

composite grain in which the (111) pole of UO. and (110)

2
of tungsten fibers are both close to the growth direction

1s shown in Figure II-22. The (110) direction of fibers

was approximately 14° from the (111) direction of the matrix.
The (110) zone of the matrix closely matched with the

(211) zone of fibers. The back reflection Laue pattern

. is shown in Figure II-23. Several additional er-w grains

have been examined using the same method. Usually it was

rather difficult to determine the orientation of the fibers
because of the overlap of the reflections from more than

one orieritation. The detected extra (110) reflections of

the W fibers shown in Figures II-20 and II-22 is the evidence
of this overlapping.

Bésed on the x-ray analysils of these two single grains,
the following conclusions can be drawn regarding the orienta-
tion relationships in the U02-w composites. The UO2 matrix
has a very strong (111) preferred growth direction. Ther.

are three types of W fibers: (1) the fibers which have their

l : orientation identical with that of the matrix, (2) fivers which

have a (110) growth direction independent of the matrix

i orientation, (3) randomly oriented fibers.

i The same x-ray technique was employed in an effort to
determine the orientation of the Gd203-Mo system; however, i
the cells were too small for single analysis. In addition,

s
- the apparent single cell grains as Jjudged by the optical
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DETECTED (110) REFLECTION OF FIBRES, *DETECTED (111) REFLECTIONS GF MATRIX,
SAMPLE GROWTH DIRECTION. A 1], O (110], [ (100), o [112].
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ZDNES OF MATRIX

It

Figure II-22,

The Orientation Relationships of the Metal
Fibers and Oxide Matrix in a Single Cell
from UOp=W Sample No. 113-23-2. Hollow
Marks are Poles of the Fibers; Solid Marks
are Poles of the Matrix.
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microscope usually turned out to be polycrystals when
examined by x-ray. Pole figures of (110) of Mo, (222)

and (313) of Gd203 were studied. It was found that the

Gd203 matrix has a preferred growth direction at (313).
No preferred growth for Mo fibers was determined. Also

the pole figures of (110) Mo and (222) Gd203

and it is suggested that (110) Mo // (222) Gd203.

Since the thermal expansion of the metal fibers and

are compatible

the oxide matrix are not the same, the metal fibers may
have a considerable strain. An x-ray line broadening
experiment was conducted to determine the internal strain
and particle size of the metallic fibers in both UOQ-W
and Gd203-Mo samples. Two different reflections are
needed to determine both the particle size and strain by

9
line broadening analysis  , usually (110) and (220) for

bece metals, (111) and (222) for fcc metals. However, for

an elastic isotropic metal such as tungsten, any two 1
1

reflections may be used for the analysis. In the UOQ-W

sammples the (220) reflection or tungsten was overlapped by >

the (224) reflection of uo,,» therefore (211) was substituted
for (220). While in the Gd203-Mo system, (110) and (220)
reflections of Mo were used for the analysis. A well annealed
tungsten powder was used as & standard for the instrumental
correction.

The results of this analysis indicated there was
negligible particle size broadening for the W and Mo fibers,

o}
i.e., the particle size was larger than 1000 A, However, f
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there are measurable root-mean-squared strain in the fibers

of both composites, especially in the case of the W fibers

in U02. The Mo fibers in Gdgo3 had a rms strain of

2\\1/2 = 0.0010
\g /50
. ; 2 1/2
which 1s lower than that observed for Mo filings E =
/ 50 A

0.0032). However, the strain observed for the W in UO was

2 1/2
<£ >50 9 = 0.0052

which is higher than that found for filings \@E :>
0.0038).

1/2,
50 A

The occurance of strain in the metal fibers in the oxide-
metal composites was expected because of the large difference
in the expansion coefficients of the refractory metals and
oxides. It was also reasonable to observe the larger strain
in the W since it displays less ductility than the Mo and has a
lower expansion coefficient. 1In fact, it was somewhat surprising
that more strain was not detected in the metal fibers because
of this mismatch in expansion characteristics between the oxide

and metal compcnents of the composites.




SECTION IIT |

THE FORMATION OF OPTIMUM EMITTING ARRAYS

The objective of this phase of the research programn
was to develop emitting geometries from the oxide-metal
composites for use in the experimental electron field
emission testing work. In previous reports the results
of selective chemical etching studies on UOQ-W 1,2,3,&)
Gdy04-Mo 1, and ZrO,-W and Hf0,-W ° samples have been
described. Analysis of the ch>mical etching behavior of

the U02-W composites has received most attention because

of the better emission performance of this material, Recent
field emission test results suggected the use of pointed W

pins (pin tip radius~100 X) may have led to localized pin

tip heating and subsequent electrical breakdown. Consequently,
some of the work designed to achieve ideal emitting geometries
for UOQ-W samples performed this reporting period utilized

annealing techniques to increase the emitting area through the

formatlon of larger diameter rounded or hemispherical pin tips.
The system Ceo2 doped Gd203-Mb also received extensive attention
using both chemical etching and annealing approaches to achieve
a variety of Mo pin geometries. The best chemical etching

solutions and conditions established previouslyl were used as

a starting point for this further study on the Gd 03-Mo samples,

2




A. UOE_W EMITTING ARRAYS

A number of areas of interest in the etching of
U02—w composites have been investigated and the following
items will be reported in this section.

1. Pointed, recessed pins for low voltage emitter

geometries

2 Rate of W removal in etching of holes

3 The alteration of pin tip shape by annealing

b, Accurate deteimination of U0, etching rate

5 Effects of etchant aging

The capability of producing pointed W fibers recessed
into the oxide matrix has been reported previouslyl using
the following etchant composition:

20 ml glacial acetic acid
20 ml saturated aqueous CrO3 solutiorn

14 ml concentrated HNO3 Pointed recessed
20 ml concentrated HF pin etchant

In this work the fibers were recessed into holes which were
approximately three times the diameter of the fibers with

the fiber tips either flush with the oxide surface or only

slightly recessed (A,o.5pnb see Pigure III-1). A number of'
etchant compositional variations were tried in attempts to
increase the recession of the fibe{ tips. Although reduction
of chromic acid content in an etchant used for producing
exposed pointed fibers was the change that first produced

this geometryl, further reduction of chromic acid did not
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Figure ITII-1. UO,-W Composite Displaying W Pins Recessed In

Oxlde Matrix. Scanning Electron Micrograph,
X5,400.
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give the desired results. Changes in hydrofluoric and
nitric acid concentrations were also tried without success.
In another scheme designed to produce pointed recessed

pins the fibers were recessed 2-4um using a K,Fe(CN)_-NaOH

3 6

solution prior to treatment in the etchant used to produce

the pointed recessed pins. The etchant composition used to

recess the pins was:

5g NaOH W removal etchant

500m1 distilled H20

Recessing of pins was accomplished by hcliing the sample
in tweezers and agitating vigorously in the etchant for
about five seconds. After recessing the W pins the sample

was etched in the coupousition noted above to produce pointed,

recessed pins, but no increase in recession depth was
'observed after the treatment. Consequently, the sample shown
in Figure III-1 is the best recessed pin geometry ava.lable
at present.

The necessity of understanding the mechanism used .

to selectively remove the W fibers led to an investigation
of this etching process. Prior work had shown that a wide

concentration range of the X Fe(CN)6-NaOH et:hant would

8
successfully remove the W fibers, but the dependence of

the hole depth on time of etching and etchant concentration
was not defined. A direct method of hole depth measurement

was devised since previous attempts to measure changes in

4
1
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resistance or other properties as a function of hole depth

were unsuccessful., The samples were first polished on lpm

diamond paste and thoroughly cleaned and rinsed in the

ultrasonic cleaner. Etching was performed by rotation of

the sample at 20 rpm in the K3Fe(CN)6—NaOH etchant at room
~D~

temperature (22-25°C) and the etching times were 10, 30, 90,

and 300 seconds. This step was followed by treatment in an

etchant which removed the oxiae matrix at a known rate (the
determination of this rate will be described later in this
section) without affecting the W fibers. Once the fibers
were re-exposed, their height was measured using optical
examination in the metallograph by moving the plane of

focus from the matrix surface to the fiber tips and noting
the difference in elevation. Subtracting this fiber height
from the amount of oxide known to have been removed gave *he
depth to which the W fibers were recessed by the K3Fe(CN)6—
NaOH etchant.

A series of experiments were completed for the above
stated etching times using the W removal etchant and the
results are shown in Figure III-2. The relatlonship between
hole depth and etching time for this etchant concentration
appears to be essentially parabolic for etching times up to
five minutes. Diluting this etchant with distilled H50 to

0.1 of its initial concentration showed virtually no attack

on the W fibers for short etching times.
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The shape of the fiber tips obteined from samples

where the pins were initially recessed,and subsequently
exposed, were observed in the SEM for possible use as
emitter test samples. Inspection of a typical sample,
shown in Figure III-3, revealed that the fiber tips were
essentially blunt with some radiusing of the corners. On
the basis of this information an experiment was p:rforwmed
to determine whether or not the tip shape could be modified
by heat (reatment. After recessing the W pins with the
K3Fe(CN)6—NaOH etchant, a UOQ—W sample was annealed at 1600-
1TOO°C for five minutes in an induction heated Mo cylinder.
The fibers were then re-exposed by etching the matrix away
without affecting the fibers and the sample was inspected
in the SEM. Figure III-4 shows the definite rounding of the
fiber tips produced by this procedure and this hemisrherical
pin tip shape was emission tested (described in Section V).
Alternate methods of producing hemispherical W pin tips ‘
were explored using annealing treatments on UOQ-W samples
with exposed pins. The initial annealing treatments were

performed at 16OOOC using samples with both cylindrical and

pointed pin tips. Annealing was accomplished inside an
induction heated Mo tube using a H, atmosphere and employed
approximate.y two hours to both heat and cool the samples.
Figure III-5 shows a sample which initially had cylindrical
shaped pins after the 1600°C annealing for 15 minutes. The

pin tip rounding appears uniform; however, the tip radius has
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Figure III-5.

Initia

11y Cylindrical, Unpointed W Pins in
170 _T C

, omposite after Annealing at 1600°C
for 15 minutes. Scanning Electron Micrograph,

Figure III-6.

Pointed W Pins in UO,-W Composite As Etched.
Scanning Electron Micrograph, X11,200.
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increased to yield a "bulbous” shape. Comparison of the

pin tip shape of this sample with the geometry of the pins
resulting from annealing with the pins recessed in the
matrix (Figure III-4) indicates the matrix effectively
constrained the surface forces and maintained a uniform
pin tip radius.

In an effort to produce rounded tips of smaller
diameter, samples initially treated to produce pointed
fibers (as shown in Figure III-6) Jere also annealad at
various temperatures for different times (the etching
procedures used to obtain this pin geometry were described
previouslye).

A variety of etching times and temperatures were
investigated and two UO,-'" samples treated at 1600°¢
for 15 minutes and at lMOOOC for 25 minutes are shown in
Figures III-7 and III-8. These results suggest the 1400°¢c
annealing is nearly ideal for producing pin tip geometries
which approach prolate spheroids. Unfortunately, the
annealing of samples with initially sharpened pins was
performed late in the contract period and the electron
emission characteristics of this geometry were not
experimentally checked.

Another area which was investigated in the course of
the work to determine the rate of W removal to produce holes
was the determination of an accurate rate of removal of the

U02 matrix material. As noted previouslye, an etchant
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W Pins in

Figure III-7. Rounding of Ini
t Annealing at

UO~=-W Composit

1600°C for 15 Minutes. Scanning Electron
Mierograph, X11,500.

On-W iposite Produced
by Annealing of Pins at 1400°C for 25 Minutes.

Figure III-8, Rounding of W Pins in UO,-W Comp
Fad
Scanning Electron Micrograph, X10,500.
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composition was developed which attacked the matrix without

affecting the W pins. This composition is:

20 ml glacial acetic acid \
4O ml savurated ageous CrO., solutions matrix
6 ml concentrated HNO 3 removal
4 ml concentrated HF ~j etchant
Tnitially a fresh batch of this etchant was carefully
prepared and a UO?-W sample was etched for 30 minutes
at 20 rpm at an etchant temperature of 2200. The sample
was prepared for etching by polishing on 1lpm diamond and
ultrasonic cleaning in acetone. A fiber length of 8-9pm
was determined using the metallograph method described
previously in this section. Four etchings in a period of
eight hours using this same etchant batch gave nearl,
identical fiber lengths. Twenty-four hours later a fifth
etching was performed using this same batch of etchant and
virtually identical results were obtained.

Even after storage for eight days ir a covered Teflon
beaker at room temperature treating a sample with this batch
of etchant produced exposed fii2rs 8 to 9um in length. A few
small areas in this szmple had longer fibers up to 1lOum long.
A second batch of this etchant gave very similar results
after storage for five days.

This set of experiments yielded two valuable pieces

of information, First, it showed that the matrix removal

etchant remained usable over longer periods of time than




[T

previously suspected and that repeated use does not seem

to affect the etching properties. Second, a U0, removal
rate of S=9um per 30 minutes of treatment was established
and used for the previously reported experiments in which

the W removal races were determined.
Gioog—Mo EMITTING ARRAYS

During the past year the formation of optimum emitiing
arrays in the system Ced? doped Gd203-Mo was studied. Work
was conducted to expose and lengthen the Mo fibers, and to
shape the fiber tips using chemical and thermal annealing
techniques. The selective removal of Mo to form holes in
the 0d, 3 matrix was accomplished, and the formation of
recessed pin geometries was attempted. A notable result of
this work was the determinatior of the relationship between
fiber length, hole depth, and pin tip shape versus time of
etching or annealing. These relations make possible the
formation of many desirable geometries when certain parameters
such as fiber length are specified.

In the selective removal of the Gd203 matrix to expose
the molybdenum fibers,it was found that annealing samples
prior to etching improved the uniformity of the etching and
the smoothness of the oxide matrix. The high thermal gradients

inherent in the zone melting technique appear to leave significant

residual stresses in the matrix and annealing to 1800°¢ in a

N2-H2 atmospherc followed by slow cooling helped to remove




these imperfections and improve the uniformity of the
etched samples. An unannealed Gd203-Mo composite etched
to expose the fibers is shown in Figure III-9 and the
rough matrix is readily evident. This etching behavior
can be compared with the sub'sequent pictures of the
Gd203-Mb samples all of which have been annealed prior
to etching.

The etching of the Ceoe-doped Gd203-Mo components
to expose and lengthen the Mo fibers was studied initially.

Previous workl had shovn that HQSOLL or a mixture of H2{:n =129

4
nethyl alcohol produced a relatively smooth oxide matrix with
little if any attack of the Mo fibers. It was established
that fibers &pm long were formed by etching for 20 minutes,

in reagent grade concentrated H2804° A series of etching
experiments were performed for time periods less than 20
minutes to determine the rate of oxide removal with time.

In thié work a single sample was reground and poliched in

the standard manner bef-re each separate etch run, and fresh
acid was used for each different time period. This was done

to eliminate any etching variations due to sample differences
and to limit the possibility of forming catalysts or inhibitors
by reaction of the Gd203 and HQSOM which might affect the
etching rate in the subsequent tests. The height of the
resulting fibers was determined by the metallograph method

described previously. In making these measuremen:s only a

O.5pm difference in fiber heights was found across the surface;




Figure III-9.

Unannealed Gd,0,-Mo Composite Etched to Expose
Fibers. Scanning Electron Micrograph, X4,800.
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the value for the fiber height was taken as the average

of' the maximum and minim.m height values. Figure III-10

is a plot of fiber height versus etching time. A PDP-8e
minicomputer was used to run a straight line and a parabolic
regression on the data points. Data obtained from this
analysis indicated that the rate of etching of Gd203 to
expose Mo fibers more closely approximated a parabola than

a straight line. This parabolic relationship, which deviates
only slightly from a linear one, is considered accurate
because of a "shielding" effect. As etcihing proceeded the
fiber lengths increased, and the openings between the fine,
closely spaced fibers begin to appear as tiny "channels'" to
the etchant. Fresh etchant must be transported down these
channels to the oxide matrix and the spent etchant transported
away for etching to continue at a steady rate. Reaction

products formed by the reaction between the HQSO and the

4
Gd_O, become trapped at the bottom of the channels, retarding

2 5
the etching by shielding che oxide surface from fresh etchants;
this effect would become more pronounced as fiber length
increased, resulting in a steadily decreasing etching rate.
The same behavior was observed during the etching of holes
(to be described later).

Two methods were investigated for shaping the molybdenum

fiver tips to produce geometries suitable for electron emission
testing. The first area studied the factors influencing the

chemical pointing of the fibers and the second, the formation

of hemispheres using annealing treatments.
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Figure ITI-10. Plot of Exposed Fiber Length vs. Etching Time ¢
for Gd,03-Mo Composite in H,S0)-12% Methyl }

Alcohol Etchant.
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Previous attempts to chemically point the Mo fibers1
empleyed combinations of acids which attacked Mo; however,
these etchants generally yielded poor, non-uniform structures.
Additional etching work this reporting period centered around
ammonia-based salt additions to stob and it was discovered
that NH4N03 additions produced exposed pointed Mo fibers.
Figure I11I-11 shows a Ce02 doped Gd203-Mo sample etched by
rotating at 20 rpm for 8 minutes in a solution consisting of
L grams of NHuNO3 in 100 ml stou. In order to further improve
pointing, a SONAC* device was employed to increase the etchant
agitation beyond that obtained by routire sample rotation at
20 rpm. A Gd203-Mo sample etched in thne 4 gm NHMNO3 solution
for 8 minutes, utilizing SONAC agitation in conjunction with
rotation at 20 rpm is shown in Figure [11-12. The overall
lwmprovement of fiber and matrix geometry is readily visible.
The fibers are well pointed and uniform, and the matrix is
generally quite smooth; the pin geometries were very uniform
across the surface of the sample.

The effect of the addition of various quantities of
NHuNO3 to 100 ml of sulfuric acid was also studied. It was
found that the degree of pin pointing increased with the
amount of NH4N03 added. The mairix was rougher, however, as
the NH4N03 content increased. A solution of 5 grams of NHuNO
in 100 ml of sulfuric acid was selected as an optimum pointing

¥SONAC is the trade name of a small device marketed for the }
cleaning of dentures by electrosonic agitation. L
g
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! Figure 1II-11.

e

GdEO -Mo Composite Displaying Pointed Fibers
Resu%ting from NH, NO_ Addition to HQSO4 Etchant.

Etched by rotation a% 20 rpm. Electron Micrograph
X11,%700.

3

r Figure III-12. Gd203—Mo Composite Etched in NHuNO3—H2804

Etchant Utilizing Rotation and Electrosonic
Agitation. Scanning Electron Micrograph,
X2,350.
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etchant because it produced well pointed pins and an

acceptably smooth matrix.

The second area of pin tip shaping studied the effect

of various annealing treatments on exposed fibers in GdEO -Mo

3

samples. This study was concerned with finding the effects

of both temperature and time on the shape of the fiber tips.

Four of the better Gd203-Mo specimens were selected as samples

and the fibers were pointed in a solution containing 5 grams
of NHuNO3 in 100 ml of Hgsou
method,

by the ultrasonic-rotational

followed by lengthening in concentrated sulfuric acig.
The fibers approximated the shape of right circular cylinders

with pointed tips. The overall length of the exposed fibers

was about qu. Samples were induction heated to 1200 and
1600°C and held for 15 ang 25 minutes in a H, atmosphere.

The four samples were heated and cooled at identical rates

and examined for pin tip shaping. The results indicated

that a temperature of 1200°¢C for 25 minutes produced the
best pin tip rounding (see Figure ITI-13). Annealing
treatments conducted at 1600°¢ resulted in melting of the

Mo fibers ang deterioration of the oxide matrix surface.

The selective removal o.' the Mo fibers from the Gd203-Mb
samples to form holes was accomplished using an etchant

composted of 75 grams K3Fe(CN)6, 25 grams NaOH, and 250 ml

distilled water. The samples were suspended in the ultrasonic

cleaner during etching to help force fresh etchant into the




Figure III-13.

Rounded Tip Shapes in
Produced by Annealing
Mo Pins &t 1200°C for
Electron Micrograpn,
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swmall holes and obtain increased hole depth. The rate of

‘Yo removal to yield holes was determined using ultrasonic
agitation and the known rate of Gd203 removal in H2804
Figure III-10) by the procedure previously described in
this section. A sample treated to form holes was placed
in the standard fiber lengthening etchant to expose the

fibers by removing a known amount of the gadolinia matrix.

After cleaning, the length of the exposed fibers was

measured. The depth of the hole was then the amount of
Gd203 removed, in microns, (as determined from the etching
time) mims the height of the exposed fibers. The results
of this brief study are shown in Figure III-14.

The data shown in Figure III-14 was reduced in the
same manner as tie fiber length (matrix etching rate)
data. Linear and parabolic regressions were run on the
PDP-8e minicomputer. The linear fit had a correlation
index of 0.994255. This indicated a good fit, but the
parabolic fit had an index of 0.999875. This indicated
that the relationship of hole depth to ultrasonic etching
time was almost perfectly parabclic. The shape of the
parabola indicated that the rate of etching slowed down
with time. This behavior suggests there was difficulty
getting fresh etchant into the holes; as the etching time

increased and the holes got deeper the etching rate slowed

down,
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Figure III-14. Plot of Hole Depth vs. Etching Time for i
Gd,03-Mo Composite in K,Fe(CN)g-NaOH Etchant. !
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The etching of CeO2 doped Gd203-Mu samples to form
pointed fibers recessed in holes was attempted using a
two-step process. in the first step, shallow 2-3um deep
holes were etched in the sample using the K3Fe(CN)6-NaOH
solution. In the second step the pointing etch, composed
of 100 ml HQSOA and 5 grams NH4N03, was used in hope of
pointing the fibers while only slightly etching the matrix.
Initial experiments were performed with the time of hole
formaticn and tip pointing equal to one another. Figure
ITII-15 shows a sample prepared by this two step etch process.
The‘holes are clearly visible, and some fibers are apparant
in a few of the holes. The majority of the fibers do not
appear to be pointed and structural uniformity is an obvious

problem. Exposed fibers between holes are a result of matrix

removal from around the originally recessed pins during the

second etching. Holes which were initially deeper remain as
depressions of various depths around the other pins. It is
obvious that further work is required in this area to form

recessed pin Gd203-Mo samples suitable for electron emission

testing.
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Figure III-15.

CdQOB-Mo Sample Showing Pointed Pins Recessed

in Holes Produced by Two-Step Etching Process.
Scanning Electron Micrograph, X1,000.

o4

a A



SECTION IV

OXIDE METAL COMPOSITE PROPERTIES

In previous reports1’2, the objectives of this
section have been (a) determination of fiber continuity
and (b) establishment of electrical contact to the oxide-
metal composites. Electrical resistivity measurements
have been used to indicate degree of electrical contact
and electrodeposits have provided estimates of fiber
continuity. A summary of various electrical contact
techniques and celectrical resistivities will be reviewed
in Section IV A, In addition, estimates of oxide-matrix
resistivities will be presented.

From electrodeposits of coppc», SEM micrographs
showed that roughly 70% of the fibers in the oxide-mepal
composites are continuous with the discontinuities occurring
in the region of cell boundaries.l Correlation of fiber
continuity to electron emission was demonstrated using
electrodeposits.l

Thin films of various types have been deposited using
an ion beam coater.* The arrival of the coater allowed
investigation of the effect of front surface conductive
coatings, and back surface resistive coatings on field
effect electron emission. Details of the ion beam apparatus
and coatings will be reported in Section IV B.

*Ion Beam Coater (A modified IMMI III), Commonwealth i
Scientific, Arlington, Virginia. .




A. ELECTRICAL RESISTIVITIES

During the initial states of testing the field effect
emission of U02-W composites, electrical contact to the
composite was provided with silver paste.3’4’5 Electrical
resistivities of oxide-metal composites utilizing silver

paste contact were of the order of lO3 ohm-cm, indicating

little contact to the individual metal fibers as this value
is representative of the UO2 matrix.2 “un an effort to improve
electrical contact, metal vapor deposits, silver solder, and
brazes of platinum and copper have been investigated.l’2 The
resistivities measureable with the various contact methods
are presented in chronological order in Table IV-I. Details
of measurement techniques have been reported previously.l

It should be noted that the resistivities were calculated on
the basis of the volume of metal in the composites and the
lowest obtainable resistivities is that of the metal or

AL e ohm-cm. Since it was shown that 30% of the fibers

are discontinuous, the lowest measureable value would be

8.5 x 10'6.

Note from the chronological order of the contact methods
in Table I that contact has consigtEntly improved as indicated
by decreasing resistivities. It is significant that emission
electron current density has also greatly increased as contact
improved. Electrical contact is not the cnly lfactor for improved

emission density but certainly is a contributing one. Indium |

and mercury electrical contacts were used for resistance




SUMMARY OF LOWEST OXIDE-METAL COMPOSITE RESISTIVITIES
PRODUCED BY VARIOUS CONTACT METHODS

TABLE IV-I

Contact Method

Composite Materlal

Lowest Resistivity

_ (ohm-cm)
Silver Paste UOQ-W 103
-4
Indium U02-W 10
Mercury U02-W Not Reproducible
Gold Vapor Deposit Zr0,-W 1.4 x 1073
Silver Solder Braze U0,-W 6.0 x lO-L'L
Gd 0_-Mo 2.6 x 1073
2 3
Copper Braze UOQ-W 1 x lO-LL
-4
Gd O0_-Mo 2:2 x 10
2 3




measurements only as their vapor pressures prohibit use in

electron emission testing.

For low voltage electron emission using a sample geometry
of recesz~! pins with a conductive front surface coating, a
high resistance matrix is desirable. To estimate the resistance
of the matrix, a series of experiments were conducted on the
same UO,-W composite (Sample No. 31-12-2/20-24). The initial
sample geometry of an exposed cylindrical pin composite, copper
brazed to a molybdenum pin, was coated with gold in the ion beam
coater. When measured with indium contact to tﬁe front surface
gold coating, the sample has a resistivity of 1.2 x 10'4 ohm-cm
based on tungsten content, Table IV-II. The sample was polished
flat and pins were recessed 3-5 microns below the surface. With
indium contact to the front surface, the resistance was 2.5 ohms.
Assuming the hole depth to be 5 microns and the total resistance
drop was across the 5 microns of UOp between the top of the pins
and the indium, the matrix had a resistivity of 1.4 x 103 ohm-cm.,
This is a reasonable value for nonstoichiometric UOQ. When
pressure was applied to make contact, the indium flowed into
cracks on the sample surface and possibly into the holes left
by the removed pins. After gold coating this sample in the ion
beam coater and remeasuring the resistance, the resistance
dropped from the previous value of 2.5 ohms to 4,8 x 10~1 ohms.

The drop may have resulted from gold deposited in the holes.
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However, there is the possibility that indium flowed further
into the cracks on remeasurement and established contact with
more of the tungsten ribers. SEM examination of the gold
surface showed no evidence of holes, indicating either gold
“ad bridged open holes or indium had been forced into them
during resistance measurements.

A similar series of resistance measurements was conducted
on Gd203-20% Ceog-Mo composite, Sample No. 22-89/30-18/20-26,
slices 4 and 5. The initial resistivity of both slices was
2.2 X lO'l‘l ohm-cm, Table IV-II. After the Mo fibers had been
recessed to 8 microns below the surface, the resistivity of
the matrix between the end of the pins and the indium contact

3

was calculated to be 1.2 x 10~ and 5.8 x lO3 ohm-cm for slices

4 and 5 respectively. Thus, the resistivity of the Gd20 -20%

3

Ceo2 matrix appears to be approximately the same as that of

the UO2 matrix. Once again, the matrix was cracked and the
resistance values must be viewed with caution. It is believed
that a crack-free matrix would exhibit a much higher resistivity,
since any electrical contact through a crack would change the

resistance orders of magnitude.

B. THIN FILMS

Ion beam sputtering has been used to deposit thin films
of both metals and oxides on the U02-W and Gd2034k>composites. i
Using a beam of ions, an atom or small group of atoms is removed

from a selected target material and collected on a substrate

near the target. If the ion source is an inert gas such as ‘




argon, a metal or alloy may be deposited. Reactive

sputtering may be accomplished through the use of an

active gas such as oxygen. For example, using copper
as the target material, copper metal can be deposited
with argon and cupric oxide can be deposited using
oxygen.

After receiving an ion beam coater in January 1973,
several modifications were made to improve control over
deposition rate and uniformity of film thickness. These
modifications will be described in the Apparatus and
Calibration Section.

Using the ion-beam coater, thin films of Pt, Au,
Mo, W and amorphous Aleiyoz have been deposited on
the composites to serve at different times as electrical
contact on the back side of emitters, as a continuous
metallic coating on the front side, and as a series
resistor on the back side of emission test samples.

The thin films and their morphologies will be discussed
in the Coating Studies Section.

1. Apparatus and Calibratior

The ion beam coater ccnsists of an ion gun focused

on a target in a vacuum chamber operating between 1 x 10'1‘L
and 5 x 10"1‘L torr. The ion current was initially measured
by inserting a probe approximately 1 cm in front of the ion

gun. Ions impinge on the target removing atoms or groups




of atoms and the deposit atoms are collected below the

target on a desired substrate, Figure IV-1. Up to six
different targets may be utilized sequentially in a
hexagonal rotatable target holder. Ion currents up tc
500 ma have been achieved at gun voltages between 6 and
10 KV. Rotation and translation of the sample stage was
provided to allow uniform deposition over a 3 cm diameter
area.

Initial studies with the ion beam coater were made
to estimate deposition rates at constant ion-beam currents
and ionization vcitages. Molybdenum was deposited using
argon as the ionized gas at a pressure of 4-5 x 10_4 torr,
and film thickness was determined using x-ray absorption.
Molybdenum deposition rates on polycrystalline alumina
substrates were not reproducible for these tests, Table
IV-III. Variations in deposition rates under constant
conditions is now thought to have been due to a charge
bulld up on the molybdenum target as explained below.
Variations were also produced by changing beam currents
during deposition.

Some causes of the deposition rate variations were
discovered when reactive sputtering was attempted using
oxygen as the ionized gas. Using a copper target, it was
anticipated that copper oxide would be deposited on a 5 mil
platinum sheet. A black film (presumed to be some form of

copper oxide) was deposited initially and as deposition
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Figure IV-1. Schematic of Ion Beam Coater




TABLE IV-IIT

MOLYBDENUM DEPOSITION RATES PRIOR TO
MODIFICATION OF THE ION-BEAM COATER

Ionizing
Potential
(KV)

Coating
Thic§ness

Beam Current
(Microamperes)

Deposition i~
Time, min.

Deposition
oRate
A/min.

5 100 6 34
60 100 6 820
100 6 750
200 9 2790

6.8

13.7
6.2
23-2




broceeded, copper metal appeared. During deposition the
gun current varied considerably and the current was seen
(visually, by looking at the beam) to decrease when the
current measurement probe was removed from the beam. Thus,
the ion current during deposition was not known and since
the deposit seemed to vary in stoichiometry with time, it
was thought that the ion beam was charging the copper target
which clranged operating conditions as a function of time.
It was discovered that the target holder was electrically
insulated, allowing charging of the target. The target was
grounded by connecting the holder to a microampmeter (in
addition to the current probe micrometer). This not only
grounded the target but provided a continuous reliable
reading of the ion-beam current at the target. With this
new arrangement, beam current became more easily controlled
and remained steady over long periods of time. A run was
made using oxygen with a copper target and the deposited
coating (on platinum) was black and proved to be cupric
oxide.

To allow monitoring of coating thickness as deposition
occurs, a new sample stage was constructed with a Sloan
Vibrating Quartz Crystal thickness monitor head serving
as the center of rotation for the stage, Figure IV-2., An

excentric cam provided rotation and translation of the

stage perpendicular to the ion beam of 5/8". Four samples




ECCENTRIC CAM

TARGET MATERIAL
(ABOVE STAGE)

_ 9

>

ION BEAM
J.\ SAMPLES VIBRATING
QUARTZ
1ON GUN CRYSTAL
STAGE MOVEMENT

Figure IV-2, Diagram of Ion Beam Coater Stage

Utilizing Vibrating Quartz Crystal
Thickness Monitor.
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could be positioned on a concentric circle about the quartz
crystal. In addition, each sample rotated on its on axis
with respect to the stage. The various motions allowed
uniform deposition since samples "viewed" the depositing
material at a wide variety of angles.

To calibrate the frequency change of the quartz crystal
as a function of deposit thickness at the sample position,

tungsten was deposited on two pieces of Al 0. substrate. At

23
an ion beam current of 5C Ma and ionization voltage of 9 KV,
the frequency of the quartz crystal varied linearly with time.
After two hours, the film thickness on the two alumina samples
was 800 X + 10% as measured by x-ray transmission. During
deposition a frequency charge for the quartz crystal of 14,000
Hertz was recorded. The thickness monitor manufacturer stated
that deposit thickness may be approximated by T = AfV@, where
T is the thickness in anstroms, Af is the frequency change in
Hertz during deposition andeis the density of the deposit
in gm/cm3. Thus, using a density of 19.3 for tungsten, the
calculated thickness was 725 X or within the accuracy of the
measurements made by x-ray transmission.

The dependence of deposition rate on ion beam current
and ionization voltage was investigated and it was found
that the deposition rate was strongly dependent on ion beam
current and less affected by voltage. Results of this
investigation are shown graphically in Figure IV-3. At a

voltage of 9 KV the deposition rate (in Hz/min at the crystal)
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Effect of Ion Beam Current and Accelerating
Potential on Deposition Rate of Molybdenum




was 20 Hz/min at 10 Ma and increased to 80 Hz/min at

4Ouma. At 30 ua the deposition rate varied from 20 Hz/min
to 40 Hz/min as the voltage was increased from 5 KV to 9 KV.

These deposition rates are relative only, as the stage was

stationary.

2. Coating Studies

a) Front Surface Contact

Previous evidence suggested emission current was
probably produced by a relatively small percentage of the
metallic pins operating at any given time.l’e’3 In an
effort to increase emission current uniformity and density,
front surface metallic coatings were deposited on exposed
pin composite samples to provide equivalent electrical
contact tc all pins.

An initial 1000 X thick gold coating was deposited
on er-w composite, Sample No. 31-12-1, Figure IV-4. Good
uniformity and smoothness of the gold over the entire sample
surface was encouraging. The sample was rotated as usual
and deposition occurred at a wide variety of angles.
Interestingly, the pins that were initially cylindrical
exhibited a conical geometry after deposition, with the

base dlameter larger than the end diameter. This behavior

suggested that ion beam deposition might be used to taper

and uniformly round pin tips.




Figure IV-4,

o)
Scanning Electron Micrograph of 1000 A

Gold Deposit on UO,-W Sample No.

X6,400.
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31-12-1,
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o
On U02-W Sample, No. 25-59-10/23-43b, a 1000 A film

of Mo was deposited which showed even more rounding of pin
tips than was seen in Sample No. 31-12-1 (Figure IV-4)., &
micrograph of the sample prior to deposition is shown in
Figure IV-5 and micrographs after deposition are shown in
Figures IV-6, 7 and 8. By comparison with the gold coating,
the Mo deposit tapered the pins near the tips and rounded
the ends. Several unusual effects were seen. In some areas
of the sample, the deposit formed "collars" approximately
in the middle of the fiber lengths, Figure IV-7, and in
other areas, flat sheets of molybdenum branched out from
the fiber tips, in some cases forming a bridge connecting
the fibers, Figure IV-8.

Due to the success of applying smooth front surface
metallic coatings to composite samples with exposed pins,
two coated U02-W samples were emission tested. The first
sample (No. 25-66-7/113-31Y/58) was initially emission tested
without any front surface coating and, after coating with
gold, the measured emission current increased two orders of
magnitude at low applied voltages. Post emission examination
of the gold coated pins showed areas where the gold had been
vaporized or removed from the pins and the more stable (lower
vapor pressure) metal Mo was selected for the next sample,
The secondOUOQ-W sample (No. 31-39-8/30/20-33/62) was coated

with 1000 A of Mo. The coating was uniform, Figure IV-9, and




Figure 1IV-5.

Figure IV-6.

Scanning Electron Micrograph of UOQ—W

Sample N

25-59-10 Prior to Molybdenum

Deposition,
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Scanning Electron Micrograph of UOQ—WO
Sample No.
of Molybdenum Showing Rou

X11,000,

25-59-10 Coated with 1000 A
d Pin Tips,




-~

Figure IV-7.

Scanning Electron Micrograph of UOo-W
Sample No. 25-59-10 Coated with 1000

of Molybdenum Showing "Collar" Deposits,
X5,700.

Figure IV-8.

Scanning Electron Micrograph of UO -wn

Sample No. 25-59-10 Coated with 1000 A

of Molybdenum Showing Deposit Sheets On
Fiber Ends, X5,700.

ot
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Figure I1V-9,

Scanning Electron
Sample No.o31-39—%/30/?0—
with 1000 A of Mo Prioy %

Micrograph of UOQ—W
33/62 Coateqd

Co Emission
Testing, X25,500.
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emission testing resulted in a high gross current but

modest current density because o7 the large sample area.
The details of the emission testing of these samples are

presented in Section V-B-1l of this report.

b) Front Surface Anode

To determine if a metallic coating would fill holes
in a composite sample with recessed pins or if only the
matrix would be coated leaving open holes, a platinum
coating was deposited on a recessed pin UOQ-W composite,
Sample No. 25-61-3/11-66/23-29 (sample geometries of this
type are desirable for low-voltage electron emission, with
the coating acting as the accelerating anode). Prior to
deposition, half the sample was masked with copper foil to
have a direct comparison of the platinum coated surface with
the uncoated surface. After two hours of deposition using
argon as the ion beam, the Pt coating partially separated
from the composite substrate on removal from the ion beam
coater. SEM examination showed the coating to be = 1800 X
in thickness and to contain holes slightly smaller than the
holes in the uncoated matrix, (Figure IV-10). Thus, such a
technique might be useable to produce a front surface anode.

However, to effectively use such an anode, a composite with

a high resistance matrix would have to be developed.




Figure IV-10.

o
Scanning Electron Micrograph of 1800 A
Platinum Coating Deposited on Recessed
Pin Composite Showing Holes Remaining
After Deposition, X5,15(
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¢) Back Surface Series Resistors

In a previous report2 the advantages of a resistance
in series with each pin was discussed as a means of improving
the emission per pin characteristic of the composite samples.
In an effort to experimentally verify this behavior, a semi-
conductor oxide film was deposited on the back of a sample
to produce a series resistor for each pin of 168 = 1010 ohms.
Such a resistor should give a uniform resistance for each
continuous pin and limit the emission current of each pin,
thereby reducing the probability of a pin "ourning out."

An aluminum alloy (6061 - = 96% Al + Si, Mg, Mn, Cr, Au,
Zn, Ti) was bombarded with ionized oxygen to produce optically
transparent films between 1000 and 2000 X thick on various
substrates. To determine the resistivities of the AlngySizon
films, 0.5 inch discs of duminum were polished to a 1 um
diamond finish and coated with the amorphous "alumina" films.
On top of the alumina films, a 0.2 um by 0.25 inch diameter
circle of gold was deposited for electrical contact and to
define the conducting area of the alumina. Resistance was
measured using indium contact to the gold. The resistivities
of a 1000 X thick AlxM'gySizOn film deposited on two aluminum
discs were 2.2 x lO5 and 3.5 x 105 chm-cm. Using a resistivity
of 2.9 x 105 ohm-cm, a resistor 2000 X thick with a diameter of

0.3 um (typical of the tungsten fibers) would have a resistance
of 8.3 x 107 ohms.




= DU

For emiscion testing, an exposed fiber UO,-W composite was
coated on the back surface with 2000 X on the alumina resistor,
over coated with 2000 X of gold 0.25 inches in diameter, and
silver pasted to a 0.375 inch diameter molybdenum pin. The
sample was emission tested (as reported in Section V) and

displayed better stability than typical samples but the hoped

for current characteristics were not observed.




SECTION V

EA{PERIMENTAT, EMISSTON MEASUREMENTS

This section discussed the experimentally observed
high field electron emission characteristiics of the
oxide-metal composite materials. The main emphasis of
experimental work accomplished during the present period
was directed toward the evaluation of various overcoating
techniques, unusual emitter geometries, and the effect of
pin height and shape on the emission. For the most part,
this work was accomplished using the water cooled test
diode described previously.l In addition a demountable
diode1 was in continuous operation and a second long-term
diode was constructed.

In order that this Final Report be as complete as possible,
a short summary of the most significant results previously
presented is given along with a detailed deszription of the
work performed since the last report. A description of new
experimental apparatus is given and the most significant of

the experimental results are discussed.
A. SUMMARY OF PREVIOUS EXPERIMENTAL WORK

During the three year term of this program, approximately
fifty different oxide-metal composite emitters have been

electrically tested in over sixty experiments. The majority
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of these experiments were performed with emitter test

diodes mounted in a cross-shaped vacuum chamber. This
vacuum system, which has been described previously in
detailu, operates with a base pressure of less than
1077 Torr. Test diode configurations utilized with
the chamber included: (1) fixed spacing radiation
cooled diode5, (2) variable spacing conduction cooled
diodeu, (3) segmental collector radiation cooled diode3,
and (4) water cooled fixed spacing diode.l Each of the
diodes was constructed so as to be mounted interchangably
in the vacuum system. A Sorensen model 2012-250 power
supply was used for dc emission tests, a plate transformer
for 60 Hz ac tests and a 3kV hard tube pulser for pulsed
measurements. During continuous duty testing, a series
resistance of 1Ou-107 ohms was usually employed to limit
peak current through the emitter should a breakdown occur,
Initial emission measurements were made with the
fixed spacing radiation cooled diode and the variable
spacing conduction cooled diode. Current densities of
50-100 mA/cm2 were obtained. A silver paste material was
used to attach the emitter wafer to the cathode suppo:it
structure. Scanning electron microscope analyses of the
post-emission emitter wafers revealed areas of localized
pin melt down, often single isolated pins being destroyed.
By the use or the variable spacing diode, the relationship

between the emitted current J and the interelectrode
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spacing L,

2
J = Cl/L exp(-CeL),

m

where Cl and 02 are constant, was empirically verified.
The segmental collector diode established that areas
of high emission from a wafer were strongly correlated with
good wafer morphology and perturbations such as slightly
non-parallel electrodes were of a second order nature.3
Consequently, efforts were directed toward the production
of the best possible emitter morphology and verificatior
of such with pre-emission scanning electron micrographs.
Most of the early emission samples were produced
from the UO,-W composite materials with exposed emitter
pins. The variable spacing diode was used to examine the

relative performance of emitters having exposed and flush

pins.3 It was found that flush pin emitters produced
several orders of magnitude less emission current for the
same anode potential as did the exposed pins. In addition

to flush pins, other unique geometries were tested including

wafers with recessed pins and slightly exposed pins. Other
composices including Zroe-w and Gd203-Mb were investigated and
found to have certain advantages such as higher resistivity
matrix and eacse of handling, but gave emission inferior to

that obtained with the U02-W materials.

.
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Concern over possible discontinuities in the emitter
pins led to the development of an electrochemical plating
technique which revealed the extent of pin continuity.2
It was found that areas of good pin continuity tended to
coincide with those areas having higher emission. After
thic investigation, electrical resistivity of wafers was
measured and verified to be low (indicating good pin
continuity) before initiation of electron emission tests.

As indicated above, a silver paste material was initially
used to fasten the emitter wafers to a cathode support structure.
This practice was followed for about the first third of the
experiments. After that time, a braze, usually copper, was
utilized in sample mounting. The use of this braze provided
improved ccntact with the emitter pins and improved emission.
Greatly enhanced reproducibility of emission data and a general
increase in average emission current was attributed to the braze.
About this same time the bakable, water cooled diode was first
used. This diode had precisely controlled spacing and was water
cooled. It eliminated the problems encountered previously due
to electrode heating and attendant changes in interelectrode
spacing.

The demountable diode utilized in the long-term test
program was described in the last report.1 Briefly, it is
a glass and stainless steel structure pumped with an ion pump

and operating wich pressures in the low 10'9 range. Data

from this diode are given in the present report.




ELECTRON EMISSION MEASUREMENTS

A chronological summary of the emission data together

with important emitter characteristics for all samples tested
since the last report is given in Table V-I. Experiments
undertaken in this period have generally been more complex
and sophisticated than those previously attempted. All but

several speclalized tests were performed using the water

cooled constant spacing diode assembly. Attachment of the
samples to the cathode assemblies was done with a copper
braze or silver paste. The samples employing silver paste
were first coated with gold. Such procedures provided
reliable contact between the emitter pins and the cathode
support.

Experiments conducted during this period can be
divided into seven categories: (1) use of metallic
overcoatings to change and enhance emission; (2) use of
annealing to improve pin tip geometry; (3) construction
of low-voltage electrcn gun assemblies; (4) long~-term
emission life testing; (5) continued development 6f high
current emitters; (6) emission experiments with composites
other than UO,-W; and (7) application of resistive coatings
to improve emission stability. Material relevant to each

of these groupings will now be discussed.
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1. Metallic Overcoatings

Metallic overcoating of emitters is potentially
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