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ABSTRACT

The arc-plasma-spray (APS) process has been used to fabricate di-
electric-loaded phase shifters of a c-band geometry. The ferrite ma-
terial is a Li-Ti-Mn ferrite with magnetization (4r Ms) of 1200 G and a di-
electric constant (K') of 18.7. The dielectric is Li-Ti-Mn-Al ferrite with
4m MS= 0 and K'=20. An oven arrangement and sample transfer scheme
have been developed which allows a production rate of 5 sprayed boules per
hour. A production run of 200 samples was made at this rate. For 50
phase shifters measured at 5.45 GHz the differential phase shift was 393°
with a standard deviation of 20°. Insertion loss was <1dB for 24 of the 50
samples and <2 dB for 35. The insertion phase of the phase shifters showed
a standard deviation of 40°, about double the variation found in conventional
c-band phase shifters. These fluctuations in insertion phase are attributable to
density variations in the ferrite coating the order of + 3 percent. The co-
ercive force on plasma-sprayed material was 2< Hc <3.5 Oe, somewhat
larger than the same material when conventionally fired (Hc= 1 Oe), and
attributable to the higher porosity of this material.
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PURPOSE P ak

/

The phased-array radar antenna is now well established as a means
of achieving agile search and multi-target tracking in the current and pro-

jected military environment. Each new system with its phased-array an-

it esvsistiii

tenna has many thousands of radiating elements. Since each element contains
a ferrite phase shifter, it is appropriate to develop manufacturing methods
and processes that will minimize the cost of each phase shifter.

o 1 st o i

The purpose of this program is to develop a manufacturing capability
for producing a c-band phase-shifter element by arc-plasma spraying of
a lithium-titanium ferrite onto a dielectric substrate. In this process, a
high temperature diffusion bond between the toroidal envelope and dielectric
3 core permanently mates the ceramic parts, thus eliminating the need for
any joining material. The switching wires are threaded through interior
E | slots after final machining and can be replaced or renewed at any time. The
primary objective is to produce the phase control element as a finished com-
position with acceptable microwave properties and a reasonably high yield.

To achieve sound composites, one of the properties needing constant moni=

toring is the match in thermal expansion coefficient between the ferrite
coating and the dielectric.

A second important dred for control and reproducibility is the thermal

environment during spraying. ermal conditions are influenced mainly by

arc current, the arc gas and powder gas velocities, and the substrate-to-
gun separation distance. The density and uniformity of the ferrite deposit
depend on the reproducibility of these parameters and on the spray dried

particle size and size distribution of the ferrite material.

|
Ex Finally, to achieve a low unit cost, it is necessary to improve yield
1 and reduce machining costs by working with local machine shops to improve

overall efficiency.
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GLOSSARY

Annealin% - A heating schedule similar to firing but performed on a dense
material to relieve strain, improve homogeneity or recrystallize a micro-
crystalline material.

Arc Plasma Spraying - High-temperature deposition technique in which molten
or partially molten material is sprayed onto a heated substrate.

Coercive Force - The horizontal displacement of the magnetization vs applied
Tield curve the hysteresis loop at zero induced field. A measure of the energy
required to move magnetic domains through a solid material.

Core Material - The dielectric material which fills the hollow space within
the ferrite toroid.

Dielectric - Oxide compounds which exibit polarization in electric fields.

Dilatometer - A device for measuring thermal expansion.

Elastic Modulus - The ratio of stress-to-strain (in pounds/in.2 or Newtons/in. 2)
in isofropic materials which gives an indication of the stiffness or resistance to
deformation. Also referred to as Young's modulus. Typically 10 to 50 X 106
psi for oxides.

Ferrite - Oxide compounds of iron and other elements that exhibit a spontaneous
magnetic moment due to magnetic spin dipole alignment within the structure.

Hysteresis Loop Properties - The display of magnetization vs applied field
for a toroidal or long rod-shaped sample of a ferromagnetic material. The
display, generally obtained or low frequencies (< 102 Hz) is useful in
predictions of the magnetization properties and phase shift behavior at
microwave frequencies (= 1010 Hz),

Firing - Any high-temperature process performed on a material, but usually
referring to a heating schedule which transforms a powder aggregate into a
dense ceramic.

Isostatic Pressure - A powder compaction technique in which a sealed deform-
able container (e.g., a rubber bag with powder inside) is subject to a uniform
compacting pressure from all sides.

Latched State - State of remnant magnetization after application of an applied
field sulficient to magnetize in one or two opposite (180°) directions.

Lithium Ferrite - A class of ferrite materials with the general formula
Li 5+ x/2 - Tleny .5 - 3x Jz- O4 characterized by a saturation
magnetlzatlon of 0< 413\/[ < 3600 dlzlectric constant 18 <K < 20, and
frequently used in m1crowave devices.

Maﬁnetic Compensation - A condition obtained in a specific ferrite composition
and/or at specilic temperatures where the magnetic moment is zero. At this
point the opposed magnetic sublattices within the single phase composition
exactly compensate.

Xix




Magnetometer - A device for measuring magnetic moment.

Microwave - That part of the electromagnetic spectrum between 100 MHz
and 100 GHz.

Phase Shifter - A microwave device which serves as the active element in
phased-array radar systems where the state of magnetic polarization is used
to control the phase length of the electromagnetic energy. Also called phase
control element.

Remanent Magnetization (47 M) - The value of induced field remaining in a
material with toroidal geometry at zero applied field following the application
of an applied field sufficient to uniformly magnetize a material.

Saturated Magnetization (47 Mg) - The saturation magnetization (c.g.s.) is the
magnetic moment gauss/cms ol a material in an external DC field of sufficient
magnitude to align the magnetic moment in the material parallel with it.

Saw Kerf - That portion of a solid removed by the cutting blade. The kerf
width 1s usually about 5 percent wider than the width of the blade.

Scanning Electron Microscopy (SEM) - An instrument using electron ex-
citation and emission to produce images at high magnification with good
depth of field.

Spinel Ferrites - A class of iron oxide compositions having face-centered cubic
crystal structures similar to the mineral spinel (MgA1l204) and a magnetic
moment which depends on composition.

Spray-Dried Powder - A form of powder aggregation where spherical particles
oE ~ 10 to 100 pm are produced which are themselves aggregates of much

smaller ( <1 um) particles. The advantage of this process is that the ag-
gregates have better flow properties than untreated powder. The process is
accomplished in a spray drier, a large funnel-shaped cavity into which a liquid
suspension is sprayed and dried.

Stoichiometric - The idealized atomic proportions of elements in a chemical
composition, such as the 1:2 in Mg:Al ratio in MgA1204. Departures from the
exact integral proportions may have important effects on properties.

Stress-to-Failure - A statistical or average stress level of a solid where
failure by brittle fracture propagation takes place, also called the modulus
of rupture. Depends on surface conditions as well as intrinsic strength.

Thermal Expansion Coefficient - A parameter denoting the change in dimension
(A1 /1) per unit temperature between ambient conditions and some elevated
temperature. Since the actual expansion is not perfectly linear, one must
specify the thermal interval of interest; i.e., @ 5890" = 15 ppm °C~1 denotes
expansion between 20°C and 1000°C has our average slope At /{o AT of

+15 X 10-6 in. /in./°C.

Toroid - A ring-shaped or hollow rectangular tube specimen used in magnetic
measurements, particularly the hysteresis properties.

X-Ray Analysis - Analysis of crystal structure (X-ray diffraction), elemental
composition (X-ray fluorescent analysis) to control processing or elucidate
property variations using short wavelength radiation.

XX
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1.0 INTRODUCTION

1.1 History of C-Band Phase-Shifter Elements

Ferrite components were used in radars long before phased-array
antennas. The idea of obtaining differential phase shift by placing small
slabs of ferrite material at the planes of circular polarization in a wave-
guide originated in the 1950's. Differential phase-shift circulators made
with permanent biasing magnets located outside the waveguide have been
used for more than 20 years. However, these devices have never required
narticularly tight materials property tolerances, nor have they been sig-

nificant contributors to overall system cost.

In the early 1960's the differential phase-shift circulator geometry
was modified to make a latching-type variable phase shifter. The permanent
biasing magnets were removed and the flux path was closed inside the wave-
guide by using a toroidal cross-section. The inclusion of many thousands
of these devices in a phased-array antenna has posed a severe challenge
to the ferrite materials properties, and has heightened the impact of the
phase shifter on systems cost.

Unfortunately, at C-band and below, a large volume of ferrite ma-
terial is required for a single phase shifter. In addition to the large volume,
this material cost has been aggravated by the need to use the expensive rare-
earth garnet materials to achieve low insertion loss and acceptable tem-
perature performance in devices operating below 6 GHz. In the mid-1960's
Temme, Ince, and Stern (1967) ? pointed out that a high-dielectric constant
nonmagnetic material, inserted into the magnetic toroid, would significantly
reduce the required dimensions of both the ferrite and waveguide. This
reduction of the ferrite volume made it possible to consider the expensive
garnet materials for use in low-frequency (< 6 GHz) phased arrays .




Present c-band phased-array antennas tend to use a garnet toroid with
a dielectric insert for the phase-shifter element (Fig. 1). The rectangu-
lar toroid is 5.145 in. long, 0.250 in. high, 0.220 in. wide, with 0.050 in.
walls. The dielectric insert is barium tetratitanate (also called K-38 because
its dielectric constant is 38). The toroid is formed around a steel pin, then
fired to a dense ceramic. The dielectric is formed and fired as 1.5 kg bars.
Each bar yields about 40 inserts machined to the final dimensions. Since
the toroid is an as-fired piece with a center hole which cannot be guaranteed
to be absolutely straight or uniform in cross-section, the insert is under-
sized (0.109 in. by 0.139 in. cross-section) and is coated with a resin
material just before it is inserted into the (0.120 in. by 0.150 in.) toroid
opening. Grooves are machined on each side of the insert to allow for
the three copper wires used to switch magnetic polarization. In assembly,
the wires are fitted into the slots, the mating surfaces and wire slots are
coated with resin, the two parts are forced together, and the composite of
toroid insert wire and resin is put through a complex thermal cycle to cure
the resin.

1.2 Difficulties with the Current Approach

While many tens of thousands of phase shifters have been fabricated
for various phased array antennas, the manufacturing process could be im-
proved both to reduce cost and to enhance antenna performance. The present
process has several disadvantages. First, it is expensive to assemble the
tight -fitting component parts. Second, the resin material does not have
completely reproducible curing characteristics, and requires that the curing
cycle be varied from run to run. Third, the switching wires are bonded per-
manently by the resin. If a wire should break during manufacture or in later
use, the entire unit must be scrapped.

These three problems add to device cost. However, there is also
evidence that the resin can seriously affect phase-shifter performance,
causing a variation in insertion phase from one unit to the next. This

variation could could cause the radar beam to broaden and the sidelobes
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to increase. To prevent degradation of the radar beam, each antenna might
require its own set of spare parts which had been carefully selected to main-
tain optimum antenna performance. If neither of these is acceptable, the al-
ternative would be to use only phase shifters meeting tighter specifications,
even though this would reduce device yield and thereby increase system cost.
Clearly, an improved manufacturing technology would be desirable for this
type of phase shifter.

1.3 New Approaches to Fabricating Phase Shifters

1.3.1 Direct co-firing

e D TR

It would be advantageous to produce a dielectric-loaded phase shifter
by a high-temperature process that eliminates the need for the resin material
and simplifies the manufacturing steps. A direct solution would be to develop
ferrite and dielectric powders which are sufficiently well matched that one

i i 2

could form a layered powder compact in the required phase-shifter geometry,
then co-fire both in one step to the final dense ceramic. Unfortunately, it
4 would be very difficult to match all the relevant characteristics of the two

, materials over the entire temperature range which would be encountered in

|
the firing process. For example, the two materials must sinter at the same
| temperature and at exactly the same rate to avoid distortions or cracking.
Also the powder compact (green) density of both materials would have to
be maintained identical as would the fired density to yield the same total
shrinkage. Direct co-firing was actually accomplished in 1974 (Fig. 2),
but this process required very precise control and would not be practical
for production.

Fortunately, the materials and dimensions needed for a c-band phase
shifter do not require that both materials be sintered simultaneously from
1 the powder compact of the two materials to the final composite shape. The
core material (in this case, the dielectric) can be presintered and machined
to final dimensions; the ferrite can then be deposited or sintered onto the
core by a subsequent high-temperature step. This final step can be either
arc-plasma spraying or firing-in-place.

4
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Figure 2

PBN 74-545

Photograph of Layered Composite with Outer Ferrite Layers
(1250) and Dielectric Core.
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1.3.2 Co-manufacturing by firing-in-place

At the start of the arc-plasma-spraying outlined in this report, the
firing-in-place technique was under development at Raytheon for only a few
months. As it has since evolved, the process is very similar to arc-plasma
spraying in that both methods make use of similar dielectrics and are fired
on at similar temperatures. In firing-in-place a conventionally processed
ferrite powder is isostatically pressed into a toroid, just as is done for current
phase shifter elements. A prefired and premachined dielectric is inserted
immediately prior to firing. During firing, the ferrite shrinks onto the di-
electric, leaving open slots for the subsequent insertion of switching wire.
Some machining is needed after firing to bring the element to final dimensions.

The firing-in-place method has not yet reached the stage where the
reproducibility of tens of units can be tested, but results on individual

samples have shown some promise.

A critical factor in developing the firing-in-place, as well as the co-
firing method, was the fabrication of spinel-type dielectrics with a range in
dielectric constant(k') and thermal expansion coefficient (@) for the matching
of @ and the optimization of k' relative to the ferrite composition. While
the spinel dielectrics were developed before the start of this program for
experiments in direct co -firing, they were also needed for the APS program
outlined in this report.

1.3.3 Arc-plasma spraying

The arc-plasma-spray (APS) process was first applied to the production
of microwave phase shifters by R. Babbitt 2. It was already a well-established
process for refinishing critical metal parts with wear-resistant, temperature-
insensitive coatings. This process can be used to spray low-melting-point
(aluminum) or refractory (tungsten) metals or metal oxides because of the
wide latitude in latent heat transfer from the very hot plasma to the particulate

feed material.
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Babbitt et al .2'3were the first to apply the APS technique to electronic
materials. In the process developed by Babbitt, ferrite powder is partially
melted by an intense plasma heat source and deposited at high temperatures
(1300° C) in dense, microcrystalline form onto a dielectric substrate whose
thermal expansion matches that of the ferrite. The phase-shifter boules
are sprayed in a single axial pass with rapid (100 rpm) rotation in a 750° C
oven. They are later heated to 1015° C to optimize the dielectric and mag-
netic properties. A machining step then removes the excess ferrite, and a
final anneal (to remove the machining stress) completes the manufacturing
process.

Before this program began the ferrite powder used in the initial ex-
periments at ECOM and Raytheon was a lithium-titanium-manganese ferrite
developed for conventional ferrite processing. This powder has been gen-
erally satisfactory for APS, although certain additives to the powder (i.e.,
binder content, 31203 additive, etc) may not be optimal for the latter. The
development of these compositions both at Raytheon and elsewhere has been
directed toward a replacement for the more expensive garnet materials.

In developing the ferrite material, our goal was to produce a material
with a high dielectric constant, magnetic properties which are stable with
temperature and insensitive to stress, as well as lower materials cost.

The Li-Ti ferrite does meet all of these requirements in conventionally fired
form. Babbitt was able to show that these same compositions, when plasma
sprayed and annealed under appropriate conditions, would also yield micro-
wave properties that compare favorably with existing garnet materials.
Having succeeded in reproducing Babbitt's results % in our laboratories, we
concluded that there was no intrinsic materials limitation to replacing the
current garnet with a plasma-sprayed Li-Ti ferrite. Of course, properties
required some improvement and yield and production rates were unknown,
but in general the prospects were favorable.

Our experience with the plasma spray equipment was limited to about
six months' work using a furnace geometry that was clearly inappropriate




for production. However, one could see at this point that the dielectric-
loaded phase shifter geometry was well suited to the APS process. The
cross-sectional area of the dielectric (0.120 by 0.150 in.) is small enough
to be heated rapidly without thermal shock and large enough fo support the
extra weight of the plasma-sprayed ferrite coating. Dielectric loading had
also reduced the necessary toroid wall thickness (0.050 in. required) to the

extent that an adequate ferrite coating along the five-inch long dielectric could
probably be deposited in 10 to 15 minutes of spraying time. Assuming that
the transfer time between sprayings could be shortened to half this spraying
time, the desired production rate of 40 per day could be achieved with one

station and one operator.

This report will describe in detail the program to develop manufacturing

methods for the production of such phase shifters.




2.0 PROCESS, EQUIPMENT, AND TOOLING OF ARC-PLASMA-SPRAYED
PHASE SHIFTERS

2.1 Ferrite Powder Development

The characterizaticn of ferrite powders used in the APS process has
become one of the most important controls in the MMT program. With the
benefit of hindsight, it is clear that the choice of a composition that would

give the required magnetic properties was sound, but the ferrite particle

size measurements and process controls were not comprehensive enough

to completely characterize subtle changes in the powder that led to important
differences in APS behavior and to differences in coating density. Never-
theless, we did make serious efforts to standardize processing and to

characterize the ferrite powder as completely as possible.

2.1.1 Magnetic properties

The choice of ferrite composition is an essential first step to meeting
the phase-shifter performance characteristics set by the garnet material
presently used in c-band phase shifters. The saturation magnetization (4 7 Ms)
is a primary factor since this affects the phase-shifter parameter of phase

; shift and magnetic loss. Room temperature data on 47M versus Mn and

g} Li + Ti content are shown in Fig. 3. The inset above the main figure shows
the effect of Mn addition to pure Li-ferrite (x = 0). The main figure shows
the influence of Mn substitution combined with Li-Ti. Mn addition raises

re for

| 41rMS in all compositions. This indicates either a preference of Mn
: the A sites or a Mn substitution on B sites which displaces some Li from

B to A, thus increasing 41rMs.

p Zinc substitution in Li-ferrite and Li-Ti-ferrite raises 4"Ms for
; 0< Zn £ 0.35. At higher concentrations 41rMs decreases due to a weaken-
{ ing of intersublattice exchange, aided by the very rapid decrease in Tc with
1 Zn content. The Li and Ti substitutions also lower T , although not as
rapidly as Zn addition. Table 1 shows data for Li-Ti and Li-Ti-Zn ferrites
on the temperature coefficient of the magnetization AMs/MsAT between
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20° C and 120° C relative to the 20° C value and estimates of Tc’ In this
example these materials contain a constant Mn level of 0.10 per formula

unit to control dielectric loss.

The magnetization curves are shown for the first three compositions
in Table 1 in Fig. 4. The slope of the curves near 20° C changes only
slightly with composition. Thus the percentage increase in coefficient
depends on the decrease in 47 MS due to the reduction in Tc . In the last
example (a zinc-containing 1250-gauss material), combined substitutions
of Zn and Li-Ti have reduced Tc and raised the temperature coefficient
substantially.

TABLE 1

CURIE TEMPERATURE OF SEVERAL Li-Ti FERRITES

Satura.tior.l Zn Mn Ti T (°C est.) Temp. Coeff.
Magnetization Content Content Content c Bl °C
3600 G 0 0.10 0 625 0.09
2250 G 0 0.10 0.26 525 0.13
1250 G 0 0.10 0.50 390 0.18
1250 G 0.10 0.10 0.54 310 0.27

The results shown in Table 1 indicate that Zn substitution should be
kept to a minimum because of its very strong effect on TC and thereby on
the temperature coefficient of MS. The reason for the rapid loss of tempera-
ture stability is that Zn substitution requires additional Li and Ti substitution
to bring 47Mg back to a given value. The effect of the two substitutions is
additive in terms of the depressive effect on Tc. For these reasons we de-

cided not to introduce Zn.
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2.1.2 Remanent magnetization

The remanent magnetization (Br or 41er) of the 1250-gauss Li-Ti-
ferrite is the order of 850 to 900 gauss in dense material. The theories
(Grieffer 5) relating Br to ferrite composition stress the importance of the
dominance of the magneto-crystalline anisotropy (Kl) over stress-induced
anisotropy (o * X\ ;) in achieving the highest Br possible. The Wijn (1954)
model theorizes that a maximum Br occurs when domains within the in-
dividual grains relax to the nearest [111] easy axis direction for K1 <o,
a situation possible when K, dominates. To minimize the demagnetization

energy, Goodenough g has proposed the creation of small reversal domains

at grain boundaries and near second phases or pores, especially when a local

stress is present. The magnitude of Br depends on the number and size of

these reversal domains because their collective volume determines how far

Br will be reduced from the theoretical value of Br = 0.87 Ms for cubic
anisotropy. For lithium ferrite the dominance of crystalline over strain-
induced anisotropy permits relatively large ratios of Br /M _, typically

0.70 to 0.75.

S’

The theories relating Br to ceramic microstructure stress the
avoidance of secondary phases and porosity to obtain a maximum Br'
Second phase and porosity reduce Br in two ways: first, by reducing the
volume of magnetic material, and second, by providing discontinuities and

regions of local strain which favor the creation of the reverse domains.

Since the latching phase shifter calls for Hc < 1 Oe, it is essential
to maintain hysteresis loop squareness and thereby high B.. The first
priority should be the development of process controls which will yield a
dense, uniform-grain-size ferrite after plasma spraying and annealing.

2.1.3 Coercive force

Coercivity is probably the most microstructure-sensitive of the

magnetic properties of importance to phase-shifter performance. It is

13




influenced both by porosity second-phase content and by polycrystalline
grain size. If porosity and second-phase content are kept below 1 percent
to satisfy the requirement for high Br' then coercive force is determined
primarily by grain size and anisotropy (i.e., composition).

In addition to the grain size dependence of Hc' many workers = have
reported that Zn rapidlylowers Hc in Li-ferrite compositions. A semi-
empirical relationship between Hc and material properties reported by
Grieffer correlates with these observations:

where MS is the magnetic moment, L is an average grain size, and o - the
wall energy, is given by

1/2
o, 4[AK, + \o)] .

w
In the second equation, A is the exchange parameter (roughly proportional
to Tc), K1 is the anisotropy constant, )\i is the isotropic magnetostriction,
and ¢ is the internal stress at the domain wall.

There are two ways in which substitution of zinc reduces H e* First,
Zn enhances grain growth in annealing, which produces a larger polycrys-
talline grain size. Second, the reduction in Tc reduces both the exchange
parameter A and the magnetocrystalline anisotropy constant K1 , again de-
creasing Hc' Unfortunately, zinc substitution also leads to a large tempera-
ture sensitivity of Ms and Br and to a rounding of the hysteresis-loop shoulder
because squareness depends on a large Kl' The deterioration in hysteresis
loop squareness is particularly bad for the low Hc latching-type phase
shifters because it makes it more difficult to reproduce Br'

Other substitutions such as Co and Mn can also change wall energy
through alteration in anisotropy (Kl) and magnetostrictive (xi) parameters.
One might expect Mn to affect H o through the magnetostrictive term (xic )

14




in the wall energy equation. Our previous studies of Li-ferrite compositions
with identical microstructures and different Mn concentrations (0.01 < y < 0.01)
have shown, however, that Mn content has no appreciable effect on hysteresis
loop squareness or coercive force. Therefore, the Mn concentration can be
determined entirely by other considerations such as dielectric loss. This
behavior contrasts with that of cobalt and zinc, where substitutions change

several properties, and a tradeoff must be made.

2.1.4 Particle size

The experimental results of APS runs made with R. Babbitt at ECOM
at the beginning of the program (to be described in Section 2.4.1) gave strong
indication that spray-dried Li-Ti ferrite powders from Raytheon Special
Microwave Device Operations were equivalent to other commercial sources.
We chose to use the SMDO ferrite powder, since it gave us direct access to
processing history, as well as the opportunity to ask for processing changes
if necessary. The first delivery of material, a 34 Kg batch, was made in
September 1975. To produce a free-flowing aggregate for the APS gun, the
ferrite powder was spray-dried after the final milling step. This treatment
is the same as that used to prepare powder for automatic die pressing,
where a free-flowing material is essential. In spray-dried form, the
particles are aggregates of the much finer (< 1um) ferrite powder. A scan-
ning electron micrograph of a spray-dried particle ~30 um indiameter is
shown in Fig. 5. The larger particles are generally hollow, as evidenced
in this case by the hole at right center in the spherical agglomerate. The
small particles are held together by a small amount (>2 percent by weight)
of organic binder.

Particle size control is very important for uniformity in APS melting,
since residence times in the plasma flame are the order of microseconds.

We requested that the supplier keep the larger spray-dried powder fraction
taken from the main chamber separate from the finee fraction which is
collected from the effluent in a cyclone separator. Figure 6 shows the
results of this first crude separation of the powder into a coarser "chambers

15




PBN 76-5

Figure 5 SEM Photograph of Spray-Dried Ferrite
Powder at 2000 X.
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PBN-76-6

(a)

(b)

Figure 6 SEM Photographs of Spray-Dried Ferrite
Powder (LMTF 53(G2)) at 400 X.
(a) '"Chambers fraction': (b)

"Fines
fraction''.
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fraction" (Fig. 6a) and a "fines fraction" (Fig. 6b). The SEM operator was
asked to take the photographs at random locations in the two powders. As )’T

can be seen, there is a considerable size range within each lot but, nonethe-
less, some size fractionation between "chambers" and "fines" .

Sampling techniques for particle size analysis in powders cover a
wide range in sophisticationof instrumentation and size of the sample being
analyzed. Unfortunately, there seems to be an inverse relation between
these two factors. Methods such as the Coulter counter are very convenient
and quantitative, but sample only a very small amount of material. Other
methods, such as sedimentation and air permeation, sample a larger and
possibly more representative portion, but measurements are more indirect
and one must rely on assumptions about particle geometry and degree of
dispersion that are not always justified. Screening can be used, but this
method is rather impractical since spray particles are very fragile and
easily broken, unless great care is exercised. Size analysis by counting
individual particles is the most reliable method. It can, however, be very
tedious to accumulate enough counts for a reliable sampling. Fortunately,
the use of a semiautomatic counting device, coupled with the easily re-
solved size and shape of spray-dried powders, can speed the process con-
siderably.

We have used a Zeiss particle size counting device (described in
Appendix I) to generate histograms of the spray-dried particle size of the
different ferrite batches. The ferrite powder discussed in conjunction with
the particle size counter in Appendix I and shown in Fig. 6 is characterized
as LMTF53(G2). This powder in general had poorer flow charcteristics
than later materials, as for example, the LMTF50(G 3) powders shown in
Fig. 7 and in the histogram Fig. 8. Note that when all the particles in a
photograph are counted, the average size is much smaller than one might
estimate visually.

Some of the ferrite powders used in the later APS runs in this pro-
gram had very good flow characteristics and produced sound phase shifters.

18
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Two examples were the LMTF475(G5) and LMTF 475(G7) powders,
both of which had been formulated with less Ti (x = .475) to increase
41rMs and compensate for the lower density of APS ferrite (~92 percent
of dx) as compared with conventional firings (~99 percent of dx) of the

same powder.

Figure 9 shows one SEM photograph of spray-dried G5 powder from the
chambers fraction and one from the fines fraction collected in the cyclone
separator at the exit end of dryer. Figure 10 shows similar SEM photo-
graphs of the G7 ferrite powder. The photographs are a collection of six
sequential individual photos of a representative region of powder samples
taken originally at 400X magnification. Size reduction for publication in
this report has reduced the magnification to 175X .

The spray-dried particles in a photograph were counted at the original
magnification. To determine the number of counts needed to generate a
histogram representative of the sample, we divided the photograph in half
and generated separate histograms of the two parts, approximately 800 counts
in each. If a doubling of the number of counts does not change the histogram
shape, the smaller number is adequate. What is an adequate count is, of
course, a subjective evaluation, and we have had to adopt arbitrary criteria
to set limits. We have decided that a change in mean particle size of > 20
percent, or radical differences in the shapes of the two distribution curves,
would indicate insufficient data for a histogram representative of the powder.

Figure 11 shows two curves for the G7 fines powder fraction — one
curve indicating the count in the lower half of Fig. 10; the other, the top
half of Fig. 10. Every resolvable particle was counted, totally 1672 different
particles of different diameters. The two curves differ in mean value by ap-
proximately 15 percent and the particles have similar sizes, indicating that
this count is adequate by our standards.
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Figure 12 is a particle size histogram which compares 1454 counts
of the LMTF 475(G5) fines fraction powder in Fig. 9 with 1672 counts of the
LMTF475(G7) fines fraction powder in Fig. 10. The G7 powder appears to

have a slightly larger particle size at the peak area below 10 microns and

B o S 05 N

a larger proportion of the larger particles as well. The histograms have
not been corrected for the 13 percent difference in total counts between pow -

a ders, which would alter the appearance of the curves to some degree.

We also studied the chambers fraction of the G5 and G7 powders. The
number of particle counts is significantly less for these powders, and the
counting statististics less reliable. The six photographs making up the G5

chambers view in Fig. 9 had 325 particles, whereas the total number for

the G7 chambers in Fig. 10 was 261 particles. The corresponding numbers
for the fines fraction in these two photographs are 1454 and 1672, respectively.

Histograms of the particle size distribution for the smaller size range
of the G5(0) and G7 (x) chambers fractions are shown in Fig. 13. A com-
parison of the two curves does not suggest differences in size distribution
that seem apparent when comparing photographs; that is, the G7 powder

seems to have more uniform and larger particles than the G5 powder.

The differences in flow characteristics and in APS deposition efficiency
of these "good" powders compared with very poor materials such as
LMTF475(G-8) used in the final production run might be influenced more
by moisture content or state of agglomeration rather than by particle size
or distribution. We have found that optimum flow and deposition character-
istics result from powders that are dried near 100° C and then screened.
Higher drying temperatures produce poorer flowing powders, perhaps be-
cause they drive off the binder that holds together the spray-dried agglomer-
ates. Certainly any break up in the spray-dried particles would interfere

with flow.

It is difficult to pinpoint why the screening is beneficial, because
screen sizes are generally much larger than all but a few large spray-dried
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particles. We speculate that the major effect of the screen is not to separate
the small particles from the large, but to break up groups of smaller parti-
cles that hang together. The tendency to reagglomerate is a function of
particle size, being much stronger in the fine screen size range (50 -80 um)
than with coarser screen fractions (100 - 200um). Also, if the powder is
kept under dessicant, the tendency to reagglomerate is inhibited.

Differences in particle size, moisture content, and state of agglomera-
tion in the spray-dried ferrite powders probably all enter into the observed
variations in plasma spraying. Different ferrite powders alter the deposit
rate anywhere from 20 to 50 percent, requiring changes in arc current and
powder gas velocity — powder feed rate and other factors to optimize de-
position. These adjustments in spray parameters require talent and ingenuity
on the part of the operator. The investigation of the detailed effect of particle

characteristics on plasma spray behavior should have a high priority in
future work.
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2.2 Development of Dielectric Material

The dielectric compositions developed for arc-plasma spraying (APS)
are spinel solid solutions with the same crystal structure as the magnetic
ferrite. Substitutions of Li and Ti in the spinel can reduce 41rMs to zero and
increase the dielectric constant slightly. While a major concern with these
materials is that we maintain magnetic compensation, i.e., that 41rMs = 0,
the prime need for successful APS production is that the thermal expansion
of the dielectric match the ferrite exactly. The LMTF 190 material, with a
nominal composition of Li.97Mn' lTi.QsFe.9804' has proved to be a good
thermal-expansion match to the 1200 G ferrite. However, this material
has a non-zero magnetization: room-temperature values of 47rMS = 90 have
been obtained. To reduce this residual moment to zero, a series of dielec-
trics was developed with higher Ti content, to reduce 41rMs, coupled with
A1203 substitutions to bring the thermal expansion coefficient into line with
the plasma-sprayed ferrite.

2.2.1 Thermal expansion data

Matching the expansion coefficient of the dielectric is probably the key
to successful arc-plasma spraying of ferrite phase-shifter elements. Since
the spinel ferrites have both large elastic modulus and small stress-to-
failure, mismatch-induced strains must be kept very small over the entire
temperature range to avoid fracture.

The expansion coefficient was measured on all of the compositions
listed in Table 2. Cylindrical samples between 1.3 in. and 2 in. long were
placed in the quartz dilatometer. Programmed heating and cooling rates of
2° C / min were used and the atmosphere was stagnant air. The data are
printed out on a computer-controlled x-y plotter as expansion coefficient (a)
versus measurement temperature minus ambient (T-A).




Figures 14 and 15 show thermal expansion Al/lo (cross symbols) and
a (x symbols) versus (T-A) for two samples which had the same dielectric
composition but different amounts of BiZO3. (Sample 200 (1) in Fig. 14 had
3 while Sample 200 (2) in Fig. 15 had 0.1 wt. percent
Bi20 3). Because of the difference in bismuth additives, the two samples

0.5 wt. percent Bi20

required different firing temperatures, and we wanted to determine whether
the additive or the change in firing temperature would affect the expansion
coefficient. A point-by-point comparison in @ reveals differences as large
as 0.5 ppm for these two compositions. The differences, however, probably
reflect inaccuracy in the measurement rather than intrinsic differences in
expansion behavior because identical compositions to be described later show
differences ina.
%
: A series of dielectric compositions were also examined, in which
i increasing amount of Al were substituted for Fe in an attempt to determine
the effect on expansion coefficient. Figure 16 showsa vs. (T-A) for a di-
| electric with 0.07 atom substitution of Al for Fe. In this materiala, at
| T-A =100°C, is slightly higher than in the unsubstituted material (Figs. 14
and 15). Figures 17 and 18 represent samples from two different batches which
4 have exactly the same composition, both in terms of major components and
‘ Bi203 content. (The Al substitution, w, is 0.15 in these samples). Differ-
' ences in data points are again the order of 0.5 ppm, which could be caused
! either by instrumental error or by differences in sample density.




Figure 14 Thermal Expansion @) vs. Measurement Temperature Minus
’ Ambient (T-A) for Sample LMTF 200(1) with 0. 5wt. Percent
131203. 31
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Measurement Temperature Minus
LMTF 200(2) with 0.1 wt. Percent Bi203.
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Ambient (T-A) for Sample LMTF 200(3) with 0.15 Atom Sub-

stitution of Al for Fe.
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Figure 17 Thermal Expansion @) vs. Measurement Temperature Minus




Figure 18 Thermal Expansion @) vs. Measurement Temperature Minus
Ambient (T-A) for Sample LMTF 200(4) with 0.15 Atom Sub-

stitution of Al for Fe. 3
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TABLE 2

THERMAL EXPANSION COEFFICIENT AT 1000°C

FOR VARIOUS SPINEL DIELECTRICS

a values in ppm/°C at 1000°C

Designation x* w* = 0 w = .10 w= .15
LMTF 200 1.00 15.8 15.1 15.0
LMTF 195 . 975 15.25 15.0 14.85
LMTF 190 <95 15.1 14.9 14.7
LMTF 180 .90 14.9 14.7
o 2N Mn ,Ti_Al_Fe 0

HS+xf27 1T TwW T 2.4-3x/2-w 4

In Fig. 19 we have assembled the expansion coefficient @ versus (T-A)
for the 200 series dielectrics (see Table 2 for composition) as a function of

aluminum substitution for iron. One observes a decrease in @ at any tempera-

ture with degree of Al replacement (w). The @ values at 1000°C (T-A = 980)
range froma = 15.8 ppm/°C forw = 0 toa = 14.6 for w = .25.

A similar plot of @ versus T-A is shown in Fig. 20 for the 190 dielec-
trics withw = 0 and w = .15. Smaller values of @ are found, as one would
expect from the reduction in Li-Ti content. However, we do observe some
change in slope for the @ vs. T plot, which, of course, indicates some
change in the shape of the expansion curve.
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Figure 21 shows three dielectric compositions with the same Al con-
tent, w = .15, but with Li-Ti content varying from x = .95to x = .975 to
x = 1.00. It seems that, at higher Al content, expansion shows little varia-
tion with Li-Ti concentration. The data for x =.95 and x= .975, in fact,
are reversed from the expected sequence, but the variation is within experi-
mental error. -The same set of curves for w = 0 would show a stronger
dependence on Li-Ti content, i.e., more separation between @ values.
Evidently, Al substitution reduces the effect of content on @ and also acts

to decrease the @ versus T variation.

2.2.2 Dielectric constant

The dielectric constant (k') is another important parameter in the
control of phase-shifter reproducibility. The measurements of k' yield
the composition dependence shown in Fig. 22 for the series
Li ,5+x Mn_1TixAlyFeg, 4 - 3x _ wOy4. Dielectrics which match the
expansion characteristics of the 1200 gauss APS ferrite have values
18.5 < k'< 20.5. Loss tangent in this series is readily maintained at
tan § < 5 < 10-4.

2.2.3 Magnetization

In the design of the dielectric-loaded phase shifter, the core material
is intended to be nonmagnetic. The Li-Ti-ferrite compositions developed for
this program are spinel solid solutions and may have a finite magnetic moment
arising from two causes: 1) an imperfect compensation of the magnetization
in the material due to composition or firing conditions, 2) a local change in
41rMs at the ferrite-dielectric interface due to interdiffusion during spraying
or subsequent annealing steps. Since both ferrite and dielectric are members
of the same solid solution series, interdiffusion, if it occurs to any appreciable
extent, would produce a graded interface of changing 41rMs between ~ 0 and
1200 gauss. Evidence to date indicates only minor interdiffusion with annealing.
Our main concern at this point is to maintain zero magnetization in the

various spinel dielectrics.




*judjuo) 11,-17 d[qerde A pue h
G1°0 = M Y}m SO1J309[a1( J0j aanjeaadwa ], sa uotsuedxy [ewaay], [g 2andiyg

Jo(V-1)

000l 008 009 ootv 002
| | i 1

=
m_..u; oo..an o \\m\\\
- Gl =MGL6 =X X a\w —2l

mp.";mm."xo \
Nm\m\\
&\ bl

Jo /wdd »
40

| Il | |

68€-9.-N8d




M
_,W

Gt s B sk

sa1J9g 9y} ut uorjrsoduro)) 91a309191(J SA ZHD Q] jB JUBISUO)) O1J}OI[8I( g 2andig

YoM -Lprg oM

o

06’

Xxg °d 1V

- X

08’

X
1L

I

e
U X

+G .3

oL’

2€2-G.-N8d

R TP

D ——

8l

6l

41

Oo¢

12

22




Figure 23 shows magnetization versus temperature for two compositions
(x = 0.70 and x = 0.85) which are beyond the compensated region and three
compositions which have been used as the nonmagnetic dielectric material.
As shown, the latter three do not have the intended zero magnetization. One
should note especially the 41rMS vs T curve of the x = 0.95 sample since this 1
LMTF-190 composition is a rather good match in @ with the 1200 gauss ferrite ;
and has been used extensively to produce APS phase shifters. We note the L
Curie temperature for this composition is approximately 160° C, versus
390° C for the 1200 gauss ferrite. This implies that any residual magnetic
moment in the ' dielectric" would decrease more rapidly with temperature
than the ferrite, except forthe small initial rise in M between 20° ==d 40°C :

2.2.4 Forming and firing large shapes |

The dielectric core material for the phase-shifter production must be
ground into long shapes with very small cross-sections. These pieces |
must be strong enough to survive handling and thermal shock and straight
enough to mate together well in the assembly before APS deposition. For
example, after spraying, the sample is moved about inside the furnace by
grasping the dielectric core which extends beyond the ferrite coated section.

prem———

In the final grinding operation, the sample is also held by sections of di-
electric protruding from the ends. Since the strength and integrity of this

core material are essential to the success of the APS process, we have
devoted considerable time and effort in this first quarter to developing and
improving the core. This section summarizes the results. (Another im-
portant consideration relating to dielectrics manufacturing is the problem
of the cutting and grinding losses, and how we might reduce this to mini-
» mize overall cost. This will be discussed in Sec. 4.0 of this report.)

The dielectric powders, produced by conventional ceramic processing
are isostatically pressed into bar shapes for final firing. Rectangular shaped
rubber bags 1.5X 3X 16 inches in internal dimension were purchased
for this program. The bags are enclosed in metal forms during the powder
filling and isostatic pressing steps to avoid any slight warpage which could

* Trexlar Rubber Co., Ravenna, Ohio
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be made worse during firing. Special techniques are needed to load in the
powder uniformly, as this can also lead to warpage despite the metal form.
Since the final ground pieces are the full length of the bar, any distortion in
bar shape would drastically reduce the yield. A photograph of a fired bar
in this program is shown in Fig. 24.

The bars of dielectric are cut and ground into pieces 0.060 in. X 0.150 in.
in cross section with an .020 X .020 in. slot along one broad face and a 0.005 in.

chamfer at 45° along the edges of the second broad face. Since each dielectric
core is made from two of these bars, they must be carefully finished to

assure straightness.

2.2.5 Changes in wire slot geometry

A more serious yield problem for the dielectric is the breakage of
finished pieces by thermal or mechanical stress during spraying and sub-
sequent annealing. In looking more closely at the slot geometry (Fig. 25),
we noted that the 0.020 in. slot depth deing used would weaken the dielectric,
perhaps unnecessarily. Referring to Fig. 25a, the slot depth reduces the
minimum cross section from 0.060 in. to 0.040 in., or by 33 percent. If
the slot were positioned with its major axis parallel to the surface separating
the two holves (Fig. 25b), the reduction in minimum cross section would be
from 0.060 in. to 0.050 in., or 17 percent. The slot to be cut by the grinding
shop in the original 0.060 in. X 0.150 in. cross section was then
0.010 in. X 0.040 in. along the center line of one broad face. This change
poses no particular problem or cost increase in machining.

Another advantage of the change from horizontal to vertical long axis
for the 0.020 in. X 0.040 in. slot is that exact registration of the two halves
is not as critical. With the former (Fig. 25a) a misalignment of a few mils
would make it difficult to insert three wires for the polarization switching.
A similar misalignment with the second geometry would be far less serious

in threading wires down the slot.
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PBN-76-390

&
k a3
Figure 24 Bar of Li-Ti-Ferrite Dielectric
Before Machining.
i
:

45




Since microwave interaction in the loaded phase shifter is fairly com-
plex, it was not obvious a priori whether the change in slot geometry would
enhance or degrade the dielectric interaction. A computer program was
available which calculates the insertion phase change per inch (A ¥/ in) for
this c-band geometry as a function of slot dimensions and location. The
ferrite parameters used were €' =19.0 4rw Ms = 1150 gauss Br = 800 gauss.
The dielectric was assigned €' = 19.0. Frequencies of 5.2, 5.5, and 5.7 GHz
were calculated for the various slot arrangements as shown in Table 3. With
no slot present (solid dielectric) the phase change was -88.18° /in. at 5.5 GHz.
With the horizontal slot at center (Fig. 25a) the insertion phase was smaller
(-77.29°/ in.). A vertical slot of the same dimensions (Fig. 25b) produced
more phase change (-81.50°/ in.). The present slot configuration has outside
slots of (0.020 in.)2 and 0.020 X 0.040 so that with Li-Ti ferrite dielectric
(discounting the fact that silicone resin €' = 16 and wire fill the slots) there
is an effective phase change smaller than given by either center slot orienta-
tion (-69.89°/ in. at 5.5 GHz). However, in the standard c-band geometry
the volume of dielectric removed is 50 percent greater, so the comparison

may not be entirely fair.

The conclusion to be drawn from this study is that there is no penalty,
but rather, an advantage in effective dielectric constant using the slot with
its major axis vertical. This is important because the effective dielectric
constant of the Li-Ti ferrite composite is less than the K-38 -garnet com-
posite by about 15 percent(e' eff - 23 versus € ¢p = 20) and further reduction
due to changes in slot geometry would make one-for-one replacement more
difficult. Although this change does not affect magnetic phase shift or micro-
wave insertion loss (and wehave used both geometries in this contract), it seems
clear that the new geometry (Fig. 25b)has definite advantages for phase shifters

produced by APS deposition.
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TABLE 3

EFFECT OF SLOT SIZE AND LOCATION ON INSERTION

PHASE FOR APS PHASE SHIFTERS

and . 020 X .040 in. on

l geometry . 020 x . 020 in.
sides BT

Phase Change

Ad°/in

Slot LLocation and Frequency
Dimensions (GHz)
No slot 5.2
: an 5
5.
Vertical slot at center 5.2
(Fig. 25b) 5.5
5.7
Horizontal slot at 5.2
center (Fig. 25a)

5. D

5.7
] Present c-band slot 5.2
5.5

-87.
-88.
-88.

-80.
-81.
-81.

-76.
-17.
=71,

-69.
-69.
-70.

77
18
49

95
50
93

72
29
25

69
90
09




2.3 Design and Construction of Raytheon APS Equipment

2.3.1 [Initial design

Design and construction of the plasma-spray equipment was begun
soon after the start of the program and was completed before the end of the
first quarter. The experimental furnace used in exploratory work was un-
suitable for production, both because of inadequate control of furnace tem-
perature and because no more than one sample could be sprayed during a
single work day. Furthermore, the original spray station used an inadequate
hand crank to provide vertical translation along the rod, which was replaced
by a hydraulic assembly in the new design.

The initial configuration is shown in Fig. 26. It shows the overall 7
plan of providing two furnaces so the dielectric rod can be preheated in the |
upper furnace, maintained at a uniform and constant temperature during i

spray-coating, and returned to the upper furnace for storage after spraying. -
The rod would be rotated while moving slowly in a vertical direction during
spraying.

The original furnace configuration is shown in Fig. 27. The upper
furnace could be physically removed, so that annealing could be performed
in a separate location. The upper furnace held both uncoated and ferrite-
coated dielectric rods during the spraying operation. Before the start of
the spraying workday, the upper furnace was loaded with a batch of dielectric
rods and preheated to approximately 800°C. One rod was then placed into
a chucking fixture, held from below, and lowered quickly to a position where
plasma spraying could begin. Rotation and raising of the rod then proceeded
at rates dictated by the plasma-spraying operation. Typical rates used in
the ECOM experiments were 0.25 in. to 0.75 in. per minute.

Although the equipment did function well enough to allow the testing
out of the double oven idea and the transfer between sprayed and unsprayed
samples, there was a need for better temperature control and a better
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arrangement for holding and rotating the dielectric rod during spraying.

A number of equipment changes were made toward the end of 1975 following
the visit in November of the contract technical adviser, R. Babbitt. One

of these modifications was the rebuilding of the two ovens in a larger rec-
tangular cross-section, making more room for sample storage before and
after spraying. A second purpose of rebuilding was to increase the heat
capacity, thereby reducing thermal fluctuation in the spray oven. Automatic
SCR-type controllers were installed, replacing the manual Variac control
of the earlier design.

One of the more serious equipment problems in the early experiments
in late 1976 was the unreliability of the early holder design for the dielectric
rods. The original holder was a circular hole in the ceramic plug at the
top of the sample pedestal which was a close fit for the rectangular rod,
making contact the the four corners. At ~ 100 rpm rotation the fit was not
close enough to avoid wobble. The dielectric always showed some run-out
at the free end and would often work up and out of the hole during spraying
A clamping assembly was clearly needed to avoid the problems of holding
and transferring the dielectric rods. R. Babbitt gave us a drawing of his
clamping assembly, which we had seen and worked with in July 1975 in
our preliminary experiments at ECOM. This design provided the basic
ideas for our new holder.

The difficulty with Babbitt's holder, for our purposes, was that the
entire assembly had to be taken from the furnace each time to insert a new
dielectric. Taking the pedestal from the APS furnace, inserting another
sample, and replacing the pedestal would greatly increase our transfer time.
This fast transfer time had been the rationale for our leaving a hole in the
pedestal where the coated sample could be lifted out and a fresh dielectric
inserted without lowering furnace temperature or disassembling components.
To meet both requirements (fast transfer and positive clamping action) we
designed and built the assembly shown in Fig. 28.

The photograph shows two views of the jaw assembly mounted in the
rotating pedestal tube. The jaws which grip the dielectric are forced apart
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Figure 28 Pedestal Clamp Assembly and Pedestal with Dielectric
Rod in Place for APS Deposition.




when moved upward through the square hole in the pedestal cap by pins
which ride in the elongate slots. The pins are anchored to the circular
cap with a small plate. Below the clamp assembly the connecting rod is
hollow. This allows any ceramic pieces to fall through and out of this
region. As shown in Fig. 28, the dielectric has metal collars at top and
bottom to hold the two halves in position. The jaw clamp shut by a down-
ward spring pull on the connecting rod, as in Babbitt's original design.

2.3.2 Vertical translation equipment

The vertical pedestal motion during APS despoition is controlled by
a hydraulic system, which is continuously adjusted in rate to allow precise
adjustment in deposit thickness. A schematic diagram of the equipment is
shown in Fig. 29. The system allows rapid changes in speed in either di-
rection and at any point in travel. Pressurized air is introduced at the
upper left in the diagram and enters a Schraeder three-position, four-way
hand valve. The three positions are up, neutral, and down for motion in
these same directions. The neutral position stops the motion by venting
the air last applied. The direction control valve provides pressurized air
in one of the air/oil reservoirs to flow through Scovil valve A or B and then
to one side of the hydraulic piston. The flow forces oil out of the opposed 1
piston chamber. This outflow is controlled by one of the two flow valves on
the return side of the line. The oil bleeds through the flow valve and into
the reservoir, displacing the air at the top, which vents out through the

direction control valve.

Table 4 summarizes the different travel modes and control functions
for this equipment. For upward piston travel, the control valve air flow is
from position 1 to 4, which pushes oil from the lower air oil reservoir
through the Scovil B valve (plain arrow indicates unimpeded flow in that
direction; crossed arrow indicates valve adjustable flow) and into the lower
piston chamber. A controlled rate of rise for the pedestal is achieved by
adjusting the slow (Hoke A) or fast (Scovil A) hydraulic valve (see Table 4)
which bleeds oil into the upper reservoir and forces air to vent out from
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TABLE 4

MOTION CONTROLS FOR THE APS PEDESTAL

Control Valve

Air Flow
Mode  Motion In Out
1 up slow 1to4 2to3
2 up fast l1to4 2to3
3 down slow 1to 2 4to3
4 down fast 1to2 4to3

i
=

Hydraulic Valve Settings
Hoke A Scovil A Hoke B Scovil B

Adj.
Open Closed * *
Open or Adj.
Closed Open = B
Adj.
2 & Open Closed
Open or Adj.
* o Closed Open

Open or closed control function is overridden by the direction control valve.
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position 2 to 3 in the direction control valve. Controlled (fast or slow)
down-motion can be achieved by changing the air valve position and using
the B valves for rate control.

2.3.3 Vertical motion sensor

The monitoring of vertical motion of the pedestal is important for
uniform and reproducible coating by the APS process. Since the vertical
motion is controlled hydraulically, there is no positive dependence of
velocity on dc motor setting and screw pitch as one normally finds with
motor control. The hydraulic system, on the other hand, gives a greater
flexibility in changing rate or position rapidly. However, one cannot be
certain that the hydraulic valves can be reset to reproduce exactly a given
velocity. What was needed was 2 method for sensing the instantaneous
pedestal velocity which can be used for final adjustment of the hydraulic
control valves. The velocity transducer shown schematically in Fig. 30
has served this purpose very well, giving precise indication between
0.1 in./min. and 100 in./min., which is well in excess of the range
of interest.

The sensor works on the simple principle that a permanent magnet of
high induction moving axially within a closed coil induces a dc voltage which
is proportional to the product of the number of turns of wire per unit length
and the number of lines of force generated by the permanent magnet. In
effect, the device is simply an electric generator where many turns of
wire yield a measurable voltage, even at speeds as low as 0.1 in./min.

For velocities the order of one in./min. used in plasma spraying, the output
of the velocity transducer is approximately 0.4 millivolt, a voltage easily
detected by a standard laboratory voltmeter.

The last of the major changes in equipment design on this contract
took place at the end of 1976, between the completion of the confirmatory
sample run and the production run. We found that the APS samples were
not meeting magnetic property specifications because of distortions in

57




o AR i -

AT L e L e A i

shape which were evidently occurring during the spray operation. The bowing
of samples was rather small, i.e., less than 0.30 in. in the six-inch length,
but this amount was enough to cause significant changes in ferrite wall
thickness and in magnetic properties, particularly a reduction in phase shift.
It was decided that one contributing factor might be nonconcentricity or
wobble in the pedestal assembly relative to the plasma gun.

We theorized that radial nonuniformities in the deposit pattern would
produce differential temperatures and differential strains, which could
produce the warping observed. This situation could be brought under con-
trol by a more exactly aligned system.

The translation equipment was therefore redesigned and rebuilt to
improve its reliability for the APS process. A photograph of the redesigned
pedestal tube assembly is shown in Fig. 30. The tube and rotational drive
motor move up and down on the rectangular block (b), which is guided by
linear bearings within the block and the two vertical guide rods (g). The
end of the pedestal tube (p) is made to rotate on axis by screw adjustments
on two metal disks at the base of the tube having a 0.5 in. steel ball cap-
tured in retaining slots between the disks. This pedestal assembly, which
has leveling screws at the base, sits on a steel plate, which is attached to
metal rods suspended from another plate. This second steel plate under-
lies the plasma-spray furnace and the upper holding oven. Such an elaborate
arrangement of metal support plates and interconnected equipment (shown
schematically in Fig. 31) was designed so that the pedestal assembly and

spray and holding ovens are interconnected and cannot move independently.

At this point there was still the possibility that the stubstrate would
wobble at the free end. To avoid this problem, an upper idler bearing (see
dashed lines) was built which could be used to capture the free end of the
substrate. In this scheme a graphite part would replace the upper metal
clip and provide a conical tip for rotation within the bearing tube.
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Figure 30 Pedestal Tube Assembly for Arc-Plasma Spraying.
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Fortunately, it was not necessary to use the upper bearing to avoid
substrate wobble. The improved pedestal assembly (Fig. 30) was, in fact,
sufficient. The objection to the use of the bearing is that it would have to
be removed after each run for sample transfer into the holdihg oven. The
bearing would be hot (600° C) and difficult to maneuver.

i
i

B L e

i
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2.4 Experimental APS Runs

2.4.1 Initial experiments at USAECOM Labs

In July 1975, just after the start of the contract, a four-day visit was
arranged at USAECOM Laboratories to conduct APS runs using Army equip-
ment with the guidance of R. W. Babbitt. Machined substrates and the Li-
ferrite spray-dried ferrite powder to be used in these experiments were pro-
duced at Raytheon before the trip. Our purpose was to learn as much as
possible about APS procedures at ECOM and to test out our starting materials

with their equipment.

A summary sheet of the experimental conditions used are shown in
Table 5. In these experiments a mixture of argon and helium (~10:1 ratio,
see col. 4) was used whereas in subsequent work only argon was used. The
oxygen carrier gas flow rates in these experiments were also higher than
flow rates used in subsequent work.

Some limited studies of hysteresis properties and microwave evaluation
were made on two of the samples from this preliminary run. The results are
summarized in Table 6. Sample R13, which was 2.5 in. after machining
(originally full-length samples were made) gave 57.6° phase shift (A¢) per
inch with one turn 15 amp drive. This corresponds to 296° for a full-size
toroid. Insertion loss would be > 2 dB if this sample were full size.

The second sample, No. R7, had somewhat better properties
(A ) = 74.4°/ in. and insertion loss (I.L.) of 0.16dB/in.) givingA¢ > 340°

and I.L. < 1 dB if the toroid were full size.

2.4.2 Early APS experiments at Raytheon

Following the initial experiments at Fort Monmouth, we began APS
runs at Raytheon using equipment modified in light of the experience at
USAECOM Laboratories. During the period of November 1975 through
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TABLE 6
DATA ON ENGINEERING TEST SAMPLES

(5. 5GHz)
: : H 47 M
Test Sample Length Drive Drive c E A & In. Loss Ret. Loss
Location No. (in.) Turns Current (Oe) (gauss) (deg.) (dB) (dB)
Annealed 1000°C, 1 hour in air
Ravtiieon R13 =2.7 2 12 2.9 790 (Annealed following APS
at 1000°C)
ECOM R13 2.50 1 6 1.96 380 58.5
ECOM R13 2. 50 1 8 2.24 497 99
ECOM R13 2.50 2 5 2.51 600
ECOM R13 2. 50 1 10 117
ECOM R13 2. 50 1 15 144 « 15 15
ECOM R13 2. 50 1 20 149
Raytheon R13 2. 50 1 1.94 206
Raytheon R13 2.50 1 2.68 446
Raytheon R13 2.50 1 15 2.99 614
Raytheon R13 2.50 2 2.88 639
Raytheon R13 2. 50 2 . 8 3.05 712
Raytheon  R13 2. 50 2 15 3.08 A48
Annealed 1044°C, 1 hour in air
Raytheon R13 2. 50 2 15 2.53 820
Raytheon R13 2. 50 1 15 186 . 4dB 19
Raytheon R7 2.36 2 15 7.62 574 (APS sprayed, no anneal)
Annealed 1044°C, 1 hour in air
Raytheon R7 2.36 2 15 2.95 649
Raytheon R7 2. 36 1 15 140 1.0 15

Test performed at ambient temperature (21° C) in air on arc-plasma-sprayed
samples of Li-Mn-Ti ferrite deposited on dielectric type LMTF -190 (34) shaped
into c-band geometry as described in text.
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June 1976 seven sets of engineering samples were tested and reported on.

R e pey—

Appendix III is the APS log of all the samples sprayed at Raytheon during
this contract. Samples for the engineering tests represent those taken from
the first 100 sprayed samples. Progress during this time was slow. Delays
were primarily due to equipment problems associated with the changes from
experimental apparatus to equipment compatible with the manufacturing rate
required by the program. We found that steps leading from the design of
apparatus capable of spraying a few samples per day to several per hour are
not simple steps. We did encounter serious problems with sample cracking
in the third and fourth engineering sample deliveries. In retrospect, the
cracking problem was more likely attributable to the ferrite powder than to

spray conditions.

Microwave properties on the toroidal engineering samples (sixth and
seventh series) generally gave low insertion loss (~1 dB) but the saturation
phase shift was typically 280° to 300°, about 15 percent below the contract

requirement.

2.4.3 Confirmatory sample production

The contract schedule had called for the delivery of 20 confirmatory
samples (full-size phase shifters) and a report at the end of October 1976.
During the summer a large number of samples were sprayed in preparation
for this testing. As the test results accumulated on these full-size phase-
shifter samples, it became evident that the samples would not pass the con-
firmatory test because of a low Br and therefore a phase shift below the re-
quired 340°. The Br values were not only low, but showed considerable
variation from one sample to the next, with no apparent relation to dielectric
composition or spray conditions. We decided to section two of the full-size
phase shifters which had low Br' The samples were APS 170 with B, = 508 gauss
and APS 174 with Br = 565 gauss. They had been sprayed during a session when
other samples having good hysteresis loop and microwave properties were
produced.




Each of the samples showed reasonably uniform ferrite walls at the
exposed ends (see end 1 and end 2 in Figs. 32 and 33). The 5.145-in. samples
were cut into three equal segments, which exposed two surfaces at the one-
third distance (see 1/3, Fig. 32) and two surfaces attwo-thirds the original
length. For sample APS 170 the two dielectric halves showed 0.005-in. dis-
placement at the on-third position and a severe nonuniformity in wall thick-
ness. At the two-thirds position the wall was still nonuniform, the thin side
remaining the same. The entire center segment evidently has one narrow
and one thick wall, a condition which would be expected to produce a very
low Br' The final segment of APS, between the two-thirds location and end 2,
has a nonuniform wall. The dielectric halves were still displaced 0.005 in.
but were reasonably uniform at the ends. A similar dissection of sample
APS 174 (Fig. 33) showed similar wall nonuniformities, although not as ex-
treme as APS 170.

If we examine the machining process, it will be evident why the ferrite
walls appear uniform at the ends and can still be a very nonuniform in the
center. The machinist keys the grinding away of excess ferrite to the ex-
treme ends of the sample where the bare dielectric rod extends beyond the
ferrite coating. At the ends of the rod, then, assuming the machinist does
his job, the ferrite coating around the dielectric is a uniform 0.050 in.
These are the regions we see in cross section when the phaser is cut to its
final length. Only destructive sectioning of the element would reveal the
wall uniformities in the center regions prior to the development of X-ray

transmission techniques.

It was evident from these findings that we could not meet the target
date for the sample delivery. We asked for and received permission to
delay the delivery of the confirmatory samples until January 1977. The
last of the APS samples used in the confirmatory run were sprayed in
early December. By this time we hadobtained a new powder, LMTEF 475(G5),
(see Table 7) with a higher 47rMs which, with allowance for a lower APS
density, gave 47rMs = 1200 gauss and a more favorable Br and phase shift.
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Sample APS 170

B, = 508

End 1
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Figure 32 Cross Sections of Plasma Sprayed and Machined Phase
Shifters. Wall thickness in inches as indicated




PBN-76-666

Sample APS 174

B,=565
End | 1/3
.025 .053
B N~ = N
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Figure 33 Cross Sections of Plasma Sprayed and Machined Phase
Shifters. Wall thickness in inches as indicated
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Some of the samples sprayed with this new powder were reported on in the

confirmatory sample report.

Tables 7 and 8 summarize the test results on the confirmatory
samples. The number on the last of the samples, APS 293, indicates that
almost 200 boules had been sprayed during the summer and fall of 1976 to
produce the necessary 20 samples. In addition to the machining and testing
on about half of these samples, a nondestructive technique (X-ray fluoroscopy)
was developed to assess sample straightness after firing (see Appendix II)
and to devise techniques to avoid this problem.

Table 8 shows Hc and Br measured at 25°C on all 20 full-size phase
shifters. Typical values of Hc are 2.5 - 3 Oe with Br ranging from 650 to
870 gauss. The change in B, between -30° and +85°C varied between
6.5 and ¥ 10.1 percent about a mean value. We speculate that residual
strains are a contributing factor to the variations in Br' These same compo-
sitions fired conventionally show7 a temperature variation of ¥ 9.2 percent
over the same interval. The smaller percentage change in Br for samples
such as APS 279 indicates that the postulated stress effects are reducing
temperature dependencies without sacrificing Br or phase shift.

The microwave phase shift on ten of the confirmatory samples is
shown in column 12 in Table 7. All of the samples exceed the required 340°.
Insertion loss at 25°C is <1 dB on about one-half of these samples. Insertion
phase shows a rather disappointing variation from 3640 to 3760, a spread in
phase which is typical of the present garnet-K-38 device. The mean square
deviation in the series is 41°.

Table 8 shows the temperature variation in Hc and Br from -30° to
+85°C.

ECOM laboratories remeasured the ten confirmatory samples mounted
in waveguides which were sent with the test results (Table 7). A comparison

of the measurement of saturation phase shift (A¢°) and insertion loss (I.L.)
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at 5.5 GHz and 25° C made at Raytheon and at the ECOM Laboratories is
shown in Table 9. The differences between the Raytheon and ECOM resulfs

were negligible.

TABLE 9

Comparison of Microwave Data on Confirmatory Samples

A Raytheon Results ECOM Results
Sample No. A¢ (deg.) I.L. (dB) Ad (deg.) I.L. (dB)

163 346 340
176 355 . 360
225 366 370
234 400 . 390
241 371 400
274 383 400
277 380 400
2179 416 420
281 410 425
282 423 425

COHOOHNH—~=O
e o o ® o o o o o
CD\]UICOCONO*OQQCD

% Reduced to 1.3 dB after additional one-hour anneal at 970°C.

2.4.4 Pilot production of 200 APS samples

After delivery of the 20 confirmatory samples in January, we began
construction of the support elements for the ovens and spray equipment, as
described in Section 2.3. The objective was to minimize the chance for
sample wobble, which we believed responsible for the problems of sample
bowing that caused the slip in delivery schedule. In addition to these changes,
a further alteration was made in the holder geometry. The jaws (Fig. 28)
which clamped the bare dielectric rod during spraying were replaced with
a large tapered hole ~ 0.7 in. in diameter which would accept a graphite
plug rather than the bare dielectric. The dielectric was forced into a hole
machined in the center of the graphite plug. This change helped to reduce
wobble substantially and also made it easier to transfer and store sprayed
samples.




i S
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After making these changes in the equipment, a series of tests were
run to prove out the new equipment. Approximately 50 samples were sprayed
(APS 294 through APS 340) to test out the production process. A supply of
spray-dried ferrite powder with the nominal composition Li.,.735Mn_ 10’“. 475
Fe O, was ordered from Raytheon SMDO, and several bars of dielectric

1.697°4

with composition Li1 0Mn 10Ti1 0Al 07Fe 8304 were fired and sent for
machining. The wire slot on these pieces was machined with the long

(0.040 in.) dimension parallel to the join between halves (Fig. 25b).

Permission to proceed with the pilot production run was received
informally (by telephone) on April 4 and officially on May 7. The samples
were to be sprayed at a rate of five per hour and, after annealing and ma-
chining to the final phase-shifter dimensions, to pass certain microwave
tests. The production run was divided into five batches of 40 units. Of the
40 phase shifters, a government representative (DECASPRO) selected 20
which would be subject to hysteresis loop and microwave testing under

government supervision.
2.4.4.1 First production batch

Table 10 shows the APS phase-shifter units, the X indicating random
selections of the 20 whose hysteresis loops were tested. From these 20
samples, 10 were selected for microwave testing (Table 11), and from these
10 two were selected for microwave testing versus temperature (Table 12).

In general, the results on phase-shifter properties were good. Phase
shift at 5.45 GHz was between 390° and 420°, which was well above the >340°
requirement. Insertion loss was >1 dB for about half of the samples tested.
Insertion phase, however, was disappointing in terms of contract goals
(s.d. = £15°) showing variations from the mean of £+113 to -131. For a total
insertion length of 3700° this amounts to + 3.5 percent variation of phase.
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Units

Received

303
308
317
318
320
321
325
327
328
330
331
332
335
337
338
343
345
346
348
349
351

TABLE 10

APS PHASE SHIFTER ELEMENTS SELECTION

Selections

20 10
X

X

X X
X X
X

X

X

X X
X

BATCH NO.

1

Units
Received

353
354
358
360
363

MM XN

be

b

Selections

B g
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2.4.4.2 Second production batch

Table 13 indicates the 20 selected units and the 10 samples selected
from this for microwave testing. The plasma log table (Appendix III) de-
scribes the spray conditions used for the 52 units (APS 439-388 inclusive)
which were sprayed for batch No. 2.

Microwave data Table 14 shows phase shift is again high 372° - 414°
and insertion loss meets the goal of <1 dB for half the samples. The very
high loss for APS 424 is probably due to incomplete oxidation during the
1015° C two hour anneal. Insertion loss shows somewhat less of a spread
(£80°) than that observed for batch No. 1. The temperature variation
(Table 15) is typically +150° at -30°C and -30° at +85° C relative to the
room temperature value.

Of the total 52 samples sprayed, twelve were lost in processing and
testing. Five of these were broken during machining, two broke or chipped
during annealing and the remaining five were rejected for cracks or bowing

as revealed by X -ray fluoroscopy testing. The latter five were not machined.

2.4.4.3 Third production batch

The third batch APS 439 through 500 comprised 62 sprayed samples.
The selection of 20 test samples was made on June 8 (Table 16) and from
these 10 were given the required microwave testing (Table 17). We note
that the phase shift is lower than the average from previous batches, most
likely due to problems incracking of the ferrite coating. Insertion loss was
again > 1 dB for half of the samples tested but losses were considerably
higher in the cases remaining. Insertion phase variations shows fluctuations
of £ 108 to -114 relative to a mean value.

The temperature variation of insertion phase (Table 18) in APS 442
(+229° to -117°) is very large relative to APS 476 (+88 to -42°) between
-30° and £85°C. These two samples were sprayed with the same ferrite
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TABLE 13

APS PHASE SHIFTER ELEMENTS SELECTION

BATCH NO. 2

Units Selections Units Selections
Received 10 Received 20 10
344 413
347 415
390 < 417
391 422
392 423
393 424
394 426
3899 427
396 428
397 429
398 430
398 431
400 432
401 : 433
405 ; 434
406 435
407 436
408 437
411 438
412 439
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TABLE 16
APS PHASE SHIFTER ELEMENTS SELECTION

BATCH NO. 3

i Units Selections Units Selections
3 Received 20 10 2 Received 20 10 2
i 440 463 X
: 442 = X % 464
i 444 b3 X 466 b3
445 4617
446 468
4417 X X 469 X
449 471
450 472 e
451 X X 475
452 % X 476 X X X
453 X 478
& 454 479
1 455 , 480 X
456 X 481
| 457 b« 482 X X
458 484
459 X 485 X X
, 460 X 486
| 461 487
' 462 X X 488 p s X
? 81
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powder batch (LMTF 475(G7)) onto the same substrate composition under
very similar conditions. The weight of the finished units was very similar,
18.18 gm for APS 442 and 18.00 APS 476 indicating that the ferrite coating
density must be essentially the same. The 41er values of 755 G and 756G

respectively further attest to a uniform ferrite density. This strongly suggests
that the observed variation in insertion phase is due to causes not related to
material properties but to air gaps at the waveguide interface or other in-
strumental causes.

Of the 22 sprayed samples lost in processing, 3 were too short after
spraying, 4 were rejected for warping and 15 were rejected for excessive
cracks in the ferrite coating again before machining.

Tem

2.4.4.4 Fourth production batch

In the fourth batch (Tables 19, 20, and 21) considerable difficulty was
encountered with sample cracking much of which can be attributed to the use of
a new batch of ferrite powder LMTF475(G8). In all, 145 samples were sprayed
of which about half were rejected right after spraying and about one half of the
remainder failed during machining or showed excessive cracks after the final
anneal. Of the twenty samples chosen on August 9 for testing, 6 had Br< 600G
indicates they would have insufficient phase shift. Of the ten samples sub-
jected to microwave testing on No. 564 had a phase shift of 322°. The in-
sertion loss was very high on all but two of the test samples. Insertion

phase variation was also very large, £167° relative to the mean.
2.4.4.5 Fifth production batch

In the fifth batch (Tables 22, 23, and 24) we were able to change from
the G8 powder at about the half way point (APS711) to a new spray dried batch
LMTF 475(G9). This powder gave considerably better results and produced
most of the finished phase shifters APS711-765 which are listed in Table 22.
To be specific, of the 122 samples sprayed, 43 were made with LMTF 475 (G8)
ferrite powder. Only one of these 43 (No. APS700), was processed through final
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Units

Received

404
491
492
497
408
505
506
507
508
509
510
511
512
517
541
562
564
567
593
594

TABLE 19

APS PHASE SHIFTER ELEMENTS SELECTION

BATCH NO. 4

Selections
W

Units

Received

604
605
609
611
615
617
618
619
622
625
627
633
634
635
636
637
638
640
643
644

Selections
lg

X
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TABLE 22

APS PHASE SHIFTER ELEMENTS SELECTION

BATCH NO. §

Units Selections Units Selecticns
Received 20 10 2 Received 20 10 =
680 X 734 X
689 ‘ 736
690 X X 737
693 X X 738
698 739 X
700 X 742
710 . 743 X X
711 X X 744 X X
712 R 746
r; 713 : 747 X X
* 714 X X 750 X X
: 715 754
, 717 x X X 755
§ 718 757
! 720 758 X
728 X 760
729 761
731 X 762 X
732 X 764
! 733 765 X X X
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machining and annealing. All of the other test samples were made with
LMTF 475 (G9) ferrite powder. From the 38 final APS samples (APS 728
through 765 inclusive), 24 were brought to final dimensions and included in
batch No. 5.

Clearly, the mechanical strength of the samples made with G~9 powder
is superior to G-8 material. Physically there is less cracking in G-9
sprayed samples, and the ferrite coating density is higher and also more
uniform, as reflected in sample weight of machined phase shifters.

The microwave measurements on 10 samples shown in Table 23 also
indicate better reproducibility in phase shift insertion phase state and in-
sertion loss. The average phase shift in batch No. 5 is 409.9°, which is
about 30° higher than the average in batch No.4. The standard deviation (S)
in phase shift for the 10 batch No. 5 elements was 6.89°, which contrasts
with S = 21.96° obtained for batch No. 4. Insertion loss measured on the
batch No. 5 test samples is also decidedly improved over batch No. 4. Six
out of the 10 samples have I.L. > 1 dB at center frequency. Insertion phase
spread is less than half of the corresponding range in batch No. 4 samples.
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3.0 FLOW CHART OF MANUFACTURING PROCESS

The APS process for phase shifter manufacture has undergone numer-
ous changes in the lifetime of this program but has evolved to a set procedure
for the confirmatory and pilet production runs. The only changes between these
two events concerned equipment modification to improve the alignment and
sample clamping action with a graphite plug rather than the bare dielectric,
and a rebuilding of the support structure to avoid sample wobble from these

causes.

A general flow diagram of the process is given in Fig. 34. The
diagram includes testing at the 50 percent level required by the contract.

3.1 Dielectrics

3.1.1 Production of dielectrics

Dielectrics are currently produced in the Research Division in 4 kgm
lots by ball milling and calcining. Powder is isostatically pressed in 1 kgm
bars and fired in electric kilns. Five kilns are available, each capable of
firing two bars simultaneously. One man can process the 8 kgm needed in
one month.

3l Mach'ming of dielectrics

The fired bars are machined into sticks 0.060 X 0.150 X 7 in. by one
of two grinding shops: Unigrind, Inc., Dracut, Mass., or Magnetic Ceramics,
Fairfield, N.J. Yield is typically 40 pieces per bar or 20 units for spraying.
Three man-days effort are required per bar; ten are needed for 200 samples.
The cost per dielectric pair is $ 10,00. With a one-piece dielectric, this
cost could be cut in half.

3.2 Ferrite Powder Production

The spray-dried powder is produced in 30 kgm batches by Raytheon
Special Microwave Devices Operation. Seven batches were used on the con-

tract. We typically spray 150 gm of powder to produce each sprayed boule.
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At this rate a 30 kgm batch produces 200 sprayed samples, i.e.,

30,000/ 150 = 200. Delivery on a 30 kgm batch is 6 to 8 weeks. The hours
expended per batch is approximately 3 man-weeks, which places the cost of
the ferrite powder at $ 17.00 per phase shifter, a major cost factor.

3.3 Arc Plasma Spraying

3.3.1 GraEhite plugs

We use graphite pieces about 0.8 in. long by 0.7 in. in diameter to
hold the dielectric pieces at one end during spraying. A 0.007 in. taper is
made of the diameter to facilitate release from the APS sample holder. The
plugs were machined in the Research Division at the rate of 20 per man-day.
Much faster rates could be achieved in a production shop with automatic

tooling.

3.3.2 Arc-plasma-spray gun

The description of the plasma spray equipment is covered in Sec. 2
of this report. The gun is a Plasmadyne SG-1B type with a standard high-
velocity attachment. The gun has a 40 kVa power supply and standard
Plasmadyne gas controls and powder feed hopper. The equipment is owned

by Raytheon.

3. 3.3 Spray and upper holding ovens

The spray oven and upper holding oven were built at Raytheon using
standard Kanthal flat plate elements, four 4 X 8 in. elements in the upper
unit and three below. The hydraulic translation and dc motor driver rotation
equipment were also put together by Raytheon personnel. The design and
functioning is described in this report.

The APS equipment at Power Tube has routinely produced samples at
the rate of 5 per hour. The COTR and the technical advisor observed a pro-

duction run and verified the rate in June 1977.
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3.4 Annealing at 1020°C

The sprayed coating must be heat-treated to bring the magnetic prop-
erties into line. This is done in electric kilns at the Research Division with
programmed heating, soak time, and cooling to optimize properties. The
standard anneal was a 100°C/ m rise to 1015°C, a 4-hour soak, and cooling
at 100°C/ m, all in an atmosphere of flowing oxygen. With five kilns avail-
able, 200 boules could be annealed over one 3-day period. With production

size kilns, that rate could be much greater.

3.5 Final Machining

3. 5.1 X-ray fluoroscopy

Before committing the samples to final machining, we tested for
flaws in coating or distortions in sample shape at the Research Division.
Twenty samples per man-day was the production rate. X-ray testing may

not be required in actual production.

3.5.2 Final grinding

Machining of coated samples to final dimensions of 0.220 X 0.250 X
5.145 in. £ 0. 001 is done at one or more grinding shops. Output per man-day
per shop is 15 samples. Final machining cost was $20. 00 per element.

3. 5.3 Removing machining stresses by annealing

The samples are annealed at 800°C at the Research Division to re-
move machining stresses. With five kilns available, 200 machined samples
could be annealed over one 3-day period. The standardized schedule was
100°C/ hour rise to 800°C, a two-hour soak, and a 100°C/ hour cooling in
stagnant air.




3.6 Sample Testing

Machined and annealed samples were produced in batches of 40, of
which 20 were randomly selected for testing.

3.6.1 Dimensions

The external dimensions on the 20 samples were 0.220 X 0.250 X
5. 145 in. to within + 0.001 in. after the final anneal. Forty samples could
be tested for dimension tolerance in 4 hours. We found that weighing the
machined elements at this point was a very convenient way of monitoring
the density of the ferrite coating. | Density influences insertion phase of the
device and should be monitored on all samples.

3.6.2 Hysteresis loop testing

At 15 amp-turns drive the coercive force and remanent magnetization
were measured on the automatic loop tracer. Samples were required to

meet the following criteria:

a) Coercive force at room temperature will be such that 90 percent

of differential phase shift is obtained at 15 amps drive current.

b) Remanent magnetization at room temperature will be such as to
produce at least 340° differential phase shift at 15 amps drive
current.

Twenty samples could be measured per man-day. Ten samples from the
20 were selected for further testing.

3.6.3 Hysteresis properties vs. temperature

Coercive force and remanent magnetization wc.e tested from -30°C
to +85°C. Br was well under * 10 percent over the temperature range, i.e.,
+ 10 percent from the average value. Typical values for Br were + 4 percent
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at - 30°C and -8 percent at +85°C. A standard toroid was used in each run

to verify reproducibility. Sample output was 10 samples per man-day.

3.6.4 Microwave properties vs. temperature

Two samples were selected from each batch for tests of phase shift,
insertion loss, and insertion phase versus frequency (5.2, 5.4, and 5.7 GHz)
and temperature ( -30°C to +85°C). The temperature measurements are
rather time-consuming and the output is therefore low: one sample per man-
day. This degree of microwave testing versus temperature would not be used

in practice.
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4.0 EQUIPMENT AND TOOLING

The following list gives pertinent data on each item used in the arc-

plasma-spray process.

1. Five Lindberg electric kilns
Design Cost: $1,500 each
Replacement Cost: $2,000 each
Ownership: Raytheon Research Division

Each oven is capable of firing two 1 kg bars simultaneously.

2 Grinding machines (outside vendor)
Design Cost: unknown
Replacement Cost: unknown
Ownership: Unigrind, Inc., Dracut, Mass.
Magnetic Ceramics, Fairfield, NJ.

Yield is typically 40 pieces per bar, or 20 units per spray.
Three man-days! effort is required per bar; ten is needed for

200 samples.

3. Graphite plugs
Design Cost: $2.00 each: $.50 material,
$1.50 machining
Ownership: Presently machined at Raytheon Research Division

Each plug holds one dielectric. The plugs are machined at the
rate of 20 per man-day. Much faster rates could be achieved

in a production shop with automatic tooling.

4. Ferrite powder production (ball mills, calciners, spray drier, tunnel
kiln)

Design Cost: $250,000
Replacement Cost: $500, 000
Ownership: Raytheon Special Microwave Devices Operation
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The spray-dried powder is produced in 30 kg batches.

We typically spray 150 g of powder to produce each sprayed
boule. At this rate, a 30 kg batch produces 200 sprayed sam-
ples, i.e., 30,000/150= 200. Delivery on a 30 kg batch is

6 to 8 weeks. Approximately 3 man-weeks are expended per
batch.

5. Arc-plasma-spray equipment (Plasmadyne SG-1B gun with a Standard
high-velocity attachment, spray oven plus controls, and upper holding
oven plus controls)

Design Cost: $20, 000

Replacement Cost: $25, 000

Ownership: Raytheon. The spray and upper holding ovens
were built at Raytheon. The equipment is located at Power
Tube Division.

The arc-plasma-spraying equipment has routinely produced q
samples at the rate of 5 per hour.

6. X-ray fluoroscope (Radifluor 360, Torr X-Ray Corp.) |
Design Cost: $2,000
Replacement Cost: $3,000

i Ownership: Raytheon Research Division

Twenty samples per man-day were tested before being com-
mitted to final machining. X-ray testing may not be required
in actual production.

| 7. Tools for determining dimensions:
Design Cost: $100

!i Ownership: Raytheon Research Division

f; In 4 hours 40 samples can be tested for dimension tolerance.




8. Automatic hysteresis loop tracer
Design Cost: $5, 000
Replacement Cost: $10, 000
Ownership: Raytheon Research Division

Twenty samples can be measured per man-day.

9. Temperature measurements on magnetic properties
Design Cost: $1, 000
Replacement Cost: $2,000
Ownership: Raytheon Research Division

The temperature measurements are rather time consuming and the

output is therefore low: one sample per man-day.
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5.0 DATA AND ANALYSIS

Hysteresis loop and microwave data on the 50 production samples
that had the most thorough testing are summarized in Table 2.5. The
coercive force at room temperature varies between 2 and 3.5 Oe, with no
obvious dependence on ferrite density (col. 7). Phase shift also shows
variation relative to Br and ferrite density probably due to instrumental

error.

Insertion phase shows fluctuations that are larger than we had hoped
for. We expect that these fluctuations are due to variations in ferrite
density, separations in the dielectric halves during spraying, and cracking

in the ferrite coating.

Column 8 shows the range in Br brought about by changes in tempera-
ture. The total percentage change from -30° to +85°C is the order of 12 per-
cent, much smaller than the range in phase shift with temperature shown in
the last two columns. In addition to 47er, phase shift is, of course, also
dependent on other properties, such as k' and 47rMS. These factors can

influence the temperature dependence considerably.
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6.0 SPECIFICATION ]

As a result of the first article and pilot production runs, we would

recommend three basic changes in the manufacturing process:

4 "

1) A change from the two-piece dielectric substrates to a single
piece contingent on developing techniques to apply or introduce the switching

wires,

2) Better methods of quality control on the spray-dried ferrite powder :

to give more uniform deposition characteristics,

3) Develop methods of collecting and reusing the ferrite overspray | 3

powder.
A one-piece dielectric would solve several problems:

1) Machining time would be effectively cut in half and yield per bar i
would be significantly increased (about 30 percent) because of reduction in
kerf loss.

2) The tendency for any bowing or distortion would be significantly T
reduced because of the doubling in cross section of solid material.

3) The possibility of partial separation of the dielectric halves during
spraying and the changes in insertion phase which result therefrom would
be eliminated. We have noted a typical dielectric separation of 0.003 to |
0.008 in. in the central two-thirds of most APS samples. The variation in ;
this separation certainly contributes to insertion phase spread. g

A second area where improvement would produce important dividends
is better quality control on the spray-dried ferrite particle size and size
range. During spraying, the particles are heated from room temperature to
about 1500°C in milliseconds through coupling to the very hot plasma gases.
The penetration of the powder into the plasma stream and the rapidity of
melting or partial melting depends very critically on particle mass. The




more uniform the particle size, the more efficient this process becomes;
large particles do not melt enough to stick and small particles overheat and
volatiles (Li, Zn, O) are lost.

We have found through weighing experiments that the density of the
deposited ferrite varies between samples sprayed with different ferrite
powders. The density variation causes changes in thermal expansion match
and may produce excessive cracking as in the LMTF475(G8) powder. Almost
75 percent of the samples sprayed with this powder yielded excessive crack-
ing, yet we could detect no property differences to explain the problem.

Better characterization tools are needed.

A third area needing improvement is reduction of ferrite powder
losses during spraying. Losses are presently about 90 percent, i.e., of
the 150 g sprayed, only 15 g remain in the machined phase shifter. Im-
provements in spray nozzle shape may increase the deposit efficiency.
Another possibility would be recovery and reuse of over-spray powder.
Reuse would be dependent on the degree of compositional change (volatilization)

that has occurred during spraying.




s S REAN I —+ 1:04

7.0 REQUIREMENT FOR PILOT PRODUCTION

The processing and spray drying of the ferrite powder require the
use of a 50 kg ball mill, a conventional calcining oven (850°C) and a spray

drier with a capacity of 5 kg/ hr.

Dielectrics production requires the same equipment at about 40 per-
cent thruput level and, in addition, a periodic kiln for firing the dielectric

bars.

The processing of the ferrites and the dielectrics for the production
run made use at 5 percent of capacity of a 10,000 sq. ft. plant employing

four skilled and two unskilled workers.

The arc plasma facility was contained in 600 sq. ft., making use of
two skilled persons about one-third time. Annealing was done in one of two

experimental size electric kilns.
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8.0 COST FOR THE PILOT RUN

The cost breakdown for the various process materials

the production run is summarized below.

1. Spray dried ferrite powder, $50.00 per pound and
0. 33 pound per boule

2. Processing cost for dielectric per pair

3. Dielectric machining costs at $245 per bar and yield
of 25 dielectric pairs

4. Plasma spray cost assuming setup and downtime and
yield reduce production to three per hour

| 5. Machining of annealed phase shifter assuming
| 80 percent yield

6. Two anneals plus inspection for dimension
Total

perature dependence tests, would add about 100 percent to the
phase shifter tested in this way.

Cost is approximate and does not include overhead charges.

and steps in

Unit Cost

$17.00

4.00%

10. 00

5. 00*

25.00

2. 00%
$63.00

The hysteresis loop and microwave testing, apart from the tem-

cost of each
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9.0 PROGRAM REVIEW

This subject is covered separately as an addendum to the final report.
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10.0 CONCLUSIONS

The APS process has proved an effective and viable technique in
fabrication of dielectric-loaded ferrite phase shifters of the i type.
The magnetic properties of plasma-sprayed materials generally compare
favorably with conventionally fired ceramics. For example, all but one of
the 50 microwave tested samples gave a differential phase shift greater
than the 340° specifications, the average being 393° with a standard deviation
of 20°. Insertion loss was < 1dB on 25 of the 50 samples subjected to
microwave testing and < 2dB for 35 of the 50. In those instances where in-
sertion loss was > 2dB where additional testing was done, the loss could
be reduced by a longer anneal in which oxidation would reduce the residual
Fe+2 present. On the negative side the repeatability of insertion phase and

the magnitude of coercive force (H¢) are not as good as conventional.

Insertion phase variation was about 2. 5 times the goal of + 16°
standard deviation, being actually somewhat larger than production by conven-
tional means. The sources of insertion phase variation are 1) A variable
void space between the dielectric halves produced by separation during
spraying. This source could be eliminated by using a single-piece dielectric.
2) Changes in insertion phase due to variations in ferrite coating density,
particularly when changing from one ferrite batch to the next. The correlation
between observed variation in ferrite density (deduced from weighing machined
phase shifters) and the corresponding changes in insertion phase, are shown
for production batch No. 3 in Fig. 35. Since the dielectric has a known
density of 3.98 g/ cc, one can calculate ferrite density directly from the
weight and dimensional data. A phase shifter weighing 19.15 gm would
have a ferrite with 100 percent density (4. 35 kc) whereas a phase shifter
weighing 17.4 gm has a calculated ferrite density of 87 percent. The
weighing of finished phasers is a rapid and convenient check on ferrite den-
sity and therefore insertion phase variation and should be included on a

material specification in any future production.

The coercive force on APS samples is typically 2 < Hc < 3.5 Oe,
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consistently higher than these same Li-Ti ferrite compositions when con-

ventionally fired (HC ~ 1 Oe). The larger HC is primarily due to porosity

in the plasma sprayed materials which is typically 5 to 10 percent. Hc can
be reduced to = 1 Oe with Zn substitution, but at the expense of some tem-
perature stability of the magnetization. A larger Hc implies a larger switch-
ing energy for the phase shifter driver circuit.

Apart from insertion phase variation and the larger coercive force,
the most serious drawback of the APS process is cost. The process is not
competitive at $63.00 per finished phaser with the present garnet K-38
device. On the other hand, the costs could be reduced substantially by
changing to a one-piece dielectric and by finding lower cost suppliers of
spray-dried ferrite powders. The intrinsic materials cost of Li-Ti-ferrite
is ~ $3.00 per pound and large-scale manufacturers should eventually be
able to approach this cost within a factor of two, a 10 X reduction from
small-scale manufacture.

The reuse of some or all of the overspray powder should lower this

major cost item even more.

Machining costs are high because of the ferrite removal after spraying
and will always create some disadvantage for the APS process.

It is important to mention the indirect benefits that have been gained
by working with a new fabrication process. A good deal has been learned
about the feasibility of applying the APS process to other ceramic and
metallurgical coating projects of importance to the military. At present,
four of these materials projects within the Research Division are competing
for the use of the APS equipment. One project is to coat X-ray targef anodes
with a tungsten-rhenium alloy onto a high-temperature substrate. Cost
savings over present vapor deposition processing could be considerable. A

second project is to fabricate refractory oxide IR transmitting domes by

111




arc plasma spraying rather than by hot pressing or fusion casting. A third
program would make use of plasma spraying to deposit electrodes for a TEA
laser device. A fourth candidate is a project studying the activation of catalyst
materials through melting oxide in different gaseous atmosphéres at extreme
temperatures. Finally, high-frequency phase shifter devices, which, because
of the small coating thicknesses, may be fabricated advantageously by the

APS process. We will continue to actively pursue these new technologies.

.
[
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There were no publications or reports during the period associated
with the research, study, or development under contract.
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12.0 IDENTIFICATION OF TECHNICIANS

The following are the names of the personnel that worked on the con-
tract and the total manhours performed by each during the interval covered
by this report.

Bs J.J. Green 45
H. J. Van Hook 1503
“e L. Lesensky 63
D. Massé 75
J. Saunders 149
O. Guentert 27
R. Maher 2782
| H. Miller 595
! W. Griffin 73
Others 3578. 5
f 8890.5
{
i
i
i
i
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APPENDIX I

Particle Size Analysis

The Zeiss particle size analyzer is a semiautomatic device for
measuring and recording particle size on photographic prints or negatives.
The device shown in Fig. AI-1 operates as follows:

An iris diaphragm, illuminated from one side, is imaged Ly a lens
on to the plane of a plexiglass plate. An enlargement of the micro-
graph (transparent paper) is put on this plate. By adjusting the
iris diaphragm the diameter of the sharply defined circular light
spot appearing on the enlargement can be changed and its area
made equal to that of the individual particles.

i The different diameters of the iris diaphragm are correlated, via i
a collector, with a number of telephone counters, each counter :
corresponding to a certain aperture interval of the iris diaphragm.

When the measuring mark is equalized with a particle in the photo-
| graph, the footswitch is depressed. Thus the correlated counter is i
actuated, and a puncher marks the counted particle on the photograph.
The photograph is then shifted until the next unmarked particle is

e

above the stationary measuring mark, etc.

A= e ko o e B

About 15 minutes are required for analyzing 100 particles.

T T

Since the eye participates in the measuring process, the diameter

Fj of the particles to be measured in the photograph should possibly

‘ not be less than 1 mm. The instrument is provided with two mea-

1 suring ranges. The first permits measuring particles of 1.0-9.2mm

| diameter, the second such of 1.2 -27.7mm. The enlargement of the

;‘ photograph should be in accordance with these limiting values. The
particle sizes are divided into 48 continuous categories. In addition

k to the indicidual counters, which can be set back to zero, the instrument

| is equipped with a counter which registers the total of all counted particles.

Al-1
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The counting registers are arranged on a scale of exponentially

increasing width. The scale is termed "relative' by the manufacturer in
that the width of each counting interval is proportional to its size. The
scale distorts the true distribution somewhat but gives more ‘detail on the

small particle end.

Counting data for photographs 1, 2, 3, and 4 are given in Table AI-1
for 24 particle size categories, showing an average diameter and the size
interval for each. The sum of all particles within each range in the four
photographs in Fig. AI-2 is given in the next column. These values were
used to generate the histogram of particle diameter shown in Fig. AI-3.
The average diameter for the 600 particles is 5.5 microns. The distribu-
tion shows a pronounced skewness. In the counting process we measured
all resolvable particle aggregates whether or not there was apparent attach-
ment to other particles. The distribution therefore indicates particle diame-
ters which may be smaller than the actual distribution of free-standing
particles.

The skewness towards larger particles in powder G2 suggests that it
may be advantageous to remove larger particles by screening or air classi-
fication to give a more homogeneous size distribution for arc plasma spray-
ing. In any event we now have a fingerprint of the size range for this powder
which can be compared with subsequent batches.

One further exercise was performed with the particle count data. The
small particles may be large in number and yet represent only a small weight
fraction (or volume fraction) of the powder aggregate. Since we know the
particles are hollow and have a wall thickness of 2.5 microns and can estimate
a density of 2.5 gm/cc for the walls, one can calculate an average particle
weight for each size category using the formula

wt(gm) = £ 2.5(@°%-(d -2.5%x 10712
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PBN-76-105

Figure AI-2 SEM Photographs at 400 x of LMTF53(G-2) Spray Dried Powder.
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Figure AI-3 Histogram of Particle Size for Ferrite Powder
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The particle weights shown in Table AI-1 range between 46. 37 X lo'lzgm
for the smallest to ~10-7 gm for the largest. The resulting histogram of
particle weight versus number (Fig. AI-4) is spread over four orders of mag-

nitude versus two orders for the diameter plot (Fig. AI-3). The shape of the
distribution is essentially unchanged.
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PARTICLE SIZE DISTRIBUTION IN FERRITE POWDER

TABLE Al-1

LMTF 53 (G2)

;}i‘z% Intbe:l:fal Particle Counts Total Avg.lwévt.
(Microns Photo 1 Photo 2 Photo 3 Photo 4 Counts %10
3.3 0.5 B) 14 0 0 19 46. 4
S 0.5 28 24 13 0 65 64.0
302 0.5 29 17 17 14 i 90. 6
4.8 0.6 15 13 13 25 66 128.8
St (9128 8 17 18 10 56 182.4
6.3 0.8 18 10 14 K1 66 255.5
7.0 Q6] 4 4 15 i | 30 329. 7
8.0 1.0 12 10 14 11 47 452.4
gl 1 1.2 4 3 [ 7 21 610.1
10.5 1.5 7 5 4 2 24 845
120 1. 6 7 5 5 7 24 1140
13- 6 1.6 5 3 7 0 15 1503
15.0 2.0 2 4 6 o 17 1861
17.6 2.9 3 0 3 3 9 2629
20 2.6 2 4 0 2 8 3457
22.00 3.0 1 i 1 0 3 4522
26 B, 2 2 4 0 8 6019
29.5 S, 1 2 0 1 4 7840,
34 4,2 2 1 2 0 5 10535
38 5.0 1 2 0 0 3 13264
44 6.0 2 1 0 0 3 17950
50 6.9 0 2 1 1 4 23337
57 a5 0 0 1 1 2 30519
65 9.0 0 1 0 1 2 39904
75 10.0 2 0 1 0 3 53403
85 12+5 0 2 0 0 2 68865
100 — 1 1 95741
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APPENDIX II

X -Radiography of Phase Shifter Elements

Introduction

The dissection of machined phase shifters from the confirmatory sample
run had indicated a problem with warping, which resulted in uneven ferrite
walls and low Br and phase shift. With the exterior dimensions machined
straight, any bowing or warping during spraying would produce walls thicker
then the 0.50 in. dimension in some regions and a thinner wall on the opposite
side. Very slight departures from straightness would have serious effects
on Br' For example, a bow of 0.020 in. in the five-inch length would mean
a thinning of one ferrite wall to 0.050 - 0.020 = 0.030 in. and, since the thin
wall is flux limiting, B in this region would be reduced by 0.020/0.050, or

40 percent.

Although dissection of machined samples gives unequivocal evidence of
warping, the procedure is destructive and is done after final machining, which
itself is a costly step. There was, therefore, a strong incentive to develop a
nondestructive process for evaluating wall uniformity in machined samples,
and even greater incentive for finding wall thickness nonuniformities before
the final machining. Some early experiments with X-ray and light transmission
down the center slot showed promise but could not be made quantitative.

Studies of X-ray fluoroscopy showed much better potential. We eventually
adopted and used this technique for inspecting production run samples.

Experimental Technique

A conventional X-ray fluoroscope (Radifluor 360, Torr X-ray Corp.)
was used to take the transmission photographs of the phase-shifter elements
in two orthogonal directions. Samples were placed directly on Kodak-type
M film and irradiated at 80 kV 3mA for 3 to 4 minutes with lead screen
intensification. This produced full-size negatives with shades of gray, de-
pending on transmitted intensity. Photographs of APS 251 and 258 are prints

AlI-1
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of these negatives taken on two as-sprayed boules. The lighter areas indicate
greater X-ray transmission.

The orthogonal views are shown in Figs. AIl-1 and AII-2. H indicates
that the join between the two dielectric halves is horizontal, and V indicates
the verticality of this surface (perpendicular to the plane of the paper). In
the latter, the join shows up as a thin white line where X-ray transmission
is less impeded. The dielectric core with its machined center slot is also
readily seen in these photographs.

X -ray transmission photographs have also been taken of machined ele-
ments as part of the analysis of phase shifters with low B.. In APS 143
(Fig. AII-3) we see that the dielectric is straight but B . is nevertheless
quite low. The reason for the low Br in this case is machining error shown in
the right-hand view, where one wall averages 0.039 in. rather than the
0.050 in. required. Assuming a Br = 800G for a perfectly machined sample,
we see in this case that machining error accounts for all of the observed re-
duction in B . In Fig. AIl-4 the X-ray shows a thin wall (left-hand view), this
time brought about by a separation of the dielectric along the length which in-
creased the core cross-section, reducing one ferrite wall.




PBN-77-61

Figure AIl-1 Orthogonal Views of Sample No. 257.
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Figure AII-2 Orthogonal Views of Sample No. 258.
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PBN-77-107
A.P.S5, 143

HC= 2.74 Br= 626 at 30 ampere turns.
Anneal: 1010° 1.5 hrs. 02: 800° 2 hrs. Air

Distertions:

Bow: .004 in.
Separation of insert halves: ., 006 in. for 2/ 3 length

Parallel to join [Q

Wide -slot dimension:
Perpendicular to join [

Thin-wall dimensions (mils):

End: 37
Center: 36
End: 45

Minimum: 36
Average: 39

Average thin-wall dimension as percentage of
ideal . 050': 79 percent.

bt

E stimated Br based on cross-section: Br = 629

COMMENTS:

Thin wall in strong direction due primarily to machining error.

Figure AIl-3 X-Ray Transmission Photograph of APS Sample 143.
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PBN-77-108
5.P.5. 148

Hc= 2.173 Br= 587 at 30 ampere turns.

Anneal: 1010° 1.5 hrs. 02; 1000° 1 hr. Air
Distortions:

Bow: . 005 in.
Separation of insert halves: | 006 in.

kot o

Parallel to join [X
Wide-slot dimension:

g
:
:
£
i

Perpendicular to join [

A A DR & e i i o s 5

Thin-wall dimensions (mils):
End: 45

E Center: 35

; | End: 40

Minimum: 35

Average: 40

Average thin-wall dimension as percentage of

ideal . 050" 80 percent.
| ‘ Estimated Br based on cross-section: Br = 640
COMMENTS:
Separation along most of the length. Thin wall primarily machining
error.

," Figure AIl-4 X-Ray Transmission Photograph of APS Sample 146.
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APPENDIX III

Arc Plasma Spray Log
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APPENDIX IV

ELECTRONICS COMMAND SCS-478
TECHNICAL REQUIREMENTS 30 September 1974

ARC PLASMA SPRAYED PHASE SHIFTER ELEMENTS

14 SCOPE

1.1 This specification establishes the manufacturing methods for the
production of arc plasma sprayed ferrite phase shifter elements for C-band
non-reciprocal waveguide phase shifters for phased array antennas.

Z. APPLICABLE DOCUMENTS

MIL-STD-202 - Test Methods for Electronic and Electrical Component
Parts.

3% REQUIREMENTS

3.1 Physical dimensions. - The overall dimensions of the preliminary
phase shifter element are illustrated in Figure 1.

3.1.1Length. - The length of the final production phase shifter element
ferrite-dielectric composite shall be 5. 145 inches.

3.1.2 Dielectric dimensions. - The cross-sectional dimensions of the
dielectric shall be 0.150 x 0.120 £ 0. 001 inches. The dielectric shall

have a 0.040 x 0. 020 inch hole the length of the dielectric, in the center

of the insert. The hole which is required for the switching wires of the
phase shifter may either be formed within the dielectric or by using two

(2) dielectric halves, each with a cross-sectional dimension of 0. 150 x

0. 060 inches, in which a slot can be cut, to form the hole when the halves
are placed together. The initial length of the dielectric shall have to be
longer than 5. 145 inches, in order that it extends beyond the ferrite deposit.

3.1.3 Ferrite dimensions. - Ferrite shall be sprayed around the dielectric,
such that the thickness of the deposit is enough to machine back to 0. 050 +

0. 001 inches on each side. To determine the proper spraying parameters of
Paragraph 3.8, all spraying shall be conducted on the same dielectric as
that used in the dielectric insert.

AIV-1
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3.2 Properties of dielectric. - The dielectric shall have a loss |
tangent, tan 6 , less than 0.0008, and a dielectric constant, K, greater A
than 18, The dielectric should exhibit a coefficient of linear expansion
similar to that of the deposited ferrite. .

3.3 Properties of the ferrite powder, - The lithium ferrite powder
to be sprayed, shail be a free flowing sprayed dried powder with the capability ~
of high feed rates, greater than 10 gms/min. The conglomerate particle
size should vary from 5 to 100 microns in size.

3.4 Properties of deposited ferrite. - The magnetic properties of
the arc plasma deposited ferrite shall exhibit the following characteristics:

3.4.1 The coercive force at room temperature shall be such that
90% of the required differential phase shift shall be obtained with at least
15 amperes of driving current.

¥ B i o e

oo

3.4.2 Remanence at room temperature shall be such as to produce
at least 340 degrees of differential phase shift, with driving current of
15 amperes. '

3.4.3 Dielectric loss tangent of the ferrite at X-band shall be less j
than 0. 0008. |

3. 4; 4 Dielectric constant of the ferrite at X-band shall be greater
than 15,

3.4,5 Temperature dependence over the range of -30 to 85°C,

3.4.5.1 The remanence shall not vary more than * 10% over the
temperature range.

3.4.5.2 The saturation magnetization shall not vary more than + 10%
over the temperature range. 14

3.5 Physical characteristics of composite. - The bond between
the ferrite and the dielectric shall be such as to inhibit insertion loss spikes,
and should not deteriorate over the temperature range of 3.4.5.

3.6 Physical handling. - The phase shifter elements, after
machining, shall be capable of withstanding normal physical handling
during assembly to the test jig, during the measurements, and removal
from test jig.
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3.7 Device requirements. - The following device requirements
will be used as a guide to establish the reproducibility and yield of the
device using the arc plasma spraying process, and are not intended to be

the specifications of this program.
3.7.1 Frequency - 5.2 to 5.7 GHz.
3.7.2 Insertion phase - Mean T 16° at 5. 45 GHz.
3.7.3 Differential phase shift - Mean ¥ 10° at 5. 45 GHz.

3.7.4 Insertion loss - less than 1.0 dB over the frequency range
as specified in 3. 7. 1.

3.8 Arc plasma spraying parameters. - The following arc plasma
spraying parameters will be determined and recorded:

3.8.1 Arc gas - Type of arc gas or mixture and the flow rate.
3.8.2 Carrier gas - Type and flow rate.

3.8.3 Working distance - The distance from gun to dielectric.
3.8.4 Powder feed - Powder feed in lbs. /hr.

3.8.5 Oven temperature - Temperature of oven at start and during
spraying.

3.8.6 Other spraying variables - Modification such as nozzle
design, etc.

3.9 Device reproducibility. - The measurements conducted under
Paragraph 3, 7 shall be used to establish the reproducibility of the arc
plasma spraying process.

3.10 Microwave test fixture. - A test fixture will be fabricated to
accommodate the phase shifter element, such that each element can be
located into this test fixture and the measurements of Paragraph 3.7 can
be conducted. Appropriate transitions will be fabricated to match wave-
guide WR-187 (. 872" x 1. 872") to the test fixture (. 250" x . 750") to facilitate
the testing required.

I 4, QUALITY ASSURANCE PROVISIONS

4,1 Inspection. -

r 4.1.1 Responsibility for inspection. - The contractor is responsible
for the performance of all inspections specified herein. The contractor may
utilize his own facilities or any commercial laboratory acceptable to the

; Government. The tests shall be performed under the supervision of a tech-

i nically qualified Government representative. Inspection records of the
examinations and tests shall be kept complete and available to the Government,

AIV-3
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4.2 Classification of inspection. - Inspection shall be classified
as follows:

(a) First article inspection (does not include preparation
for delivery) (See 4. 3).

(b) Quality conformance inspection (See 4. 4).

4.3 First article inspection. - This inspection shall consist of all
the tests included in the Government approved test procedure to show com-
pliance with the requirements of Section 3. No failures shall be permitted.

4,.3.1 Schedule of tests. -

(a) 20 each - Determination of Remanence and Coercive Force
at room temperature (See 3.4.1 and 3. 4. 2).

(b) 10 each - Determination of Remanence and Coercive Force
over the temperature range (See 3. 4. 5).

(c) 10 each (from b above) - Determination of Insertion Loss,
Insertion Phase, and Differential Phase Shift over the specified frequency
range at room temperature.

(d) 2 each (from c above) - Determination of Insertion Loss,
Insertion Phase, and Differential Phase Shift over the specified frequen-y
and temperature ranges.

4.4 Quality conformance inspecticn. - This inspection shall be
performed on samples selected from the pilot production as specified in the
bid request and contract.

5. PREPARATION FOR DELIVERY

5.1 Preparation for delivery shall be in accordance with best
commercial practices.
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