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This invention relates to electrical resistor ma-’

terials and more particularly to such materials
having large temperature coefficients of resist-
ance. - | o
- Materials
 highly dependent upon temperature are useful in
many ways in electrical systems. A particular
feld of use is in regulating and protective sys-
tems. Usually the materials employed have rela-
tively large negative resistance-temperature co-
efficients. - S

 The specific resistance of metallic conductors
is generally too low and that of insulators too
high to make them of value as circuit elements
for regulation and like purposes. The so~called
semiconductors, which have intermediate resist-
ance values, therefore, appear to comprise the
useful field of materials having relatively high
resistance-temperature coefficients. |

"~ Several of the semiconducting materials, in-
éluding oxides of metallic elements, have been
employed heretofore for negative resistance-tem-
- perature coefficient resistor units. Although such
units have in some cases been reasonably satis-
factory from a performance viewpoint, they are

whose electrical Tresistances are

excess of one metal over the amount required by -
an integral atomic ratio. |

Still another feature of this iﬁvérition .come-

prises the making of resistance units with nega-
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tive temperature coefficients of resistance from -

oxides of manganese and iron or oxides of nickel
and manganese, by heat treatment to form re-
sistor units containing compounds of said oxides
such as manganese ferrite and nickel manganite.
-The invention and the foregoing and other fea-
tures thereof will be understood more clearly and
fully from the following detailled description with

reference to the accompanying drawing in which:
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rather difficult and expensive to prepare and

-maintain. - _
" One object. of this invention is, therefore, to

improve resistor materials whose resistances are

 highly dependent upon temperature. |
- Another object of this invention is to pro-
duce satisfactory resistor devices having high re-
sistance-temperature coefficients from materials
which are relatively inexpensive compared with
" those previously used with SUCCesS. - -
In accordance with one feature. of this inven-
- tion, the resistor devices comprise combinations
of oxides of metallic elements. |
-~ In accordance with another feature of the in-

vention, the metal oxides employed are of such

Fig. 1 is a sectional view of a disc type resistor

unit illustrative of one embodiment of this in-
~ vention; | | |

Fig. 2 is a sectional view of a bead type re-
sistor unit illustrative of another embodiment of
this invention; and B | S

Fiz. 3 is a graphical representation of data
showing the relation between specific resistance
and atomic ratio of the metallic elements, for a
series of resistors made from different proportions
of iron and manganese oxides and different pro-
portions of nickel and manganese oxides. |
~ It has been found that, where there is a tend-
ency towards reaction or solid solution of two

~ or more metallic oxides, semiconduction, which
" is predominantly electronic, can be expected, the
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character that when intimately mixed and heated

they combine to form a compound, solid solution,
eutectic mixture, or some combination of these.
A further feature of this invention resides in
the characteristic internal structure of the re-
sistance material made in _ |
in that it includes a erystal structure uniquely
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accordance therewith,

different from that of the materials irom which

it is made, - o 3
Another feature of this invention resides In
the use, as resistance materials, of some combina-

tions of metal oxides
sistance when the ratio of the numbers of the
atoms of the metals present is that of integers

and which have a higher resistance

conductivity being dependent upon the composi-

tion of the reaction product. In those cases in

which definite compounds are formed from the
oxides under the influence of heat, satisfactory
semiconductors frequently result. -
The specific resistance of an oXidic system, in
addition to its dependence, upon the composition
of the reaction mixture, is also a function of the
temperature to which it is heated and of the na-
ture of the atmosphere in which the heat treat- -
ment is carried out. Actually, alterations in heat
treatment and atmosphere displace the chemical
equilibrium - between the components and hence
change the composition of the reaction product.
There are, however, two types of alteration in
composition, each of which has a large effect
on the specific resistance of an oxidic material.
1t has been shown theoretically and demonstrated
experimentally that very slight departures from
the stoichiometrical composition in an oxide sys-

50 tem can produce very large changes in its con-

that exhibit a minimum re- |

ductivity. Thus, an excess of oxygen or metal
over that required by the chemical formula can
bring about changes in conductivity which are
dependent on the concentration of the over- |

if _there is an 55 abundant element.
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" The stabi]ity.'.'or c'oﬁs'taﬁcy -of"'composition-

an oxide indicates that the element in excess is

2,258,646
or

of two natures. They may consist of a soluﬂon

- of the new compound in one or more of the intial

firmly bound, either by secondary valence forces -

or in solid solution and, because of this, is not to

be considered as “free” in-the sense that it-is

mobile or chemically reactive. - Thus, the de- .

- pendence of the conductivity on the ambient
oxygen concentration is determined by prepar-
- ing the samples at high temperatures in various
atmospheres and subsequently measuring their
conductivities at low temperatures where they
are stable over long pericds of time regardless of
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the atmosphere. It is only after these specimens

are again heated at high temperatures that the
resistances are altered. This type of change is
dependent upon the mobility of the constituent
atoms at high temperatures and since their
mobilities are very small at normal tempersa-

tures the excess atoms are “frozen” firmly in

place. For an oxidic material given suitable
~ heat treatment, the ratio of combined to uncom-
~ bined elements is therefore constant at normal
temperatures. There is for each temperature
and each atmosphere a definite composition and
any change in environment results in a tendency
for the system to alter its composition. However,
for most oxides at normal temperature the rate

of approach to a new equilibrium is so small that

apparent constancy of composition is observed.
While the ratio of combined to uncombined
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‘atoms for an oxidic system is a constant for a

specific heat treatment, it has been determined
that in some systems the specific resistance is

further dependent upon the ratio of the num-

ber of atoms of one metal to that of another.
When this ratio has a value equal to the
ratio of two integers, the two metals will be pres-
ent in the proper proportions to form a com-
pound. When no oxygen is lost from or taken up
by the oxides during heat treatment the com-
pound is simply the addition product of the two.

- This need not be the case, however, and the same |

compounds may be formed from oxides in other
valence states with subsequent loss or absorption
of oxygen. Thus, the fact that the specific re-
sistance -of the reaction product is dependent
only upon the atomic ratio of the two metals
- and not on their valences in the original oxides,
- indicates that for the heat treatment employed
only one oxide of each metal is stable, or that

the compound formed is more stable than any
It has been found that

oxide of either metal.

‘various metals present.

Ingredients or they may be solutions of these ini-
tial ingredients in the new crystalline phase re- .

Ssulting from the heat treatment.

The curves of Fig. 3 illustrate the foregoing
statément with respect to minimum resistance,
Curve A, which is for a series of units having
different proportions of iron and manganese
oxides, exhibits a pronounced minimum for an
atomic ratic Fe/Mn=2. The minims in curves
B and C, which are for combinations of man-
ganese and nickel oxides, are not so sharply
defined, =occurring between Mn/Ni—2 and
Mn/Ni=4. The differences between curves B
and C are due to differences in heat treatment.

The specific resistance of a dense oxidic ma-

terial is then dependent upon the ratio of com- -

bined to free elements and, in systems of two
or more oxides, upon relative amounts of the
In general, the resist-
ance of a semiconductor is dependent also upon
its porosity, upon the size of the individual

‘crystallites, and upon its homogeneity. As the

porosity of an oxidic material decreases, its re- -
sistance also generally decreases and in the limit
approaches that of g completely ‘dense mass.
The stability of oxidic semiconduction increases
with decrease in porosity because in a porous
material the current is concentrated in small
areas which in some cases are raised to tem-
peratures sufficient to alter the equilibrium coms-
position. The effect of heating a porous semi-

-conductor by a current flowing through it may
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then be a permanent change in its resistance.
In general, the porosity of an oxidie system in
which compounds, eutectoids and/or solid solu-
tions are formed by heat treatment is less than

- for systems where compactness is achieved sim-
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in certain oxide systems the specific resistance is

& minimum when the atomic ratio has a value

that is the ratio of two integers or very nearly so.

55
In some cases, the minimum in resistance as .

a function of the atomic ratio of the metals is

pronounced, occurring at a value of this ratio
.corresponding to a definite oxidic compound
characteristically different from either of the
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original oxides. In other cases, the minimga are ,

less sharply defined, although they are asso-

cialed with atomic ratios nearly the same as

~ those corresponding to compound formation. In
either case, it has been found by chemical and
X-ray analysis that there is present in the mate-
rial of lower specific resistance a solid phase
having a crystal structure uniquely different from

ply by sintering and recrystallization. .

As has been stated, the specific resistance and
the mechanical properties of oxidic materials
are highly dependent upon their composition.
For qualitative purposes the specific resistance p
of such materials may be given by the expression
p=poe—a(T—To) where po is the specific resist-
ance at temperature To, o the temperature co-
efficient of resistance and T the temperature,
and where po and « are constant. Actually « is
8 decreasing function of increasing temperature
but for purposes of comparison it ean be consid-
ered as constant over small temperature ranges.
It has been observed in the study of some me-
tallic oxides, where the resistance was varied by
heat treatment, that « measured over a given
range, increased as the resistance increased. It
appears however, that this is not a universally
valid rule,.for certain oxide systems have been
found for which « within the temperature range
used for comparison is substantially independ-

ent of the specific resistance po at the reference

temperature Ty, even though PO
pendent upon the atomic ratio of

is highly de-
the metals in-

- volved. It has been observed that p May be es-
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sentially independent of « for those systems
whose specific resistances show minima as func-

- tionis of the atomic ratios of the metals.

that of any of the initial ingredients. In those |

cases where the minima in resistance are sharply
‘defined it is probable that there is no extensive
solid solution. However, where a new crystal
phase is present and where the minimum does
not occur at an integral atomic ratio there are

70

solid solutions present. These solutions may be 75

In the manufacture of resistance units from
oxidic materials in accordance with this inven-
tion, the constituent oxides are SO selected that
mixtures thereof upon heat treatment take on
characteristics other than those associated with
& simple mixture. When the oxides are proper-
ly chosen and heat treated the resulting mate-
rial partakes of the nature of g compound, a
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. solid solution, a eutectic mixture, or some COmM-
~ bination of these. Moreover, as has been previ-

~ ously stated, the combined material includes &

crystal structure that is characteristic and not
‘like that of any of the constituents. The new

mixture. = | . ._ -
 Certain oxide mixtures upon heat treatment
" form definite compounds. For example, & mix-
ture of iron and manganese oxides heat treated
" at a temperature ranging from 1000° to 1450° C.
will produce manganese ferrite. When the pro-
. portions of the two oxides are such that there
are two atoms of iron for each atom of manga-

. pletely reversible.

- material may for purposes of this specification
and the appended claims be called a homogene- .
ous combination as distinguished from a simple

10
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ance due to ‘changes in atmosphere, are com-

" The unit shown in Fig. 2 is of the bead type

comprising a bead 12 of a selected semiconduct-
ing material with conducting leads {3 embedded
therein. 'The leads 13 should be of some refrac-
tory conducting material such as platinum.
In the manufacture of these units, the constituent -

~ oxides are ground and mixed as for the disc type
devices.

The mixed oxides are made Into 2
paste by the addition of a suitable liquid such
as distilled water or a solution of a metal salt..
The paste is formed into small beads on platinum
or other suitable wires and dried. The units are
then heat treated in a manner similar to that

- employed for disc units.

nese, that is, for an atomic ratio Fe/Mn=2.0,

the -specific resistance is a minimum as illustrat-
ed by the curve A in Fig. 3. L |

A resistance unit comprisihg nickel manganite
" made from nickel and manganese oxides heat

 treated at a temperature ranging from 1000° to

1450° C. shows like characteristics. As may be

 seen from curves B and C Fig. 3 the specific re-
sistance is minimum between atomic ratios
‘Mn/Ni=2.0 and 4.0. | - |
Although in either case the variation in the
specific resistance p for small changes in compo-
~ sition 1s large over a considerable range, the re-
sistance-temperature coefficient « remains sub-
stantially constant. Other oxide combinations
such as zinc and uranium or manganese and
uranium also show a minimum of specific re-
sistance where the metals are present in such
quantilies that their atomic ratio is nearly that
of two integers. | S o
Other metal oxides which tend to combine in
the presence of heat may be used for resistance
materials of the type described. Among these
~ are noted the oxides of aluminum, magnesium,
 copper, zirconium, tin, chromium, cobalt, tita-
nium and Zzinc. -
 Practical embodiments of oxidic resistance

20

The conduction of oxide resistors, that are
made in accordance with this invention, is pre-
dominately electronic, making them available for
use with direct as well as alternating current.

7The devices are very stable at normal operating

temperatures and the resistance-temperature

~eycle is completely reversible.

25

By employing the materials and following the
procedure of the foregoing disclosure, resistances
may be produced having a sufficiently high tem-
perature coefficient of resistance to make them

“useful as circuit elements. By varying the heat
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units may be made in several forms, two of

which are illustrated in the drawing. The unit

shown in Fie. 1 is of the disc or plate type.

45

 The scmiconducting material is denoted by 10

"“and the terminals or electrodes by 1. Units of

‘this type may be made by grinding and intimately

mixing predetermined amounts of the constitu-
~ ent oxides. A die of proper dimensions may
~ then be charged with the mixed oxides and pres=-
. sure applied. A pressure of the order of ten tons
per square inch is suitable for producing satis-
factory discs or plates. The pressed discs are
then heat treated to bring about the necessary

~ combination of elements. Firing femperatures

of from 450° to 1500°-C. have been found suitable.
- The electrodes {{ may be formed by applying
silver paste to appropriate surfaces of material
10 and heating to solidify the paste. |

" The atmosphere in which the units are heated
may be adjusted in accordance with the oxides
- employed in order to obtain a desired final resist-
ance. For example, with mixture of Fez0z3 and
Mn3Os or NiO and MnsO4 the resistance of the
resulting unit is least for a pure oxygen atmos-
phere and greatest for pure nitrogen. Air gives
results intermediate these two extremes and

. atmospheres containing water vapor, illuminat-
ing gas or hydrogen give low resistances. When

o0
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treatment and composition of the oxide migture,
resistances may be prepared which have a wide
range of values of specific resistance but all hav-

ing essentially the same resistance-temperature

coeflicient. - | | -
Although specific embodiments of this inven-
tion have been shown and described, it will be
understood, of course, that they are but illus-
trative and that modifications may be made

therein without departing from the scope and

spirit of this invention as defined in the ap-
pended claims, - -

What is claimed is: ; o |

1. A resistance unit consisting of a compound
of manganese oxide and an oxide from the group
consisting of iron oxide and nickel oxide and an
excess of one constituent oxide, there being solid
solution between the compound and the excess
oxide. |

9. A resistance material consisting of a..homo-'

geneous combination of manganese oxide and an

oxide from the group consisting of iron oxide and

nickel oxide, and having a specific resistance

dependent upon the atomic ratio of the constit- -

uent metals and a temperature coefficient of

resistance substantially independent of said
ratio. - | | |

3. A resistance material consisting of a homo-
geneous combination of manganese oxide and an -

 oxide from the group consisting of iron oxide and

60

nickel oxide, and having a specific resistance
dependent: upon the atomic ratio of the metals.

4. A resistance material consisting of a homo-
geneous comhination of manganese oxide and an

 oxide from the group consisting of iron oxide
" and nickel oxide and having a specific resistance

65
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the metals are present in an atomic ratio of -
two integers the atmosphere generally has less

effect on the final resistance than for other

atomic ratios. In general, the changes in resist-

75

dependent upon the atomic ratio of the meials
in the combination, sald specific resistance hav-
ing a minimum value for an atomic ratio approx-
imating that necessary for a compound between
the oxides. | | |

5. A resistance unit consisting of a compound
of iron oxide and manganese oxide.

6. A resistance unit consisting of a compound
of manganese oxide and nickel oxide.

7. A resistance material consisting of a com-
bination of iron oxide and manganese oxide and
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% | o | -
having a specific resistance dependent upon the

atomic ratio of the iron and manganese in the

combination, said specific resistance being a
minimum for an atomic ratio of Fe/Mn=2.0.

8. A resistance material consisting of a com-
bination of manganese -oxide and nickel oxide

and having a specific resistance dependent upon .

the atomic ratio of the manganese and nickel

In the combination, said specific resistance

being a minimum for atomic ratios between
Mn/Ni=2.0 and Mn/Ni—4.0. -

. 9. The method of making g ’reslsfance unit

.that comprises intimately mixing finely divided

oxides of iron and manganese, forming said mix-
ture into a body, and heat treating said body at |

& temperature ranging from 1000° to 1450° C.
'10. The method of making a resistance unit

.

10
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that comprises intimately mixing finely divided
oxides of manganese and nickel, forming said -
mixture into a body, and.heat treating said body
at & temperature ranging from 1000° to 1450° C.

11. The method of making a resistance unit
that comprises intimately mixing finely divided
manganese oxide and a finely divided oxide from
the group consisting of iron oxide and nickel

oxide, forming the mixture into a body and heat

treating sald body at a temperature ranging from

" 1000° C. to 1450° C.

-oxide and an oxide from

12. A resistance unit consisting of manganese
| the group consisting of .
iron oxide and nickel oxide, and a compound of
the constituent oxides having a specific resist-
ance lower than that of either constituent oxide,
W - RICHARD O. GRISDALE.
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