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ABSTRACT

Data on plasma spray parameters are given for 108 samples sprayed

during this quarter. A new holding furnace and solenoid activated controls

for sample translation are the major equipment changes that have been

carried out this quarter. Several different ferrit e powders and a number of

dielectric compositions were investigated. Cracks in the ferrit e layer , al-

though reduced in number , are found in most samples. Typical values for

coercive force of the annealed samples are 2. 5 - 3. 5 Oe; 4II Mr ranges from

500 to 800 gauss.
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G LOSSARY

. \ n n t a l i ng - A hea t ing  schedule  s imi la r  to f i r i ng  hut  per formed on a dense
material to relieve strain , improve homogeneity or recrystallize a micro-
c’rv~ ta11jne material.

A rc Plasma Spraying - High-temperature deposition technique in which mo1t”~nor partially molten material is sprayed onto a heated substrate.

Coercive Force - The horizontal displacement of the magnetization vs app lied
fi~ 1J curve the hysteresis loop at zero induced field . A measure of the energy
“rq ui red  to move magnetic domains through a solid mate r ia l .

Core \ l a te r ia l  - The dielectric mater ial  which fills the hollow space wi th in
the fe r r i te toroid .

Dielectr ic  - Oxide compounds which exibit polarization in electric f ields.

I) ila tonieter  - A device for measuring thermal expansion.

Elas t ic  Modulus - The ratio of s t ress- to-s t ra in  (in pounds/ in.  2 or Newtons / i n. 2 )
in iso tropic materials  which gives an indication of the s t i f fness  or res i s tance  to
deformat ion . Also referred to as Young ’ s modulus. Typicall y 10 t o 50 l0~psi for oxides.

Fe r r i t e  - Oxide compound s of iron and other elements that exhibit a spontaneou s
magnetic moment due to magnetic spin dipole alignment within the s t ruc ture .

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 fr equencies (~ 10 10 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 subjec t to a uniform
co mpacting pressure from all sides.

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

Lithium Ferrite - A class of ferrite materials with the general formula
Li~ 5 + x/2 - Y2 Ti xZfly2 Fe2~ ~ - 3x/2 ..~v°4 characterized by a saturation
magnetization of 0 < 4 ~rM 5 < 3600, a al~ lectrlc constant 18 < K  < 2 0 , and
frequently used in mic rowave devices.

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

xi
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Magnetom eter  - A device for measur ing  magnetic moment .

\ l i c rowave  - That  par t  of the E~lectr ornag n et~c spect rum between 100 MHz
and 100 GH z.

Ph~~ e Shif ter  - A microwave device which  serves as the active element in
pTh a~ ed-a r r ay  rada r sy stems where the s tate of magnet ic  polarization is used
to control  the phase length of the e lect romagnet ic  energy . Also called pha~~
co ntro l  element.

R t m a n e n t  Magne t iz a t ion  (4 ’l~.) - The va lue  of indu ced field r e m a i n i n g  in a
rr:i t e r ial  with toroidal geometr~~at zero app lied field fol lowing the application
o: .~n app lied field suff ic ient to u n i f o r m ly  magne t i ze  a mater ia l .

sa tu ra t ed  Magnet iza t ion (4~~~l)~~ - The saturat ion magnet iza t ion (c .g .s .)  is the
magne t ic  moment gauss/ cm~ oTa mate r i a l  in an external  DC field of su f f i c i en t
m agn i tude  to al ign the magnetic moment in the m a t e r i a l  parallel  wi th  i t .

~-~aw N e r f  - That portion of a solid removed by the c u t t i n g  blade. The k t~r f
width is usually about 5 percent wider than the width of the blade.

spinel Ferrites - A class of iron oxide compositions having face-centered cubic
cry ~,t al s t ructures  similar to the mineral  spinel (Mg A 12O4 ) and a magnetic
moment which depends on composit ion.

Spray-Dried Powder - A form of powder aggregation where spherical particles
—. 10 to ‘100 ~m are produced which are themselves aggregates of much

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

Stoichiometric - The Idealized atomic proportions of elemenis In a chemical
composition , such as the 1:2 in Mg:Al ratio in MgA I2O4. Departures from the
exact integral proportions may hav e important effects on properties.

Stress-to-Failure - A statistical or average stress level of a solid where
failure ‘by britt le 1rac~Ure propagation takes place , also called the modulus
of rupture. Depend s on surface conditions as well as intrinsic strength .

Thermal Expansion Coefficient - A parameter denoting the change in dimension
(Al f t o) 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. , ~ = 15 ppm C 1 denotes
expansion between 20’C and 1000 C has our average slope Al It o AT of
+15  X 10-6 in. / in./ C.

Toroid - A ring-shaped specimen used in magnetic measurements, par ticularly
the hysteresis properties .

X-Ray Analysis - Analysis of crystal structure (X-ray diffraction), elemental
composiHon (X-ray fluorescent analy !is ) to control processing or elucidate
property variations using shorl wavelength radiation.

xii



1.0  PU R POSI’

The pur pose of this prog ram is to develop a manufac tu ring capabi l ity
for produci ng the Patriot phase shif ter element by arc-plasma spray ing of a
Li-Ti- fer r i te  onto a dielectric substrate. The pr imary objective is to pro-
duce t he ph ase co ntrol element as a fi n ished composition with acce ptable

microwave properties and a reasonably high yield. To achieve sound com-
posites. one of the properties needing constant monitor ing is the match in
ther mal expansion coefficient between the ferr i te  coating and the dielectric .
A second important area for control and reproducibility is the thermal en-
vironme nt during spraying. Thermal  conditions are influenced mainly by
arc c u r r e nt , the gas veloc it ies , and the substrate-to-gun separation distance.
F inally, to achieve a low unit cost , it is necessary to improve yield and re-
duce machi ning costs by working with local machine shops to improve over-
all efficie ncy.

2 . 0  NARRATIVE AND DATA

2. 1 Preparation and Testing of Starting Materials

As we solve the problems of equipment functioning and begin to pro-
duce larger quantities of pla sma-sprayed phase shifters, the improtance of
control and reprodw’ibility in the starting materials becomes increasingly
evident. In this las~ quarter one hundred and eight APS samples were
sprayed. One of the serious problems we encountered was the cracking of
the thin dielectric parts during transfer and spray operations. This problem
has been reduced to tolera’)le levels (fewer than 10 percent failures) by im-
provements in operator technique and equipment stability, by changing the
phase-shifter dielectric cross section and by altering the firing conditions.
The solution to processing and manufacturing problems of this sort must
consider each step of the operation (from initial powder processing to fi nal

arc-plasma spray technique) to minimize each of the contributing factors.

The flow uniformity of the ferrite powder is one important factor

1
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affec ting the reproducibili ty of the APS process. The powder flow must be
unimpeded by agglomeration or moisture , and the hopper feed must function

smoothly to avoid spitting or fluctuating delivery as well as uneven buildup
on the target . During this quar ter  we had diff icul t ie .-, with powde r delivery.
A gai n the pr oblem was solved by altering several process steps: (1) the
powder was dried just before plasma spraying; (2 )  the powder was screened
for greater uniformity~ and (3) the powder distribution wheel in the feed
hopper was replaced. The distribution wheel , a 3-inch diameter disk-shaped
par t , was only . 002 in. out of flatness , but this was sufficient to cause a
noticeable pulsation in the feed.

2 . 1 . 1  Dielectric s

Dur ing this quarter a number of bar s were pressed and fired from
dielectric powders on hand. A new composition which has been used exten-
sively is type LMTF 195 , which has a thermal expan sion coefficient slightly
larger than the standar d LMTF 190. The increased Li-Ti substitution of
LMTF 195 reduces 4ir M 5 to negligible values , which is an advantag e over the
LMTF 190 composition where 4irM5 = 90 gauss (assuming the magnetization
here should be zero).

The expansion coefficient a’ increases steadily with temperature ,
i. e. , the expansion curve when plotted as A ~ / ~ 0 (ordinate) and temperature
(abscissa) has a continuou s upward curvature ; therefore one must choose a
specific temperature to compare values. We have chosen 1000°C as the
critical temperature , corresponding to T-A 1000° - 20° = 980° C on the
expansion curves in previous reports (A = ambient temperature) .  The
values now used for a at 1000° C are shown in the following table.

2



TABLE I

THERMAL EXPA NSION COEFFICIENT AT 1000°C FOR

VARIOUS SPINEL DIELECTRICS

a values in ppm/°C at 1000°C

Designation x~ w’~ 0 w = .10 w = .15

LPdTF 200 1.00 15.4 15.1 15.0

LMTF 195 .975 15.25 15.0 14.85

LM TF 190 .95 15. 1 14.9 14.7

L1~1TF 180 .90 14.9 14.7

Li 5+ x / 2  Mn 1T1 Al Fe 2 4 3 1 2  04

The value of a’ is an average value a = A 
~ / ~ 0 (T-A ) taken from data taken

from a continuous curve run to 980°C and extrapolated to 1000°C.

As we will sh ow in the discussion on individual runs (Sec. 2. 2. 2)
an d the hysteresis results (Sec. 2. 2) there is no clear correlation between
cracking and hysteresis properties on one hand and dielectric composition
on the other. This means that other factors in the APS process still dom-
in ate the fi n al properties. However , we expect the expansion properties to
enter in the final stages of perfecting the APS manufacturing process.

2. 1. 2 Ferrite powder evaluation

The ferri te  powders used for APS deposition during this quarter
were from two 40 kgm Raytheon SMDO batches , LMTF 50 (G3) and
LMTF 50 (G4) . These powders were carefully characterized by X-ray
diffract ion , X-ray fluorescence, scanning electron microscopy and surface
area an alysis. Table II gives X-ray and partic le size (diameter ) data on the

3



three batches used to date. We include results on the LMTF 53 (G2) powder
used in the original APS experiments at ECOM laboratories in July 1975.
This powder has a higher Li-Ti content , since in the original formulation
x = 0. 53 , compared with x = 0. 50 for G3 an~ G4 powders. As reported
previ ously,  this G2 powder fired conventiu ~ ally to full density gave 4ir M 8 =

1150 gauss. Similar firings of the G3 fer r i te  have given 4 ir M 5 1250 gauss.

TABLE LI

PHYSICAL PROPERTIES OF SPRAY-DRIED Li-Ti-FERRITE
USED IN PLASMA SPRAY EXPERIMENTS

Spray dried Equiv. part.
Lattic e par . avg. part. diam. BET ‘su~ face si ze

Designation (A) (jim) area (m / gm (g.im)

LMTF53 (G2) 8 .345 5.5

LMTF5 O (G3) 8. 346 4 .7
7 . 5 ch * 2 .2  0. 87

LMTF 5O (G4) 8.346 4.3 0.45

* *f fines fraction , ch = chambers fraction.

The tabulated data show that there is no significant difference in
lattic e parameter which would Indicate variation in iron content. There was
no separation of spray-dried fractions In the G2 powder , but the size frac-
tion (Fig 7 , 2nd Qtrly. Report) is not significantly different from the averaged
histograms for the G3 powder (Fig. 7 , 3rd Qtrly report) .

The surfac e area measurement and the calculated average particle
size refer  to the size of the individual particles which make up the ‘eggshell’
geometry (Fig. 1) of the spray-dried particle agglomerate. A larger surface
area (smaller particle size) indicates a greater efficiency in the final mill-
ing of the calcined powder before spray drying. More milling action and
particle size reduction should yield a more homogeneous powder , and one

4
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Figure 1. Photograph at 2000>’ of a Typical Spray-Dried
Particle.
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which melts more qu ickly in the plasma flame. The differences in surface
between G3 and G4 powders is surprisingly large considering the similar
processing (two c alc in es , three millings ) these powders were given . The
measurements must be rechecked for accuracy.

2. 2 APS Experiments at Raytheon

2. 2. 1 Equipment modifications

Plasma spray runs No. 110 and following made use of the redesigned
and rebuilt furnace shown In Figs . 2 and 3. We had experienced two prob-
lems wi th the cyliri ”~ lcal spray chamber: ( 1) the chamber temperature
reached only 600°C during spraying, although 700° - 750°C was desired;
and , (2 ) an excessive number of ferrit e overspray particles floated about
the chamber during spraying. The second problem was related to the first ,

in that larger exhaust ports could be used to remove the spent powder that

missed the substrate, although larger ports would mean more dr aft and
increased difficulty in maintaining temperature. The present furnace is a
rectangular box (8 x 7 x 3. 5 in. ) with two 4 x 8 in. kanthal heating elements
on the side walls. The furnace volume is larger by a factor of two than the

earlier cylindrical oven but the power seems adequate (~ 1800 watts) to

maintain temperature during spraying.

The holding oven above the spray chamber is generally maintained
at 600 °C during spraying and transfer steps. Although there is danger of
cracking (thermal shock) the uncoated substrates, we feel this risk Is more

acceptable than the thermal shock of bringing finished samples from the
750°C spray chamber up into a much lower-temperature holding oven.

Twenty-four samples were sprayed in the second half of July
after work on the oven rebuilding was completed. The APS numbers were
110 to 133 inclusive. In these runs we used several new anode configurations
to improve deposition. One of these var iations was to change the angle of
entrance of the powder feed from near 90° to a forward angle of 54° , bring-
ing the powder out 0. 250 In. further downstream than the standard 901-11

6
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Figure 2 Spr ay Chamber Furnace (One-half scale).
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shape . The result was unsatisfactory in that very high arc currents  were
needed to heat the powder enough to adhere to the substrate. In recent runs
we have gone back to the standard 901 -12 anode (ID - .187 in . )  with per-
pendicular powder feed and have moved the gun closer (to 3. 5 in. and 3 .25  in. ) ,

with much better results.

The hydraulic mechanism for vertical motion of the APS tube was
modified this quarter.  Solenoid values were installed , in parallel w ith t he

slow speed needle valve controls , to allow rapid motion in the up or down
direction. The rapid translation is controlled by a three-way toggle switch
which opens one of the normally closed solenoid valves , bypassing the needle
valve on that side of the line. En practice we find that this arrangement
moves the sample too rapidly from spray furnace to holding furnac e and a
manual override of the automatic controls is generally used to slow down
the motion. As the process becomes standardized we will probab ly make
more use of the solenoid valves.

2. 2. 2 Description of individual runs and hysteresis
properties on zr achined samples

The APS runs performed this quarter are summarized in the spray
log (Table III ) .  In this section we inc lude any dat a on hysteresis properties
because this measurement is a good indicator of microwave phase shift per-
formance. It is important to correlat e the magnetic properties with APS
conditions to control the manufacturing process.

APS run 110 was the first which used the rebuilt spray furnace with
the enlarged rectangular spray chamber. This run was largely experimental
with the spray chamber at 800°C , helium added to the argon arc gas , and
higher arc current values. The powder flow of the LMTF 50 (G4) fines was
poor , probably because of moisture or lack of screening.

Run 111 was also experimental. Helium gas was not added , and
lower arc current was used. The depth of the spray chamber was Increased

9
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by moving the rear bricks back, which reduced the powder turbulence (be-
cause of the enlarged volume) .

APS run 111 used a larger diameter anode ( Part No. 901-11) whic h
the manufacturer  designated suitable for spray ing re f rac tory  ceramics.
Our purpose in investigating the larger-bore anode (0. 250 in. vs 0. 187 for
the standar d high-velocity anode) was to reduce overheat ing of the dielectr ic
substrate and minimize cracking in the ferrite layer near the interfac e by
spreading the plasma flame. The use of this anode in runs 11 1 through 114

reduced deposition rate and led to very high powder losses. Samples 112 ,

114 and 115 were machined to dimension and annealed at 1010°C for 1.5

hours. Measurement of H
~ 
and Br after a 1 ampere latching pulse are

shown in Table IV. The samples received a second 800° C anneal for 2

hours.

TABLE IV

HYSTERESIS PROPERTIES OF A T’S SAMPLES 112 , 114 ANI ) l1’~

1010°C anneal 1010° and 300°C anneal
H B H BNo. Lengt h (in. ) c r c r

112 1.100 2.89 508 2.31 574

114 1.505 3.66 679 2.66 705

115 1.575 3.76 682 2.69 475

Sample 112 shows a rather low Br (508 gauss) which was improved
slightly by the second anneal. Sample 114 , sprayed at a higher arc current ,

shows much better Br~ 
Sample 115 , sprayed as was 114 except that the

standard bore (0. 187 In.) high-velocity anode and lower arc current were

used , showed H
~ 
and Br similar to 114 after the first  anneal cyc le. In the

second anneal Br on 115 was abruptly reduced, evidently because of new
cracks In the ferrit e layer.

Runs were made on .July 21 and 22 using different dielectric substrates
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and s tandard current , gas flow and hopper feed conditions to see if physical
propert ies correlated with substrate material .  In these runs we experienced
di f f icu l ty  with clo gging and uneven delivery of the G4 powder , which gave
very  irregular as-deposited shapes. Only one sample in this series was
machi ned to cross section and measured (No. 120) : this gave = 2.32

B 657 after the st andard 10 10°C anneal.r

During this t ime we also evaluated other modifications to the high-
veloc ity anode. Run No. 127 used the 0. 250 in. ID anode with the powder
feed por t angled forward to 55° rather than the usual near-90° angle between
arc gas channel and powder feed port. We also began to experiment with a
closer spray dis tance (3. 5 rather than the 4 in. used earlier) .

The spray run on July 28 was an attempt to produce a number of
samples under nearl y identical conditions. The dielectric was the 190
composition u sed ext ensively at ECOM Laboratories , the powder was the
(G4) fines , spray distance was maintained at 3. 5 in. , the arc current kept

low at 200 - 240 amperes. Pull rates for this series were near 1 in. / m m .

lar gely because of the closer spray distance which improved the capture
cross section of the spray. With a spray rate of 10 minutes per full-length
sample and 34 grams deposited per sample , this represents the best

process efficiency we have achieved with the AT’S process , before or since

this date. The overspray of ferrite on those samples was about 1 5 gm for
the 6 in. sprayed length. The total powder u sed per sa m ple was 12 5 gm ,
indicating a deposition efficiency of 34/ 125 = 0 .27  and a ratio of total ferr i te
powder weight of the 0.050 in. ferr i te  layer of 19/ 125 0.15. It is unlikel y
that this degree of efficiency can be improved without moving the gun sub-
sta nt ially clo ser to the dielectric .

The anneal following the spray run went substantially higher than

planned (to 1060° C). After machining, these samples showed more cracks

than usual , which we ascribe to the excessive temperature.

The APS run on August 4 produced samples 140 through 146 , all of

19

- -



- _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

which were full-sized elements. After the standard 1010° C anneal the

following loop properties were obtained.

TABLE V

HYSTERESIS PROPERTIES OF APS 141 THROUGH AT ’S 146
AFTER ANNEALING

Designation Length H~ Br

AT’S 141 5.142 2.78 673

AT’S 142 5.145 2.79 641

APS 143 5.145 2.74 626

AT’S 144 5. 145 2.79 661

AT’S 145 5.145 3.00 566

AT’S 146 5.145 2.40 587

Although Hc is acceptably low in these samples , Br Is too low by 50-7 5
gauss to give the requIred 340° phase shift .

The AT’S run on August 26 was another attempt to maintain constant
spray cond itions which would provide reproducible samples for the con-
firmatory materials delivery. Arc current was held at 280 amps , the arc
gas flow at 37. 5 CFM , and pull rat e of 1 In. / minute. Nine good samples
were produced in this run. Unfortunately, In the heat treatment immediately
following the run , the holding furnace went well above the planned tempera-
ture and all of these samples were lost. The furnace control thermocouple
had been relocated to avoid controller problems due to ac pickup from
furnace windings. Instead , the new thermocouple location intensified the
pickup, leading to controller malfunction and failure of the anneal.

Microscopic examination of a number of AT’S samples indicated
a very low ferrite density at the dielectric interface grading rapidly into
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the normal ferrite coating density. We hypothesized that this low density
deposi t was caused by relatively cool ferr i te  from the periphery of the spray
pattern.  To eli minate the deposition of this material preceding the hotter
deposi ts from the center of the plasma , we experimented with metal shield s
to mask the uncoated dielectric rod . However , with mater ’aI accumulating
on the shield an d t he sh ield obscuring a view of the sam p le , these experi-
ments proved unsuccessful .

By reviewing the earlier work at ECOM , and by consulting with
R. Babbitt , we found another solution: to spray the top (free )  end of the sam -
pie f i rs t , m ovin g dow nward t o the at tached end (rather  than the reverse , as we
had been doing) . The disadvantage of this approach is that the torque applied
by plasma spray pressure and the moment generated by the wei ght of the
coating on the free end can snap the dielectric rod . The advantage is that the
over spr ay powde r is con vec t ed upward and does not deposit pre m at u rely on
the substrate.

In the next AT ’S series (August 28 ) the samples were sprayed from
the top (free) end downward to the base attachment.  Since the technique
gave significant improvement in density at the interface, we have continued
this method in subsequent runs. Runs APS 156 through APS 165 were again
sprayed under standardized conditions: type LMTF 200 (7A) substrate , con-
stant spray-chamber temperature (700° C) ,  and holding temperature oven
(65 0°C) .

The hysteresis properties after anneals at 1015°C and 800°C are
shown in Table VI .
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TABLE Vt

HYSTERESIS LOOP PROPERTIES OF AT’S

SAMPLES PRODUCED ON8-31-76

H 4~MLength c r
Designation (in.) (Oe) (gauss)

APS 159 5.145 3.20 593

AT’S 160 5.145 3.37 635

AT’S 161 5.145 3.37 728

APS 162 5.145 3.19 731

AT’S 163 5.145 3.22 705

AT’S 164 5.145 2.75 529

AT’S 165 4.705 3.31 780

Three of the above samples with 4
~
Mr > 725 gauss would have a phase shift

per unit length larger than the accepted minimum. Unfortunately , sample

AT’S 165 was thin on one end and could not be made to the acceptable length.

If the sample had been full length, its phase shift would have been 362 ° .

The most problematic data shown in Table VI are the samples with
unexplainably low 4lT Mr such as AT’S 159 and AT’S 164. These were sprayed
identically with those showing higher 4lt Mr onto the same substrates and
annealed together for strain relief and recrystallization . One can always
speculate that cracks In samples 159 and 164 reduced 4lr Mr : however , our
external examination of samples 161 and 162 revealed at least as much visible
cracking, although 4lr M r was 30 percent higher. Some very recent studies
on dissected phase shifters (Sec. 2. 3) indicate that this anomaly is probably
caused by nonuniform ferrit e walls in distorted samples. The wall non-
uniformity can be seen only by destructive sectioning of the elements.
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The next plasma run (September 1) again used the type LMTF 50 (G4)

fines fraction , spray-dried powder and the top-down method of deposition to
avoid overspray onto the bare dielectric . The different  dielectrics used were
the I .MTF 200 (~ 15. 4 ppm/ ° C ) ,  the 180 (33) material (a 14. 7 ppm/ ° C) ,

and the 200 ( 7 A )  composition (a 15. 2 ppm! °C) .  These were sprayed under

near ly identical conditions. Arc current and hopper feed were set slightly
higher , allowing somewhat faster deposition rates (1.3 in. /min or 5 minutes

per 6. 5 in. sprayed length). The hysteresis loop properties on machined

and annealed samples in this series are shown in Table VII.

TABLE VII

HYSTERESIS LOOP PROPERTIES OF AT’S

SAMPLES PRODUCED ON 9-1-76

aof HLength Dielectric c Br
Designation (in. ) (pprn/ °C) (Oe) (gauss)

APS 169 5.145 15. 4 3. 73 655

APS 170 5.145 15. 4 3. 36 508

APS 171 5.145 15.4 2.90 649

APS 172 5.145 14 .7  3. 42 613

AT’S 173 5.145 14.7 3.41 666

AT’S 174 5.145 15.2 3.46 565

The data on Hc indicate fairly constant values , but the data on Br
show widely varying values , which do not correlate with dielectric or spray
conditions. For example , sample AT ’S 170 was sprayed onto the same di-
electric as 169 and 171 , yet Br is about 25 percent lower for 170. Sample
174 also has an unexplainably low Br • We will discuss these samples
(170 and 174) further in Sec. 2.3.
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AT’S samples 176 through 184 were sprayed on September 2. Eight of
these nine samples were machined into full-sized phase shifters and annealed
at 1010° C and 800° C before hysteresis measurements. Results of these
measurements are summarized in Table VIII .

TABLE VIII

HYSTERESIS LOOP PROPERTIES OF AT’S
SAMPLES PRODUCED ON 9-2-76

a of
Length Dielectric H

~ 
Br

Designation (in.) ~ppm/ °C) (Oe) (gauss)

AT’S 176 5.114 14.7 3.61 789

APS 177 5.145 14.7 3.41 633

APS 179 5.145 14.7 3.45 620

AT’S 180 5.145 14.7 3.28 590

APS 181 5.145 14.7 2.82 658

AT’S 182 5.145 14.7 3.18 631

APS 183 5.145 14.7 3.44 607

APS 184 5.145 14.7 2.40 274

The results of this series are certainly worse, in that very wide
fluctuations in Br (from 789 to 274 gauss) are observed. The similar ity
in spray conditions (Table III ) and substrate expansion coefficient give no
clue as to why this variation In Br should occur. Sample 176 Is the highest
Br which we have observed.

The A T ’S runs on September 14, 15, and 21 used the dielectric type
LMTF 195, where a = 15.25 ppm ! °C. This material was close to the type

LMTF 190, and had an expansion coefficient midway between the LMTF 190
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and the I.MTF 200 dielectric which was used extensively in earlier APS runs

this quarter (See Table III). In these runs we were trying for a slightly
denser ferrite coating, to achieve a larger Br and phase shift . We attempted
this by raising arc current and reducing the deposit rate, while maintainin g
the oven temperature as before. This approach did not give us results as

good as the earlier runs , as shown by the low Br in Table IX .

TABLE IX

HYSTERESIS LOOT’ PROPERTIES OF AT ’S

SAMPLES PRODUCED ON 9-14, 9-15, 9-21, AND 9-23-76

a of
Length Dielectric H

~ 
Br

Designation (in.) (ppm! °C) (Oe) (gauss)

APS 186 5.145 14.7 3.21 480

APS 187 5.012 15.25 3.67 387

AT’S 189 5.145 15.25 3.08 517

AT’S 190 5.145 15.25 2.99 475

APS 192 4.905 15.25 3.36 568

AT’S 193 5.145 15.25 2.85 520

AT’S 195 1.815 15.25 3.80 668

AT’S 197 3.160 15.25 4.36 366

AT’S 198* 5.145 15.25 3.24 203

APS 199* 5.145 15.25 3.54 207

APS 200 1.696 15.25 2.43 697

* Samples had no anneal before measurements
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Runs 185 through 194 used the LMTF 50 (G3) ferri te  powder , whe r eas

samples AT’S 195 and thereafter used the G4 type powder. The powder was

dried and screened to minimize flow problems we had encountered with the

G3 material. The continued increase in arc current throughout this series
(in an effort to increase ferri te density) seems to have been counter-productive

in terms of Br • Samples AT ’S 198 and 199 had no anneal after spraying and

would be expected to have low Br~ 
The valu e of H~ 

is surprisingly low , in-

dicat in g that considerable recrystallization has taken place at the high spray-

ing temperatures. Typical values of Hc before annealing were in the 7-9 Oe

range , reflecting the stresses present and the very fine-grained microstruc-

ture before annealing.

APS samples Nos. 201 through 210 were fired on the same dielectric

composition at higher arc-current settings , lower powder-flow rates , and

under faster deposit conditions. We now know (from the properties of earlier

AT’S samples) that the spr ay conditions were prob ably too high in tempera -

ture.

Eight samples were sprayed in the final run (September 23) . To

reproduc e the high 4~ M r of run APS 12, we increased the arc gas velocity

and arc current , prodw .ng a net lower temperature. A new thermocouple

arrangement in this run solved the controller problem. These latest ma-

terials have not been tested.

2. 3 Dissection of Low Remanence Phase Shifters

Many of the phase-shifter samples discussed in Sec. 2. 2 had low

Br~ 
indicating these samples would not achieve the 340° phase shift required

for the confirmatory testing. The Br values were not only low but showed

considerable variation from one sample to the next , with no apparent re-

lation to dielectric composition or spray conditions. We decided to section

to section two of the full-size phase shifters which had low Br~ 
The samples

were APS 170 with Br 
C 508 gauss and APS 174 with Br = 565 gauss. These

had been sprayed during a session when other samples having good hysteresis

loop and microwave properties were produced.
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Each of the samples showed reasonably uni form fe r r i t e  walls at the
exposed ends (see End I and End 2 in Figs. 4 and ~. The 5. 145 in. samples
were cut into three equal segments which exposed two surfaces  at the one -
third distance (see 1/ 3 , Fig. 4 ) and two surfaces  at 2/ 3 the original length.
For sample APS 170 the two dielectr ic halves showed 0. 005 in. displacement
at the 1/ 3  position and a severe nonuni formi ty  in wall thickness.  At the 2 / 3
position the wall was still nonun i fo rm,  the thin side remaining the same.
The entire center segment evident ly  has one narrow and one thic k wall , a
condition which would be expected to produce a v ery low The final  sea-
ment of APS , between the 2 / 3  location and End 2 ,  has a nonunifor m wall.
The dielectric halves were stil l  disp laced 0. 005 in. hut were reasonably
unifor m at the ends. A similar dissection of sample  A~ ’~ 174  (Fig 5) showed
similar  wall nonun iformit ies , al though not as e x t r e m e  a~ APS 170

If we examine the machining process it will be evident  why  the ferr i t e
walls appear uniform at the ends and can still be very nonuniform in the
center. The machinist keys the grinding away of excess fe r r i t e  to the ex-
t reme ends of the sample where the bare dielectric rod extends beyond the
ferri te coating. At the ends of the rod , then , assu ming the machinist  doe s
his job , the f errite 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
fi nal length. Only destructive sectioning of the element would reveal the
wall uniformities in the center regions.

Distortion or bowing of the samples could occur at any point in the
high-temperature processing. We must follow through each phase , check-
ing for straightness and correcting or changing the process to eliminate the
sources. The holding oven where we store dielectric rods before spraying
and composite samples after spraying has been held at 600° - 750° C. This
high-temperature storage allows us to avoid thermal shock losses and keep
sample transfer times down and sample production rate high. We may be
forced to trade off these assets and lower the oven temperature if sample
distortion occurs here. Certainly it would be preferable to avoid distortion
by suspending the ceramic parts before and after spraying so that their
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Sample APS 170
Br 508
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Figure 4 Cross Sections of Plasma Sprayed and Machined Phase
Shifters. Wall thickness in Inches as indicated
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Br~ 565
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Figure 5 Cross Sections of Plasma Sprayed and Machined Phase
Shifters. Wall thic kness in inches as indicated
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weight does not lead to any bending.  Distortion may also be occurr ing
during the high-temperature anneal which follows plasm a spray ing. Carefu l

hanging or supporting of these samples is required to avoid distortion.

We will have to develop nondes t ruct ive  tests for evaluating straight-

ness before committing samples to the machining process. At present .  the

most promising avenue is determining straightness of the central wire slot
using optical or mechanical means. This straightness test will tell  us which

steps in processing need corrective action , and will also eliminate poor

samples.

To prove that the wall thickness variation which we observed in

these dissected samples would in fact produce the low Br in a full  length

phase shifter , we measured Br on each of the sections. The resul ts  are

shown in Table X.

TABLE X

Br OF SEGMENTED AT ’S SAMPLES

Remanent  Magnetization (B r
)

(gauss)

Designation Full Length Segment 1 Segment 2 Segment 3

APS 170 508 551 338 605

a 629

b 467

APS 174 565 575 550 640

For AT’S 170 the nonuniform walls in segment 2 did in fact produce a low

Br~ lower than the two ends. Because segment I showed extreme variation
on either end of the 1. 7 in. piece, we decided t o again sec t ion these pieces
into equal segments a and b. We found the more uniform wall portion (a)
near the original end had the expected higher Br~ 

Sample AT’S 174 , with
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more u n i f o r m  walls , again showed low 13 in t he  center  segment where  wall
nonun i fo rm itv  was the most e x t r e mc .  [‘here seems l i t t le  room for doubt
that  wal l  va r i a t i ons  are a m a j o r  f acto r  in the observed low B and its fluc-r
t t i ; l t  ionS.

3. 0  ( UN ( 1 J S (~ N~

Du r i n c  t h i~ ~~~ 
. . ~ -~t i l  I i ’~h ed  the  condi t ions  for p lasma

~p~-av in L! f u I l — l e r f t ’ ~ samp 1~~-~ ~
‘ r - ‘ . -, o n s i — ~t , n t  wi th  our product ion goal

of f i ve-  s :1rnp h- -~- n ’ r hour .  ~~ . r  100 ~:imp les  h ave  been evalu ated , of which
-:9 were  made  in’o fu l l  ~. ‘:‘~h p~

, i~~er .s and g iven appropria te  heat t rea tment .
()n t p roper ty  tha t  ha s  H ’ n  ~

- n s i ~~ . n t l v  low in the phase shif ter  sam ples is
the remanent  magn~ t i i : t t ~~ n (H ~~ and hence the microwave phase shift .
Typical  va lues  have been 10 percen t  to 20 percent  below the specified mini-
mum of 340° phase shif t  

~~ r ? 725 gauss) .

At the end of the quarter  several  phase shifters were sectioned and
a major cause of the reduced Br has been identified , i. e. , variations in
wall th ickness  of the ferr i te  resul t ing f rom shape distortion before the
mach in ing  to external dimensions. This distortion is believed to take place
at some time during the high temperature  processing,  i.e. , before ,  dur ing,
or af ter  APS deposition or during the h igh- tempera ture  anneal which pre-
cedes machin ing .  We will have to develop nondestruct ive tests of sample
st ra ightness  to be applied at each step in processing to determine when this
distortion takes place. The problem must be solved before the pilot pro-
duct ion run begins.

4. 0 PROGRAM FOR THE NEXT I N T E R V A L

The program for the next  q u a r t e r  will  be to f i r s t  identif y the source
or source s of sample distort ion and then to devise techniques to avoid this
problem. A part of this program wil l  be to devise ways of me asur ing
s t ra ightness  a f te r  eaeh processing s tep.
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~~. 0 PUBLECATIONS

.-\n abstract  entitled “ Plasma Spray E)eposition of Composite Phase
Sh i f t e r s  was submitted and accepted for the Second International Conference
on Fer r i tes , Paris,  France.  However , the problems on delivery of con-
f i r matory samples made it impossible to spar e the time and the paper was
withdrawn.

6 .0  IDENTIFICATION OF PERSONNEL

The personnel who contributed to this production development effort
during the fif th quarterly reporting period , and the manhours worked by
each is shown below . Biographies of these personnel have been supplied in
previous quar terly reports.

Name  Hours

J. Green 7
.J. Van Hook 146
L. Lesensky 2

/
D. Masse 10
H. Miller 12

R. Maher 416
Others 205

Total 798
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