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(57) ABSTRACT 

The invention relates to devices for the treatment of heart 
disease and particularly to endo-arterial prostheses, which 
are commonly called stents. More particularly, the invention 
relates to methods of manufacturing and coating stents 
utilizing thermal spray processing (TSP). In one aspect the 
invention involves the use of TSP for the manufacture offine 
grained tubing for Subsequent use as a stent or other tubular 
or ring-based implant, or the manufacture of intermediate 
sized tubing that may then be drawn to final size tubing and 
for the coating of a stent. An average grain size of less than 
64 microns is achieved by the invention resulting in a stent 
having an annular wall average thickness of about eight or 
more grains. 
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METHOD AND APPARATUS FOR THERMAL 
SPRAY PROCESSING OF MEDICAL DEVICES 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This is a divisional application of U.S. Ser. No. 
11/724,766, which was filed on Mar. 16, 2007, and which is 
a divisional application of U.S. Ser. No. 09/880,514, which 
was filed on Jun. 12, 2001, and issued on Apr. 10, 2007, as 
U.S. Pat. No. 7,201.940, both of which are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

0002 This invention relates to medical devices and more 
particularly, the invention relates to methods of manufac 
turing and coating medical devices utilizing thermal spray 
processing (TSP). 

0003. Several interventional treatment modalities are 
presently used for heart disease, including balloon and laser 
angioplasty, atherectomy, and by-pass Surgery. In typical 
coronary balloon angioplasty procedures, a guiding catheter 
having a distal tip is percutaneously introduced through the 
femoral artery into the cardiovascular system of a patient 
using a conventional Seldinger technique and advanced 
within the cardiovascular system until the distal tip of the 
guiding catheter is seated at the ostium of the coronary 
arteries. A guide wire is positioned within an inner lumen of 
a dilatation catheter and then both are advanced through the 
guiding catheter to the distal end thereof. 
0004 The guide wire is first advanced out of the distal 
end of the guiding catheter into the patient's coronary 
vasculature until the distal end of the guide wire crosses a 
lesion to be dilated, then the dilatation catheter having an 
inflatable balloon on the distal portion thereof is advanced 
into the patient’s coronary anatomy over the previously 
introduced guide wire until the balloon of the dilatation 
catheter is properly positioned across the lesion. 
0005. Once in position across the lesion, the balloon is 
inflated to compress the plaque of the lesion against the 
inside of the artery wall and to otherwise expand the inner 
lumen of the artery. The balloon is then deflated so that 
blood flow can be resumed through the dilated artery and the 
dilatation catheter can be removed therefrom. Further details 
of dilatation catheters, guide wires, and devices associated 
therewith for angioplasty procedures can be found in U.S. 
Pat. No. 4.323,071 25 (Simpson-Robert); U.S. Pat. No. 
4,439,185 (Lindquist); U.S. Pat. No. 4,516,972 (Samson): 
U.S. Pat. No. 4,538,622 (Samson, et al.); U.S. Pat. No. 
4.554,929 (Samson, et al.); U.S. Pat. No. 4,616,652 (Sim 
pson): U.S. Pat. No. 4,638,805 (Powell); U.S. Pat. No. 
4,748,982 (Horzewski, et al.); U.S. Pat. No. 5,507,768 (Lau, 
et al.); U.S. Pat. No. 5,451,233 (Yock); and U.S. Pat. No. 
5,458,651 (Klemm, et al.), which are hereby incorporated 
herein in their entirety by reference thereto. 
0006. One problem that can occur during balloon angio 
plasty procedures is the formation of intimal flaps which can 
collapse and occlude the artery when the balloon is deflated 
at the end of the angioplasty procedure. Another problem 
characteristic of balloon angioplasty procedures is the large 
number of patients who are Subject to restenosis in the 
treated artery. In the case of restenosis, the treated artery 
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may again be subjected to balloon angioplasty or to other 
treatments such as by-pass Surgery, if additional balloon 
angioplasty procedures are not warranted. However, in the 
event of a partial or total occlusion of a coronary artery by 
the collapse of a dissected arterial lining after the balloon is 
deflated, the patient may require immediate medical atten 
tion, particularly in the coronary arteries. 

0007 A focus of recent development work in the treat 
ment of heart disease has been directed to endoprosthetic 
devices referred to as stents. Stents are generally cylindri 
cally shaped intravascular devices which are placed within 
an artery to hold it open. The device can be used to reduce 
the likelihood of restenosis and to maintain the patency of a 
blood vessel immediately after intravascular treatments. In 
Some circumstances, they can also be used as the primary 
treatment device where they are expanded to dilate a steno 
sis and then left in place Further details of stents can be 
found in U.S. Pat. No. 3,868,956 (Alfidi et al.); U.S. Pat. No. 
4,512.338 (Balko et al.); U.S. Pat. No. 4,553,545 (Maasset 
al.); U.S. Pat. No. 4,733,665 (Palmaz); U.S. Pat. No. 4,762, 
128 (Rosenbluth); U.S. Pat. No. 4,800,882 (Gianturco): U.S. 
Pat. No. 4,856,516 (Hillstead); U.S. Pat. No. 4,886,062 
(Wiktor); U.S. Pat. No. 5,421.955 (Lau); and U.S. Pat. No. 
5,569.295 (Lam), which are hereby incorporated herein in 
their entirety by reference thereto. 

0008 One method and system developed for delivering 
stents to desired locations within the patient’s body lumen 
involves crimping a stent about an expandable member. Such 
as a balloon on the distal end of a catheter, advancing the 
catheter through the patient's vascular system until the stent 
is in the desired location within a blood vessel, and then 
inflating the expandable member on the catheter to expand 
the stent within the blood vessel. The expandable member is 
then deflated and the catheter withdrawn, leaving the 
expanded stent within the blood vessel, holding open the 
passageway thereof. 

0009 Commercially available 316L stainless steel tubing 
contains average grain sizes ranging from approximately 
0.0025 inch (64 microns), ASTM grain size 5 to around 
0.00088 inch (22 microns), ASTM grain size 8. These grain 
sizes result in anywhere from two to five grains across the 
tube thickness, and the stent Subsequently manufactured 
from the tubing depending on the tube and stent Strut 
thicknesses. Part of the limitation in achieving a finer grain 
size in this material arises from the number of draws and 
anneals the tubing must go through to achieve its final size. 
The potential for reducing the grain size exists by reducing 
the required number of heat-processing steps by reducing 
the starting size of the raw product that is then processed 
down into the tubing. 

0010 Lowering the grain size and increasing the number 
of grains across the strut thickness of a stent allows the 
grains within the stent to act more as a continuum and less 
as a step function. The ideal result of processing the material 
to a smaller grain size would result in an average grain size 
of between approximately 1 and 10 microns, with a subse 
quent average number of grains across the strut thickness 
about eight or greater. Likewise, other medical devices will 
benefit from a reduction in grain size such as guide wires, 
ring markers, defibrillator lead tips, delivery system devices 
Such as catheters, and the like. 
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SUMMARY OF THE INVENTION 

0011. The present invention relates to methods of manu 
facturing and coating medical devices utilizing thermal 
spray processing (TSP). The process includes producing a 
coating having an average grain size of between 1 and 64 
microns and providing a thin walled structure having a wall 
thickness of about eight or more grains. While the grain size 
for thin walled structures (such as stents) has been referred 
to herein as about eight or more grains, the number of grains 
does vary depending on wall thickness. Thus, for very thin 
walled structures the wall thickness may be between four 
and eight grains, but for most (but not all) stent applications 
it is desirable to have at least eight or more grains compris 
ing the wall thickness. 
0012. The invention involves the use of TSP for the 
manufacture of fine grained tubing for Subsequent use as a 
medical device Such as a stent or other tubular or ring-based 
implant, the manufacture of intermediate size tube that may 
then be drawn into final size tubing, and for the coating of 
a stent or other medical device. Medical devices which will 
benefit from the present invention include stents, guide 
wires, ring markers, tubular or wire based implants, defibril 
lator lead tips, and catheters and other delivery system 
devices. While the present invention TSP is utilized for the 
medical devices described herein, stents will be used as an 
example of the inventive manufacturing process and coating 
process disclosed and claimed herein. 
0013 Thermal spray is a generic term for a broad class of 
related processes in which molten droplets of metals, ceram 
ics, glasses, and/or polymers are sprayed onto a surface to 
produce a coating, to form a free-standing near-net-shape, or 
to create an engineered material with unique properties (e.g., 
strain-tolerant ceramics, metallic glasses, cermets, or metal/ 
polymer composites). 

0014. In principle, any material with a stable molten 
phase can be thermally sprayed, and a wide range of pure 
and composite materials are routinely sprayed for both 
research and industrial applications. Deposition rates are 
very high in comparison to alternative coating technologies. 
Deposit thicknesses of 0.1 to 1 mm are common, and 
thicknesses greater than 1 cm can be achieved with some 
materials. 

0.015 With regard to manufacturing, the invention relates 
to the overall manufacturing of tube stock and coatings, 
creating layered material and other materials through pow 
der consolidation during spraying, with the additional poten 
tial of creating composite materials. 

0016. As mentioned above, commercially available 316L 
stainless steel tubing contains average grain sizes ranging 
from approximately 0.0025 inch (64 microns), ASTM grain 
size 5 to around 0.00088 inch (22 microns), ASTM grain 
size 8. These grain sizes result in anywhere from two to five 
grains across the tube thickness, and the stent Subsequently 
manufactured from this tubing depending on the tube and 
stent strut thicknesses. Part of the limitation in achieving a 
finer grain size in this material arises from the number of 
draws and anneals the tubing must go through to achieve its 
final size. The potential for reducing the grain size exists by 
reducing the required number of heat-processing steps by 
reducing the starting size of the raw product that is then 
processed down into the tubing. 
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0017 Lowering the grain size and increasing the number 
of grains across the strut thickness allows the grains within 
the stent to act more as a continuum and less as a step 
function. For example, the result of processing the material 
to a smaller grain size in a stent would result in an average 
grain size of between approximately 1 and 64 microns, with 
a Subsequent average number of grains across the Strut 
thickness about eight or greater. The average number of 
grains in a cross-section of a medical device depends upon 
the size of the device and the diameter of the grains. 
0018. In one embodiment, the manufacturing process 
includes thermal spray processing. Thermal spray process 
ing can be generally defined as a group of processes in which 
finely divided metallic or nonmetallic Surfacing materials 
are deposited in a molten or semi-molten condition on a 
Substrate to form a spray deposit. Cold spray thermal pro 
cessing, to be discussed herein, is considered a thermal spray 
process although the materials projected onto a surface are 
not necessarily molten or semi-molten. TSP includes several 
variants such as cold spraying, combustion spraying, arc 
spraying, high velocity Oxy-fuel spraying, and plasma spray 
ing. Currently sprayed materials include elements, metallic 
alloys, ceramics, composites and polymers. TSP can be 
considered to be a net or near net shaped process. This 
means that the product that comes out of the thermal spray 
process is close to or at the desired size and shape of the final 
product. This process can be used not only to coat a stent but 
also to manufacture tube stock that is used in place of gun 
drilled or extruded rod or subsequent tube manufacturing. 
Some factors to consider when spray forming include the 
grain size, porosity, and dimensional tolerances of the 
sprayed part. Post-processing can assist when one or more of 
these factors is not as desired for the final product. Thus TSP 
processing is presented here both with and without post 
processing of the material. 
0019. Some advantages of thermal processing include the 
versatility with respect to feed materials (metals, ceramics, 
and polymers in the form of wires, rods, or powders); the 
capacity to form barrier and functional coatings on a wide 
range of Substrates; the ability to create freestanding struc 
tures for net-shape manufacturing of high-performance 
ceramics, composites, and functionally graded materials; 
and the rapid-Solidification synthesis of specialized materi 
als. 

0020 TSP may be used to spray-form tube stock on top 
of a removable mandrel. The thickness of the tube may be 
varied by spraying more or less material, and the inner 
diameter dimensions may be varied by changing the size of 
the mandrel. The inner mandrel may be made of a Substance 
that melts out or that is coated with a substance that allows 
easy removal of the finished sprayed tube. If the grain size, 
porosity, and dimensional tolerances (including wall runout, 
wall thickness, concentricity and Surface roughness) are as 
desired, the mandrel may be removed and the sprayed tube 
is ready for further processing into a stent or other tubular or 
ring-shaped product. To create a ring-shaped product from a 
tube product, the tube is sprayed to the desired dimensions 
and then sliced in the transverse direction to result in rings 
of the desired size. 

0021. There are several potential post-processing opera 
tions that may take place on a sprayed tube. Grain size, 
porosity, and final dimensions are a few of the incentives for 
performing post processing. 
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0022 Grain size of the finished tube depends on numer 
ous factors, including the size of the particles being sprayed, 
the formation, impact and rate of solidification of the 
sprayed material, and the length of time the material is 
heated above a temperature that allows significant grain 
growth. For a metallic tube, if the grain size is larger than 
desired, the tube may be swaged to introduce heavy dislo 
cation densities, then heat treated to recrystallize the mate 
rial into finer grains. Alternatively, different material forms 
may be taken through a drawing or other working and heat 
treat processes to recrystallize the tubing. The type and 
amount of working allowed depends on the material, e.g., 
ceramics may require a high temperature working step while 
metals and composites may be workable at room tempera 
ture. Grain-size strengthening is where there is an increase 
in strength of a material due to a decrease in the grain size. 
The larger grain-boundary area more effectively blocks 
dislocation movement. The outer diameter of the tube usu 
ally requires a machining step of Some sort to Smooth the 
Surface after the Swaging process, and the same may be true 
before the tubing can be properly drawn. 
0023. By the very nature of the spray processing itself, 
the sprayed material may contain porosity, or Small voids. 
These may be minimized or eliminated through control of 
the TSP parameters. The potential exists that the tube may 
need to be post-processed to eliminate this feature. One 
potential method of post processing involves a traveling ring 
furnace, where the material is melted and re-solidified as the 
ring travels down the length of the tube. This method 
requires close control to prevent preferential segregation of 
elements along with the melt pool. Another method is to 
process the material under high mechanical pressure to 
sinter the grains together; this method is generally used for 
powder processing. As porosity is difficult to remove from 
a material, however, the best form of elimination is to ensure 
that the TSP parameters are such that the porosity is not 
present in the first place. 
0024. While TSP is a near-net shape process, variability 
in the process itself may require post-processing so that the 
product achieves the required dimensional tolerances. Such 
processing may include machining of some form or center 
less grinding the outer diameter of the sprayed tube to reduce 
wall thickness variability and to improve the surface finish. 
The inner diameter dimensions and surface finish should be 
dependant on the mandrel that it is sprayed on. If the starting 
size of the sprayed tube is large enough, it may be desirous 
to bore and ream or just ream the inner diameter for both 
dimension and Surface roughness improvement. An alternate 
method is to perform a drawing operation on the TSP tube 
to draw the tube to the desired final size. In this case, if the 
outer diameter is too rough, the tube will need to be 
machined or ground prior to the drawing operation. 
0025. With regard to coatings, TSP may be used to coat 
an object with a desired material The thickness of the 
coating may be varied by spraying more or less material, and 
this thickness may be varied along the length and around the 
diameter of the product. The advantage of using TSP as a 
coating process is the wide variety of materials that may be 
sprayed, including metallic elements, known and novel 
metallic alloys, ceramics, composites and polymers. The 
potential exists to spray stents, guide wires, and other 
products that require a coating. If the grain or node size, 
material density or porosity, and dimensional tolerances are 
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as desired, the part should be ready for any post-passivation 
or other desired steps if the coating is considered to be an 
intermediate step in finishing the part. 
0026 Several potential post-processing operations may 
be used on a coated part. Grain or node size, material density 
or porosity, and final dimensions will be considered here as 
the parameters for performing post-processing. 
0027 Grain size or node size of the finished coating will 
depend on numerous factors, including the size of the 
particles being sprayed, the formation, impact and rate of 
Solidification of the sprayed material, and the length of time 
the material is heated above a temperature that allows 
significant grain growth. 
0028. For a metallic coating, one modification to grain 
size that may be made is to heat treat the coating and grow 
the grains. It is generally difficult to work the stent and 
coating material in a way that introduces a high dislocation 
density that may then be used to recrystallize the material. 
For a metallic wire coating, the wire may be swaged or 
drawn to produce a higher dislocation density, then annealed 
to recrystallize to a smaller grain size; the same may be true 
of a tube that is coated. For a ceramic coating, heating may 
be a post-processing step, while for a polymeric coating, 
further cross-linking may be necessary. 
0029. As mentioned above the sprayed material may 
contain porosity, or Small Voids. These may be minimized or 
eliminated through control of the TSP parameters. The 
potential exists that the part may need to be post-processed 
to eliminate this feature. One potential method of post 
processing a metallic, ceramic or composite coating 
involves a traveling ring furnace where the material is 
melted and re-solidified as the ring travels down the length 
of the part. This method requires close control to prevent 
preferential segregation of elements along with the melt pool 
as well as to prevent unwanted migration of the coating into 
the underlying material. Another method would be to pro 
cess the material under high mechanical pressure in a 
vacuum to sinter the grains together. This method is gener 
ally used for powder processing. As porosity is difficult to 
remove from a material if "no porosity' is a coating require 
ment, the best form of elimination would be to ensure that 
the TSP parameters are such that the porosity is not present 
in the first place. 
0030. While TSP is a near-net shape process, variability 
in the process itself may require post-processing to finalize 
the coating to required dimensional tolerances. Mechanical 
post-processing of a stent would be difficult because of the 
diminutive nature of the stent. Post-processing of a wire or 
tubular product is less difficult. For the latter products, outer 
diameter processing may include machining, e.g., centerless 
grinding, or drawing to reduce coating thickness variability 
and to improve the Surface finish. If a part is sprayed on the 
inner diameter, it may be desirous to machine out the inner 
diameter by, for example, boring and/or reaming, for both 
dimension and Surface roughness improvement. 
0031. As mentioned above, thermal spray processing 
(TSP) includes several variants such as cold spraying, com 
bustion spraying, arc spraying, high Velocity Oxy-fuel spray 
ing, and plasma spraying. The following is a brief Summary 
of the basic components and functioning of one type of each 
of the above mentioned thermal spray processes of the 
invention. 
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0032. In cold spray thermal processing, generally powder 
particles are introduced into a high pressure gas where both 
the gas and particles enter a SuperSonic jet. The jet stream is 
directed against a mandrel in order to coat the mandrel with 
particles and form either tube stock or a coating. The cold 
spray process involves minimal heat input to the feedstock 
powder or the Substrate thus making it possible to deposit 
thermally sensitive as well as conventional materials. The 
process generally produces high density, low residual stress 
deposits with low oxide contents. 
0033. The combustion wire thermal spray process is 
basically the spraying of molten metal onto a surface to 
provide tube stock or a coating. Material in wire form is 
melted in a flame (oxy-acetylene flame is the most common) 
and atomized using compressed air to form a fine spray. 
When the spray contacts the prepared surface of a substrate 
material, the fine molten droplets rapidly solidify forming 
tube Stock or a coating. This process carried out correctly is 
called a “cold process” (relative to the substrate material 
being coated) as the Substrate temperature can be kept low 
during processing thereby avoiding damage, metallurgical 
changes and distortion to the Substrate material. 
0034. The combustion powder thermal spray process is 
also basically the spraying of molten material onto a surface 
to provide tube stock or a coating. Here though, material in 
powder form is melted in a flame (oxy-acetylene or hydro 
gen is the most common) to form a fine spray. When the 
spray contacts the prepared surface of a substrate material, 
the fine molten droplets rapidly solidify forming tube stock 
or a coating. This process carried out correctly is called a 
“cold process” (relative to the substrate material being 
coated) as the Substrate temperature can be kept low during 
processing thus avoiding damage, metallurgical changes and 
distortion to the substrate material. 

0035) In combustion wire spray processing, a wide range 
of material may be easily processed into powder form, 
giving a large choice of materials to use in making tube stock 
and/or coating devices. The process is limited only by 
materials with higher melting temperatures than the flame 
can provide or if the material decomposes on heating. In 
both, benefits include low capital investment, simplicity of 
operation, and high deposit efficiency. 
0036). In the arc spray process a pair of electrically 
conductive wires are melted by means of an electric arc. The 
molten material is atomized by compressed air and propelled 
towards the Substrate Surface. The impacting molten par 
ticles on the substrate rapidly solidify to form tube stock or 
a coating. This process carried out correctly is called a “cold 
process' (relative to the Substrate material being coated) as 
the Substrate temperature can be kept low during processing 
avoiding damage, metallurgical changes and distortion to 
the substrate material. Benefits of arc spray substrates and 
coatings includes high bond strength and density, low inter 
nal stresses, high thickness capability, and high quality 
microstructures. 

0037. The hVof (high velocity oxygen fuel) thermal spray 
process is similar to the combustion powder spray process 
except that hvof has been developed to produce extremely 
high spray velocity. Several hoof guns use different methods 
to achieve high Velocity spraying. One method is basically 
a high pressure water cooled combustion chamber and long 
noZZle. Fuel (kerosene, acetylene, propylene and hydrogen) 
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and oxygen are fed into the chamber, combustion produces 
a hot high pressure flame which is forced down a nozzle 
increasing its velocity. Powder may be fed axially into the 
combustion chamber under high pressure or fed through the 
side of laval type nozzle where the pressure is lower. 
Another method uses a simpler system of a high pressure 
combustion noZZle and air cap. Fuel gas (propane, propylene 
or hydrogen) and oxygen are Supplied at high pressure, 
combustion occurs outside the nozzle but within an air cap 
Supplied with compressed air. The compressed air pinches 
and accelerates the flame and acts as a coolant for the gun. 
Powder is fed at high pressure axially from the center of the 
nozzle. Benefits include high particle velocity, low particle 
temperatures, and time at temperature during the spraying 
process, which reduces oxidation and degradation of con 
stituents. 

0038. The plasma spray process is basically the spraying 
of molten or heat softened material onto a surface to provide 
tube stock or a coating. Material in the form of powder is 
injected into a very high temperature plasma flame, where it 
is rapidly heated and accelerated to a high velocity. The hot 
material impacts on the Substrate Surface and rapidly cools 
forming tube stock or a coating. This process carried out 
correctly is called a “cold process' (relative to the substrate 
material being coated) as the Substrate temperature can be 
kept low during processing thus avoiding damage, metal 
lurgical changes and distortion to the Substrate material. 
0039 The plasma gun comprises a copper anode and 
tungsten cathode, both of which are water cooled. Plasma 
gas (argon, nitrogen, hydrogen, helium) flows around the 
cathode and through the anode which is shaped as a con 
stricting nozzle. The plasma is initiated by a high Voltage 
discharge which causes localized ionization and a conduc 
tive path for a DC arc to form between cathode and anode. 
The resistance heating from the arc causes the gas to reach 
extreme temperatures, dissociate and ionize to form a 
plasma. The plasma exits the anode nozzle as a free or 
neutral plasma flame (plasma which does not carry electric 
current). When the plasma is stabilized and ready for spray 
ing, the electric arc extends down the nozzle, instead of 
shorting out to the nearest edge of the anode nozzle. This 
stretching of the arc is due to a thermal pinch effect. Cold gas 
around the Surface of the water cooled anode nozzle, being 
electrically non-conductive, constricts the plasma arc, rais 
ing its temperature and velocity. Powder is fed into the 
plasma flame most commonly via an external powder port 
mounted near the anode nozzle exit. The powder is so 
rapidly heated and accelerated that spray distances can be on 
the order of 25 to 150 mm. Benefits associated with plasma 
spray include a high degree of flexibility, the largest choice 
of Substrate and coating materials, and high production 
spray rates in which the process can be highly automated. 
0040. The detonation gun basically consists of a long 
water cooled barrel with inlet valves for gases and powder. 
Oxygen and fuel (acetylene is the most common) is fed into 
the barrel along with a charge of powder. A spark is used to 
ignite the gas mixture and the resulting detonation heats and 
accelerates the powder to SuperSonic velocity down the 
barrel. A pulse of nitrogen is used to purge the barrel after 
each detonation. This process is repeated many times a 
second. The high kinetic energy of the hot powder particles 
on impact with the substrate result in a build up of a very 
dense and strong tube stock or coating. 
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0041. The foregoing TSP processes provide a tubing 
product that can be formed into a stent that has strut 
cross-sections having an average grain size of less than or 
equal to 10 microns or an average thickness of about eight 
or more grains depending on the strut thickness. As stated, 
the disclosed processes also are applicable to the medical 
devices described herein. 

0042. Other features and advantages of the invention will 
become apparent from the following detailed description, 
taken in conjunction with the accompanying drawings, 
which illustrate, by way of example, the features of the 
invention. 

DESCRIPTION OF THE DRAWINGS 

0.043 FIG. 1 is an elevational view, partially in section, 
of a stent embodying features of the invention which is 
mounted on a delivery catheter and disposed within a 
damaged artery. 

0044 FIG. 2 is an elevational view, partially in section, 
similar to that shown in FIG. 1 wherein the stent is expanded 
within an artery. 

0045 FIG. 3 is an elevational view, partially in section 
showing the expanded stent within the artery after with 
drawal of the delivery catheter. 
0046 FIG. 4 is a perspective view of a stent embodying 
in an unexpanded state, with one end of the stent being 
shown in an exploded view to illustrate the details thereof. 

0047 FIG. 5 is a plan view of a flattened section of a stent 
of the invention which illustrates the undulating pattern of 
the stent shown in FIG. 4. 

0.048 FIG. 5A is a cross-sectional view taken along the 
line 5A-5A in FIG. 5. 

0049 FIG. 6 is a schematic diagram of a spherical 
particle impinged onto a flat Substrate (splat). 

0050 FIG. 7 is a schematic diagram of a thermal spray 
coating. 

0051 FIG. 8 is a schematic diagram of a cold spray 
thermal spray processing apparatus. 

0.052 FIG. 9 is a schematic diagram of a combustion wire 
thermal spray processing apparatus. 

0053 FIG. 10 is a schematic diagram of a combustion 
powder thermal spray processing apparatus. 

0054 FIG. 11 is a schematic diagram of an arc wire 
thermal spray processing apparatus. 

0.055 FIG. 12 is a schematic diagram of an hVof thermal 
spray processing apparatus. 

0056 FIG. 13 is a schematic diagram of a plasma thermal 
spray processing apparatus. 

0057 FIG. 14 is a schematic diagram of a detonation 
thermal spray processing apparatus. 

0.058 FIG. 15 is a schematic representation of equipment 
for selectively cutting the tubing in the manufacture of 
stents, in accordance with the present invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0059. The present invention relates to manufacturing 
processes for forming a medical device such as tube stock or 
piece of tubing, a wire, or to provide a coating on a tube for 
Subsequent use as an intravascular stent, a guide wire, a ring 
marker, defibrillator lead tips, catheters and delivery sys 
tems. While virtually any medical device that is implanted or 
used in the body will benefit from the present invention, the 
invention as applied to stents is described herein as only an 
example and is not meant to be limiting. Thus, tube stock or 
wires made or coated by the process of the present invention 
might be used for stents, guide wires, catheters, markers, 
lead tips, and the like. 
0060 Stents are well known in the art and can have many 
different types of patterns and configurations. The following 
description of an intravascular stent as shown in FIGS. 
1-5A, is a typical stent pattern made from stainless steel 
tubing. Other patterns are well known in the art and the 
foregoing description of a stent and delivery system is by 
way of example, and is not meant to be limiting. 
0061 Referring now to the drawings, and particularly 
FIG. 1 thereof, there is shown a stent 10 mounted onto a 
delivery catheter 11. The stent is a high precision patterned 
tubular device that typically includes a number of radially 
expandable cylindrical elements or rings 12 disposed gen 
erally coaxially and interconnected by links 13 disposed 
between adjacent rings. The delivery catheter has an expand 
able portion or balloon 14 for expanding the stent within an 
artery 15. 
0062) The typical delivery catheter 11 onto which the 
stent 10 is mounted is similar in operation to a conventional 
balloon dilatation catheter for angioplasty procedures. Por 
tions of the proximal end of such catheters can be made of 
metal tubing or metal wire. The balloon 14 may be formed 
of Suitable materials such as polyethylene, polyethylene 
terephthalate, polyvinyl chloride, nylon and ionomers such 
as Surlyn R) manufactured by the Polymer Products Division 
of the Du Pont Company. Other polymers may also be used. 
In order for the stent to remain in place on the balloon during 
delivery to the site of the damage within the artery 15, the 
stent is compressed onto the balloon. 
0063) The delivery of the stent 10 is accomplished in the 
following manner. The stent is first mounted onto the 
inflatable balloon 14 on the distal extremity of the delivery 
catheter 11. The catheter-stent assembly is introduced within 
the patient's vasculature in a conventional Seldinger tech 
nique through a guiding catheter (not shown). A guide wire 
18 is disposed across the damaged arterial section and then 
the catheter/stent assembly is advanced over the guide wire 
within the artery until the stent is directly within the target 
site. As stated, guide wires also will benefit from the 
processes of the present invention. The balloon of the 
catheter is expanded, expanding the stent against the artery, 
which is illustrated in FIG. 2. While not shown in the 
drawing, the artery is preferably expanded slightly by the 
expansion of the stent to seat or otherwise fix the stent to 
prevent movement. In some circumstances, during the treat 
ment of Stenotic portions of an artery, the artery may have 
to be expanded considerably in order to facilitate passage of 
blood or other fluid therethrough. 
0064. The stent 10 serves to hold open the artery 15 after 
the balloon 14 is deflated and the catheter 11 is withdrawn, 
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as illustrated by FIG. 3. Due to the formation of the stent 
from an elongated tubular member, the undulating compo 
nent of the rings 12 of the stent is relatively flat in transverse 
cross-section, so that when the stent is expanded, the rings 
are pressed into the wall of the artery and, as a result, do not 
interfere with the blood flow through the artery. Further 
more, the closely spaced rings at regular intervals provide 
uniform Support for the wall of the artery and, consequently, 
are well adapted to hold open the artery, as illustrated in 
FIGS. 2 and 3. 

0065 FIG. 4 is an enlarged perspective view of the stent 
10 shown in FIG. 1 with one end of the stent shown in an 
exploded view to illustrate in greater detail the placement of 
links 13 between adjacent radially expandable rings. In the 
embodiment shown in FIG. 4, the stent has three links 
between adjacent radially expandable rings that are approxi 
mately 120° apart. Each pair of links on one side of a ring 
are circumferentially offset 60° from the pair on the other 
side of the ring. The alternation of the links results in a stent 
which is longitudinally flexible in essentially all directions. 

0066. As best observed in FIGS. 4 and 5, the rings 12 are 
in the form of a serpentine pattern 30. As previously 
mentioned, each ring is connected by links 13. The serpen 
tine pattern is made up of a plurality of U-shaped members 
31, W-shaped members 32, and Y-shaped members 33, each 
having a different radius So that expansion forces are more 
evenly distributed over the various members. Other stent 
patterns can be formed by utilizing the processes of the 
present invention and the embodiment illustrated in FIGS. 
1-5 are by way of example and are not intended to be 
limiting. 

0067. The aforedescribed illustrative stent 10 and similar 
stent structures can be made in many ways. The preferred 
method of making the disclosed stent in this invention is 
through a process utilizing thermal spray processing. 

0068 For use in coronary arteries, the stent diameter is 
very Small, so the tubing from which it is made must 
necessarily also have a small diameter. Typically, the stent 
has an outer diameter on the order of about 0.030 to 0.060 
inch in the unexpanded condition, equivalent to the tubing 
from which the stent is made, and can be expanded to an 
outer diameter of 0.10 inch or more. The wall thickness of 
the tubing is about 0.0020 to 0.010 inch. As with the 
foregoing stent dimensions, all of the medical devices that 
can be formed utilizing the present invention can vary 
Substantially in size and shape so that the disclosed dimen 
sions and shapes are representative examples only and are 
not meant to be limiting. 

0069. In its most basic form, the process of manufactur 
ing tube stock or a coating in this invention consists of first 
selecting a thermal spray processing apparatus from the 
group consisting cold spray, combustion, hVof arc, and 
plasma. Material selected from the group consisting of 
metals, alloys, polymers, ceramics, and cermets is then 
thermally spray formed onto either a mandrel to form tube 
stock or a stent to form a coating. Finally, the tube Stock or 
coated Stent is removed for further processing. 
0070 Thermal spray deposits are generally composed of 
cohesively bondedsplats as shown in FIGS. 6 and 7 resulting 
from the impact, spreading, and rapid solidification of a high 
flux of particles with deformed shapes. The physical prop 
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erties and behavior of the deposit depend on many factors 
including the cohesive strength among the Splats, the size 
and morphology of the porosity, and the occurrence of 
cracks and defects and on the ultrafine-grained microstruc 
ture within the splats themselves. 
0071. The cold spray method offers a means for expand 
ing the operational window for coating and forming stents to 
permit a variety of materials to be deposited with much 
lower thermal exposure than encountered in the traditional 
processes. Themethod exploits properties of gas dynamics 
which permit SuperSonic gas streams and attendant particle 
velocities to be obtained. The method additionally permits a 
high degree of spatial control by virtue of the gas noZZle 
characteristics and generally short standoff distances which 
can be employed. This results in a uniform structure of the 
coating or tube stock with the substantially preserved for 
mation of the powder material without phase transforma 
tions and hardening, i.e., the coatings applied do not crack, 
their corrosion resistance, microhardness, and cohesion and 
adhesion strength are enhanced. The process includes pro 
ducing a coating having an average grain size of between 1 
and 64 microns and providing a thin walled structure having 
a wall thickness of about eight or more grains. While the 
grain size for thin walled structures (such as stents) has been 
referred to herein as about eight or more grains, the number 
of grains does vary depending on wall thickness. Thus, for 
very thin walled structures the wall thickness may be 
between four and eight grains, but for most (but not all) stent 
applications it is desirable to have at least eight or more 
grains comprising the wall thickness. 
0072 Typical values for tensile adhesion of the cold 
spray coatings are in the range of 30-801 MPa (4.4-11.6 ksi). 
with porosities in the range of 1-10 Volume percent, deposit 
thicknesses ranging from 10 microns to 10 millimeters, 
deposition rates in the range of 0.010 to about 0.080 m3 per 
hour, and deposition efficiencies in the range of 50-80%. 
Several considerations are the dependency of porosity on the 
ambient spray environment, powder characteristics (i.e., 
particle size and size distribution), and thermal-spray param 
eters (e.g., powder level, gas-flow features, and spray dis 
tance). The spray environment will have a significant influ 
ence on, for example, oxidation of metals, leading to greater 
porosity. 

0073. One embodiment utilizes cold spray thermal pro 
cessing to manufacture the tube stock and apply coatings as 
shown in FIG. 8. In this process, particles of a powder of at 
least one first material are selected from the group including 
metals, metal alloys, or polymers and mechanical mixture of 
a metal and an alloy. The preferred particle size ranges from 
about 1 to 64 microns. The powder is fed through the powder 
feeder and then introduced into a gas selected from the group 
of Nitrogen (N2), Oxygen (O), Air, Helium (He), Argon 
(Ar), Xenon (Xe), or Carbon Dioxide (CO2). The gas also 
passes through the heater. Both the gas and particles are then 
fed into the supersonic nozzle with an inlet temperature 
between about 380 to 420° Celsius. The corresponding inlet 
velocity ranges from about 300 to about 1,200 m/sec and the 
inlet pressure is preferred to be between 1.5 to 2.5 Mpa. The 
nozzle is then directed against a mandrel which is placed 8 
to 10 mm away. The mandrel is thereafter coated with the 
particles to form the tube stock or coating desired. Finally, 
the tube stock or coated stent is removed from the mandrel 
after it is formed. 
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0074 The combustion wire thermal spray process shown 
in FIG. 9 is basically the spraying of molten particles onto 
a mandrel to produce tube stock or a coating. The wire is 
propelled and melted into the flame (oxy-acetylene flame 
most common) and atomized by the compressed air to form 
a fine spray. When the spray contacts the prepared Surface, 
the fine molten droplets rapidly solidify forming tube stock 
or a coating. This process, carried out correctly, is called a 
“cold process” (relative to the substrate material being 
coated) as the Substrate temperature can be kept low during 
processing thus avoiding damage, metallurgical changes and 
distortion to the substrate material. 

0075. The combustion powder thermal spray process 
shown in FIG. 10 is also basically the spraying of molten 
material onto a Surface to provide tube stock or a coating. 
Here though, powder is propelled and melted into the flame 
(oxy-acetylene or hydrogen most common) to form a fine 
spray. When the spray contacts the prepared surface, the fine 
molten droplets rapidly solidify forming tube stock or a 
coating. This process, carried out correctly, is also called a 
“cold process” (relative to the substrate material being 
coated) as the Substrate temperature can be kept low during 
processing thus avoiding damage, metallurgical changes and 
distortion to the substrate material. 

0076. In combustion wire spray processing there is a 
wide range of materials that can be easily processed into 
powder form giving a larger choice of coatings. The process 
is only limited by materials with higher melting tempera 
tures than the flame can provide or if the material decom 
poses on heating. 

0077. In the arc spray process shown in FIG. 11, a pair of 
electrically conductive wires are melted by means of an 
electric arc created between the two. The molten material is 
atomized by the compressed air and propelled towards the 
Substrate Surface. The impacting molten particles on the 
Substrate rapidly Solidify to form tube stock or a coating. 
This process, carried out correctly, is called a “cold process” 
(relative to the substrate material being coated) as the 
Substrate temperature can be kept low during processing 
thus avoiding damage, metallurgical changes and distortion 
to the substrate material. 

0078. The hVof (high velocity oxygen fuel) thermal spray 
process shown in FIG. 12 is similar to the combustion 
powder spray process except that hVof has been developed 
to produce extremely high spray Velocities. There are a 
number of hVof guns which use different methods to achieve 
high velocity spraying. The method shown is basically a 
high pressure water cooled combustion chamber and long 
noZZle. Fuel (kerosene, acetylene, propylene and hydrogen) 
and oxygen are fed into the chamber where combustion 
produces a hot high pressure flame which is forced down a 
nozzle thereby increasing its velocity. The powder may be 
fed axially into the combustion chamber under high pressure 
or fed through the side of laval type nozzle where the 
pressure is lower. Another method (not shown here) uses a 
simpler system of a high pressure combustion nozzle and air 
cap. Fuel gas (propane, propylene or hydrogen) and oxygen 
are Supplied at high pressure, combustion occurs outside the 
noZZle but within an air cap Supplied with compressed air. 
The compressed air pinches and accelerates the flame and 
acts as a coolant for the gun. Powder is fed at high pressure 
axially from the center of the nozzle. The gas and particle 
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velocity exiting an hVof gun can be in excess of 2500 feet per 
second. The velocity of the metallic particles causes friction 
through kinetic energy when the particles make contact with 
a Substrate. This high energy can aid in the melting and 
adhesion of the particles to the substrate. Further, the gas 
temperature is usually very high, ranging from 2500' to 
45000 F. 

0079 The plasma spray process shown in FIG. 13 is 
basically the spraying of molten or heat Softened material 
onto a Surface to provide tube stock or a coating. Powdered 
material is directed through the powder injection and into 
the high temperature plasma flame, where it is rapidly heated 
and accelerated to a high Velocity. The hot material impacts 
on the Substrate Surface and rapidly cools forming tube stock 
or a coating. This process is called a “cold process' (relative 
to the Substrate material being coated) as the Substrate 
temperature can be kept low during processing to avoid 
damage, metallurgical changes and distortion to the Sub 
strate material. 

0080. The plasma gun described above comprises a cop 
per anode and tungsten cathode, both of which are water 
cooled. Plasma gas (argon, nitrogen, hydrogen, helium) 
flows around the cathode and through the anode which is 
shaped as a constricting nozzle. The plasma is initiated by a 
high Voltage discharge which causes localized ionization 
and a conductive path for a DC arc to form between cathode 
and anode. The resistance heating from the arc causes the 
gas to reach extreme temperatures, dissociate and ionize to 
form a plasma. The plasma exits the anode nozzle as a free 
or neutral plasma flame (plasma which does not carry 
electric current). When the plasma is stabilized and ready for 
spraying, the electric arc extends down the nozzle, instead of 
shorting out to the nearest edge of the anode nozzle. This 
stretching of the arc is due to a thermal pinch effect. Due to 
the tremendous heat, the plasma gun components must be 
constantly cooled with water to prevent the gun from 
melting down. Water is sent to the gun through the same 
lines as electrical power. Small temperature changes in the 
cooling water may affect the ability to produce high quality 
plasma coatings. Therefore, a water chiller can be used to 
help produce high quality tube stock and coatings. Cold gas 
around the Surface of the water cooled anode nozzle being 
electrically non-conductive constricts the plasma arc, raising 
its temperature and velocity. Powder is fed into the plasma 
flame most commonly via an external powder port mounted 
near the anode nozzle exit. The powder is so rapidly heated 
and accelerated that spray distances can be in the order of 25 
to 150 mm. Typically, plasma begins generation at 10,000 
F. Most plasma guns run between 15,000° F. and 30,000°F. 
internally. 

0081. The detonation gun shown in FIG. 14 basically 
consists of a long water cooled barrel with inlet valves for 
gases and powder. Oxygen and fuel (acetylene most com 
mon) are fed into the barrel along with a charge of powder. 
A spark from the spark plug is used to ignite the gas mixture 
and the resulting detonation heats and accelerates the pow 
der to supersonic velocity down the barrel. A pulse of 
nitrogen is used to purge the barrel after each detonation. 
This process is repeated many times a second. The high 
kinetic energy of the hot powder particles on impact with the 
Substrate result in a build up of a very dense and strong 
coating. 
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0082 There are many possible variations on the above 
mentioned processes for forming tube stock or coating. 
Because the tube stock and coatings sought to be manufac 
tured here are cylindrical, each of the above mentioned 
processes should incorporate either a moving thermal spray 
gun or a moving mandrel or Substrate, or both, in order to 
uniformly disperse the material onto the mandrel to form 
tube stock or onto a stent to form a coating. This process is 
preferably accomplished through the use of a precision CNC 
machine. 

0083) For removal of the tube stock after it is formed, it 
may be beneficial to either melt or shrink the mandrels 
diameter to ease removal of the tube stock. For example, the 
mandrel can be formed of metal that shrinks in diameter 
when cooled, while at the same time heating the tube stock 
so that it expands radially outwardly. The mandrel can then 
be easily removed from the tube stock. Also, the mandrel 
and tube stock may both be heated and the difference in 
expansion rates causing separation between the two. The 
mandrel can also be removed from the tube stock by a 
process called cross-rolling. The tube stock, with the man 
drel inside, is run through a series of crossed rollers that will 
flex the tube stock and impart a separation between the tube 
and the mandrel, which is then easily removed. Alterna 
tively, the mandrel could be lubricated so as to provide a low 
friction surface from which to slide the off tube stock. 

0084. Before the tube stock is removed from the mandrel 
one possibility for post processing, includes mechanically 
processing or Swaging the tube stock in order to develop 
desired mechanical properties for Subsequent use as a stent. 
After the tubestock is removed from the mandrel other post 
processing includes exerting high mechanical pressures onto 
the stent in order to develop the desired mechanical prop 
erties and tempering and hardening with a traveling ring 
furnace. 

0085 For correct sizing, the outer diameter and/or the 
inner diameter of the tube stock can be machined to size 
after being removed from the mandrel. The tube stock can 
also be reamed to size if desired. The tube stock can also be 
ground or drawn to final size. 
0.086 As mentioned above, the invention also includes 
the process of coating a stent. The process includes ther 
mally spray-forming material onto a stent pattern (see FIGS. 
1-5) to form the coating where the type of thermal spray 
processing is selected from the group of cold spray, com 
bustion, hVof arc, and plasma. The material forming the 
coating is selected from the group of metals, metal alloys, 
polymers, ceramics, and cermets. As should be clear, other 
medical devices Such as guide wires, lead tips, catheters, and 
markers also can be coated. 

0087. One modification after the coating is applied can 
include varying the radial thickness of the coating around 
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the stent. In this process, the radial thickness can either be 
varied around the diameter or along the length of the stent. 
Further, the materials used to coat the stent can be varied. In 
one instance metallic alloys can be sprayed onto the stent 
while in others ceramics, polymers and composites can be 
sprayed on as coatings. 
0088. In one embodiment it may be desirable to spray a 
metallic coating onto the stent, heat the coating, and grow 
the grains after the coating is applied to the stent. In all 
instances, it may be possible to mechanically process or 
Swage, anneal, heat treat, or cross link process the stent with 
the coating thereon in order to develop desired mechanical 
properties. 
0089 Additional post processing steps to reach the 
desired mechanical properties can include processing the 
stent in a traveling ring furnace where the material is melted 
and re-solidified as the ring travels down the length of the 
stent and processing the stent under high mechanical pres 
Sure in a vacuum to sinter grains of the stent together. To 
finish the coated stent to desired dimensions, the outer 
diameter of the stent can be post processed through center 
less grinding or drawing to reduce the coating thickness. The 
inner diameter can be bored to improve both dimensions and 
Surface roughness. 
0090. After thermal spray processing, it may be preferred 
to cut the tubing in the desired pattern by means of a 
machine-controlled laser as illustrated schematically in FIG. 
15. A machine-controlled laser cutting system is generally 
depicted as disclosed in U.S. Pat. No. 5,780,807, which is 
commonly owned and commonly assigned to Advanced 
Cardiovascular Systems, Inc., Santa Clara, Calif., and which 
is incorporated herein by reference. The tubing 21 is placed 
in a rotatable collet fixture 22 of a machine-controlled 
apparatus 23 for positioning the tubing relative to the laser 
24. According to machine-encoded instructions, the tubing is 
rotated and moved longitudinally relative to the laser, which 
is also machine-controlled. The laser selectively removes 
the material from the tubing by ablation and a pattern is cut 
into the tube. The tube is therefore cut into the discrete 
pattern of the finished stent. 
0091) While several particular forms of the invention 
have been illustrated and described, it will also be apparent 
that various modifications can be made without departing 
from the scope of the invention. 

What is claimed: 
1. A coated intravascular stent, the stent comprising: 
a metallic coating material formed of grains where the 

average grain size is less than 64 microns. 
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