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m1 zinc ferrite powdere prepared by flame spraying, fluid bed reactions, anda |
conventional spray dried technique were deposited on ceramic substrates by arc

plasma spraying. The deposition rate was dependent upon the powder preparation
technique. The magnetic properties evaluated were temperature coefficient, the
real part of the permeabiiity tensor, coercive force, and squareness ratio. It was
nctad that the squareness ratic of arc plasma deposited ferrite was substantially
higher than for the same composition conventionally densified. The arc current and
the distance from the arc plasma gun to the substrate influenced the values of tem-
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?P' perature coefficient, permeability tensor,and coercive force. Measurements of

g\ saturatioa magnetization and resistivity of the deposited ferrite were also made, and
& the reproducibility of the arc plasma was evaluated. Possible mechanisms for some

E of the observed phenomena are discussed, :
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ABSTRACT

Nickel zinc fer.ite powders prepared by flame spraying, fluid bed

i reactions, and a conventional spray dried technique were deposited on ceramic
substrates by arc plasma spraying., The deposition rate was dependent upon
the powder preparation tectmique. The magnetic properties evaluated were

. temperature coefficient, the real part of the permeability temsor, coercive
force, and squareness ratio. It was notod that the squureness ratic of arc
plasra deposited ferrite was substantially higher than far the same composi-
tim comventionally densified., The arc current and the distance from the arc
plasma gun to the substrate influenced the values of temperature coefficient,
parmeability temnsor,and coercive force., Measurements of saturation magneti-
sation and resistivity of the deposited ferrite were also made, and the re-
producibility of the arc plasma was evaluated. Possible mechanisms for some
of the observed phenomena are & scussed.
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INTRODUC TION

The arc plasma, Figure 1, has promise as a new ferrite fabrication
technique But, before its fabrication potential could be explored, it was
necestary o develop efficient meaus of depositing ferrite powders on ceramic
substrates and to investigate the effects of the arc plasma operating para-
meters c¢n the ferrite magnetic properties and their reproducibility. The
following information is the experiences and observations of a one year's
iawastigation of tre arc plasma technique. The findings, though encouraging,
79 vt meant to be the final answer in the operation or usefulness of the
%al it 9ma, sinse new effects and procedvres are continuing to appear.

P

Arc plasma spraying is a techmique for melting a material and deposit-
inz 1t in a molten state onto a target. The deposited material is rapidly
cooled to a solid upon contact with the target. The advantages of the arc
plasma over ogher spraying techniques are its higher operating temperatures
(up to 15,000°:) and controlled atmosphere.

Arc plasma deposition being directional in nature, results in a flat-
tening of the molten particles as shown in the electron microscope photograph
of Migure 2. When the molten particles hit the target and are cooled, they
shrink. This shrinkage can be partially compensated by a yielding of the
deposited material or a yielding in the bond to the target; however a certain
amount of stress is expected to be frozen into the deposited particiea. When
these stresses are severe, cracking of the deposited material or the target
occurs. These stresses can he reduced by pirsheating the target. This mini-
mizes the temperature drop experienced by the molten ferrite as it travels
from the gun to the target. The preheating is also helpful in preventing
cracking of certain target materials as a result of thermal shock,
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It was originally thought that the bond betwe -, the deposited coating
and the target was mechanical in nature, but more rwcent information has
shown this to be an over-simplification. Currently, there is svidence that
the bonding that takes place uetween the particles of the deposited material
is similar to the bonding between the deposited material and the target.

For s better bond,it has been found desirable to slightly roughen the target
surface before spraying. The ruughening process not only cleans the target
surface, but tends to restrain and contain the shrinkage of the deposite

material.
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This report presents data and conclusions on arc plasma depositions of
. nickel zinc ferrite powders on ceramic substrate targets. The arc plasma 2
deposition of ferrites, recently developed by Harris and Janowlecki ,1’
presents many problems not previously investigated in the development of the
arc plasma technique. Generally, the arc plasma is used for depositing
metallized coatings where the reducing effects of the arc plasma are desir-
able; for the deposition of ferrites, oxidizing effects are desirable. The
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stresses resulting from the arc plasma deposition are not only of concern

as to their effects on the mechanical properties but also as to their effects
on the magnetic properties of ferrites. Thus, before making the arc plasma
a useful ferrite fabrication tsol, new procedures and the effects of the arc
plamma parameterc had to be investigated.

Mhis report includes the w-vesiigation of deposition techniques, and the
effects of arc plasm:. parameters on magnetic properties, magnetic uniformity,
and the reproducibility cf the msgnetic properties of ferrite materials de-
posited by the arc plaaw techniqus. The ferrite powders used in this inves-

" tigation were prepared by cinventional techniques with spray dried post treat-
ment, fluid bed reaction, i.=na spray reaction, and milled sintered bodies.
Five ceramic substrates were used as targets: forsterite, magnesium titanate,
alumina, HgO-HgAlgOh, and Raytheo: 's K-38.

The arc plasma parameters which were evaluated include arc current,
working distance (distance from arc gun to substrate), and argon versus
oxygen as a carrier gas. The magnetic properties evaluatcd were temperature
coefficient (TC), the real part of the permeability teusor (), coercive
force (H.), saturation magnetization (LTTMs), and squareness ratio (Br/gp).

DISCUSSION

QJubgirates
- 1. Cold Substrate
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The selection of a proper substrate has an important bearing on the
ease with which a farrite can be deposited. This is especially true whem
thick f1lms (> 20 mils) are deposited. Ease of dsposition implies a wide
range of spraying conditions which can be utilized without developing cracks
in elther the substrate ..» the deposited ferrite,

e

The important characteristics to be considered in selecting a

E:. ceramic substrate are its susceptibility to damage by thermal shock and the

: matching of its linear coefficient of thermal gion to that of the fer-
rite being deposited. Pgladino,et al havereport that for hot pressing

i ferrite and ceramic substrategé‘f,oget r, a mismatch in the expansion coef-

- ficient of approximately 1x10™ per "C causes either cracking of the substrate
; or the ferrite. Our experience with the arc plasma deposition of ferrite

3 onto ceramic indicates that such a close match in thermal expansion is not
necessary, but it is certainly helpful.

The linear coefficients of thermal expansion of several ceramic sub-
strates used in this program are given in Table I. These may be compared to
3 the linear coefficigt of expansion of nickel zinc which falls in the range
of 9.0 to 10.6 x 10~ (for the temperature range of 20°C to 320°C)* de-

3 panding upon the actusl composition. These values would be slightly higher
for a greater tempersture range.
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Originally, arc plasma spraying was done with the substrates at
room temperature. Three diffserent substrate materials, in two configura-
tions, were used in this phase of the investigation: alumina (A1203),
magnesium titanate, and steatits. The two configurations were a flat
substrate and a round toroid. The flat substrates were fixed a set distance
in front of the arc gun which was manually passed over the substrate surface.
The ceramic torcid was mounted or a lathe and spun while the arc gun was ‘
moved back and foith over the width of the toroid.

Alumina (by American Lava) was +he most widely used substrate in
this original phase of the investigation tecause of the relatively good suc-
cess achieved with it. Much better success was achieved, with respect to
£i1m adherence and thickness with the toroidal configuration. It was pos-
sible to obtain well adhered farrite films, with thicknesses of up to 30 mils, )
in about 50% of the toroids. The failures were mostly due to the ferrite S
f411m peeling off the toroid, but,in somo cases,the ceramic toroids did crack ‘

due to thermal shock.

In the case of the flat alumina substrates, it was not possible to
deposit a well adhered film greater than 10 mils thick. Normally, as the
£4Im thickness approached 10 mils, the film would peel off. Furthermore,
in approaching thicknesses of 10 mils on flat substrates, very tight spraying
conditions had to be observed (300-500 amperes arc current at a distance of
s inch). It was established for both the flat and toroid substrates that,
as the arc current was increased and the working distance decreased, there
was a tendency for the substrate to crack. When the working distance in~
creased and/or arc current decreased, there was poor film adherence. Roughen-
ing the substrate surface by a quick sandblast did aid the adherence somewhat.
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Steatite, used as a flat substrate, was similar in behavior to
alumina in that with care of arc plasma conditions, it was possible io achieve
a well &dhsred film less than 10 mils thick. Upon polishing the film though,
many small surface cracks were obsgerved.

During this original phase, the successful deposition on magnesiun
titanate (Trans-Tech D-16) was impossible because of the exposure of magne-
sium titanate to thermal shock. It was not possible, for both toroidal and
flat shapes, to get the arc current high enough or the gun close enough for
good film adherence without the substrate cracking. Deposition on over
twenty flat and toroidally shaped magnesium titanate substrates was attempted
without succees. .

i .
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2. Heated Substrate

It became evident that, in ordsr to utilize the wide range of opera-
ting parameters available with the arc plasma and to deposit onto ceramic
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substrates with a reasonazble yield, a modification in the original spraying
: technique was necessary. The modification was to spray onto 2 heated sub-
A strate., This, it was felt, would overcome most of the substrate cracking
dus to thermal shock. The technique decided on for heating the substrate
was to use an oven with a door which would be opened while spraying, as
shown in Figure 3. 1t was agsumed, and later verified, that by proper selec-
tion of oven temperature, the heat loss caused by opening the door could be
compensated for by the heat of the arc plasma.

S (Yo e SN iy 4 £

P

The uge of the oven reduced substrate cracking; it also enhanced the
ferrite to substrate bond. The strength of the bond in most samples was
such that any attempts to separate the ferrite from the substrate resulted in
either the ferrite or substrate separating from itself, leaving the bonded
layer intact. This is not to imply that under some extreme conditions,i.e.,
working distances graater than L inches, arc currents lower than 200 amperes,
and poorly prepared substrates, the film would not separate. However, for
a wide range of spraying conditions very good bonds were realized. Initially,
with the top of the oven vpened and the gun fixed in one position, when the
substrate was slowly drawn undor the arc gun, some cracking occurred in the
flat magnesium titanate-substrates. It was concluded that when the oven was,
opened, the part of the substrate which was not immediately passing under the
3 gun cooled sufficiently, such that it was subjected to thermal shock as it
3 passed under the gun. This problem was mostly alleviated by rapidly passing
E the substrate back and forth undsr the gin. This procedure maintained the
whole substrate near a constant temperature, thus avoiding thermal shock.

Sk

An experiment was conducted to determine the temperature of the
substrate as it passed under the gun. The substrate was removed and replaced
by a thermocouple at the end of a ceramic rods The thermocouple was moved
back and forth in front of the gun at a distance of 1.25 inches and with a
b stroke of 1 inch: Table II compares these results with the original case
y where the thermocouple was in a fixed position in front of the gun. It was
E detarmined that the temperature was lower in the area transversed by the
thermocouple for a given set of spraying conditions. Currently, strokes ap-
proaching 2 inches have been found to be satisfactory for substrates of 1 x
2 inches in  cross~sectional area.

£ o Sdev ol v, Wy Y ST 3 urd N
S PR RS S o 1 T BT A L0 o A T VR o i A . DAL T B T N PR e O B 0 N

1 - f”‘“ -

Using the oven to preheat the substrates, it was possible to deposit
"ilms up to 150 mils thick on flat substrates of magnesium titanate,

,and forsterite with a yield of greater than 90%, The surprising .
fact was t alumina, which without the oven was most successful, exhibited
severai amall cracks after cooling and polishing., This was attributed to the
thermsl expansion mismatch between alumina and the ferrite. Similar charac-
teristics were also noted with steatite, In oneextreme case, where a 120
mil ferrite film was deposited on a 100 mil thick steatite substrate, upon
cooling,the ferrite bent ths steatite emough to crack it. Generally, satis=
factory deposition results were realized after the oven was incorporated into
the procedure.
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Farrite Powders

The process used to produce the ferrite powder to be sprayed has a
significant influence on the arc current required to produce a dense ferrite
film at an acceptable deposition rate. A low arc current is desirable be-
csuse it allows the substrate ind ferrite to be at a lowsr temperature during
deposition. This minimizes the loss of any wvolatile elements from the powder
bedng deposited. It also eases the problem of matching the thermal coef-
ficients of lineer expansion. A rapid deposition rate is important for
economic considerations. At the same time, it aids in the deposition c: a
good film because it decreases the time the substrate is subjected to the
beat of the arc plasma gun.

1. Particle Size

The size of the ferrite powder particle determines the amcunt of
arc current required for a complete melt of the particle to ensure high
density and high deposition rates. Assuming the same powder flow charac-
teristics, smaller particles are more easily carried by a fixed amount of

. AT e, o T Vi UV ook
T G A S T M SRS

x;L gas flow, but it takes many small particles to achieve the same volume of one
o large particle. As a consequence,the deposition rate is low; for example, it
g would take approximately one million 0.1 micron size particles to equal the
. > volume of one 10 micron particls. On the other hand, the larger the particle
: i size, the higher the arc current (more heat) required to achieve a comclete
: melt. The disadvantage of an incomplete melt, where only the outer surface
”“; is in a molten state, is that the deposited film will have a low density.
i Therefore, an optimum particle size for maximum deposition rate must exist,
% but this has not as yet been established.
£ Another disadvantage of the very small particles ( 0.2 micron: is

that when they are fed into the arc gun, they melt so rapidly that they are

in a molten state before leaving the gun nozzle. This creates what is known

as loading -~ a build up of these particles on the port of the nozzia. Wher ;
this build up becomes excessive, small pieces break away and are depnsited !
on the target, causing an inhomogeneity in the deposited film. One wav %o ‘
avold this problem is to use an external powder feed, where the powder .3 e s
in front of the arc gun. The external feed approach with large particie: .
makes a complete melt difficult to achieve. Regardless of the starting

particle size, the deposited ferrite has a small X-ray crystallogrephic :=:gze,
0,02 to 0.13 micron.

2. Powder Types

The selection cf the type of powder to use for an arc plasma pro-
duction process should include consideration of powder cost s availability,
and performance. For this investigation, only performance, which included
deposition rate and arc plasma parameters required for good deposition and
reproducibility, was evaluated. The nickel zinc ferrite powders used in
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this investigation were prepared by flame spray (Ni 5?Zn hBFezoh)’ fludd

bed reaction (Ni.SOZn.soFezoh) , and spray dried ( N:'n,.33211.671”4320h Je The
particle sizes of these powders,as determined by an electron microscope, were

. 0.02 to 0.3 micron, 0.3 to 2,0 microns,and 10 to 100 microns, respectivaly.

The flame spray powders were fully reacted; the fluid bed powders varied from
partially reacted to fully reacted; and the spray dried powders were par-
tially reacted. The spray dried powders were processed by Indiana General,
Inc. using their process and binder. The apparent advantage in using fully
reacted powders is that they are not as susceptable to water absorption.

The deposition characteristics and the ability of the powder to be
easily carried by the carrier gas will vary with the amount of moisture the
powder contains, The best depositicn rates are realized when the ferrite
powder is completely dry. It has been observed that when a powder is left
in the powder feed hopper during a period of high humidity {&#), its de~-
position rate is decreased by more than a factor of two. A precedure used
to avoid moisture pickup is to store excess powder in a dry place. If
moisture is absorbed, the powder should be dried in an ovem. It is also
felt that a smooth powder particle shape is desirable for rapid deposition
rates, since this permits the particles to pass easily over one another,

a. Flame Spray Powder

The flame spray powders which have the smallest particle size
were successfully deposited with arc currents from 250 to 500 A at working
distances from 1-1/2 to 2-3/L inches. The deposition rates for thege
powders were the lowest of the three powder types, 17.0 mils/min/in maxinnm,
which was attributed to the small particle size. In one deposition where
a 400 A arc current and a 3/L inch working distance were used, the deposi-~
tion rate was estimated at 39 mils/min/in<. However, dus to the short work-
ing distance, the arc flame actually touched the substrate, and the ferrite
film was of poor quality. It appeared that the ferrite was in a boiling con-
dition during deposition, and some of the bubbles were quenched intc the
film after the arc gun was turned off. No further evaluation was made on

this film, Densities as high as 99% of theoretical were realized for fer-
rites deposited from flame spray powders.

b. Fluid Bed Powder

Very few samples were made from the fluid bed powders, since
most of the available powders were used in the original phase before the
oven was incorporated as part of the gystem. These few samples Were suc-
cessfully deposited with arc currents from 350 to 600 A #% a wor dis~
tance of 1<% in., Deposition rates waried from 11 to 23 mils/min/in® and
denmsities as high as 97% of theoretical were realized.
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c. Spray Dried Powder

Several samples were prepared fram the commercial spray drict
powder. Arc currents from LS50 to 720 A with working distances from 1-s &
2-3/L in were used. It was observed that whem arc currents below 600 A
were used, a reddish-brown powder was trapped in the film. This was at-
tributed to an incomgleta melt of some of the powder, Deposition rates of
wp to 60 mils/min/in® were obtained and densities as high as 9L% were mea-
sured. Tsble III sho%s some of the results obtained by spraying different
types of powder on rifferent substrates. Although no specific conclusions
caa be reached fr-m these data,they are offered for completeness.

3. Arc Current and Working Distance

Deposition rate is also dependent on the selection of arc current
and working distance. It has been established that with relatively low ar
currents on large working distances, the depcsition rate for a given powder
decreases as shown in Figure L. During these tests, it was observed that
free powder was coming out of the oven when low arc currents and large worx-
ing distances were used. It seems that with low arc currents all the par-
ticles did not completely melt. Furthermore, several particles resolidified
before they hit the target when long working distances were used, thus de-
creasing the deposition rate. This can also explain why there was a signifi-
cant improvement in the adhesion of the ferrite to the =substrate when the
oven was incorporated as part of the deposition technique. The heat of the
oven helped prevent the molten particles from cooling as rapidly as when they
were being gprayed onto an unheated substrate.

. Squareness Ratio

The only apparent effect the choice of the powder type had on the
magnetic properties was on the squareness ratio (Br/Bm) of the deposited fer-
rite. This may be somewhat misleading because of the higher zinc concentrai-
tion in the spray dried powder, and the limited number of fluid bed samyles.
By using a fixed working distance of 1<% in, the flame spray and fluid bed
powders had higher squaremess values than the spray dried powders,a: shown in
Table IV, Assuming that squareness is increased as a result of streases pro-
duced by the arc plasma process, then it can be explained that the smaller
particles of the flsme spray and fluid bed powders experience and mainzain
much more stress upon contact with the substrate because of their corpliete
molten state as comparsd to the larger spray dried particles. This is veri-
fied by the electron microscope results which have shown that only she fla
spray and fluid bed particles have a pranounced shape distortion. The squiur

ness for the spray dried powder,though,is still much higher than on convent: =

ally sintered samples as repor'ced in the literature (typically 0.L8). This

comment 18 proposed as a general cbservation and possible explanation for the
increased squareness ratio. It was also found that a higher squareness rati.
was consistently obtained when the ferrite was annealed at 1280°C for 2 hours
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The results arc ‘ven in

after the substrate had been cub from the ferrite.
Table V,

EBffects of Arc Plasma Parameters

1., Effsct of Substrae

The effects of arc current, working distance, and carrier gas on
temperature coefficient (1C), I.z’, He ,and LWTMs were studied. For completeness,
it is first desirable to describe the effects of the substrates on these mag-
netic properties. All samples were toroidal. Some of the samples had the
ferrite on toroidal substrates; other samples were ferrite toroids cut free
from the ceramic substrate. Some distinct variations in the magnetic proper-

ies were noted for these twyr different sample conditions.

It has already been shown that the ferrites on the substrates exhi-

bited lower squareness ratics than the ferrites cut free from the substrates.

It was also found that the ferrites without the substrate exhibited a more
positive TC than the ferrite on the substrate even after annealing. Table VI
illustrates the effect of the toroidal substrate on the pf and H, characteris-
tics on the depusited ferrit~, It may be observed thataf of the ferrite on
the substrate gemerally exnitited lower values than the ferrite without the
substrate. On the ohhor hand the coercive force of the ferrites with the
substrate generally sexhibited higher values then the ferrites without the
substrate. It should be no:ed that annealing did not change the observed

trend,

An explanation of this phenomenon is that the mismatch in the linear
coefficient of expansion between the ferrite and the substrate affects the
ferrite grain growth at the ferrite-ceramic interface during deposition and
anneal (stresses are introduced). If this assumption is to have some validity,
then the thicker ferrite-~—i-strate samples should have less variation in their
magnetic properties than ihe samples without the substrate. These developed
stresses should be primarily limited to the ferrite near the substrate.

Figure 5 illustrates the percent variation of gf and H, (A Hc=H, -H .
A'F:r thout 11:& th) after anneal as a function of thickness of tﬁ%t?g%%itg"ith’

with the substrate. Due to the limited number of samples tested, a definite
conclusion cannot be drawn btut a general trer i does exist, especially for

He as a function of thickness.

Since the presence of a substrate has an affect on the magnetic
properties, it was necesszry to determine the effects of the arc plasma para-
meters on ferrite toroids with or without substrates. Alse, many cf the early
ferrite deposits were thin {<15 mils), making reliable dimensional measurements
difficult. For these sampl=z,TC was used exclusively as the main magnetic

property for evaluating the nrc plasma parameters, since TC is independent of
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dimensional considerations. Furthermore, the measurerent of IC is very re-
liable, with an accuracy of + 0.1%, and as reported by Lr.Belt, et al, it
is also streecs sensitive. Therefore , when the thickness of the femtes was

sreater than 15 mils, the measurements of u’and H, were considered to be re-
lisvls,

The saturation magnetization mess.rements were only made on deposits
thisker than 25 mils, since the Jerrite had to be cut free from the substrate
for density measurements. Because the small crystailite size in the zs de- =
pozi*ed ferr.tes (usually less +than 0.1 micron ) weuld result primarily in
a rotutional magnetization process, the samples were annealed in order to
achieve reasonable values of y’ and He.
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2. Effects of Arc Current,

Each powder type, couventionali spray dried, fluid bed, and flame
apray, was evaluated separately because of different compositions and particle
size,

b g bty 2R BRI Y

a., Spray Dried Powder

The samples prepared from the conventional spray dried powder, 3

because of its rapid deposition rate, had thicinesses greater than 15 mils. 3
929 Therefore, TC measurements were not used exclusively for evaluation. The
-5 © curves in Figure 6 show the variations in TC with arc current. As expected,

- the higher arc currents produced a more positive TC. s is similar to the
control of TC as developed by a hot pressing technique,” whare a more posi-
tive TC was achieved by higher hot pressing temgeratn'es. Table VII gives E
the results of how ,1’ and H, responded to a 1200°C anneal for two hours, and
o how these samples Compare % a conventionally sintered (1250°C) sample. It
. can be agsumed that,generally,the higher the arc currents,the higher the
and the lower the Hc, before and after anneal. Though the values of
4 not as high as the value of the conventionally sintered sample, it is uur-
rently felt that a higher g; is possible with an improved anneal cycle. The

- squareness ratios are also included in Table VII to show that no clear trend 3

AT
Aird giidtn v T
= _l; v YAy

i exists as a function of arc current.

Another interesting observation was that the adjusted L¥PMs of f
the deposited ferrite varied from L100 to LS00 Gauss as compared to 3600 ;
Gauss for the conventionally sintered sample., The adjusted LTPMs of the arc .
1 E plasma samples is the measured LWMs divided by the percent of theoretical !
g density of the sample. This compensates for the density differences which
- were from 14¥ to 28% higher than the conventional sample. The conventional
< sample had a density of 85% of theoretical as compared to 91% to 9L4% of
12 theoretical density for the arc plasma samples.
£ b. ¥luid Bed Powder
‘ Only a limited number of samples prepared from the fluid-bed
3
W 9
r’
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powder were used in the evaluation of the drc plasma parameters bacause

of the limited amount of powder available. The results from these samples
wore similar to thoge reported for the convemticnal spray dried powder. The
curves in Figure 7 show the effect of arc current on TC. The fluid bed
curves are similar to the conventional spray dried TC curves in that the
higher arc currents p)éoduce a more positive T0, These values mgy be compared
to a TC of 42000 ppm/ C for a conventionally sintered fluid bed sample. The |
significance of these TC curves is that it was possible to produce a temperz-
ture stable (TC=0) ferrite with a linear characteristic (+0,15%) by arc plas-
ma deposition. fThis is of econcmic importance because the production costs
of temperaturs stable toroids by the arc plasma daposition technique are es-
timated to be from one to two orders of ?agnitude less than a preyicusly da~
veloped flame spray hot press technique.’ Table VIII shows how a1 and H,
responded to several arc currents at a working distance of 1-% in. The
values of Al and He after annealing exhibit an improvement over th conven-
tionally gintered sample which had a low density (60% of theorsetical). Also,
the toroid,without the substrate, deposited with a 500 A arc cyrrent had
values of al and H, similar to those reported in the literature“ after anneal-

ing.
¢. Flame Spray Powder

In view of the lower deposition rate of the flame spray powder,
(N1 goZn h8) many of the ferrite deposits were vnder 15 mils thick and TC

- Wwas used exclusively to evaluate the arc plasma parameters. Tables IX and X

show the effects of arc current and working distance on TC, af, and Hy.

There is a gimilar trend in the variations of arc currant and working dis-
tance in that as arc current is increased or working distance is decreased
TC becomes more positive, ol increases, and ¥, decreases. It is felt that the
flsme spray powder, because of its fine grain size (0.02 to 0.10 micron) and
high cost (approximately $25/1b), is the most unsvitable of the three powder
types investigated for arc plasma depositions. The fine grain size not only
results in a low, deposition rate, tut maker .t difficult to achieve reason-
able values of Al and H,, The best values ot ma’and H, obtained were 175 and
2.2 Oe, respectively. These values may be compared to approximately 240 and
1,5 Oe for a similar commercial sample.

3., Carrier Gas

The other arc plasma parameter investigated was the carrier gas.

This was done by substituting oxygen for argon; the latter was used in the
previous samples discussed. This carrier gar substitution had very little
affect on Al H., and squareness ratio, as shown in Table XI. The selection
of oxygen as the substitute carrier zas was done specifically to determine
the effects on resistivity. It has been established that the presence of
ferrous iron in a nickel ferrite will not only decrease the resistivity, but
it will also enhance the squareness,’ This would offer another explanation
for the high squareness ratios reported for the arc plasma deposited samples.

10
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The sensitivity of the resiskivity of nickel zinc ferrite to ferrous iron,
as reported by Sn%t and Wijn, can be sh by comparing Ni §Zn 5F°20h with a
resistivity of 10 ogm/cm to M )gZn )gFe" oFe,0) which has -
a resistivity of 10° om/em., ° " 6
If the arc plasma deposition ylelded a high resistivity, approximately 10
om/cm, and also a high squareness ratio, then it would have to be assumed
that the improved squareness is primarily a resul® of stress effects. Based
on a series of deposited ferrite samples given in Tabla XII, it is shown that
relatively high values of squareness ratios and high resistivities ware
obtained, Actually, there is no clear rslationship between squareness and
resistivity. Thus, it is felt that stresses are the main factor in the im-
proved squareness observed in the arc plasma deposited samples. The oxygen
carrisr gas does appear to have an influence in achieving bigh resistivities,
gince the three samples with resistivities greater than 10° ohm/cm were de-
posited with an oxygen carrier gas,

It is also believed that the loading phenomenon occurring when the
fine powders are fed internally into the arc gun has a significant affect on
the resistivity of the deposited samples. This is based on obsarvations of
consecutive depositions in which those with the greatest loading problem re-
sulted in les with low resistivities. The sample with the lowest resis-
tivity, 7x10° ohm/cm, which was deposited with an oxygen cerrier gas, supports
this. Also, tw randomly selected samples deposited with an argon carrier
gas from the conventional spray dried powder, fgr which loading was never a
problem, had resistivities of 5 x 10° and 1 x 10° ohm/cm, More recent werk
with a Mg Mn ferrite powder, 5ed externally into the arc flames, produced
resistivities greater than 107 ohm/cm. It is concluded that in order to
consistently achieve high resistivities, it is necessary to select the proper
feed, internal or external, for a given powder particle size and to use an
oxidizing carrier gas.

ducibili

The reproducibility of arc plasma deposited ferrites
was also evaluated. Before reproducibility could be evaluated, it was de-
sirable to first establish the magnetic uniformity of a ferrite deposited on
a 1x2 in substrate. To determine magnetic uniformity, two toroids from each
deposition were measured and annealed under identical conditions, Table XIII
shows the results of six such pairs of toroids. As can be observed, the
magnetic wniformity within a single deposition is generally good, both before
and after annealing. Therefore, it is felt that a toroid can be cut from any
part of the deposited ferrite snd possess the magnetic properties reprezenta-
tive of the total deposition, )

The reproducibility was determined by examining depositions of
two or more consecutive samples using identical arsc plasma parameters.
These depositions fabricated over a time gpan from as litile as a fsw minutes
apart to as long as several days apart. It was observed that when longer
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time spans were used between depositions, the deposition rate decreased. It
is belisved that excessive moisture, picked up during the idle period, con-
tributed to the decrease of the deposition rate. This observation was made
after all the samples had been deposited. No attempt had been made to keep
the deposition rate constant during the time lapsed depositions., Table XIV
shows the results of these experiments which were used to determine reproduci-
bility. The variations of TC, s and H, are greater than those observed in
the determination of magnetic uniformity. This indicates that there is need
for improving the control of the arc plasma gystem. The samples in Table XIV
are listed in the chronological order in which they were deposited. It may
be stated,therefore, that some improvement in reproducibility has been gchieved,

" during the time span of this investigation. That is, the conventional
gpray dried samples were deposited early in this investigation while the
flasme spray samples with TC of +4SO and +400 ppm/9C were deposited near the
end,after several refinements had been introduced in the deposition technique,
The values of gf and H_ for the samples listed last, seem to indicate better
reproducible results.® Further improvements in the arc plasma deposition
technique will be introduced in the future and it is felt that reproducibil-
ity of ’a' and He to within + 10% is a realistic expectation.

CONCLUSIONS

The most important aspect of depositing ferrite on a ceramic substrate
is the praheating of the substrate. The preheat decreases thermal shock,
and aids in the ferrite to substrate bond. Further, there is evidence that
the linear coefficlients of thermal expansion of the substrate and ferrite
should be as similar as possible to avoid cracking of sither the substrate
or ferrite during the time that the composite toroid returns to room tempera-
ture. This is believed to be especially important for thick deposits.

The effects the substrate has on the magnetic properties of the deposi~
ted ferrite are determined by comparing the properties of ferrite-sabstrate
composite taroids to the properties of ferrite toroids with the substrate
removed., It was estahlished that the ferrite-substrate toroids had lower
values of gf, IC , and squareness rablos, and higher values of H,. This
effect was most apparent for the thinner ferrite depositions. It would be
useful to investigate the variation of the magnetic properties of the fer-
rite~substrate toroids with linear coefficient of expansion. Also, it would
be desirable to know if any differences can be controlled by the cooling
rate after the arc plasmma deposition and annealing cycle.

The preparation and particle size of the ferrite powder has been found
t0 be the moat important factor in achieving high deposition rates., Also,
the powder characteristics are important for determining the arc current and
working distance necessary to achieve good deposits; i.e,,high density,
singls phase, and good bond. Based on the powder types investigated (flame-
spray, fluid-bed, and conventional spray-dried), it is estimated that a
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particle size in the range of 1 to 10 microns is best for realizing good
deposition rates with moderate arc currents and working distances.

Arc current and working distance were the two arc plasma parameters most
thoroughly investigated. They were found to have significant effect on the
magnetic properties (p} H,, and TC) both before and after amealing. There
are 1imits as how much the working distances can be varied. If the working
dstance i8 too short (normally 1-3% in), the ferrite will remain in a molten =
state on the substrate during deposition and a tendency exists for the sube
strate to melt. If the working distance is too long, the ferrite does not
adhere to the substrate; this is also the experience with low arc currents.
Generally, it is concluded that to achievs a high }{ and a low Ho a high arc
current and short working distance is desirable. e selection of a carrier
gas, either inert or oxidizing, had ro apparent effect on the magnetic prop-
erties but did affect the ferrite resistivity. Another arc plasma parameter
which should be investigated is arc zas. Argon was used completely in this
1: vestigation. The other possible arc gases are helium, nitroger, and hydro-
gen. The use of higher velocity nozzles could also offer significant advane
tages in lowering the arc currents and increasing the working distances.

Greater material stresses would be developed by the higher velocities, re-
sulting in even greater improvement in squareness.

w

The reproducibility of the arc plasma has been found to be reasonably
good, considering the effort expended in‘this area. It is expected that as
further modifications are made the reproducibility will improve.

It is felt that the arc plasma can be a useful technique for the fabri-
cation of specific ferrite components such as temperature stabla cores and
other components where a ferrite to ceramic bond is required. Also, the arc
plasma may be useful for improving certain material characteristics such as
squareness and LyyMs.
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Table I

TRV W DL

LINEAR COEFFICIENT OF EXPANSION OF CERAMIC SUBSTRATES,

Substrate

Alumina

(Am. Lava) 25° - 700°C

Alumina
(Trunus-Tech, D-9)

Steatite 25° - 300°C
(Am . Lava) 25° - 700°C

Magnesium Titanate
(Trans-Tech, D-16)

MgO MgAl,0,
{Trans-Tech)

Forsterite
(Trans-Tech, D-6)

25° - 300°C
25° « 700°C

Forsterite
(Am. Lava)

K-38 -
{Raytheon)

Table II

Linear Coefficient of
Thermal Expansion (per °C)

Relative Diel
Constant
7.5 X 10
5 x 1076 9.5
v 1n=b
8.0'X 1072 5.7
8.7X 10
7.5 X 10°6 16
10 X 10°6 9.0
10 x 10~ 6.5
-6
10.0 X 10
11.2 X 10°6 6.0
l‘6
~11X10 38

TEMPERATURE PRODUCED BY ARC PLASMA
AT A DISTANCE OF 1-1/4 INCHES.

{Fixed Position)

200 840°C
400 1050°C
500 Thermocouple and alumina
casing melted

Thermocouple Temperature

Thermocouple Temperature

200°C

970°C

0y e
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2 Table III
& SUBSTRATES USED FOR ARC PLASMA DEPOSITION.
' "
g Oven @
-] g
. £w g Temp |4
A " ® - o -
; s8| AT dEE
ke £ o
3 [3) - 8 N ot ~d
E S oS | MiA
: Substrate |< E ' i" fxy Comment
: Commercial Spray Dried Powder

& n __
¢  Magnesium ' . Substrate cracked-
7 é Titanate 4501 1-1/2{750| 720| 35 | pelq together by ferrite
i ¢ Magnesium | .01, ), 5l850{950{ 25| Crack-free, well-adhered film
3 ; Titanate
{ Magnesium 570! 1-1/2[04001100| 60| One crack in substrate
: Titanate
i % Ma.gnenum 570| 2 760]770| 61| One crack in substrate
{ Titanate
: ; Magnesium | .015_3/4950{570| 28| Crack-free sample
Titanate
Mg0-MgAl,0, 2 |o00|880] 10| Crack-free, well-adhered film
. Mg0-MgAl, 041700} 2 8901930} 30 | Crack-free, well-adhered film
Mg0-MgAl,041 700} 2 960/930{ 36 | Crack-free, well-adhered film

Fluid Bed Powder

Steatite 350 [-”2 730[800 55| Gracks in aeposxtea ferrite

F Magnesium | 350 _1/21800{750] 10 | Two cracks in substrate

3 Titanate

3 Magnesium | ,406l1-1/2/750{230| 12| Crack-free, well-adhered film

3 i Titanate

. Steatite 400]| & 75019501 40 [ Cracks in deposited ferrite T
§: Mi}gnesmm 500{1-1/2{900{7€0| 22 | Crack~-free, well-adhered film 3
; : Titanate -
' . Magnesium | o0l 51020[1040 10 | Crack-free, well-adhered film
3 Titanate 3
i
‘i }%

3
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Table TIT . 3o

SUBSTRATES USED FOR ARC PLASMA DEPOSITTON (Contimus v

‘,31‘

E

3

£

v ® “

" 2 Oven 5 ©

~ 8 Tem N
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Flame Spray Powder X é

Magnesiu :’ i
Tifan:tem 300)2 700/580| 12 | Crack~free sample ‘ %
Magnesium . . . {2
Titanate 300{1-3/4[520{550| 4| Film peeled off-subatrate cracked .
Magnesi %
Titg::at?m 300/1-3/4[600{530| 10 | One crack in substrate :E;
Magnesium . . %
Titanate 400]1-3/4[760{680| 11 | One crack in substrate ;
Magnesium 2
Titanate 500[1-3/4|700{800| 34 | Crack-free, well-adhered film é
Fosterite 4002 70{560{ 41 | Poor film adherence-substrate cracked §
Fosterite 400]1-3/419201700] 27| Crack-free, well-adhered film 3
Fosterite 400]1-3/4/940] ~- | 32| Crack-free, well-adhered film 3
Fosterite 40011-3/41850] -- | 74| Crack-free, well-adhered film :
. } g
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Table IV
SQUARENESS AS A FUNCTION OF POWVWDER TYPE,

~

(Working Distance = 1-1/2 In)

Arc Current Squareness

Powder Type (Amperes) Ratio

Flame Spray 350 .83
400 .87 g
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400 .89 . ~
500 7% % ;
500 . 34 ©
Fluid Bed 350 .90 :
500 .87 g
600 .91 R :

Spray Dried 450 .65 o
570 .84 ok
570 .73 s
600 .76 N
660 .73
720 .69

Table V
SQUARENEFESS RATIO AFTER ANNEAL
WITIHI AND WITHOUT SUBSTRATE.

Arc Current Working Distance | Squareness Ratio .

(Amperes) (Inches) With | Without

400 2-1/8 .77 .84
400 2-1/8 .81 .85
400 1-3/4 .75 .82
500 1-1/2 .76 .84
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Table VII
EFFECTS OF ARC CURRENT ON p” AND H,

AT A WORKING DISTANCE OF 1-1/2 IN
(CONVENTIONAL SPRAY DRIED POWDER ).

Before Anneal After Anneal
! Arc Anneal With or
Current He Temp , | He Squareness | Without
: (Amperes) | n/ |(oe) | (°C) | p Ratio Substrate
450 13.0 1.0 with
570 53,0 | -- {1200 180] 2.6 .83 with
E 570 130.0 | 3.0 | 1200 360 1.5 .13 with
600 79.0 | 4,8 | 1200 250f 1.7 W77 with
660 230.0 | 1.6 | 1200 320| 0.8 .64 with
5 720 204,0 | 1.4 | 1200 345| 0.6 .67 without
4 Conventional Sintered 1250 5751 0.6 «50 without
Table VIII
3 EFFECTS OF ARC CURRENT ON u” AND Hc
AT A WORRING DISTANCE OF I=172 IN—
(FLUID BED POWDER ),
3, Before
g ) Anneal After Anneal
’ > Arc Anneal With or
e Current H¢ Tcimp . , He | squareness Without
-3 (Amperes)| n’ |(0Oe)| (°C) | p7 |(Oe) Ratio Substrate
350 34| --| 1240 | 155 | 2.4 .90 with
3 500 38| 20 | 1230 155 | 1.8 .86 with
5 { 600 39| 19 | 1240 | 135 | 1.8 .90 with
1 500 461 --1| 1240 | 203 | 1.2 .88 without
Conventional Sintered @12590 73 | 2.0 .73 without
St 6~ g8 240 | 1.5 - without
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Table IX “h
EFFECTS OF ARL LURRENT ONp” AND H_

AT A WORKING DISTANCE OF 1-3/4 IN
(FLAME SPRAY PCWDER (WITH SUBSTRATE) .

2

Kool

2%

A

,::é
. Beiore Anneal After Anneal ;f
Arc Anneal Film E
Current TC , He | Temp | | He | Squareness | Thickness i
(amperes) |(ppm/°C] (Oe) (Ce) Ratio (miis)
300 + 85 feo| ~- i - -] -- -- 1.5 K
. 54 300 +120 | eef == | == -r] e- -- 2 i
i 350 0 . S Y e 6 ’
- B 400 + 75 |ee| -- - I - 6 ;
: 400 +150 | == -- e S -- 3 .
, Sa 400 +210 | 28] 17 1280 |113}] 3.5 .7 30
. 500 +170 | ee] == -- ac| o - 3
500 +400 |38} 15 1280 |120) 3.3 .8 30
: 500 +450 |45] 12 1260 | 110 2.5 .84 20
3
3
j 3 Table X
EFFECTS OF WORKING DISTANCE ON p’ AND He WITH AN ARC CURRENT
OF 400 A (FLAME SPRAY POWDER (WITHOUT SUBSTRATE)). \
b R
: Before Anneal After Anneal
§i Working Anneal Film
§ Distance TC H Temp He | Squareness | Thickness
| tinches) | wpm/°C)| pf | (0e) | (°C) | p” | (0e)|  Ratio (mils)
- f 2-3/4 =70 11} - 1300 |103] 5,0 .78 30
5 2-3/4 -110 13| - 1300 }100} 5.0 .79 18 ;
' 2-1/2 +50 4] - .- we | e .o 10 \
2 0 16| -~ | 1280 [113] 5.0 .80 40
{ 1.3/4 +20 27| 21 1310 | 144 | 3.1 .86 80
Al 3

£ e
o xt e e

21 A
3
3
“+
. 3:
o - M —— - .- T2

. _ - LT it NSRS i A £ sem 5=

g e Eaa s e e R T 3 >




Table X1
EI"’FECTS OF CARRIER GAS ON p,. Heo AND SQUARENESS RATIO

e R S T e e e s L R R R Rt 1 e e L S PR S

»

Squareness
Ratio
3 32| -- | 1330 [115] 2.4 .89
5 128 | -- 1280 111 | 3.4 .70
25| 21 | 1310 |138} 3.1 .85
25| 22 | 1310 120 3.5 .88
; ST
OXYGFEN
'~: SRR,
97| 5.2 .85
96 | 4.2 .88
118 | 2.5 .89
. 102 | 2.5 .65
122 | 3.8 .80
- =}
Table XII
COMPARISON OF RESISTIVITY AND SQUARENESS RATIO,
1, Resistivity | Squareness | Carrier .
(ohm/cm) Ratio Gas Anneal Conditions -
air anneal - fast cool
3 0, air anneal - fast cool
3 0 air anneal - fast cool
Argo: | 02 anneal - slow cool
3 Argon air anneal - slow cool
Argon Og_anneal - fast cool
Argon | 0, anneal - fast cool
02 air anneal - fast cool
q Argon air anneal - fast cool
Argon air anneal - fast cool
02 air anneal - fast cool
22
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FIG.| ARC PLASMA DEPOSITION TECHNIQUE.
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Table XIII '
MAGNETIC PROPERTIES OF PAIRS OF TOROIDS

CUT FROM SAME SUBSTRATE, BEFORE AND AFTER ANNEA-L.
Afte Anneal Il

-

L
. d A
IO QEEL VLR FE R w5 4 A *h(’n ﬁ

WY

Before Anneal

L ’ Toroid TC Squareness
3 Powder # [ppm/*CY p’ Ratio :
5 . - - M K 3
é ) lO - L) -
16| -~ {113} 5.0 .80
25| 21 [138] 3.1 .84
27| 21 |144| 3.1 .86
% 11| -- [103] 5.0 .75
: 11] -- |103] 5.0 .78
% 11| -- ] 88| 4.6 .84
g 11} -<]91] 5.0 .83
=k 24| 20 | 95| 3.2 .65
4 23| 24 [103] 3.2 .67
é:
P, Table XIV

REPRODUCIBILITY OF MAGNETIC PROPERTIES
BY ARC PLASMA DEPOSITION,

L
E
%

3 Conv
Spray Dried .e 130 3.0[300] 1.5 N
Conv 1 -- 42112.01160| 3.0 .80
: Spray Dried 2 -e 531 11.0 j220| 2.3 .78
1 +290 25| -- | 62] 5.0 .85
Flame 2 +90 23| --| 97| 3.5 .85
g Spray 3 + 80 11] -- | 88| 4.6 .84
4 . 11| -- | 91} 5.0 .83
1 1 |+140 25| 22 |120] 3.5 .89
2 t;;::; 2 | +0 |2s| 21 138] 3.1] .4
3 3 +90 277 21 [140} 3.1 .86
§ Flame 1 |+450 | 45] 13 [110] 2.5 8¢ |
: 2 | +400 15 {120 1 I
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FIG.2 ELECTRON MICRCSCOPE PHOTOGRAPH (5000 X) SHOWING THE
EFFECTS OF ARC PLASMA DEPOSITION ON PARTICLE SHAPE.
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(a) DEPOSITION RATE AS A FUNCTION OF WORKING

DEPOSITION RATE ( MILS/MIN/IN2)

DISTANCE WITH AN ARC CURRENT OF 400 A.

ARC
CURRENT
(A)
600~
400}-
200~
I L i 1
0 10 20 30

(b) DEPOSITION RATE AS A FUNCTION OF ARC CURRENT,

FiG.4 DEPOSITION RATE AS A FUNCTION OF WORKING
DISTANCE AND ARC CURRENT.

DEPOSITION RATE{MILS/MIN/INZ)

{ 172 IN WORKING DISTANCE.
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) FIG. 6 EFFECT OF ARC CURRENT ON TC AT A WORKING DIS
(CONVENTIONAL POWDER). TANCE OF 1-1/2 IN
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FIG. 7 EFFECTS OF ARC CURRENT ON TC AT A WORKING DISTANCE OF 1-1/2 IN
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