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PREFACE

It has been known for many years that magnetic materials lose their

magnetic properties at a temperature called the Curie temperature. An initial

i
{

examination of this effect shoﬁed it had been used in temperature.sensing by
an ansalog application by K. Mura.kamil invl96h and there are commercial products
that use this effect to reduce the magnetic reluctance of relay and solenoid
devices, As a preliminéry program of research, it was decided to investigate
the various magnetic properties to determine how materials might be character-
ized and synthesized. This volume of the Final Report is a detailed account

of the project. It was completed in May 1970 as a Master's Degree thesis.

1. K. Murakami, "The Characteristics of Ferrite Cores with Low Curie Temperature
and their Application," IEEE Trans Mag., June 1965, pp 96-100.
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“ABSTRACT

A study has been made of the feasibility of using the discontinuous per-
meability versus temperature characteristics of some magnetic materials for
a digital temperature transducer and a therma]]ylcontrolled ON-OFF switch.
In the latter application, the AC impedance of aétoroidal inductor was used
as an ON-OFF switch in series with a ]oaq. Below the transition temperature
the inductance (and iﬁpedence) are high.and the SWitch is OFF, while above
the transition temperature the‘inductanCe goes to zero and the switcﬁ i; ON.
This AC impedance switch is approaching the ultimate in relfabiiity because
of its simplicity (consisting only of a magnetic core and wire),‘shock and
~vibration 1nsensitivity, radiation resistance, lack of moving parts and sta-
bi]ity with time. 1In the former app]ication, a.-string of cores with Curie
- temperatures spaced at a given interval are interrogated by a current input.
The number of output pulses corresponds to the humber of cores in the mag-
netic state. Simple logic converts the number of output pulse to a digital
word recognizable by the system.

We have concentrated our efforts on materials with Curie temperatures
Vbetween 0 and 100°C. One compound has the composition Mns_xFeXGe3 where
~the amount of iron determines the~trahsitjon temperature. The other com-
pound is Ni-Zn ferrite and has the composition Ni]_xanFe1.9504, where the
nickel: zinc ratio determines the”trensition temperature. A detai]ed report

of'materials-prepared is presented. We have constructed toroidal inductors

.. of the material and measured the changerin inductance with temperature.

In view of these initial measurements, it is felt that a transdueer
utilizing the permeability versus temperature charécteristics of these ma-
teria]s has promisevas{a reliable and sensitive solid state digital temp-
~erature transducer; |
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I. THEORY
A. INTRODUCTION AND CLASSIFICATION OF MAGNETIC MATERIALS

Magnetic ﬁateria]s can be classified into five major categories accord-
ing to magnetic behavior: . |
1. Diamagnetic;
2. Paramagnetic;
3. Ferromagnetic;
4. Antiferrpmagnetic;
5. Férrimagnetic.

The three parameters which describe the magnetic behavior of a material
are: the magnetic field intensity H, the magnetic flux density B, and the |
magnetization M]; For a toroid or 1ong'soienoid

B = “O(H + M) weber/m2
where Mo is the permeability of free)space in‘hénrys per meter. A]so

| B = H = TRTI, | |

" -where u is the permeability of the material and ur is the relative permeabil- "

ity (;ﬁ). The magnetization is related to the fie]d by | ‘
M= xH

where x is fhe magnetic-susceptibility. The macroscopic magnetization M is

defined as the average density per unit volume of the magnetic moments in a

given direction. It should be noted that the magnetic parameters introduced
above are vector quantities. The magnetization M is not necessarily coinci-
dent in direction with and proportional to the external field.  If the mag-

netic vectors are not parallel, the relationship between B and H must be ex-
pressed with the aid of a permeabf]ity tensor . Simi]arly, M is related to
"'H through the suscepiibi]ity tensor x. For the materials presented in this

paper, x and’ p redUce to‘scalar_quantjtjes. ‘ |
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A diamagnetic substance is unidue due to the fact that its susceptibil-
ity is negative beéadée the induéed magnetic momént:aiways oppbses the ab-
plied field. There is no moment arising from fhe’electron spin or orbital
motions, therefore, diamagnetism occurs through a deformation of the electric
charge distribution when a field is applied and disappears when the field is

3 o -]0'4) compared

Aremoved. The susceptibility is usually very small (-10"
to paramagnetic and ferromagnetic susceptibi]itiesz, and is of littlé-impor-
tance in this report. |

| In a paramagnetic material, the individual atoms possess magnetic‘mo-
ménts3. In contrast to diamagnetic materials, permanent magnétic dipoles
exist in substances whose constituent ions or atoms have incomplete shells
so that they ppssess.some-uncancelled orbita]imomentum and unpaired spins.
The magnetic.dipo]es of paramagnetic materials are randomly oriented in the
absence of an applied field and there is no net magnetization in any given
direction. When a field is applied, the effect is to turn the dipoles
'slightly in the direction of the field so that statistically there are mbre
dipoles pointing in fhe direction of B than in the dbposite direction. ‘The

2

susceptibility is positive and small (~ 107° to ]O']), but thermal agitation

of the dipoles prevails and they are only partially aligned with the applied
field?. | '

The magnetic dipole moments in a ferromagnetic material are strongly
aligned in the same direction. As a result, a spontaneous magnetization
- exists, that is, even in the absence of an applied field there is a magnetic

5 postulated that the alignment is due to a strong interaction

moment. Weiss
between the atomic dipoles, called the molecular or Weiss field. This in-
teraction is of quantum-mechanitai nature and is assumed proportional to the

magnetization. The dipole alignment is temperature dependent since therma}



agitation increases as températufe fncreaﬁes. As a result, the spontaneous
magnetiiation is temperature dependent. 'As 1ong és the molecular field is
strong énough to compete with this thermal agitation, the a]ignment remains
and the material is still ferromagnetic. However, as temperature increases,
thermal motion dominates aﬁd fewer dipoles are éligned; At a critical temp-
erature called the Curie'temperature, dipole a]ignmént disappears ‘and the
material becomes paramagnetic. Above the Curie point, the susceptibility
obeys the Curie-Weiss law, which states that %-rises from zefo at the Curie
point aqd increasesAlinearly with temperature.

The fact that a ferromagnétic material may show no external evidence of
being magnetized in spite of the spontaneous magnetization present led to
the postu]dtion of small regiohs called domains. In these regions (Weiss
dbmainsj there is a uniform magnetization, but the directions of the mag-
netization vectors are such that_éancellation occurs with no externally ap-
plied field. When a field is applied, the magnetization process 66curs
either Ey rotation of the direttion of the magnetization in the domains
(domain rotation) or by motion of the walls separating the domains. The
process of reorientation of the vectors is accomplished with é much smaller
fiéld s%rength than in a paramagnetic substance.

The simplest ferrimagnetic material is composed of two interpenetrat-
“ing lattices, each sublattice being ferromagnetic6. Systems with more than
two subiattices may occur, but the molecular field theory for a two sub-
lattice system predicts the main featufes observed for the majority of
known ferrimagnetic materials. The materials under discussion here are
cowposéd of two magnetic sublattices, commonly referred to as sublattices
A and B. If the sublattices are occupied by identical ions and are anti-

' pafa]]el, the resultant moment will be zero (MA = MB) and the material'is



said to be antiferromagnetic. The case of interest here is when there is a
net moment (MA # MB) giving rise to ferrimagnetism.

B. Mn.Ge

573

The phase diagram of the binary alloy system of manganese-germanium was
investigated in detail by Zwicker, et a1.7 Accofding to them, there exist
four intermetallic compouhds in this system: Mh3.256e, MnsGez, Mh56e3, and
Mn3Ge2; The compound Mn56e3 (37.5 at % Ge) is formed at 932°C and forms sol-
id solutions with appréciab]e amounts of manganese. In thefr study of this

system, Zwicker, Jahn and Schubert’

noted that MncGe, and Mh56e3 are strongly
ferromagnetic. On the basis of this, it was suggested thét the bhases of
‘composition intermediate between MnsGe2 and MnsGe3, i.e., alloys in the 28.6
to 37.5 at %.gérmanium concéntratfonvlevel interVa], must also be ferromag-
netic. No other ferromagnetié al]dys were found in this system. |
The crystal strdcture of Mn56e3 was first identified by Castel]iza, who
showed that the Debye diagram can be_satisfactorily explained by assuming a
hexagonal D8g (Mn5513) type of structure. The lattice parameters were de-
termined to be: a = 7.18 K, ¢ = 5.03 K,'and c/a = 0.701 at room temperature.
The structure of DSé type is illustrated in Figure I-1, and the atomic posi-
tions are as follows:
4d (Mn) 1/3, 2/3, 0; 2/3, 1/3, 0;
1/3, 2/3, 1/2; 2/3, 1/3, 1/2;
- 6g (Mn) x, 0, 1/4; 0, X, 1/4;
X, X, 1/4; X, 0, 3/4;
0, x, 3/4; x, x, 3/4;
6g (Ge) as above,

where x = 0.6 in 6(g) metal sife, and x = 0.25 in metalloid site.
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Figure I-1 Crystal structure of 088 type. Small

‘closed circle: Iron groﬁp element. 4(d) site (A sublattice).
Open small circle: Iron group element 6(9) site

(B sublattice). Open large circle: IVb group element.

' 6(g) site.



Analyzing the experimental data on the structure and magnetic properties
of alloys of manganésé with elements of the fourth and fifth subgroups of per-
iodic tab]e Gu111and9 noted that ant1ferromagnet1c 1nteractlon occurs in .
these compounds when the separation between manganese ions located in the
same magnetic sublattice (MnA - MnA) is smaller than the distance between
manganese ions composing two different%§ub1attices (MnA - MnB). At the same
time, the MnA - MnB distance must not exceed the crftica]-va]ue of 2.81 &,

. above which}ferromagnetism occurs. “According to Castelliz, the MnA - MoB
distance for the Mn56e3 alloy is 3 08 R which indicates that antlferromag-
netlc interaction cannot occur in th1s compound

10 investfgated the

In a Tater study, Reiff, Steinfink and Narasimhan
magnetic behavior of the System Mns_xFexGe3, 0 < x <2, in an attempt to
gain insight into the mechanism involved in the substitution of iron in the
two sublattices, 4d and 6g. An analysis of the Mossbauer and magnetic mea-
suremenis_revealed that the initial iron substitution occurs in the 4(d)

vcnystallographic sites of the 088 structure. When half of those sites are
filled, additional iron goes into the 6(g) sites. They postulated a mag-
netic structure consisting of ferromagnetic alignment of spino within the
two sublattices and antiparallel alignment between them. The Curie tempera-
tures of Mns_xFexGe3 for x = 0, 0.5, 1.0, 1.5 were revealed to be 304, 318,
322, and 322°K, respectively.

The structure of MncGe; is D8g, but the structure of FegGey is the hex-
agonal 882 type, therefore, the extent of solid solution in the Mn-Fe-Ge
system will be limited. Single phase material was observed by Reiff, et

al. for all cases, excépt at the composition corresponding to x = 2, where

several phases were present.



Because the hexagonal crystal has uhiaxial symmetry, we expected the

1 claim the

magnetic properties of MnsGe3 to be uniaxial. Tawara and Sato
directipn of easy magnetization lies along the c-axis. We found this was
not the case (see Chapter III).

C.  FERRITES

1. Crystal Structure

The best known ferrimagnetic mater1als are b]ack ceramic- lwke sub-
stances called ferr1tes. Ferrites, generally, have the chem1ca1 formula
MO Fe203, where M is a divalent ion such as iron, nickel, zinc, copper, man-

12 1he crys-

ganese, magnesium, alumipum, cobalt, or a combination of these
tal stfucture as shown in Figure I-2 is that of the mineral spinel, MgA1204.
The spinel structure is determined primarily by the oxygen jons lattice. The
oxygen ions are larger than the metallic jons in the compound and form a face-
centered cubic lattice. Consequently, the structure can be thought of as
closely packed layers of oxygen ions, with the metallic ions occupying the
interstices. A large number of different meta]]ic ions can occur in the
spinel, the primary requ1rement being that they are smal] enough so that the
oxygen ions are not spread too far apalr't]3 ‘ |
wlth1n this lattice, two types of interstitial positions occur,.denoted
by A and B. Site A is known as a tetrahedral site and the metallic ion is
surrounded by four oxygen ions. The metallic ion in the B site is enclosed
by six pxygen ions of octahedral coordination. The unit cell of the cubic

]4 The geometric arrangement of .

ferrite consists of eight (MO Fe203) units
the 32 oxygen ions results in 96 sites, 64 being tetrahedral and 32 octa-

hedral. Of these 16 B site; and 8 A sites are occupied per unit cell. In
Figure I-2, there are two groups of four cubes (octants). The jonic posi-

tions are the same in two octants sharing an-edge and different in two



ey
\

Figure I-2 Unit cell of the Spinel structure.
Large sphere: oxygen ions. Small sphere, not
shaded: metal ijon in A site. Small sphere, shaded:

metal ion in B site.



octants sharing a face or corner. Therefore, it is necessary only to show
the positions of the ions in two adjacent octants to give a clear picture of
the structure. Note that each octant contains four oxygen ions (large
spheres) on the body diagonals of the octants aﬁd lying at the éorners of
a tetrahedron. The left-hand octant contains, in the center, a metal ion
(small sphere, not shaded) surrounded by the tetrahedron of oxygen ions;
this jon is said to occupy an A site. The right-hand octant shows four
metal ions (small shaded spheres) each surrounded by an octahedron (one of
which is shown) formed by six oxygen ionsl Such ions are said to occupy B
sites.

The magnetic-properties of ferrites depend on how the metallic ions are

15

distributed among the different sites The divalent ions commonly used in

ferrite; can be classified roughly into those preferring A sites (i.e., zinc)
and those, occupying B sites (nickel). In the normal spinel, the eight di-
valent ions go into the A sites and the sixteen trivalent ions enter the B
sites. If the divalent ions prefer the B sites, tﬁen eight of thé trivalent
ions will be displaced and will enter the A sites. This is commonly referred
to as-an ihverted spinel. There are also materials (Mg ferkite for example)
which are partially inverted, but thié is beyond the scope of this report.

A ferrite crystal has a domain structure similar to that of ferromag- A
netic metals. The magnetic moments of the constituent atoms defermine the
spontaneous saturation of the domains. Thekfree 6Xygen atom has an incom-
pleted 2P sub-shell, but the shell is filled when two electrons are ac-
quired and it becomes an Ozf anion which is diamagnetic. Therefore, there
is no magnetic moment-associated with the oxygen atom, and it makes no di-
rect contribution to the saturation value of the domain. The remaining ions

have é magnetic moment as a result of unfilled outer sub-shells. The



10

magnetic moments due to the orbital motion of the electrons are quenched

by internal fields. In other words, they are not oriented by externally

16

applied fields The ionic magnetic moments are,-thereforé, due to paral-

lel uncompensated electron spins in the ions. The free iron atom has an

22p835%3p%34%s2.  As defined by Hunds

electronic configuration of 15225%2p
rule, there are four uncompensated spins in the 3d sub-shell. Therefore, if
orbital quenchiﬁg is assumed, the iron atom has a magnetic moment of four |
Bohr magnetoms (4uB) due to spin. For Fe2+, two electrons are lost from the
4S shell, and the resulting magnetic moment is still 4“8' In the case of

the trivalent ion Fe3+

» one additional electron with negative spin in 3d is
lost, and the magnetic moment becomes SuB.

2. Superexchange Interaction

Strong quantum mechanical forces occur between neighboring metallic
ions via intermediate oxygen atoms. This superexchange interaction is
greatest if the three ijons are collinear and if theirvseparations are not

]7. The ion pair arfangeménts in the spinel that are important

too gréat
for this interaction are illustratéd in Figure I-3. According to Nee1]8,
this interaction is negative in féfrites. As a result, the fbrces act to
hold the neighboring atomic magnétic axes antiparallel. In contrast, the
interaction is positive in ferromagnetic materials and the axes are aligned
parallel. Three sets of forces exist in ferrites as depicted in Figure
I?3. - They may be classified as those betweén'ions at the A sites, those
between ions at the B sites, and also between A and B ions. This is com-
monly referred to as interactions A-A, B-B and A-B, respectively. For the
A-B interaction shown in Figure I-3a, the angle and distances between ions

are most favorable for superexchange. For the other cases, either the angle

(Figure i-3a), one distance (Figures 1-3b,d), or both (Figure I-3c) are
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unfavorable. It may be conc]uded that the iﬁteraction betﬁeen sublattices
is stronger than thoSe within the sublattices and that the A-A interaction
is weakest of all. In addition, the negative A-B interaction shown in Fig-
ure I-3a predominates. This result supports the assumption that the mag-
netic axes of the A and B ions are held antiparallel to one anotherlg.

The spontaneous saturation magnetization of the domain is therefore
due to the difference of the ionic moments on the A and B sites. For the
inverse spinel arrangement described below, there are equal numbers of tri-
valent ions at each site which cancel out magnetically. As a result, the
total moment per molecule is due to the divalent ion present.

As. previously mentioﬁed, zinc ferrites have the normal spinel struc-
ture. The zinc atoms occupy ﬁhe A sites and have no magnetic moment. There
are, thereféré, no A-A or A-B interactions. At the B sites, however, there
are iron ions each with a magnetic moment of S“B' The condition known as
antiferromagnetism should exist since only the negative B-B interaction re-
mains. There are équal and opposite sets of magnetic ions resulting in a
zero net magnetic moment. However, probably because the B-B interaction is
weak, the antiferromagnétic condition has not been obser&ed in zinc ferrite
and it appears to be paramagneficzo. Nickel ferrite crystallizes into the
inverse spinel arrangement and has a net magnetic moment, i.e., the mater-
ial is ferrimagnetic..

3. Mixed Ferrites

Many improved magnetic properties have been found in mixed ferrites,
which are solid solutions of two or more ferrites. Mixed ferrites are not
confined to mixtures of inverse or normal with normal crystals. Nickel-

~ zinc ferrite is an example of an inverse normal combination. This combina-

3+

1+x’0§-’ where

tion can be represented by the formula (Zni+ Fe?fx) (Niffx Fe



the first pair of brackets enclose ions on the A sites and the second pair,
icns at the B sites, and x may vary from zero to one. Assuming the preva-
lent interaction is a negative A-B interaction and that the iron has a
theoretical moment of S“B and the zinc zero moment, the resultant moment

per formula unit will be

" -5(1 = x) +m(1 - x) + 501 + x)

u 10x + m(1 - x) = (8x + 2) Mg

where m = 2 for Nil'.

This relation is shown by the dotted line in Figure
I-4. While this re]étion may be expected to hold for small values of x, it
cannot do so when x'approaches unity. For if x = 1, the ferrite is a sim-
ple zinc ferrite of normal spinel structure in which only the negative B-B
interactions are expected and it has no ferrimagnetic properties. The sub-
stitution of zinc which prefers the A sites, upsets the ferric baiance. The
first effect of the addition of zinc is to increase the saturation magnetiza-
tion. This is due, first, to the fact that when a nonmagnetic zinc ion en-
ters a tetrahedral site, it displaces an Fe3+ ion so there is nb longer a
‘complete cancellation of the moments of the iron ions on octahedral sités by
those on tetrahedral sites. The unbalanced ferric moments add to those of
the N12+ ions. Also, the displaced Fé3+ jon will enter the B sublattice and
take the place of the disp]éced N12+ ion. Since the Fe3+ has the larger mo-
ment, this too increases the saturation magnetization. As additional zinc

3+ jons at the A sites be-

ions enter the lattice, the reduced number of Fe
come less able to maintain the alignment of the B sublattice against the B-B
interaction. The alignment becomes progressively worse and the saturation

moment eventually decreases. The observed decrease in Curie temperature as

zinc concentration increases also suggests a decrease in the A-B interac-
21

tion
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4. Initial Permeability

A useful application of ferrites utilizes the linear B-H relationship
‘at Tow flux densities which is related to the initial permeability, Uy The

initial permeability may be defined as??

dB
Mi = @ w0

where B and H are physical quantities introduced previously. A high initial
permgability produces large changes in flux density for small swings of the
field intensity. Consequently, a larger inductance per turn can be realized
resulting in increased efficiency of the ferrite core. Or, on the other
hand, a smaller core may be fabricéted yielding a comparable device as a
larger core of different material with a lower My

It is generally believed that two factors contribute to the initial
permeability of ferrites. One factor is domain wall movement, whi§h is a
displacement of the magnetic domain walls within the material. As a‘result,
there is an increase in the volume of the domain that has its magnetization
parallel to the applied fie]d23. The other magnetization process'is rota-
tion of magnetic vectors of the domain (domain rotation).

It has not been decided which process contributés most to the initial

permeability of sintered ferrites. Wijn and wentz4

concjuded that after de-
magnetization in an a.c. field of decreasing amplitude, the magnetization

| of these materials is almost exc]usivély caused by spin rotation. Mechani-

cal shock experiments to nickel-zinc ferrite specimens by Rathenau and

Fast25 26

support this conclusion. Guillaud™ investigated the dependence of
the initial permeability of manganese-zinc ferrites on grain size. He in-
fers from this data that the permeability is due to a rotational process

for grain size less than about 5u in diameter and wall disp]acement_fbr
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grains between 5 and 20u. Above 20u the grains become porous and the perme-

ability begins to decrease. On the other hand, Ga]t27

has shown that in
single crystal magnetite tﬁe high initial permeability is.a result mainly
of domain wall movement. |

The initial permeability that arises as a hesu]t.of rotatiqns.is pro-
portional to |

K

where MS is the saturation magnetization and K is the magnetic anisotropy
energy. The saturation magnetization is temperature dependent and is de-
termined by a numerical sb]ution of the Brillouin function. The anisoéropy
energy is reiated to'a second or higher order of the spontaneous magnetiza- ,
tion28. This results in a fairly complicated temperature dependence of ini-
tial permeability. Generally, the permeability increases up to a point and
falls abruptly at the Curie temperature. It will be shown in Chapter IV |

that this discontinuity can be utilized for temperature detection.
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IT. MATERIALS PREPARATION

A. AMnsGe3

Powders of electrolytic manganesé (99.9%) and germanium (six nine pur-
ity) were mixed in the desired proportions and placed in a graﬁhite cruci-
ble. The crucible is tapered to facilitate removal of the sample. Tantalum
or vicor tubing could not be used to contain the specimen because of their
reaction with the manganese. A1l compounds were prepared by melting the
elements in the crucible under 2/3 atmosphere of argon in an induction fur-
nace at 1300°C.

The high temperature reaction was accomplished with a Lepel rf genera-
tor with a maximum power output of 20 kw operating at 475KHz capable of
temperatures up to 2000°C. A water cooled copper coil encloses fhe sample
and induces eddy current losses or joule heating in the sample. The basic
procedure using this generator is as fo]]qws:

1. Turn-on Procedure.

The filament is turned on and 15 minutes is allowed for warm up prior
to turning the plate on. Evacuation of the bell jar can be accom-
plished during this waiting period.

2.  Atmosphere.

| The specimen is placed inside the rf coil and the bell jar is placed
in position. The bell jar is evacuated to 15 microns pressure and
flushed with argon and evacuated once more to 15 microns. The flush-
ing procedure is repeated to insure an oxygen free environment fbf
the reaction. Next, the bell jar is filled with argon to about 2/3
atmosbhere. The partial pressure eliminates the sublimination of the
manganese. |

17
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3. Heating

The power outpﬁt of the rf generator can be accurately controlled in
small increments with the precision controller. A rough contro] is’
possible by limiting the total output to 25%, 50%, 75% and 100%. Fﬁr-_
ther control is possible wfth 0.1% incremental changes within the de-
sired range of output pbwer with a numerical readout from 1 to 1000.
The 1imit is set to 50% of maximum output power and the dial readout
is increaséd_in steps of 50 every ten minutes from the starting point
of 150 until the desired temberature is reached. Temperature may be
monitored with an optical pyrometer. With the graphite crucible used
in our experiment, 700 on the dial corresponds to 1300°C. The specimen
is held at this temperature for 15 minutes then homogenized.below the |
meltinngofnt of MngGe; (932°C) at 900°C for 1 hour. The correSpondfng
setting for 900°C is 475. .The specimen is allowed to cool in the inert
atmosphere for three hours to preventonidation. |
The‘material is ground with a mortar and pestle and sifted through No.
230 mesh (63 microns). A small amount is retained for x-ray analysis. An
organic binder such_és_paraffin dissolved in benezehe or butvar and acetbne
is added. The bindef serves not only as a particle adherent, but as an in-v
sulator. The binder separates the particles and decreases the conductivity
of the specimen. The powder with binder ié pressed in a die at 5000 psi for
five minutes. The final shape is cylindrical with 0.315 inches diameter and
an average length of 0.350 inches. |
Several attempts to alter the Curie point of MnSGé3 involved the sub-
stitution of various metals into the compound. The main criterion was |
atomic radius. Aluminum, gallium, iron, magnesium, vanadium and zinc were

substituted for manganese while tin and silicon were used to replace part
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of the germanium. Samples of each substitution attempt were examined with
a General Electric x-ray diffractometer (Model No. XRD6) to determine the
crystal structure. Of these metals, only iron yielded a homogeneous single
. phase material with the desired change in magnetic properties (see Chapter
I11). It.was'obvious from the x-ray data or by visual examination that the
balance of elements did not enter the crystal structure.

Attempts to prepare the germanides by arc melting were unsuccessful.
Briefly, this method consists of passing a high current arc through the
sample which heats it to about 2000°C. The power supply is a dc welding
generator (Model No. A4000HD-2A-SIL) manufactured by A.0. Smith and Company,
capable of generating up to 400 amps. A cabinet made by NRC contains the
melting chamber and vacuum equipment. The arc producing elements are a non-
consumable tungsten electrode and a water cooled copper hearth which serves
as the anode. The materials to be melted are placed on the copper hearth
which is then bolted to the bottom of the chamber forming a vacuum tight
seal. An inert atmosphere is prepared similar to that mentioned above. For
our experimenf, we passed 70 amps through the material for approximately 10
‘seconds. It is extremely difficult to prevent the arc from scattering the
materials thus destroying the starting composition. As a result, this
method was abandoned, and the germanides were prepared with the aid of the
induction furnace.

8. FERRITES

The formation of polycrystalline ferrites is usually accomplished by
some type of solid state reaction. For example, Nib.32n0.7Fe204 fs a re-
sult of the reaction

3Ni0 + 7Zn0 + ]0Fe203 + 'IONi0 3Zn0 7F6204



The oxides must be mixed intimately and heated to at lgast 1200°C. This
temperature is referred to as the sintering temperature and is performed at
50 to 100°C.below the melting point of the ferrite. The addition of zinc
Towers the melting point‘of most‘ferrites, thereby lowering the firing temp-

erature. If samples of Ni Zn_xFeZO4 are fired at the same temperature with

1-x
various values of x, the one with the highest zing content will have the

greatest density. The resu]ting-ferrite has a hard, black, non-porous
ceramic appearance.

The preparationAof ferrites requires a great deal of art due to the
many variables encountered in the process. At present, the p&rameters such
-as firing timé, tempefature, atmosphere and exact composition are determined
by repeated experimentation in order to produce ferrites with-the‘desired
characteristicé. For example, the firing temperature, time and atmospheré
have a profound effect on material properties. The valence state of’the
metal ions present (Fe2+,,Fe3+) depends on the amount of oxygen taken ihto
»the lattice and may vary with temperature and partial pressure of oxygen
during sintering thereby affecting the elecfrica] and magnetic properties

of the solid.

1. General Process

There are four basic steps in ferrite preparation:

(1) mixing;

(2) prefiring;

(3) powdering and pressing into final shape;

(4) sintering.
The prefiring and powdering steps may be repeated to obtain a high degree
of homogenuity. The entire preparation process is illustrated in Figure

Ii-1.
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STARTING MATERIALS
(oxides) '

!

WEIGH AND DRY MIX

WETTING AGENT
e [1 (deionized water)
4

WET MIX
(attritor)

.

DRY AND GRANULATE
PRESINTER

!

ROUGH GRIND

!

ADD BINDER AND LUBRICANT

'

EVAPORATE BINDER

!

PRESS AND SINTER

Figure 1I-1 Fabrication process for ferrites



Of several methods of mixing reported, three will be mentioned here.
The oxide method involves the wet milling of high purify oxides in the cor-
rect proportions.. This is discugsed in depth be]ow.‘ Decomposition methods
differ from the oxide method on]} in the fact that salts, such as carbonates,
nitrates and oxalates are mixed (mi]]ed). The material is then heatéd to
produce the oxides by decomposition. As the chemical bond is broken;'carbon
dioxide is given off leaving the metals in their nascent state. At this
stage, the metals are more active. As a result, this method produces ma-
terials which more-feadily undergo solid state reaction at a lower tempera-
ture. |

The third mefhod offers the advantage of creating an intimate mixture
wi thout mechanical mixing. This involves the co-brecipitation of the hy-
droxides or oxalates from mixed solutions. It should be noted that theléhem-
ical processes must be thoroughly undersfood to insure complete and simul-
taneous precipitation. Knowledge of the soluability products are essential
to determine the pH for comp]ete‘precipitation. If simultaneous precipita-
tion is not achieved, the value of the method fs 1o§t. Removal of the pre-
‘cipitation agent and/or filtration or decantation of the ions may present
difficulty with the hydroxiée method. As a result, preparation of the
oxalates may be preferable because precipitation.may be carried out with am-
monium oxalate which leaves no residue after ignition.'Aiso, most of the
oxalates are very similar in crystal structure. Therefore, mixed crystals
can be produced which contain the metallic cations in the 6rigina] propor-
tions. |

To avoid lengthy mil]iﬁg time and inadequate mixing, the precipitation
methods were first attempted. Nickel, iron, and zinc in the correct pro-

portions were dissolved in nitric acid (HN03) with ammonfum hydroxide
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(NH4OH) as the precipitating agent. Individual precipitation of the hydrox-
ides and electron probe analysis revealed the absence of zinc. Two reasons
may be cited for incomplete precipitation of the zinc ions. Zinc forms a
very stable complex ion with ammonium (Zn(NH3)Z+) which is soluble in HZO’
Secondly, the addition of more alkali (NH40H) results in the following re-
action: | ' |

In + OH™ + H,0 = HZn0,” + H,

which may go to

ZnO2 + H20

The complex ion»ZnOZ is also soluble in H20. Peroxides in alkaline solution
form with zinc salts the hydrated zinc peroxide, Zn02 . 2H2029’30.

An alternate method utilizes pxa]ic acid and ammonium oxalate as pre-
cipitating agents. Due to different ionic states or irop, neither would
yield complete precipitation of iron oxalate (FeC204). Since all the ipns
were not precipitated simultaneously, the method was lost.

2. Mixing

The ferrites presented in this paper are a result of the mechanica]
'mixing of the oxides. The mixing iS performed with a Research Model Attri-
tor #01 from Union Process, Inc. Use of the attritor results in a disper-
sion approximately 80 timas faster than conventional milling techniques.

The attritor consists of a stainless steel grinding tank with a capacity

of 400 cc and a variable speed agitator arm. The stationary tank is
jacketed and permits temperature control; therefore, grinding can be per-
formed at a predetermined temperature, hot or cold. Cooling is accomplished

by circulating tap water through the jacket. The grinding elements are 5

mm diameter carbon steel balls and the wetting agent is deionized water.
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The grinding process can be checked any'time during the run, and the disper-
sive action can be observed with a microscope.

The starting materials are Fe203,-NiO, and Zn0 powders. The Fé203 and
NiO are processed by Baker Chemicals and are 99.7% pure. The Zn0 powder is
produced bleaker and Adams and is 99.0% pure. The importance of'pﬁrity'in
the starting materials cannot be overemphasiied. The impurities present may
alter the stoichiometry or worse yet, participate in the reaction with un- |
desired results. An ané]ytica] balance with an accuracy of 0.0001 gram is
used to measure the éorrect proportions of oxide.

(a) Mixing Speed.

The average sample weight is 130 grams. The oxides are dry mixed by
hand obtaining a homogeneous color and placed in the attritor tank. Approxi-.
mately 800 grahs of carbon steeﬁ balls and 275 cc of deionized watef was.
added. The préferred'rpm of the agitating shaft is between 250 and 3603].

It was desirable to avoid sp]atfer of the mixture on the tank cover and‘
still achieve an intimate mixtdre in a reasonable amount of time. Therefore,
the maximum-operating speed of the shaft was 300 rpm.

|  (b) Mixing Time.

Both the transition temperature and permeability are composition de-
pendent; hence, it is important to control the introduction of impurities.
Assuming sufficiently pure starting materials, the main place contamina-
tion occuré is in the mixihg procedure. ObViously, an effective grinding
and mechanical dispersion of the oxides cannot be accomplished without some
contribution of foreign material from the grinding eléments. In this case,
the steel balls, agitating arm and grinding tank of the attritor assembly
were in vigorous contact with the starting materials. A balance must be ob-

-tained with the mixing time such that an acceptable dispersion is



accomplished with a minimum of contamination. With this in mind, a series
of experiments were performed to determine the optimum mixing time. The
sharpest transition was the desired results. Samples of the mixture were
removed at specific intervals and sintered at the same temperature. Figure
IT-2 illustrates the initial permeability versus temperature curves of

Nig 264Ny 736F€1 9504 for various mixing times. The optimum mixing time
was chosen to be three hours with a mixing speed of 300 rpm.

In order to determine the amount and type of impurities picked up dur-
ing the mixing proceés, we anal&zed the residue from the attritor. The at-
tritor was cleaned thoroughly and filled with distilled water and about 800
grams of the steel ba]ls. The mixer was operated:at the normal mixing speed
of 300 rpm for three hburs.. The water was separated from‘the balls and
placed in a beaker and the impurities were allowed to settle out. Abproxi-
mately 1/2 gram of a metallic appearing powder was obtained and was analyzed
with a Phillips Electron Probe Analyzer (Model No. AMR/3). The powder was
mostly iron with small amounts of nickel and zinc.' This indicates that the
attritor was not cleaned properly from the prior mixing or that a consider-
able amount of iron was picked up from the grinding elements. This amount
of contamination, however, only amounts to less than 0.4% of the total
sample weight.

Discharging of the fihished dispefsion is accomplished by removing the
grinding tank from the assembly. The contents are discharged through a 16
mesh screen which allows the dispersion through and retains the grinding
elements. The mixture is dried in a Pyrex beaker at 120°C.

Prefiring the oxides may play an important role if a high degree of
homogenuity and a minfmum of shrinkage in the final form is desired. Sev-

eral samples were prefired at various temperatures and times. X-ray

25
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analysié revealed the formation of the §pinel structure at 700 C and excess
nickel and fron oxides. This indicates that zinc ferrite forms during pre-
firing. We sintered samples to determine the effects of prefirigg on the
transition. It was decided that the prefiring step is unnecessary for this
composition.

3. Pressing

The final shape of the sample is toroidal and is chosen to simplify
permeability ca]cUlation§ (see Appendix A). The dried oxides are mixed with
an organic binder consisting of Butvar (a poiyvinyl butyral resin) dissolved
in acetone (CH3C0CH3). A solution of 0.5 grams Butvar is dissolved in 100
cc of acetone. 0.7 cc of solution is added per oné'gram'of oxides and al-
lowed fb dry. The appropriate die is shown in ngure II-3, and is uéed with
a Carver Laboratory No. 14600-15 hydraulic press. One gram 6f the powder
with binder is placed in the die and a pressure of 6000 psi fs maintained
for two minutes. An organic binder, such.és mentioned aboVe, facilitates
an intimate contact of the oxides; With sufficient pressure, the biﬁder be-
comes liquid and lubricates the powder allowing a denser shape. Thi§ de-
'creasesrthe fragility of the sample and aids the solid state reactiqn. |

4. Sintering |

The toroids are placed on a boat covered with platinum foil and then
“in a furnace for the high temperature reaction. .The toroids had a tendency
to adhere to $gbstances,such as ceramics or firebrick, thus necessitating
the use of platinum foil. The furnace is a horizontal Lindberg Hevi?Duty
glow bar type furnace with a maximum temperature of 1500°C. Figure II-4
shows the heating and cooling schedule. Decomposition of the binder is
performed at 300°C for 30 minutes. The volatilization of the binder must

occur slowly or cracking of the toroid will result. The samples are heated
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Figure I11-3 Toroidal die
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in the furnace to 1200°C in.air.- This temperature is maintained for 8 hours
and the power to the furnace is shut off. A word is in order concefning the
temperature cé]ibration with this furnace. The controller operates from the
output of a thermocoub]e. fhis thermocouple can be placed inside the furnace
tube‘(at the flat zone) or from the side adjacent to the tube. It was neces-
sary to place the thermocouple from the side to pfovide maximum space inside
the furnace. At 1200°C, we found a difference of 30°C between the two posi-
tioﬁs. Therefore, we set the controller at 1230°C for operation at 1200°C.
Alternate heatihg methods were tested and their effects are shown in
Figures 1I-5,6,7. After the binder was volatized, the samp]eé_were,p]aced
,directly into a preheated furnace at various temperatures. This is referred
~ to as fast heating. Slow heating refers to_fhe schedu]é in Figure 11;4.
Once the heating rate and temperature was chosen, the sintering time was
varied. Figure II-7 illustrates the transitions of various samples of
Ni0.282n0'72Fe1.9504 fired at 1200°C as a function of firing time. It is
clear that the sample fired for 8 hours has the sharpest transition.
| As stated in Chapter I, the transition temperature of nickel-zinc fer-
‘rite is a-fun&tion of composition. Figure II-8 shows the Curie point of

Ni anFe204 as x is changed. The accuracy of the starting composition is

1-x
limited by the analytical balance and is approximately one part in 106.

. This corresponds to an accuracy of approximately 0.1°C. However, we rea-
lized an accuracy of 5°C experimentally.

5. Alteration of Stoichiometry

- The complex ions of nickel and zinc can be added in liquid form allow-
ing much more accurate control of composition changes (1 part in 108). In
addition, the composition can be altered without repeating the entire mix-

ing process. Nickel acetate (Ni(CzH302)2 . 4H20) and zinc acetate
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Figure I1I-8 Curie temperature (TC) of

Ni-Zn ferrite as a function of the zinc

concentration. (After Smit and Nijn32)
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(Z"(CZHBOZ)Z . 2H20) readily dissolve in water and decompose to nickel oxide
and zinc oxide, reSpecfively, at 200 to 300°C as validated by x-ray diffrac-
tion experiments. 0.7 cc df:varying concentrations of the acetate solution
is used to wet one gram of the oxide powders. As shown in Chapter III, the
addition of nickel acetate shifts the transition temperature higher as ex-
pected. Conversely, we expected the Curie temperature to be lowered with
zinc acetate additions. Several attempts were made to accomplish this, but
were unsuccessful. We knew from preliminary experiments that the decomposi-
tion of zinc acetate.yielded the correct amount of zinc oxfde S0 no zinc
losses were expected. We first added the acetate solution to the powders as
above and then let it dry at room temperature. The powder is then pressed
into a toroid and sintered. As a variation of this, the-powder can be heated
on a hot plate after the acetate solution is édded and the acetate tdmpound

~ can be broken down prior to pressing and sintering. Neither of‘thése methods

_yielded the desired results with zinc acetate. On the other hand, both

methods were tried with the nickel acetate addition and again it made no dif-

ference if the acetate was decomposed prior to pressing and sintering. Fig-
ure II-9 ii]ustrates the effects of the addition of zinc acetate. It can be
seen that the major effect is only to lower the permeability.

6. Resistivity |

Figure 1I-10 illustrates the abrupt changes in resistivity of nickel
zinc ferrite that occur as the stoichiometry changes from an iron excess to
an iron deficiency. Oxygen loss leads to the presence of Fe2+ ions in the
2+ 3

lattice. High conductiVity is contributed to the occurrence of both Fe nd

3 upon identical (octahedral) lattice sites in the spinel structure.

Fe
Electrons can transfer from the divalent ferrous ion at the B site to the

trivalent ferric ion at the same site without causing a change in the energy



36

Burdop suLz g-11 a4nbiL4

0L 09 0§ ot 0¢ 02 olL 0 oL- 02~
J J T T T T T T T
(20) aanjedadwa ) .
- 005
v — qoot
(o]

uz butseaddouy e
uoLjippe uz oN --V

vomm.ﬁwmmmm.ocwxmw.owz

00S1




10
al 2
9}
Firing temperatures:
O-- 1200 C g-- 1300 C
Log o .
8 - V-- 1250 C A -- 1350 C
@ -- common points
7+
As 5
ST
o X
Nio,3Z"o_7Fex04
3
2
i 1 1 1 i ! A L 1
1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 x

Figure II-10 The variations of resistivity with firing-temperature
and iron stoichiometry (After van Uitert 1955)
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state of the crystal. Thus, it might be éxpectéd that,e]ectrqﬁ flow would
be facilitated, giving rise to high conductivity. If is imbdrtant in' many
applications tb control the resis}ivity of ferrites. Two general approaches
have been made to this probiem: (ﬁ) controlling the firing temperature and
étmosphere; (2) addition of minor constituents to decrease or {ncrease the
conductivity. This paper will consider the latter method. The classic ex-
ample is magnetite, Fe304, which has a resistivity of about 5 x ]0'3 R cm

at room temperature. However, if the ferrous ion is replaced by the dival-
ent metallic ion M,'dr decreasing the iron content in Ni ferrite, it is now
no longer possible for electrons to be interchanged between the Fe3* and the

2+

Ni®" at the B sites. The resistivity can be increased in this way to about

107 © cm. The starting composition of the ferrites presented in this paper
was deliberately altered off stoichiometry (i.e., Ni]_xanFe].9504) to

achieve high resistivity.



III. DATA AND RESULTS
A. MEASUREMENT  TECHNIQUE

The ferrite specimens were toroidal with an average outside diameter of
11.0 mm, ihside diameter of §.3 mm and 2.8 mm thick. The sampies were wound
with 50 turns of #28 enamel coated copper wire and the permeability was cal-
culated as shown in Appendix I. Since the MnSGe3 samples were cylindrical,

a solenoid was fabricated to receivé the specimens. The inductance was mon-
itored with a General Radio impedance bridge (Model No. GR1650) at 1 KHz
signal frequéncy. The output of the bridge detector circuit was coupled with
a 1 KHz tuned detector to eliminate harmonic effects and increase the ac-
curacy of measurements.

It was necessary to measure the inductance of the samples over a wide
range of temperatures and maintain sufficient accuracy to observe incre-
mental changes near the transition temperature. This was accompliéhed with -
a Lauda/Brinkmann Circulator (Mode1'No. K-2/R). This circulator is equipped
with a sofid state thyristor controlied system which operates a 1500 watt
heater and a compressor/condensing system yielding an operating range from
_-70°C'to +150°C. A rotating magnet thermoregulator (contact thermometer)
permits a temperéture contro]_accuracy.of 0.02 C. Disfi]led water is used
as the bath in the temperature range from +1 C to 95°C. Below 1°C, a 50:50

isopropyl alcohol/water mixture is substituted.

B. EXPERIMENTAL RESULTS

1. MnsGe3

(a) Ivron Substitution

The transition of MncGe; occurs between 35 and 40°C. We were able to
shift this transition higher with the substitution of iron for the manganese.

A1l attempts to lower the Curie temperature were unsuccessful. Figure III-]

39
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shows how the Curie point was a]tered'with iron substiiution. Here we show
the transitions of Mns_xFéxGe3 for x = 0, 0.25, 0.5, 1.0, and 1.5. The ver-
tical scale is
L - L0
Li - L

where L is the measured inductance, Ly is the empty solenoid inductance and
Li is the value of inductance below the transition temperature. The induct-
ance Li is a maximum and is constant far below the transition. It is useful
to define the transftion temperature as the point where the inductance fa]]s
to 56% of the original value. With this criteriavin mind, we show how this
transition varies as a function of x in Figure III-2. The greatést change
in transition_temperature for iron addition occurs for x < 0.5.- For 0.5 <
x < 1.0, the.transition is less sensitive to extra iron. 'Finally, for x >
1.0, thére'appears to be an increasing sensitivity to additional iron. Iﬁ
conc]usiop;‘we were‘ab1e<to place the transition anywhere from 40°C to 67°C
with a.minimum of 1.0°C accuracy by controlling the starting composition.

We expected this material to be a permaneﬁt magnét with the c-axis be-
| ing the easy axis. It turns out.that.it is a soft magnetic materia] with a
Tow permeability possibly because of complicated spiral spin configurations.
The spins are not parallel to the c-axis as predicted. In any case, the
material is not a simple ferromagnetic material. The permeability was not

measured directly, but it is estimated to be between 3 and 10.

2. Nickel-Zinc Ferrites

(a) Control of Transition Temperature

A much higher permeability (2000 to 4000) and wider range of transi-
tion temperatures.are available with the nickel-zinc ferrite series. It

was known from Figure 8 in Chapter I1 how the Curie temperature varied as
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a function of composifion (nickel:zinc ratio). Careful replotting of this
curve revealed the approximate composition necessary for a desired trdnsi-
tion temperature. Control of the ratio of the starting materials a]]owéd
the setting of this transftibn with an éccuracy of 5°C or less. Figure ITI-
3 shows the horma]ized permeability versus temperature for several composi-
tions. Agaih, the point halfway be}ow fhe knee of the normalized perme-
ability curve was defined as the transition temperature. fn Figure I1I-4
this tranéition point of Ni,_  Zn Fe, o0, is sﬁown as a function 6f x for
the samples fabricated. In contrast to the iron substitutions in Mn56e3, 4
we found the transition temperature to be fairly linear with composition
changes in the nickel-zinc ferrite system. From this data, the-fransition
temperature was found to change 10°C for a composition change of ax = 0.007
in the raﬁge between 0 and 1005C.
| (1) Resintering |
It was obvious that a better method for placing the traﬁsition
température was needed. At best, a predetermined Curie temperature
cou]d be achieved within 2°C by controlling the starting composition.
Secondly, the mixing procedure is time consuming, and the entife pro-
cess had to be Eepeated to obtain a different transition temperature.
Sdme authors (Smit and Wijn, for example) reported zinc losses during
fhe firing procedure. On the basis of this,.a series of experiments
wére performed in the belief that these losses could be controlled,
thereby regulating the nickel:zinc rat16 that determines the Curie
point. We first attempted this by spreading the oxide powders in a
thin layér on platinum foil to obtain maximum surface exposure. The
powders‘were fired at 900,'1000,>1]OO,-]200 and 1300°C for 1 and 2

hours. The results of this testing were inconclusive for two reasons:
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first, the 900 and 1000°C firing temperatures were probably too Tow to
drive off an-aﬁpreciable amount of iinci'secondly;kat'the higher.temp;
eraturesvthe nicke]_pariicipates~in the reaction and the resulting ma-
terial was hard and abrasive and extremely difficult to press into a
toroid and resinter.. An alternate method was to prepare a sample in
the usual way (sinter @ 1200°C for 8 hours), méasuring the permeabil-
ity versus temperature characteristics, and then resinter it. If zinc
indeed was lost during the second firing, the transition temperature
wqu]d 1ncrease; Eigure IIT-5 is characteristic of the samples prepared
in this Way. it can be seen that the transition temperature was hot

affected, but the péfmeabi]ity doubled. We were not able to alter the
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Curie temperature in this way, but we did verify the fact that the perme-

abi]itj {ncreases with firing temperatures. The highef firing tempera-
ture produced a denser sahp]e with a lower'porosity. The increase in
permeabiiity with density is connected with an increase in the contri-
bufion f;om domain wall disp1acements. The pores form barriers to pre-
vént of at least hinder the movement of the domain wall.

(2) Nickel Addition

The addition of nickel ions in liquid form to the mixed and
dried oxides (see Chapter iI), proved to be an effective meahs of al-
tering the fransition temperature. Since the nicke] is in liquid
form, the composition alterations can‘be controlled with considerably
more accuracy than caﬁ the starting cdmposition. - Theoretically, since
the Tiquid can be diluted ad infinitum, there is no Timit to the in-
cremental shift in Curie temperature in this way. A practical limit,
however, is imposed by the measurement apparatus and is appkoximaté]y

0.1°C. We found that we could change the transition temperature
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(predetermined by the starting composition) up to 10°C higher without .
affecting the sharpness of the curve on the permeability significantly.
Fighre IIi-6 i]]dstrates the effect of compositién adjustment in this
way. The mid-points of these transitions are depicted as a function
of composition change in Figure III-7. Here we show a transition
temperatufe éhange.of 2°C for an effective composition change of x =
.0.0015. This correspbnds to the composition changes in starting ma-
terial of 10°C-per x = 0.007 shown in Figure III-4. The result is a
temperature chahge of 13.3°C and 14.3°C, respectiveiy; for 1 atomic. %
composition chahge in thé two methods. The nickel acetate addition re-
sults in a fairly Tinear relation between composition change and Curie
point change up'to é limit. We fbund that the tkansition temperaturé
alterations in this way was limited to approximately 10°C. Further ad-
ditions of nickel led to a decrease in permeability and smearing of

the tran{ition. This suggests the nickel entered interstitially which
in effect increased the porosity of the material.

(b) Pulse Measurements

It is important in many applications (See Chapter IV) to utilizé
the cores as pulse transformers. Therefore, it was néceésary to mea-
sure the output voltage of the secondary as a function of temperature.
'Severa1'Samp1es were fested in this way using the circuit in Figure
iII-8. The input to the primary was a 47 volt, 220 nsec pulse, and
the output of the secondary was monitored with an osci]]oscope. A
100:1 voitage divider was used to isolate the oscilloscope probe.
Either the height of this pulse or of the integrated pulse was meas-

ured as a function of temperature. The output pulse is ‘equal to the
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~ PULSE GENERATOR

47v, 12 nsec rise
200 nsec duration

479
l “ 50Kn
5009
' -
output puise to

oscilloscope

input pulse

output pulse

integrated output

50Kn

—— 100pf

=

\
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Figure I1I-8 Circuit and waveforms for

pulse measurements
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product pf the number of secondary turns, N2, and the time rate of
change of the magnetic fiux, : |
For:an ideal transformer; the output voltage is
N
V2 = -«

where V] is the input voltage to the primary winding of N2 turns. If
the cores are driven into saturation, the output voltage follows the
saturation magnetization as a function of temperature. Recall that
the saturation magnetization as a function of temperature Mc(T) does
not dedrease abruptly at the Curie point as does the permeabi]ity.
.wekfbund that when the drive level was decreased sufficiently and the
'cdre is not saturated, the Cdupling is proportional to the permeabil-

ity. The desired result is that the output pulse decreases abrupt]yv

at the transition temperature.

(6) Sine and Triangular Drive

“Sinusoidal and triangular current drives were also tested. As
with ;he.pulsed input, the drive 1eveT must be reduced below the sat-
uration value of the cores. Figure III-9 il]ustrates the output for
various levels of a 5KHz triangular primary curreht-input.,_At this
frequency, the impedance of the transformer (ZL? wk) is much less
_ than the 21.5q input resistor. - Therefore, the input voltage is ﬁropor-
tional to the primary current and can be monitored across the inpﬁt
resistor. For tfiangu]ar drive levels of 0.5 volts peak to'peék and
less, the core acts as a linear differentiator with the output diréct-
ly proportional to the permeability. Similar results were obtained

with a sinusoidal input.



Drive

level:

30v p-p

10v p-p

5v p-p

2v p-p

5KHz

- 21.5q
CIRCUIT: Vin >__/\/\’ — Vot
N m “ 50T
Y4
J A - 0.1
, "'\%\\‘ P"——;HL"
0 1 vpp O
N |
2l — ©0.05
A ‘
0/- \ 0.5v p-p O ‘
| N\ /- -l
\r .\-‘
. 1 0.02
0'5;:7’!:!~‘~l
0 ' 0.2v p-p 0
\_~ ~
S — o;oi. R
0.20 =y
0 : 0.1v p-p O
|

Figure I11-9 Output for various levels of
- triangular current input
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 (d) Excess Zinc Addition

Ten at. % of zinc was édded to the starting composition of a Sémple
of'Ni0.27352n0.7265Fe].9504.f The oxides were'mixed in the attritor in
the usual way and a toroid was sintered at 1200°C for eight hours.
Figure III-10 shows the permeability versus temperature for this sample.
We prepared a Sample.in this way for two reasons. First, it was be-
lieved that zinc was being lost from the samples during the'firing pfo-
cedure. The additional zinc was added with the-possibility 6f dffset-
ting this loss.' Secondly, this sample would.yield additional data on
'zfnc addition since the zinc obviously}did not enter the structure as
a result of zinc acetété addition (see Chapter II). If the zinc:nicke)
ratio.cou]d be increased in the Spine1 structure in this way, we would
observe a decrease in transition temperature from that expected of'the
originai composition. According'to Figure III-4; the transition temp-
erature of Niy_ 7n Fe, g50, for x = 0.7265 can be predicted to be ap-
proximately 40°C. As shown in Figure III-10, the transition .occurs
about 42°C. While this 2°C difference is within the experimental ac-
curacy for setting the transition from starting composition, it cer-
tainly was not altered to a 1owgr temperature with the addition of ex-
tra zinc. However, two interesting observations may be made. The
bermeabi]itj increasesvélightly before'the transition temperaturé and
is characteristic of the properties generally reported for ferrites.
This might suggest that a small amount of zinc was indeed lost during
the firing of the previous samples. Also, the permeability was con-
siderably lower than previous samples (600 compared to 2000 or 3000).

The obvious conclusion is that the zinc occupied interstitial

space and increased the porosity. The same core was also tested as a
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transformer and the output was measured as a function of temperaturé.
It is worthwhile to note thét the output (shown in Figure II1I-11) de-
creased abruptly at the trapsition temperature, but did not have the
same small increase in mdgn%tude as did the permeability.

(e) Small Cores

The toroids originally manufactured for testing purposes were too
larQe to be practical for use in é device. This prompted the testing
of smaller cores. A machined die similar to that in Figure II-3 was
used to producé cores with an average outside diameter of 2.6 mm and
inside diameter of 1.6 mm after sintering. This is still far from the
state-of-the-art. Commercially, cores are manufactured as small as
T mil (]0'3 inches) outSide diameter, which is a further reduction jn
size o% About 100. The transitions of these sma]l'cores were.ex;réme]y
broad (see Figure IV-12), possibly due to oxygen loss from the lﬁttice.
The increased surface to volume ratio with the smaller cores will prob-
ably necessitate a different firing procedure. Also, the powders could
not be pressed asvdense as possible with the larger die. At present,
a series of tests are béing performed in the Electronic Materials Re-
search Laboratory to determine the correct fabrication procedure for

the smaller cdres.
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IV. DEVICES
A. THERMALLY CONTROLLED SWITCH

We have constructed an AC thermally controlled ON-OFF switch without
moving parts, using a ferrite toroidé] core. The initial permeability
controls the AC'impedance of a toroidal inductor in series with the load or
the mutual coupling between the priméry and secondary windings of a toroi-
dal transformer with the load in the secondary. A device similar to that
in Figure IV-1A waé built and demonstrated at the annual Joint Services
visit to The University of Texaé at Austin this year.
~ Below the transition temperature of the toroidal inductor Ty, it ap-
pears és a high series impedance and the light bulb B] is OFF. Above the
transition temperature T] is a low series impedahce and the bulb is ON. In
this manner, the same toroid may be used as a norma]ly;closed switch that
changes its state when its temperature passes the Curie temperaturé. The
toroid T, and bulb B, work analogously, and in addition below the transi- .
tion temperature, T2 acts‘as a transformer and'the bulb B3 is on.. Above the
transition temperature, there is poor primary to secondary coupling and 83
is off. Note that 82 may be rep]acéd by a short circuit without changing
the basic operafion of B3 resulting in the device in Figure IV-1B.

The toroidal core T] wés wound with 30 turns as was the primary of.Tz.
The number of secondary furns necesﬁary to operate B3 was determined to be
50 (see below). The 85 KHz sine wave input was supplied by an IC oscilla-
tor dfiving the cores through discrete trahsistors. if the cores are driven
at a low enough level so that the material doesn't saturate, the transformer
output or the inductor impedance is proportional to among other things, the
driving frequency. The light bulbs were grain of wheat bulbs with an imped-
ancé‘of approximately 50 @ when operating.' For proper operation and to
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effectively control the lighting of the bulb, the bulb impedance (R) must be
approximately that of the inductor (wL). The resistance of R of the bulb
and the inductance of the core are fairly constant; therefore, the driving
frequency must be adjusted Gnti] proper operation is obtained. This fre-
quency was determined to be 85 KHz. The transforﬁer ratio was then adjusted
to achieve proper operatibn at the same frequency.

B. DIGITAL TEMPERATURE TRANSDUCER

While the ON-OFF switch application is extremely important for cases
where the ultimate in reliability is required (no moving parts, radiation
insensitive, consisting of only magnetié core and wire, therefore, shock and
vibration insensitive with transition temperature detefmined by chemical com-
bosition and, therefore, also not subject to change with fime), there exists
also an ekpressed need for a more sophisticated digital transducer which,
when interrogated, will deliver a digital output directly re]&ted to the
temperature of tHe sensor envirorment. The proposed device is similar to
that shown in Figure IV-1C, and is compatible with digital measﬁrement and
control systems. A string of small toroidal cores with transition tempera-
ture spaced at a given interval can be interkogated by a -current pulse when-
evef the transducer is addressed by the system. At a given temperature,
some of the cores will be below the transition temperature and produce an
output pulse, while the rest will be above their transition temperature and
wi]ivbe non-magnetic, therefore producing no output pulses. A simple logic
converts the number of pulses from the cores to a digital number recogniz-
able by the control system.

1. Pulse Input

'The first step in the design of this device was to identify the dif-

ferent methods of producing a pulsed output from a magnetic sensor and to
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define the magnetic properties which are influential in optimizing this
pulsed output. The first method attémpted is analogous to the interrogation
of computef memory ‘cores. In this case, a small toroid core was pulsed
with a current iﬁterrogation pglée in the primary coil and a pulsed output
in the secondary (or sensing) coil wf]] exist only if the core is magnetic,
i.e., if it is below its transition temperature. The size of the output
pulses in this case is determined by the time rate of change of the magnetic
flux in the sensing coil and will, therefore, be related to, among other' »
things, the initial permeability. The peak amplitude of the output pulses
is detected to determine if the core is above or below its transition temp-
erature, | |
One drawback to interrogating the cores in this way is the dependence
of peak amplitude-of the output pulse on the switching time of the input'v
waveform. Recall that the output of the seCondary is the time derivative
of the current waveform through the primary (see Figure IV-8). Clearly,
variations in rise time of the input waveform will drastically affect the
output pulse height. Therefore, in order to utilize this method of_inter?
rogation, fheloutput pulse height must be independent of the rise time of |
the input. Several methods were attempted to accomplish this independenCe
of . the outpdtr It was first suggested that the primary be overdriven such
that the corelmateria1 switches between points A and B in its hysteresis
loop (see Figure IV-2). If the input rise time is fasfer than the switch-
ing time of the core, the output should depend only on the drive levels
(which determines points A and B) and not on the input rise time. We ob-
served an_outbut pulse rise time of less than 10 nsec while the input wave-
form had a rise time of 12 nsec. Hence, it is not clear that the switching

time of the core is yet the limiting factor.



Figure IV-2 Typical hysteresis 1oop for ferrite cores
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An alternate method is to integrate the output puise df;the,sensing
coil. The area under the output pulse should be ihdependent of the input
rise time and depend only on the;difference between the final flux values
in the core (¢] - ¢2).

This corresponds to the values illustrated in Figure IV-2 at-points a
and b, respectively. The main objection to both these methods is the fact
that the material is driven into saturation. If the cores are saturated,
the output'VQltage as a function of temperature follows the saturation mag-
netization which'isAa monotonic function of temperature and not the initial
permeability Which is discontinuous (see Chapter III). A further objection

to the second method is the signal loss if passive integration is used. For

RC integratioﬁ, the value of the_RC time constant must be much greater than

the width ofjthe output pulse to be integrated. Since there is a 1jmit'to
the current the secondary coil can deliver, there is-a lower 1imit on the
value of resistance that can be used in the circuit. Therefore, most of the
voltage is dropped aeroes this current limiting resistor. For R = 47K @ and
C = 100 pf, we observed a factor of 20 in signa]iloss when an effectiVe in-
tegration was achieved using discrete components. If, on the other hand,
active integration is attempted, the fast rise times involved prohibit the‘
use of all but the most sophisticated operational amplifiers.

2. Triangular Input

64

The main thing to bear in mind is the fact that the device must utilize

"~ the discontinuous permeability versus temperature characteristics. There-
fore, the transducer must operate as a linear transformer and the material
cannot be driven into saturation. A linear transformer has a transfer func-
tion directly proportional to the permeability. This fact, among others,

led to the investigation of different types of input waveforms. Since the



65

transformer is a differentiator, a triangular current input will give a
square wave voltage output. In addition, there is no longer a dependence on
the rise time of an input pulse. Expefiments confirmed that a square wave
output could be obtained for a triangular input at low levels (see Figure
111-9)

3. Output Detection

‘The desirable characteristics of the sense portion of the intekroga-
tion are: .
(1) Low threshold voltage level.
(2) Threshold stable with temperature since the Togic aﬁd cores may
| be at different temperatures. |
'(3)‘ Voltage compatibility with other Jogic circuitry.
~a. power supply compatibility
b. logic level compatibility
(4) A small number of IC packages. Assuming that the amplitude of the
output follows the permeability as a function of tempekature, then
the discdntinuity of the outpuf levels at the transition tempera-
ture can be quantized by means of:
a. IC comparators
b. IC Schmitt trigger
c. emitter coupled logic (ECL)
d. sense amplifiers
Comparators can be used with lower output levels which would reduce the
number of secondary turns necessary, but they require a negative voltage for
operation and a voltage reference with which to compare the output pulse
height. .In addifion, there are only two comparators per IC package available.

IC Schmitt triggers are voltage level compatible with other logic of the same
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family, require only a single power supp]y;~and have a threshold level which
is more stable tHah a gate input. But, on the other hand, Schmitt triggers

| generally are not as stable qsicomparators.' There are two to four IC pack-
ages available. The number of'secondary turns can also be minimized by util-
izing the low voltage swing of:0.8 volt between "1" and "0" of emitter
coupled logic. The 0.8 volt between "1" and "0" is attractive, and some new
ECL families have characteristics which are as stable versus temperature as
Schmitt triggers of saturating logic families. The drawback is that ECL is

- not as popular as other families of digital logic, thus necessitgting addi-
tional interface circuitky to make the logic leve]s'cdmpatible. Sense ampli-
fiers requiré the smallest input voltage levels of these four types for op-
eration, but are avallable in on]y one to two per package and require a nega-

tive vo]tage supp]y as well.

C. Other Devices

- Other applications using the change in inductance with temperature were
considered. While not requiring an excess of additional circuitry, they have
considerably more sensitivify. For example, if the 1ﬁdqctor is part of a
' bé]ahced bridge, temperature changes of less than 0.001°C will unbalance the
br1dge s1gn1f1cant1y in the region of the transition.

If the inductor is used in an oscillator circuit, the change in oscil-
1at1ng frequency can be used to detect variations in temperature on the or-

der of 1075 to 1076

degrees, thus demonstrating an extremely sensitive bolo-
meter with no need for calibration. One possible use might be a sensitive
infrared detector without cryogenic cooling.

0. Recommendations for Additional Research

We have been able to shift the transition temperature of the ferrites

up to 10°C higher than the temperature determined by the starting composition_'
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by édding nickel ions in 1iquid_form. It was expécted that zinc additions in
this way would lower the transition temperature, but to date this has been
unsuccessful. Obviously, 6 much greater flexibility in temperature range
would be achieved if a procéss for lowering the transition temperature could
be imp]emgnted. At least 20°C range of transition temperatures}(]d° above
and 10° b¢1ow) would be possible from any given starting composition. Fur-
ther expeTimentation with the addition of nickel and zinc ions in liquid
form coulq lead to an even larger range of temperatures available with a
given sta%ting mixtufe.

For device applications, it is necessary to reduce the size of the
cores. ngrication techniques must be perfected such that'the smaller
cores havé a sharp transition that can'be utilized for temperature detection.
The smaller size not only reduces the dimensions necessary for the aévice,
but the smaller mass enables the core to follow small temperature deviations
with increased sonsitivity.
| The design considerations listed above for the digital temperature trans-
ducer répresent a small amount of the thought that has gone into this device.
Many of the details need to be worked out to realize a working deQice. Most
of the design is now complete and the logic is being breadboarded. Further
testing of the design is necessary to establish the electronics necessary to '

achieve a given repeatability and\qua]ity.



APPENDIX A

When a material with high.permeabi1ity (p >> “o) is fabricated into a
toroid and has a uniform winding of many turns, flux leakage can be neglected
and the flux lines are confinéd almost entirely inside the winding. If

gg >> 1 (see Figure A-1), the ffux linkages are

- A = N¢ = NBA = NBab - : (1]
where A = ab is the cross sectional area of the toroid.’ Since B = H%L, we
have

‘ uNZIab '
ko= = - v [2]

- where I is the current through the winding and 2 is the length of the flux

path. The flux path is 2nR, therefore
p - uNTIab | (3]
The inductance of the toroid is then

L=A-pab [4]

" The permeability of the material is

o= ZERL - | | [5]

N~ab
where p = permeability (henrys/meter)
L = inductance of toroid (henrys)
ﬁ = radius of toroid (meters)

N = numbér'of turns

ab = cross sectional area of toroid (metersz).
. /
It was desirable to know the relative permeability, therefore

Woras . _RL 103
;—-(d1mens1on]ess) = EB'(Z x 107) [6]

0
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Figure A-1 Toroidal shape
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where u_ is the permeability of free space (4n x 10'7 henry/meter) and N =

0
50 for the test cores. The physical size was determined in mm with a micro-
meter (accuracy + 0.05 mm) by'm?asurihg the inside diameter (ID), the out;ide
diameter (OD) and the thickness (b) of thé toroids. Since R = 1/2 ID +
gg—i—lg-and a= 99—%—193 the constant Eg-was easily determined. The induc-
tance was measured in mfcro-henrys, thus the following formula was computed

for direct conversion from inductance to wiug:

S +ID 1 3 '

where 0D, ID, and b are measured in mm and L is measured in miéro-henrys.
Above the Curie point, the material.is paramagnetic and fhe'permeabili-
ty is equal to that of free space. The inductance of the core will be the
same as thaf?of a aif core of the same dimensions. This value of induétance
(Lo) can be calculated from Eq. [4] by substituting.uo for u. The relative
permeability may, therefore, be determined by an alternate relation

L .
LSS : . [8]

Ly Mo

where Lm.is the inductance measured at any given temperature.
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