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ABSTRACT OF THE DISCLOSURE 

This is a method for making a prosthetic device for 
implantation in a living body. The method comprises the 
steps of forming a substrate of a material stable at tem 
perature of at least about 1350° C., heating said sub 
strate together with particulate material to provide addi 
tional deposition surface area to a temperature of be 
tween about 1350° C. and about 1600° C. in a reaction 
chamber, ?owing a mixture of propane or butane and 
an inert gas through said reaction chamber at 
atmospheric pressure, said propane or butane consti 
tuting between about 15 volume percent and about 40 
volume percent of said mixture, so that said substrate 
becomes coated with isotropic pyrolytic carbon having a 
BAF between 1.0 and 2.0, having an apparent crystal 
lite size of about 50 A. or less and having a density of at 
least about 1.5 grams per cm?, and continuing said gas 
?ow until the thickness of said isotropic carbon deposit is 
at least about 50 microns, whereby a device is produced 
which has excellent compatibility with ‘body tissue and 
is nonthrombogenic. If desired, the hydrocarbon gas mix 
ture may contain a carbide-forming element selected 
from the group consisting of silicon, zirconium, titanium, 
tantalum, boron, tungsten, niobium, vanadium, molyb 
denum, aluminum, or hafnium. 

This application is a continuation-in-part of our pend 
ing application Ser. No. 649,811, ?led June 29, 1967, now 
US. Pat. No. 3,526,005. 

This invention relates generally to prosthetic devices 
and more particularly to prosthetic devices for use within 
a living body. 

Prosthetic devices, such as intravascular prostheses, 
have been used for a number of years, and it is expected 
that usage of such devices will increase in the future 
as medical expertise continues to improve. One example 
is the arti?cial heart valve which is used fairly extensively 
today, and more complex circulatory assist devices are 
currently under development. Arti?cial kidneys are an 
other class of prosthetic devices becoming more and 
more available. 

In order to futher the development and utilization of 
prosthetic devices, the surfaces of these devices which 
come in contact with blood and tissue should be com 
pletely compatible therewith, whether the contact be 
made by implantation or insertion within the body or by 
passage therethrough of blood at locations exterior of the 
body. Two of the most common materials for in 
travascular prosthesis are metals, for applications where 
high strength and good wearability are important, and 
plastics for applications wherein ?exibility is needed. 
Metals are thrombogenic and are subject to corrosion. 
Plastics, without some treatment, are also thromobogenic 
and are subject to degradation. Stainless steel and 
tantalum are among the most popular metals used to 
day, ‘ whereas polyethylene, Te?on and the polycar 
bonates are examples of plastics considered suitable. 

ll) 

20 

35 

40 

45 

50 

55 

60 

65 

70 

1 3,677,795 
Patented July 18, 1972 rice 
2 

None of these materials are considered to be totally satis 
factory for the construction of prosthetic devices. 

It is an object of the present invention to provide im 
proved prosthetic devices by utilizing improved materials 
of construction. Another object is to provide prosthetic 
devices which are nonthromobogenic and which will re 
tain this characteristic although implanted in the body 
for long periods of time. A further object is to provide 
improved prosthetic devices which are compatible with 
body tissue, do not cause irritation thereof, and have 
good strength and resistance to deterioration when im 
planted within a living body. Still another object is to 
provide a method for making improved prosthetic de 
vices. One further object is to provide an improved 
method for repairing an intravascular defect within a 
living body. These and other objects of the invention 
should be clearly apparent from the following description 
relating to the fabrication and use of devices embodying 
various features of the invention. 

It has been found that prosthetic devices having im 
proved characteristics can be made by coating suitable 
substrates of the desired shape and size with dense 
pyrolytic carbon. Dense pyrolytic carbon has been found 
not only to signi?cantly increase the strength of the sub 
strate upon which it is coated, but also to resist wear and 
deterioration even if implanted within a living body for 
long periods of time. While reference is hereinafter gen 
erally made to use of the prosthetic devices in combina 
tion with a human body, wherein of course the primary 
use is considered likely to occur, it should also be 
recognized that the improved prosthetic devices may 
likewise be used in other living mammals. For example, 
it may be desirable to use pins which include the indi 
cated pyrolytic carbon coatings for use in repairing or 
setting broken bones in horses or dogs. 

For use on complex shapes and in order to obtain 
maximum strength, it is desirable that the pyrolytic car 
bon be nearly isotropic. Anisotropic carbons, though 
thromobo-resistant, tend to delaminate when complex 
shapes are cooled after coating at high temperatures. 
Thus, for coating complex shapes (i.e., those having 
radii of curvature less than one-quarter inch), the 
pyrolytic carbon should have a BAF (Bacon Anisotropy 
Factor) of not more than about 1.3. For noncomplex 
shapes, higher values of BAF up to about 2.0 may be 
used. The BAF is an accepted measure of preferred 
orientation of the layer planes in the carbon crystalline 
structure. The technique of measurement and a complete 
explanation of the scale of measurement is set forth in 
an article by G. E. Bacon entitled “A Method for De 
terming the Degree of Orientation of Graphite” which 
appeared in the Journal of Applied Chemistry, volume 
6, p. 477 (1956). For purposes of explanation, it is noted 
that 1.0 (the lowest point on the Bacon scale) signi?es 
perfectly isotropic carbon. 

In general, the thickness of the outer pyrolytic carbon 
coating should be sufficient to impart the necessary stress 
and strain fracture strengths to the particular substrate 
being coated. For example, if a fairly weak substrate is 
being employed, for instance one made of arti?cial graph 
ite, it may be desirable to provide a thicker coating of 
pyrolytic carbon to strengthen the composite prosthetic 
device. Moreover, although an outer coating which is 
substantially entirely isotropic pyrolytic carbon has ade 
quate structural strength, the codeposition of silicon or 
some similar carbide-forming additive improves the 
strength of the carbon coating. As described in more de~ 
tail hereinafter, silicon in an amount up to about 20 
weight percent can be dispersed as SiC throughout the 
pyrolytic carbon without detracting from the desirable 
thrombo-resistant properties of the pyrolytic carbon. 
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The density of the pyrolytic carbon is considered to be 

an important feature in determining the additional strength 
which pyrolytic carbon coating will provide the substrate. 
The density is further important in assuring that the 
pyrolytic carbon surface which will be exposed to body 
tissue or to blood in the environment wherein it will be 
used is smooth and substantially impermeable. Such sur 
‘face characteristics are believed to reduce the tendency 
of blood to coagulate on the surface of the prosthetic 
device. It is considered that the pyrolytic carbon. should 
at least have a density of about 1.5 grams per cm.3. 
A further characteristic of the carbon which also affects 

the strength contribution thereof is the crystallite height 
or apparent crystallite size. The apparent crystallite size 
is herein termed Le and can be obtained directly using 
an X-ray dilfractometer. In this respect 

wherein: 
7\ is the wavelength in A. 
,8 is the half-weight (002) line width, and 
0 is the Bragg angle 

It is considered that the pyrolytic carbon coatings for 
use in prosthetic devices should have a crystalline size 
no greater than about 200° A. In general, it may be said 
that the desirable characteristics of the pyrolytic carbon 
for use in prosthetic devices are greater when the apparent 
crystallite size is small and that preferably the apparent 
crystallite size is‘between about 20 and about 50° A. 

Because in general the substrate material for the pros 
thetic device will be completely encased in pyrolytic car 
bon, or at least will have its surfaces covered with pyrolytic 
carbon which would otherwise be in contact with either 
body tissue or the blood, choice of the material from 
which to form the substrate is not of utmost importance. 
For example, if the particular prosthetic device is a pin 
or a small tube or a portion of a valve for implantation 
within the human body, it is likely that the prosthetic 
device would be completely covered with pyrolytic car 
bon. However, for purposes of this application, the term 
prosthetic device is also used to include a part of an 
apparatus which is used exterior of the body, for exam 
ple, as a part of an auxiliary blood pump; and for such 
a part it may be necessary to coat only the surfaces which 
come in contact with the blood. . 

Because the substrate material may in many instances 
be completely surrounded by pyrolytic carbon, it is con~ 
sidered very important that the substrate material be com 
patible with pyrolytic carbon, and more particularly suit 
able for the process for coating with pyrolytic carbon. 
Although, as previously indicated, it is desirable that the 
substrate material have good structural strength to resist 
possible failure during its end use, substrate materials 
which do not have high structural stengths may be em 
ployed by using the pyrolytic carbon deposited thereupon 
to supply the required additional structural strength for 
the prosthetic device. 

Because pyrolytic carbon is, by de?nition, deposited 
by the pyrolysis of a carbon-containing substance, the 
substrate material is subjected to the fairly high tem 
peratures necessary for pyrolysis. Generally, hydrocarbons 
are employed as the carbon-containing substance to be 
pyrolyzed, and temperatures of at least about 1000“ C. 
are needed. Some examples of the deposition of pyrolytic 
carbon to produce coated articles having increased sta 
bility under high temperature and neutron irradiation con 
ditions are set forth in US. Pat. 3,298,921. The process 
illustrated and described in this US. patent employ meth 
ane as the source of carbon and utilize temperatures gen 
erally in the range from about 1500 to 2300° C. Although 
it may be possible to deposit pyrolytic carbon having the 
desired properties with regard to the instant invention at 
somewhat lower temperatures by using other hydrocar 
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4 
bons, for example, propane or butane, generally it is 
considered that the substrate material should remain sub 
stantially unaffected by temperatures of at least about 
1000° C., and preferably by even higher temperatures. 

Because the substrate is coated at the aforementioned 
relatively high temperatures although the prosthetic de 
vice will be actually employed at temperatures which will 
usually be very close to ambient, the coefficients of ther 
mal expansion of the substrate and of the pyrolytic car 
bon deposited thereupon should be relatively close to 
each other if the pyrolytic carbon is to be deposited di 
rectly upon the substrate and a ‘?rm bond therebetween 
is to be established. Whereas in the aforementioned U 
patent there is description of the deposition of an inter 
mediate low density pyrolytic carbon layer, the employ 
ment of which might provide somewhat greater leeway 
in matching the coefficients of thermal expansion, it is 
preferable to deposit the pyrolytic carbon directly upon 
the substrate and therefore avoid the necessity for such 
an additional intermediate layer. Pyrolytic carbon hav 
ing the desired characteristics can be deposited having a 
thermal coefficient of expansion in the range of between 
about 3 and about 6t>< l0-6/° C. Accordingly, substrate 
materials are chosen which have the aforementioned stabil 
ity at high temperatures and which have thermal coeffi 
cients of expansion within or slightly above this general 
range. Examples of suitable substrate materials include 
arti?cial graphite, boron carbide, silicon carbide, tantalum, 
molybdenum, tungsten, and various ceramics, such as 
mullite. 
The pyrolytic carbon coating is applied to the sub 

strate using a suitable apparatus for this purpose. Prefer 
ably, an apparatus is utilized which maintains the sub 
strate in motion while the coating process is carried out 
to assure that the coating is uniformly distributed on the 
desired surface of the substrate. A rotating drum coater 
or a vibrating table coater may be employed. When the 
substrates to be coated are small enough to be levitated 
in an upwardly ?owing gas stream, a ?uidized bed coater 
is preferably used. By coating in this manner, the de 
sired smoothness and uniformity of the carbon surface 
is obtained. 
As discussed in detail in the aforementioned US. 

patent, the charatceristics of the carbon which are de 
posited may be varied by varying the conditions under 
which pyrolysis is carried out. For example, in a ?uid 
ized bed coating process wherein a mixture of a hydro 
carbon gas, such as methane, and an inert gas, such as 
helium or argon, is used, variance in the volume percent 
of methane, the total ?ow rate of the ?uidizing gas stream, 
and the temperature at which pyrolysis is carried out all 
affect the characteristics of the pyrolytic carbon which is 
deposited. Control of these various operational parameters 
not only allows deposition of pyrolytic carbon having the 
desired density, apparent crystallite size, and isotropy, 
but also permits regulation of the desired thermal co 
e?icient of expansion which the pyrolytic carbon has. 
This control also allows one to “grade” a coating in order 
to provide a variety of exterior surfaces. For example, 
a highly oriented surface coating is believed to provide 
enhanced thromboresistance which may be desirable for 
certain applications. One can deposit a strong base iso 
tropic pyrocarbon coating, having a BAF of 1.3 or less, 
and near the end of the coating operation, one can grad 
ually change the coating conditions to obtain a highly 
oriented outer layer. Using this technique, suitable coat 
ings having outer surfaces which are highly anisotropic 
and, for example, are about 25 microns thick, can be con 
veniently deposited. 
As indicated above, a substrate material is chosen which 

has a thermal coefficient expansion of between about 3 
and about 6X 104/ ° C., and the carbon deposition con 
ditions are controlled so that the pyrolytic carbon has a 
coefficient within the same range. Generally, when pyro 
lytic carbon is deposited directly upon the surface of the 
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substrate material, the pyrolysis conditions are controlled 
so that the pyrolytic carbon which is deposited has a co 
e?icient of expansion matched to within about plus or 
minus 50 percent of the substrate material’s thermal co~ 
ef?cient of expansion, and preferably to within about plus 
or minus 20 percent thereof. Because pyrolytic carbon 
has greater strength when placed in compression that 
when placed in tension, the thermal coe?icient of expan 
sion of the pyrolytic carbon most preferably is about 
equal to or less than that of the substrate. Under these 
conditions, good adherence to the substrate is established 
and maintained during the life of the prosthetic devices. 
Inasmuch as many of these devices may be employed for 
implantation within the human body, it is extremely im 
portant that long life of the device without degradation 
be assured. ‘ 

As previously indicated, the coating may be substan 
tially entirely pyrolytic carbon, or it may contain a car 
bide-forming additive, such as silicon, which has been 
found to increase the overall structural strength of the 
coating. Silicon in an amount of up to about 20 weight 
percent, based upon total weight of silicon plus carbon, 
may be included without detracting from the desirable 
properties of the pyrolytic carbon, and when silicon is 
used as an additive, it is generally employed in an amount 
between about 10 and 15 weight percent. Examples of 
other carbide-forming elements which might be used as 
additives in equivalent weight percents include boron, 
tungsten, tantalum, niobium, vanadium, molybdenum, 
aluminum, zirconium, titanium and hafnium. Generally, 
such an element would not be used in an amount greater 
than 10 atom percent, based upon total atoms of carbon 
plus the element. 
The carbide-forming additive is codeposited with the 

pyrolytic carbon by selecting a volatile compound of the 
element in question and supplying this compound to the 
deposition region. Usually, the pyrolytic carbon is de 
posited from a mixture of an inert gas and a hydrocarbon 
or the like, and in such an instance, the inert gas may be 
conveniently employed to carry the volatile compound to 
the deposition region. For example, in a ?uidized bed 
coating process, all or a percentage of the fluidizing gas 
may be bubbled through a bath of methyltrichlorosilane 
or some other suitable volatile liquid compound. Under 
the temperature whereat the pyrolysis and codeposition 
occurs, the particular element employed is converted to 
the carbide form and appears dispersed as a carbide 
throughout the resultant product. As previously indicated, 
the presence of such a carbide-forming additive does not 
signi?cantly change the crystalline structure of the pyro 
lytic carbon deposited from that which would be de 
posited under the same conditions in the absence of such 
an additive. 

Pyrolytic carbon having the physical properties men 
tioned hereinbefore, is considered to be particularly ad 
vantageous for constituting the surface for a prosthetic 
device because it is antithrombogenic and is inert to the 
metabolic processes, enzymes, and other juices found 
within living bodies. The antithrombogenic properties of 
pyrolytic carbon are believed to be dependent upon its 
sterility and the removal of all the oxygen therefrom. 
Before use, the device may be sterilized, for example, by 
heating in a suitable vacuum for about six hours at about 
130° C. 
As an alternative to the foregoing sterilization and 

degassing techniques, the prosthetic devices can be 
sterilized in benzalkonium chloride and then treated with 
a suitable anticoagulant which safeguards against the 
occurrence of thrombosis. An anticoagulant such as 
haparin can be used. Application may be simply made by 
soaking the prosthetic device in benzalkonium chloride 
and then in a heparin solution. A suitable heparin solu 
tion may be prepared by mixing 2 cc. of heparin to 30 cc. 
of saline, saline being a solution of sodium chloride in 
water. The sorption of heparin by pyrolytic carbon sur 
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faces purposely prepared with accessible porosity at the 
outer surface thereof is improved by pretreatment with 
a cationic, surface-active agent such as an aqueous solu 
tion of benzalkonium chloride. It should be kept in mind, 
however, that impermeable pyrolytic carbon is inherently 
t-hromboresistant and prior treatment with heparin is not 
essential. 
When the prosthetic device is ready for its intended 

use, for example as a part of apparatus that will function 
exterior of a living ‘body, or perhaps as an implant with 
in a living body to repair an intravascular defect, known 
surgical procedures or the like are employed. A pyrolytic 
carbon-coated device may be secured in the proper loca 
tion within the body, for example, by joining with Dacron 
cloth and appropriately suturing using standard suturing 
methods. 
The following examples illustrate several processes 

for producing prosthetic devices having pyrolytic carbon 
surfaces which have various advantages of the invention. 
Although these examples include the best modes presently 
contemplated by the inventors for carrying out their in 
vention, it should be understood that these examples are 
only illustrative and do not constitute limitations upon 
the invention which is de?ned by the claims appearing 
at the end of this speci?cation. 

EXAMPLE I 

Short tubes are constructed of arti?cial graphite each 
having a length of 9 mm., an internal diameter of 7 mm. 
and a wall thickness of 0.5 mm. The arti?cial graphite 
employed has a coe?icient of thermal expansion of about 
4X'10-6/° C. when measured at 50° C. The short tubes 
are coated with pyrolytic carbon using a fluidized bed 
coating apparatus. 
The ?uidized bed apparatus includes a reaction tube 

having a diameter of about 3.8 cm. that is heated to a 
temperature of about 13500 C. A ?ow of helium gas 
su?icient to levitate the relatively small tubes is main 
tained upward through the apparatus. The small short 
tubes are coated together with a charge of zirconium 
‘dioxide particles of ‘about 50 grams, which particles 
have diameters in the range of about 150v to 250 microns. 
The particles are added along with the short tubes to 
provide a deposition surface area of the desired amount 
relative to the size of the region of the reaction tube 
wherein pyrolysis occurs inasmuch as the relative amount 
of available surface area is another factor which in 
?uences the characteristics of the resultant pyrolytic 
carbon. 
When the temperature of the articles which are levitated 

within the reaction tube reaches about 1350“ C., propane 
is admixed ‘with the helium to provide an upwardly ?ow 
ing gas stream having a total ?ow rate of about 6000 
cc. per minute and having a partial pressure of propane 
of about 0.4 (total pressure one atmosphere). The propane 
decomposes under these conditions and deposits a dense 
isotropic pyrolytic carbon coating upon all of the articles 
in the ?uidized bed. Under these coating conditions, the 
carbon deposition rate is about ?ve microns per minute. 
The propane gas flow is continued until an isotropic 
pyrolytic carbon coating about 200 microns thick is de 
posited on the outside of the tubes. At this time, the 
propane gas ?ow is terminated, and the coated articles 
are cooled fairly slowly in the helium gas and then re 
moved from the reaction tube coating apparatus. 
The short tubes are examined and tested. The thickness 

of the pyrolytic carbon coating on the interior of the 
tubes measures about 200 microns. The density of the 
isotropic carbon uniformly is found to be about 2.0 
grams per cm.3. The BAF is found to be about 1.1. The 
apparent crystallite size is measured and found to be 
about 30 to 40 A. Mechanical tests of the coated short 
tubes are made to determine their strength in comparison 
to additional uncoated graphite tubes. The crushing load 
of the uncoated graphite tubes, loaded parallel to the 
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diameter, is found to be about four pounds. The crush 
ing load of the coated tubes is about twenty-?ve pounds, 
about six times higher. Another of the coated tubes is 
sterilized by heating to about 1000” 'C. in a vacuum and 
then is soaked for ?fteen minutes in a dilute solution of 
benzalkonium chloride (1 part by 1000 parts water). The 
coated tube is then removed, rinsed and then soaked for 
?fteen minutes in a heparin solution prepared by adding 
2 cc. of heparin to 30 cc. of saline. After removal, the 
tube is rinsed ten times with distilled water and is then 
tested with blood. After contact with blood for about 
twenty-four hours, no sign of clotting is shown, and 
clotting normally occurs within a matter of minutes. The 
pyrolytic carbon-coated graphite substrate articles are 
considered to be excellently acceptable for use as prosthetic 
devices within the body of human beings. 

EXAMPLE II 

A number of short tubes having the same dimensions 
as those used in Example I but made of tantalum are 
provided. Tantalum has a thermal coe?icient of expan 
sion of about 6.5 Xl0_6/ ° C., measured at 20° C. The 
short tubes are coated in the ?uidized bed reaction tube 
employed in Example I. In order to match the pyrolytic 
carbon coefficient of thermal expansion to that of the tan 
talum substrate, a coating temperature of 1600° C. is em 
ployed using a 15 percent propane—85 percent helium gas 
stream having a total flow rate of about 6000 cc. per min 
ute. The short tubes are levitated together with a similar 
50 gram charge of particles of zirconium dioxide at atmos 
pheric pressure. Deposition of pyrolytic carbon is carried 
out for about 20 minutes, after which period a layer of 
isotropic pyrolytic carbon about 150 microns thick coats 
the outer surface of each of the tubes. At the end of this 
time the propane flow is discontinued, and the coated tubes 
are cooled and removed from the reaction tube. 

Examination and testing shows that the density of the 
isotropic pyrolytic carbon deposited is about 1.6 grams per 
cm.3. The BAF is about 1.0. The apparent crystallite size 
is between about 50 to 60 A. The thermal coefficient of 
expansion of the pyrolytic carbon measures about 
5x10 -6/‘’ C. at about 20° C. Mechanical testing of the 
coated tubes shows that the strength and wearability is 
acceptable and that the coating is ?rmly a?ixed to the 
substrate. 
One of the coated short tubes is sterilized and treated 

as in Example I excepting that the treatment with benz 
alkonium chloride and heparin is omitted. The tube: is test 
ed with blood, and there is no sign of clotting after con 
tact therewith for twenty-four hours. The carbon-coated 
tantalum articles are considered to be excellently accepta 
ble for use as a part of a prosthetic device for implanta 
tion within a human body. 

EXAMPLE III 

A number of short tubes having the same dimensions 
as those used in Example I but made of tungsten are pro 
vided. Tungsten has a thermal coefficient of expansion 
of about 4.4><10-5/° C., measured at 27° C. The short 
tubes are coated in the ?uidized bed reaction tube em 
ployed in Example I. In order to match the pyrolytic car 
bon coef?cient of thermal expansion to that of the tung 
sten substrate, a coating temperature of 1600° C. is em 
ployed using a 15 percent propane—85 percent helium gas 
stream having a total ?ow rate of about 600 cc. per min 
ute. The short tubes are levitated together with a similar 
50 gram charge of particles of zirconium dioxide. Deposi 
tion of pyrolytic carbon is continued for about 20 min 
utes, at which time a layer of isotropic pyrolytic carbon 
about 150 microns thick coats the outer surface of each 
of the tubes. The propane ?ow is discontinued, and the 
coated tubes are cooled and removed from the reaction 
tube. 

Examination and testing shows that the density of the 
isotropic pyrolytic carbon deposited is about 1.6 grams 
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per cc. The BAP is about 1.0. The apparent crystallite 
size is between about 50 to 60 A. The thermal coef?cient 
of expansion of the pyrolytic carbon measures about 
5><10—6/° C. at about 20° C. Mechanical testing of the 
coated tubes shows that the strength and wearability is 
acceptable and that the coating is ?rmly a?ixed to the 
substrate. 
One of the coated short tubes is sterilized and treated 

as in Example I with benzalkonium chloride and heparin 
and tested with blood. There is no sign of clotting after 
contact therewith for twenty-four hours. The carbon-coat 
ed tungsten articles are considered to be excellently ac 
ceptable for use as a part of a prosthetic device for im 
plantation within a human body. 

EXAMPLE IV 

A number of short tubes having the same dimensions 
as those used in Example I but made of molybdenum are 
provided. Molybdenum has a thermal coe?icient of expan 
sion of about 5.3><10—6/° 0, measured at 20° C. The 
short tubes are coated in the ?uidized bed reaction tube 
employed in Example I. In order to match the pyrolytic 
carbon coe?icient of thermal expansion to that of the 
molybdenum substrate, a coating temperature of 1350° C. 
is employed using a 30 percent propane-70‘ percent 
helium gas stream having a total ?ow rate of about 5500 
cc. per minute. The short tubes are levitated together with 
a similar 50 gram charge of particles of zirconium dioxide. 
Deposition of pyrolytic carbon occurs, and after about 30 
minutes a layer of isotropic pyrolytic carbon about 150 
microns thick coats the outer surface of each of the tubes. 
At the end of this time, the propane ?ow is discontinued, 
and the coated tubes are cooled and removed from the 
reaction tube. 

Examination and testing shows that the density of the 
isotropic pyrolytic carbon deposited is about 2.0 grams per 
cm.‘*. The BAF is about 1.1. The apparent crystallite size 
is between about 30 and 40 A. The thermal coeliicient 
of expansion of the pyrolytic carbon measures about 
5><l0-6/° C. at about 20° C. Mechanical testing of the 
coated tubes shows that the strength and wearability is 
acceptable and that the pyrolytic carbon coating is ?rmly 
bonded to the substrate. 
One of the coated short tubes is sterilized and treated 

as in Example I with benzalkonium chloride and heparin 
and is tested with blood. There is no sign of clotting after 
contact therewith for twenty-four hours. The carbon-coat 
ed molybdenum short tubes are considered to be excel 
lently acceptable for use as a part of a prosthetic device 
for implantation within a human body. 

EXAMPLE V 

A number of graphite tubes having the same char 
acteristics and dimensions as those used in Example I 
are introduced into a reaction tube which is about 6.3 cm. 
in diameter, together with an ancillary charge of 100 
grams of zirconium oxiode spheroids having an average 
particle size of about 400 microns. A ?uidizing ?ow of 
helium is fed upward through the reaction tube as the 
temperature of the small tubes and particles is raised 
to about 1350" C. When this temperature is reached, 
propane is admixed with the helium to provide a total 
gas ?ow of about 8000 cc. per minute, having a partial 
pressure of propane of about 0.4 atm. (total pressure 
of 1 atm.). All of the helium is bubbled through a 
bath of methyltrichlorosilane at about room tempera~ 
ture. The propane and the methyltrichlorosilane pyrolyze 
to deposit a mixture of isotropic carbon and silicon car 
bide on the small tubes, and the coating process is 
continued until a coating about 12 mils (300 microns) 
thick is obtained, a time of about an hour. 
The resultant coated tubes are allowed to cool to am 

bient temperature, and they are then removed from the 
reaction tube. Examination of the istotropic carbon-silicon 
carbide coating shows that it has a coef?cient of thermal 
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expansion of about 6x10-5/° C. and a density of 2 
grams per cm?. The coating contains about 10 weight 
percent silicon (based upon total weight of silicon plus 
carbon) in the form of silicon carbide. The isotropic car 
bon has a BAF of about 1.1 and an apparent crystallite 
size of about 35 A. Mechanical testing of the coating tubes 
shows that the strength and wearability are fully accept 
able and that there is a ?rm bond between the coat 
ing and the graphite substrate. 
One of the coated tubes is sterilized and treated as 

in ‘Example ‘I, using benzalkonium chloride and heparin, 
and it is then tested with blood. There is no sign of 
clotting after contact with blood for twenty-four hours. 
The tubes which are coated with pyrolytic carbon con 
taining the silicon carbide additive are considered to be 
excellently acceptable for use as a part of a prosthetic 
device and suitable for implantation within a human 
body. 

Although the examples have been particularly directed 
to the coating and use of short tubes, it should be under 
stood that this is for purpose of illustration only and 
that it is considered that any suitably-shaped elements 
can be coated to provide prosthetic devices. In par 
ticular, it is to be noted that deposition of pyrolytic 
carbon in a ?uidized bed process is excellently suited 
for the smooth coating of even the most complex shape 
of element. The foregoing shows that prosthetic devices 
are provided which have excellent resistance to degrada 
tion in a living body and, as such, are eminently well 
suited for prosthetic devices which can be implanted 
permanently within a living human being. Pyrolytic car 
bon-coated substrates containing radioactive isotopes for 
internally treating diseases, such as cancer or tumors, are 
illustrative of another form of improved prosthetic de 
vice that may be produced. Various features of the in 
vention are set forth in the following claims. 
What is claimed is: 
1. A method of making a prosthetic device which 

method comprises forming a substrate of a material 
stable at temperatures of at least about 1350° C., heat 
ing said substrate together with particulate material to 
provide additional deposition surface area to a tem 
perature of between about 1350° C. and about 1600° 
C. in a reaction chamber, ?owing a mixture of propane 
or butane and an inert gas through said reaction chamber 
at atmospheric pressure, said propane or butane con 
stituting between about 15 volume percent and about 
40 volume percent of said mixture, so that said sub 
strate becomes coated with isotropic pyrolytic carbon 
having a BAF between 1.0 and 2.0, having an apparent 
crystallite size of about 50 A. or less and having a density 
of at least about 1.5 grams per cm.3, and continuing 
said gas ?ow until the thickness of said isotropic carbon 
deposit is at least about 50 microns, whereby a device 
is produced which has excellent compatibility with body 
tissue and is nonthrombogenic. 
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2. A method in accordance with claim 1 wherein 

the substrate is levitated by said gas ?ow which is directed 
upward. 

3. A method in accordance with claim 1 wherein said 
inert gas is helium. 

4. A method in accordance with claim 1 wherein said 
gas ‘?ow rate is between about 5500 and about 6000 cc. 
per minute per about 11 sq. cm. of reaction chamber 
cross sectional area. 

5. A method in accordance with claim 1 wherein said 
particulate matter is about equivalent to a charge of 
about 50 grams of ZrOz particles between about 150 
and 25-0 microns in size per 11 sq. cm. of reaction cham 
ber cross sectional area. 

6‘. A method in accordance with claim 1 wherein'be 
tween about 30 and about 40 volume percent of propane 
is employed at a temperature of about 1350” C. 

7. A method in accordance with claim 1 wherein 
about 15 volume percent of propane is employed at a 
temperature of about 1600° C. 

8. A method in accordance with claim 1 wherein 
said gas mixture includes a volatile compound contain 
ing a carbide-forming element. 

9. A method in accordance with claim 8 wherein said 
inert gas is caused to ?ow through a body of a liquid 
compound containing said carbide-forming element. 

10. A method in accordance with claim 9 wherein said 
liquid compound is methyltrichlorosilane. 

11. A method in accordance with claim 8 wherein 
said element is silicon. 

12. A method in accordance with claim 8 wherein 
said element is zirconium. 

13. A method in accordance with claim 8 wherein said 
element is titanium. 

14. A method in accordance with claim 8 wherein 
said element is tantalum. 
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