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(57) Abrégée/Abstract:
Pure unalloyed pyrocarbons having wear resistance suitable for use In pyrocarbon-coated heart valve components and having

mechanical properties, such as flexural strength and toughness, superior to commercial silicon-alloyed pyrocarbons are deposited
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In fluidized bed coaters. Coating conditions are carefully controlled so as to maintain a precise bed size within a defined coating

enclosure which will assure a substantially constant surface deposition temperature that in turn assures deposition of homogenous
unalloyed pyrocarbons having these improved mechanical properties.
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(54) Title: PROCESS FOR DEPOSITING PYROCARBON COATINGS IN A FLUIDIZED BED

(87) Abstract

Pure unalloyed pyrocarbons having wear resistance
suitable for use in pyrocarbon-coated heart valve compo-
nents and having mechanical properties, such as flexural
strength and toughness, superior to commercial silicon-
alloyed pyrocarbons are deposited in fluidized bed coaters.
Coating conditions are carefully controlled so as to main-
tain 2 precise bed size within a defined coating enclosure
which will assure 2 substantially constant surface deposition
temperature that in tum assures deposition of homogenous
unalioyed pyrocarbons having these improved mechanical
properties.
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Process for depositing pyrocarbon coatingsin a fluidized bed

B r nven
This invention relates to pyrocarbon and to processes
5 for depositing pyrocarbon coatings on substrates in a
fluidized bed. More particularly, the invention relates to
processes for depositing pure, unalloyed pyrocarbon having
improved physical properties on subgtrates being levitated
in a coating region along with a,bed of small particles and
10 also to pyrocarbon having improvéd mechanical properties
heretofore obtained only in silicon-alloyed pyrocarbon
stxructures.
B * of t v
Pyrolytic carbon, i.e. pyrocarbon, coatings were
15 developed some 30 years ago as coatings for minute
spheroids of nuclear fuel to be usged in high temperature
gas-cooled fission reactors, and substantial effort was
expended in attempting to improve the properties of these
pyrocarbons for such purposes. Of particular interest was
20 the mechanical strength and the stability of the pyrocarbon
under high level neutron radiation. Examples of U.S.

processes for depositing these coatings include U.S. Patent
No. 3,325,363 (June 13, 1967) and U.S. Patent No. 3,547,676
25 (December 15, 1970).

Subsequently, it was unexpectedly discovered that
pyrocarbon of a specific character, l1.e., having relatively
high density of at least about 1.5 gm/cm?, haviﬁg an
apparent crystallite size of about 2004 or less and having

30 high isotropy, exhibited remarkably good properties for use
in devices that would have direct or indirect contact with
the circulatory system of humans because such pvrocarbon
was outstandingly inert and did not give .ise to
thrombosis. As a result, such pyrocarbon coatings have

35 become the materials of choice for prosthetic heart valves
‘and other components of apparatus for interconnection with
the circulatory system of humans. U.S. Patent No.
3,685,059 is indicative of such pyrocarbons.
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Although such pyrocarbons were expected to have
reasonably good hardness and stiuctural étrength, it has
uniformly been felt that, in order to assure adegquate -
structural strength required for many biomedical purposes,
it was necessary to add. a carbide-forming.alloying element,
such as the metalloid silicon which would form silicon.. .
carbide. .. It has thus become common to employ up to about
20 weight percent of silicon which was found to provide the
alloyed pyrocarbon with hardness, wear-resistance and
overall structural strength sufficient to meet established
criteria; such use of sgsilicon is pointed'out in the '059
patent at Column 5, which also describes other carbide-
forming elements which could alfernatively be used as
additives. Most frequently, such an alloying element was
used in an amount from about 1 and 6 atom percent, based
upon total atoms of carbon . plus the elemént. Typically,
pyrocarbon coatings for heart valve components which have
been used_in commercial heart valves in the United States
over . the past decade have included from about 5 to about 12
welght percent of silicon. The addition of sgsilicon was
generally carried out by addingjmethyltfichloroai;ane"tp
the upwardly flowing stream of a mixturé of hydrocarbon and
inert gas that was being used to deposit the coating.j;lt
is believed that all FDA-approved pyrocarbon coatings for
heart valve components include at least about 5 weight
percent silicon carbide for the purpose of increasing
hardness and wear resistance. -

Unfortunately, silicon carbide is not as .“
nonthrombogenic as;pyrocarbqn.J:Although it has been -
acceptable for the pyrocarbon coatings to include a minor
amount of silicon carbide as an alloying agént, becausé
silicon carbide does exhibit some thrombogenicity, the . .
biocompatibility of pyrocarbon coatings with the |
bloodstream could be improved if heart valve components
could instead be coated with.pure, unalloyed pyrocarbon.
Significant processing improvements would also_obcur.in.the
pyrocarbon deposition process if it were not necessary to
handle a potentially corrosive éubstance; such as

methyltrichlorosilane or the like; such an elimination
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would reduce both capital costs and operating costs. Not
only would the cost of this additional raw material be
eliminated, but the cost of the tubing network and control
necessary to inject or supply precise amounts of a
chlorosilane into the levitating gas stream would be
eliminated. It would also reduce many of the safety
precautions necessary in such a coating operation as well
as in the cleanup steps upon the completion of a coating
run. , ‘
Studies were carried out in about 1974 relating to the
character of pyrocarbon deposited at various temperatures
in expanding beds from gaseous atmospheres containing
different volume percents of a variety of hydrocarbons, and.
the results were published in a U.S. Government (Advanced
Research Projects Agency) report No. GA-A13350 - Carbon
Research .- Final Technical Report for the Period Jan. 1,
19874 to Dec. 31, 1574. Because such =z growing bed would
fairly soon collapse, coatings only about 1 mil in
thickness were generally obtained. Unalloyed pyrocarbons
deposited in such study using a low volume % of propane at
a slght port temperature of 1350°C were reported to have a
density of about 1.46 g/cm®, a crystallite size of about
20A and a DPH hardness of about 153. The hardness number
is a standard Diamond Pyramid Hardness measured with a 50
gram load. By increasing the propane to 60 volume % at
this temperature, a carbon density of about 1.97 was
obtained for these thin pyrocarbon samples, with a
crystallite size of about 36A and a hardness of about 219
DPH. 1In contrast by adding 8 weight % silicon to
pyrocarbon of about 1.97 density the DPH hardness riges
dramatically to about 295. On the other hand when the
8ight port temperature is raised to about 1475°C (bed
temperature about 1400°C), the density decreases to about
1.46, the hardness to about 92 DPH and the crystallite size

to about 26 A. Young’s modulus, fracture strength and

hardness were all shown to generally rise with increasing

density, and it was also shown that denser (and harder)
carbons provided higher wear resistance. One conclusion of
the study was that hardness and thus wear resistance of
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carbons increased with increasing density which would.favor
the lower temperature isotropic, carbons; however, it was
felt that a significant reduction in WQar rate was more
easlly obtainable by alloying the pyrolyﬁic_carbon with
silicon; which path has generally been followed.

Therefore, improved processes which would eliminate,
or at least vastly lower, the amount of alloying silicon
carbide . needed to provide pyrocarbon with desired strength,
resistance to cracking and hardness have long been desired.

It has now been found that, by depositing pyrocarbon
under very carefully controlled conditions in a fluidized
bed, pure, unalloyed pyrocarbon coatings having high
fracture toughness, high strength, and_high:straiﬁ-to-l\
failure, along with adequate hardness, can be provided.
Because of the absence of any silicon carbide, such pure,
unalloyed pyrocarbons have improved biocompatibility and
cutstanding nonthrombogenicity.

It was surprigingly found that such pure, unalloyed
pyrocarbons of the foregoing characteristics can .be
congistently deposited in a fluidized bed if conditions can
be carefully controlled within a fairly narrow temperature
range above about 1325°C and below or at about 1450°C by
carrying out the pyrolytic decomposition of a hydrocarbon
gas that is being supplied, usually as a part of a
levitating gas-coating mixture'containing at least about 40
volume percent of inert levitating gas. Using propane, for
example the prefefred_range is from about 1375°C to about
1425°C. By maintaining a truly constant bed surface area,
it has been found that the actual bed temperature'at the
surfaces where deposition is occurring can be precisely
controlled and will result in isotropic, pure pyrocarbon of
desired hardness and structural'strength being consistently
deposited in a fluidized bed coating zone. _Thus,

pyrocarbon coatings of adequate thickness and structural

characteristics to permit their usge in prosthetic devices,

particularly heart valve prostheses, can be formed without
the inclusion of a silicon alloying agent.
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According to one aspect of the present i1invention,

there 1s provided a process for coating prosthetic heart

valve components with pyrocarbon having high fracture

toughness, high flexural strength and high strain-to-failure

—

without including 5 or more weight percent of silicon in

such pyrocarbon, which process comprises, establishing a bed
of particles 1n a coating enclosure by levitating said
prarticles so as to create a region within said enclosure

wherein coating with pyrocarbon will occur and levitating a

plurality of substrates for heart valve bodies or occluders

along with said particles 1in said coating region, said

particles providing sufficient surface area that the ratio

*

of surface area of said bed of particles measured 1n square

centimeters to the volume of the coating region measured 1n
cubic centimeters is at least 10 to 1, maintalning said
particles and said substrates at a temperature between about
1350°C and about 1425°C, employing a levitating gas stream
which 1ncludes a hydrocarbon that 1s pyrolytically

decomposable at said temperature but which i1s substantially

devoid of any alloying agent and malntaining a continuous

upward flow of said gas stream through said coating region

r—

at a rate of between about 0.1 and about 0.5 liter per

minute per sq. cm. of cross section of said coating regilion,
said hydrocarbon having a carbon chain length not greater

than 5 carbon atoms, continuing said continuous upward flow

of said gas stream through said coating regilon for a length

P

of time sufficient to deposit a uniform coating having a

e

thickness of at least about 0.2 mm of essentially unalloyed

pyrocarbon upon each of said substrates, and maintaining a
substantially constant bed surface area within said coating
region by adding additional particles thereto while removing

therefrom pyrocarbon-coated particles which have grown in

F

particle size as a result of deposition of pyrocarbon so

that the actual bed temperature at surfaces where deposition
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18 occurring remains within a temperature range of about

50°C, whereby said substrates remain in said enclosure and

’-
prrind

are coated with unalloyed pyrocarbon having a density o:
about 1.8 to about 2.0 g/cm@,ealﬁ@ of at least about 1.2, a

modulus of rupture for bending of at least about 58, a

strain-to-failure of at least about 1.3%, and Young’s

modulus of about 4.0 x 1O6jpsi or below.

F

Accordlng to another aspect of the present

invention, there 1s provided a process for making unalloyed

1sotropic pyrocarbon having high fracture toughness, high

flexural strength and high strain-to-failure, which process

ﬁ

comprises, establishing a bed of particles in a cocating

enclosure by levitating said particles so as to create a

region within said enclosure wherein coating with pyrocarbon

wlll occur and levitating a plurality of substrates to be

coated along with said particles in said coating region,

sald particles providing sufficient surface area that the

ratio of surface area of said bed of particles measured in
square centimeters to the volume of the coating region
measured 1n cubic centimeters 1s at least 10 to 1,

malintalining said coatling reglon at a set temperature above

about 1325°C and at or below about 1450°C, employing a
levitating gas stream which includes a hydrocarbon that is
pyrolytically decomposable at said temperature and
maintalining a continuous upward flow of said gas stream

through sald coating region at a rate of between about 0.1

and about 0.5 liter per minute per sg. cm. of cross section
of sald coating region, said hydrocarbon having a carbon
chain length not greater than 5 carbon atoms, continuing

said continuous upward flow of said gas stream through said

coating region for a length of time sufficient to deposit a

uniform coating of a desired thickness of at least about

0.1 mm of unalloyed pyrocarpon upon each of said substrates,
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and maintaining a substantially constant bed surface area

within sailid coating region by adding additional particles

thereto while removing therefrom pyrocarbon-coated particles

which have grown 1n particle size as a result of deposition

p—

of pyrocarbon, so that the surface temperature of said

particles and said substrates remalins essentially constant

-
—

during said length of time, whereby sald substrates remain

1n sald enclosure and are coated with unalloyed pyrocarbon

F

having such properties with a density of between about 1.7

and about 2.1 g/tm?, a Kic of at least about 1.2, a modulus

of rupture for binding of at least about 58, a strain-to-

faillure of at least about 1.3%, and a Diamond Pyramid

Hardness (DPH) of between about 200 and 250.

According to still another aspect of the present

invention, there 1s provided a process for making

essentially unalloyed pyrocarbon having high fracture

toughness, high flexural strength and high strain-to-

')

failure, which process comprises, establishing a bed of
particles in a coating enclosure by levitating said

particles so as to create a region within said enclosure

wherein coatling with pyrocarbon will occur and levitating a
plurality of substrates to be coated along with said
particles 1n said coating region, sald particles providing

sufficient surface area that the ratio of surface area of

sald bed of particles measured 1n square centimeters to the
volume of the coating region measured 1n cubic centimeters
is at least 10 to 1, maintaining said particles and said

substrates at a temperature between about 1325°C and about

1425°C, employing a levitating gas stream which i1s a mixture

of a hydrocarbon that 1s pyrolytically decomposable at said

temperature and an 1nert gas and 1s substantially devoid of

any alloying agent, which inert gas constitutes at least

—

about 40 volume percent of said mixture, and maintaining a
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continuous upward flow of said gas stream through said

P

coating region at a rate of between about 0.1 and about

iy

0.5 liter per minute per sg. cm. of cross section of said

coating region, said hydrocarbon having a carbon chain
length not greater than 5 carbon atoms, continuing said

continuous upward flow of said gas stream through said

coating region for a length of time sufficilent to deposit a

P‘

uniform coating having a thickness of at least about 0.1 mm

Jr— pr—

of essentially unalloyed pyrocarbon upon each of said

substrates, malntaining a substantially constant bed surface
area within said coating region by adding additional
particles thereto while removing therefrom pyrocarbon-coated
particles which have grown in particle size as a result of

deposition of pyrocarbon so that the actual bed temperature

at surfaces where depositlion 1s occurrilng remains within a

ﬁ

temperature range of about 50°C, and whereby said substrates

remaln 1n sald enclosure and are coated with unalloyed

pyrocarbon having a density of about 1.8 to about 2.0 g/cm’,
a Kic of at least about 1.2, a modulus of rupture for bending

of at least about 58, a strain-to-failure of at least about

1.3%, and Young’s modulus of about 4.0 x 10° psi or below.
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objects being levitated in association with a bed of

5 particles, which is exemplary of an apparatus that can be
used to carry out processes for depositing pyrocarbon

coatings embodying various features of the invention.

[ 4 a - §
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A fluidized bed coating apparatus 20 is illustrated in
10 FIG. 1 which includes a furnace 22 having an outer
cylindrical shell 24 within which a coating enclosure is
located. The coating enclosure is generally separated from
the cylindrical outer shell of the furnace by a layer of
insulation 25 and is defined generally by a thin sleeve or
15 tube 26 in combination with a lower insert 28. The lower
insert 28 mates with the bottom end of the thin tube 26 and
provides the coating enclosure with a conical bottom
surface 30; it includes a central rassageway 32 that
extends vertically upward therethrough and is preferably
20 coaxial with the thin tube 26 which isg of circular cross-
section. Although there should be no size limitations on
such coaters, of general interest are coaters having tubes
26 not greater than about a foot in diameter and
particularly those having an interior diameter of about 6
25 inches or less. The levitating atmosphere flows upward
through this passageway 32 to enter the coating enclosure.
The upper end of the furnace tube 24 includes a plate
33 which centers the coating tube 26 therewithin, and an
exit passageway 36 from the coating enclosure ig defined by
30 an upper insert 34 which extends downward into the furnace
and narrows the outlet opening somewhat, which insert has a
frustoconical lower surface 37. The remainder of the
mixture of hot levitating and coating gases leaving the
fluidized bed coater pass through this upper exit
35 passageway 36 and flow to an appropriate vent. A particle
feeding device 40 is mounted generally above the fluidized
.bed coater 20 and is designed to feed minute particles 41
into the coating enclosure at a desired constant or
variable rate. 'The particles from the feeder 40 enter the

O Adh s AR B B B
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coater through an entrance condnit 42. which extends
downward through the wall of the upper insert 34,
terminating at the frustoconical surface 37. 2 suitable
induction -or alternating current heating device 44 is ..
provided, as well kKnown in this art. It is disposed in
surrounding relationship to the.furnace tube 24 in order to
heat the active deposition region of the.coating-enclogﬁre,
together with the small particles that make up the bed-and
the objects being levitated in the bed, to bring them to
the desired deposition temperature for pyrolytic coating.
The coating operation is carried out by establishing a
levitated bed of minute particles, submillimeter .in size,
which i1s maintained in the lower region of the coating
enclosure; this region. is referred to as the active
deposition region,hor as the coating zone. As illustrated,
the active deposition region generally occupies the conical
region defined by the upper end surface 30 of the lower
insert; however, depeﬁding upon the size of the bed
employed, 1t may extend upward a few inches into the
cylindrical section thereabove.. Once the bed is-
established and brought up to coating temperature by
applylng an appropriate amount of electrical power to the
heating unit 44, one or more objects to be coated, such as
annular valve bodies or occluders for prosthetic heart
valves, are appropriately loaded into the bed through the
upper exit passageway 36 shortly before coating is ready to

begin. Once in the bed, these objects are levitated and

supported among the fluidized pérticles by the upwardly
flowing géseous stream, where they are likewise heated to
raigse their temperature to theﬁéesired coating temperature.
The temperaﬁure within the coating enclosure is appropri-
ately set and monitored as is well known in thisg art, as by
using optical temperature-measuring devices, such as a
sight-port pyrometer that functions with a viewihg port in
the furnace wall (not shown)}. It has been recognized that
the temperature read by such a sight-port pyromeger will be
somewhat above the actual bed temperature, which can be
accurately read electrically (e;g. by thermocouples) ;
however, it has now been found that the bed temperature can
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change substantially when changes in the bed surface ares
occur, which can dramatically affect the properties of the
pyrocarbon being deposited.

The upwardly flowing gas gstream, during the time of
coating, is made up of a mixture of an inert fluidizing gas
plus a gaseous hydrocarbon, as described hereinafter.
Illustrated is a source of hydrocarbon 46 which is provided
with a flow-regqulating valve arrangement 48 alongside a
source 50 of. inert gas, for example argom, helium or
nitrogen, which is likewise equipped'with a sultable flow-
regulating valve. arrangement 52. These two gas sources
flow into a common line 54 which leads to the vertical
passageway 32 in the lower insert 28.

The total flow of levitating-coating gas upward
through the coating enclosure is regulated 80 that the
fluidized bed occupies an active deposltlon region which
generally fills the conical region at the top of the insert
28 and may extend a few inches upward into the cylindrical
tube 26 for larger beds. The upward flow of the gaseous

region of the fluidized bed, which is defined generally by
the conical surface 30 of the ingert 28, with the minute

particles traveling upward in the central region and then

- downward generally along the outer perimeter of this

toroidal flow pattern.

The particles may be chosen so as to have a density
greater than the density of the pPyrocarbon being deposited
in the bed. The particles are about 1,000 microns (um) or
less in size, and preferably, the original bed is
constituted by particles not greater than about 850
microns. The particles added during the coating run
preferably have an average size not greater than about 400
microns. Generally partlcles between about 300 and about
425 microns are added dnrlng the cocating run, and the

average size of the particles withdrawn over the coating

run 1s greater than about 500 pum,
To remove particles from the bed, an exit conduit 56
is provided having a circular access ocpening of a suitable
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diameter in ite upper end. The conduit 56 can extend
through the entire lower insert 28, or it can be shorter in
Length and be received in a coaxial counterbore provided at
the upper "end of a drilled passageway where it will
protrude from the conical surface 30 of the insert. The
exit condult 56 may open straight up or ‘be capped at its
upper end and have an exit hole in its sidewall as earlier
described in this art. The conduit 56 may be proportioned
so that its upper end terminates within the vertical region
defined by the conical surface 30, and preferably, the
conduit 56 protrudes from the conical surface 30 a maximum
vertical distanceof less than about 1 inch for a coater
having an interior diameter of about 4 inches or less. . The
exit conduit 56, which extends into the coating reglon, is
formed of a sultable refractory material, such as graphite
or mullite. B | o - - o
Particles being removed from the fluidized bed, which
enter the conduit 56 through such an access opening, fall
downward by gravity to a discharge conduit 60 leading to a
collection chamber 62 where they are received in a |
graduated cylindexr 63 or the like so that the total amount
and/or volume of particles having been removed can be __
determined at any time either wisually or through the use
of a load cell 65. The collection chamber 62 is
pressurized with inert gas from a suitable source 66 which
ig precisely controlled through the use of a flow-
requlating valve arrangement 68 that is suitably set by a
control arrangement discussed.in detail. -hereinafter. The
flow of inert gas out of the pressurized collection chamber
upward through discharge tube 60 and the exit conduit 56
sexves both asg a purge_flow;tg prevent substantial |
quantities of dust from falling into the. collection chamber
and also to precisely regulate the rate of removal of
particles from the'iluidized bed. . By increasing the gas
pressure within the collection chamber 62, the rate of

upward flow of inert gas will increase, with a resultant

decreasge in the rate, or a total cessation, of withdrawal
of particles from_the bed. Decrease of_gas pressure,

continuously or periodically,‘incréases rate of withdrawal
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of particles over time., Feeding particles at a constant
rate and withdrawing particles at a relatively constant
rate should permit the amount of particles in the bed to be

maintained at a precise predetermined'level_throughout a

coating run.

It has been found that maintaining the surface area of
the fluidized particle bed within a coating enclosure in
the region where the coating deposition is occurring is a
most important parameter in precisely controlling the rate
of deposition and the character of the pyrocarbon being
deposited. Measurement of the pressure difference (AP)
across the fluidized bed so as to detect changes that occur
is one effective way of sensing even small changes in the
overall surface area of the bed. By monitoring the
pressure difference across the bed, i.e. between a point at
a lower region in the bed or just below the bed and a point
above the bed, to detect changes which occur and then
responding to such detected changee from the desired target
value to compensate for such, precise control of the
pyrocarbon being deposited throughout a coating run is
achieved.

Such monitoring is accomplished in the 1llustrated
apparatus by employing a pair of dedicated, pressure-
sensing ports in the region of the coating enclosure. In
the illustrated embodiment, an upper pressure sensing port
70 is provided in the form of an elongated passageway which
extends through the upper insert 34, and a lower pressure-
sensing port 72 is provided via a long passagewéy in the
lower insert 28. The lower port 72 is preferably located
in the lower one-half of the volumetric region of the bed
or below the bed, and it is more preferably located in the
lower 25% of the volume of the bed. The upper port 70 and
the lower port 72 are respectively connected viaz tubing 74,
76 to a pressure transducer 78 for measuring the pressure
at these ports and comparing the two pressures measured to

determine the difference between the two measured

pressures. If desired, optional, visually-readable gauges
can be included. Although a pressure Cransducer 78 is
preferred, other suitable pressure-measuring devices, such

e — P —
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as manometers, can alternatively be used. To keep the .

ports and the tubing clear of dust, carbonaceous material
and/or particles, an appropriate slow purge flb&:of'inért
gas (not shown) 1s maintained ﬁhrough'both port éystemg,
Piirge flows for each of the ports 70, 72 are constant, with .
purge gas_being appropriately injected into the .tubings 74,
76. An i1nitial pressure measurement is taken at the
beginning of each coating.run that takes_the respective
purge flow into consideration, and it serves as _a reference .
point for.that coating run. |

A signal from the pressure transducer 78 is sent
through a suitable line 84 to a control unit 86. The
control unit 86 compares the gignal being received with the
values programmed into its memory to see if-the desired
pattern is being ﬁéintained, and 1f deviation is detected,
the control unit 86 instigates appropriate adjuétments.
Adjustments to the surface area of the bed are made by
changing the rate at which hydrocarbon is fed to the bed as
a part of the fluidized gas flow, or by changing the rate
at which particles are supplied to and/or withdrawn from
the coater. The amount of hydrocarbon being supplled to
the coating zone may be changed within + 10% of its initial
value without measurably affecting the pyrocarbon
properties; however, such.change will have a very
gignificarit effect upon the rate of deposition. Therefore,
if it is desired to maintain a constant bed surface area by
controlling the flow rate of hYdrocarboh, the control ﬁhit
86 1s connected by a suitable line 90 through which a
signal, preferably electric, is transmitted to the control
valve 48, which determines the rate of flow of hydrocarbon
through_the inlet conduit 54. . _

It is generally convenient to set the particle feeder
40 to feed particles of a desired size into the coater 20
at a substantially constant rate, and a control line 88
leading to the feeder 40.1is provided for this purpose.

Therefore, When it is desired to control the bed surface

area by controlling the number of particles in the coating
zone, it is preferred to alter the rate of removal of
particles from the fluidized bed. Details of such control.
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of the hed surface area are set forth in U.S. Patent

No. 5,284,676 (February 8, 1994). The load cell 65 under

the beaker 63 into which the removed particles fall is
S connected by suitable control line 94 to the control unit
86 -and provides a signal which is indicative of the total
weight of beaker plus .particles. The contreol unit compares
the weight versus time and thereby determines whether the
precise amount of particles intended has been removed
10 during each preset interval of time, for example, each 30
or 60 seconds. As a result of this precise reading which
is accomplished by using the load cell 65, the control unit
86 will normally cause minor changes to be made (eitherby
varying the rate of flow of nitrogen upward through the
15 particle removal conduit 60 or by varying the off-on
intervals if a high gas flow is used to periodically halt
particle removal) whenever needed to maintain the desired
rate of withdrawal of particles throughout the coating run.
Should a fiuidized bed become too small, the actual
20 bed temperature will decrease and the bed may no longer be
able to properly levitate the objects being coated, in
which case there will be danger that the entire bed will
collapse. It has been found that if the surface area of
the bed is maintained substantially constant, unalloyed
25 pyrocarbon of certain desired physical properties can be
deposited by carrying out pyrolytic deposition under
certain parameters. By monitoring the pressure across the
bed, it is possible to promptly detect a decrease in the
bed surface area as soon as it begins, and the control unit
30 86 will promptly and automatically effect countermeasures
' sO as to return the surface area of the bed to its desired

size, as by slowing the rate of removal of particles from
the bed. As a result, the surface area of the bed will
promptly gradually increase until the desired size of bed

35 surface area is re-established. On the other hand, if the
surface area of the bed were to grow excessively large, the
actual bed surface temperature would increase, the

characteristics of the pyrocarbon being deposited would
also undesirably change, and the rate of deposition of
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carbon on the heart valve bodies and occluders would slow.
Such is also undesirable; accordingly, it is considered
important to prevent the bed surface area from growing
oversized. Accordingly, when the control unit senses a
change in the pressure difference across the bed indicative
of ‘an undesirable increase of the surface area above the
target size, countermeasures are likewise promptly .
automatically effected to increase the rate of removal of
particles from the bed until the target differential
pressure is re-established. |

Any suitable electronic controller can be used, such

- as one commercially available from Inotek/Analog Devices, a

UDC 9000 Multi-Pro from Honeywell, or an IBM 386 or 486
computer and Control E.G. software. By monitoring for'
changes in pressure difference indicative of changes in bed
size and immediately effecting compensating changes, as
necessary, to return the bed to the target size, the rate
of deposition and the properties of unalloyed pyrocarbon
being deposited are very carefully controlled throughout an
entire run of several hours in length. Coatings of
unalloyed pyrocarbon having the desired improved mechanical
properties can be uniformly deposited during an individual
coating run so as to have a minimum thickness of at least
about 0.1 mm of pyrocarbon and preferably at least about
0.2 mmn in key regions that will be subjected to wear in
heart valves or the like. The thickness of the deposit
will be in part dependent upon the overall size of thé
substrate, and the pyrocarbon may be at least 0.5
millimeter thick and often about 1 mm or more in thickness
when larger ocbjects are being coated. It is possible to
repeatedly coat objects with unalloyed pyrocarbon coatings
having these improved physical properties and having
carefully controlled precise thickness to within about 1
mil (0.001 inch). This is particularly valuable when
coating parts for prosthetic heart valves wherein precision
in achieving uniform physical properties and tolerances is
extremely important and thus commercially very valuable.
Although a pressure transducer 78 is the preferred
device for monitoring the pressure above the bed and either
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just below or in a lower region of the bed, other suitable
pressure sensing devices can be employed as indicated
hereinbefore. It has also been found to be satisfactory to
have the pressure transducer 78 simply monitor atmospheric
pressure outside the coating apparatus 20, instead of
monitoring the pressure just above the particle region of
the bed in the enclosure, because under these circumstances
the pressure therein is essentially atmospheric. |
Monitoring atmospheric pressure and comparing it with the
pressure in the lower region of the bed monitored via the
conduit 72 and feeding a signal representative of the
difference between these two values to the control unit 86
provides an adequate alternative way of making meastrements
to detect changes in the bed size for which immediate |
compensation is effected in order to precisely obtain the
coating characteristics and thicknesses desired in a
pyrocarbon deposition run.

PYrocarbon is, by definition, deposited by the high
temperature pyrolysis of a carbon-containing substance; it
is thus required that the substrate upon which deposition
occurs be stable at the fairly high temperatures to which
it will be subjected during pyrolysis. Substrates of
commercially available isotropic artificial graphite, such
as that sold as AFX-TEQ and AFX-T;Q-J.OW by the POCO Graphite
Company, of Decatur, Texas, are preferred. However, other
artificial graphites having a density between about 1.7 and
about 2.1 g/cm’® which are close to perfectly isotropic,

e.g. having an isotrophy of about BAF 1.1 or 1e§s, can be
used.

Hydrocarbons are the preferred carbon-containing
substances for pyrolysis, and hydrocarbons having 1 to
about 5 carbon atoms, for example propane, propylene,
isobutane, pentane, ethane and methane will pyrolyze at
temperatures between about 1000°C and about 1325°C.
Particular hydrocarbons that are employed may somewhat vary
the characteristics of the pyrocarbon deposited, as can the
carbon content of the coating atmosphere. The latter is
generally controlled by controlling the concentration of
the hydrocarbon gas, usually using a mixture of a
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hydrocarbon gas, i.e. coating gas, and an inert 1evitating
gag, such as nitrogen, helium or argon or a mixture
thereof, although 100% methane may be used. It has been
found that the pyrdcarbon characteristics desired can be
perhaps best obtained by employing a mixture of a
hydrocarbon, preferably having a carbon chain length
between 2 and 4 carbon atoms, in combination with at least
about 40 volume percent of an inert gas and preferably at
least about 60%. The preferred hydrocarbon gas which is
employed 1s propane, propylene, isobutane or ethane or &
mixture thereof. For example, a mixture:5f¥hitr6gen and
propane containing from about 25% to about 60 volume % of
propane may be used.

Whereas previously it had been thought the hardness of
pyrocarbon followed the density so that pyrocarbons having
sufficiently high hardness to provide the necessary weartr
registance for heart valve components and the like would be
found only in pyrocarbons having a density of about 2 grams
per cm® or above, it has now been unexpectedly fdﬁnd’that
there is a region of coating condition parameters where
coating of unalloyed pyrocarbon occurs having a density as
low as about 1.85 grams per cm® wherein these cafbons
exhibit hardness of about 220 DPH or higher, which have
properties that are adequate fof-wear regsistance. Even
more surprisingly, these carbons have been found to exhibit
toughness which is as much as about 50% higher than |
silicon-alloyed pyro-carbons'of'§ompafébié"ﬁéfahéés_and to
have flexural strength up to about 20% greater than similar
gllicon-alloyed pyrocarbons. Asfa result, thesefunalloyed
pyrocarbons are considered to be more than just the
equivalent of silicon-alloyed pyrocarbons containing
between about 5 and about 12 weight % silicon, thus making
them particularly valuable in this respect for biomedicszl
applications where silicon is undesirable from the
standpoint of potential thrombogenicity. Moreover, from a
fracture mechanic’s point of vie@, an increase in toughﬁess
of 20% would have been a significant advance, and the
observed 50% increase is remarkable indeed.
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Unalloyed pyrocarbons haV1ng these improved physical
features, can be deposited in fluidized beds when the
sight-port temperature is set at a range between about 1325
and about 1450°C. However, from an overall standpoint the

5 sight-port temperature is preferably maintained between
about 1350 and about 1425°C, more preferably at about 1375-
1425°C, and the bed is controlled €6 the surface
temperature is held at a substantially constant value by
carefully maintaining a constant bed surface area. By

10 substantially constant is meant that the bed surface
Cemperature does not deviate more than about 25°C and
preferably not more than about 15°C from the origlnal set
point at the beginning of the particular coating step.

It is likewise important that a relatively high

15 surface area to volume ratio be malntalned in the coating
region so that isotropic pyrocarbon having these desired
physical properties will be dep051ted and it has been
found that the ratio of the bed surfacé area in sguare
centimeters to the volume of the coating region in cubic

20 centimeters should be between about 10:1 and about 50:1,
and preferably between about 20:1 and about 40:1. The bed
volume may vary within a coating‘enclosure of given size
with substantial changes in the flow rate of the levitating
Stream through the bed, because a fagter rate of flow will

25 further expand the bed. For example, a 300 gram charge of
pyrocarbon coated zirconium oxide particles of the size
range indicated above will have a surface area of about
12,060 square'centimeters; for such a charge, it may be
desirable to employ a flow of the coating-levitating gas of

30 at least about 15 liters per minute up to a flow of about
20-25 L/min in a 3.5 inch I.D. coater. At flow rates
between about 15-20 L/min, the bed will occupy a volume of
about 475 to 520 cubic centimeters. A charge of about 700
grams of zirconium oxide particles of this type will have a

35 bed surface area of about 28,140 square centimeters, and
with a similar flow rate of gas, the bed may occupy a
'volume of about 680 to about 775 cubic centimeters in a
similar coater.
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The volume of flow per minute of the mixture of
coating gas and fluidizing gas yill_have an influence upon
obtaining the desired ratio of bedﬂsqrfaée area to volume
in a coater; however, the flow rate is also regulated to
supply an approximate amount of carbon to the coating-zone
per unit time. Generally, for ¢oaters having an interilor
diameter of up to about 6 inches, it ig found to be
advantageous to use a flow of between about 0.1 liter and
about 0.5 liter, per square centimeter of the cross- __
sectional area through the cyliﬁdrical section of the ..
coating enclosure and. preferably between_about 0.2 and. .
about 0.4 L/min/cm?. For example, for a coater having a
3.5-inch interior diameter (about 63.6 square centimeters

of cross sectional area), it is advantageous to use a flow

rate which is between about 15 and about 25 liters per .
minute of the coating-fluidizing gas mixture, at standard
temperature and pressure, taking in congideration the size
of the bed. For example, for a bed of about 300 gms of -
7r0, particles as described hereinbefore, a flow rate of
the levitating stream of about 15-20 L/min may be
preferred. .With this flow rate, the volume percentage of
coating gas isg adjusted to d@liy@r,afreiétiYQJY constant
amount of carbon, i.e. the carbon content, to the coating
zone per unit time. Therefore, when a particular coating
operation runs efféctively at 40% propane, a comparable
atmosphere composed of about 3@% isobutane - 70% nitrogen
or of about 90-100% methane might be used.

Even within these parametérsh it has been found

important that the conditions be fairly precisely
maintained throughout the coating run so that pyrocarbon
having a sﬁbstantially homogenous crystallite size and
igsotrophy will be deposited. . In addition to controlling
the bed size for the purpose of maintaining the:desired
ratios, it is important that tﬁe bed size be maintained
within strict limits because even small changes in bed
size, as indicated hereinbefore, result in distinct changes
'in the actual temperature at the surface of the substrates
where deposition is occurring; such changes in temperature
not only affect the rate at which carbon is being deposited
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but they can affect the physical characteristics of the
carbon itself. By precisely controlling these various
parameters within the stated limits, it has now been found
possible to consistently deposit unalloyed pyrocarbon
having outstanding mechanical properties. Young’s modulus
is usually measured to provide a representative modulus of
elasticity for a material such as pyrocarbon, and
pyrocarbon having a Young'’s modulus (which is the ratio of
simple tension stresgss to the résulting?strain parallel to
the tension, reported in psi x 10°) between about 3.9 to
4.1 is routinely obtained. The modulus of rupture for
bending 1s the maximum stress per unit area that a specimen
can withstand without breaking when it is bent, and it is
usually repor¥rted in psi x 10° for these materials. This is
sometimes referred to as flexural strength, and unalloyed
pyrocarbons made under these parameters can have a modulus
of rupture of about 58 to 64 or higher. Hardness was
earlier discussed, a pyrocarbon should have a DPH of at
least about 200 .in order to be considered to be adequate to
provide the desired wear resistance over the life of a
heart valve component. These pyrocarbons are preferably
deposited so as to have a hardness of at least about 220
DPH and moreé preferably a DPH of about 230 or higher, e.q.
up to about 250.. They should also be isotropic, having a
BAF .0of not greater than about 1.1 and preferably between
1.0 and about 1.075. Another important physical property
for pyrocarbon 1s the measurement of strain to failure:
whereas silicon-alloyed pyrocarbon generally had a strain-
to-failure of about 1.2%, these unalloyed pyrocarbons have
a strain-to-failure of about 1.3 to 1.4%, which is a
significan£ increase for this property. K,. is a value
which is sometimes referred to as fracture toughness; it is
a measure of the force required to propagate an existing
small crack in pyrocarbon and is usually reported in units
of Ksi (1000 psi} x in, or alternmatively as MPa { m ).

- It has been found.that unalloyed pyrocarbons are produced

using the aforementioned temperature range and conditions
that have a fracture toughness as much as about 50% higher
than present commercial isotropic pyrolytic carbon
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coatings; these commercial coatings that contain an
alloying amount of about 7 weight % of silicon have a K,. of
about 1.05. Thus, not only is the need for silicon-
alloying in pyrocarbons to be used for.biomedical purposes
eliminated but at the same time, a 50% improvement in
toughness is achieved -- a truly surprising and totally
unexpected result. | ' -
The following are examplesiof the operation of a
fluidized bed coating apparatus in a manner so.as to carry
out processes for depositing pyrocarbon embodying various

features of the present invention.. . .- - . . .- L.
Example 1

When a coating run is ready to begin, a -
predetermined bed size is established by loading a precise
amount of pyrocarbénwcoated 2r0, particles to provide the
desired amount of “surface area and setting the temperature
and the flow rates of inert gas (nitrogen) and hydrocarbon
(propane), as well as setting a constant rate of feeding
particles and a nominal rate of withdrawal of particles.
This 1s all conveniently done through the control unit via
control lines 91 and 93, which respectively lead to the
adjusﬁable.valves 52 and 68. A fluidizing flow of an inert
gas, such as nitrogen, is established upward through the
coater 20 by setting the valve 52 wvia the control line 91
to supply nitrogen at a desired rate of flow from the
source 50, which may be a pressurized tank or the like. A
suitable charge of particles is then added to the coater,
through the upper end, to create a fluidized bed having the
desired amount of éurface area. For example, in a coater
having an internal coating enclosure diameter of about 3-
1/2 inches, one may begin with a charge of about 250 to
about 700 grams of pyrocarbon-coated zirconium dioxide -
particles having sizes greater than about 225 microns but
less than about 850 microns. The particles of this initial
bed are preferably pyrocarbon;pdated versions of the

uncoated zirconia particles that will subsequently be fed

into the bed during coating. Uﬁcoated particles which have
a density of ‘about 5.37 grams per cm® and a preferred size
ranging from about 300 microns to about 425 microns (with
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an average size of about 360 microns) are loaded into the
particle feeder 40. For a typical coating operation in a
coater of about this size, about 20 to 40 heart valve
orifice rings are added to the bed; such rings, when
coated, will serve as valve bodies for prosthetic heart
valves. Exemplary orifice rings generally have the form of
short tubes, having a height of about 0.7 cm., an I.D. of
about 1.5 to 2.5 cm., and an 0.D. of about 1.6 to 2.€ cm.
U.S. Patents Nos. 5,152,785 and 5,192,309 show generally
repregentative heart valves haviﬁg valve bodies of this
general type. The substrates to be coated are added after
Lhe particle bed has been brought up to its operating
temperature of about 1400°C using the induction heating
apparatus 44. |

The coating apparatus is then operated until both the
particles and the objects reach the desired Cemperature.
During this warmup period, the control unit via the control
line 93 causes a sufficient flow of nitrogen to be
maintained upward through the conduit 56, which has an
entrance aperture in the form of about a 3/16 inch inner
diameter open upper end, to prevent particle withdrawal. A
purge flow rate, as high as about 4 liters per minute, of
nitrogen is maintained through the lower pregssure port 72
80 as to prevent particles from entering this port. The
exit conduit 56 is located so that its open upper end is
located about 0.4 inch below the top edge of the conical
surface 30 of the lower insert 28, wherein it is in about
the middle of the bed. For a levitating gas flow of about
25 liters per minute through this coating enclosure wherein
the conical gurface of the lower insert has a vertical
height of about 5 inches, when a 700 gram charge of coated
Z2r0, particles is used along with 40 orifice rings, the bed
may occupy a volume of about 700-800 cubic centimeters.

When a coating run is ready to begin, the control unit
86 causes the valve 48 to be opened to its predetermined

~set point, as desired for this particular run, and flow of

a preferred coating gas, i.e. propane, is begun so that a
mixture of it and the fluidizing gas that is already
flowing through the line 54 into the central passageway 32
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is being supplied at _the desired rates of flow. . The flow
rates of the inert gas and propane are set 8O thét the flow
of the fluidizing-c¢oating gas mixture upward through the
coating enclosure, measured at standard temperature and
pressure, 18 about.14-liters/mihute of nitrégénjand about 7
liters/minute of,propané; for a-total flow of about 21 |
liters/min. As soon as the coating run begins, the feeder
40 is caused to feed uncoated zirconia particles into the
apparatus at a constant rate of about 2.0 grams per minute
via the entrance passageway 42 through which they fall to
become a part of the fluidized bed. Because of their -~
greater density, the small uncoated particles 41 quickly
gravitate to a lower level in the_bed;. The control unit
86, via the valve 68 and the control line 83, controls.the
amount of ‘nitrogen which flows upward through the particle
digcharge passageway 60 so that particles are withdrawn at
an initial rate of about 7 grams per minute, which rate is . .
maintained until the control unit detects changes are
occurring in._the bed surface area. A purge flow of about 4
liters of nitrogen per minute is maintained through the
entrance passageway 42, fiowing along with the falling
zirconia particles, and a purge flow of about 1 liter of
nitrogen per minute is maintained through the tubing 74
leading to the upper pressure sensing port 70.

The pressure difference between the lower port 72 and
the upper port 70 is monitored throughout the coating run
by a pressure transducer 78 (e.g. a commercially available
Sensotec Model Z or a SETRA Model C239%). An output signal
from the transducer which is representative of the
difference in measured pressures 18 transmitted'to the
electronic controller 86, and it is compared, for example,
each 15 seconds, with a prograﬁ that is repreéentative of
the desired bed size. The control unit 86 thus monitors
the pressure differential, and, as soon as changes are
detected, it causes appropriate adjusgtments tqﬂbé_madg in

- the rate of withdrawal of particles fiom the coating

enclogure. This monitoring and the instigation of
countermeasures to changes in bed surface area continues

throughout the entire coating run, which may typically take
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between about two and about four hours. For example, when
an increasgse in pressure differential is detected above the
target value which is indicative that growth in the bed
surface area has occurred, the control unit 86 acts to
compensate for this growth by removing particles at a
slightly faster rate. )

The exemplary coating operation is carried out for
about 180 minutes under conditions 8o as to initially
maintain desired bed. surface area throughout the entire
coating run. At the conclusion of the coating run and
cool-down, the coated articles are examined and the
pyrocarbon is found to be of high quality and to have a
precise uniform thickness of substantially 0.010. inch,
having a tolerance within about 0.001 inch of. the desired
value. ] _

The pyrocarbon deposited has a hardness of about 235
DPH, and it 1s considered to be satisfactory from a
standpoint of providing adequate wear resistance for heart
valve components. The flexural strength is about 64 x 10°
psi, and the modulus of elasticity is about 3.9 x 10° psi.
The toughness 1is excellent, showing a K;. ¢f about 1.58.
The strain-to-failure is about 1.4%. These unalloyed
pyrocarbon-coated components are considered to be well
suited for use as valve'bbdies in mechanical heart valves.

e . . EXAMPLE 2
The pyrocarbon deposition process set forth in

Example 1 is repeated using a temperature of about 1400°C
and a mixture of about 40 volume % propane and about 60
volume % nitrogen at a flow rate of about 20 liters per
minute. A charge of pyrocarbon-coated zirconium oxide .
particles of about 500 grams is employed -long with about
10 flat graphite rectangular slabs whicl _re provided as
the substrates for coating to allow prec.se measursement of
carbon properties. Coating is carried out for a s.fficient

time to deposit a pyrocarbon. coating having a thickness of

‘about 0.01 inch; the coatings are uniform and have a

tolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about 235 DPH and a density of
about 1.89 gm/cm’®, and it is considered to be satisfactory



10

15

20

25

30

35

WO 96/07771 2198134 | PCT/US95/10959

22 . L ~

from a standpoint of providing adequate wear resistance. for
heart valve components. The flexural strength is about
63.2.x 10°_ psi, and the modulus of elastlclty'ls about 3.9
x 10°.psi. The toughness is excellent, showing KK:Of about
1.6. The strain-to-failure is about 1.38%. The properties
of these unalloyed pyrocarbon-coated substrates are such
that components, such as valve'bodies and occluders, made
under these conditions are considered to be well suited for
use as valve bodies in mechanical heart valves. -
EXAMPLE 3

The pyrocarbon deposition process set forth in Example
1 is repeated using a temperature of about 1400°C and a
mixture . of about 40.5 volume % ethane and about 59.5 volume
¥ nitrogen at a flow rate of about 20 liters per minute. A
charge of pyrocarbon-coated zirconium oxide.particles of
about 500 grams is employed along with about 10 flat
graphite rectangular slabs which are provided as the
substrates for coating to allow precise.measurement of
carbon properties. Coating is carried out for a sufficient
time to deposit a pyrocarbon. coating having a thickness of
about 0.01 inch; the coatings are uniform and have a
tolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about 235 DPH and a density of
about 1.91 gm/cm’, and it is considered to be satisfactory
from a standpoint of providing adequate wear resistance for
heart valve components. The flexural strength is about
62.6 x 10° psi, and the modulus of elasticity is about 3.9
x 10° psi. The toughness is excellent, showing Kx:of about
1.59. The strain-to-failure 1s“about 1.38%. The
properties of these unalloved py}ocarbon coated substrates
are such that components, such as valve bodies and
occluders, made under these condltlons are considered to be
well suited for use as valve bodies in mechanical heart
valves.

S EXAMPLE 4

The pyrocarbon deposition process set forth _ in Example
1l is repeated using a temperature of about 1400°C and a
mixture of about 30 volume % isobutane and about 70 volume
¥ nitrogen at a flow rate of about 20 liters per minute. A
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charge of pyrocarbon-coated zirconium oxide particles of.

about 500 grams 1s employed along with about 10 flat
graphite rectangular slabs which are provided as the
substrates for coating to allow precise measurement of
5 carbon properties. Coating is carried out for a sufficient
time to deposit a pyrocarbon coating having a thickness of
about 0.01 inch; the coatings are uniform and have i
Lolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about. 235 DPH and a density of
10 about 1.95 gm/cm®, and it is considered to be satisfactory
Erom a standpoint of providing adequate weér'resistance for
heart valve components. The flexural strength is about
62.3 x 10° psi, and the modulus of elasticity is about 3.9
x 10° psi. The toughness is excellent, showing K;. of about
15 1.58. The strain-to-failure is about 1.37%. The
properties of these unalloyed pyrocarbon-coated substrates
are such that components, such as valve bodies and
occluders, made under these conditions are considered to be
well suited.for use as valve bodies in mechanical heart
20 valves.
EXAMPLE 5
The pyrocarbon deposition process set forth in Example
1 is repeated using a temperature of about 1400°C and of
about 100 volume % methane at a flow rate of about 20
25 liters per minute. A charge of pyrocarbon-coated zirconium
oxide particles of about 500 grams is employed along with
about 10 flat graphite rectanqular slabs which are provided
as the substrates for coating to allow precise measurement
of carbon properties. Coating is carried out for.a
30 sufficient time to deposit a pyrocarbon coating having a
thickness of about 0.01 inch; the coatings are uniform and
have a tolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about 222 DPH and a dengity of
about 2.07 gm/cm’, and it i-s considered to be satisfactory
35 from a standpoint of providing adequate wear resistance for
heart valve components. The flexural strength is about
.57.5 x 10° psi, and the modulus of elasticity is about 4.0
x 10° psi. The toughness is excellent, showing I{I;: of about
1.58. The strain-to-failure is about 1.29%. The

— — o — e — - P P ———_——
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properties of. these unalloyed pyrocarbon-coated substrates
are such that components, such as valve bodies and
occluders, made under these conditions are considered to be
well suited for use as valve bodieg in mechanical heart
valves. |
EXAMPLE 6
The pyrocarbon deposition process set forth in Example

1 is repeated using a temperature of about 1425°C and a
mixture of about 40 volume % propane and about 60 voluﬁé %
nitrogen at a flow rate of about 20 liters per minute. A
charge of pyrocarbon-coated zirconium oxide particles of
about 500 grams is employed along with . about 10. flat )
graphite rectangular slabs which are provided as the _
substrates for coating to allow .precise measurement of .
carbon properties. Coating is carried out for asufficient
time to deposit a pyrocarbon coating having a thickness of
about 0.01 inch; the coatings are uniforﬁ and have a
tolerance within about 0.001 inch. The pyrocarbon
deposited "has a hardness of about 226 DPH and a density of
about 1.81 gm/cm®, and it is considered to be gatisfactory
from a standpoint of providing adeguate wear resistance . for
heart valve components. The flexural strength is about
61.8 x 10° psi, and the modulus of elasticity is about 3.7
x 10% psi. The toughness is excellent, showing K,. of about
1.58. . The strain-to-failure is about 1.38%. The
properties of these unalloyed pyrocarbon-coated substrates
are such that components, such as valve bodies and
occluders, made under these conditions are considered to be
well suited for use as valve bodies in mechanical heart
valves. |
EXAMPLE 7

The pyrocarbon deposition process set forth in Example
1 is repeated using a temperature of about 1450°C and a
mixture. of about 40 volume % prbpane and about 60 volume %

nitrogen at a flow rate of about 20 liters per minute. A

‘charge of pyrocarbon-coated zirconium oxide particles of

about 500 grams 1s employed along with about 10 flat
graphite rectangular slabs which are provided as the
substrates for coating to allow precise measurement of
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carbon properties. Coating is carried out for a sufficient
time to deposit a pyrocarbon coating having a thickness of
about 0.01 inch; the coatings are uniform and have a
tolerance within about 0.001 inch. The pyrdcarbon
deposited has a hardness of about 208 DPH and a density of
about 1.83 gn/cm?®,” and it is considered to be satisfactory
from a standpoint of providing adequate wear resistance for
heart valve components. The flexural strength is about 54
x 10% psi, and the modulus of elasticity is about 3.5 x 10°

-psi. The toughness is excellent, showing Kie ©of about 1.54.

The strain-to-failure is about 1.33%. The properties of
these unalloyed pyrocarbon-coated substrates are such that
components, such as valve bodies and occluders, made under
these conditions are considered to be well suited for use
as valve bodies in mechanical heart valves.
EXAMPLE 8B

The pyrocarbon depogition process set forth in Example
1 is repeated using a temperature of about 1375°C and a
mixture of about 40 volume % propane and about 60 volume %
nitrogen at a flow rate of about 20 liters per minute. A
charge of pyrocarbon-coated zirconium oxide particles of
about 500 grams is employed along with about 10 flat
graphite rectangular slabs which are provided as the
substrates for coating to allow precise measurement of
carbon properties. Coating is carried out for a sufficient
time to deposit a pyrocarbon coating having a thickness of
about 0.01 inch; the coatings are uniform and have a
tolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about 231 DPH and a density of
about 1.96 gm/cm’, and it is considered to be satisfactory
from a standpoint of providing adequate wear resistance for
heart valve components. The flexural strength is about 63
x 10° psi, and the modulus of ‘elasticity is about 3.9 x 10°
psi. The toughness is good, showing a K,. of about 1.18.
The strain-to-failure is about 1.41%. The properties of

- these unalloyed pyrocarbon-coated substrates are such that

components, such as valve bodies and occluders, made under
these conditions are considered to be well suited for use
as valve bodieg in mechanical heart valves.
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EXAMPLE 9

The pyrocarbon deposition process seft forth in Example
1 is repeated using a temperature of about 1350°C and-q;
mixture of about 40 volume % propane and about 60 volume %
nitrogen at a flow rate of about 20 liters per minute. _A
charge of pyrocarbon-coated zir@onium oxXide particles of
about 500 grams is employed along with about 10 flat
graphite rectangular slabs which are provided as the _
substrates for coating to allow precise measurement of
carbon properties. Coating is carried out for a sufficient
time to deposit a pyrocarbon coating having a thickness of
about 0.01 inch; the coatings are uniform and have a
tolerance within about 0.001 inch. The pyrocarbon
deposited has a hardness of about 226 DPH and a density of
about 2 gm/cm’, and it is considered to be satisfactory
from a standpoint of proﬁidiﬁg'édeQﬁéte"wgaf reslstance for =
heart valve components. The flexural strength is about 57
x 10% psi, and the modulus of elasticity is about 3.9 x 10°
psi. The toughness is acceptable, showing a K;. of about
0.96. The strain-to-failure is about 1.33%. The :
properties of these unalloyed pyrocarbon-coated substrates
are such that components, such as valve bodies and
occluders, made under these conditions are considered to be
adequate for use as valve bodies in mechanical heart
valves. ' | s ' -

EXAMPLE 10

The pyrocarbon deposition process set forth in Example
1 is repeated using a temperature of about 1400°C and a
mixture of. about 25 volume % propane and about 75 volume %
nitrogen at a flow rate of about 15 liters éer minute. . A
charge of pyrocarbon-coated zirconium oxide particles of
about 700 grams 1is employved along with about 8 flat
graphite rectangular slabs which are provided as the
substrates for coéting to allow precise measurement of -
carbon properties. Coating is carried out for a sufficient

“time to deposit a pyrocarbon c¢oating having a thickness of

about 0.01 inch; the coatings are uniform and have a
tolerance within about 0.001 inch. The pyrocarbpn
deposited has a hardness of about 240 DPH and a density of
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about 1.85 gm/cm’®, and it is considered to be satisfactory
from a standpoint of providing adequate wear resistance for
heart valve components. The flexural strength is about 69
x 10° psi, and the modulus of elasticity is about 3.9 x 105
psi. The toughness is excellent, showing a K;. of about
1.63. The strain-to-failure is about 1.5%. The properties
of these unalloyed pyrocarbon-coated substrates are such
that components, such as valve bodies and occluders, made
under these conditions are considered to be well suited for
use as valve.bodies in mechanical heart valves.

Although the invention has been described with regard
Lo a number of preferred embodiments, it should be
understood that various changes as would be obvious to one
having the ordinary skill in this art may be made without
departing from the invention which 18 defined by the claims
appended hereto. Although heart valve components have been
the subject of many of the illustrations, it should be
understood that pyrocarbon having these excellent
mechanical properties can be used for many other biomedical
applications as well as other applications where the
inclusion of an alloying agent, 1.e. a metal or metalloid,
such as silicon, that forms a carbide, would be considered
undesirable. Furthermore, although one significant
advantage of the invention is the provision of pyrocarbon
having these outstanding mechanical properties and
excellent wear resistance without the necessary inclusion
of silicon or some other alloying agent to increase
hardness, it should be understood that up to about 3 weight
¥ of gilicon might be included in these pyrocarbons without
adversely affecting the outstanding fracture toughness
which they1éxhibit; accordingly, such carbons would be
considered to be equivalents of these pure unalloyed
pyrocarbons. Likewise, although the discussion is centered
upcon the employment of a single hydrocarbon for the coating
gas, it should be understood that a mixture of two or more

“hydrocarbons could be usged if desired, and similarly a

mixture of two or more inert gases could likewise be
employed.
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Particular features of the .invention are emphasized in

the claims that follow.
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CLAIMS:
1. A process for coating prosthetic heart valve

components with pyrocarbon having high fracture toughness,
high flexural strength and high strain-to-failure without
S 1including 5 or more weight percent of silicon 1in such

pyrocarbon, which process comprises,

i~

establishing a bed of particles 1in a coating

enclosure by levitating said particles so as to create a

region withilin saild enclosure wherein coating with pyrocarbon

r—

10 will occur and levitating a plurality of substrates for

heart valve bodies or occluders along with sald particles 1n

sald coating reglon, sald particles providing sufficient

ﬁ

surface area that the ratio of surface area of said bed of

=

particles measured 1n square centimeters to the volume of

e

15 the coating region measured 1n cubic centimeters 1s at least

10 to 1,

malntaining sald particles and said substrates at

a temperature between about 1350°C and about 1425°C,

employing a levitating gas stream which includes a
20 hydrocarbon that 1s pyrolytically decomposable at said
temperature but which 1s substantially devoid of any
alloying agent and maintaining a continuous upward flow of
sald gas stream through said coating region at a rate of
between about 0.1 and about 0.5 liter per minute per sg. cm.
25 of cross section of said coating region, said hydrocarbon

having a carbon chain length not greater than 5 carbon

atoms,

continuing salid continuous upward flow of said gas

stream through said coating region for a length of time

30 sufficient to deposit a uniform coating having a thickness
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of at least about 0.2 mm of essentially unalloyed pyrocarbon

F

upon each of said substrates, and

maintaining a substantially constant bed surface

area within said coating region by adding additional

5 particles thereto while removing therefrom pyrocarbon-coated

—
p—

particles which have grown in particle size as a result of

—

deposition of pyrocarbon so that the actual bed temperature

at surfaces where deposition is occurring remains within a

pr—

temperature range of about 50°C,

10 whereby salid substrates remain 1n sald enclosure

I

and are coated with unalloyed pyrocarbon having a density of

about 1.8 to about 2.0 g/cm?,eal&m of at least about 1.2, a

modulus of rupture for bending of at least about 58, a

strain-to-failure of at least about 1.3%, and Young’s

F

15 modulus of about 4.0 X lO6jpsi or below.

2. A process according to claim 1, wherein the

levitating gas stream further comprises an inert gas.

3. A process according to claim 1 or 2, wherein said

pr—

pyrocarbon has a Ki;c of at least about 1.54.

20 4. A process according to any one of claims 1 to 3,

wherein said substrates are made of isotropic artificial

graphite.

*

0. A process according to any one of claims 1 to 4,

wherein an inert gas is present and constitutes at least

ﬁ

25 about 40 volume percent of said stream.

0. A process for making unalloyed 1sotropic

pyrocarbon having high fracture toughness, high flexural

strength and high strain-to-failure, which process

comprilses,
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establishing a bed of particles in a coating
enclosure by levitating said particles so as to create a

region within salid enclosure whereln coating with pyrocarbon

will occur and levitating a plurality of substrates to be

coated along with said particles in said coating region,

sald particles providing sufficient surface area that the

ratio of surface area of said bed of particles measured 1in

square centimeters to the volume of the coating region

measured 1in cubic centimeters 1s at least 10 to 1,

maintalning said coating region at a set

temperature above about 1325°C and at or below about 1450°C,

employing a levitating gas stream which includes a

hydrocarbon that 1s pyrolytically decomposable at said

temperature and maintaining a continuous upward flow of said

—

gas stream through saild coating region at a rate of between

about 0.1 and about 0.5 liter per minute per sg. cm. of

ﬁ

cross section of said coating region, said hydrocarbon

having a carbon chain length not greater than 5 carbon

atoms,

—

continuing said continuous upward flow of said gas

stream through said coating region for a length of time

e

sufficient to deposit a uniform coating of a desired

gp—

thickness of at least about 0.1 mm of unalloyed pyrocarbon

upon each of said substrates, and

maintaining a substantially constant bed surface

area within said coating region by adding additional

particles thereto while removing therefrom pyrocarbon-coated

particles which have grown 1n particle size as a result of

deposition of pyrocarbon, so that the surface temperature of
sald particles and saild substrates remains essentially

constant during said length of time,
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whereby said substrates remain in said enclosure

and are coated with unalloyed pyrocarbon having such

properties with a density of between about 1.7 and about

2.1 g/cm?,ea]&m of at least about 1.2, a modulus of rupture

5 for binding of at least about 58, a strain-to-failure of at

least about 1.3%, and a Diamond Pyramid Hardness (DPH) of

between about 200 and 250.

7. A process according to claim o, wherein the amount

of said additional particles 1s selected so that the ratio

r— gt

10 of the surface area of said bed of particles measured 1in

square centimeters to the volume of said coating region

measured 1n cubilc centimeters 1s at least about 20 to 1.

8 . A process according to claim 7, wherein said ratio

18 between about 20 to 1 and about 40 to 1.

15 9. A process according to any one of claims 6 to 8§,

whereln salid hydrocarbon 1s selected from the group

consisting of propane, propylene, ethane, methane, butane

and mixtures thereof.

10. A process according to any one of claims 6 to 9,

20 whereln sald gas stream 1s a mixture of said hydrocarbon and

an inert gas devoid of any alloylng agent, which 1nert gas
constitutes at least about 40 volume percent of said

mixture, and said flow rate is between about 0.2 and about

0.4 L/min/sqg.cm.

25 11. A process according to claim 10, wherein said
hydrocarbon and the volume percent of said hydrocarbon are
selected so that said pyrocarbon deposited is isotropic and
has a hardness of at least about 220, and an apparent

crystalline size of at least about 30A.
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12. A process according to claim 11, wherein said

1sotropic pyrocarbon which i1s deposited has a Bacon

Aniosotropy Factor (BAF) between 1.0 and about 1.1.

13. A process according to claim 12, wherein said
deposited pyrocarbon has a density of between about 1.8 and

about 1.95 gm/cm’.

pie

14, A process according to any one of claims 6 to 13,

wherein said temperature 1s maintained between about 1350°C

and about 1425°C.

15. A process for making essentially unalloyed
pyrocarbon having high fracture toughness, high flexural

strength and high strain-—-to-failure, which process

comprises,

establishing a bed of particles 1n a coating
enclosure by levitating said particles so as to create a

region within said enclosure wherein coating with pyrocarbon

will occur and levitating a plurality of substrates to be

coated along with said particles in said coating region,

sald particles providing sufficient surface area that the

ﬁ

ratio of surface area of said bed of particles measured in

square centimeters to the volume of the coating region

measured 1n cubic centimeters is at least 10 to 1,

maintaining said particles and saild substrates at

a temperature between about 1325°C and about 1425°C,

employing a levitating gas stream which is a

mixture of a hydrocarbon that is pyrolytically decomposable
at said temperature and an inert gas and 1s substantially
devoid of any alloying agent, which inert gas constitutes at

least about 40 volume percent of said mixture, and

maintaining a continuous upward flow of said gas stream
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through said coating region at a rate of between about 0.1

p—

and about 0.5 liter per minute per sg. cm. of cross section

of said coating region, said hydrocarbon having a carbon

chaln length not greater than 5 carbon atoms,

—

continuing said continuous upward flow of said gas

stream through said coating region for a length of time

sufficient to deposit a uniform coating having a thickness

of at least about 0.1 mm of essentially unalloyed pyrocarbon

upon each of said substrates,

maintaining a substantially constant bed surface

area within said coating region by adding additional

particles thereto while removing therefrom pyrocarbon-coated

particles which have grown in particle size as a result of

ﬁ

deposition of pyrocarbon so that the actual bed temperature

at surfaces where deposition 1s occurring remains within a

—

temperature range of about 50°C, and

whereby said substrates remaln in said enclosure

1

and are coated with unalloyed pyrocarbon having a density of

apbout 1.8 to about 2.0 g/cmﬁ, a Ki¢ of at least about 1.2, a

modulus of rupture for bending of at least about 58, a

strain-to-failure of at least about 1.3%, and Young’s

modulus of about 4.0 x 10° psi or below.

lo. A process according to claim 15, wherein said

F

pyrocarbon has a Kic 0of at least about 1.54.

17. A process according to claim 15 or 16, wherein
sald temperature is maintained at between about 1375°C and

about 1425°C.

18. A process according to any one of claims 15 to 17,

wherein the amount of said particles is selected so that the

H

ratio of the surface area of said bed of particles measured
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in square centimeters to the volume of said coating region

measured in cubic centimeters 1s at least about 20 to 1.

19. A process according to claim 18, wherein said

hydrocarbon is propane, salid levitating gas stream upward

5 flow rate 1s between about 0.2 and about 0.4 liters per

sgq. cm. per minute, and said coating 1is continued to deposit

a uniform coating of a thickness of at least about 0.2 mm on

R

sald substrates.

20. A process according to any one of claims 15 to 19,

10 wherein isotropic pyrocarbon 1s deposited having a Bacon

Aniosotropy Factor (BAF) not greater than 1.075 and a

hardness of at least about 230 (DPH).
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