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ABSTRACT OF THE DISCLUSURE 

An induction heating apparatus includes a pair of close 
ly spaced conductors connected to a power source. Each 
of the conductors includes an axle portion on which is 
mounted an electrically conductive pressure wheel. The 
pressure wheels have a small clearance between them. 
The apparatus may be utilized in a process comprising 
the steps of applying a susceptor to a non-metallic ma 
terial to be treated by heating and pressure, energizing 
the apparatus to provide a magnetic ?eld, and passing the 
material and the susceptor through the clearance between 
the pressure wheels to heat the susceptor and the material 
while simultaneously applying pressure. 

This invention relates to induction heating apparatus 
and processes and more particularly to an apparatus and 
process having improved operating efficiencies and which 
permits the application of pressure to the material being 
inductively heated. 

Induction heating is a thermal process in which, in its 
well known forms, electrical energy in the form of a high 
intensity, high frequency magnetic ?eld is applied to a 
metallic substance. The ?eld induces eddy currents or 
hysteresis losses, which cause heat to be generated in the 
substance itself. This method has been in common use 
for melting and heat treating metals for a number of 
years. 

Induction heating may also be used in the thermal 
processing of non-metallic materials, such as plastics, 
by placing inductively heatable substances, as for ex 
ample, certain metal or metal oxide structures or particles, 
at points in the material where heat is desired, and then 
placing the composite structure in a magnetic ?eld. For 
example, if it is desired to join two sheets of plastic, such 
as polyethylene, ?ne metal or metal oxide particles, or 
a metal screen may be placed between the sheets at the 
points desired to be joined. When a magnetic ?eld is ap 
plied to the sheets, the particles or screen become heated, 
softening the plastic and allowing the two sheets to fuse. 
Pressure may then be applied to the sheets to insure a 
?rm bond between them. The metallic particles or struc 
ture is generally termed a “susceptor” to indicate its 
capability of being heated by a magnetic ?eld. 
The above method of thermal processing differs from 

dielectric thermal processing in which a non-metallic sub 
stance is itself heated by a high frequency electric ?eld. 
Dielectric thermal processing involves considerations not 
here pertinent. 
The advantages of induction thermal processing include 

the fact that heat is generated only at the location where 
it is to be used, thereby providing ideal temperature 
distributions and permitting accurate and bene?cial con 
trol of temperature. Additionally, since heat is not re 
quired to flow from an external source through the ma 
terials to the required location, substantial increases in 
the rate of thermal processing are obtainable. The accu 
rate temperature control and shortened exposure times 
prevent thermal damage, such as charring, warping, or 
distortion from occurring during the processing. 
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It is necessary, in order to obtain the above advantages 
in a commercially and technically feasible process, such 
as the heat sealing of plastics, to provide an induction 
heating apparatus capable of producing a magnetic force, 
or ?eld of the highest possible intensity and of the highest 
possible frequency in order to generate the largest amount 
of heat by induction processes. The equipment used to 
generate such a ?eld generally consists of a ?eld produc 
ing apparatus (e.g., “work coil”) coupled to a high fre 
quency power source. The attainment of both the afore 
mentioned criteria depends to a great extent upon reduc 
ing the inductance of the apparatus to the lowest possible 
value. 
An excessive amount of inductance in the apparatus 

limits the magnitude of the high frequency current ?ow 
ing through the apparatus and hence the intensity of the 
magnetic ?eld generated thereby. While a greater applied 
voltage may be used to increase current ?ow, this can 
result in ine?icient operation of the ?eld producing appa 
ratus. The size, or con?guration, of the ?eld producing 
apparatus may also be reduced or changed to lower the 
inductance but often only at the expense of a decrease in 
processing speed or capacity of the equipment. 

Further, it is generally necessary to operate the appa 
ratus in parallel resonance with the power source as the 
current ?ow at such a frequency is maximized. Resonant 
frequency is determined by the formula 

1 

A low value of inductance permits the resonant frequency 
of the apparatus to be high enough to generate induction 
losses of the required magnitude. For example, a resonant 
frequency of 4 megacycles may be required in thermal 
processing non-metallic materials. This is signi?cantly 
above the frequencies required for metallurgical uses 
which generally range from 3 kilocycles to 450 kilocycles. 

'It is also desirable to provide an induction heating ap 
paratus which concentrates the magnetic ?eld in the sub 
stance undergoing thermal processing since portions of 
the magnetic ?eld not in the substance serve no useful 
purpose while increasing the inductance of the apparatus. 
Many thermal processes require the application of pres 

sure to the substance being thermally processed. While 
the need is very apparent in the processing of sheets, or 
other web materials, as for example during bonding op 
erations, it also exists in many of the other applications 
of induction heating. 

In the prior art the means for applying pressure to the 
thermally processed substance has often been separate 
from the induction heating apparatus since the addition 
of the pressure means increased the inductance of such 
apparatus to the extent that proper thermal processing 
could not take place. Generally, the pressure means was 
placed behind the induction heating apparatus so that the 
material was ?rst heated and then compressed. Such an 
arrangement permitted the material to cool down in the 
space between the heating apparatus and the pressure 
means. In many applications this temperature drop was 
of considerable magnitude thereby affecting the quality 
of the ?nished product. Additionally, separate heating 
apparatus and pressure means increased the expense and 
complexity of the thermal processing equipment. 

Other prior art equipment has utilized ?eld producing 
apparatus having pressure wheels integrally mounted on 
the current carrying portions thereof to apply pressure to a 
the thermally processed substance. However, the addition 
of the pressure wheels to the current carrying conductors 
of the apparatus caused them to be spread so widely 
apart as to increase the inductance of the apparatus to a 
point where the latter could not be successfully used in 
induction thermal processing. 
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Prior art apparatus that has not used integrally mount 
ed pressure wheels to compress the substance being ther 
mally processed have generally slid the substance across 
the induction heating apparatus and utilized the friction 
or web tension generated thereby to compress the sub 
stance. See, for example, the structure described in appli 
cation Ser. No. 374,470 ?led June 11, 1964 and assigned 
to the same assignee. However, ‘since the substance was 
often in a softened state due to the inductive heating it 
was very prone to stick or tear while sliding across the 
induction heating apparatus. 

It is, therefore, an object of this invention to provide 
an induction heating apparatus of low inductance which 
utilizes such low inductance characteristics to produce a 
high intensity, high frequency, magnetic ?eld suitable for 
efficient induction heating. 
Another important object of this invention is to pro 

vide an induction heating apparatus having a minimal 
value of inductance which may be used to apply pressure 
to the material being inductively thermal processed. 
A further object of this invention is to provide a low 

inductance induction heating apparatus which concen 
trates the high intensity, high frequency magnetic ?eld in 
the material being inductively heated so as to permit ef? 
cient utilization of the apparatus for induction thermal 
processing. 

Yet another object of this invention is to provide an 
induction heating apparatus having a minimal value of in 
ductance so as to provide a superior electrical circuit for 
the apparatus power supply. 
A further object of this invention is to provide an in~ 

duction heating apparatus meeting the above objects, 
which, through its use, permits substantial increases in 
the rate of thermal processing and which prevents stick 
ing or tearing of the thermally processed substance. 
Yet another object of this invention is to provide an 

induction heating apparatus which is simple in construc 
tion and manufacture, thereby providing substantially 
troublefree operation for substantial periods of time. 

It is another object of this invention to provide an im 
proved process of inductively heating non-metallic ma 
terials which process utilizes apparatus having the fore— 
going features to obtain accurate temperature control at 
high processing speeds without the risk of thermal dam 
age to the material while simultaneously applying pres 
sure to the material being inductively heated, such proc 
ess being particularly adapted for use in sealing or uniting 
non-metallic web materials. 

Brie?y, the invention provides a pair of closely spaced 
conductors forming a magnetizing loop. In their center, 
the ‘conductors are spread apart and serve as axles for 
metal pressure wheels mounted thereon. These wheels ap 
ply pressure during the thermal processing of material 
placed between them. Low inductance for the apparatus 
is obtained by keeping the conductors as closely spaced 
as possible except for the portions serving as axles for 
the pressure wheels and by designing the conductors and 
wheels to utilize the “skin effect” and “proximity effect” 
of the currents ?owing therethrough to insure the current 
passing along adjacent areas of the pressure wheels. Not 
only does this decrease the inductance by decreasing the 
area encompassed by the effective current conductors, it 
also concentrates a magnetic ?eld in the substance pass 
ing between the pressure wheels. In the alternative em 
bodiment of the invention a pair of ?anges are mounted 
on the conductors adjacent the pressure wheels. The 
?anges further utilize “proximity effect” of conductors to 
reduce the inductance of the induction heating apparatus. 

In the thermal process of the present invention, as for 
example sealing a plurality of webs of plastic having a 
susceptor between them, the webs are passed between the 
pressure wheels. This exposes the susceptor to the mag 
netic ?eld created by the induction heating apparatus, 
inductively heating the susceptor and, by conduction 
therefrom, heating the webs. At the same time the pres 
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4 
sure wheels on the conductors apply pressure to the plas 
tic insuring a highly satisfactory seal between the layers. 
The invention, together with its features and mode of 

operation, may be better understood by reference to the 
following speci?cation and drawings forming a part there~ 
of, in which: 
FIGURE 1 is a perspective view of one embodiment 

of the present invention; 
FIGURE 2 is a front view of the portion of the em 

bodiment of FIGURE 1 encompassed by the brackets 
2-—2, the ?gure serving to illustrate the process of the 
present invention; 
FIGURE 3 is a cross sectional view of a modi?cation 

of the embodiment of the invention shown in FIG 
URE 1; 
FIGURE 4 is a perspective view of another embodi 

ment of the present invention; and 
FIGURE 5 is a front view of a further modi?cation of 

the present invention. 
Referring to the ?gures, and particularly FIGURES 1 

and 2, there is shown therein one embodiment of the in 
duction heating apparatus 6 of the present invention. The 
apparatus includes a pair of closely spaced conductors 8 
and 10. The conductors, which may be constructed of 
hollow copper tubing are arranged in a narrow loop hav 
ing initial portions 12 and I4 and must have a common 
junction portion 16. Conductors 8 and 10 have initial 
portions 12 and 14 connected to high frequency source 
18 which, by way of example, may provide conductors 
8 and '10 with alternating current of a frequency of 4 
megacycles per second. Initial portions 12 and 14 may 
also be connected to a coolant supply 20 which circulates 
a coolant, such as water, through the tubing comprising 
conductors -8 and Ill. 

Inthe middle portion thereof, conductors 8 and 10 are 
spread apart to serve as axles for pressure wheels 22 and 
24. Speci?cally, conductor 8 includes portions 7 and 9 at 
right angles to the initial portion 12 and loop portion 16 
and axle portion 11 parallel to the latter portions. Simi 
larly, conductor 10‘ includes portions 13 and 15 and axle 
portion 17. Portions 7 and 9 and 13 and 15 closely abut 
the opposing adjacent faces of pressure wheels 22 and 24. 

Pressure wheels 22 and 24, which may also be con 
structed of copper, contain center holes 26 and 28 which 
mount the wheels in opposing relation on axis portions 
11 and 17. A small clearance 30 exists between the pres 
sure wheels. 
The material 31 to be thermally processed passes 

through clearance 30 under pressure from wheels 22 and 
24. Additional pressure may be supplied to the material 
by lbackup rolls 32 and 34. These rolls, constructed of 
rubber or other insulating material, compressively bear 
on pressure wheels 22 and 24. 
The electrical characteristics of the above structure 

are those of low inductance for the following reasons. 
The space between conductors 8 and 10‘ is kept to a 
minimum as is a spacing between portions 7 and 9 and 
wheel 22 and portions 13 and 15 and wheel 24. These 
closely spaced conductors have low inductance since cur 
rent ?ow in one such portion or wheel tends to cause 
current flow in the opposite direction in the adjacent 
portion or wheel, thus aiding the natural ?ow of current 
in the circuit. Further, a smaller enclosed coil area offers 
a high reluctance to magnetic ?eld lines, meaning that a 
smaller total magnetic ?eld, and hence lower inductance, 
will exist for a coil enclosing a smaller area. The closely 
spaced portions and wheels of the above structure there 
fore have a considerably lower inductance than do the 
prior art structures wherein the members were spaced 
more widely apart. 

Secondly, the features of the present structure may be 
attributed to the so-called “skin effect” which causes high 
frequency current to be transmitted along the surface of 
the conductor. In essence, this effect is caused by the 
greater back E.M.F. introduced in the central portions 
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of the conductor due to the greater amount of ?ux sur 
rounding those portions than the outer portions. The 
central portion of a conductor, therefore, may be con 
sidered to have a higher inductive reactance than the 
outer portions. The high frequency current naturally tends 
to follow the path of lowest inductive reactance and hence 
travels along the outer surface of a conductor. Further, 
the path that the high frequency current will follow is 
the path of least enclosed area since this area, for the 
reasons described in the preceding paragraph, is also a 
path of lower inductive reactance than other alternative 
paths in the circuit. 
The path of the high frequency current from high 

frequency source 18 through inductive heating apparatus 
6 is shown by the arrows in FIGURE 2 for an instantane 
ous situation. Speci?cally, the current is shown as entering 
the initial portion 14 of conductor 10 and ?owing through 
portion 15 to pressure wheel 24. As described above, 
the high frequency current tends to follow the path of 
smallest enclosed area and thus ?ows down pressure 
Wheel 24 towards clearance 30, across pressure Wheel 24 
and back up the other side to portion 13. The path of the 
current toward and away from clearance 30‘ parallels 
portions 15 and 13 because of the proximity effect of 
the ?owing currents which causes them to ?ow in parallel 
paths. The current then proceeds around junction portion 
16 to portion 7 and thence to pressure wheel 22 where 
its path is similar to that of the current path in pressure 
wheel 24. The current is then returned to high frequency 
source 18 through portion 9 and initial portion 12 of 
conductor 8. The ?ow of the current in both pressure 
wheels along clearance 30* concentrates the current, and 
hence the magnetic ?eld in the clearance, thereby pro 
viding an e?icient induction heating apparatus. For all 
intents and purposes, the current may be considered to 
proceed in a horizontal direction axially along either side 
of clearance 30 from initial portion 14 across the inner 
portion of pressure wheel 24, around junction portion 16, 
across the inner portion of pressure wheel 22 to initial 
portion 12. Reversal of the alternating current from high 
frequency source 18 reverses the direction of current ?ow 
through induction heating apparatus 6 

In operation, the substance to be inductively thermal 
processed is placed in clearance 30. As previously men 
tioned, induction heating apparatus 6 is ideally adapted 
for use with a web material and for exemplary purposes 
a web of plastic material in ‘which it is desired to make 
a lap seam is shown in the ?gures. Speci?cally, the web 
comprises two portions 36 and 38 having a layer of 
iron oxide particles 40' between them. The sheets along 
with layer 40 are placed between pressure wheels 22 and 
24 and the inductive heating apparatus energized by 
high frequency source 18. The magnetic ?eld generated 
in clearance 30 by induction heating apparatus 6, in the 
above described manner, inductively heats iron oxide 
layer 40, softening the adjacent surfaces of plastic por 
tions 36 and 38. Pressure wheels 22 and 24 apply pres 
sure to portions 36 and 38 thereby securing a satisfactory 
bond between the overlapping portions of the web. If ad 
ditional pressure is desired, back up rolls 32 and 34 
may be utilized. As the web is moved past pressure 
wheels 22 and 24 to expose additional portions of the Web 
to the magnetic ?eld in clearance 30', the pressure wheels 
rotate to provide frictionless passage of the web between 
the wheels. This prevents the sticking or tearing experi 
enced with some prior art structures. Depending on the 
substance being thermally processed, it may be desirable 
to coat the surface of pressure rolls 22 and 24 with a 
low friction coating 25 such as tetra?uoroethylene to 
further facilitate the passage of the substance past pres 
sure wheels 22 and 24. See FIGURE 3. This also pre 
vents short circuits, should pressure wheels 22 and 24 
accidently come in contact with each other. 
Even though pressure wheels 22 and 24 rotate in re 

sponse to the passage of the web, current from power 
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6 
source 18 still ?ows along the circumference of the wheels 
adjacent clearance 30 as this is the path of least enclosed 
area. 
FIGURE 3 shows an embodiment of the invention 

similar to that shown in FIGURES 1 and 2 and described 
above, wherein pressure rolls 22 and 24 are elongated to 
inductively thermal process a wider portion of the web. 
The electrical principles of such a structure are identical 
to those described in connection With FIGURES l and 2. 
FIGURE 4 shows an embodiment of the invention 

shown in FIGURE 2 in which it is not necessary to 
thread the Web between initial portions 12 and 14 of 
conductors 8 and 10 and through common portion 16. 
Speci?cally, the latter portion includes a section 42 which 
‘runs parallel to the web and a section 44 running across 
the web. Similar portions 46 and 48 are positioned be 
neath the web so that the common portion 16 lies to 
one side thereof. Portions 44 and 46 may be constructed 
to be broader in design in the direction parallel to Web 
travel so as to cause the current in these conductors 
to spread out as it passes over the web. This spreading 
would reduce any tendency for reheating to occur when 
web travel is to the right in FIGURE 4. Conversely, 
conductors 44 and 46 essentially in their present form will 
serve to supply preheating in the case for which Web 
travel is from right to left. 

Alternatively, portions 44 and 46 may be utilized to 
support a second set of pressure wheels thereby providing 
for heating of the web in two steps and permitting a lower 
output power setting to be used for high-frequency source 
18, or a faster processing speed with the same power 
setting. 
FIGURE 5 shows an alternate embodiment of the in 

vention described above. This structure is similar to that‘ 
shown in FIGURES 1 and 2 with the addition of copper 
?anges 50 and 52 mounted on portions 9 and 7 of con 
ductor 8 adjacent pressure wheel 22 and ?anges 54 and 
56 mounted on portions 15 and 13 of conductor 10 ad 
jacent pressure wheel 24. In addition to positioning pres 
sure wheels 22 and 24 on axle portions 11 and 17, these 
?anges serve to further reduce the inductance of induc 
tion heating apparatus 6 by utilizing the “proximity ef 
fect” of ?owing currents. This effect involves conductors 
carrying high frequency current in close proximity such 
as ?anges 50 through 56 and pressure wheels 22 and 24. 
Without the ?anges the ‘?ux density in the con?ned spaces 
58 through 64 is higher than elsewhere in the magnetic 
circuit generated by the current from high frequency 
source 18. The result, without ?anges 50 through 56, 
would produce excessive rates of heating in these areas. 
The ?anges 50 through 56 may, by way of example, be 

approximately the same diameter as pressure wheels 22 
and 24 and may be spaced .001" to .05" from the ends 
thereof. 
By virtue of the proximity effect, one current path tends 

to become a mirror image of a neighboring current path. 
Thus the current path in pressure wheels 22 ‘and 24 be 
comes a circular mirror image of ?anges 50 through 56. 
With the Wider face provided on conductors 8 and 10 by 
?anges 50 through 56 the high density current in the 
?anges and in pressure wheels 22 and 24 tends to spread 
out. The greater area of these current paths reduces the 
power losses experienced in this portion of the circuit and 
hence increases the overall e?iciency of the induction 
heating apparatus 6. Without the ?anges 50 through 56. 
the current path on the side of pressure wheels 22 and 24 
would tend to concentrate in the narrow image of por 
tions 7, 9, 13 and 15 of conductors 8 and 10. This causes 
a concentrated area of power loss that can become of 
signi?cant magnitude. 

It is noted that the side by side current paths in the 
?anges 50 through 56 and in the pressure wheels 22 and 
24 are electrically connected in parallel, further reducing 
the inductance of these paths. Also, as the currents divide 
into parallel paths, the concentration of current is re 
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duced, signi?cantly spreading the power losses and pro 
ducing a lower total loss than before since local power 
loss is proportional to the square of the current at any 
oint. 

p The employment of the embodiment shown in FIG 
URE 5 is similar to that shown in FIGURES 1 and 2. 
Further, the modi?cations shown in FIGURES 3 and 4 
are equally applicable to the embodiment shown in FIG 
URE 5. 

Other modi?cations and alterations are contemplated 
and it is desired to include all such modi?cations and al 
terations as come within the true scope and spirit of the 
following claims. 
We claim: 
1. A low inductance induction heating apparatus for 

generating a high frequency, high intensity magnetic ?eld 
from a high frequency power source ‘including integral 
means for applying pressure to a substance being induc 
tively heated comprising: ' 

a pair of electrically connected, closely spaced con 
ductors connected to said power source, each con 
ductor including upstanding portions supporting a 
spaced axle portion; and 

an electrically conductive pressure wheel mounted on 
each of said axle portions with a small clearance be 
tween the wheels, said wheels being closely spaced 
from said upstanding portions, and being connected 
to said conductors to form an integral current carry~ 
ing portions of said apparatus; 

whereby said pressure wheels apply pressure to said 
substance as it moves through said clearance and 
the close spacing of said conductors and said por 
tions and wheels reduce the inductance of said heat 
ing apparatus while providing a concentrated mag 
netic ?eld in said clearance. 

2. The induction heating apparatus of claim 1 wherein 
said upstanding portions have electrically conducting 
?anges mounted thereon adjacent said pressure wheels, 
said ?anges serving to further reduce the inductance of 
said induction heating apparatus. 

3. The induction heating apparatus of claim 1 includ 
ing a pressure roll compressively abutting said pressure 
wheels to supply further pressure to the material passing 
through said clearance. 

4. The induction heating apparatus of claim 1 where 
in said pressure wheels are coated on their cylindrical sur 
faces with an insulating coating. 

5. The induction heating apparatus of claim 4 wherein 
said insulating coating is tetra?uoroethylene. 

6. The induction heating apparatus of claim 1 wherein 
said closely spaced conductors are bent to one side of 
said pressure wheels and out of alignment therewith to 
permit the substance being inductively heated to be in 
serted in the clearance between said pressure wheels with 
out being threaded through said closely spaced conductors. 

7. The apparatus of claim 2 wherein said ?anges are 
of approximately the same diameter as said pressure 
wheels. 

8. The apparatus of claim 2 wherein said ?anges are 
spaced .001" to .05" from said pressure wheels. 

9. A process for inductively heating a non-metallic 
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material while simultaneously applying pressure thereto 
comprising the steps of: 

applying a susceptor to a portion of a non-metallic ma 
terial to be treated by heating and pressure; 

providing a high intensity, high frequency magnetic 
?eld by means of an induction heating apparatus 
comprised of a pair of electrically connected, closely 
spaced conductors, each conductor including up 
standing portions supporting a spaced axle portion, 
and an electrically conductive pressure wheel mounted 
on each of said axle portions with a small clearance 
between the wheels, ‘said wheels being closely spaced 
from said upstanding portions and being connected 
to said conductors to form integral current carrying 
portions of the apparatus; and 

pass-ing said material with said susceptor through the 
small clearance between said pressure wheels, to 
expose said susceptor to said high intensity, high 
frequency magnetic ?eld and to cause said susceptor 
to become heated, so as to heat said material by con 
duction while said pressure wheels simultaneously 
apply pressure thereto. 

10. The process of claim 9 wherein the induction heat 
ing apparatus includes electrically conductive ?anges 
mounted on the upstanding portions of said conductors 
adjacent said pressure wheels, said ?anges serving to in 
crease the intensity of said magnetic ?eld. 

11. The process of claim 9 wherein said material is a 
plurality of webs of plastic to be sealed together and the 
susceptor comprises a layer of iron oxide particles be 
tween the webs. 

12. The induction heating apparatus of claim 1 where 
in said closely spaced conductors are bent to one side of 
said pressure wheels and out of alignment therewith to 
form conductors parallel to said axle portions, said con 
ductors including upstanding portions supporting second 
spaced axle portions having electrically conductive pres 
sure wheels mounted thereon so as to form a small clear 
ance between the wheels, said wheels being closely spaced 
from said upstanding portions and being connected to 
said conductors to form integral current carrying portions 
of said apparatus, whereby the substance being inductively 
heated may be inserted in the clearance between said 
pressure wheels without being threaded through said close 
ly spaced conductors. 

13. The induction heating apparatus of claim 12 where~ 
in said upstanding portions have electrically conductive 
?anges mounted thereon adjacent said pressure wheels, 
said ?anges serving to further reduce the inductance of 
said induction heating apparatus. 
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