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The invention relates to high temperature elec- ' many oxides are electrical conductors at elevated 
trical heating resistors. , temperatures, these oxides in general have nega 
One object of the invention is to provide an tive temperature coei?cients of resistance, es 

electric furnace capable of reaching high tem- pecially those which seem from all standpoints 
peratures and of operating at hightemperatures 5 to indicate usefulness as heating resistors. Since 
over a long period of time. Another object of zirconium oxide, also referred to as zirconia 
the invention is to provide an electric furnace doesn’t melt until the extremely high tempera 
with an oxide resistor which will not channel. An- ture of about 2700° C. is reached, it would at ?rst 
other object of the invention is to provide a re- blush appear to be an excellent material for a 
sistance element of such material, shape and 10 heating resistor; but besides having a negative 
characteristics that it can be operated at high temperature coei’?cient of resistance, it undergoes 
temperatures without channeling and without a sharp volume change upon heating and cooling. 
burning out. Another object of the invention is Also it is such a poor conductor at low tem 
to provide cold end portions for an oxide heating peratures that it must be heated by another 
element. 15 source of heat before it will operate. Hence when 
Another object of the invention is to produce used as a heating resistor, the furnace has to be 

practical embodiments of oxide heating resistors. heated by another means in order to make the 
Another object of the invention is to provide zirconia resistor or resistors conducting. Fur 
heating resistors and furnaces utilizing them of thermore the negative temperature coeflicient re 
particular utility in research laboratories for 20 sults in a decreasing resistance as the tempera 
the attainment of high temperatures. Another ture rises and on a constant potential source the 
object is to provide high temperature resistors resistor either becomes progressively hotter and 
that can be used in many different atmospheres. hotter until it burns out or it cools off and 
Another object is to provide a high temperature ceases to conduct. Moreover the negative tem 
electric furnace for operation at temperatures 25 perature coefficient of zirconia has caused rods 
above 1600° C. and even above 2000° C’. made thereof to become molten along the axis 
‘ Other objects will be in part obvious or in part because the current always tends to ?ow Wher 
pointed out hereinafter. The invention accord- ever the material is hottest. This phenomenon 
ingly consists in the features of construction, is known as channeling and has been pronounced 
combinations of elements and arrangements of 30 in cases where furnaces have been provided with 
parts, as will be exempli?ed in the structure to large oxide heating resistors. Channeling can 
be hereinafter described and the scope of the also occur in tubular resistors, the material heat 
application of which will be indicated in the fol~ ing more along one side or axial strip, with con 
lowing claims. sequent failure. Other dii?culties have hereto 

In the accompanying drawings, illustrating 35 fore been encountered. One of the objects of 
two of many possible embodiments of the me- this invention is to overcome such disadvantages 
chanical features of this invention: and di?iculties. 
Figure 1 is a vertical sectional view of a fur- Referring now to Figure 1, a furnace construct 

nace having a resistor constructed in accord- ed in accordance with the present invention may 
ance with the invention, 40 comprise a furnace body [0 made up of any suit 
Figure 2 is a vertical sectional view of an» able refractory material for example out of kaolin 

other furnace having a resistor constructed in bricks. This furnace body It! provides a chamber 
accordance with this invention to illustrate an- H in which the heat is developed by a zirconia 
other embodiment, resistor heating element I2 which as will be ob 
Figure 3 is a plan view of the furnace of Figure 45 served is in the form of a tube. 

2, The zirconia tube I2 is made out of stabilized Figure 4 is a graph illustrating stable and un- zirconia ZI‘Oz preferably stabilized with from 
stable conditions in such a furnace under dif- 3% to 6% lime, CaO, and the material may be 
ferent loads and at different temperatures, made in the following manner. An electric arc 
Figure 5 is a graph of critical temperatures for 50 furnace of the type disclosed in U. S. Letters 

a zirconia resistor in different ambient tempera- Patent No. 775,654 patented November 22, 1904 to 
tures, Aldus C. Higgins is provided. Furnaces of this 
Figure 6 is a graph of the heat radiated per type comprising iron shells cooled all over with a 

square centimeter of a zirconia resistor at the cascade of water have been in use practically ever 
critical temperature for different ambient tem- 55 since the date of the above patent and are well 
peratures, known to electro-chemists and therefore need not 
Figure 7 is an electrical diagram. be further described herein. A furnace mix 
As conducive to a clearer understanding of cer- ture of zirconia ore, coke, iron, carbon, and 

tain features of the present invention it is point- lime (CaO) is prepared. Various zirconia ores or 
ed out that while it has long been known that 60 partially puri?ed zirconia powder can be used. 

I 
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In general these are the zircon and baddeleyite 
ores. However chemically puri?ed zirconia can 
equally well be used but is of course more ex 

pensive. 
The quantity of carbon provided in the fur 

nace mixture should be two-thirds of the theo 
retical quantity of carbon required completely to 
reduce the silica plus 100% of the theoretical 
quantity required to reduce all the other'oxides 
(except the zirconia) to metal plus about 20% 
excess over all of these quantities. This quan 
tity can be varied from the above with no excess 
to the above or with 40% excess. The reason 
why only two-thirds of the theoretical quantity 
of carbon required completely to reduce the silica 
is provided is that about one-third of the silica 
is volatilized during the furnacing operation. On 
the other hand the excessmentioned is provided 
because some of the coke is used up by combin 
ing with oxygen other than that provided by the 
oxides to be reduced. 
The quantity of iron should be enough to form 

with the silicon that is reduced from silica a 
ferro-silicon having an iron content of from 75% 
to 85%. The purpose of the iron is to combine 
with the silicon to form a ferro-silicon alloy 
which has a much higher speci?c gravity than 
elementary silicon and therefore will go to the 
bottom of the furnace and, after solidi?cation, 
form a ferro-silicon button containing also other 
reduction products that can readily be separated 
from the rest of the ingot. The amount of iron 
to add is enough to make with two-thirds of the 
silicon present in the ore a ferro-silicon having 
an iron content of from 75% to 85% minus the 
amount of iron obtained by the reduction of the 
iron oxide in the ore to iron and this of course 
must take into account that a small percentage 
of iron oxide remains in the ?nal product. 
The quantity of lime as a stabilizing agent to 

be added should be from 3% to 6% of the amount 
of ZI'Oz in the ore. The reason for providing 
the stabilizing agent in the above percentages 
is that less will not satisfactorily stabilize the 
zirconia, 'and more will form a eutectic thus 
making the product less refractory. The sta 
bilizing agent in the range given causes the zir-. 
conia to crystallize predominantly in the cubic 
system, but when less of the stabilizing agent is 
used the crystals are predominantly monoclinic. 
Ordinary or natural baddeleyite is monoclinic 
whereas the product of this invention is pre 
dominantly cubic. The monoclinic form of zir 
conia will not withstand many cycles of heating 
to over 2000° C. and cooling to 100° C. and even 
lesser temperature changes may cause cracking 
or fracturing of the heating element if it is made 
of monoclinic zirconia. A zirconia of predomi 
nantly cubic crystal form will, however, with 
stand heat shock for many cycles. When the 
lime is as much as 6% the crystals are nearly 
all cubic, when the lime is as low as 2.7% about 
35% of the crystals are cubic. Zirconia having 
3% to 6% of lime on the Z1‘O2 is referred to as 
stabilized zirconia; the expression “stabilized” 
means that the zirconia does not have a detri 
mental volume change at the critical tempera 
ture of inversion of baddeleyite, normallyabout 
1000° C. However I do not want to be limited to 
lime stabilized zirconia nor to the precise fur 
nace operation described herein since magnesium 
oxide (3% to 6%) is likewise a stabilizing agent 
and other processes of combining the stabilizing 
agent with the zirconia can be effectively used. 
However the best material now known to me-for 
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the manufacture of the resistor heating elements 
I2 is that above described. 
For the manufacture of tubes of zirconia I may 

take zirconia grain and slip cast it, ram it, or 
extrude it to form the “green” shapes, then dry 
the shapes and ?re them at cone 35. However 
a very convenient way is to press the material to 
produce the tube shapes. The grit size of the 
zirconia has some relation to the size of the tube, 
for example it is not desirable to try to make 
very-small tubes with coarse grit. However this 
matter is not critical and the ceramist will readily 
know how to select proper grit sizes especially in 
view of the following example: 

For the manufacture of a stabilized zirconia 
inch diameter bore 

and a 1%. inch outside diameter, I selected sta 
bilized zirconia of grit sizes 24 mesh and finer 
down to 2 microns. This Was simply the mate 
rial produced by grinding the zirconia until it 
would pass a 24 mesh screen. This grain was 
wet with a solution of 2% water and 1% dex 
trine, the percentages being on the weight of 
the zirconia. This wet mixture was then charged 

. into a rubber mold having a steel arbor and was 
pressed at 5000 pounds to the square inch. The 
molded “green” tube was then stripped from the 
mold, was dried and was ?red at cone 35. This 
tube containing about 5% of lime on the total 
ZrOz made a highly satisfactory heating resistor. 

Referring again to Figure l, the resistor I2 is 
seated in intermediate cold ends l3 which are 
likewise made of stabilized zirconia and can be 
fashioned out of the material above described 

-, in the manner above described but steel molds 
can be used as it is not necessary to use a rubber 
mold to make cylindrical blocks such as the cold 
ends it. These cold ends l3 have approximately 
four times the cross section of the tube l2 and 
consequently should have one-fourth the resis 
tivity of the tube 32 at the same temperature. 
Within the scope of my invention the cold ends 
it should have at least twice the cross section 
of the tube l2 and I cannot give an upper limit 
because the greater the cross section of the cold 
ends it the better will be the performance of 
the furnace, only there are of course practical 
limitations on inde?nitely increasing the size of 
these cold ends. 

In contact with the intermediate cold ends l3 
are outer cold ends M made of material which 
at practically any temperature has a lower rc— 
sistivity than that of zirconium oxide, stabilized 
or otherwise. These outer cold ends l4 may, as 
shown, be cylindrical blocks and preferably they 
have nicely ground plane surfaces [5 in contact 
with equally nicely ground plane surfaces It on 
the ends of the cold ends l3. These outer cold 

_ ends it may be made of any oxide selected from 

60 

65 

75 

the group consisting of zinc oxide ZnO, titanium 
oxide TizOs, magnetic iron oxide F6304, copper 
oxide CuzO, manganese oxide M11304, and uranium 
oxide UOz. However from all standpoints includ 
ing especially cost, I prefer zinc oxide, ZnO. 

It is preferable that the oxide used be not very 
pure. The listed oxides are all of them more con 
ducting if some impurities are present since 
defects in the crystal lattice, promoted by strain 
from foreign atoms or a de?ciency or excess of 
one of the atoms of the oxide, considerably in 
crease the conductivity. Mixtures of any two or 
more of these oxides mentioned can be used and 
reduced products are certainly not excluded, but 
on the other hand are desirable and foreign mat 
ter of almost any kind is not detrimental and 
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naturally any free metals present increase the 
conductivity. It is therefore not possible to give 
limits on the purity of the material of the outer 
cold ends [4 since clearly if copper oxide con 
tained so much free copper present that there 
was only 13% of CuzO, it would be more conduc 
tive than pure Cu2O. But on the other hand 
the purpose of using an oxide at all for the outer 
cold ends would be defeated by using almost pure 
metal so therefore the only de?nition I can give 
is the melting point of the material. The melt 
ing point of the outer cold ends should be no 
lower than 1200° C. The following table giving 
the melting points of metals and oxides may be 
helpful in this connection. 

TABLE 
Melting points of metals and oxides 
_xk 

Manganese. _ _ _ _ l _ 

Titanium ____________ . _ 

Uranium _____________ _ _ 

d = decomposes. 

As a speci?c example of the composition for 
the outer cold ends I4 I took a quantity of granu 
lar zinc oxide ZnO, technical grade, mixed it 
with water and dextrine to make a moldable ma 
terial, pressed it into blocks and calcined them 
at 1300° C. for two hours. I then crushed these 
blocks to granular material 20 mesh grit size 
and ?ner. I then took 60% of the material so 
made and 40% of the original lot of granular 
zinc oxide, technical grade, mixed thoroughly, 
added 2% of dextrine and 21/9_% of water, mixed 
thoroughly again, placed this mix in molds of the 

and ?red them to 1300° C. 
Referring again to Figure 1, the outer cold ends 

I4 should be resiliently pressed against the inter 
mediate cold ends l3 and this can be done in any 
manner. As shown the furnace body In rests 
upon a steel plate I‘! and to this steel plate H 
are fastened L-shaped springs l8 by means of 
screws l9 extending through slots 20 in the ends 
of insulating plates 2|, the screws [9 being beyond 
the sides of the horizontal portions of the springs 
l8 so that the springs l8 are insulated from the 
plate H. The upper ends of the springs [8 con 
tact the outer ends of leads 22 that extend into 
the cold ends l4 as shown and have a snug ?t 
therein. These leads 22 are preferably made of 
a nickel iron chromium alloy such as 

with .1 to .7 carbon. 
It will be seen that the outer cold ends I4 are 

entirely outside of the furnace body l0 although they 

as will the intermediate ends I3. 
even though the heating element l2 may be as 
hot as 2600° C. the outer cold ends 14 will not 
melt even though they have a melting point as 
low as 1200° C. , 

The chamber II of the furnace may have any 

Consequently 

Li 
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6 
desired shape but for convenience in construct 
ing it as well as in using it, it may have a rectan 
gular parallelepipedal shape. At least on one 
side of the chamber II and preferably on each 
side thereof is a removable brick 25 for gaining 
access to the chamber II and for admitting a 
?ame thereto and exhaust gases therefrom in 
order to start the furnace in operation. 

Electric current can be conveyed to the leads 
22 via the springs [8 by means of copper conduc 
tors 21 connected to the springs I8 by binding 
posts 28 having nuts 29. 
Figure 2 illustrates another embodiment of the 

invention in which the zirconia resistor heating 
element 32 also functions as a furnace wall. In 
this embodiment there are intermediate cold ends 
33 which have an annular shape and these are 
in contact with outer cold ends 34 also having 
an annular shape. The outer cold ends 34 have 
nicely ground plane surfaces 35 in contact with 
equally nicely‘ ground plane surfaces 36 on the 
intermediate cold ends 33. The lower cold end 

terial. Just above the batt 31 is an annular plate 
39 which may be made of sintered alumina. In 
serted into and extending radially from the outer 
cold ends between the batt 3'! and the annular 
plate 39 are a plurality of leads 42 which may be 
made of the same nickel iron chromium alloy as 
above described and similar leads 42 are im 
bedded in and extend radially from the upper 
outer cold end 34. 

Just outside of the heating element 32 and 
resting upon the lower intermediate cold end 33 
is a heat retaining zirconia tube 43, preferably 
made of the same stabilized zirconium oxide as 

drical steel shell 44. Between the steel shell 44 
and the zirconia tube 43 is packed a quantity of 
zirconia grain 45 which may be of the stabilized 
variety or otherwise. Resting on this grain 45 
and surrounding the upper intermediate cold end 
33 is a short tube 46 made of sintered alumina. 

same stabilized zirconia. This cap 48 has a sight 
hole 49. g ' ' 

The annular plate of alumina 39 rests upon 
a steel ring 50 having radial holes through which 
extend the leads 42. There is another ring 50 
at the top of the furnace which is clearly illus 
trated in the plan view of Figure 3. Strip metal 
springs 52 are secured by screws 53 to the top 
ring 50 and also to the bottom ring 50 and the 
ends of the springs 52 engage the outer ends of 
the leads 42 thus causing the latter to exert pres 
sure against the cold ends 34 in which they are 
imbedded, for the purpose of making good electri 
cal contacts. Electric current can be conveyed to 
the rings 50 and thence to the leads 42 by means 
of conductors 55 attached to the rings 50 by 
screws 56. In Figure 3 a cable 57 is shown con 
nected to the conductor 55 and, of course, there 

similar conductor attached to the lower ring 50. 
Illustratively, the dimensions of the‘ tube 32 

of Figure 2 may be a length of 6 inches, an inside 



the resistor tube is more nearly 

‘and in the construction 

shown) . 
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diameterrof ‘3%; ‘ inches,’ and- an outside diameter 
of 1% inches. It ‘may be ‘constructed in the 
'manner. above described in connection‘with the 
making- of tube if. of Figure l, illustrative dimen» 
sions-for which Ihave also given above. These 
dimensional relations between diameter and wall 
thicknesses are predetermined according to my 
invention .50 that the wall thickness of thezir 
:coniatube is not too thick relative to the'diameter 
ofthe tube and meets the criterion that 

ID . 
f. . t v . Wa is no less than 2 

where I!) is theinside diameter‘ of the :tubeand 
T-Wais the wall thickness. 
'of-my invention 

‘ This preferred aspect 
will presently be furtherv ampli 

?ed. It is a factor that contributes toward over 
coming limitations and difficulties heretofore en 
countered and toward achieving a ‘number .of 
~practical advantagesand results heretofore im 
possible so far as I am aware. 

vAs above indicatedthe. end faces or surfaces of 
‘the tubular element it of Figure l and of the 
‘tubular element 32 of Figure 2 are preferably 
‘shaped or faced, as by grinding, to give even and 
uniformsurface contact with the intermediate 
blocks or cold ends i‘3,-l3 in Figure l and 33, 33 
-in Figure 2, and the latter may also be similarly 

faced or treated on those portions where they en 
gage the resistor tube, thus to aid in achieving ' 
uniform contact resistance throughout the en 
gaged surfaces .wherebysubstantial uniformity of 
current flow per unit area of the cross~section of 

achieved. Each 
resistor tube, being a hollow cylinder, may be 
regarded as comprising a number of individual 
longitudinal resistor elements arranged in a cir 
cle and in intimate side wall contact with each 
other and each carrying the same amount of 
heating current therethrough, and if the resistor 
tubes are dimensionally within the above cri 
terion, it is possible to achieve'operation of the 
resistor and of the furnace without materially 
disturbing the just described uniformity of cur» 
rent flow through 
subdivisions or 

these imaginary longitudinal 
elements of the hollow cylinder, 

.as .will be later described. 
Uniformity of the surface contacts just men 

:tioned above and also of the surface contacts 
between theintermediate cold ends and the outer 
.cold ends whose contacting faces are also pref~ 
‘erably ground, as above noted, further en 
hanced by the continuity of the yielding pres 
sures with which these serially successive sur 
faces in each of the illustrative furnace construc- ' 
tions are held in engagement with each other. 
In the construction of Figure 1 the spring arms 
‘l8, l8 supply and maintain this contact pressure, 

of Figure 2 it is the 
weight of the successively stacked parts that 
furnishes this continuous but yielding pressure. 
Moreover the feature of yieldability also permits 
the various pressed-together parts to partake of 
dimensional changes in response to temperature 
changes, all without subjecting any of the parts 
to detrimental stress and without disturbing 
uniformity and continuity of application of the 
contact pressure. 
The furnace may be energized from any suit 

able source of current, preferably an alternat 
ing current source, as is diagrammatically indi 
cated in Figure 'l, and to the output thereof the 
furnace of Figure l or the furnace of Figure 2 
may be connected through a suitable switch (not 

The electrical system comprises any 

10 
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constancy of current 
poses of illustration I have indicated in Figure '7 

.ing employment in 

perature T above 

suitable -means for automatically maintaining 
supply thereto and for pur 

any suitable form of constant current regulator, 
preferably one in which the standard or magni 
tude of the current value to be kept constant may 
be manually set. 
As previously stated, the furnace of Figure 1 

can be started by a. gas flame introduced through 
the hole which is left when a brick 25 is removed, 
the exhaust gases emerging through the hole on 
the other siderthe other brick 25 being also re 
moved. I have found that it is sufficient to heat 
the element I? to about 1400" C. to start the 
furnace as after that the element l2 willcarry 
enough current to continue the heating and 
raise the temperature gradually to that desired. 
The furnace of Figure 2 can conveniently be 
started by removing the hearth block 41 and the 
cap 48, placing a silicon carbide resistor verti 
cally through the entire furnace (the batt 31 
having a hole 59 in the bottom, as shown), ener 
gizing the silicon carbide resistor, thus heating 
the element 32 to about 1400° C., then removing 
the silicon carbide heating element, replacing the 
hearth block 4'? and the cap A8, and turning 
on the current through the element 32. 

According to my invention, I am enabled to 
achieve such substantial freedom from hazards 
and de?ciencies heretofore met with as to make 
possible the reliable operation of oxide ‘heating 
elements of large surface area. In operating 
the furnace, according to my invention, the 
initial heating of the tube element is effected'in 
a manner to avoid giving rise to ruinous condi 
tions of instability and, once it is heated and the 
electric current applied, I again effect controls 
and conditions that avoid instability, and in these 
connections the dimensional criterion of the 
tubular heater element plays a part. 

If a constant potential is applied to the resistor 
and the furnace is heated. by some means, such as 
a gas burner, until the resistor becomes conduct 
ing, the conditions are ingeneral unstable and, 

.> without more, the temperature will increase until 
the element is destroyed. On the other hand, if 
the applied voltage is so controlled that the tem 
perature does not run away, thelikelihocd is that 
one side of the tube will become Warmer than 
other parts, thus becoming a better conductor 
leading to a heavier current therethrough which 
in turn leads to still higher temperature until 
virtually all of the current is channeling down 
one side of the tube which usuallyrresults in 
breakage. Itis this sort of thing that has been 
one of a number of major factors heretofore lim 
iting the uses of conductive oxides and prevent 

.heating elements of large 

surface area, 
According to my invention, these obstacles are 

overcome. I have investigated the factors in 
volved therein and as of aid in describing how I 
overcome the above obstacles, let it first be as 
sumed that an element, sufficiently small in di 
ameter to heat uniformly throughout the cross 
section (say, on the order of 2 millimeters), is 
enclosed in a furnace maintained at a constant 
temperature To. If a small current is passed 
through the element, heating it to some tem 

that of the furnace, it will 
lose heat to the furnace through convection and 
radiation. At least, as a first approximation, one 
canreasonably represent the heat loss by the 
equation 
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in which H represents the heat lost per square 
centimeter in watts, 7c is the heat transfer co 
e?icient through convection, and 7c’ is the heat 

2><10—2 

in the equation can be neglected. 
In calculating is’ it was assumed that the emis 
sivity of zirconia is 30% of black body. This 
?gure is based upon measurements made in a laboratory. 
Accordingly the heat lost from the heating ele— 

ment 

plotted in Figure 4 for 
two furnace temperatures, 1000° K. (abscissae 
at the top) and 1600° K. (abscissae at the bot 
tom). It is assumed, 

cross ' section. - 

The speci?c resistance of lime-stabilized zir 
conia has been measured over a 
ture range, and while there are variations due to 
impurities, porosity, and grain size distribution, 
it can be represented reasonably well by the equation 

logw R =%— 2.82 (2) 
Both curves of Figure 4 go- through a de?nite 

maximum, although the one for Tu=~1000° K. 
rises much more steeply and attains its maxi 

than the other. At any tem 

ing in more energy 

ated, and the temperature will fall back to the 
equilibrium position. On the other 

conditions, since any accidental displacement of 
the temperature upwards will cause a greater 
generation of heat than can be radiated and the 
temperature will rise at a progressively faster 
rate until fusion occurs. 

Furthermore, the element is permanently un 

'To is increased, so that a potential that is safe 
at a low furnace temperature may become ex 
cessive as the furnace heats up. ' 

The relation between the critical temperature 
(i. e., the temperature at maximum voltage) and 
the furnace temperature is given in Figure 5 
and the following equation 

In this equation, B comes from the variant of 
Equation 2 

in which, for stabilized zirconia, A=0.00152, 
and 3:13.700. Note that A, which con 

as porosity, grain size, shape 
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_' according to my invention, initial 
' zirconia tube is e?ected as above described, as 

r tubular element at uniform 

of cross section of the element, and magnitude of 
the speci?c resistance, does not appear in Equa 
tion 3. 

Figure 5 shows that at low temperatures the 
critical temperature is very little above the am 
bient temperature, thus providing only a narrow 
region of stability, while at high furnace tem 
peratures the stability limits are very wide. At 
furnace temperatures above 1800° K., instability 
is no longer possible with a voltage below that _. 
necessary to melt the zirconia element. 

Thus critical temperature and. safe radiation 
desiderata are determinable for the oxide resistor 
whose wall thickness should not be great enough 
to permit detrimental or excessive radial tem 
perature gradients, and speci?c criteria are above 
illustratively set forth for zirconia. N 0 such radial 

tubular heating element, 
of small-cross-sectioned parallel elements equally 
and uniformly energized electrically, and the con 
ditions for stability within that assembly so ener 
gized are the same as those described above. 
Moreover, the thin-walled tube used in these cal 
culations also meets the criterion for wall thick 

is in effect an assembly 

furnace. It has been 
amply con?rmed in experimental furnaces. 

Accordingly, in operating furnaces constructed 
heating of the 

by using gas or a temporarily inserted resistance 
element, the zirconia tube being heated substan 
tially uniformly to a temperature on the order 
of 1400° C., whereupon the tubular heating ele 
ment is connected to the power supply and con 
trol circuit as above described. The .zirconia heat 
.er tube meets the criterion of wall thickness above 
set forth, and the provisions above described in 
sure that the current ?ows into and out of the 

current density 
throughout the above described contact faces or 
surfaces at the respective ends thereof, and this 
action is assured though the parts partake of 
temperature — responsive dimensional changes. 
The preliminary heating, as by gas or an inserted 
resistor, has made the heater tube su?iciently 
conductive for the flow of current from one end 
to the other and the current ?ows therethrough 
at substantially uniform density throughout any 
cross section taken between the ends of the heat 
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er tube. It functions in effect like a set of small 
cross-sectioned individual elements arranged in 
tegrally in a circle, and because the above rela 
tionship of wall thickness to inside diameter is 
not departed from, if, any one of these imaginary 
elements or subdivisions of the zirconia tube 
heats up beyond the others, it can and does lose 
more heat by radiation than it gains, and thus 
the conditions that are otherwise conducive to 
channeling are counteracted. Thus continued 
heating up of the heater tube is facilitated, as 
is also subsequent operation of the furnace at 
the desired ultimate furnace temperature. 

This action of continued heating up after the 
current is turned on will thus also be seen to 
contribute toward maintaining uniform current 
density, and thus uniform heating up is reliably 
and more quickly attained. The action just above 
described might be said to achieve substantially 
automatic maintenance of temperature equili 
brium throughout the- mass of the heater, and 
a similar substantially automatic action takes 
place during the run of the furnace at its ultimate 
furnace temperature at which treatment of'arti 
cles or materials is desired to take place. 

It is preferred to supply energy to the hollow 
cylindrical element of the furnace under condi 
tions of constant current control, effected by 
setting the current regulator of the supply sys 
tem of Fig. 7 to the desired current value, the 
regulator being manually set to function at the 
selected standard or value of current to be kept 
constant. It is possible, once the heater has 
been sufficiently heated by an extraneous source, 
to close the circuit and set the regulator at a 
current value that will- ultimately give the de 
sired-operating furnacetemperature upon com- 
pletion of the heating up by the current itself, 
for the above-described dimensional criterion or 
characteristic of the zirconia tubular heater and 
the limitation of current or amperage effected 
by the current regulator coact to achieve preven 
tion of conditions of instability such as those 
described above in ‘connection with Figure 4. Be 
cause of such coactions and by setting the cur 
rent regulator to successively different standards 
of operation, it is also possible to supply current 
to theheater tube at a different value during 
the heating-up period than is supplied during 
the continued operation of the furnace at its 
desired temperature, so long‘ as the change in 
value-is effected with due'regard to the otherwise 
inherent conditions of stability and of instability 
that exist, respectively, to the left and to the 
right of the maximum points of the graphs, such 
as those of Figure 4, for the heater element. Be 
cause of the wide range of stability that exists 
to the left of the knee in the graphs,‘ preciseness 
and closeness of control can be departed from 
and energi‘zation; throughout that range of sta~ 
bility, could even be effected at higher current 
values or at varyingcurrentvalues such as ac 
company the application of the electrical energy 
at constant voltage, and in this latter connection 
the energy could be applied in successive stages 
at successively different standards of constant 
voltage, if desired——provided, ofv course, as will 
now be clear, that substantial precision and close 
ness of constancy of current be'instituted just be 
fore or when the critical temperature is reached, 
for thereafter, as above explained and demon 
strated, conditions of instability can be brought 
about at potentials and temperatures to the right 
of the maximum point in the corresponding graph 
like that of Figure 4. 
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However, once the current is turned on after 

the preliminary heating by an extraneous source, 
it generally will be preferable to maintain con 
stancy of current regulation at a single and ap 
propriate current value which, for'the particular 
tubular heater element, will insure continuity of 
conditions of stability throughout. In this pre 
ferred method, the further advantage is achieved 
in that the continued heating. up that goes'on 
after the removal of the extraneous heat source 
takes place relatively slowly, which is desirable 
because it lessens any tendency toward non-uni 
form heating up throughout the cross section 
of the tubular element; the selected current 
value, of course, is one that is within the limits 
of the conditions for stability to the left of the 
maximum point or points in the graphs of Figure 
4, and While, as earlier explained above, a voltage 
that is safe at a low furnace temperature may 
become. excessive at higher temperatures, the 
voltage at which the selected current value is de 
livered to the heater unit after the ultimate fur 
nace temperature is reached is, therefore, well 
within a safe value during the heating-up stage. 
For example, for the‘ furnace of Figure 2, an ulti 
mate furnace temperature of 1600° C. may be de 
sired and in that case, after preliminary heating 
to about 1400“ C., the current is turned on with 
the regulator set to maintain current flow con 
stant at 20 amperes. After turning on the cur 
rent, so that the heating up proceeds at a con 
stant current flow of 20 amperes, the voltage 
drops slowly to a value of about 127 volts and the 
furnace temperature levels off at 1600° 0., giving 
a power input of about 2540 watts. To illustrate 
the functioning of the intermediate and end 
blocks, the temperature of the intermediate block 
was about 1030° C. (measured at the bottom. of 
a hole therein one inch deep), and the zinc oxide 
end block had a temperature of 985° C. 
Thus it will be seen that, by my invention, 

many thoroughly practical advantages are suc 
cessfully achieved. I have operated furnaces 
constructed in accordance with this invention. 
at temperatures between 1600" C. and 18000 (3., 
over substantial periods of time and without any 
trouble or di?iculty. The risks, damage, losses, 
and limitations imposed or caused by channeling 
can be successfully avoided and controlled sta 
bility achieved according to the principles of my 
invention. While, so far as concerns the resistor 
element or'elements per se', I have described my 
invention in connection with the use of zirconia 
resistor elements, and more particularly stabi~ 
lized zirconia heater elements, I have done so 
because of the over-all superiority and many 
novel advantages that I am enabled thereby to 
achieve, but I do not wish to be lirnted thereto 
except as such limitation‘ may be expressed in 
one or more of the claims. Many of the advan 
tages and various of the results of my invention 
may be achieved by utilizing other known refrac~ 
tory oxides that are conducting at high enough 
temperatures. Of course, elements of expense or 
cost of some of these will enter as a consideration 
in their practical application. Also, the particular 
characteristics of any one or more of such other 
refractory oxides might make it more suitable for 
some particular purpose; for example, for very 
high temperatures, thoria may be employed ir 
preference to zirconia'because, for example, it ha: 
a higher melting point. Whatever the selectec 
refractory oxide, stability of operation may b 
achieved‘ according to the principles fully ex 

in connection witi 
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the use of stabilized zirconia, as for example, by 
shaping it in the form of a tube in which the re 
lation between the inside diameter and wall 
thickness is such that detrimental or excessive 
radial temperature gradients are not produced, 
and supplying electrical energy thereto so con 
trolled that ambient temperature and resistor 
temperature are maintained within those ratios 
that mean stability, as is illustratively explained 
above in connection with stabilized zirconia tu 
bular resistors. 

It will also be seen that some known disad 
vantages or limitations met with heretofore are 

described. Nor do I Wish 
making of the outer cold 

ends, to the oxides I have above mentioned spe 
ci?cally, except as any such limitation is set forth 
in any of the claims; other known conductive re~ 
fractory oxides are also usable in the making of 

action with other parts. 
It will thus be seen that there has been pro 

vided by this invention a high temperature re 
sistor in which the various objects hereinabove 
set forth together with many thoroughly prac 
tical advantages are successfully achieved. As 
many possible embodiments may be made of the 
invention and as many changes might be made 
in the embodiment above set forth, it is to be 
understood that all matter hereinbefore set forth 
or shown in the accompanying drawings is to be 
interpreted as illustrative and not in a limiting 
sense. 

I claim: 

1. A high temperature electric furnace com 
prising means forming a refractory heat-resistant 
enclosure having therein a tubular heater element 
made of a refractory oxide that has’a negative 
temperature coe?icient of resistance, said tubular 
element being substantially non-channeling, hav 
ing a substantially uniform cross section 
throughout its length and having a wall thick 
ness less than that at which, throughout the 

throughout the 360° 
prising a succession in - ‘ 

massive per unit length compared to the mass 
of said tubular element per unit length and each 
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14 
that of the oxide of. the inner end block and mak~ 
ing conductive contact with the latter through 
out an area of contact of the latter with the tube 
end, substantial surface 

quantity on the order of from about 3% to about 
6 % of the amount of zirconia. 
_ 3. An electric furnace as claimed in claim 1 

alkaline oxide selected from the 
group consisting of lime and magnesia. 

4. An electric furnace as claimed in claim 1 
in which the inner block of each of said succes 

current-distributing 
said 360° extent of the contacting surfaces. 

6. A high temperature electric furnace com 
prising a refractory heat-resistant enclosure and 

neling in a high temperature electric furnace 
resistor element that is of a refractory 
oxide :that has a negative temperature coe?icient 
of resistance which comprise providing the oxide 
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losttby‘ the element throughsits surface, heating 
the oxide resistor element substantially uniformly 
by means of an extraneous source of heat until it 
becomes signi?cantly conductive,‘ then supplying 
electrical energy thereto uniformly distributed 
to it at its respective ends and throughout the 
360° extent of the latter and at a relatively low 
rate to slowly heat it up to operating temperature 
and in‘ so doing maintaining the applied voltage 
of‘ the current within the voltage factors of 
stability of the oxide resistor element for the 
respective‘ successive heating~up temperatures, 
and thereafter supplying the oxide resistor- ele 
ment with current at relatively high amperage 
andat'relatively low voltage within the voltage 
factorszof stability of the oxide resistor element 
for the temperature of 1 continued furnace 

operation. 
8. Ahigh temperature resistor unit for electric 

furnaces comprisinga heater element in the form 
of a hollow cylinder made of a refractory oxide 
that has a negative temperature coefficient of 
resistance with means for making electrically 
conductive contact with at least one end of said 
cylinder, said means comprising a member of 
materially greater cross section than that of said 
hollow cylinder and made of a refractory oxide 
of substantially the same negative temperature 
coefficient of resistance as that of said hollow 
cylinder and having a face for surface contact 
with an annular face of said hollow cylinder 
whereby ‘pressure of surface contact therebetween 
places said refractory cylinder under stress in 
axial direction andsaid refractory cylinder is 
free of stressing in radial direction, and a mem- " 
her in surface engagement with said ?rst 
mentioned member and made of a material which 
has a lower resistivity than that of said first 
member and- that is selected from the group con— 
sisting of zinc oxide, titanium oxide, magnetic 
iron oxide, copper oxide, manganese oxide, and 
uranium oxide. 

9. A resistor unit comprising a tubular element 
made of a refractory oxide that has a negative 
temperature coefficient of resistance, said tubular 
element being of substantially uniform cross sec 
tion throughout its effective length and having a 
wall thickness not greater than that at which, 
throughout the desired operating temperatures 
and in response to electric current ?ow therein, F 
heat is generated internally of the refractory 
oxide forming the wall of said tubular element 
at a rate greater than the rate at which said 
tubular element loses heat from its wall surface, 
thereby to resist channeling, and a 
element abutting against the annular end face 
of said refractory oxide tubular element and made 
of a similar refractory oxide and of materially 
greater cross section than that of said tubular 
element and having a seat providing a surface 
of 360° extent for making surface contact with 
a surface of 360° extent at an end of said hollow 
cylinder for substantially uniformly distributing 
current to said end. 

10. A resistor unit as claimed in claim 9 in 
which said “cold” end element comprises a solid 
cylinder of said refractory oxide and said seat 
comprises an annular recess in an end of said 
solid cylinder to receive an end portion of said 
hollow cylinder. 

11. A resistor unit as claimed in claim 9 in 
which said "cold” end element comprises a ring 
shaped member of substantial radial dimension 
compared .to the thickness of the wall of said 
hollow cylinder and said seat comprises a sub— 

“cold” end ' 
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stantially’coaxial‘ annular recess for receiving 
an end portion of said hollow cylinder. 

12. A high temperature resistor for arr-electric 
furnace comprising a tubular element of refrac 
tory oxide selected from the group consisting of 
zirconia and thoria, stabilized, containing from 
3% to»6% of alkaline oxide selected from the 
gl'Oilp- consisting of lime and magnesia, said 
tubular element being of substantially uniform 
cross section throughout its effective length and 
having a wall thickness not greater than that at 
which, throughout the desired operating tempera 
tures and in response to current ?ow therein, 
heat is generated internally of the wall mass of 
said stabilized refractory oxide at a rate greater 
than the rate at which said tubular element loses 
heat from' its wall surface, thereby to resist 
channeling. 

13. A high temperature resistor for an electric 
furnace comprising a tubular element of stabi 
lized zirconia comprising the reaction product 
under heat of sirconia with lime of a quantity on 
the order of from about 3% to about 6% of the 
amount of zirconia, said tubular element being 
of substantially uniform cross section through 
out its effective length and having a wall thick 
ness not greater than that at which, throughout 
the desired operating temperatures and in 
response to current ?ow therein, heat is generated 
internally of the wall mass of stabilized zirconia 
at a rate greater than the rate at which said 
tubular element loses heat from its wall surface, 
thereby to resist channeling. 

14. A high temperature resistor for an electric 
furnace comprising a tubular element of stabi 
lized Zirconia comprising the reaction product 
under heat of zirconia with an oxide selected from 
the group consisting of magnesia and lime of a 
quantity on the order of from about 3% to about 
6% of the amount of zirconia, said tubular ele 
ment being of substantially uniform cross section 
throughout its effective length and having a wall 
thickness not greater than that at which, 
throughout the desired operating temperatures 
and in response to current flow therein heat is 
generated internally of the wall mass of stabilized 
zirconia at a rate greater than the rate at which 
said tubular element loses heat from its wall 
surface, thereby to resist channeling. 
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