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1
CONDUCTIVE POLYMER COMPOSITION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to conductive polymer compo-
sitions for use as polymer thick film inks and methods of
making said inks.

2. Background of the Invention

Thick film inks for use as resistors, connectors and
other electrical components are known. These conven-
tional inks normally exhibit ZTC behavior (zero tem-
perature coefficient of resistance), i.e. they maintain a
relatively constant resistance value over a temperature
range of interest. The inks are usually applied via
screen-printing or other means to a rigid substrate, e.g.
alumina, beryllia, or glass; the rigid substrate serves to
minimize any resistance change due to volume expan-
sion of the substrate. Thick film inks usually comprise a
conductive filler, e.g. graphite, ruthenium, or silver, in a
glass, ceramic, or polymer binder. The binder acts as a
matrix for the conductive filler and other components.
Those inks in which the binder is a polymer are known
as polymer thick film inks (PTF inks).

For some applications, e.g self-regulating heaters or
circuit protection devices, materials exhibiting PTC
behavior (positive temperature coefficient of resistance)
are preferred. Conductive polymer compositions which
exhibit PTC behavior and electrical devices comprising

2

are generally unsuitable for configuration into the intri-
cate or very thin shapes often desirable for use on flexi-
ble substrates or printed circuit boards.

U.S. Pat. No. 4,722,853 (Batliwalla et al.) discloses a
method of applying a PTF ink to a substrate. For these
inks, at room temperature the organic polymer binder is
in the form of solid particles, i.e. not dissolved, and the
solvent is a “latent” solvent, rather than a *‘true” sol-
vent, for the binder.

U.S. Pat. No. 4,628,187 (Sekiguchi et al.) discloses a
planar resistive heating element in which a conductive
paste is screen-printed between an electrode pattern
onto an insulating substrate. The conductive paste,
which exhibits PTC behavior, comprises a mixture of
ethylene/vinyl acetate copolymer, graphite, flame re-
tardant, inert filler, and solvent. A phenolic resin layer
deposited over the resistive element provides protection
to the element and increases its resistance to thermal
degradation when heated to a temperature greater than
the melting point of the polymer binder.

SUMMARY OF THE INVENTION

We have now found that polymer thick films with
excellent PTC anomalies, good resistance stability
under thermal and electrical stress, and good flexibility
can be made when the binder comprises a crystalline
organic polymer and the solvent is a “true” (*active”)
solvent for the polymer. Thus, in a first aspect, this
invention provides a polymer thick film ink which ex-

them are well-known. Reference may be made, for 30 . . . . .

example, to US. Pat. Nos. 3,793716, 3,823,217, h'b‘l‘s PTC be}.‘a"ml’ and WE‘F}}: comprises
3,858,144, 3,861,029, 3,914,363, 4,017,715, 4,177,376, (1) an organic polymer which has a crystallinity of at
4,188,276, 4,237,441, 4242.573, 4,246,468, 4,286,376, least 5%; L o
4,304,987, 4,318,881, 4,330,703, 4,334,148, 4.334351, (2) an active solvent which is suitable for dissolving
4,388,607, 4,400,614, 4,425,497, 4,426,339, 4,435,639, 35 the polymer; and

4,459,473, 4,514,620, 4,520,417, 4,529,866, 4,534,889, (3) carbon black which has a pH of less than 5.0.
4,543,474, 4,545,926, 4,547,659, 4,560,498, 4,571,481, In a second aspect, the invention provides a method
4,574,188, 4,582,983, 4,631,392, 4,638,150, 4,654,511,  ©Of making an electrical device, said method comprising
4,658,121, 4,659,913, 4,661,687, 4,667,194, 4,673,801, (1) mixing (a) carbon black which has a pH of less
4,698,583, 4,719,335, 4,722,758, 4,722,853, and 40  than 5.0, (b) an organic polymer which has a crys-
4,761,541, European Patent Publication No. 38,718 tallinity of at least 5% and a melting point T,,, and
(Fouts et al), International Application No. (c) an active solvent for the polymer;

PCT/US88/00592 (McMills et al.) filed Feb. 24, 1988,
and copending, commonly assigned application Serial
Nos. 818,846 (Barma) filed Jan. 14, 1986, now aban-
doned, 53,610 (Batliwalla et al.) filed May 20, 1987, now
U.S. Pat. No. 4,777,351, 75,929 (Barma et al.) filed July
21, 1987, 115,089 (Horsma et al.) filed Oct. 30, 1987,
now abandoned, 124,696 (Horsma et al.) filed Nov. 24,
1987, now abandoned in favor of three continuation
applications, Ser. Nos. 455,715, 456,015, and 456,030, all
filed Dec. 22, 1989, 150,005 (Fahey et al.) filed Feb. 4,
1988, now U.S. Pat. No. 4,780,598, 189,938 (Friel) filed
May 3, 1988, now U.S. Pat. No. 4,882,466, 202,165
(Oswal et al.) filed June 3, 1988, 202,762 (Sherman et
al.) filed June 3, 1988, now U.S. Pat. No. 4,910,389,
209,761 (Hughes et al.) filed June 22, 1988, now aban-
doned, 210,054 (McMills et al) filed June 22, 1988,
abandoned in favor of a continuation application, Ser.
No. 407,595, filed Sept. 15, 1989, 219,416 (Horsma et al.)
filed July 15, 1988 now U.S. Pat. No. 4,967,176, and
247,059 (Shafe et al.) filed contemporaneously with this
application, the disclosures of which are incorporated
herein by reference. The majority of these materials are
not suitable for use as inks; rather they are melt-proc-
essed or sintered to produce self-supporting articles
which have a thickness greater than about 0.002 inch
(0.005 cm). The resulting articles may be inflexible and
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(2) allowing the polymer to dissolve in the solvent to
form an ink;
(3) applying the ink to a substrate; and
(4) curing said ink by heating at a temperature T, for
a time sufficient to remove the solvent.
In a third aspect, this invention comprises an electri-
cal device prepared by the method of the second aspect.

DETAILED DESCRIPTION OF THE
INVENTION

The polymer thick film inks of this invention exhibit
PTC (positive temperature coefficient) behavior in the
temperature range of interest, i.e. from room tempera-
ture (defined as 20° C. for purposes of this specification)
to a temperature comparable to the melting point of the
organic polymer of the binder. The melting point, Tm,
is defined as the temperature at the peak of the melting
curve when the polymer is measured on a differential
scanning calorimeter (DSC). The terms “PTC behav-
ior” and “composition exhibiting PTC behavior” are
used in this specification to denote a composition which
has an R4 value of at least 2.5 or an Rjgg value of at least
10, and preferably both, and particularly one which has
an R3g value of at least 6, where R4 is the ratio of the
resistivities at the end and the beginning of a 14° C.
range, Rjoo is the ratio of the resistivities at the end and
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the beginning of a 100° C. range, and Ryp s the ratio of
the resistivities at the end and the beginning of a 30° C.
range. In contrast, “ZTC behavior” is used to denote a
composition which increases in resistivity by less than 6

4
inks are produced when the carbon black has a pH of
less than 5.0, preferably less than 4.0, particularly less
than 3.0, the term *pH of less than 5.0 being used to
mean that the pH of the carbon black at the time of

times, preferably less than 2 times in any 30° C. tempera- 5 mixing with the polymer is less than 5.0. Such blacks
ture range within the operating range of the heater. may be oxidized. Suitable carbon blacks are disclosed in
The binder of the thick film ink comprises an organic U.S. application Ser. No. 247,059 (Shafe et al.), filed
polymer which has a crystallinity of at least 5%, prefer- contemporaneously with this application, the disclosure
ably at least 10%, particularly at least 15%, e.g. of which is incorporated herein by reference. Inks com-
20-30%. Preferred polymers are those which have a 10 prising these low pH carbon blacks are useful for heat-
crystallinity of less than 60%, particularly less than ing elements which have relatively high power outputs,
50%, especially less than 45%. Polymers with higher i.e. at least 0.5 watt/in?, preferably at least 0.75 watt-
crystallinities frequently cannot be dissolved at room /in2, particularly at least 1.0 watt/in2, e.g. 1.0 to 2.0
temperature. The crystallinity is determined by calcu- watt/in2. The loading of carbon black is a function of
lating the heat of fusion as measured by a DSC, and then 15 the polymer binder, the type and conductivity of the
comparing that value to the 100% crystalline value for carbon black, and the desired resistivity of the ink for
a known reference polymer. The choice of polymer for each application. In general, for inks used to form the
the binder is a function of the desired solvent and the resistance element of a heater, the weight percent of
desired switching temperature, where the switching carbon black is at least 4%, preferably at least 5%,
temperature, T, is defined as the temperature at the 20 particularly at least 6%. Due to the low shear of the
intersection point of extensions of the substantially preferred mixing process, lower carbon black loadings
straight portions of a plot of the log of the resistance of = may be required for a given resistivity than for tradi-
a PTC element against temperature which lie on either tional blends. A single carbon black may be used, al-
side of the portion showing the sharp change in slope. though blends of carbon blacks, or of carbon black and
T;is generally slightly less than T, although it may be 25 other conductive fillers (e.g. graphite, metals such as
substantially less than T,,depending on the shape of the nickel, or metal oxides) may be used. When a second
resistance vs. temperature (R(T)) curve. Suitable crys- conductive filler is used in combination with carbon
talline polymers include polymers of one or more ole- black, the carbon black comprises at least 10%, prefera-
fins; copolymers of at least one olefin and at least one bly at least 15%, particularly at least 20%, of the total
monomer copolymerisable therewith, e.g. ethylene/a- 30 amount of conductive filler. Inorganic or inert fillers
crylic acid, ethylene/ethyl acrylate, and ethylene/vinyl may also be added as, for example, stabilizers, antioxi-
acetate; polyalkenamers such as polyoctenamer; melt- dants, or flow agents. ]
shapeable fluoropolymers such as polyvinylidene fluo- The components of the ink may be mixed by any
ride and copolymers thereof; and blends of two or more method which provides adequate blending, although,
such crystalline polymers. The term “fluoropolymer™ is 35 unlike conventional inks, the inks of this invention re-
used herein to denote a polymer which contains at least quire no kneading or milling. In order to increase the
10%, preferably at least 25%, by weight of fluorine, or rate at which the polymer binder dissolves, it is pre-
a mixture of two or more such polymers. Particularly ferred that the polymer be in the form of a powder. The
preferred for use in an electrical heater suitable for polymer powder and the conductive fillers may be be
freeze protection or mirror defrosting is a terpolymer of 40 mixed together prior to the addition of the solvent,
vinylidene fluoride, hexafluoropropylene, and tetraflu- although for some inks, it is preferred that the conduc-
oroethylene with a melting point of about 88° C., avail- tive filler be mixed with the solvent prior to the addition
able from Pennwalt under the tradename Kynar 9301. of the polymer. In most cases, the polymer will dissolve
Suitable solvents are those which are “active” sol- in the solvent at room temperature within 24 to 72
vents (i.e. “true” solvents) for the polymer binder. Ac- 45 hours. The rate of dissolution may be enhanced by
tive solvents are defined as those which are capable of ~ gently heating the mixture, although it is important that
interacting with the polymer to produce a mixture the solvent remain below its boiling point. The amount
throughout which the components are uniformly dis- of solvent present is dependent on the type of polymer
tributed, in some cases, by dissolving the polymer at and solvent, the amount of conductive and other filler,
room temperature without the application of heat or 50 and the desired viscosity of the final ink. For screen-
shear. One skilled in the art will be able to select an printing or other similar application, it is usually pre-
appropriate active solvent for a given polymer, either ferred that the ink have a viscosity of less than 20,000
by known solubility data or by experimentation. Di- cps, e.g. about 7500 to 10,000 cps, preferably 8000 to
methyl formamide (DMF) is particularly preferred for 9000 cps.
use with the fluorinated terpolymer (Kynar 9301). 55  Although the polymer will be completely dissolved
Other suitable solvents are isophorone, cyclohexanone in the solvent, the carbon black may settle out of solu-
and dimethylacetamide. A mixture of solvents may be tion. Therefore, prior to use it may be necessary to
used when two or more polymers are used in the binder. rapidly mix the ink, e.g. by means of a high-speed
For these inks each solvent may be a true solvent for  blender, to generate a uniform mixture. For some appli-
each of the polymers, or each solvent may be a true 60 cations, the PTC anomaly may be increased by melt-
solvent for only one of the polymers. It is preferred that blending the carbon black and other fillers with the
the boiling point of the solvent be greater than the melt- polymer prior to dissolving the polymer in the solvent.
ing point of the polymer binder. For these materials, the melt-blended composition may
Any carbon black capable of generating a PTC com- be pelletized, granulated, or otherwise comminuted to
position may be used. Suitable carbon blacks are dis- 65 produce a powder which can be easily mixed with the

closed in U.S. Pat. Nos. 4,237,441 (van Konynenburg)
and 4,388,607 (Toy et al.), the disclosures of which are
incorporated herein by reference. Particularly stable

solvent.
The ink comprises solids content which is dissolved
or distributed in the solvent. The solids content refers to
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the quantity of polymer and fillers in the ink. Most inks
of this invention have a suitable viscosity when the
solvent comprises 30 to 80%, preferably 40 to 70%, of
the ink by weight.

The substrate may be a rigid material, e.g. alumina or
fiberglass, or a flexible material, e.g. a polymer such as
polyester, polytetrafluoroethylene, or a conductive
polymer. The ink may be applied by screenprinting,
spraying, using a doctor blade, or any other suitable
technique. It is preferred that the ink be applied in a
thickness that will produce a cured layer of at least
0.001 inch (0.0025 cm) thickness. Resistive elements
with such a thickness provide increased mechanical
strength and higher power density capabilities. In addi-
tion, pinholes, which can lead to resistance instability,
are minimized.

The ink is cured to evaporate the solvent and solidify
the polymer. The term *“‘cure” is used herein to include
any solidification of the binder, whether or not it is
accompanied by chemical reaction of the binder. In
order to maximize the height of the PTC anomaly and
ensure binding of the ink to the substrate, it is preferred
that the temperature of the curing step, T, be at least as
high as the melting point of the polymer binder, T,
preferably greater than the melting point of the polymer
binder, i.e. T is equal to T, preferably (T,,+10)°C,,
particularly (T,+20)°C. The curing step may be ac-
complished by maintaining the temperature at a con-
stant value or by increasing it stepwise to the desired
value. When it is desirable to crosslink the ink, chemical
crosslinking may be conducted during the curing pro-
cess, or the ink may be irradiated after the curing is
completed. When T.is above T, curing may be essen-
tially completed in a time of 0.1 to 1.0 hour. Either

25

6
mesh filter to remove contaminants. Powdered polymer
was added to the filtered solution and allowed to stand
for 24 to 72 hours. Before printing, the ink was mixed
pneumatically for at least 3 minutes to produce a uni-
form blend with a suitable viscosity (e.g. 8000 to 9000
cps) for printing.

In order to prepare samples of each ink for testing, a
silver-based ink (Electrodag 461SS, available from
Acheson Colloids) was used to screen-print an interdigi-
tated electrode pattern with 0.25 inch (0.635 cm) spac-
ing between electrodes onto an 0.020 inch thick (0.051
cm) ethylene/tetrafluoroethylene substrate. A layer of
PTF ink was applied onto the electrode pattern by
means of a doctor blade. The inks were cured by heat-
ing in air in a convection oven for 10 minutes at 57° C.
followed by 15 minutes at 121° C. to produce a layer
with a thickness of at least 0.001 inch (0.0025 cm). Some
samples were irradiated 1 to 6 Mrads.

The resistance vs. temperature characteristics were
measured by exposing the samples to five thermal cy-
cles from 21° C. to 82° C. The resistivity at 21° C,, the
height of the PTC anomaly (i.e. the ratio of resistance at
82° C. to resistance at 21° C.), and the thermal stability
of the inks, R, (i.e. the ratio of resistance at 21 degrees
on the fifth thermal cycle to that on the first thermal
cycle), are reported in Table 1. Active powering of the
inks at voltages from 60 to 565 VAC for 3 to 24 hours
indicated that the inks were stable and displayed a con-
stant current once a steady state condition had been
reached.

TABLE ]

Polymer Thick Film Ink Formulations
(Weight Percent of Solids in Total Mix)

before or after curing, a dielectric layer may be applied 35 Material ) 2 3 4 5
onto the surface of the ink to provide environmental Kynar 9301 820 880 929 873 80.0
protection and electrical and/or thermal insulation. Raven 14 180 120 71 39 . 200

The inks are particularly useful in producing the

Asbury M870

L X . S Weight % DMF 400 651 400 638 400
resistive element for an electrical device which is a Resistivity (ohm-cm) 16 100 1500 530 24
heater. The ink can be easily applied by means of 40 PTC height (82° C.) 15 42 410 >1700 171
screen-printing or painting onto a substrate, and can be R. 108 09 101 098  —
used to produce complex patterns The resistivity of the ~ Melt process mo__ no no yes
ink and the dimensions of the resistive element can be = Notes to Tabic L

adjusted when heaters with different resistances, watt
densities, or varying thermal requirements are needed.
These inks are particularly useful in making the resistive
element for heaters such as those disclosed in U.S. appli-
cation Ser. No. 189,938 (Friel) filed May 3, 1988, now
U.S. Pat. No. 4,882,466, the disclosure of which is in-
corporated herein by reference. Electrical devices com-
prising such inks are also useful as circuit protection
devices. The pattern produced by the ink may be
readily connected to other electronic components, e.g.
thick film resistors or varistors, to produce composite
devices which have thin cross-sections and rapid ther-
mal transfer.

The invention is illustrated by the following exam-
ples.

EXAMPLES 1-4

Inks for Examples 1 to 4 were prepared to produce
compositions with the solids content listed in Table 1.
(The final ink formulation included a specific amount of
solvent as listed. The weight percent solids in the final
composition equaled 1009%-% DMF.) The conductive
fillers (i.e. carbon black and graphite) were first blended
with the solvent and mixed for 5 minutes in a high shear
blender. The solution was then filtered through a 120

45
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Kynar 9301 is a terpolymer of vinylidene fluoride, hexafluoropropylene, and
tetrafluoroethylene with a melting point of about 88° C., available from Pennwalt.
Raven 14 is a carbon black with a pH of 3.0 available from Columbian Chemical
Asbury M870 is s natural flake graphite with an average particle size of 0.7 microns,
available from Asbury Mills.

DMF is dimethyl formamide, a solvent.

EXAMPLE §

Using a Brabender mixer, 80 wt. % powdered Kynar
9301 and 20 wt. % Raven 14 were melt-blended. The
mixture was pelletized and was then allowed to dissolve
in 40 wt. % DMF. The ink was pneumatically mixed,
printed, and tested following the procedures of Exam-
ples 1 to 4. The results are listed in Table 1.

EXAMPLE 6

Using a resist ink (PR 3003, available from Hysol), an
electrode pattern was printed onto a substrate compris-
ing 0.0007 inch (0.0018 cm) electrodeposited copper
laminated onto 0.005 inch (0.0127 cm) polyester (Elec-
troshield C18, available from Lamart). After curing the
resist ink in a convection oven, the pattern was etched,
leaving copper traces on a polyester backing. The cop-
per traces produced two electrodes, each measuring
approximately 0.019 inch (0.048 cm) wide and 200
inches (508 cm) long, which formed a serpentine pat-
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tern. The carbon-based ink as described in Example 1
was prepared and screen-printed onto the etched cop-
per polyester laminate in a rectangular pattern approxi-
mately 5.5% 3.5 inch (14.0x8.9 cm). After curing the

8
2. An ink according to claim 1 wherein the carbon
black has a pH of less than 3.0.
3. An ink according to claim 1 wherein the carbon
black has been oxidized.

) 5 4. An ink according to claim 1 wherein the polymer
ink, a dielectric 18)’61’ (Norcote 02049, available from comprises a ﬂuoropo]ymer.
Norcote) was screenprinted onto the surface of the ink. 5. An ink according to claim 4 wherein the polymer
Electrical termination was made to the heater by solder- comprises a terpolymer of vinylidene fluoride, hexa-
ing wires onto the copper traces. When powered at 13 _ fluoropropylene, and tetrafluoroethylene.
VDC, the heater had a power output of approximatel 10 6. An ink according to claim 1 wherein the solvent
T po P PP y comprises dimethyl formamide, isophorone, or cyclo-
0.7 watts/in2 (0.11 w/cm?). hexanone.
What is claimed is: _ 7. An ink according to claim 1 wherein the viscosity
1. A polymer thick film ink which exhibits PTC be- is 7500 to 10,000 cps.
havior, said ink comprising 15 8. An ink according to claim 1 wherein the polymer
1) an organic polvmer which h tallinity of at has a crystallinity of at least 10%.
( )least 5gq T“ polymer wiich hias a crystaliimity ot @ 9. An ink according to claim 8 wherein the polymer
o L . . . has a crystallinity of at least 15%.
(2) an active solvent which is suitable for dissolving 10. An ink according to claim 1 which further com-
the polymer at room temperature; and 20 prises graphite.
3) carbon black which has a pH of less than 4.0. A S
25
30
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 5,093,036

DATED : March 3, 1992
INVENTOR(S) : Shafe et al

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below: :

Column 6, line 28 (Table I, line 6), on the line for

material "Asbury M870", in column "4" of the table,
insert --8.8--,

Signed and Sealed this
Twenty-third Day of November, 1993

Atest: 6««1 Ze,:fmu\

BRUCE LEHMAN

Attesting Officer
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