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Co nercially available spray-dried lithium ferrite powders were selected for
the arc plasma fabrication of C—Band and S—Band phase shifters. Several spray-
dr ied powders were evaluated and only those which flowed freely were suitable
fo r  the arc plasma spray CAPS) process. Selected spray-dried powders were
sprayed over a range of arc plasma conditions and the magnetic properties
measured to determine the bent APS parameters for fabricating phase shifters.
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The primary objective is to establish an economical ferrite powder
suitable for the arc pl *~~~~~ fabrication of C-bend and S-bath non-reciprocal
ferrite phase shifters.

A powder, to be suitable , has to be deposited at rapid rates and with
the required ~sgnmtIc properties for phase shifter applications . It was
estinated that deposit rates required for the eco~~~.Ica]. fabrication of
C-beth phase shifters would be 30 mil/min/linear in. arowid a dielectric and
50 mu /mm /linear in. for S-bath . The required magnetic properties were to
be achieved by proper selection of arc pl ames spray (APS) parameters and
subsequent anneal cycles • A dielectric with a coefficient of thermal ex-
pension ~~~~ l.-~ to the ferri te sprayed, also hth to be established .

I1F~ ODtL’rION

The origina ] effort to arc pi*~~~ spray ferrites was with nickel zinc
ferrite powders. ~ These powders were prepared by f]. e spray, fluid bed and
spray dry processes . APS techniques were developed for spraying thick
deposit. )‘20 aS.]., at deposit rates in excess of 50 all/aim/sq. in. Also,
a microwave .~gi.m~iua ~~n~ ’nese ferrite was deposited with good hysteresis
properties and low dielectric loss tange’~t. ~~~~e results Indicated the
feasibility of arc p1a~~~ spraying a microwave quality ferrite around a
dielectric, thus forming the basic ferrite phase shifter configuration.

A ferrite p hase shifter is a long ferrite toroid with a dielectric in-
serted in the center (Figure 1). The length end cross sectional dimensions
will vary with different applications and frequencies of operation; however,
the fabrication technique r~~~in* relatively the same. The current technique
used in fabricating this phase shifter requires a ferrite toroid with close
d1wt~ionsl tolerances, macshi ning, and the insertion of a dielectric into
the toroici. Scam designs require the drawing of cement into the ferrite-
dielectric intirface to insure that no air voids exist. The assembly of the
ferrite and dielectric adds significantly to the cost of the phase shifte r
and can affect device perfoi~~nce. The arc pl *~~~~~ d*position of a ferrite
around a dielectric present. a ~~re eeo’~omical process for fabricating phase
shifters , since an intimate ferrite/dielectric both can be achieved with the
arc pl.-~~~ proc ess.

The porpose of the arc p1~m~ gun I. to melt a ferrite powder and pro-
j ect it onto a target. A seh~~~tic of an arc pl~~~~ gun is shown i n .
Figure 2. The heat produced by the are pl~ -ma is dependent upon the arc
current and arc gas •‘ ~~vever, the heat to which the powder is subjected
depends on the point of the pl.-~~~ stre into which the powder is fed.

1. RIchard V . Babbitt, “Are PI~ama Deposition of Nickel Zinc Ferrite”,
Research and Develo~~~nt T~chnical Report (B0(I~-3 597) July 1972,
I~ Ai~~ Ilectrozdcs Tec~~~1ogy and Devices l*borstory

2. H. S. Tngh~~ and A. P. ~~.psrd, Mp~ Spray Handbook” , Vol. III
)~ tco, Inc., Catalog 

~~~~
. 3q99, 1965.
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Figure 1. SchematIc of a Ferri te Phase Shifter
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The powder can be fed internally into the arc gun, or externally at some
place in front 01. the arc gun (Figure 3). The internal feed Is the ~~re eff I-
d ent for melting the powder; however, volatile elements can be lost, oxides
are rr~ re readily reduced, and “loading” may occur . loading occurs when
the powder melts before leaving the gun (anode), where It resolidifies and
builds up, interfering with the plew stream and results in pieces of the
ferrite bre~~i~ g of f and depositing on the target. An external feed elimi-
nates the possibility of loe4lng, but ~~re he*t is required to melt the pow-
der causing greater difficulty in feeding .1]. the powder particles into a
uniform beat zone of the plasma. A compromise of these two powder feeds is
to use a cover (Figure 3) which is not as susceptible to loading as the In-
ternal feed, yet restricts the powder to a narrow temperature zone • Re -
gardlees of the technique, it Is necessary that the powder be fed with
velocity capable of penetrating the plJt~~A stream thereby producing a
sufficient melt. The velocity of the powder is controlled by the powder
carrier gas flow rate and the size of the powder port . After the powder Is
in the pt~w stream, the degree of melt It will experience is dependent
upon the heat available and the time in the pl *~~~~~ (dwell time). Dwell time
is controlled by the arc gas flow rate, the temperature to which it is
heated and the size of the nozzle (anode). ~~~l1er nozzle ports are con-
sidered high velocity nozzles • ~~ three variables which determine the
plasma velocity are: the arc gas flow rate, the temperature to which the
arc gas is heated and the nozzle size.

After the feed powder has been melted, the other parpose of the arc
plasma is to deposit it on a target. A good deposit is realized when the
powder reaches the target in a ~~1ten state • The conditions whi ch contri-
bute to the powder stri Hng the target In a i~~lten state are: the distance
from the gun to the target (spray distance), the speed at which the powder
travels and the ambient temperature from the gun to the target. The nore
complete the melt and the greater the impact at the target, the denser the
deposit and the stronger the bond.. The both which can be achieved with the
arc plasma process is the feature which makes this process attractive for
the fabrication of phase shifters • &wever, for the arc pl ~~~~ process to
be economical , it must deposit ferrite powders at fast rates around a di-
electric and with the required nagn~tic properties.

F~~RITE F(YdD~~
a. Powder Characteristic Desired for APS A powder for arc plasma

spraying bulk ferrite bodies must be free flowing in order to obtain a uni-
form end high deposition rate • Two other powder characteristics which in-
fluence the spray process are the particle size and site distribution.
It baa been established that particle size influences the deposit density.1
Table I. illustrates the effect of powder particle size on density of arc
~~~~~~ deposited ferrite.

14
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TABI~ 1. EFFECTS OF PARTICLE SIZH ON DE?Efl~Y

Particle Size (pa) Arc Current (Ampsj Density (% Theo~
0.02 - 0.1 350 99%
0.3 - 2.0 500 99%

10.0 - 100 720 98%
10.0 - 100 570 95%

Hi gh density deposits were achieved with lover spray parameters (arc current )
for small particle sizes. A powder with a large size distribution has a
~,reater tendency to load since the arc plasma parameters are normally set to
melt the mean particle size. This causes the smaller particles to melt
before clearing the arc gun , while the larger particles are not sufficiently
melted to produce a dense deposit. Based on APS experience, an idea]. ferrite
powder for this program would require a mean size of 10 pa and a 14 to 1 size
distribution. Such a powder was not available for this program.

b. Composition Compositions of lithium ferrite and y-ttrium iron garnet
were selected for the arc pl *~mn~ fabrication of C and S bath phase shifters .
Lithium ferrite was the primary composition since it is less expensive than
garueta and with proper substitutions its 14W Y. can be tailored for several
microwave frequency bands • The yttrium-iron-garnet( YIG ) composition was to
be an alternate , if lithium ferrite could not be successfully arc plasma
sprayed. This was considered a possibility due to the volatility of lithium,
and also lithium ferrite at S-band frequencies Is known to have high micro-
wave losses . The C-bath compositions have a saturation ma~rnetIzation ( W’7 M5 )
of 1200 gauss for operation from 5.2 to 5.7 GHz, and the 14 )1~ for 5-bano.
phase shifters were 600 and 750 gauss, for operation between 3 and 4 GHz .

c • Powder Preparation and Analysis Powder used for the origin*i arc
plasma spraying of ferrites3 was prepared by grinding up fully sintered
ferrite bodies into a 300 mesh powder. Powder prepared in this l~~nr~~r is ex-
pensive and would not lend Itself to the eco~~~ical fabrication of phase
shifters • Later powders sprayed at EC(*I were processed by flame spraying,14
fluid-bed reaction,5 and spray drying. Although the deposits were dense, 99%
were readily obtained from the f ine particle (o.02 to 0.2 ~nn) f].ame spray
powder, it was expensive to process and, therefore, not considered for this
program.

3. D. H. Harris, B. J. Janowiecki, C. E. Semler , N. C. Wilison, and J. T.
Cheng, “PolycrystAil In .  Ferrite Flies for Microwave Applications De-
posited by Arc Plk~ma” J. App].. Physics, Vol. 1i1, P 13148, 1970.

4. W. W. Malinofsky and R. W. Babbitt, “Fine-Grained Ferri tes.I. Nickel
Ferrite” J. Appi. Physics, Vol. 32, No. 3, March 1961

5. B. Bavarnick and R. N. Nadksrni “Production Engineering of Ferrite Powder
by Fluid Bed Techniques” ~~ Army Electronics (~~rr’iind, Contract DAAB-05-
67-C-2708, January 1970.
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The fluid bed powder had a RrnR1 1 particle si ze (o.~, to 2.0 ~ei) and was
considered a good powder for this program, but since the manufacturers of
microwave ferrites do not have fluid bed equipsent available for processing
ferrites, it was riot selected as the powder process for this program.
Microwave ferrite manufacturers have spray drying equipsent av~1 lAb].e to
them and, since very fast deposition rates (80 iitljain/sq. in. ) had been
realized with this powde~~.it was selected as the ferrite powder type.
Ampex ’s Ferrite Materials Division, because of their w(fllngTw.ss end their
vast experience with lithium ferrite, was chosen as the supplier of ferrite
powders used in this program.

The initial powder evaluated was an Ampex type 3-1202, whIch was spray
dried by two different techniques • Electron microscope photographs of these
spray dried powders are shown in Figure 4. Based on these ~hotographa and
sieve analysis, it was estim ated that spray dried powder “A had a mean size
of 30 microns with a 16:]. sIze distribution, and powder “B” had a mean size
of 50 microns with an 8:1 distribution. The two powders were sprayed with
fixed arc p1~~ma spray par~~~tera. Powder A deposited with a 2% higher
density than B, but due to its larger size distribution it was ~~re suscep-
tible to ].oading. Both spray dried powders produced ~i~41.~v hysteresis and
device results when arc pl ~~~~ sprayed. Other spray dried batches of
powders were separated into fIne, <65 ~~~, and coarse, ~ 65~~~ which, when
sprayed, produced significantly different results • The ness were readily
deposited with densities from 86% to 96% of theoretical, white the densi -
ties of the coarse powders were less than 82% or theoretical. Also, due to
the poor melt which occurred with the coarse powder, approXimately 600 grams
of powder were required to arc pl.a~~ spray a 3 in. S-bend phase shifte r as
compared to 200 grs for fine powders. Based on these results, ferrite
powder sizes above 75 ~~ are not acceptable for arc pi

~~~~ spraying.

Typical powder analysis of spray dried powder as received from Ampex
is given in Table 2.

TABI~ 2. FJJD~~ ANALYSIS C*’ SPRA Y ~~~~~ L1T~~tiI F~~RITE

Size 1~a~ Percent of Powder

>75 21.7
1i5 to 75 39.3
< 145 39.0

This powder is satisfactory as received, but generally to improve device
results, the powder particles above 75 ,Aa are Y~~ i v d  • There are currently
two research and develo~~~nt programs to i~~i~ove powders for AP6. (~ e pro-
gram is the optimization of spray dry techniques to 4n4 1 ze the coarse
powders and the other program is to investigate new powder forming processes.

d. Degree of Reaction The initial Ampex 3-1202 lithium ferrite
powder was requested to be a fully reacted composition, which was achieved
by pr.calcin4ng 1000C higher than nor~~]-1y pr.calcinsd. (1bi~~lly, ferrite
powders for conventional sintering are partially reacted in the precalcins
phase of preparation). The reason for the fully reacted request was because
*t of the previous APS work had been dons with tu]1.y reacted powders . Arc

p1~~~~ deposited s~npi.s of this powder had coercive forces, H0, which were

7
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4o% greater than reported for at~~~~-~d samples. even vt~en cunventioni .fl ,y

ainte red , this fully reacted powder had coercive forces 30* higher than
realized with partially reacted powder. An arc p i*~~~ sprayed sample w
delivered to Ampex for evaluation. Ampex noted that in the sprayed s.i pJ~ ,
bismuth was observed, but afte r annealing, it was no ‘I ong,~r visible. The
assumption was ~~~e that the high precalcine temperature affected the f1ii~
i.ng action of bi rth, which is added to ,lithium ferrite cdi po.itions to
i ju’ove density and evth~~ ’e grain aL’ovth°. large grain size Is required for
low coercive force. Low coercive forces are desired to limit ~~~.e shIt~-
tsr drive requirements.

A second lithium ferrite composition, Ampex 3-120(i , was evaluated.
This composition differed from 3-1202 in that it had a ~~~~11 zinc sub-
stitution which reduces coercive force; slso it was psrtisll.y reacted.
This powder, when sprayed, did have a lower H0 than sprayed 3-1202 powth~r ,
but still higher than its reported value of 0.9 0. • Also the ~~~~~~~~~ B.,.,
of arc piaai~~ deposited. 3-1200 was 650 gauss, s(~~tficantl.y lower than i.he
780 gauss for arc pI.a deposited 3-1202. ~~ 14)ri~ of the deposited,
partially macted 3-1200 powder was 1100 ~~ ass as compared to 1200 gausu
achieved with the fully reacted 3-1202 powder.

A fully reacted ~~~p I of 3-1200 powder r..qt1~~t.d in ord~r tø re-
solve if the low 14 N,’ and B1.’ s were an effect of the zinc subst1~ ztion u.c
were due to the partially macted state of the po~~.r. Arc pl~~~~ spra.&d
samples of the fully macted 3-1200 powder had the coercive foro. as
the psrtiall.y reacted simple., but B ‘s of 780 gma. sad 14 Pfi~~’ of 1200 g* i
Figure 5 is the differential phase a~itt , A4’ , as a function of drive cnr~
rent for a fully and partially reacted APS 3-1200 phase shifter. This
figure shows the improved device perforamnce and higher phase shift reia t~
to spraying fully reacted powder.

e. Deposit ~~fic1.ency (Dsp. ~~~~ Deposition late. Dsp.Iff. I. U’
percentage of powder sprayed which is deposited ~~~~~~ the dielectric • The
Dep. Itt. is very important to the eco”~~ca of the arc p’~~~~ fa~~icat.ioe
of phase shifters. lbt only does it directly effect the deposition rate,
it also effects the ount of powdsr required to spray a phase shifter .
A high Dsp. 1ff . requires that the ferrite powder be sufficiently l td  to
adhere to the dielectric .nd that the powder hit the dielectric . ~~~~~~, uot
only is the aim of the ~~ gun important, but also the cross section of
the dielectric in relation to t~~ spray span (see P’igure 6). DielectrIc iu
sert s of sost phas shifter. are relatively ~~~~ 1 1 targets for the arc pl.~~~~
spray end ~~~h of the powder misses the dielectric. The Dsp. 1ff. for the
B-band phas. shifter is approxi te y ho%, as compared to 25% for tht
~~~ilsr C-band dielectric which is lpray.d with a cover (see Pigu 3) to
limit the spray span. ~~~uv.d cover designs should ianduce a n~rroImr
spray span, increasing Dsp. 1ff . and deposition rate.

Th. deposition rate for phase shifter fabrication is defined as U
thic~~~ss of ferrite deposited in one mimate around a one linea r inch length
of dielectric, (nil/mis/in). ~~i deposition rate is dependent on the

6. Paul D. lab., Oil Argentina, Wi Ulim I. 0.urtney, Osrsld 7. flj~~~~ and
Dsnali~ I. 71, “Pabrication and Properties of ~~~~~~~~~ Litbiwe
Perritas, Transaction on l~çitics~ Vol. W~ -8, I~~ ch 19T2.

1.~
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Dep. Ef f. and the amount of powder fed to the plasma gun . gven with the re-
latively low Dsp . 1ff., deposit rates as high as 80 mi/mm /in., can be
achieved . Normally, 12 grams of powder per minute is fed through the arc
plasma gun which produces a deposit rate of 50 mu /mm /in.

f.  Yttri~m~-Iron-Garnet (rIG) A 1200 gauss TIG composition was re-
ceived as a partially reacted powder. Its deposition rate and Def. 1ff.
had the s~~~ dependence on particle size and size distribution as lithi~~ferrite. However, higher arc pl spraying temperatures were required
to obtain a good melt. The YIG powder. were ~~at1y sprayed with an internal
powder feed.. The m v  Dsp. 1ff. of the arc plasma process made YIG even less
attractive as an economical powder for arc pl~~ma Bpraylng. The raw
material costs of the YIG composition are ~~re than ten times that for
lithi~~ ferrite.

ARC PlA~ 4P. SPRAY PARAMETERS

The determination of bow the arc pl ~~~~~~ parameter. affect the magnetic
properties was done ‘with stress free s~imples • Stress free samples are ob-
tained by separating the deposited ferrite frcm the dielectric before
anne*li r~g. In this manner the anneal relieves any stresses resulting from
a coefficient of expansion mismatch between ferrite and dielectric.

a. Arc Plasma Gun Two arc plasma guns ‘were evaluated: a Plasmadyne
14.tnigun with an internal powder feed and a 4tco 4MET with an external pow-
d.er feed (Figure 3) .  It was possible to achieve low microwave losses and
good hysteresis properties with either gun. However, different spray con-
d.itions were required for each gun in order to achieve satisfactory material
properties. The significant difference is that the Internal feed gun ( Pins-
madyne) had to be operated with much higher plasma velocities, no heli~an,
and at a greater spray distance. The internal feed generally produced
samples with higher densities, but was susceptible to loading and had a more
limited range of acceptable spray parameters as compared to the external
feed gun. The external feed gun, modified with a cover (Figure 3) , was
selected for the bulk of this effort.

b. Spray Pir~ mteri The spray parameters, which were varied, inclnde:
arc gai , arc current and spray distance. Just how these parameters affect
the properties of the deposited ferrite is not completely clear. Typical re-
sult., for a range of spray parameters, are presented in Table 3.
TABlE 3. TYPICAL ARC P1A.~* SPRAY PARAMETERS

Arc Gas(cf/hr )* Arc Current Spray Density H0(Oe) B1. (gauss ) Ie7P M8argon/heli~a (Amps) Distance (in.) (~~ J om2)
60/5 34~5 2 3.0 790 -

70/0 1e80 2 11.33 2.8 7140 -

70/7 1400 2 s.18 2.5 760
70/3 360 2 4.28 3.0 680 1100

100/3 260 1-3/4 3.63 - - 1100
100/3 300 ]..‘3/4 3.90 2 • 5 800 1150
100/3 350 1-3/4 4.02 - - 11115
105/0 580 2 14.26 2.8 580 -

110/3 300 2 4.06 - - 1210
cubic feet per hour 12

- 

_________________ _________________ ___



Generally, there is good repeatability of results for a given set of para-
meters when spraying a c~~~~n powder batch as in Table 14.

TABlE 11. REPEATABILITY OF THE APS PROCESS

Arc Ge.s(cf/hr)Arc Current Spray I)enaitX H0((~~) Br(gauss ) k ’ltis
argon/helium (Amps ) Distance (in. ) (ge/cw~)

70/7 1100 2_l/14 11.014 2.6 770 1190
70/7 1400 2-1/4 14.18 2.5 760 1180

In practice, the arc current and spray distance is set at a~~~ accept-
able value, while the arc gas (dwell tima ) is adjusted to produce a good
deposit rate . Two different sets of parameters have produced good C-band
phase shifter results. They are:

1. Arc Current - 330 +10 Amp s
Arc Gas - 75/3 cf/ hr
Spray Distance - 2 j ~ 

in.

2. Arc Current - 350 ~±1O
Arc Gee - 140/6 cf/hr
Spray Distance - 2~~ j ~ in.

The difference between these t~~ spray conditions Is the amount of heat the
powder experiences • ~~nditIon lb. 2, with low argon and high helium, has a
longer dwell time and conduct. more beat to the powder which are coaditione
for large particle-size powders.

The S-band phase shifters were sprayed with similar psr ters, except
the spray distance was greater. This greater spray distance was necessary
in order to compensate for the heat build up associated with the wider
dielectric .

The arc plasma parameters should be set at a condition which produces
a good deposit rate, but not too high a temperature or dwell ti~~~~, in order
to produce a second phase or interaction wi th the dielectric.

c • Anneal Arc pi*~~k deposited ferritea have high microwave losses
and poor hysteresis properties, i.e. high coercive force (a0) and low
remanence (B1.), before annealing. Almost any anneal above 980°C will re-
duce microwave losses to acceptable values • Table 5 is an ex ple of
several anneal cycles and the correspolvilng dielectric loss t ’~~~nt (tan ~ ).

TABLE 5. DIEIEC~~IC LOSS TAlK~ lV1~ OF ANNEAIZD ARC PIA~ I& SPRA~~~~~ T~~~~~lTI

Sam$e Anneal Tan 6

C~~~~rcia1 - - - - 1.27 x 103 16.8
APE 1 5 bra * 10500C 0.33 z iO3 15.8
APE 2 * hr I 10500C 0.63 x io-3 17.0
APE 3 0 hr S 11000C 0.146 x io3 i6.8

13



This table shows that there Is not a significant reduc t ion Of tan ~ between
the ~ hou r and the 5 hour anneal at 1050°C. However, when very high temp-
erature and long dwell time APE parame te rs are used , the ferrite may be
sufficiently reduced and dens e enough to require longer anneal times in
order to produce low b ases .

Since a r~nge of anneal cycles could produce low loss samples , the
main emphasis was to establish an anneal cycle for optimum hysteresis prop-
erties . Table 6 shows the hysteresis properties, H~ ~~~ Br, as a function
of severs.], anneal cycles.

TABlE 6. EFFEC’TS OF A~~~AL CYClE ON BYST~~ESIS PRO~~~TIES OF
ARC PlA~ U DEJ~SITED L1’PBRII FERRITE

Anneal Zero Soak Time 1 Hour Soak Time 14 Hours Soak Time
Temp(°C) R0(öej B1.(G) B~~~~) B

r~
(G
~
) H ( O e ) Br(G)

950 14.2 505 3.6 795 3.2 680
990 3.65 790 3.3 785 2.5 730
1030 3.8 810 2.8 730 2.11 610
1070 2.9 790 1.6 630 1.8 1160
1130 1.3 675 1.25 740 1.75 295

The anneal temperature ranged from 9500C to 1130°C with soak times from zero
to 14 hours. Except for the lowest temperature, 950°C, B

~ 
was maximum for

minimum soak time, while H~ i~ u1d make a significant drop Iran zero and
1 hour soak and then decrease more gradually . Based on these results, it
was concluded that exposure of the sample e.t higher temperatures end short-
er soak times produced the lower B with highest B1. values. The anneal
cycle established for the C-band s&tfter was from ~ 

to 1 hour at 10300C, and
for S-band l~t~ours at 980°C. The longer soak time established for S-band is
attributed to the longer oxygen diffusion ti required for the thicke r
ferrite deposit.

d. Yttr ium Iron Garnet (TI G~ Yttrium Iron garnet could be readily
arc plaama sprayed with either the internal or external powder feed gun ,
since TIC composition is not as volatile as lithium ferrite . However , in
order to optimize the hysteresis prope rt ies, anneal temperatures in excess
of 13000C for more than 5 hours were required. These anneal condition s re-
sulted in an inter action between YIG and its matching dielectric insert ,
zinc titanate, when fabricating phase shifters . Thus, at this point
further effort with the rare earth compositions was discontinued.

e. Ferrite-Dielectric Match Suitable arc pl~~~ spray parameters and
anneal cycles having been established , it was still not possible to fabri-
cate a good phase shifter by arc plasma spraying . All the prell fn ~iy
evaluation was done on stress free samples . However, when the ferrite was

eal.ed while still bonded to the dielectric, stresses were generated Iran
the coefficient of expsneion mi~~~t~h between ferrite and dielectric which
degraded the hysteresis properties. ( significance of this degradation
7. £. Stern and D. ¶, ‘llsgnsto.trictioe Zff cts in P~~~’~~’~ce ~ rame

Shifters,’ Trans., Vol. )Itt-13, p 873, Nov 1965
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is demonstrated by the hysteresis resu],ts of a l2’~2 powder with a coe ff 1 -
d ent of linear eXpaXl B iOfl of lIe .1 x 10 °/°C deposit ed and anpealed around a
lithiu m titanate dielectric with a coefficient of 19.0 x 1O_0/0C. A C~~OBb

sectional slice of the phase shifter element was cut Into two concentr h~
toroide , as depicted in Figu re 7. The inne r toroid, nearest the dielectr i c ,
would exhibit the maximum stress effect. The hysteresis loops in Figure 7
show the effects of the stresses generated by the coefficient of expansion
mismatch . Rema nence was lower and coercive force higher in the highly
stres sed inner toroid when compared to the outer toroid. In orde r to con-
firm that the degradation of the hysteresis properties was due to stre sses
and not to an interaction with the dielectric , both torolds were rean ne~ 1ed
to relax s tresses , i .e. to produc e stress -free toro i ds. Afte r the anneal
the hysteresis loop of the Inner toroid improved considerably as iliustra ted
in Figure 7. The oute r torold had only a small improvement which Indicat es
that some stresses were original ly present in this to rold , i. .e.(at  this dis-
tance fro m the dielectric ). ThIB degradation was found to be present with
eithe r a compressive or a tensile stress. Since a 50 sill ferrite wai.l thick -
ness was required for the C-band phase shifter element , dielectrics with co-
efficients of thermal expansion similar to lithium ferrite had to be develop-
ed.

DIELEC’ rR ICS FOR APS PHASE SnAFr~~S

A program to develop dielectrics for inaerts for the APS fabricated
lithium and yttrium iron gar net phase shifte rs was In itiated . The dielec-
tric requirements were : a) low microwave b a a , b) high dielectr ic con-
st ant (K), and c)  a similar thermal coefficient of linear expansion as the
ferrite to be deposited . R. J . Brand.mayr of the ceramic group of the
US Army Electronics Techno1o~~r and Devices Laboratory was responsible for
this effort .

a. Dielectri c Devebo~ment (by R .  J. Br nd ayr) In the manufacture of
ferrite phase shifters It becomes necessary to bond the ferri te toroid which
can be a YIG ferrite or a lithium ferrite to a low loss cerami c dielectric
substrate by u~e of an epoxy or similar type resin . While this technique
works to some extent, it also baa serious problem areas such as air entrap-
ment, improper alignment of the dielectri c insert , and high costs . Thence ,
the arc plasma process ‘eras devised as a potential means to fabricate these
phase shif ters by spraying ferrite powders through the arc plasma onto a
suitable dielectric substrate , thus elimi nating the problems associated
with cementing the pieces together. However, a significant impediment to
the success of the program existed in trying to obtain suitable substrate s
having the desired compatibility with ferri tes and also the requi red micro-
wave properties of high K, low loss and low TCK. The Freq uency Cont rol and .
Signal Processing Devices Technical Area of the Electronics Comand has been
active ly engaged in developeent of microwave dielectrics having these pro-
pert ies, and a number of materials have keen developed having properties
close to those desired for this program .° The properties of the dielectric
were required to match YIG and lithium ferritea shown in Table 7. Zinc
titanate dielectric ( ZT -75) which was developed unde r an ECCI4 contrac t

8. 0. V. Readey, C. P. Haatwig, E. A. )4aguire, 1). J. Masee ’, “Microwave
High Dielectric Constant Materials ,” Technical Report EC(14-01e55-F ,
June 1971.
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“as determined to have the necessa ry coefficient of ther mal expans ion proper-
ties and microwave electrical properties and serves as a good substrate
for YIG ferrite toroid.s.

‘i’AELg 7. DESIRED ffiopgkrj .~~ OF DIEI~ CTRICS FOR YIG LED Liriu~~ F~~B1TE

FROratcrx TIG SUBSTRATE LITBItII FERRTI~ESUBSTRATE

Coefficient of Thermal
Expansion 11.5 x 10 15 x io 6

ai~i~~~~~ Safe Operating 1400°C for 10000C for
Temperature and Time le hours 4 hours

K (1-9 GHz) 30 30

TAI S 0.0005 0.0005

-400 flW/°C -400 PIiI/°C

It ‘sea decided that LT-75 should be ~~dified by adjusting tha Tb 2 content
to att~~~t to Improve the dielectric constant without seriously affecting
the other properties . This material was found to be a successful substrate
for TIC ferriti torvids • Bare of ~~dified ZT-75 of dimensions 6 in. x 3/Is ia

~ in. were pircbased from the Raytheon Company. The properties of these
bars are shovn in Table 8.

TABLZ 8. ~~OP~RTIES OF MODIFIED MICR(7.JAVE DIZIE~’fl~IC#

LLTJLLLM TITA1A~~ Z~~C T1TAJATE

X -bsad Dielectric Constant 24.42 25.21

rmapsrs~~~ Coefficient of
Dielectric Constant -10.0 -81.7 pjz/°C

X-bsnd Dielectric Loss Tangent 2.64 x 10~’ 8.46 x

Coefficient of Ther l ~~psnsion(x 10
6
/°C) 15.5, 18. 59 11.20

it lithi~~ titanste body Lt20 - 1 • 5 Ti02 which was also developed u~~er an
&(X1( contract , vu reo~~~~~~~d for use as a substrate for arc n1a~ma sprayed
Uthi~~ ferrite toroids. kiusvsr, it was decided to try to lçrwsr the CO-
etficie~~ of thezmel t~cpw~ *os of this body to about 15 x 10° from 

-

19 x 10 so as to ~stob t~~t of 1itbi~~ ferrite . 8amplas
6 ~n. x 3/Is in. x if in., war. also purchased from Raytheon and the proper-
ties of this material arc given in ‘Nbl. 9.

9. J. A. J~ guirs and P. U. 3s~~.y, 08om, Microwave Dielectric )~ teria1e in
the 1LO~ - ?102 - £1203 ~ ‘stma, A~~ Eactreaics Div., 8spte.ber 1974.
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TkBLE 9. MATCHING F~~R1TE AND DIELECTRIC C(I(BINATI0I~~

Ampex Ferrite Type 1ê V114~ Dielectric IC
Ampex Type 244-9-1

3 ~60i ( fu.U..y reacted ) 600 Lithium Titanate 17.6 27
Ampex Type 241i-9~1

3-750 (ruu.y reacted ) 750 Lithium Titanate 17.6 27
Ampex Type 222-2A

3-1200 (partially reacted ) 1200 Lithium Titaziate 13.1 28
Non-Meg Lithium

3-1200 ( ful.Ly reacted) 1200 Ferrite Type 180(3) IA.6 19.5
Non-Nag Lithium

3-1202 (fully reacted) 1200 Ferrite Type 190(3) 114.9 20.0

The samples were processed by weighing out into titanium mills.
Spheres of titanium were also used as the grinding media and methyl alcohol
vas used as the liquid medium. The batches were smelted for about 1.6 hours
and the mills were emptied into open pans which were dried at about 60°c.
The drier material was screened and granulated through a sieve and cslcined
in zirconia crucibles for ten hours in air at 9000C. After calclvtl ng, the
batches were milled and granulated agair. The e p I .e were isostatlcally
pressed and fired in a kiln. The firing temperature. were 1260°C for both
lithium titanate and ZT- 75. For this ~~rk the lithium titsEste was madified
with alumina additions to lower the coefficient of thermal expansion and
the ZT-75 was sodified with additional titanate.

Trans-Tech Inc •, of Gaithersburg, Mi., was also contacted for the par-
pose of purchasing ~~dified samples of their D-30 body in an attempt to
crease the coef icient of thermal expansion, of this body, to 11.5 x 10
aM/or 15 x 10-0 so as to match the YIG and lithium ferrites. A parchase
request was processed in order to acquire sample. of D-30 body which was
sodified with magnesium additions.

b. Dielectric Ferrite Natch In addition to the zino titanate and
lithium titanate dielectrics developed, a series of nsn-~~~~~tic lithium
ferri tes , developed by Dr . Van Book at Raytheon, were also evaluated for
compatibility with arc pl~~~ma sprayed ferri tes .

The zinc titanate dielectric had a good coefficient of expansion
match with yttrium iron garnet. &,vever, the zinc titsnate interacted with
the garnet during the required high temperature anneals (above 1300°C).

Several suitable combinations of lithium ferrite end dielectric
have been established. Table 9 gives the sost favorable ferri te-dielectric
combinations , i.e • those which produce the best hysteresis proper ties. It
is interesting to note that the fully and partially reacted 3-1200 powders
required different dielectrics for optlz hysteresis properties.

ARC PIA~ 4A FABRICA~~~ PEASE Snj .rr~sS

a. Fabrication Technique Using established spray parmeeters with an
appropriate anneal cycle,it is possible to are pl~~~~~~ spray lithium
ferrite, with suitable microwave properties, around a dielectric which has
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a close matchi ng coefficient of expa nsion. The arc plasma fabrication
process is done by spraying ferrite on a rotating dielectric. This spraying
Is done in an oven (Figure 8) which is preheated to decrease thermal shock
and enhance ferrite deposition. While the dielectric is r.~tating , it is
pulled passed the stationary arc plasma gun once, until the desired length
is coated . The rate of pull and the ferrite deposition rate dete rmine the
deposit thickness. The ferrite is over-spr ayed from 20 to 50 mu , and then
the oute r dimensions are machined to tolerance. Figu re 9 shows a C-band
phase shif ter as deposited and after machining. The dielectri c , which ex-
te nds beyond the deposited ferrite , is used for a machining refe rence.

(It ilizing thi s fabr ication techni que , no expensive tooling is requl red
for design changes of the phase shifter, or for spraying phase shifters for
different freque ncy band s . Figure 10 shows two differently designed C-b a~~I
phase shif ters which were sprayed in sequence . This only requi red that a
different size dielectric be used and the rate of pull adjus ted for the
change in ferrite wall thickness .

There are some areas in this fabrication technique where it becames
necessary to exercise care . For example , the gun must nct be too hot or be
too close to the dielectric to cause an irr~versib1e chemical, phase change
or a strong ferrite dielectric interaction. Also, the rotation speed of the
dielectric must be fast erx ugh to avoid thermal cracks in the ferrite.
Thermal cracks can occur during slow rotation , since there is time for
sufficient cooling when one side of the target (ferrite/dielectric) is
turned away from the arc gun, which reheats when turned toward the gun.
This heating and cooling effect has caused cracks in the ferrite deposit.
Though no safe rotation speed has been established., speeds above 60 r~ i are
considered satisfactory.

b. Fabrication Time The fabrication time is dependent on ferrite de-
positF~rn rate and phase shifter dimensions. The economics of the arc plasma
process is dependent upon a high deposition rate. Initially, for the C-band
phase shifter (Figure 9) it was estimated that a minimum deposit rate of
30 miijmin/linear inch would be necessary for the APS process to be con-
sidered ecoz~.ical. Deposition rates of lithium ferrite around dielectrics
have been increased from 20 to 80 mi]./min/linear inch during this two year
effort. This increased deposit rate is attributed to improved pov~iers , pow-
der feed procedures and better spraying techniques

Figure 11 shows the cross sections of several arc plasma fabricated
phase shifters. Based on deposition rates from 30 to 80 mu /mm /linear Inch ,
Table 10 gives the fabrication time for each of these phase shifters. AUoi..-
ing approximately one dollar per minute spraying cost, these fabrication
rates show that for higher frequency phase shifters, the arc pi*~~~ process
is ~~st ecorx~mica1.
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TABLi~ 10. S~~ AYIW TThE AS A FUNC’I~I0N OF DEH)SI’fION RATE

Ferrite Length Deposition Rate (si/mm /in )
1” requency Thickness (Nil) ( inchesi 30 50 50

S 125 7.0 35 sin 21 sin 13 sin
C 50 5.1 13 sin 7.5 sin 5 sin
X 55 2.5 7 sin 11.5 sin 2.5 sin
Ka 20 1.5 2 sin 1.2 sin 0.75 sin

c. C-band Device Results The arc pisitsa C-bend phase shifters were
compared to conventionally fabricated 1200 Gauss TIG phase shifters of the
same dimensions. Table 11 shows the comparison of the Al’S lithium ferrite
phase shifte rs to the conventional TIG. It is interesting to note that
the APS 1202 phase shifter with a lover effective K and lover B than the
conventional TIG, produces just as such differential phase shift .

TABLE 11. DEVICE RESULTS (V APS PRASE Sn.Lrr~iiS

Sample B .(Geuss) Drive(Aspa) b~~ Ioss(dB)

(~ nventional YIG 780 6 350~ 0.9
Al’S 1202 700 15 3500 0 9
APS 1200 560 15 300° 0.7

Length of toroid a 5.111”

A z~~re useful comparison of these phase shifters is the plot of differ-
ential phase shift (~~~~) vs. drive current, Figure 12. These curves show
that the Al’S phase shifters require slightly higher drive currents which can
be reduced wi th zinc substitution 3-1.200. The 3-1200 phase shifte r de-
picted in this figure is the partially reacted powder. The main short-

‘~g of Al’S phase shifters has been the higher drive iequir~~~nt, though
~~re recently this has been reduced s~~~what from that of Figure 12. The
high drive requir~~~nts are associated with the ferrite density which is
less than 95% theoretical. It is felt that as improved powders for spray-
ing are developed, lower drives will be realized.

Recent insertion losses of the APS C-band phase shifters are gener-
ally less than 0.5 dB as compared to 0.9 dB for the conventional 110. .
Figure 13 shows the insertional loss (i dB/Div) and return loss (io dB/Div )
for an Al’S C-band phase shifter. This phase shifter, with an insertion loss
of approximately 0.2 dB, is one of several APR phase shifters which exhibit
these very low losses , low insertion losses for APS phase shifters have
also been measured by D. )~ sse at Raytheon.

d. S-band Device Result. FIgure 1k shows the dimensions of the S-band
phase shifter to be arc plasma sprayed. Since dielectrics long enough for
the 7 inch length were not av~1l~b1e, lengths of 2.33 inches and 3.5 inches
(Figure 15) were arc plasma fabricated.
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Two S-band lithiim~ ferrite compositions were evaluated: an AW pex
600 Gauss composition with a cobalt substitut ion and a 750 Gauss composition.
The ~ ~~ of these compositions when arc pl~ ma sprayed were 8.85 Os and
3.0 Oe, respective ly. These values are ~o% greater than reported for the
s~~~ composition conventionally sinte red . This increase of ~~~~~ which is
a measure of power capacity, 1. attributed to reduced grain size. ~~~~~~~this increased C~~~, coupled with lower megni tic 10.5,21”, results in high ’r
~~ ~~~~stios, which is important for certain power applications •
ratio for arc pi.~a~~ S-band lithit~ ferrites i. 0.35 as compared to 0.19 for
conventionally sintered samples. This is a significant lmprov~~~nt.
Table 12 B”—rizes these mate rial Improvame nts for arc pl ~~~~ sprayed
3-601 and 3-7 50, and compares these results to a conventional 110 ccsvposi-
tion and a conventional 1ithi~~ ferrite

TABLE 12. MAGNETIC LOSS A1~ ~ E~ OF Al’S L1Thfl14 FERRITE

Sample AHk (Oe) u” ~~E~~~(Oe ) AHk/~~Reff

Al’S 3-750 2.96 0.0031 9.1e9 0.312

Al’S 3-601 8.85 0.0061 23.32 0.379

Conventional
TIC 5.97 0.0033 11.55 0.519

‘0Q,nventional
Li Ferrite
3-755 5.05 O.O084 25.50 0.198

Trans-~~ch 0-600
esMpsx 3~755

Arc pl ~~~~ sprayed 600 Gauss phase shifter required the full 7 for 3600
differenti al phase shift , while the 750 fl.us~ cr’.pnsition requir~i only
4 • 5” lengths. Like the C—band arc plasma phase shifters, the S—band was com-
pared to a 680 Gauss gado1ini~~ dopsd yttrit iron garnet. Figure 16 is the
comparison of the APR 601 and Al’S 750 to the st~~~~~d TIC. The ~~~~‘~~ ces of
the APR 60]. and 750 are 250 gauss nd 380 gauss respective ly. The two
3-601 curves represent two different dielectric inserts, one of which pro-
duced more stres ses, thereby reducing the ~~~unt of differential phase shift.
The insertion loss of ~ 7

N phase shifter, two 3.5” sections, is 1.0 dB.
These values of r.manence and loss are not felt to be optim~~ since not as
~~cb effort has been spent on S-band as C-band and the dielectric is not
matched as well.

a. ~~~peratur’e Depen~i~nee and N.g” tostrictj on The high drive
currents, i.e. high coercive forces , ~~~~ it difficult to achieve r—i ~~~~~temperature dependence ssuxr~~~~ts on the arc p’ phase ahiftar. • With
the drive current available, 15 A.~m, and with the hysteresi s asuI~~~~tequi~~~nt, it vms not always possible to be on a major hysteresis loop.
Figure 17 shows how B~ varies with tmaperatur. from -300 to 48000. drive
currents for the APR sample. were apprc~dmats1y 4 tImes the coercive force,
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Figure 17. Temperature Dependence of Al’S These Shifters
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and it is felt that the values of j7% and j lli% variation in B1. over the
specified temperature range are fairly reliable. This temperature stability
is as good or better than that for the standard YIG. A zinc substituted
Al’S 3-1200 phase shifter was drive n in excess of 5 times the coercive force
and yielded a Br variation of jlo% from -30°C to 480°C. This is better than
a convçntionally sintexed sample and as good as the standard TIG composition
selected for phased array applicat ions . This improvement in temperature de -
pendence is primarily attributed to stre sse. which are still present , even
with the beat ferrite-di electric match available; as the temperature is in-
creased, the stresses will relax , which in turn, result in an increase of’ B1..This increase will partially offset the normal decrease in B associated
with a rise in temperature. If this is the phenomena which Is occurring, it
it may be possible , with the proper coefficient of expansion mismatch, to
have the two vari ations of Br offset each other resulting in a temperature
stable B1..

The ~agnetostrictlve effect of an APR C-band phase shifter was measured
by placing it in a press and. exerting pressure similar to the top and bottom
walls of a vaveguide. Pressure up to 3000 psi produced very little change
in B1.; from 3000 to 5000 psi there was a rapid drop in B1., before leveling
off. At 10,000 pal the phase shifter fractured.

f. Reproduc ibility Near the completion of this progr am, several phase
shifters had been fabricated under reasonably similar conditions. Table 13
shows the perfoi~~nce for four Al’S 3-1202 phase shifters at both 10 and 15
ampere drives • The fabrication para meters which were varied with these four
phase shifters were the arc gas from 70/3 to 80/3 (argon/helium in cubic feet
per hour) and the anneal cycles of 1 hour at 1030 deg C to 3 hours at 960°C.
Even with these vari ations , the reproduc ibility of differenti al phase shift
(c ~ ~ ) a~~ insertion loss ( IL ) was very promisi ng.

TABLE 13. ARC PIA~~SA C-BAND PEASORS; ( lithi ~~ ferrite 1202 powder and non-
~egnetic 1ithi~~ ferri te dielectric).

Drive
Current

Thasor lb. Ampere. IL (dB ) Br(Gauss) 
~~ 

(Os)

1 10 300~ 0.7 660 3.4
2 1.0 300° 0.7 660 3.2
3 10 310~ 0.7 650 3.
1 15 3~0O 0.7 700 3.
2 15 340° 0.7 690 3.5
3 15 345° 0.7 680 4.1
4 15 3500 0.7 690 4.0

Another group of six Al’S 3-1200 phase shifters was also sprayed under slight-
ly varied par eters. The differential phase shift , as a function of drive
for these six phase shifters , is shown in Figure 18. These results further
Indi cated that the reproducibility of the arc pl~~~~ process was good, and
that a high yield of acceptable devices could be expected . A high yield is
necessary in orde r to consider the arc p~as~~ process acceptable from the
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standpoint of economy. The actual. yield necessary has not yet been deter-
mined .

Encouraged by the above results, a set of ten phase shifters were fabri-
cated over a three week time f rame, using arc plasma spray parameters and
anneal cycles as identical as possible. However, to simulate a much larger
run , the arc gas tanks were changed and the powder, though similarly pro-
cessed 3-1200, was taken from two dlfYeient batches .

A non-aa~netic lithium ferrite dielectric with an expansion coefficient
of’ 14.6 x l0’°/°C produced the best hysteresis results with this 3-1200
composition. The arc plasma spray parameters selected were:

Arc Gas - Argon/Helium (k6/6) cf/hr
Arc Current - 340 Amperes
Spray Distance - 2-5/8 inches

The anneal consisted of’ a 45 minute soak between 1000°C and 10200C; this was
as close as anneal temperature could be controlled in the spraying oven.

TABLE 14. EYSTER~~IS PH0P~~TI~~ AS A FUNCTION OF DRIVE CURRENT
FOR Al’S 3-1200 PHASE Stu.rr~xS

Drive
(Amperes ) E~ (Os) Br ~~~~~

3 i.4~ 455
4 1.65 620
6 1.85 700
10 2.00 730

Table 1)4 shows the average hysteresis properties for these ten phase shifters .

It was necessary to deter mine the accuracy of the measure ment technique,
which was accomplished by remeasur ing one phase shifter five times. The
drive current vs • differential phase shift curve of Figure 19 shows the re-
sulta of these five measurements • At the higher drives where only small
changes of phase shift with drive occur , the accuracy was j ~4°, which de-
creased to j15 at lover drives. This is because it is difficult to set the
drive precisely on the dc driver used.

The determination of yield would be based on the phase shifter perform-
ance at 10 and 15 amperes. An acceptable differential phase shift variation
would be less than 3100. This allows for j,6° greater tnan the measurement
accuracy which is a tighter requir~~~nt than ror ~~st current phased array
systems. Also the insertion loss would have to be less than 1.0 dB.

The ten arc pl ~~ma phase shifters were fabricated and machined. During
mach ining, one phase shifter was misaligned and machined with 35 all wails ,
as compared to 50 all required . This phase shifter could not even be fixed
in the test fixture, and though not due to the arc p~~.ea procesi, this
phase shifte r was counted as a failure. The othe r nine phase shifters had
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machining variations of 4 3 all, i.e. j6%.

All but one of the nine Al’S phase shi fters had insertion losses equal
to or less than 0.5 dB. The othe r phase shifter had a loss of 0.7 d.B,
thoug h from the accuracy measurements, insertion loss varied as much as
0.15 lB. The diffe renti al phase shift as a function of drive for the nine
APS phase shifters is shown in Figure 20. The net variation for the nine
phase shif ters at 10 and 15 amperes is 115° ; but eight of the nine fall
within the 110° allowed . Eight of the ten phase shifters were acceptable,
produci ng 80% yield rate . The variation in differential phase shift in-
cre ases dramatically at the lower drive currents , but allowing for the
sensitivity of setting the drive currents and for poor control of the anneal
cycle, future results could be significant ly better than this . Considering
the infant state of APS process for fabricati ng phase shifters and the lack
of control in some of the equipeent , the reproducib ility definite ly is
encouraging.

CONCWS IONS

This program has demonstrated that a low loss lithium ferrite phase
shifter can be economically fabricated with the arc plasma spray process.
Further, it can be expected that lower microwave losses can be achieved by
arc pl ~~~~~~~~ spraying than by the more convention al processes .

An attractive featur e of the arc pl asma process is that it can readily
adjust to change s of phase shifte r design and frequency range with a minimum
of expense • This feature proves the arc plasma process to be economical for
the fabr ication of a imach smaller number of phase shifters than othe r pro-
cesses . General ly , with more convention al process es, economics are based
on fabricati ng several hundred thousand phase shifters ,’° while it is esti-
mated that only a few thousand of any one design are requ ired for the arc
plasma process to be considered economical.

It can be expected , based on spray times of Table 10, that for higher
rrequency devices , the arc plasma process will be even more attractive as
compared to any current or experimental. technology under investigation. It
is also expected that, as more advanced arc plasma spray techniques are
developed, improved and lower cost phase shifters will be realized. One
such improvement will occur when spraying is done with the drive wires in
place. This will not only reduce coat by eliminating two dielectric halves,
but it is also expected to reduce the need for mode suppressor s, since the
ferrite phase shifter will be one solid composite from dielectric to wave-
guide , without any air voids.

Also, it is important to remember the significant fact that th is arc
p l Asma spraying effort was done with powder designed for convent ional sinter-
ing processes • It can be expected that Improved devices will be achieved
with ferri te powders specifically developed for the Al’S. It has already
been established that fully reacted powders are desirable for the Al’S
process . Also, it has recently been found that a powder with a narrow size

10. C. R. Boyd, Jr. “Ca~~~nts on the Design and Manufacture of Dual-Ibde
Reciprocal Latching Ferrite Phase Shifters,” Trans., Vol. W1’i-22-
6, pp 593, June 1974. 36
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distribution improves the reproducibi lity of the Al’S process. Neither of
these two characteristics , i.e. fully reacted and narrow size range , are
genera lly desirable for conventional. sinteri ng proces ses . Finally, the
neve r higher power and higher velocity arc p1asm~ guns should also contribute
to improved materia ls and devices from the arc plasma process.
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