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ABSTRACT

DEVELOPMENT OF LARGE SIZE FINISHED
POROUS TUNGSTEN IONIZERS

by

John W. Graham
and
Raj K. Malik

TN

}5}7 6 §

Several large size porous tungsten emitter plates almost 4 square inches
in area vere prepared for NASA evaluation as a result of extensive powder metallurgy
and chemical processes. The tungsten structural characteristics met, and in some
cases exceeded, contract objectives. The structures exhibited mean pore diamesters
from 1.1 to 1.7 microns in discrete levels with very narrow desirable ranges, open
pore volume between 19 and 24%, pore count between 0.9 to 4 x 107 porem/cm2 and
transmission coefficient between 11 & 22 x 10'5 plus thermal stability to at

least 2750°F.

The process consists of milling uniformly ultra fine tungsten, copper and
nickel powders, hydrostatically pressing, liquid phase sintering at 2150 to 2250°1?
for periods from 5 to 25 hours, hydrochloric and then nitric acid leaching to
efficiently remove the copper and nickel phase, reducing in wet hydrogen at 1800°F
and vacuum bleaching at 2750"1'. The process allows close control of grain sige,
pore diameter and pore volume. In addition, it results in almost spherical
tungsten grains and is believed to be easily reproducible.
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1.0 Introduction

The development of a stable micro porosity in sintered tungsten coupacts has
become very important for cesium propellant lonizers in ion propulsion systems't-7),
Lov density emitter components with 1 micron diameter pores result from closely

. controlled powder metallurgy approaches. Those approaches which have been most
important in the sintered tungsten industry, involve technical steps which directly
produce structures vhich continue to densify with time at cesium ionizer tempera-
ture(a'lh). High density sintered hydrogen reduced tungsten compacts result from
close attention to such factors as pH, chemical purity and resulting compound
particle size in the chemieal purification processes; to time-temperature and
atmospheric conditions{12) in the reducing cycle; to agglomerate size, particle
size and shape, lubricants, binders, dies, rates, and degree of pressing in the
forming cycle; and finally, to time-temperature and atmosphere in the sintering
cycle. In addition, there are many interdependent relationships between most of
these ractorsuB). Until the past twelve months or 60, most porous tungsten
enitter structures vere prepared using process factors described above. This
resulted in high porosity sintered metal which was basically unstable and con-

tinued to sinter at temperatures above ite recrystalligation temperatures since
such structures are at high energy levnla(a'lb') .

8intered porous tungsten at elevated temperatures continues to densify by
three diffusion mechanisms. These are surface, grain boundary and volume diffu-
sion wechanisms, each of which is governed by specific activation energy levels.
As sintering temperature increases, these diffusion transport mechbanism contribu-
tions shift toward the latter, ie, volume diffusion. In addition to these con-
trolling factors, composition also highly influences diffusion constants. The
continued sintering of porous tungsten is therefore dependent upon the diffusion
rates which in turn are related to the sbove described factors and temperature
as ehown in the following Arrhenius equation 1),

D £ A Xx

RT
Where: D e diffusion constant
A = Dushman-Langmuir Factor (composition dependent)
Q = activation energy - surface, grain or volume
T « absolute temperature
e 3z natural logarithm
R = gas constant

Tungsten self diffusion activation energy levels Q are (16):
swface -66, grain boundary -100, and volume -133 Kilo cal/mole.

4
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According to Anglin‘““’ and Brophy‘™'‘, vhen porous sintered materials have
been densified to 80% of above of their theoretical density (ie) with less than
20% porosity, the demsification controlling rate ig probably by grain boundary
diffusion with an activation energy of 90-100 Kilo calories/mole. Bince volume
diffusion activation energies are $0 high, densification at ion emitter tem-
perature by this phenomencn should not be significant.

Grain boundary diffusion 1s, therefore, the predominate densification
phenomenon for porous tungsten ion emitters and would be highly dependent upon
metallurgical purity, vecancy levels and subgrain structures. These factors
influence the diffusion rate by influencing both Qsh activation energy and A,
the Dushman-Langmuir factor.

. Astro Met's approech toward developing a wniformily porous stable, low
grain size - low pore diemeter, sintered tungsten is that of decreasing the
internal structural energy levels by two fastors. One 1s that of produecing
wuniform spherical grains. This would reduce the quantity of contact points
as well es lower the comtact angle. Itisgenerallyacceptedthat'bonded ,
sphericel tungsten grains offer luproved ion emitter stability(ds 3» &18)
The other ccatrolled factor in Astro Met's approach is that of lowering thes
internal lattice vacancy level. These two factors are brought about by the
1iquid phase sintering of tungsten using copper and nickel as the

awdllliary
1iquid metal phase. This approach was originally developed byv&nithall's(s’9’19’2°)

for producing high density tungsten compacts at relatively low sintering
temperatures. The copper-nickel phese can disgolve tungsten to various satu-
. ration levels, dependent upon the ternsry alloy ratios and temperatures. The
finer particles are generally dissolved, and coutinuocusly precipitated upon
intermediately sized tungsten grains. These tend to grow tovard some average
gize which is proportioned to equilabrium levels that have not specifically
been determined. Brophy'Z) suggests that tungsten solubility in the molten
copper-nickel phase would be directly related to s0lubility of tumgsten in
the available nickel, and the volume of copper nickel phase.

This 1iquid phase sintering produces spherical grains which can be nearly
single orystal. Astro Met's hypothesis vas that after such W structures wvere
developed, the copper-nickel phase could be removed to relatively low levels,
leaving & porous structure with relatively high activation energies. Ths
higher activation emergies would result, even in fine graln structures, by
increasing the grain to grain contact angle by epheroidigation and by lowering
the lattice vacancy level by creating single crystal grains. By creating

>
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this structure and then removing the copper-nickel phase, the surface and
grain boundary diffusion mechanisms should be effectively terminated even if
the structure was of low grain size and high pore volume.

A further critical factor in Astro Met's approach was that of reducing
the copper and particularly the nickel concentrations to very low levels.
This was important in order that the stable porous tungsten structure could be
densified only by volume diffusion at the high activation energy level of 133
kilocalories/mole. This would, therefore, insure stability for thousands of
hours at ion emitter temperatures. Small nickel concentrations have been
shown(az) t0 lower tungsten grain boundary diffusion activation energy levels
from variously reported levels of 90-100 to about 68 kilocalories/mole. The
tungsten grain size after given sintering treatment was found to be inversely
proportional to the square root of the nickel content.

Astro Met demonstrated the feasibility of this approach in 1963 on Con-
sract NA8 3-2513(") A rather narrow W-Cu-Ni composition area and limited
sintering conditiOus Yielded porous tungsten stryctures in grain sizes rang-
ing from 2 t0 10 microns in diameter, and with mean pore diameters from 0.6
t0 2 microns. That project further demonstrated that added copper and nickel
concentrations, as well as most other elemental concentrations in the finished
porous tungsten could be held below 100. parts per million.

The obJectives of this current project were to refine procedures, create
more uniform and more stable structures, and prepare emitter plate blanks of
several square inches and in thicknesses of at least 1/8 inch. '



2.0 Approach

Extremely fine tungsten, copper, and nickel, 0.80, 5 and -5 micron particle size
respectively, are intimately blended and then hydrostatically pressed. The compact is
cut into oversize specimens which are sintered in a hydrogen atmosphere at tempera-
tures between 2100 and 2300°F for periods of 1 to S0 hours, which produces closely
sized spherical tungsten structures.

The resulting sintered structures are acid leached with HCl, then HNO3, to re-
move most of the Cu-Ni phase. If special specimens are machined before acid leaching,
they must be briefly electro-etched in order to remove the worked tungsten structure
which otherwise will later close at high process or operational temperatures.

Vacuum furnace bleaching removes the residual copper and nickel phases to
levels generally below 30 parts per million.

The resulting purified structure is reinfiltrated with copper in order to be-
come machinable, where precise components can be prepared. After another anodic
etch to remove the thin worked tungsten surface, the copper is removed by vacuum
bleaching - providing a porous emitter component. This component can be joined to
a refractory metal retort by electron beam welding or by rhodium brazing.

2-1




i b

-

3.0 Laboratory Procedures

NOTE:
The following section describes procedures whic‘h were generally used during

the course of the project. Because the work was divided into two principal
tasks (ie) Preliminary Studies and Improvement Studies, specific details of
special studies conducted in these tasks are discussed in those respective

sections of this report.

Various material and preparation procedures were modified during the pro-
Ject. The major veriations are listed on Table 3-1 by specimen "Generation”.

3.1 Mixing and Milling

First and second generations specimens were mixed by kneading 200 gram
mixtures within polyethylene bags. The 3rd generation specimens were milled
in a vibratory mill with tungsten carbide slugs for the purpose of providing
more uniform particle and pore distribution. In order to eliminate carbon
pickup, all subsequent generations (4th thru 6th) specimens were vibratory -

‘milled, using sma}l sintered W-Cu-Ni slugs from previous grain size studies.

Initial vibratory milling used trichloroethylene as a liquid vehicle , but
excessive volatilization due to frictional mill heating caused milling to
change unpredictably as the mix became pasty.

Xylene worked better as a milling liquid due to its higher boiling point,
but powder separation due to splashing was a problem. Subsequently, hth, S5th
and 6th generation specimens were vibratory milled as 2f mixes for 16 hours
within polyethylene containers. Four 2§ milled mixes were subsequently wet
blended in larger polyethylene containers in order to produce uniformly
blended mixes for large slugs from vhich the large emitter slabs were cut-

3.2 Pfessing

- The 200 gm W-Cu-Ni 'slugs vere sealed in small rubber balloons. These were
placéd in a small hand-pumped laboratory hydrostatic press with a 1-3/b4"
diameter by 2-1/2" long chamber. Pressing to 20,000 psi was done by hand
pumping over a 3-k minute period. :

Following pressing, the slugs were strong enough to élamp and cut with a
high speed abrasive wheel.
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The large 1Q pound 5th and 6th generation scale-up :luis vere coupacted
in larger hydrosti.tic presses in a similar manner, to preuuzf'el' of 20,000 psi.
Emitter slab blanks were readily cut from the green slugs.

33 Preosintgring

Low temperature pre-sintering was found to be unnecessary in previous
work . '

However, the large 6th generation specimen slabs had to be pre-sintered
in order to cause shrinkage so that the plates could be subsequently sintered
under closely controlled temperatures in a 2" I.D. hydrogen tube furnace used
for most of this work. The pre-sintering was done within a retort type fur-
nace by heating at a rate of about 300%/110\11' to 2100°F where they were held
for 1 hour.

3.4 Bintering

All other sintering vas done within a 2" I.D. x 12" long molybdenum wire
would tube furnace. This furnace was constantly flushed (24 hrs./day) with
-70°F dev point hydrogen with the flow rate adjusted to prevent internal
oxidation and maintain a permanently low dew point.

Specimens were generally placed upon or within high purity £99% alumina
boats, plates or specimen holders.

3.5 Temperature Measurements

A Leeds & Northrup optical pyrométer vas used for all temperature measure-
ments. Readings were made through the gas flame curtain in the hydrogen tube
furnace which was determined to be more accurate than through a glass window
vhich could be gradually clouded. Vacuum furnace readings were taken through
a 1/4" glass window. Temperature readings are reported as read, with no .
corrections.

All temperature measurements were made by viewing into black body furnace

- environments; therefore, no corrections due to emissivity factors arec necessary.

For exact interpretation, the following corrections can be made to those
non-corrected temperatures reported as having been measured through the 1/4"
glass window in the vacuum bleaching operations, 2500 to 2558, 2600 to 2660,

2750 to 2615, 3000 to 3070, 3:00 to 3480 and 3600 to 3688°F.
3-2



3.6 Cutting & Machining

For composition and processing variation studies, the specimens were cut in
the green non-sintered state where they exhibited a chalk like structure. Cutting
was also done to sintered, acid leuched, vacuum bleached and reinfiltrated speci-
mens. An eight inch diameter 3/32" thick silicon carbide wheel was used to cut
green slugs into slabs, as well as to cut sintered slugs into slices of varying
thicknesses. A small hand held Dremel Moto-Tool, with alundum wheels, was used to
cut smaller specimens into about 1 gram fragments for various sintering. leaching
and bleaching trials and specimen evaluation. Sintered specimens were readily
machinable and ground. Sintered disc type speciumens .157" diameter x .020" thieck
(specified final dimensions) were made by cutting them oversize, using expected
shrinkage factors. These were lathe turned from sintered specimens and sliced
with the "Dremel Moto-Tool" using a dial indicator for traverve measurements.

Rough spccimen blanks which were cut in the green state required no other
surface treatment. Precision shaped ion emitter specimens cut after sintering
required etching as one of the final steps to prevent subsequent pore closure.
Detailed descriptions of emitter polishing and etching.studies are described in
Section 4.3.4 and 4.3.5 respectively.

3.7 Acld Leaching -

As discussed previously, one most important step in Astro Met's approach is
that of removing the copper nickel phase from the sintered ternary W-Cu-Nl1 compact.

The potential residual nigkel content, if high, could create further densification
by activation sintering.

Technieal grade acids and solutions were used for all leaching studies;

All specimens were acid leached in covered "Pyrex”" beakers. Weighed speci-
mens were isolated and used for determining total welght losses. Hot leaching was
conducted on electric hot plates with variable transformer input control. Tempera-
ture was measured with sensitive laboratory thermometers. Specimen weights were
measured on & “Metler' balance sensitive to 0.1 miligram. Detailed discussions
of acid leaching studies are reported in Sections 4.3.6 and 5.2.2.
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3.8 Vacuum Vaporization

Specimen vatuum vaporization (bleaching) was done on an experimental basis at
temperatures varying from 2600°F to 3400°P in the Astro Met laboratory-constructed
vacuum furnace, using a tantalum sheet element 2" dia.& 3" high. Initially, lst
generation specimens vere bleached at & pressure level belov 50 microns (1075
Torr Hg) in the heating zone. The vacuum was measured by a Mcleod gage. It was
possible to attain the bleaching temperature in about 20 minutes. Later, S5th and
6th generation experimental specimens were processed below 1 micron (104‘ Torr)
in this furnace by reducing the leak rate.

Vacuum vaporization of slabs and 8.T.L. specimens for delivery to HRASA vas
done on a service baéis in an Abar furnace by Abar Corporation. This furnace used
a square shaped, six-wall hot zone and operated at pressures below 1072 Torr Hg
as determined by an icnization gage. Temperatures were maintained within /5°F
by L & N optical pyrometer measurement and manual control of the power supply.

3.9 Chemical and Spectrographic Analyses

Chemical anslysis for Cu and Ni contents after leaching the W-Cu-Ni specimens
was done on a service basis with F. C. Broeman & Company, Cincinnati, Ohio. The
results were claimed to have an accuracy of better than 0.01%.

Spectrographic analysis was done on a service basis by LeDoux Company,. Tea-
neck, New Jersey, and Materials Testing Laboratory, Los Angeles, California.
Sensitivities of 10 to 500 parts per million were determinable in these analyses,
depgndent upon the element. Duplicate specimen cross-check analyses were conducted
vhich resulted in considerable varistion from the earlier analyses, as is deacribed
in Section 4.4.2.1. This indicated that more thorough quantitative spectrographic
analyses should have -been requested." Such is possible by extensive standardizationm,
more analysis time and resulting greater expense.

3.10 Metallographic Analysis

Metallographic analysis was done on a servicg. basis on small sintered W-Cu-Ni
specimen groups cemented together and cast into 1-1/8" dia. metallographic mounts.
Porous (leached and Yileached)tungsten samples were infiltrated with copper at 2300°F
for 10 minutes in the hydrogen tube furnace before mounting. Polishing was done
on an automatic polisher. Diamond polishing, or a combination of etching and
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polishing with fine alumina suspension in alkaline potassium ferro cyanide
was also used. An alkaline solution of potassium ferri cyanide was used
as etchant to reveal grain boundaries. A Unitron Metallograph with &
Polaroid back was used for viewing and photogi'apl,ung.‘ ' :

A Bausch & Lomb Dynazocu" mtdlomphmmdbymmtwmm
examination of microstructures, surfaces, depogits eto. loth Polmid and 35 m can~
eras were used for photogmphingnriona strustures.

| 3.1l Porosity Anslyses
.‘(a) By Mercury Intrusion:

Pore spectrum analyses were conducted ua:lng an Mncé-wimlov Porosimeter
(mercury mtrusion)(ah). For the mercury intrusion technique, the sample is
evacuated to below 100 microns and then immersed in mercury. It is then incremen-
tally pressuriszed. Non-wctting mercury can be forced into pores vhere the required

pressure, P, is inversely proportional to the pore diameter, d. (4 = 4 ;on e

vhere T = mercury surface tension and @ = contast angle between the liquid mercury
and the test material). As pressure is increased by steps, a precise measurement

_ of the mercury volunetric change in the feed stem (of penetrometer) indicates pore
volume at the corresponding pressure increment, ie, corrupond.ing pore diameter.

A large internal pore interconnected to the surtaco by many smaller pores will appear
cqual to the largest of any channel constriotiom feeding meroury +0 that pore.

. By this method, precise specimen volume, open, closed and total pore volume
and mean pore diameter can be msasured. The relative pore councentration can be
caloulated by following formula: ’

Average No. of E2RS (me&x%) x 108

vhere 4 10_ mean pore diameter in microns.

Using the same formula, & atstistica.l analysis. of average no. of poros/cn
in each 10% of open pore volums range can be made. '

(b) By Water Absorption:

In a fev cases (before the Aminco-Winslow Porosimeter was procured by Astro
Met) porosity vas msasured by vater absorption mthod Open poroaity vas deter-
mined by the rolloving equation:

.3-5
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vhere P ‘- = open porosity

WD s dry specimen weight

ws = saturated specimen weight
suspended saturate_d weight

8

~ The specimens were boiled in distilled water for 1 hour and allowed to
cool to room temperature in that water. The surplus water was wiped off with a

damp cloth. 'l'he sample was then weighed, giving W g3 the weight of sample when

suspended in distilled water with 1 mil wire (subtra.cted weight) gives Wag+

The water absorption method is believed to be less accurate than the
mercury intrusion technique, as a result of surface water variations on small

specimens, and evaporation weight changes.

3.12 Transmission Coefficient and Permeability Measureuents

3.12.1 Apparatus

Extreme care was taken to assure that proper transmission coefficient
measurements wvere made on representative specimens. Reserve specimens were ‘
made at the same time and of the same dimensions as the S.T.L. emitter test
specimens supplied to NASA for evaluation. Special attentién wvas given to speci-
men mounting in order to prevent bypass nitrogen leakage, as well as to preventv
occlusion. For muuenhnt, a special relay and timer unit was designed which,
vhen excited by electrical contacts through the mercury manometer, would pre-
cisely indicate the required time for a specific preasure drop. Details of
these approaches are further discussed below.

One important detail {or proper transmission coefficient measurements was
that of providing for consistent specimen mounting and sealing. Initially, speci-
men sealing gaskets were prepared from soft rubber using a special cutting Jig.
The hole in the gasket was made 0.156" in diameter, which was about 0.001" less
than the average speciwmen diameter. The thickness of the gasket was about S
0.030", while the specimen thickness was 0.020". B8ince gasket thickness vas dit-- '
f£idult to control, small Buna-N rubber "O" rings were procured from Parker Seal
Co. with the following dimensions: I.D. = .154 £ .005" and width = .032 £ .003".
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Compression exerted by the mounting fixture pressed the gasket or "0" ring
between the sample periphery and the congruent fixture wall and base. This scaled
the specimen so that only the face area was exposed to the pressurized nitrogen-
gas.

The gas storage and flow apparatus consisted of a nitrogen tank, a valve,
a mercury manometer, a chamber of known volume, the specimen holder and an elec-
trical control circuit. These are shown schematically in Figures 3-1 and 3-2.

For operation, the nitrogen pressure was so adjusted that the mercury in
the manometer was forced above the upper contact Kl. The velve was then closed
so that no wore N, entered the apparatus. Switch Sw, was then closed to activate

the ecircuit. As she chamber pressure dropped due tolspecimen permeation, the
mercury level in the manometer would lower from and break contacé with the upper
contact Kl, the relay Rl wvas de-energized, making contact with its upper terminal -
starting the timer. As the pressure dropped further and the mercury lost contact
with K2, relay R2 vas de-engrgized, breaking contact with its lower terminal,
thereby interrupting the timer power. Th;s provides an accurate measurement of

the time necessary for the pressure to drop causing the mercury to drop from the

Kl to the K2 level. Kl and K, consists of a fine double insulated thermocouple

2
wire with the insulation stripped back. The distance between Kl and K, was

established by terminating the two wire ends 25 mm apart. The.double sire thermo-
couple was inserted in the top of the glass mercury manometer tube and adjusfed

up and down to the proper height relative to the zero line. The upper contact

Ki was 150 mm above the mercury level ﬁhen resting at atmospheric pressure. This
provides a 137.5 mm mean height, which indicates half the mean chamber pressure

above atmospheric.

3.12.2 Nitrogen Permeability Test Procedure

The transmission coefficient is calculated by measuring the tiume, Em,

required for the test chamber pressure to decay from 300 mm to 250 mm Hg and
using the following formulae(ZS):
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"Transmission s Mass Departure Rate
Coerf. C Mass Arrival Rate

¢ - 8.4286x107° Vv Pm
: A 5t Pmm

vherév = Volume of gas in pressure chamber
. 75 c.c.

§

Decrement of pi'essure in &t seconds
%0 ma. Hg

Pmn - ‘Mea.n absolute préssure of gas in the chamber
760 / 275 = 1035 mm. Hg

A Areaofygrmmionizerperpendiﬁulartogasﬂw

7T (dia. 7 (157 x 2.54)° ca?
i 4

d 8.428 x 2072 x 75 x
- —TCEEFEHQStxmﬁ
245.7 x 1070

&t
The volume of the pressure chamber was measured as follows:

The pressure chamber was dried by evacuating it with a mechanical vacuum
pump, then weighed. Next, it was evacuated again and was allowed to be filled
with water by the external atmospheric pressure and weighed again. The dif-
ference between the two weights corrected at 1 gram per c.c. gives the chamber
volume. BSuitable corrections were made for volume in the manometer tube and
in specimen holder. The exact total volume was found to be 75.0 c.c.

The diameters of the porous ion emitters averaged 0.157". However, the
diameter of 9a_ch emitter was measured and the transmission coefficient was
corrected as follows: :

2
ct . c(&ﬁg
d
where Cl = corrected transmission coeff.

da = 'diameter of emitter in inches

therefore €} . 245:7x107  0.157 2
here = ot a
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313 X-ray Back Reflection

A few X-ray back reflection patterns were taken of the small diameter
8.T.L. specimens using a G.E. X-ray diffraction unit. Copper radiation was
used and operated at 35 K.V. and 23 m.a. The exposure time was ten minutes
for DuFont Medical Type 508 film.

These patterns are expected to indicate non-destructively trends of grain
growth (due to grain boundary diffusion) with aging.

The results of X-ray diffraction'analysea' are discussed in Section 4.4.5.2.



4.0 Preliminary Studies

4.1 Materials

L.1.1 Tungsten Powder

All tungsten powder used in this entire project was procured from Gen-
eral Electric as their .88 Grade. A report of their chemical and particle
size analyses is reproduced as Table 4-1. Lot to lot variations were nil.

4.,1.2 Copper Powder

Two micron average particle size chemically prepared copper'powder was
initially supplied by Charles Hardy Co. and used for lst through 3rd genera-
tion emitter structures. The particle size was stated 4s being 2 micron aver-
age with 95% below 5 microns and the balance containing particles as large as
100 microns. The use ofAthis powder without separation in lst generation emit-

ter specimens resulted in poor tungsten grain distribution which produces large

Cu-Ni lakes and concomitant pits in finished porous structures. For 2nd and 3rd

generation specimens this powder was separated by water washing to remove the
coarse‘levels. ‘This elutriated powder still produced structures (submitted to
NASA) which required further improvement. Fifty pounds of similarly prepared
powder was obtained from Monsanto Corporation and sent to Sharples Co.,
Philadelphia, Pa., for particle sizing on a Sharples K 8 classifier.. The re-
sulting particle size distribution is shown on Table L-2 and Figure 4-1. About
one-third of the material was classified as 1 F or with a 5 micron mean parti-
cle size. The average particle size of the original ndn-cléssified materlal was
considersbly above that originally claimed by the supplier. The compacts re-

pared using the classified copper powder were categorized as 4th (or higher)
generation structures (Table 3-1).

" 4.1.3 Nickel Powder

The nickel powder was supplied as International Nickel's carbonyl grade
MNP-377 which was -2 microns average particle size and 99.9% pure.

b.1
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'l . GENERAL @9 ELEUIKIG iamP mETALS
. . COMPANY ‘ ano COMPONENTS
| . . . : | DEPARTMENT
H N . N
| ' 29900 TUNGSI§M, ROAD, CLEVELAND, OHIO 44117 .. . Ama Code 216 . 266-2700 CLEVELAND WIRE PLANT

) ‘ September 1, 1964

ﬁ ' Astro )4et Associates, Inc.
’ 500 Glendale Milford Rd. (w°odlavm)
Cincinnati 15, Ohio

Attention: J. W. Graham
Below are listed thé analyses of the tungsten powder lot no.U 0.88-4597

This material was shipped on g31/64 , Order no. 1745
Qty. shipped: 20 1bs. ‘

‘ SPECTROGRAPHIC ANALYSIS : APPARENT DENSITY BY
Element ppm TElement ppm SCOTT-SCHAEFFER-WHITE VOLUMETER
Al <6 Ma 5 (ASTM B 329-58)
Ca 24 Sn 7 30.2 gms. per Cu. in.
Si <7 —
;Mo 23 WT. % PARTICLE SIZE
__Fe 22 ' DISTRISUTION BY PHOTELOMETER
Cr g |_Micron b Mill
_ gi 16 : G - % 66.8
u <3 4 1l- 15.3
Mn <6l 2-3 6.2
R 3-4 7.5
FLAME PHOTOMETERY ANALYSIS 4 - 5 3.8
! ppnt - pbpm
Sodium 22 fi Potassium 25 -6
- 7
-8
ppm ppm -9
Oxygen 3200 j] Carbon 1l - 10
AVERAGE PARTICLE DIAMETER 10 - 11
BY FISHER SUB-SIEVE SIZER 11 - 12
(ASTM B-330-S8T) 12 - 13
. as Lab - 13 - 14
supplied | milled 14 - 15
Number (microns) .84 .86 ’
Porosity .785 .662 15 - 20
- 20 - 25

e

o ALt

ﬁ&evp : A F. Chapman ~
e Powder & Rod Quality Control

an | : L2
... VISIT GENERAL ELECTRIC PROGRESSLAND @IA‘T THE NEW YORK WORLD'S FAIR

e

5

. 6
LECO ANALYSIS 7
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4.2 Compositions

As a result of the previous year's feasibility project, the composition
Area 4 in the W-Cu-Ni ternary field Figure 4-2 was explored in greater detail.
This area had a range from 8 - 1k copper in 2% levels, and 0.8 to 2.0% Ni in
0.2% levels, the balance bein; tungsten. This provided 28 initial couwposition
vexiations.

Later large 200 gm slugs of compositions 8-1, 10-1, 12-1 and 12-0.5
copper-nickel respectively (balance tungsten) were prepared and used for most
of the scale-up studies. Final emitter specimens were prgpared from the
W-8Cu-1N{ and W-10Cu-1Ni compositions.

4.3 Processing’

L.3.1 Milling

Since previous work had shown that grain size'control was most dependent
upon composition and processing temperature, the first and second generation
studies pursued the refinements of these variables without milling.

It was observed that though grain size was uniform, the pore diameter range

was greater than desired due to non-uniform structures. Milling was conducted
as described 1n Section 3.1 in 3rd and higher generation mixes in order to

achieve improved grain and pore size uniformity by eliminating copper agglom-
erates.

4.3.2 Pressing

The powders which were dry blended without additives (lst and 2nd genera-
tion) or vibratory milled (3rd and higher generations) were hydrostatically
pressed at 20,000 psi within rubber balloons.
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4.3.3 8Siantering

Composition and sintering variables were studied on small lst generation
specimens cut from 200 gram hydrostatically pressed slugs.

The small pressed (green) slugs were cut into 0.040 inch discs, which were
then cut into 1/2 cm2 pleces for sintering and grain growth studies. Prior to
sintering, the specimens were scribed for identification and placed in a book
type 99.5% pure alumina holder where each specimen was separated from adjacent
specimens. Four hundred and forty-eight composition and sintering variations
were processed by sintering the twenty-eight composition varlations at 2050,
2100, 2150 and 2250°F for periods of 1, 5, 25 and 50 hours, as is described in
Section 3.4. The grain size analyses of these variables is discussed in the
Evaluation Section 4.4.3.1 and are plotted as Pigures 4-4 and L-ha.

NASA evaluation specimens were also made during the second guarter from
2nd generation slugs of the 8-1, 10-1, 12-1 and 12-0.5 copper-nickel (alance
tungsten)compositions. These and a 3rd generation (ball milled) 12-1 slug were
prepared and sintgred at 2150°F for 5 hours to produce grain sizes of about 5
microns. These were also used for aging studies in a hydrogen atmosphere furnace
at 2500°F. |

A flow chart describing the applied process steps is shown as Figure L-3.
The main distinctions between these process steps by generation has been shown
previously as Table 3-1.

4.3.4 Specimen Surface Finishing - Mechanical

During this secund project quarter, extensive efforts were given to surface
finishing prior to the development of etching techniques since surface pore
closure was believed responsible for low permeabilities in NASA test specimens.

Initially, flat 0.157" diameter 2nd generation S.T.L. specimens were
polished in a quartz crystal lapping machine which simultaneously lapped the
top and bottom surfaces. It was determined that the non-uniform distribution
- of tungsten-copper and nickel in these 2nd generation specimens resulted in the
wear of the softer phase, thereby producing surface pits. As it was later
determined, such precise lapping was found to be unnecessary since anodic etch-
ing was found to more easily remove the worked tungsten structure from ground
surfaces.




FIGURE &4-3 PROCESS FLOW SHT=T FOR PREPARING N.A.S.A, EVALUATTON
} : EMITTER SPECIMENS

Series 5-76C 2né Generation geries 5-795B 3rd Generatio
Materials

Tungsten - General Electric Co. Tyvpe .%8 micron grade
Nickel - International Nickel Carbonyl MNP 377 -2 microns
Copper - Sherrlt Gordon Ultrafine (Charles Hardy V%-120-90

|Cu - Beaker Elutriated| |Cu - (Guld Pan %ashed):
1

| .
] Milling - Vibratory - Trichlor..

Milling - Dry Ball Mixed 4 hrs.

L WC Slugs - 16 hrs. |
. B
T _
Pressing - 20,000 psi hydrostatic I
I
Sintering - 2150°F 5 hours Dry H, |
T

Emitter Qecimen Preparation !

Ccongror | [ fugpes ||

S.T.L. | | Control |
r &

L
L Hﬁkhes |, §.I.L. I
|

[ Lathe Turnea || Ab"aalvelWheel Cut | La:he Turn.|| Abraeive "heel Cut mj
Collet] _ |
Polished Chuck Lapped Polished Lapped
30,15,6,1 u 30,15,6,1 u 15 u 30,15,6,1 u
diamona dilamond diagond 6lamond
1 . 1 - 1 . ]
Anodically =Etched (3pec.as anode) 1 Normal NaOH sol., then CH3OH rinse
| I 1. [ , i Ny ;
10V-15sec. |BV-20sec.|| 15V-15sec. ||10V-15sec.||8V-20sec. 20V-15sec. |
l J i ! i 1 '
NH@OH(Conc )rinse. dissolving Cu(OH), from surface,followed by H50 ringi
1 ] g 1
15 _sec. il 10 sec. ]] 2 mip. l 15 %ec.g]l 10 %gc. ]i 2 m%n. ]

1.

I Aclé Le-aching - to remove Cu-NiT— Conc.HNQ,.- 130°F - 24 hrs. _I
. 7/

H, Reduotion - to reduce oxides - 1800°F - 1/2 hr.
Vacuum Bleached - ZYOOOF - 4 hrs. 1077 - 107° Torr
R S :
Evaluation o
. 1 T [ I
No Permea- lMlcrostruc- Pore Ng Permea- | | Microstruc-|| Pore

bility ture Spactrum 1liey ture Spectrum
}Spectro-- Svactro-
Lgraphic grapnlie
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For sixth generation specimens these discs were cut off of lathe turned
W-Cu-Ni sintered rods, with the Dremel Moto Tool and alumdum abrasive discs.
A small collet was wade during the last proJject phases t0 precisely hold tke
small cut off disc specimens for finish grinding the surfaces to close toler-
ances. These ground surfaces were then etched prior to acid leaching as is
discussed in the next Section which is Section 4.3.5.

Larger diameter domed (Hughes) specimens for NASA evaluation were lathe
turned by an external machine shop using a precision lathe and ground tool
steel. Microscopic examination of machined discs disclosed that this opera-

tion produced serious surface smearing. Polishing procedures were then de-

veloped for these specimens at Astro Met. The domes were clamped in a three jaw

chuck whieh was rotated at about 3200 RPM. Diamond polishing compound of de-
creasing particle size was alternately applied between cleansing with methmol
and polishing. P.lishing felts were used. However, the worked f:wgsten élloy
surfaces could not be completely removed by these procedures. Metallographic
analyses of such surfaces showed extensive smearing. High temperature bleach-
ing studies caused these worked surfaces to close up very rapidly, decreasing
permeability. Then anodic etching was developed as is discussed in Section
4.3.5 below.

The use of the three Jjaw chuck was later found to have been the cause of
specimen c¢racking at clamping points, which would come about in acid leaching

or in vacuum bleaching.

Though original surface finish concepts considered that ion emitter
surface emittance could be extensively influenced by various machining, grind-
ing, or polishing techniques, such eftects are now believed to'be relatively
minor provided etching is used.

L.3.5 Bpecimen Etching

As mentloned above, grinding and machining produced seriously worked
tungsten surfaces. Metallographic analyses indicated that the outer 10 micron

layer would close at bleaching temperatures. Since anodic etching was known to

improve the surface polish of tungsten emitters, a thorough study was made in
order to determine if all of the worked surface could be removed.




e i i

Fp—

L. .2

The tungsten-copper-nickel sintered specimens were readily etched by o
normal NaOH solution, vhere the specimen is anodic (connected to the / side of
a D.C. voltage supply). Voltages from 2 to 20 volts can be used, depending on
specimen size and anode-to cathode distance. One-eighth square inch specimen
areas can be etched with 20 volts for a period of 15 seconds when the specimen
is sef. on a tungsten screen and & tungsten or platinum cathode-to specimen
anode distance is about one-quarter of an inch. If the specimen is horizontal
with the cathode d.irecﬂ.y above, etching will be mostly confined to the upper
surface with some minor peripheral etching on the under side. This localized
etching is due to gases collecting on the under side, as well as due to an
increased electrical path. |

One inch diameter specimens of leached and bleached (porous) tungsten which
were horizontally supported on tuncsteh screen have been uniformily etched on
the upper surface using a tungsten screen anode somevwhat larger than the disc
(specimen)and spaced at about 1/2 inch with a 2 volts D.C. voltage for a period
of 25 minutes.

This orientation effect requires that the specimen should be turned over
after one face is etched and etched again on the opposite (now upper) surface.

Another technique worked out to etch both sides of relatively thin speci-
mené simil taneously is that of orienting the specimen so that the larger flat
surfaces are both in a vertical plane. By using a double cathode formed of
tungsten wire, etching on both 3mfa.ces was done at one time. A sketch of the
tvé specimen orientation procedures is shovn below:

+

e T — 1\\
*© |[4——~——Cathodes ———
4 4 (tungsten wire)

| _Specimen
Anode —
~Tungsten Screen
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Alkaline etching of the smeared tungsten phase appears tQ be sufficient
wvhen the W-Cu-Ni specimen attains a uniform copper color over the entire syrface.
Following etching, the specimens were rinsed with distilled water, with alcohol,
or placed directly in the leaching acids. No significant rinsing advantages

wvere determined.

Metallographic studies of machined, ground or polished, then etched surfaces,
at about 1000X magnification (with an oil 1mmersion.objective lens), verify that
the entire outer surface of smeared tungsten can be readily removed, exposing
the Cu-Ni phase which normally fills the tungsten grain interstices. The copper-
nickel phase that becomes apparent by alkaline etching also exhibits the surface .
worked condition to some extent. This is removed almost instantly when placed
in concentrated nitric acid at 130°F, or in concentrated HCl at room temperature.

4.3.6 Nitric Acid Leaching & H. Reduction

4.3,6.1 Composition Studies

The twenty-eight lst generation compositions sintered at 2050, 2100.215C & 2250°F
for 1, 5, 25 and 50 hours.as described earlier were all acid leached in concen-
trated HNO, ‘
distilled water and were then vacuum dried (to prevent internal freezing of
f 060" thick specimens which were often otherwise shattered by intermal ice
fdrmation). Specimen weight losses from acid leaching were accurately determiﬁed.
The specimens were generally oxidized and were very brittle and fragile. After
acid leaching, rinsiné and drying, they were heated at 1800°F for 1/2 hour in a
dry hydrogen atmosphere - in order to chemically reduce the trace of oxide form-

@ 130°F for 24 hours. The acid leached specimens were rinsed with

ed by the leaching proceés.

Later leaching studies evaluated the significance of oxide formation by
HNOB.leaching on specimen growth and cracking. A discussion of this study
1s given in Sectlon 5.2.2.1.

4.3,6.2 Large Slug Acid Leaching

Previous work has shown that when section thicknesses exceed about 60-T70
mils on 1/2" or so diameter specimens, acid leaching causes serious cracking.
Believing that the problem was related to internal stress conditions, it was
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further considered that strass relieving subsequent {0 sintering would minimize
this problem. A W-12Cu-0.5Ni slug sintered at 2150°F for 5 hours vas cooled in
éo°p increments from 2150°F, holding at each level for 1 hour, until 1800°F vas
reached, when the specimen was withdrawn from the furnace. This procedure pro-

duces a greater resistance to leach cracking, though it still occurred in speci-
mens Oof about this size.

In addition to basic stress relieving to 1800°F, the tungsten-nickel phase
diagram indicates a phase transformation at 1778%, though only a small volume
change 1s expected since thd ol and phases are nearly the same crystallo-
graphic dimensions. In addition, the total amount of such transformation
should be relatively low since the included nickel content in these composi-
tions 1s so low. A study was made of the possible influence of such stress
on leach cracking. A W-10Cu-1Ni slug sintered at 2150°F for 5 hours was
machined to about 0.5 inch diameter. This slug was the. annealled by slowly
cooling, as described above, from 2140°F to 1800°F, aud then further cooled
to about 1600°F at a rate of 30°F/hour. This procedure considerably reduced
the cracking tendency when acid leached. After partial leaching had been accom~
plished, this aiug vas reheated to 1850°F to exfiltrate and redistribute the
Cu-Ni phase to allow further acid leg.ching, as well as to hydrogen reduce any
chemically formed oxides. The specimen was cooled quickly from this tempera-
ture. When resaturated with concentrated BNO3 the slug immediately exploded.

Later leaching studies showed that leaching was done with less cracking
when the leached specimens are in the as sintered condition (1e) not machined
or ground after sintering. 10-1 composition discs about one inch in diameter
wvere cut in four thickness levels prior to sintering. The as sintered
(2150°F - 5 hours) thicknesses were 0.56, 0.67, 0.83 and .110 inch. The single
2200°F - 5 hour disc was .112 inch thick. The thinnest specimen was free of
cracks after 24 hours at 130°F in concentrated nitric acid. As thickness
increased, cracking increased. However, cracking appeared to be dependent upon
an edge stress phenomenon, which resulted in an uncracked area of about .T5
inch diameter in the .110 inch thick disc. This suggested two approaches
which vere studied in order to attempt to minimize this effect. One approach |
was that of rounding off the disc edges to refiuce the edge stress effect; the
second approach was that of coating the cylindrical periphery with an acid
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further considered that stress relieving subsequent to sintering would minimige
this problem. A W-12Cu-0.5Ni slug sintered at 2150°F for 5 hours vas cooled in
§0°F increments from 2150°F , holding at each level for 1 hour, until 1800°F vas
reached, when the specimen was withdrawn from the furnace. This procedure pro-
duces a greater resistance to leach cracking, though it still occurred in speci-
mens of about this size.

In addition to basic stress relieving to 1800°F, the tungsten-nickel phase
diagram indicates a phase transformation at 1778°F, though only a small volume
change 1s expected since thd ol and phases are nearly the same crystallo-
graphic dimensions. In addition, the total amount of such transformation
should be relatively low since the included nickel content in these composi-
tions is so low. A study was made of the possible influence of such stress
on leach cracking. A W-10Cu-1Ni slug sintered at 2150°F for 5 hours was
machined to about 0.5 inch diameter. This slug was tha. annealled by slovly
cooling, as described above, from 2140% to 1800°F, aud then further cooled
to about 1600°F at a rate of 30°F/hou‘r. This procedure considerably reduced
the cracking tendency when acid leached. After partial leaching had been accom-
plished, this slug vas reheated to 1850°F to exfiltrate and redistribute the
Cu-Ni phase to allow further acid leaching, as well as to hydrogen reduce any
chemically formed oxides. The specimen was cooled quickly from this tempera-
ture. When resaturated with concentrated HNO; the slug imediately exploded.

Later leaching studies showed that leaching was done with less cracking
when the leached specimens are in the as sintered condition (ie) not machined
or ground after sintering. 110-1 composition discs about one inch in diameter
were cut in four thickness levels prior to sintering. The as sintered
(2150°F - 5 hours) thicknesses were 0.56, 0.67, 0.83 and .110 inch. The single
2200°F - S hour disc was .112 inch thick. The thinnest specimen was free of
cracks after 24 hours at 130°F in concentrated nitric acid. As thickness
increased, cracking increased. However, cracking appeared to be dependent upon
an edge stress phenomenon, which resulted in an uncracked area of about .75
inch diameter in the .110 inch thick disc. This suggested two approaches
which were studied in order to attempt to minimize this effect. One approach »
was that of rounding off the disc edges to re@iuce the edge stress effect; the
second approach was that of coating the cylindrical periphery with an acid
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resistant coating. This was expected to limit nitric acid attack to the two
flat faces and eliminate the third dimensional leaching from the periphery, which
in twrn was expected to eliminate the edge stress effect.

The results of scale-up acid leaching studies definitely indicuted that
cracking was an edge effect and became proportionally less severe as specimen
area was increased.

The specimens in several thicknesses were edge coated with several materials,lf
such as epoxy plastic, two glass enamel coatings, electroplated chromium and
gold. These were then leached with HNO3 at l30°F for periods up to 48 hours
with the following results.

The glass coatings were highly successful in eliminating edge cracking.
Though grit blasting readily removed the glass coating, after leaching, such
procedures should be done only with & non-contaminating systen.

The epoxy coating was attacked by the HNO3 in a few minutes. Other or-

ganic coating systems were expected to be similarly limited.

The chromium plated specimens asppeared to be only partially protective
due to the fact that the coating wag thin. Chromium plating generally is
also highly cracked. '

Gold plating was tried because of its resistance to HNO3’ its plating
capability and characteristics, as well as its high vapor pressure at bleaching s
temperatures. It offered considerable potential - at & cost for such experi-  A
mental quantities no higher than chromium plating. Gold plating was effective f.zi
’when burnished between two plating cycles - to smear over minute pits. When f
so. processed, thick (.140-200") W-Cu-Ni specimens were readily acid leached
with no edge fracture. No serious problem exists for leaching scale-up specimef?i,
since even with no edge protection, only the specimen edges are damaged and l 3
this effect was molified by using over-size specimens, as described in Sec. 5.2f7fL

4,3.7 Vacuum Evaporation (Bleaching)

The épecific objective of bleaching was to further remove copper and nickel to fj_'
below 50 parts per million. It is currently believed that this level is
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t00 high and that spectrographically pure emitters would be optimum. A second
purpose was to increase strength while producing open porosity levels of about
20%. The second and third generation acid leached specimens were bleached at
3000°, 3400° and 3600°F for 1, 4 and 10 hours in Astro Met's vacuum furnace
(described in Section 3.8) to select best bleaching temperuture and time.
Efficiency of bleaching.variations was Jjudged by (1) weight loss, Bection 4.k,1,
(2) spectrographic analyses, Section 4.4.2, (3) metallographic analyses, Bec-
tion 4.4.3 and (4) pore spectrum analyses, Section L.h.k.

The results of these tests are discussed in the above indicated sections.

In addition, some unsuccessful trials were made to determine if the copper
nickel phase could be removed only by the vacuum bleaching process - by elimi-
nating the acid leaching step. The evaluation of structures prepared in this

manner are discussed in Section L4.4.3.3.

4.4 Evaluation

As described in Section 2.0, evaluation of various process variations was
done by relative weight loss, chemical, spectrographic, metallographic, pore
spectrum, nitroger permeability and X-ray back reflection analyses. The re-

sults of these tests are described in the following sections.

4.4.1 Relative Weight Loss

The 28 composition lstl generation series previously described as being
sintered at 3 temperatures and for 4 time periods, and being acid leached,
vere vacuum bleached at 3400°F for 4 hours. The total weight loss of each of

. these specimens, resulting from nitric acid leaching, hydrogen reduction and vac-

uum bleaching are given in Table 4-3. This data shows that most of the composi- |
tions lose nearly 100% and often slightly more than the available Cu-Ni content.
In the latter case, some tungsten has obviously also been removed, presumably

as a contained solute in the Cu-Ni phase during acid leaching. Another obser-
vation is that _the veight loss decreases as original sintering temperature and ‘
‘time increases. When sintered at 2250°P for 50 hours, the Cu-Ni removal appears
to be incomplete, with as much as 10% of that available Cu-Ni weight still
remaining with the tungsten specimen. These low welght losses correlate directly
with those produced initially by acid leaching of the 2250°F - LO hour sintered
specimens. The higher sintering temperature and longer sintering periods
apparently produce the greatest acid resistance. ‘
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L.4.2 Spectrographic Analyses

The spectroéraphic analyses of 2nd generation acid leached and Abar vscuum
bleached specimens were conducted by LeDoux and Company, Teaneck, New Jersey,
and were reported as their laboratory number 831572. Table 4-4 lists the analy-
ses on the 5-T76 series specimens.

The maximum contamination level of 43 elements is given. The Table indi-
cates that no detectable impurities existed in any specimen except nickel, irom,
aluminum and silicon. For reviewing esimplicity, thererom , the first column
indicates the lowest detectable level for those non-detected dlements.

The nickel, iron and silicon levels are reported not to exceed 10 ppm in
all specimens. The aluminum level in the 12-1 specimen indicates 20 ppm, but
10 ppm or less for all other specimens.

This aluminum level could have been due to two possible sources (1) all
specimens were sintered in alumina boats and (2) the spectirographic samples wvere

cut from sintered discs with an alundum cut-off wheel.

The overall purity level of nickel and iron were less than the initial

levels in the starting povders; the aluminum and silicon levels were at about

the same magnitude as originally existed in the starting material.

Most importantly, these analyses proved that the good vacuum bleaching
procedures do remove extensive levels of added copper and nickel which are

required in this liquid phase sinteriny process.

L.4.2.1 Spectrographic Cross-Check Analysis

Three sepajate spectrographic analyses were conducted on each of two leached
and bleuched porous tungaien specimens. The results are given in Table 4-5
as reported by LeDoux and Materials Testing Laboratory. These cross-check analy-
ses show several inconsistencies which indicate the probable accuracy of such
analyses made within one laboratory and between two laboratories on identical
specimens. T.0 important inconsistencies should be noted. M.T. Labs reported
that the 12-1 specimen contained no detectable Ni while ocne LeDoux analysis
indicated a high of 150 ppm vs TO ppm for their first analysis. The M.T. Labs
reported 400 ppm silicon vhile the LeDoux reported none detectable at a 10 ppm



TABLY 44  SPRCTROGRAPHIC ANALYSES

Series 5-76B - Znd "Generation Tunpsten Dnl trer Conrtrol Specimens
LeDoux Analyses #631272 June 26, 1964. Astro Met P.O. No. 164& a
38 July 17, 196& for 12 1 ; Zs

?2
Composition (Cu-Ni

> 12-0 5 1- 1
Code 3 5 6& 5 65 5-6& f=El 5= 75
Heat y 9-33 9-37 9-35 9-36 5-110
ElEEEntl All Spgcvl
Tellurium ND 1000
Thallium ND 100
T taniun ND 10
Vanadlum . ND 10
Zirc ND 300
Zirconium ND 10
Li thium - ND 500
Magnesiun ND 10
Maiiganese ND 10
Molybdeinun ND 10 30
sodiun ' ND 500 o
Columbium ND 50
Nickel 10 10 10 ND{10 70
Osinium ND 500
Leud ND 30
Pulladium ND 10
Platinum ND 50
Rhodium ND 50
Rutheniun ' ND 500
Antimony : ND 500
silicon | ‘ 10 10 10 NDQO D 10
T™in ND 10
Strontiun ND 10
Tantalum ND 500
8ilver ND 10
Aluminum 10 10 20 ND Q0 ND 10
Arsenic ND 500
Gold ND 500
Boron A ND 50
Barium ND 10
Beryllium ND 10
Bismuth ND 10
Calcium ND 50
Cadmium ND 500
Cobalt ND 10
Chromium ' ND 10
Copper ND 10 '
Iron 10 + 10 10 10 50
Gallium ND 10 .
Germanium ND 50
Hufnium ND 500
Indium ND 10
Iridium ND 500

NOTE: *%As determined on all four compositions unleas otherwige
indtc.ted - Not Detectable - lese thun in ppm (values
in parts per million)
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“TABLE 4.5 SPEC TROGRAPHIC ANALYSES (Parts per Million)
TUNGSTEN EMITTER CONTROL SPICIMENS

W-CU-NI ACID L7/CHED AND VACUUM BLEACHED SPECIMENS

Composition - . '
(Cu-NL)—> 8-1 Series 4-1781st Gen. 12~]1 Series 5-75B 3rd Gen.

Condition - ]After 500 hrs. aging e 2500°F Prior to Aging _
(a)spectro .Lab Ledoux | Ledoux M. T. Ledoux Ledoux M.T.
Lab.Report No.| 832438 | 832965 [26865-U4-1 || 832438 | 832965 |26865-4-2
Date of Reyort| 7/17/64 | 8/13/64) 9/u4 /6k ||7/17/6% 8/1 3/64 9/L/6k

Element

Tellurium 1000* - - 1000% - -
Thallium : 100+ 50¢ 100+ 50% -
Mtenium 1 10% 1 10® 1 10_‘!--m 10* | 10%* ____|_1lo*%
Vanadium 10¢ 10¢ 10* 10* -
Zinc 300% LoQe - 300% Loow -
_.Zirconium | 10%®  t 10% 4 - ... .10% 1 10% - .

' L3 thium 500 " - - 500% - -
Magnesium 10 | 10+ 10¢ 10+ 10% 10%
Msngenecse | 10% . 10% i 10% . 10% p 10 10*

—HeTobs e 35" 50 N L | IR B N e ,
godium , 500% - - SCO* -
columbium 50# 30% - i 50% | 3(_)1_‘ - B

. NIckel 20° i TR T (o) 150 10%
Osmium 500% 300* - 500 * ow -

Lead e 430 -l J30% v 0% L - .
Pallagium 10w o% - : 10+ ioe -

. Platinum i 50 } 50* - ; 50 - -

Rhodi um : 50+ 5* i - __,; . 50 0% .- .
Futhenium T 500% 200% T T S00* 200% -

' “ntimony i Boow | 300¢ i - 570% 300 -
Silicon P 10% v "10% 400 1 Ziow |, 710w 400 4
ST S S P £ R T ST S SO

l strontium ©10% 510~ - 10% | 10% -
Tantalum . _500® . 500% I - O® ,..900% i -
S1lver 0TI Ie T T T
Alumi num (10 120 . 100% ; 10 | 1o 100

l Arsenic ._Booe | 500% - | 50C* i B0O% . .t = .
gGola TTHO0* T 200% T - ol CO% T T 200w I ;
Boron ;50 . 30 1 - 50% | . - i.

' Barium . _Joe i doe 1 - io* io® __io=_
Beryllium 10% . 10" - 10 | 10+ - ‘
Bi smuth © 10 1lo% | - : 10* 10% b= :
_Calelum . 50%  ~ 50% . 0% i .. Q’m.i-,_. 0% L 18% i

' T Cmomium 57 0% 300 - BOGE T TR 0w -
Cobalt S (vL N R Vo LI - ; 0% ° Ti0% - . -
Chromium .10 . 10* ;o 1o* 220 10® i 10% :

' Copper T Ygw T TTTTTIo T T 10% T 10 L Joe T 10w ,
Iron © 100 © 150 . 300 ; 50 20 100 {
Gallium D o), SUNLIRD o), SN U S lo* . 10* -~
Germanium H 50« ; 0% - ; o* - P -
Hafnium .500% © 300) | - : 500® ' 300% - i
Indium 0% . Clo% [ - . 10% ¢ lo* | - :

' Iridium i 500% L300% - ' 500% . 300% - i

NOTE: (a) Ledoux & Co., Teuneck, 8.J.; Matori\.ls Testing Luab.,Los Angeles,(h

# Not detect:.ble less than the indlc.%ed amounts
' - Not analyzed _ ) ho\8



- “level. These and the 6iher minor inconsistencies are probably the result of

technique and are similar to spectrographic analyses inconsistencies reported
from like tests conducted on Contract NAS 3-2513 and also as has been observed
by other ion emitter development contractors.

These laboratories have indicated an ability to determine contamination
levels in the 1-10 parts per million range by using standardized control speci-
mens. Such analyses are more involved and as & result are more expensive. It
1s recommended that such standardized control checks should be established by

- the cognizant sponsor in order that reliable and meaningful date will be comn-
~ sistently obtained.

4.h.3 Metallographic Analysis

b.4.3.1L Grain Size Analysis - lst Generation Specimens

Pigures 4-4 and Lda show the piots'of grain sige relationships resulting
from the evaluation of twenty-elght compositions of the W-Cu-Ni lst generation
ternary system. These compositions range from .8 to 2.0% nickel in .2% incre-
ments, and from 8 to 14% copper in 2.0% increments. The following are several
observations of grain growth relationehips.

At 2050°F, sintering for 1 hour produces little tungsten grain growth
from the original particles averaging .88 microns. Practically evéry:specimen
cdntains large macro pore areas larger than 30 microns due to lack of tungsten
rearrangement which occurs at slightly higher temperatures.

When sintered for 5 hours at 2050°F, the high-nickel low-copper area re- .
sults in increased tungsten grain growth where a greater rendommess of tuhgsten
gréin size occurs. At longer periods at 2050°F this randomness in tungsten
grain size mekes it difficult to estimate average grain size. Further, there
appears to be inconsistent grain growth trends which would reduce the predic-
tability of sintering to some finite grain growth level of about 4 to 5 microns.
This level has been shown, by previous pore spectrum studies, to produce the best
sverage pore size near the one micron level. It can therefore be concluded that
2050°F is probably too low for sintering this terhary area in order to obtain

- good emitter structures.
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The sintering program had initially exposed the 28 specimen groups to

" temperatures of 2050, 2150 and 2250°F. The above anslyses and those of the

higher sintering temperature suggested that another, but more limited, compo-
sition series should be sintered at the intermediate temperature of 2100°F for
the four time periods. The results of this intermediate sintering temperature
are‘plotted in Figure l-laand indicate that good grain size control existed at
2;00°F between 1 and 50 nour sintering time periods. Grain diameters from 5
t0 20 microns were developed during this time range, at 2100%.

Sintering studies at 2150°F will be dlscussed later since they are conclu-
sively more important. '

Sintering the W-Cu-Ni ternary area at 2250°F for periods of 1 and 5 hours
}roduces tungsten grain sizes in the desirable emitter level. 2-10 microns.
over a good part of the composition area. As is very evident when evaluating
the entire Figure 4-4, grain growth in the lower copper levels is more responsive
to nickel content. As nickel ratios increase, grain gfowth rates increase almost
parabolically. This is particularly apparent when the system is sintered for
25 and 50 hours, where it appears on first observation that desirable grain size
levels might result in high copper areas when sintered at 2250°F for 25 hours.

However, extensive microstructural analyses of the complete ternary area
indicate that those compositions prepared with 12 and 14% copper have large
Cu-Ni lske areas proportional to the quantity of the Cu-Ni phase. These areas
are devold of tungsten grains. These large tungsten depleted areas were later
determined to be due to the presence of large copper particles and agglomerates
which were later minimized by copper classification and milling procedures - as
is discussed in Section 4.2 and Section 4.3.1. Such structures would not exhibit
optimum pore count levels desirable for ion emitters. The 8 and 10% copper
area structures exhibit a good distribution of spherical tungsten grains, and
when grain diameters average 4-6 microns, the pore count levels are cxpected to
meet lon ewmitter objectives. Reiterating, the microstructural analyses of the
ternary group sintered at 2250°P for 1 hour show that possible usceful enmitter
structures (which exhibit grain sizes below 5 mlcrons) occur over a great part
of the ternary area. When sintered at 5 hours, the useful grain size area ap-
pears to be eliminated by large grain size or large tungsten devoid laxes pro-
duced in high Cu-Ni weight levels.



The best grain size control appears to occur at 2150°F‘temperature levels,
vhen sintered for 1 and 5 hours. One hour sintering periods at this temperature
produce a grain size range from 2 to 9 microns, the latter occurring at the
8Cu-2Ni corner. Again the high Cu contents (ie) 12 and 14%, produce signifi-
cant tungsten free Cu-Ni areas. The S5 hour sintering period converts most of
the 8 and 10% copper compositions to grain size levels above 6 microns.

In suhmary,.and based only on grain size analyses of 2nd generation speci-
mens, the most desirable structures were produced at 8 and 10% copper levels,

Sroum 0.8 to 2% nickel levels, the balance being tungéten. These . structures should

be sintered no higher than 2150°F and above EOSOOF to produce structures having
pore dliameters near 1 micron. For this pore size, sintering periods in this
temperature range should not exceed 5 hours.

}L.4.3.,2 Grain Size Analyses of Leached and Bleached Emitters

As described in Section 3.10, leached and bleached specimens were copper
infiltrated for metallographic analyses. The 2nd generation emitter structures
contaihed significant levels of large 5-50'microns diameter pores. (Buch pores
were randomly spaced and were believed to be interconnected only by small pores
averaging the mean pore dlameter. Mercury intrusion pore spectrum analyses will
always indicate that such isolated large pores will appear as a volume of pores

in a size equal to the largest diameter of the constricting openings to the
surface. )

It is believed that such large pores are detrimental to ion emission.
The third generation milled 12-1 emitter structures were completely free fron
such void areas. An unusual observation was made on a single 20 mil thick emit-
ter specimen processed for metallographic observation. One surface still retain-
ed the original 2-3 micron grain size, though the balance of the specimen had a
grain growth to about 5 microns. ‘

A related specimen had shrunk 8.5% during bleaching, and the resulting
open porosity was 16.4%; the mean pore diameter was 1.0 micron. The relative

low open porosity apparently was due to low grain size and apparent lower
activation energy levels.

h .23
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L.4.3.3 Furnace lLeached Specimens

In an attempt to determine if the acid leaching step could be by-passed,
an exploratory trial was made to remove the Cu-Ni solely by vacuum bleaching.
Six specimens, including two acid leached specimens, were processed at 3“00°P
for four hours at pressures of 10‘“ - 107 Torr. The 10-1 specimens (.OLO in.
thick) showed that grain size vas more uniform in those specimens that were not
acid leached. The average grain size iA both cases were in the 7-8 micron diam-
eter range.

I .

The .00 inch thick 12-1 specimens had very similar structures where the

average grain size of the acid leached speciuen vas 10 microns and that of

the non-acid leached specimen was 8- microns.

In both compositions, no density or grain size gradient existed through
the .0k0" thick specimens.

A .38" long x .38" diameter 10-1 slug was also vacuum bleached without
prior acid leaching. '

It appeared that some liquid phase had exuded from the bottom as a drop-
let with a good wetting angle on the tungsten slug.

The grain structure showed a considerable change from this droplet, to
what was believed to have been the top. The top of the specimen had a very
uniform grain size of about 8 microns. The grain size increased uniformily
to about 35 microds near the droplet area bottom. The droplet was porous
thbugh all the pores were closed and ranged from 5 to 10 microns.

The wide grain size range in thick specimens suggested that control would
be difficult and results would be widely scattered.

Large scale emitter plates were initially attempted during the latter part
of the 3rd project quarter. An attempt was. made to vacuum bleach some large
1/8" thick W-10Cu-1Ni emitter plates containing about 20% of the added copper
nickel phase. This residual bow melting phase content remained after 92 hours
of nitric peid (at 130°F) leaching which had resulted in extensive specimen



oxidation, and caused the specimen leaching to be interrupted before the bal-
ance of the added Cu-Ni was removed. With the possibility that this lower
Cu-Ni content could be eliminated without causing densification, these specimen
plates were bleached at 3&00°F for b4 hours. The copper nickel vaporized ex-
tensively, coating the temperature viewing window and causing erroneous read-
ing and power supp;y adjustment. The specimens were believed heated to about
3600°F during the furnace heat. This increased temperature and the high
original nickel content caused pore closure with a resultant 8% open porosity.

L.4.4 P.rosity Analyses

L.4h.b.1 Porosity vs Bleaching Teuperature and Time

The 8-1, 10-1, 12-1 aud 12-0.5 Cu-Ni, balance tungsten,2nd generation
specimens as acid leached and hydrogen recduced were bleached at 3000, 3400 and
3600°F for 1, 4 and 10 hours in Astro Met's vacuum furnace (Z(.O.3 Torr). The
dben porosity data as measured by water absorption method are given in Table
4.6 and Figure 4-5.

This data indicates that the lowver bleaching temperature produces earlier
stability than higher bleaching temperatures; that vacuum bleaching of an 8-1
composition at 3060°F for 4 hours establishes an equilibrium condition at about
22% porosity which changed very little in an additional 6 hours. Such struc-
tures may be stable atb 2SOO°F in emitter operating conditions. It is probable
that pore diameters are larger and qQbviously would e more resistant to aging
(ie) pore closure. This substantiates, somewhat, the proposition that struc-
tures with pore diameter of 1.5 to 2.0 microns may be significantly more stable
than those of 1 micron and Jjustifies the approach to prepare comparative struc-
tures with both pore diameters for such evaluation.

; “ e = ST e .y L . . - [
Loal b 2 Emivier Pore Spectruwn Aidyses - 1st, Deoand Srid Sencratlon

oilructures

Pore spectrum analyses of composition and processing variations were made
on 2-4 gram control specimens. These specimens had been cut from the same
composition sluygs or plates and processed through the various sintering, leach-
ing and ble ching steps used for the emitter specimens (these steps are de-
scribed in the flow chart as Figure %-3 in Section 4.3.3)

§-25
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All Specimené - Code (5-23) (5-48) '(5‘-105)

R N et L

TABLE U-6 POROSITY DATA FOR W-Cu-Ni SINTERED COMPACT™S FOR
DIFFERENT BLEACHING TEMPERATURE AND TIME IN VACUUM
(2nd Generation Structures)
Temp. Time Specimen Open Porosity (%)
of | (hrs.) 8-1 10-1 12-1 ' 12-0.5
1 26.3 25.5 27.4 | 28.1
3000 4 22.0 20.1 19.1  : 1T.9
| 10 21.6 18.5 19.1 1 19.1
1 22.9 23. 4 23.6 .| 21.8
3400 . 4 18,5, | .16.0 1 17 1 1T.4
1 t . .
. 10 16.7 . 12.8 | 15.6 17.0
i { .
! H i
B ;
1 22.5 : 19.7 . 2L.1 20.0
3600 - & 6.6 | 131 | 15.7 16.6
{10 13.95 | 12.% } 13.9 15.4
P { .

426



FIGURE 4-5_ PLOT OF OPEN POROSITY (%) Vs BLEACHTNG TIVE AT
— 3000, 3400, 3600°F Il VACUUM FOR %-Cu-Ni SINT®RED,
LEACHED AND Hp REDUCED COVBACTS
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After bleaching, the epecimens were cut with a small high speed alundum
cut-off vheel into pieces which would £it the mercury penetrometer capsule. h
One small piece was used for spectrographic analyses, as is discussed later.

The $ bulk density, % total, open and closed porosity, range of maximum
porosity and mean pore size are listed in Table 4-7 as vere measured by the
» Porosimeter.

The pore spectrum curves are plotted in Figure k-6. The pore levels above
the knee in the otherwise sharp curve, show macroporosity due to non-milling, -
f.heretore. the range of maximum porosity dsta was arbitrarily limited to the
values below the "90% finer then" level. Similarly, for tabulating purposes,
the cut-off point at the lower pore dismeters was arbitrarily set at 10%.

This was beceuse the finer pore diameters, (ie) below .5 micron or so, are

expected to contribute ﬁo;:ortionalh little to cesium {lov when the mean pore

diameters are double that diameter and five times the volume. In turn, these

two cut-off points which establish the maximm and minimum pore diameters at

the center 80% pore volume, intunseidentirythcslopeoftherolatinly
straight line portion of the pore spectrum curve.

The Porosity Evaluation Table 4-7 also includes data obtained on the lat
generation specimens prepared in October, 1963, as reported in the final report
of the NAS _3-2513 contract. These first generation specimens were also made
vith the fine pan-washed copper powder, but were hand mixed. The 2nd genera-
tion specimens were dry hall A'mixed. for a four hour period. As wvas later dé-
-termined by microscopic examination of mixed powder specimen swears on glass
slides, serious copper agglomeration existed. This agglomeration caused large
Cu-Ni lake areas in the sintered specimens which subsequently resulted in
.. large macro 5-50 micron non-interconnected voids in completed leached and
' bleached emitters. The 3rd generation specimens were made by using wore
4 nighly selected fine Cu powders snd wet vibration milling for 16 hours. The
* mean pore diameters of all 2nd and 3rd generation specimens of four composition
levels 8-1, 10-1, 12-1 and 12-0.5 (Gu-Ni) fell vithin a very narrov range be-
- tween 0.9 to 1.2 microns, vhich shows that the salected composition range and
process parameters produce a relatively narrow range of mean pore diameters.
In general, it can be g:oncluded that as process refinements have been lncor-
porated, the pore spectrum range becomes more narrov. This narrov range is
' desirable for emitter application.

i - - - -, - -
.
-
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TABLE4-7 Porosity Evaluation Data 1st & 2nd uweneration Tungsten Bnltter Structures

Processed by Liquid Phase Sinterlng of W-Cu-N1 Ternary System M/
Sintered @ 2150°F - 5 hrs, Acld L-ached. & Vacuum Bleached. 3
Specimen HMNOz Leached and Bleached Poroslty Characteristiica (d)
. (v) Range of HAX.
Compositionla) nmamnmlanv Bulk Dens. Porosity 1n % Poroslty in u Mean
No.{ Cu M Code tion 4 Theoret.| Total Open | Closed Center 80% Size (n)
1. 12-0.5  k-166 1st 117.2 22.8 19.7 1 3.1 1.1 -2.95 1.7
2. 12-0.5 9-97,5-76C 2nd 76.2 23.8 18.1 “ 5.7 .53 2.2 1.2
5. | &1 w166 1st 79.5 | 20.5 | 19.6 : 0.9 ! b5 .7 .60
4. g-1 9-96,5-T€C 2nd w 76.7 | 23.3 i 22.3 ' 1.0 .65-1.9 1.2
5. 10-1 4166 1st 1823 21.7 20.1 , 1.6 .8 -2.1 1.5
6. 10-1 9-97,5-T€C 2nd I 79.8  20.2 | 18.7 i 1.5 6-1.2 | 0.9
7. 12-1 4-166  1st 7.1 M 20.3 19.7 ' 2.6 1.0 -2.1% 1.7
8. 12-1 9-97,5-76C2na 7.7 | 22,3 1 20,2 | 2. .55-1.3 1.2
9. 12-1  9-86,5-75B3ra g2 | 17,9 | 168 | 15 | L6813 1.0

NOTES: (a) In welght .m..d.wuw:oo tungsten — all matcrials below ~ Y micron aversge diameter.
(b) Poroslty by mercury intrusion - Aminco Porosimeter as * of specimen bulk volume.

(c) Generation - 1st as reported from NaS 3-2513 Final Report Table &, hand-mixed powders.
2nd specimens dellvered to NASA June, 1964. - dry ball milled B hrs.

rd specimens delivered to NASA July, 1954. - powders vibration mllled 16 hrs.
(d) Blegched at OF — I hours.

!
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The overall bulk density of the various second generation emitters is lower,
(ie) higher total porosity, than the lst generation emitters. This was probébly
due to the greater amount of macro porosity due to copper Agglomeration during
initial dry ball milling. The 3rd generation composition, however, had a higher
bulk density, (ie) a lower porosity. This is probably due to the initially
lover sintered grain size and greater shrinkage.

Pore speétrum analyses of 6th generation 'specimens is discussed in the

Improvement Studies Section, part 5.3.3.

L.4.5 Aging
The porous tungsten metallurgical thermal stability was evaluated by aging
the various 2nd and 3rd generation compositions 12-0.5, 8-1, 10-1 end 12-1 at

2500°F in a dry hydrogen atmosphere. The specimens were those control discs
prepared with delivered evaluation emitter test specimens, and which had been
used for initial pore spectrum analyses. The specimens were placed on fine
decarburized tungsten wool within a 99% pure alumina crucible (prepared in

this laboratory). The alumina boat and samples were placed in a small molyb-
denum wire wound hydrogen atmosphere tube furnace and brought to temperature in

about 2 hours.

Temperature control is manual, with a L & N optical pyrometer used for
measurement. Line voltage, amperage and temperature are measured periodically
and adjusted if necessary, though temperature was observed to remain within
£ 15°F at 2500°F.

The relative stability of these 2nd and 3rd generation emitters was
Judged by conducting both pore spectrum and permeability as well as X-ray
back reflection tests after 50, 150 and 500 hours of aging at 2500°F in dry
hydrogen. '

4.4.5.1 Porosity and Transmission Coefficient Testing

Mercury porosimeter pore spectrum and transmission coefficient (C) analy -
ses were also conducted on the aged porous tungsten specimens after 50, 150 and
500 hours at ESOOOF in hydrogen.

-
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The data from these tests are given in Table 4-8. Values were determined
for density; total, open and closed pore volume; mean pore diameter; and 80%
median pore diameter range. The rate of open pore closure was calculated and
plotted in Figure 4-7 with a similar plot of rate of transmission coefficient
change. A further discussion of this comparison is given in the next section.

The porosimeter data show that the 8-1 and 12-0.5 2nd generation specimens
retained the greatest open pore volume with time. The 8-1 mix exhibited the high-
ect origiual transmission coefficient with time.

The pore size analyses curves gener&liy indicate that the fine pores are
cilosing. As a result, the pore spectrum curves shift to higher mean pore diam-

eters with time. Though the coarse pores are not changing significantly, their
ratio increases as the small pores close.

Nitrogen permeability tests on the 2nd and 3rd generation specimens were
conducted with eguipment and techniques described in Section 3.12. Tests wvere
made on .157 inch diameter discs .020 inch thick after the 50, 150 and 500 hour
exposures at 2500°F in dry hydrogen. The "Transmission Coefficient X Length"
data were calculated and are given in Table 4-8 and plotted on Figure 4-8. The

rate of permeability change due to aging at 2500°F vas calculated and plotted
in the lower section of Figure 4-7.

The rate of pore closure "k" was calculated from transmission coefficient
and porosity data as follows:

AcC - Kt
co

3 2 ok
P - t
= %
PO

vhere .
4C = C-C, = change in transmission coefficient with aging time (t)

co" transxﬁisaion coefficient x L = before aging

o~
"
[1]

P -P, = change in open pore volume percent with aging time (t)

Po - open pore volume percent before aging.

Y-s22
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8ince open porosity is an indication of the open pore volume, it was

necessary to take cube root of A P to correlate open porosity date with trans-

Fo

nission coefficient data.

", " vy W A (o]
k, and kp were calculated as the slopes of the graphs <= ve ¢
and \.§/“1,‘:g vs t.
v Po |

The values of pore closure rate for 0 to 50 hou&s (kpl and kcl) and for
50 to 150 hours (kp2 and kca) and for 150 to 500 hours (kp3 and kc3) are given
in Table L-%.I'rom analysis of this data, the following conclusions are evident:

(1) As the aging time increases, the rate of closure of pores decreases. The
average rate of closure of pores decreases by a factor of a.l_oout 10 after

50 hours of aying (ie) kl- = ;g : whére F, 2 10,

1
k kl Y ‘ -
Also k3 . !% vhere Fy ¥ 10, kg = 5 wherg F3 =z 100

(2) the values of kl’ ka and k3 are of the sawe order of magnitude for the
different samples.

(3) The values of kl, k2 and k3 a8 datermined from open porosity data are some-
what lower than those determined from transmission coefficlent data.

The apparent rapid pore closure 1irate was believed much higher than that
thecoretically expected. This could have been due to either or both of two
possible contributing factors. Activation energy levels are lowered by nickel
and arc believed lowered by hydrogen atmospheres vs vacuum. Hydrogen atumcspheres
are used to sinter commercial powder metallurgy tungsten because sintering

rates are higher than in vacuum.

Because most of these specimens contain 10 parts per million or less
nickel as shown in Table 4-4, its contribution is believed nil. One exception
is that of the 12-1 3rd gencration specimen which had about 70 ppm nickel as
wvell as & fine grain size. It had the highest pore closure rate However, it
is very importan£ 10 determine if such low nickel levels as 10 ppm could be so
influential in causing densification of porous tungstén emitters at 2500°F.

.33
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FIGURE h-z RATE OF OPEN PCRE CLOSURE -~ POROUS TUNGSTEN ION EMITTERS
and and 3rd Generation

Resulting from Aging @ 2500°F for 500 hrs. in Dry Hp
Series 5-76 - 5-75

—Change of Open Pore Volume vs Time ‘
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PORE CLOSURE. RATE

. .

NOTE: (&) = Original weight % of Cu-Ni levels, balance being-W.
(b) a Process generation nmumber. 2nd not milled; 3rd fine grain size, milled.

TABLE 4-9 DUE 70 AGING AT 2500%p .
IN DRY HYDROGEN , :
__Aged_sn_hnnm___._.wé:d_lsa,hours.m_MMAged-.SQO_ Houra__
oy kpr | __¥o2 “p2 | K3 . %p3
c 2 e
8eries 5-76 & 5-75 -%—- x 102[JAP x 10° [A6/C, 107 %P 107 oc/c,, 10 aﬁ. 10
- SR | A - I R o .
Specim eration .
g&-1° . 2na 1.052 .92k 2.85 1.91 b, 3
10-1 2nd 1.666 1.40 1.2 .8 .86 .3
12'0-5 End ' ¢266 o% 2-0 _. '.7 N 9.5 3
2-1 3rd 1.8 i 1.55 3 1.4 1.2 2.2
Average k 1.4 17 | 2.1k 1.15 3 2.2
k,3 = Transmission Coefficlent Rate of Change with Aging Time
k,) = Open Porosity '
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The hydrogen atmosphere is believed to be .ore responsible for such high
aging rates in this group of 2nd and 3rd generation specimens. This is because
other pore closire rate tests on vacuum (x0° 3 Torr) (as described in Section
L.4.4.), Table 4-6 and Figure 4-5) indicate a higher degree of stability is
attained by some similar specimens following the initial bleaching period of
four hours. Such stability appeared at even higher temperatures than those
used for these hydrogen aged specimens. Both of these discussed tests were
made on different specimen series, for widely different time periods, for differ-
ent purposes. An exact comparison of aging characteristics would be question-
able. Since hydrogen aging atmospheres were suspect, all further tests were
done in vacuum. Fine pore size tungsten emitter plates were prepared, as is
discussed later in Section 5.3.4, vhich exhibit little or no change in porosity
and pore diameters in 6 hours at 2750°F. These structures were delivered to
NASA for ion emission evaluation.

L.4.5.2 X-Ray Back Reflection Analyses

Diffraction pattems were made of the porous tungsten structures as pro-

cessed and after ‘hydrogen aging at 2500°F for 50 and 150 hours. The small
S.T.L. discs .157" diam. x .020" thick were used from the same sintered, acid

leached, elkaline etched and vacuum bleached group supplied to NASA as the
5-75, 5-76 series. The pore spectrum pore volume and aging relationships of
these specimens were discussed Just above.

Definiﬁe crystal growth trends were observable as shown by a reproduction
of tre X-ray patteras as Figure 4-9. These X-ray analyses were initially
limited to these feusibility trials due to funding levels. It i1s believed that
correlative relationships could be established by these non-destructive analyses,

with more extensive studies.

L.4.6 ZIon Emission Tests

Initial) ion emission tests were conducted by §.T.L. on those specimens
previously described and furnished to NASA in June, 1964. The specimens were
rhodium brazed into refractory feed tubes by S.T.L. This resulted in almost
vacuum tight emitters, which had to be etched in order to open up the porosity
prior to emitter testing. Several disadvantages of these brazing procedures
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suggest that only electron beam velding should be used for joining the porous
emitters. An analysis of potential problems brought about by rhodium as well
as other brazing techniques follows.

The furnished emitter structures were originally open as evidenced by As-
tro Met's permeability tests on retained 10-1 2nd generation and 12-1 3rd
generation discs from the same processed lots as listed in Table 4-7 and 4-8.
Previous brazing trials on Astro Met's liquid phase sintered, leached and
bleached, porous tungsten emitters, by another ion propulsion systems labora-
tory about a year ago demonstrated that Astro Met's structures were more easily
vetted by brazing. This resulted in pore closure by braze saturation at that
time, as was expected to have occurred in these current braze operations.

If such brazed porous tungsten structures are anodically etched subsequent
to brazing, selective removal of tungsten will occur in areas where rhodium
content is low, thusly large pores would tend to be further enlarged due to both
lov rhodium content in these areas, and due to the greater access of etchant
into large pore a.rea.s ‘

These specimens were obtained for metallographic analyses. Examination
of both the W-10Cu-1Ni 2nd generation (non- ball-milled compacts) and the W-
12Cu-1Ni 3rd generation (ball-milled compacts) indicated that rhodium brazing
had caused serious pore occlusion in several wvays. This vas determined by etch-
ing the mounted and polished specimens by three methods.

Initially, Murakami's etch was used. Metallographic examination showed
that excessive rhodium had created a solid meniscus between the porous tung-
sten disc and the molybdenum housing. This meniscus appeared to cover about
50% of the specimen diameter or 75% of the specimen inner face area. Electro-

-lytic etching with NaOH solution removed the smeared tungsten and revealed that

considerable open porosity still remained, though some pore closure had occur-
red from the high brazing temperature. Etching with concentrated nitric acid
then allowed the tungsten and rhodium phases to be more readily distinguished.
As a result, the rhodium appeared to have flowed in a thin coating over most

of the observable porous tungsten inner surface. Rhodium had penetrated this
surface of the porous tungsten to a depth of 60 to 80 microns. Tungsten densi-
fication had occurred in this infiltrated rhodium area, presumably due to the
lowered activation energy level of this alloy system, as 1is further discussed
belo" * ' ' ' | & _lin
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The significance of rhodium on reducing tungsten activation energy is shown
in Figure 4-10 and Table 4-10 where activation energy relationships are shown
for various alloy additives to tungsten, including rhodium. This data was re-
ported by BrOphy(al) who suggested that rhodium would be effective as an activa-
tor when present in monomolecular layers. Brophy stated that 0.25 weight %
rhodium ié sufficient to activate .56 micron tungsten powder. The surface area
of a five micron average grain diameter emitter structure would be at least
one -hundredth that of the fine powder used by Brpphy. The rhodium quantity
required for coating internal emitter surface area would suggest that .025%,
or 250 parts per million, would be effective in increasing aging rates by a fac-
tor of about 35 or so over that of puré tungsten, at emitter operating tempera-

tures.

This suggests that rhodium is a probable serious metallurgical contaminant
on ion emitters which must operate for long periods. Considering its effect
on contact ionization work function, fhodium would probably not be detrimental,
though other group VIII elements have considerably lower work functions and may

reduce ionigzation efficiencies.

As a result of this analysis, it is recommended that rhodium brazing should
not be done on ‘small porous tungsten emitters, particularly when their mean pore
diameters are near the 1 micron level and estimated pore counts are in the lO7

pore/cm range due to expected high wicking characteristics.

This analysis of activation energy relationship further suggested that

iridium would be a useful additive to increase stability of tungsten in emitters.

An analysis of this possibility is later made in Section 6.0 vhere exploratory
trials were made using iridium additives. Some physical property characteris-
tics are listed in Table 4-10 for comparison with rhodium and its effect on
tungsten.

An Arrhenius plot of densification rates vx temperature for tungsten and

tungsten plus iridium is shown in Figure 6-1.

hobn
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PABLE 435" Comp¥riaon of Physicsl Properties and sinteriag
"~ Chargeteristics of W, Ir and Rh.

|

No. | PROPERTY W Ir Rh
(1) Melting Point 337000 2usk%g¢ 1966°¢
(2) |Bolling Point - $900°¢ 5300°C 4500°¢
&(3) Work Function 4.25-5.1 ev. 5.3 ev 4,58-4.90 ev
| (4) [vapour- - 2554°¢=4600°F=10"2 1h27°c-2500°F:2.9x16121472=2700°i‘=10'6
ressure 2767°90-5000°F=10-% | 1827°C=3300°F=1.9x10~ 1582229002105
. |(mm Hg) 3016205450°P10"3 | 1993°C~3500°F=10-5 1707-3100°P=10""
3309°0=6000°F=10"2 | 2154°¢. 3800°Fe10-4 1857.3uoo°r.10‘i
.; ~ 2340°0:=4250°Pz10"3  12037=3600°F=10"
‘g ' . 2556° C=4600°Fe10~2
é (5) D?ns}ty ) 'f 19.3 22,42 12,44
gn/c.c.) - |
! o = |
L (6) RELATIVE DENSIFICATION RATES OF TUNGSTEN, W-Ir,.and Rh ALLOYs(21)
% Temperature " Time for 5% Shrinkage (in Mlnutea)
! 1280 121;0 W WAL whIr W £>0.25 wh Rh
| - - [ 9%0
1050 | 1920 6000 - 230,000 150
1100 | 2015 | 1,700 40,000 ; L5
1150 | 2105 600 7,000 -
1200 | 2195 | 180 1,300 -
(1) Az;.le.:g;lon Grain oy 90-100 | W £ bwd Ir W £>0.25 wh Rh
; a :80luti =
(K cal/mole) ! y,iyune = 135 Volume =133 §:ia:n ::undis
l | self-diffusion” 3 self-diftusion idlffuslon - §§
| ; S |

k3




5.0 Improvement Studies

. From the Preliminary Studies it became more evident that a uniform ﬁorous
tungsten ionizer with about 1 p pore diameter, k-5 p grain size, 20% open
porosity and 106 to lO7 pores/cm? pore count could be wade. Also, the process

of liquid pnase sintering allows preclse control of pore size and grain size.

However, the combination of tnese characteristics with thermal stability at 2500°P

in vacuum remained to be demonstrated in the improveuwent task.

As a result, improvement studieé were undertaken {0 achieve even greater
uniformity and thermal stability of porous tungstea ionizers, and to prepare
emitter plates 1/8" thick, 1.35" wide and 2.25" long. The studies were direc-
ted towards - _ A

(1) exploring different leeching solvents which could remove the major
amount of Cu-Ni phase without causing oxidation, reaction or contamination;

(2) investigating bleaching temperatures lower than 3400°F so that resi-
dual Ni could be removed to spectrographi levels and yet not cause excessive
-pore closure by nickel diffusion in tungsten or specimen shrinkage during the
bleaching operation.

5.1 Material and Compositions

Eight pound slugs were prepared of both W-8Cu-1Ni and W-1OCu-1Ni by vibra-
ticnal wyilling and by hydrostatic pressing to 20,000 psi. These green slugs
were cut into large .150" x 2" x 4" slabs and .325" x .325 x 2" long bars by
abrasive wheel sawing for botn slab and disc type specimens.

5.2 Processing

5.2.1 Sintering

The above specimens were divided into several sets which were 51ntered to
both 2150 F for 5 hours and to 2250 F for 5 and 25 hours which was expected to
give & grain size ranging from 5 to 10 microns respectively. Microstructural
analyses of the 8-1 control specimens indicate that mean grain size is about &4
microns for the lower and 10 microns for the upper sintering temperature and
time periods.

The W-10Cu-1Ni composition grain sizes averaged between 4 and 5 microns
for both temperatures for 5 hour sintering and to about 10 microns for 2250°F -



25 hour sintering conditions. It appears that the vibration milling produces
"slightly lower grain diameters than were previéusly produced in hand-mixed speci-
mens The grain size uniformity and grain distribution are nuch improved by
milling. This provides an advantage by increasing the pore count per cm2 to

more desirable levels. As reported in Table 5-10 later, the pore spectrum analy -
ses on the resulting structures indicate that they have narrow pore size ranges
from 1 to 1.7 microns, giving an estimatéd pore count of about lO7 pores per

square centimeter.

5.2.2 Leaching Studies

A review of solvent systems, which could possibly remove efficiently the
Cu-Ni phase without oxidizing or contaminating the tungsten sample, was made

from Uhlig's "Corrosion Handbook"(26).
temperatures varying from room temperature to 130°F. Also, direct current

Several different solvents were‘tried at

electrolytic leeaching was explored.

Leaching studies were made on thin and thick specimens representing the
range of discs and plates desired in emitter structures. Following leaching,
the specimens were rinsed in distilled water and vacuum dried four times, then
oven dried prior to weighing.

The specimen details, leaching media, conditions and results are shown on
Table 5-1 and Figure 5-1 with the measured weight loss and calculated leaching
efficiency data. The results are as described below.

Ammonium hydroxide generally exhibits low leaching efficiency on most of
the W-Cu-Ni alloy systems studied. In addition, it appeared to produce a
hydroxide coating.

Both concentrated sulfuric acid, and sulfuric acid / ferric sulphate

exhibit low leaching efficiencies plus oxidize the tungsten.

Chromic acid at 60°C is slow acting in removing the Cu-Ni phage, but
boiling chromic acid is very effective. Chromic acid (hot or boiling) does
not appear to oxidize the tungsten sample but leaves CrO3 layer on it. Sonme

of the CrO3 film could be subsequently dissolved in ammonium hydroxide.

\t
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Hydrochloric acid at 60°C can remove the Cu-Ni phase completely and effi-
ciently, but oxidizes the tungsten. Its leaching action is very similar to
that of hot nitric acid.

Hydrochloric acid at room temperature, however, can remove the Cu-Ni phase

‘completely, but the leaching action 1s slow. It has the advantage that it does

not oxidize the tungsten at all.

Since dissolved oxygen in hydrochlorie acid at room temperature can accel-
erate the corrosion rate of copper at least by a factor of five, it was decided
to also study the leaching action of concentrated HC1 through which oxygen was
being bubbled.

In order to increase the leaching rate of HCl on several W-10Cu-lNi speci-
mens, two approaches were used where oxygen was incorporated in the HCl1l solu-

tions.

Oxygen was added to the HC1l by bubbling through the solution during the
leaching period. Though leaching rates increased significantly, a deposit
(probably cupric chloride or copper oxychloride) coated the specimen. Though
this deposit could be readily removed by NHhOH, the specimen appeared to be slight-
ly oxidized as evidence by its resulting dull appearance.

The second oxygen-HC1l approach consisted of pre-saturating the solution
by oxygen bubbling for 20 hours only before, and not during, the leaching cycle.
The leaching rate appeared to be the same as that produced by siraight EC1l.

Electrolytic leaching was studied with HCl and with NHhCl solutions. The
results of these tests are summarized in Table 5-2. The acid electrolytic leach-
ing was very rapid and caused excessive specimen chipping plus what was believed
to be slight specimen oxidation. The NHuCl electrolytic trials gave similar
results.

Straight HC1 (at TO°F) leaching studies showed that, though léaching was
slower, the speciliusens appeared to be non-oxidized, as was apparent by the re-
sulting bright surface. Because specimen oxidation is believed to be highly
detrimental, HC1l leaching at room temperature was the procedure used for all

5-3
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specimens in this latter group which with this step shall be identified as fifth
generation specimens. The leaching end point was determined vwhen a daily acid !
change subsequently resuils in no solution coior ciaange. This saves specimen j
drying, weighing etc. Quantitative chemical analyses of two leached 0.150"

thick W-10Cu-1Ni control specimens indicated that 99.9% of the Cu-Ni phase had

been removed in about 10 days.

The W-8Cu-1Ni was more resistant to HC1 leaching than the W-10Cu-1Ni;
further, leaching resistance increased on specimens sintered to the higher tem-
peraturcs as well as longer pericds. .

As mentioned in Section 4.3.6.2, thick specimens tended to incur edge spal-
ling during HCl acid leachin;. The W-8Cu-1Ni spalled the least of the two
compositions, and then only after being sintered at the lover temperature and
time levels (2150°F - 5 hours). The W-10Cu-1Ni spalled less after having been

sintered to the higher temperature and time level.

w

5.2.2.1 Leaching Strecsse

The open pore volume of nitric aclid leached specimens was always higher
than that believed tc be due to the removed volume of the copper and nickel phase.
This was believed due to speclmen expansion due to internal (pore) oxidation

caused by the hot nitric acid.

In order to determine if this premise were valid, a .0LO" x 1/2" x 2" long
W-10Cu-1Ni sintered (2lSOOF - 5 hours) specimen was cut into two 1/4" strips.
Each half was measured, then leached, one in HNO3 at'l3OOF and the other in HCl
at YOOF, for 2k hours. Subsequent length changes were measured. Hydrochloric
acid leached specimens did not change length while those leached in nitric scd
grew 1.5% in length. This linear change, when converted to a specimen volume
change is equivalent to a total volwme increase of L.5% over the original
average volume levels of about 22%. This dimensional change could create a linear
shear stress of 750,000 psi betwecen the leached and fion-leached zones of a
W-Cu-Ni specimen - and 1s no doubt highly responsiblc for edge shearing during
acid leaching. This, howecver, would suggest that if HC1 leaching causes no
expansion, it chould not bave edge shear failure. This is contrary to what is
observed since HCl does cause soume edye shearing, though it is less than that

caused by HNO, leaching. As is discussed in the following section, it is likely

3
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that a tungsten-chlorine compound is formed which can cause biaxial shear stresses
at specimen corner, sufficient {0 cause spalling. This problem was solved sim-
ply by making the large emitter plates about 3/8" over size in the flat dimen-
sions to provide for edge loss by spalling. Figure 5-6 shows four such completed
plate blanks prior to trimming where some edge cracking is evident.

5.2.2.2 Problems in Hydrochloric Acid Leaching

5th Generation emitter plate and control speciuens resulted in a high shrink-
ing and pore closure rate during furnace bleaching. Data analysis suggested
that the cause was relcoted to the new acid leaching procedure or a subsequent
dependent stép. Several factors which were thought to be responsible were:
specimen oxygen or chlorine residues; the residual Ni and tie further removal
of this retained nickel by mercury. A review of the HC1l proccdures were nade

with the following discussed observations.

The finalized acid leaching procedurcs had consistently indicated that
99.9% of the Cu-Ni phase could be removed from the sintered plates with con-
centrated hydrochloric acid at 700?; though as much as 1k days leaching was
required for thick specimens. The acld leached speciumens were dried by heat-
ing in & vacuum of about -28 in. within a glass flask. The dried HC1 acid
leached specimens were invarizbly of a brizht metallic appearance, whereas
previous nitric acid lcached specimens were a dull grey-green color, indicative
of an oxide film. A significant weight loss, up to .75%, alweys resulted when
suall HNO3 leached specimens were hydrogen reduced - a standard procedure.
However, swall HCl lcached specimens usually lost less than half as much
(from .1 to .2%) This is shown in Table 5-3 which lists the weight changes of
sixteen small specimens following HCl acid leaching and vacuun drying. The
welght values generally resulted from measurements made for pore spectrum analy-

sis where infiltrated mercury was subsequently removed by heating to 1800°F

- for 1/2 hour in dry hydrogen. The weight losses due to this heating in hydro-

gen ranged from about 1000 to 2000 parts per million. This weight loss could
be from the reduction of oxygen by the hydrogen, the dissociation of chemi-
cally absorbed or combined chlorine, or the further leaching of surface bonded
nickel by mercury exudation. In general, it appears that most of the control
gspecimens which had been impregnated with mercury and then heated in hydrogen
for mercury vaporizaiion were readily stavilized et 2750°F when subsequently

vacuum bleached. This hydrogen furnace step was only incidental in removing
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mercury from the pore spectrum analysis. It was not known at that time that
pore structure lnstability would occur if this step were not followed.

Several factors had previously suggested that hydrogen reduction of HC1
leached specimens could or should be eliminated from the process: (1) the
HCl specimens visually appeared to be non-oxidized, (2) wo3 has a high vapor
pressure and was expected to be readily removed by vacuum bleaching, (3) this
was preferred since it was also believed that this would eliminate the possi-
bility of a large content of polycrystalline tungsten coating on the surface
3 had been hydrogen re-
duced prior to bleaching, and (4) such polycrystalline W grains were expected‘ﬁo

6f the tungsten grains in the porous network if the WO

contribute to rapid aging, as had earlier been determined to have occurred in
nitric acid leached, vacuum bleached specimens when subsequently aged in hydro-
gen at 2500°F.

As a result of these considered factors, the first group of the large emit-
ter plates and their related control and S.T.L. specimens were not hydrogen re-
duced prior to vacuum bleaching in an Abar furnace at pressures of 10"5 Torr.
This resulted in extensive densification rates as is shown by data in Tables
5-4 through 5~7.

The possibility that chloride formation could have contributed to the
rapid densification rates of the HCl leached tungsten specimens was reinforced
by several factors - (1) a chlorine analysis was made on one W-8Cu-1Ni sin-
tered specimen after HCl acid leaching where .027% chlorine was determined
in the #99% pure porous tungsten specimen, (2) McIntyre(27) had reported that
HCl gas added to a hydrogen atmosphere to as low as 1% levels lowered the
activation energy of tungsten to 52,000 cal/mol from a level of 72,000 cal/mol
in pure hydrogen, (3) McIntyre reported that the maximum effect of HCl gas
on tungsten densification rates occurred at 2750°F which corresponds closely
to the temperature where tungsten and chlorine are in equilibrium as various
tungsten chlorides, and (4) pore closure rate in these HCl leached tungsten
emitters was higher at 2750o than at 3000°F.

This is observable on Table 5-5 lines 1L, 2 and 6 and on Table 5-7 lines
1, % and 9 for W-8Cu-1Ni and W-10Cu-1Ni respectively. The interrclationships
were examined of various process steps, compositions and vacuum furnace pressures

by analyzing data given in Tables 5-4 through 5-7. These interrelationships
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were compounded by the fact that the exact nickel contents prior to bleaching
were expected to be low as a result of weight loss measurements. Chemical
analyses indicated that es much as .0T4% residual nickel remained in such HC1
leached specimens. This nickel level cowld in combination with the chlorine
content activate tungsten sintering to more rapid densification levels.

i

5.2.2.3 Double leaching and Hydrogen Reduction (6th Generation)

The analyses of the data in Tables 5-4 through 5-7 led to the conclusion
that an intermediate process treatment could be effective in eliminating ther
mal instability of the porous tungsten emitters made by this basic process
including HCl leaching. Though hydrogen treatment at 1800°F for 1/2 hour was
often effective, the best intermediate step was that of releaching in HNO3
at 130°F for 48 hours This step vas expected to serve a double purpose, (ie)
éonvert chlorides to oxychlorides and further reduce the residual nickel level
This step was adopted and was followed by warm vacuum dryiﬁg with intermediate
distilled water rinsing. In order to further reduce possible oxychlorides or
carbon which was believed responsible for some specimen darkening, wet hydrogen
reduction at 18OQ°F for'kS minutes plus 1/2 hour in dry hydrogen was used prior

to vacuum bleaching.

These steps vere the distinctive ones which established the 6th genera -
tion process used for the emitter plates and S.T.L. test discs supplied to
NASA for evaluation. This is shown on the flow sheet given in Figure 5-2.

5.2.3 Vacuum Bleaching Studies

As reviewed in Section 5.0, bleaching studies were conducted to determine
the possibility of bleaching at temperatures.lover ﬁhan BHOOOF. Bleaching
studles were made on 5th generation control samples in Astro Met's vacuum
furnace described in Section 3.8, and analysis was made by porosiueter
before and after bleaching on the same sample. Three bleaching teuperatures
were used, viz. 3000, 2750 and 2600°F, for periods of 1, 4 and 10 hours. The
temperature was reached in about 20 minutes. The resulting porosity data on
samples W-8Cu-1Ni and W-10Cu-1N1 sintered at 2150 and 2250°F for 5 hours are
gi§en in Tables 4-5 through 4-7, as mentioned previously.




-

The results of the vacuum bleaching at 3000, 2750 and 2000°F for 1, 4 and
10 hours indicated that good stability resulted from 2750°F and 3000°F vacuum
bleaching for 4 hours. The lower temperature resulted in higher open porosity.

Therefore, as previously described, slab specimens were sent to Abar for
vacuum bleaching at these two conditions. After bleaching, these specimens had
only sbout 15% porosity and, es discussed in Section 5.2.2.2, this rapid pore
closure was believed to be due to residual chloride and nickel formation follow-
ing BCl leaching, and vas eliminated by the added nitric acid treatment (Sth Gen.).

From above studies, it was decided to conduct bleaching on 6th generation
specimens only at 2750°F for 4 hours as this was expected to result in higher
porosity and less volume shrinkage than bleaching at 3000°F for 4 hours. Por-
osity data for samples W-8Cu-1Ni and W-10Cu-1Ni, both sintered at 2150°F for
5 hours and at 2250°F for 25 hours, are given in Table 5-8. There was no signifi-
cant drop in open porosity after bleaching at 2750°F for 4 hours at 10'4 Torr
at Astro Met, and hence the €th generation specimens were sent to Abar for vacuum
(at 10'5 Torr) bleaching at 2750°F for 4 hours. The resulting porosity data
is also include@ in Table 5-8. Practically no pore volume change occurred,
vith the result that several emitter test plates were produced with over 20%
open porosity, a narrow pore spectrum range and mean pbre diameters between
1.1 and 1.7 microns. The final 6th generation process is shown as a flow sheet
as Figure 5-2. '
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-2 FROCESS FLOW SHENT FOR PREPARING POROUS TUNGSTEN IONILER

(6th Generation) |

Naterials
Tungsten - Ceneral Elsctric Co. Type .80 uioron grade
Nickel
Copper
‘Vu-120-90) elassified copper powder

« International Nickel Carbonyl MNP 377 -2 picrons
« Monsanto Chem. Cqrp. ultrafine (Charles Hardy

!

Compositions: W-SCu-1Ni and W-10Cu-1X4

|

Milled W-Cu-NWi slugs - 16 hours

i

Miling: Vibretory
Blended, Lylens '/ Balls v hrej then Dry Mixzed o b bre. |

Pressing! 20,000 pei hydrostatie

4

Cut Slabs and Bars

L

Sintered 2150°F - 9 hrs. and 2250°F - 29 hrs.

)

|

1

$.7.L. Disos Machined-

8labs

Anodically Btobed .

NaOK = 13 seo. = L0 V.

EC1 loasl
350 hre. 7O

b dee. 10007

* 4-‘,3“,«].

Reduction

Vet
J 1-1/2 hrs.

|

[ Vas. Bleaching st 275%°F for & nrs. at 1077 Torr ‘
—_ e e

] il 1 -
8labs Control |\ | g, pigqy . , " Gontrols
- l N ‘ l | SA—— l
Bent to NASA' || N Permeability | | Ghem. & Netallographie || Porosity
Tests Bpect A . Exasination Determination
Analysis S



5.3 Evaluation

5.3.1 Chemic

al Analysis

Chemical analysis was done on 5th generation specimens for copper, nickel

and chloride on, as hydrochloric acid leached samples and is described below:

Sample

Cu-Ni >

Temp.-Time
of s.‘l.m'.e:rfmg“9

10-1"G"
2150°F - 5 hrs.

10-1"D"

2250°F - 5 hrs.

8 -l 1§} I"
2150°F - 5 hrs..

Copper
Nickel

Chloride

less than .01l%

less than .01%

*

less than .01%

less than 02%

¥*

NOTE: +# Not An

elyzed

ot a e R p—————— e o a5

*
074
027%
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5.3.2 Metallographic Analysis

Figure 5-3 reproduces photomicrographs of the 6th generation emitter
structures of the W-8Cu-1Ni and W-10Cu-1Ni, both sintered at 2150° for 5 hours
and 2250°F for 25 hours. The basic ot jective was to produce a grein size range
which would produce a pore size range between 1 and 2 microns. The photomicro-
graphs are shown at magnificetions of LOO and lkOOX.A The lower magnification
shows the general uniformity of grain distribution. The higher magnification
shows the shapes of the tungsten grains and the concomitant hole shapes now
filled with infiltrated copper for polishing.

The W-8Cu-1Ni appears to be the most uniform, especially as resulting
from sintering at 2250°F - 25 hours which gave a 1.6 micron mean pore diameter.

The W-10Cu-1Ni, 2150°F - 5 hours, appears to have the least micro uni-
formity of the series, where an estimated 1% of the surface area would have
a particle void with an average width of 5 to 8 microns. These voids are
believed to not be continuous as evidenced by the relative low porosimeter
measurements as is digcussed in the following section. This type of grain
segregation is dependent upon the milling procedures and can be readily re-
duced by improved milling procedures. Metallographic scanning of the control
specimens showed exceptional grain size and grain distribution uniformity. It
is expected that the supplied large emitter 6th generation plates would be
similarly uniform from one area to another. This should assure uniform cesium
permeability. A further discussion of pore uniformity as determined by mercury
porosimeter analyses is discusssed in the following section.

5.3.3 Porosity Measurements

The 6th generation W-8Cu-1Ni and W-10Cu-1Ni control specimens and emitter
slabs for NASA were cut from the same processed slugs and within 1/2 inch of
each other. In some cases, the controls wcre cut from the end of the slabs.
Therefore, microstructural, pore spectrum, and permeebility analyses should be
indicative of the characteristics which would be>exhibited by the emitter slebs.
The pore spectrum analyses of furnace bleached specimens uwere conducted as dis-
cussed in Section 3.11. These 6th generation pore spectrum analyses are plot-
ted in Pigures 5-4 and 5-5. Specific open, closed and total pore volume, mean.
pore size and equivalent pore count data based on pore volume are listed in
Table 5-8. Additional analytical data are given in Table 5-9 where ratios of
open pores within narrow pore size ranges are indicated.
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n

/.5 can be seen from these pore spectrum curves and Table 5-9, all speci-
mens exhibited high open pore volumes from 18.8 to 23.8%. All specimens had

as much as 9% and up to 97% of their opexn pore volume in the range frow 1.7

to .52 microns.

Analyses of Table 5-10 indicates the favorable stability cheracteristics
of the entire 6th generation metallurgical group even during the origlnal
bleaching cycle where highest shrinkage rates normallyboccur. Pore spectrum
data had been determined on the original (as HCl leached) specimens which
established base line data from which bleaching effects were determined.

The HN03 acid leach treatment (130°F - 48 hours) initiaily caused some speci-
men sweliling due to chemical oxidation. A significant portion of tnis
chemically caused volume ircrease remained through the subsequent hydrogen
reduction and the first vacuum bleachning cycle at 275Q°F for 4 hours. The
thermal stability of the entire &th generation group is shown by the fact

that the open pore volume reduction due to furnace bleaching for % hours and
an additional 6 hours was practically nil. This excellent stability contrasts
with the poor stability exihibited by the 5th generation specimens which lost
as much as 30% of their open porosity under the same vacuum furnace condi-
tions. This was shown on Tables 5-4 to 5-7. Another factor is that these

6th generation specimens have unusually high open porosity volumes ~ and

are yet so stable. §&ince highest pore closure rates generally occur within
the first ten hours, these furnace process and stability periods were belleved
sufficient to demonstrate tnat stable ion emitter structures nad been produced.
Limited time prevented aging studies of the Oth generation emitters for longér
periods and at higher temperature, such as had been done previously and had

been planned for ithis work.

An additional pertinent observation of stability was made by comparing
the shape of the pore spectrum curves, of the' four specimen sets, which were
generated from tests before and after the 6 hours vacuum thermal agzing cycle
following the vacuur bleaching step. This comparison showed that the open
pore volume fange between 1.7 and .75 microns was practically identiml. The
expected low contribution of fine pores below .75 microns in such small voiuxes,
to liquid cesiua flow and their closure should offer no significant permeability

change due to azing.
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5.3.4 Transmission Coefficient Measurements

The transmiysion coefficient measurement procedures were discussed in
Section 3.1.2. Analytical data for five different 6th generation tungsten
emitter specimens are given in Table 5-11. .This table also lists compara-
tive mean pore dismeter and open pore volume data. The 6th generation speci-
mens exhibit transmission coefficient values ranging from 11.2 to 21.6 x 105
or from 1 to 5 times those exhibited by the 2nd and 3rd generation specimens,
the data for which is given in Teble 4-8. This is particularly important
since the sixth generation specimens had a much narrowver pore size range
with negligible pore volume above 1.7 microns. - Small disc test specimens
from the same process groups were submitted to NASA with the equivalent

emitter plates for ion emission tests at the conclusion of the project.

Several attemptswere made to correlate transmission coefficlents with
various porosity data. No good correlation was determinable with the data
from but four tested specimens. It is expected that such correlation should
be possible with a statistical quantity of representative specimens.

5.3.5 Emitter Test Specimens for NASA

Four lérge porous tungsten emitter plates (as shown in Figure 5-6) were
completed and delivered to NASA with corresponding control and S.T.L. disc

specimens.

Table 5-12 lists the physical characteristic goals and Astro Met's

achieved results as is summarized from previous report sections.

The only major limitation to specimen size is that of aay vacuum fur-
nace capable of heating the flat slabs to a minimum of 2750°F in a vacuum of

107 Torr.

No difficulty would exist in preparing such structures with grain sizes
of about 3 microns, as has been done in early generationAsintering trials.
The produced specimens were deliberately prepared in grain size ranges from
5 to 11 microns in order to prepare specimens of various concomitant pore
diameters from 1 to 2 microns in at least two discrete levels. The metallur-
‘gical thermodynamic equilibrium characteristics allow a close control of grain
and dependent pore sizes in specific levels to as close as 0.1 micron values.

5-30
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Pore density levels were in the magnitudes wvhich were desired. Finer
grain and pore sire systems which are possible could produce pore count
levels of 107 to 108 vith no difficulty. Rovovor, no <clear indication of
thermal stability of such fine structures can be currently projected.

" The open pore volumes were generally in excess of the suggested 209
with one exception, which was that of the W-8Cu-1Ki specimen which had been
proceésad to give a greater pore sige. It is interesting to note that vhen
sintered &t 2250°r for 25 hours, the specimen open pore volumes are about
identical to the copper-nickel volumes which had been originally added -
then removed.

The transmission coefficient date is much higher than that specified
(a desirable improvement) and renged from 11.2 to 21.6 x 1077 (dimensionless)

The thermal até.ﬁility greatly exceeds original contract objectives, as
based on limited tests at much higher test temperatures and for much less
time periods. The vealidity of this conclusion is based on the fact that
greatest densification rates at high temperatures occur in the first few
test howrs, where following densification rates are one-tenth or less. Pur-
ther confirmation of this conclusion is warrented and is expected to be
determined by future NASA evaluation.

. Chemical purity goals had been attained in earlier generation specimens.
Time and budget limitations prevented the conduction of such analyses, which
_are expected to be done by BASA.

~ Reproducibility of finished cmit'ber structuros is expected to be very
high though manufacturing studies should be done. 'I.‘he reproducibility
of grain size control was shown to be very exact for s period of over one year,
using métal powders from various lots. As process lmprovements vere nade, a
DArrover pore size range vas uchimd, indicating further close reproduci-
bility. .

In conclusion, the liquid phase sintering prbceu appears sultabls for
the preparation of porous tungsten ion emitters hmring all the :l.dentiﬁed
desirable charscteristics.

-
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FIGURE 5-6
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(c)

PCROUS TUNGSTEN ION EMITTER PLATE BLANKS
(a) & (b) Prior to Leaching
(c) - After lLeaching and Bleaching

(a) - Sectioned Emitter Test Mount, Astro Met Disc,
S.T.L. mount showing rhodium braze meniscus.
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6.0 Supplementary Studies

o dium tén - 8inter Bffects

In the seerch for various additives vhich would increase emitter stability,
would exhibit desirable work function charscteristics, alloy without diffisulty,
and exhibit low vapor pressures, iridium appears to offer the best combinatiom

 of dasirable properties. A summary of iridium's pertinent properties are pre-

sented in Table h-10 and Figure 6-1 in couparison with tungsten. The densifi-
cation rate data was mem(

Specifically, Brophy observed that small iridium alloy additions to tung-
sten inhibit tungsten srun boundary umnon processes. This results in an ,
activation energy level (133 K ¢al/mole) near that of the volume diffusion '
activation energy (135 K eal/mols) for pure tungsten. By snalysis of Figure 6-1
1t can be determined that at 1200°C the required time for 5% shrinkage of
W-h$ iridium compasts is about 18 times greater than that of pure tungsten.

By extrapolation to 1300°C, the sintering rate fastor decreases to sbout five.
Tt {s iikely that vhen iridium is alloyed with tungsten in the stabilized spheri-

.cd-tructun,thiltnctorwbemeromdtocnlucofloor.o,dmin
um:ltiontothalonrdcpeoortmom polycrystallinity. Brophylndium

that no more than 1.5% of iridium in tungsten is needed for this effectivensss.
Another favorable factor for using iridium is that its contact work function
is significantly sbove that of tungsten. Therefors, potential lonisation effi-

. eciencies should be high. As & result of thess analyses, iridium alloy additives

are expected to be superior, for both metallurgical stability as well as ioni- -

| _ s.-'.tion, to other such additions ss ruthenium, platinum, rhodium, pallsdium,

osaium and tantalum. _ -

. 6.2 Innoculating Tungsten with Iridium

Three methods were studied for adding iridium. One of these consisted
of an infiltration approach using copper as & solvent. The second was that.
of adding the iridium to the initial W=-Cu-Ni mix. The third approach was
that. of immoculating an acid leached porous tungsten specimen with iridium
chlorids.

Initial 1nnoeﬁlation trials vwere made using a copper infiltrant in an
attempt to dissolve the iridium from its position on top of and infiltrate
into the porous tungsten specimen. The systems were prepared by weighing

6-1



4% iridium and 10% copper to tungsten weight ratios, and infiltrating at
2300°F. The copper was subsequently vacuum bleached. Visual examination dis-
closed that the iridium had either apparently been partielly dissolved by and
precipitated from the copper as a dense coating on top of the tungsten speci-
men during infiltration or that vacuum evaporation temperatures densified the
layer of uninfiltrated iridium powder. The iridium distribution indicates
that the first suggested process probably occurred.

Permeability tests showed that the specimens were nearly impermeable -.
suggesting that the coating was very dense. Whichever iridium densification
.method occurred, the results suggest that this technique would be useful for
two emitter preparation procedures. One - iridium could be deposited in
selected areas without densifying the tungsten structure and causing seriocus
plate stresses and warpage, such as occurs by electron beam technigues. The
second procedure needing improvement is that of brazing porous emitter plates
to dense molybdenum or tungsten housings in a relatively stress free condi-
tion, and by a metel iridium which would not accglerate tungsten densification

as rhodium is expected to do.

The second approach consisted of preparing a 50 gram specinen with the
composition of W-8Cu-1Ni-4Ir. Tne iridium was added as the chloride in
solution in weter, dried and reduced at lSOOOF for 1 hour. The copper and
nickel powder was added and mixed, pressed at 20,000 psi and sintered at
2150°F for 5 hours. '

The grain size was 2-3 microns and since an eight micron grain was desired,
the same compact was sintered at 2300°F for 5 howrs, giving a grain sizc of
8-9 microns. HCl leaching studies indicated that only 6.8% weight loss
occurred after two months, indicating that corrosion resistance vas high and

that excessive copper and nickel remained in the specimen.

The third approach which was studied briefly was that of innoculating
the acid leached porous tungsten with a solution of iridium chloride. Upon
drying, a coating of iridium chloride remained only on the top surface of the

tunygsten specimen.

Limited time prevented further exploration of these approaches, though

further work is recommended.
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7.0 Conclusions

7.1 Liquid phese sintering of W-Cu-Ni ternary alloy powder compacts was
ghown to produce a spherical tungsten structure which could be converted to

useful ion emitter structures by further processing steps.

7.2 The grain size control of such structures was consistently shown to
" be dependent upon composition and lov temperature sintering conditions which
wvere easily controllable without highly specialized facilities.

7.3 Pore size uniformity and distribution was shown to be dependent upon
fine particle copper and nickel powders, and milling procedures.

7.4 HCl acid leaching was shown to remove f99% of the initial copper-
nickel content without’specimen oxidation.

7.5 A hot nitric acid treatment was found to be necessary in order to
eliminate finished ionizer thermal instability, which was belleved to be

caused by residual chlorine or hickel.

1.6 Though acid leaching caused edge spalling of thick specimens, this
could be eliminated by coating specimen edges with glass or plated gold
coatings.

1.1 The edge spalling problem was minimized simply by making the specimens
oversize by about 3/8 of an inch.

1.8 High chemical purity and good specimen strength were attained by a
vacuun vaporization and sintering cycle to a temperature of at least 2750°F
for 4 hours.

7.9 Porous tungsten structures were prepared which met or exceeded porosity,

density and permeability characte: istic goals.

.10 Mechanical surface finishing of sintered specimens was found to cause
a serious problem due to increased densification and pore closure rates at

high temperatures, such as attained duriag furnace bleaching and thermal aging.

-
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7-11  Anodic etching was found to easily remove the vorked tungsten surface
when done prior to furnace bleaching where pore closure could occur.

7.12 The process is read.ily reproducible, uses relatively inexpensive
materials and procedures. ‘




8.0 Recommendations

Q;; . In order to prepare even more perfect porous tungéten ion emitters
| by the liquid phase sintefing process, studies should be conducted using
‘copper and nickel powders below 1 micron, as well as tungsten at about

0.1 micron particle diameter.

- 8.2 More extensive studies should be made of various milling techniques
and correlated with tungsten grain size, pore size, pore distribution, per-
meability and cesium ionization characteristics.

8.3 Studies should be made of other leaching procedures in order to

decrease leaching periods.

Q;E The significance should be determined of residual nickel and chlorine
contents (following HC1l leaching) upon pore closure rates. This should be
done by a systematic approach where more extensive chemical analyses are used
for identifying exact contamination levels resulting from various process

steps.

8.2 Sixth generation tungsten emitter specimens should be processed through

higher bleaching temperatures in order to determine resulting pore character-
istics and thermal stability.

8.6 The process reproducibility should be determined by producing a
series of large scale-up plates at least 2" x 4" in area, and measuring
grain and pore characteristics.

8.1 Structural uniformity levels should be determined by quality control
measurements.

8.8 Studies should begin on advanced emitter structures with pore diameters
of about 0.5 micron, and pore density of 108 pores/cma, wvhich are feasible
by this process.

8.9 Thermal stability of 6th generation, as well as advanced sub-micron
pore size structures, should be established by determining activation energy
and densification rate values by more extensive aging studies.

(01]
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8.10 Tungsten4ridium structures should be further explored for increas-
ing thermal stability.

8.11 Further studies should be made of the iridium deposition process,

using copper as a solvent; to produce controlled closed pore zones in various
emitter plate configurations.

8.12 Iridium deposition should be explored as a means of Jjoining porous
tungsten emitters to non-porous capsules, as an improvement over rhnodium

brazing and electron beam welding.

8.13 Improved spectirographic analysis techniques should be developed in
order that consistent results may be more readily attainable.
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