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ULTRA-THIN FLEXBLE EXPANDED 
GRAPHITE HEATING ELEMENT 

BACKGROUND OF THE INVENTION 

The design and manufacture of resistance heating ele 
ments depends on the wattage required for a given applica 
tion and the corresponding resistance determined by Ohm's 
Law which States that for any circuit the electric current is 
directly proportional to the Voltage and is inversely propor 
tional to the resistance. However, limitations on Voltage and 
current must be observed, Subject to the capacity of the 
power Source and Safety considerations. For example, a high 
voltage (e.g., 110,240 or 480 volts alternating current, VAC) 
can produce a very high current unless the resistance of the 
heating element is also very high. 

Flexible expanded graphite sheet has a relatively high 
resistivity along its length and width, and excellent heat 
conducting and electrical conducting properties that are well 
Suited for use in low Voltage heater applications. However, 
the usefulness of this material for high Voltage heater 
applications has been limited because of the unavailability 
of flexible expanded graphite heating elements having a 
Sufficiently high electrical resistance. 
A variation in the length, width and/or thickness of 

flexible expanded graphite sheet of a given density can 
change, by a large magnitude, the electrical resistance and, 
consequently, the amount of electric current that will flow 
through the material. For a given length and width, an 
increase in the thickness of a flexible expanded graphite 
sheet results in a decrease in the electrical resistance and a 
higher current flow. For high Voltage applications that 
require high resistance it is therefore desirable to use a 
flexible expanded graphite heating element that is as thin as 
possible. However, commercially produced flexible 
expanded graphite Sheet, having densities ranging from 50 
to 90 lbs./ft, is available in thicknesses of 3 to about 60 
mils, with a thickness of 15 mils the most common. Flexible 
expanded graphite sheet having a minimum thickness of 3 
mils does not provide a Sufficiently high electrical resistance 
for many high Voltage heater applications. 

SUMMARY OF THE INVENTION 

Unexpectedly, it has been discovered that the thickness of 
a flexible expanded graphite sheet of any density can be 
Substantially decreased to produce a thinner flexible 
expanded graphite sheet having any desired thickness. Ultra 
thin flexible expanded graphite sheets (e.g., having a thick 
ness of about 2 mils or less) produced by the methods of the 
invention are particularly useful as, but not limited to, 
electrical resistance heater elements or electrical Strip heat 
erS for high Voltage heater applications. 

In one embodiment of the invention, an ultra-thin flexible 
expanded graphite heating element is produced by a method 
comprising the Steps of (a) providing a flexible expanded 
graphite sheet having a Surface adhered to a Substrate; (b) 
pulling apart the sheet and the Substrate with a force Suffi 
cient to Separate the adhered flexible expanded graphite 
sheet into a removed layer and a remainder layer adhered to 
the Substrate; and (c) optionally repeating steps (a) and (b) 
until the remainder layer has a thickness of about 0.01 mils 
to about 2 mils. 

In another embodiment of the invention, an ultra-thin 
flexible expanded graphite heating element is produced by a 
method comprising the Steps of (a) providing a flexible 
expanded graphite sheet having a top Surface, and a bottom 
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2 
Surface adhered to a first Substrate; (b) adhering a second 
Substrate to the top Surface; (c) separating the first and 
Second Substrates with a force Sufficient to Separate the 
flexible expanded graphite sheet into a first remainder layer 
adhered to the first Substrate and a Second remainder layer 
adhered to the Second Substrate; and (d) optionally repeating 
Steps (a), (b) and (c) until at least one of the remainder layers 
has a thickness of about 0.01 mils to about 2 mils. 

In each of the embodiments described above, the resulting 
remainder layer of flexible expanded graphite sheet can have 
a Substantially uniform thickness, particularly if the Second 
Substrate is uniformly adhered to the top Surface. A combi 
nation of the above embodiments can also be employed to 
obtain a remainder layer having a desired thickness. 

In another embodiment, a method according to the inven 
tion produces a layer on a Substrate of flexible expanded 
graphite Sheet that is non-uniform in thickness. A non 
uniform thickness of the sheet can be useful in many 
applications but is especially useful in heater element appli 
cations when it is desired to provide a variation in current 
through different parts of the element. An ultra-thin flexible 
expanded graphite heating element having a non-uniform 
thickness is produced by a method comprising the Steps of 
(a) providing a flexible expanded graphite sheet having a top 
Surface, and a bottom Surface adhered to a first Substrate; (b) 
non-uniformly adhering a Second Substrate to the top Sur 
face; (c) separating the first and Second Substrates with a 
force Sufficient to Separate the flexible expanded graphite 
sheet into a first remainder layer adhered to the first substrate 
and a Second remainder layer adhered to the Second Sub 
Strate; and (d) optionally repeating steps (a), (b) and (c) until 
at least a portion of one of the remainder layerS has thickness 
of about 0.01 mils to about 2 mils. 
A combination of this method with the above-described 

embodiment that does not employ a Second Substrate can 
also be used to obtain a sheet that is non-uniform in 
thickness. 
An ultra-thin flexible expanded graphite sheet produced 

by any of the embodiments of the methods of the invention 
can have any desired thickness and can retain the density of 
the original flexible expanded graphite sheet. Optionally, the 
remainder layer produced by any of the methods can be 
preSSure rolled as a finishing process to recompress the 
dendritic Surface of the graphite to provide Surface unifor 
mity. If desired, the remainder layer can be Sufficiently 
compressed by rolling or pressing to produce a thinner and 
denser graphite. Preferably, the flexible expanded graphite 
sheet comprises a heating element having a thickness that is 
Suitable for a high Voltage heater application. For example, 
the thickness of the sheet produced by a method according 
to the invention can be about 0.01 mils to about 2 mils, 
preferably about 0.01 mils to about 1.5 mils, more preferably 
about 0.01 mils to about 1 mils, especially about 0.01 mils 
to about 0.4 mils, and more especially about 0.01 mils to 
about 0.1 mils, and the like, depending on the heater 
application for which it is to be used. 

Ultra-thin flexible expanded graphite remainder layers 
produced by any of the embodiments of the invention are 
adhered to a substrate. The substrate itself can be electrically 
insulating; however, a non-insulating Substrate can be 
adhered to an insulating Substrate prior to use of the flexible 
expanded graphite as a heating element. 
The invention further provides a resistance heater for high 

Voltage applications, comprising an electrically insulating 
Substrate; a flexible expanded graphite sheet having a thick 
neSS of about 0.01 mils to about 2 mils, a power Source, and 
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a connector for Supplying power from the power Source to 
the flexible expanded graphite sheet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a “one-layer” method for decreasing the 
thickness of a flexible expanded graphite sheet. 

FIG. 2 illustrates a “two-layer method for decreasing the 
thickness of a flexible expanded graphite sheet. 

FIG. 3 illustrates a flexible expanded graphite sheet 
produced by the one-layer method or the two-layer method, 
or a combination of the methods, and having a Substantially 
uniform thickness. 

FIG. 4 illustrates a method for producing a flexible 
expanded graphite Sheet having a non-uniform thickness. 

FIG. 5 illustrates a flexible expanded graphite sheet 
having a non-uniform thickness, produced by a method 
according to FIG. 4. 

FIG. 6 illustrates another embodiment of a flexible 
expanded graphite sheet having a non-uniform thickness, 
that can be produced by the two-layer method or a combi 
nation of the one-layer method and the two-layer method. 

FIG. 7 illustrates the effect of various thicknesses on the 
electrical resistance of a 4x18 inch flexible expanded graph 
ite foil sheet. 

FIG. 8 illustrates the relationship between the electrical 
resistance of a 0.2 mils thickneSS flexible expanded graphite 
foil sheet and the length and width of the sheet. 

FIG. 9 is a schematic illustration of an electrical resistance 
heater employing an ultra-thin flexible expanded graphite 
heating element according to the invention. 

FIG. 10 is another schematic illustration of an electrical 
resistance heater employing a non-uniform thickness ultra 
thin flexible expanded graphite heating element according to 
the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Flexible expanded graphite is produced from natural 
graphite particles that are made up of layer planes of 
hexagonal arrays of carbon atoms that are Substantially flat 
and oriented So as to be Substantially parallel and equidistant 
to one another. Natural graphite can therefore be character 
ized as laminated Structures consisting of Superposed layers 
of carbon atoms joined together by weak van der Waals 
forces and with a high degree of orientation. In considering 
the graphite Structure, two directions are usually noted, the 
“c” axis or direction and the “a” axes or directions. The “c” 
axis is the direction perpendicular to the carbon layers; the 
“a” axes are the directions parallel to the carbon layers. A 
proceSS for producing flexible expanded graphite from natu 
ral graphite is disclosed, for example, in U.S. Pat. No. 
3,404,061. 

Briefly, particles of natural graphite are treated with an 
intercalant of, e.g., a Solution of Sulfuric and nitric acid, and 
the intercalated graphite particles are then exposed to high 
temperature (e.g., greater than 700 C. Upon this exposure, 
the spacing between the Superposed carbon layerS is appre 
ciably opened up So as to provide a marked expansion in an 
accordion-like fashion to at least 80 or more times its 
original volume in the “c” direction (thickness) dimension. 
The Voluminous expansion of the graphite, without the use 
of a binder, is believed to be possible due to the excellent 
mechanical interlocking, or cohesion that is achieved 
between the graphite particles. The exfoliated graphite par 
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4 
ticles are worm-like or Vermiform in appearance. The Worms 
are then compressed and Subsequently can be roll pressed 
into a densely compressed flexible graphite sheet or foil of 
desired density and thickness and Substantially increased 
anisotropy with respect to electrical resistivity and other 
physical properties. The flexible expanded graphite sheet is 
essentially pure graphite, typically well over 90 percent 
carbon by weight, with a highly aligned Structure. Only 
naturally occurring minerals remain as part of the product in 
the form of metal Salts, usually referred to as ash. 

It is conventional to compress the exfoliated worms in 
Stages with the product of the first or early Stages of 
compression being a flexible graphite mat having a density 
of about 3 to 10 lbs./ft and a thickness of from 0.1 to 1 inch. 
The flexible graphite mat can further be compressed by roll 
pressing into a Standard density Sheet or foil of preselected 
thickness. A flexible graphite mat thus can be compressed to 
a thin sheet of between 2 and 180 mils in thickness. The 
sheet material can be die cut into Sizes and shapes Suitable 
for a variety of applications. The density and thickness of the 
sheet material can be varied by controlling the degree of 
compression. For example, the density of the rolled sheet 
material can range from about 5 lbs./ft to about 137 lbs./ft, 
which is near the theoretical density of graphite. 

Commercially available flexible expanded graphite sheet 
has a density of 50 to 90 lbs./ft., typically 70 lbs./ft., and 
a thickness of 3 mils to about 60 mils. The sheet has a 
thermal conductivity along the length and width of about 
140 W/M K. at 21°F. and about 5 W/MK. through the 
thickness. The electrical resistivity of flexible expanded 
graphite foil sheets having densities of 50 to 90 lbs./ft. and 
thicknesses in a range of 5 mils to 30 mils were measured 
previously and found Substantially to comprise a value of 
2.0–6.7x10" ohm-in., as disclosed in U.S. Pat. Nos. 6,237, 
874 and 6.279,856, the disclosures relating to resistivity 
incorporated herein by reference. 
The methods of the invention for decreasing the thickness 

of a flexible expanded graphite sheet take advantage of the 
laminated Structure of the Sheet that makes it possible to peel 
or pull away layers of the sheet. The flexible expanded 
graphite sheet that is to be decreased in thickneSS can have 
any original thickness, including a thickness of 3 mils to 
about 60 mils, Such as foil sheets that are commercially 
available; however, the original thickness can be greater 
than 60 mils, such as 60 mils to about 180 mils. The original 
thickness can also be less than 3 mils, Such as about 2 mils. 
However, this thickness is not commercially available. 

In one embodiment of the invention, the “one-layer” 
method illustrated in FIG. 1, a flexible expanded graphite 
sheet 1 having a Surface adhered to a Substrate 2 is provided. 
To decrease the thickness of the sheet 1, the sheet and the 
Substrate are pulled apart with a force Sufficient to Separate 
the adhered flexible expanded graphite Sheet into a removed 
layer 3, and a remainder layer 4 that remains adhered to the 
substrate 2. The thickness of the remainder layer 4 can vary 
from about 5% to about 95% of the original thickness of the 
foil sheet 1, preferably about 25% to about 75%, more 
preferably about 40% to about 60% and, especially about 
50% of the original thickness. Optionally, the steps of the 
method can be repeated as often as necessary, with each 
Successive remainder layer Serving as the “original' flexible 
expanded graphite sheet having a thickness and a Surface 
adhered to the Substrate, until a thickness of the remainder 
layer of about 0.01 mils to about 2 mils is obtained. Thus, 
regardless of the thickneSS and density of the original 
flexible expanded graphite sheet 1, the thickness of the final 
remainder layer can be decreased to about 0.01 mils to about 
2 mils. 
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the sheet, while the opposite Side of the film is maintained 
at a temperature below its Softening point. Such methods are 
well known and one such method for adhering a flexible 
expanded graphite sheet to a Substrate is disclosed, for 
example, in U.S. Pat. No. 5,198,063. 

The desired thickness of the ultra-thin flexible expanded 
graphite sheet adhered to a Substrate as a final remainder 
layer depends on the high Voltage resistance heater appli 
cation for which it is to be used. Preferably, the thickness of 
the sheet is about 2 mils. However, the thickness of the sheet 
can be, but is not limited to, about 0.01 mils to about 1.5 
mils, preferably about 0.01 mils to about 1 mils, more 
preferably about 0.01 mils to about 0.4 mils, and especially 
about 0.01 mils to about 0.1 mils. 

The thickness of ultra-thin flexible expanded graphite 
sheet adhered to a Substrate as a remainder layer can be 
substantially uniform or non-uniform. A remainder layer 20 
having a uniform thickneSS and adhered to a Substrate 21 is 
illustrated in FIG. 3. A non-uniform thickness of the sheet 
can be useful in high Voltage heater element applications 
when it is desired to provide a variation in current through 
different parts of the element. A non-uniform sheet prefer 
ably is produced by the two-layer method, as described 
below; although it can also be produced by the one-layer 
method by selectively pulling a layer of the sheet from the 
sheet adhered to the Substrate in only desired areas of the 
adhered sheet. 

To produce a non-uniform sheet by the two-layer method, 
the second substrate is adhered to the first remainder layer 30 
adhered to the first Substrate 31 in a discontinuous manner, 
as illustrated in FIG. 4. For example, an adhesive can be 
applied in the form of a pattern on the first remainder area 
and the Second Substrate 32 is then adhered to the top Surface 
of the remainder sheet at the points of contact with the 
adhesive. As illustrated in FIG. 5, when the second Substrate 
and first Substrate are separated from each other, the layers 
of the flexible expanded graphite are separated, forming first 
and Second remainder layerS 33 and 34 having patterns of 
non-uniform thicknesses that are Substantially mirror 
images. 
As illustrated in FIG. 6A an adhesive and second Substrate 

40 can be applied in Selected areas of the original and/or 
remainder layers 41 adhered to the first substrate 42. Sepa 
ration of the Substrates removes a layer of the original/ 
remainder 43 resulting in a pattern, Such as that illustrated in 
FIG. 6B. An adhesive and third Substrate 44 can then be 
applied to only selected areas of the remainder layer 45. This 
can be repeated, if desired, to form shoulder areas 46, Such 
as those illustrated in FIG. 6C, that provide a thickness 
gradient. It is envisioned that any pattern or shape of 
non-uniform thicknesses can be obtained by this method. 
Alternatively, a combination of the two-layer method and 
the one-layer method can produce Substantially the same 
results. 

By the methods of the invention, the flexible expanded 
graphite foil sheet adhered to the Substrate as a remainder 
layer comprises a Single, monolithic heating element, either 
having a uniform thickneSS or a non-uniform thickness that 
can be shaped or Sculptured in Such a way as to vary the 
resistances and, therefore, the watt densities in various parts 
of the heating element in a predetermined manner. AS 
described above, for a given length and width, a Section of 
the heating element comprising a greater thickness of flex 
ible expanded graphite foil has a lesser electrical resistance, 
a greater flow of current, and becomes hotter than Sections 
in which the foil layer is thinner. 
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8 
As illustrated in FIG. 9, a resistance heater 50 for high 

Voltage applications comprises the flexible expanded graph 
ite foil 51 of a desired uniform or non-uniform thickness in 
the range of about 0.01 mils to about 2 mils adhered to a 
Substrate 52, that is preferably an electrically insulating 
Substrate. The flexible expanded graphite sheet is connected 
to a power Source 53 by, for example, using an edge 
connector or bus bar 54 and wiring system 55. Another edge 
connector or bus bar 56 is present to Supply a ground for the 
electrical circuit. Thus, the flexible expanded graphite foil 
layer 51 is preferably connected to the power source by a 
Single Set of two electrical terminals, although it is possible 
to use more than one set of terminals, depending on the 
heater application for which it is to be used. A current is 
transmitted through the foil by establishing a Voltage dif 
ferential between the terminals, resulting in heating of the 
foil. The amount of heat generated can optionally be mea 
Sured in one or more areas of the heater by a temperature 
Sensor 57, Such as one or more thermocouples of known 
types. 

FIG. 10 illustrates an embodiment of an electrical resis 
tance heater where the flexible expanded graphite foil has a 
non-uniform thickness. Zones 1, 2 and 3 are areas of flexible 
expanded graphite heater element in which the foil sheet 
layer 60 can have different thicknesses. Regardless of the 
configuration of the flexible expanded graphite layer, the 
Zones can be connected to the power Source by a single Set 
of two electrical terminals 61 and 62. Temperature sensors 
63, 64 and 65 are optionally placed in Zones 1, 2 and 3, 
respectively. The temperature Sensors can communicate the 
temperatures in each of the Zones and communicate in real 
time with an optional power controller 66. The controller 
can be programmed to control the amount of power from the 
power source 68 that is supplied to the terminal 61 to control 
the temperature of the heater. 

EXAMPLES 

The following examples illustrate certain advantages of 
ultra-thin flexible expanded graphite Sheets, produced by 
embodiments of the methods of the invention, as resistance 
heater elements for high Voltage applications. The examples 
have been provided merely to demonstrate the practice of 
the Subject invention and do not constitute limitations of the 
invention. Those skilled in the art can readily select other 
wattages, Voltages, lengths, widths and thicknesses, and the 
like, according to the disclosure made herein above. Thus, it 
is believed that any of the variables disclosed herein can 
readily be determined and controlled without departing from 
the Scope of the invention herein disclosed and described. 
By Ohm's Law: 

Power (watts)=1 (amps)xR (ohms) 

Power=ix V (voltage) 

=VIR and R=WII 

where I=Current, R=Resistance and V=Voltage. 
The required resistance of a flexible expanded graphite 

foil sheet having a given length and width, used as a heating 
element, determines the thickness requirement of the sheet. 
It is known that the electrical resistivity of the foil sheet 
varies with the density, and the resistance along a given 
length and width of the foil sheet varies with the thickness. 
Therefore, the required thickness of flexible expanded 
graphite foil sheet having a known resistivity, density, length 
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