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ABSTRACT

A low pressure combustion flame method for the production
of nanophase powders, coatings and free-standing forms.
The process involves controlled thermal decomposition of
one or more metalorganic precursors in a flat-flame com
bustor unit in which both temperature distribution and gas
phase residence time are uniform over the entire surface of
the burner. It is this feature that makes the combustion flame

reactor such a versatile tool for (1) high rate production of
loosely agglomerated nanoparticle powders with controlled
particle size and distribution, (2) uniform deposition of
shape conformal nanophase coatings, and (3) net-shaped
fabrication of nanocrystalline free-standing forms such as
sheets, rings and drums. Applications for this new nanoma
terials processing technology include electrical, thermal,
optical, display, magnetic, catalytic, tribological and struc

tural materials.

Pat. Off. .

13 Claims, 4 Drawing Sheets
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1
COMBUSTION FLAME SYNTHESIS OF
NANOPHASE MATERLALS
BACKGROUND OF THE INVENTION

Materials with fine-scale microstructures have long been
recognized to exhibit remarkable and technologically attrac
tive properties. In the past decade, interest has been growing
in a new class of materials that are composed of ultrafine
grains or particles. A feature of such “nanostructured” mate

rials (n-materials) is the high fraction of atoms that reside at

the grain boundaries or interfaces in the materials which
exerts a profound influence on properties. Although much of
today’s research activity in the n-materials field is focused
on the preparation of n-powders and their consolidation into
bulk parts, there is growing interest in the fabrication of
coatings and free-standing forms. Furthermore, there is an
urgent need to develop scalable processes for the economi
cal production of all types of nanostructured materials. The
present invention addresses this need.
Nanophase powders have been produced in experimental
quantities for almost a decade. The prior art methods of
producing nanophase powders, however, are limited in the
capability to produce commercial quantities of powders. The
production of commercial quantities of mixed element tech
nically important refractory compounds such as SiC, WC,
HfC, SiaNa, ZrO2 and A120s and many other similar
compounds has been especially difficult. Commercial quan
tities of these mixed element refractory nanophase powders
have been produced by the thermal decomposition metalor
ganic precursors in either a combustion flame or plasma
flame at ambient or near-ambient pressures. Production of
nanophase powders by the combustion flame and plasma
flame methods, however, have had the disadvantage of
producing agglomerated powders. This agglomeration of
nanophase particles is problematic in the fabrication of
monolithic ceramic shapes for structural applications, where
the bridging of agglomerated particles causes residual poros
ity in the sintered material, seriously limiting performance.
The present invention overcomes the disadvantages of the
prior art nanophase particle synthesis processes by providing
a method for producing commercial quantities of mixed
element nanophase ceramic powders without the presence of
particle agglomerates through the controlled thermal decom
position of the metalorganic precursors in a low pressure
environment.
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(HMDS) precursor in an oxidizing flame.

In the present invention, because of the use of a flat-flame
combustor with uniform temperature and gas phase resi
dence time over the entire surface of the burner, the
as-synthesized n-powders display a narrow particle size
distribution. The reduced pressure environment also enables
the production of loosely agglomerated n-powders. Such
powders can be consolidated by cold pressing/sintering at
temperatures as low as 0.35 T.
The present invention has the further advantage of being
operated in several different modes. In the nanoparticle
production mode, a slowly rotating liquid nitrogen cooled
metal drum collects a continuous stream of nanoparticles
exiting from the combustion zone. In the nanophase coating
deposition mode, a heated substrate is placed in front of the
flat flame combustor to promote in situ sintering of the
nanoparticles as they arrive at the substrate surface. In the
nanocrystalline shape fabrication mode, the nanoparticles
are deposited on a uniformly heated mandrel which acts as
a passive substrate for the deposition. In this mode, the
profile of the burner face is exactly matched to the profile of
the passive substrate mandrel, allowing virtually any desired
thick or thin structure to be fabricated, including a sheet, a
ring, or a drum.
The objects and advantages of the present invention will
be further appreciated in light of the following detailed
description and drawings in which:
BRIEF DESCRIPTION OF THE DRAWINGS

45

FIG. 1 is a schematic view showing an apparatus used for
the method of the present invention.
FIG. 1A is an enlarged, cross-sectional view of the flat
flame combustor shown in FIG. 1.

SUMMARY OF THE INVENTION

The present invention is a new chemical synthesis process
for the production of commercial quantities of nonagglom
erated nanostructured ceramic powders starting from meta
lorganic precursors. In addition to producing nanostructured
ceramic powders in a nonagglomerated state, the process has
the added capability of being adapted to produce shape
conforming nanophase coatings and nanocrystalline free
standing forms, including sheets, rings, and drums. The
preferred heat source for the synthesis of nanophase oxide
powders is a flat-flame combustor. The flat-flame combustor
system of the present invention enables not only the eco
nomical production of nanophase single and multi
component powders, but also thin films and multilayers,
diffusion and overlay coatings, and free-standing forms,
such as sheets, rings and drums.
According to the present invention, the powders are
formed by controlled thermal decomposition of a metalor
ganic precursor/carrier gas mixture in a flat-flame combustor
unit. A low pressure is maintained in the reactor chamber by

2
high-speed pumping. Gases such as hydrogen, methane, or
acetylene burned in oxygen are used to generate a steady
state combustion flame. The choice of combustible gas is
critical since it can be a source of impurities in the product
species. The flat combustion flame, extending a few milli
meters out of the burner, provides a uniform heat source with
a short residence time (a fraction of a second) for efficient
thermal decomposition and reaction of the precursor/carrier
gas stream. The substantial heat released in the flame allows
the burner to support a high precursor flow rate at pressures
as low as 1–50 mbar, which is in the optimal range for
nanoparticle synthesis. The feasibility of high rate produc
tion of oxide ceramics by the Combustion Flame Reactor
(CFR) method has been demonstrated, for example, n-SiO2
powder has been synthesized from hexamethyldisilazane

50
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FIG. 2A is a schematic view of the method of the present
invention in a nanopowder deposition mode.
FIG. 2B is a schematic view of the method of the present
invention in a coating mode.
FIG. 2C is a schematic view of the method of the present
invention in a shape forming deposition mode.
FIG. 3 is a photograph of a transparent free-formed disc

of SiO2 (2x2x0.1 cm).
FIG. 4 is a side cross section view of the burner used in

the diamond deposition method.
FIG. 5 is a bottom view of the burner of FIG. 4.
60

FIG. 5A is an enlarged view of the bottom of the burner
of FIG. 4.

FIG. 6 is a schematic side view of the apparatus used for
the diamond sheet deposition method of the present inven
tion.
65

FIG. 7 is a schematic of the laser and optical system used
for process diagnostics of flame species, particle
characteristics, and flame temperature.

5,876,683
3
DETAILED DESCRIPTION

The reactor 10 of the present invention, shown more
particularly in FIG. 1, includes a reactor chamber 11 which
has a precursor delivery system 12. The precursor delivery
system 12 includes a source of carrier gas 13 which could,
for example, be a pressurized tank of gas directed to a mass
flow controller 14. The gas flowing through the mass flow
controller 14 combines with a precursor source 15. The
mixed gases are injected into the reactor chamber 11 through
a valve 16.

10

The carrier gas 13 can be a mixture of combustible gases,
thus serving as a combustion gas 13a. Alternatively, the
combustion gas 13a can be introduced separately into the
system after the precursor source 15 and the carrier gas 13
have been combined. In an embodiment not shown, the

carrier gas 13 can be premixed with a combustion gas 13a
prior to delivery to the mass flow controller 14.
The valve 16 directs the combination of carrier gas 13 and
precursor gas 15 into a flat flame combustor 17. The flat
flame combustor 17 is shown in more detail in FIG. 1a. The

flat flame combustor 17 comprises a water-cooled perforated
copper plate 22 contained in a cylindrical steel fixture 18.

15

20

The flat flame combustor 17 also has a water inlet 19 and a

water outlet 20 both in fluid communication with the cylin
drical steel fixture 18. Combustor 17 includes a fuel gas inlet
21 used to generate a steady state combustion flame 23.

25

The flame 23 extends a few millimeters out of the

combustor 17 and is uniform over the face of the perforated
copper plate 22, providing an intense heat source with a
short residence time on the order of a fraction of a second for

effective thermal decomposition and reaction of the precur
sor carrier gas stream. The copper plate thickness/burner
diameter ratio may vary between 1/8 and 1/2. The hole
diameter is between 0.5–1.5 mm. These parameters are
varied to achieve a uniform flat combustion flame for the

system. The combustor 17 is capable of operating at pres
sures as low as 1–50 mbar, which is in the optimum range
for the synthesis of nonagglomerated nanoparticles.
The gas flows in the direction shown by arrow 25a
through the combustor 17 forming reaction product particles

30
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surface 27.

stream to the combustion flame reactor.

reaction flame. Generally, this will be 1–30 mg/cm3, depend

ing on the design of the burner. As indicated, the pressure of
the reactor chamber should be from 1–50 mbar. However,

shown as 26 (FIG. 1) which are directed at a refrigerated
In the embodiment shown in FIG. 1, the refrigerated
surface is a cylinder 27 which is rotated in the direction
shown by arrow 28. A scraper 29 opposite the flat flame
combustor 17 separates particles formed on the refrigerated
surface 27, causing them to fall downwardly where they are
gathered by a funnel 30 directing them into a collection
compartment 31, all within the reaction chamber 11.
Preferably, the refrigerated surface 27, is refrigerated and
maintained at a temperature effective to cause the vapor to
condense. Generally, this will be at less than about 0°C. As
shown in FIG. 1, this is accomplished with liquid nitrogen
in the cylinder 27. The internal pressure of the reaction
chamber 11 is controlled by a vacuum pump 32 connected
to the reaction chamber 11 through a control valve 33 and a
turbo pump 34 connected to the reaction chamber 11 through
a control valve 35. The vacuum pump 32 allows for high
speed pumping of the reaction chamber 11.
The reactor of the present invention enables the carrier
gas 13, the precursor source 15 and the combustion gas 13a
to be combined in any desired ratio. In this particular
embodiment, the carrier gas 13 is simply bubbled through
the precursor source 15. This will cause a small portion of
precursor vapor to mix with the carrier gas. The valve 16
assures controlled rate of delivery of the precursor gas

4
A wide variety of different combustion gases, carrier
gases and precursors can be utilized to provide a wide
variety of different nanosized particles. The carrier gas can
be, for example, any inert gas such as a noble gas, preferably
helium or argon. Nitrogen can also be used, as well as more
reactive gases such as ammonia or hydrogen. Other suitable
gases include methane, ethylene, nitrous oxide, oxygen,
carbon monoxide, and carbon dioxide. The molar concen
tration of precursor will be 0.1 to 30 percent.
The precursor source 15 can be any metalorganic com
pound which can be evaporated to form a gaseous phase in
the carrier gas. These include all organometallic compounds
used in current CVD processes. Suitable metalorganic com
pounds include, for example, aluminum, zirconium, yttrium,
nickel, titanium, silicon, molybdenum, and tungsten
silazanes, butoxides, acetyl acetonates, isopropoxides,
alkoxides and other metalorganics available commercially.
Some compounds are also available in gaseous form at
ambient temperature.
The combustion gas 13a will be hydrogen or a hydrocar
bon or a mixture thereof in combination with an oxygen
source. Preferred hydrocarbons include methane, ethane,
butane, propane, acetylene, etc. The amount of oxygen
supplied is adequate to ensure complete combustion and the
burner may be operated with either a reducing or oxidizing
flame. The combustion gas 13a can also be used in place of
the carrier gas 13.
The amount of combustion gas used must be sufficient to
establish a flame having a temperature between 900°–2220°
C. to ensure rapid decomposition of the precursor. Further,
the flow rates should be adjusted for the particular flat burner
to provide a uniform flat flame.
Generally, the flow rate of the gas stream will be con
trolled to ensure that all of the precursor decomposes in the

45

the closer the collection surface is to the flame, the higher the
pressure can be. Thus, if the collection surface is immedi
ately adjacent the flame, the pressure can be at about
ambient pressure. However, it is preferred to operate at
pressures no greater than about 50 mbar.
When the system is operated in a nanoparticle powder
production mode shown in FIG. 1, a slowly rotating liquid
nitrogen cooled metal drum 27 located at >5–6 cm from the
burner collects the continuous stream of clusters of the

50
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nanoparticles 26 exiting from the combustion zone. Because
of the reduced pressure in the reactor chamber 11, the
collected nanoparticles are loosely agglomerated, in contrast
to the cemented aggregates that are produced under ambient
pressure conditions.
In an alternative operational mode shown in FIG. 2A, the
nanopowder 26 is collected on a rapidly rotating liquid
nitrogen cooled drum 27 that passes through the outer edge
of the combustion zone. The rapid quenching of the
as-synthesized dusters of nanoparticles enables a much
higher production rate of loosely agglomerated powder,
even when the precursor concentration is relatively high.
Furthermore, to some extent this mode of operation relaxes
the low pressure requirements for the production of loosely
agglomerated nanopowders. Even though pressures may
vary, however, the flat-flame combustor with uniform tem
perature gradient and gas phase residence time is a prereq
uisite for the production of nanoparticles of uniform particle
size and distribution.

When the system is operated in a nanophase coating
deposition mode shown in FIG. 2B, a heated substrate 27a

5,876,683
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5
is placed in front of the flat-flame combustor 17 to promote
in situ sintering of the dusters or nanoparticles as fast as they
arrive at the substrate surface. Heating of the substrate 27a
is accomplished by providing a stationary radiant heater
within the cylinder substrate 27a. The resulting coating 41
may be porous or dense, depending primarily on the sub
strate temperature relative to the peak temperature in the

EXAMPLE 2

In flat-flame combustion deposition of n-SiO2 films, the
burner-to-substrate distance is set at 2.2 cm, the substrate

temperature is maintained at more than 500° C., and the
flame parameters are changed to produce a more energetic
flame and thus hotter particles impacting the substrate. For
acetylene fuel, the equivalence ratio is 1.2 and the total flow

combustion flame 23. A favorable diffusional interaction

between depositing species and a clean substrate surface
yields a well-bonded diffusion coating, whereas a passivated

rate is 5.8 mg/s per cm of burner surface. Other operating

10

(e.g., oxidized) substrate prevents such an interaction and

gives rise to an overlay coating. A combination of diffusion
and overlay coating is also possible if the rate of arrival of
the depositing species is faster than their diffusion rate into

the substrate material.

15

In an alternative operational mode shown in FIG. 2C, a
uniformly heated mandrel 45 which acts as a passive sub
strate for deposition of a material 48, is used with a burner
46 that provides a flame 47 having a profile that exactly
matches the designed profile of the mandrel 45. A heater 49
heats the mandrel 45. Thus, any desired thin/thick structure
such as sheet, ring or drum can be fabricated by incremental
deposition on a reciprocating or rotating mandrel. After
removal from the mandrel, which can be facilitated by the

20

use of a parting compound (e.g., thin graphite or boron
nitride layer), additional processing of the free-standing

25

form may be performed.

The CFR method has much in common with conventional

Chemical Vapor Deposition (CVD) when operated in the

coating deposition and net-shape fabrication modes, except
for the much-higher and more uniform deposition rates
possible by the flat-flame combustion method. Apparently,
this is because of the enhanced sinterability of the super
heated active intermediates, clusters and nanoparticles when
they arrive together at the moderately heated substrate
surface. Again in common with CVD, using two or more
combustion flame reactors, nanophase coatings and parts
with multicomponent, multiphasic, compositionally modu
lated or continuously graded structures can be produced.

30

In a typical run, a thin transparent disc (2 cm×2 cm×0.1
cm) of amorphous SiO2 is formed in about 30 minutes. As

shown in FIG. 3, the deposited surface displays a charac
teristic grape-like morphology, while the fracture surface is
smooth and featureless with no indications of microporosity.
Thus, it may be concluded that theoretically dense material
can be produced by flame deposition of nanoparticles
directly onto an appropriately heated substrate.
The practical realization of uniform deposition of high
quality synthetic diamond sheet by vapor deposition meth
ods has proved to be a difficult task. A particularly trouble
some problem has been the introduction of internal strains
during deposition, which appears to be due to non
uniformity in temperature distribution experienced using
most deposition methods. Flat-flame combustion synthesis
of diamond films can overcome this limitation. Superior
uniformity of deposition using several fuel/oxidizer combi
nations has been demonstrated. Moreover, as compared with
“ambient pressure” combustion synthesis, the “low pres
sure” method offers higher carbon capture efficiency and
easier scale-up, making it more applicable to the challenge
of uniform coating of large area substrates.
A schematic of the new process for large area deposition
of “strain-free” diamond sheet is shown in FIGS. 4, 5 and 6.

35

In addition to a combustion flame, an RF or microwave

40

plasma may also be utilized to provide the reaction energy.
Typically, a cylindrical plasma discharge cavity through
which the reactants are transported is used. In this case,
endothermic or exothermic reactions may be initiated.
Hence, this process is ideal for non-oxidizing processes that
require the high throughput of a combustion flame synthesis
method. The plasma source also allows for the formation of
many materials that are not easily produced by direct
chemical synthesis.

45

EXAMPLE 1.

parameters are the same as for nanopowder synthesis.

50

The process employs an “extended” combustion flame 61 as
a source of carbon radicals, which are deposited as diamond.
The flame 61 is stabilized by a burner 62 that consists of a
2.0 cm thick copper plate 63 with a hexagonal array of 1 mm
holes 64 on 2.5 mm centers, shown more particularly in
FIGS. 5 and 5A. The burner 62 is cooled by a water cooling
conduit 65 that runs through the burner 62. The water runs
through the conduit 65 in the direction shown by arrows 66
and 67. The burner 62 runs on either acetylene, ethylene,
propylene, or propane and oxygen. The amount of oxygen
employed is reduced to ensure diamond formation. The
flame gases 61 impinge on the substrate to be coated in a
stagnation flow configuration. The thick copper burner 62
ensures a uniform surface temperature across the entire
burner face, resulting in a chemically and thermodynami
cally uniform flow-field over a region roughly equivalent to
the burner face.

In flat-flame combustion synthesis of n-SiO2 powder, the

mixture that contains about 2% HMDS in He. Methane,

A substrate material 68 to be coated, typically a carbide or
metal that readily forms a carbide, is heated to a temperature
of about 700°–900° C. by a resistive heater 69. To enhance
the density of diamond nucleation sites, the substrate 68 is
pre-treated by scratching with diamond lapping paste. The

hydrogen and acetylene are used as fuels with oxygen as the

burner 62 sits between 0.5 and 2 cm above the substrate 68

starting compound is hexamethyl-disilazane (HMDS), and
the carrier gas is helium. The He gas is bubbled through the
liquid HMDS at ambient temperature, giving a gas phase

55

oxidizer.

and is traversed across the length of the substrate 68 in order

Under typical operating conditions, a dynamic pressure of
about 25 mbar is maintained in the reactor chamber by
high-speed pumping. Using acetylene as fuel, the equiva
lence ratio of the premixed acetylene and oxygen is fixed at

to coat the entire surface, as shown in FIG. 6. Since the

1.65 and the total flow rate at 3.1 mg/s per cm3 of burner
cm of burner surface. In a typical run, about 5gm of n-SiO2

60

substrate 68 are contained in a vacuum chamber maintained

surface. The carrier gas flow rate is set at about 1 mg/s per

powder (95% yield) is collected on the chilled drum in about
90 minutes.

growth rate is approximately 5 microns per hour, the burner
62 must be scanned over the substrate 68 many times to
produce a thick deposit of diamond. Both burner 62 and

65

at pressures between 40 and 250 mbar by a roughing pump,
which also removes the combustion products.
The coating process is not limited to flat sheet material.
On the contrary, as emphasized above, by shaping the burner

5,876,683
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62 to match the profile of a rotating mandrel, any desired
axisymmetric thick shell structure, such as a ring or drum,
may be produced. Furthermore, after removing the thick
diamond layer from its mandrel, additional shaping opera
tions may be performed by laser ablation, grinding and
polishing. It is envisioned that laser cutting of flat sheet
stock diamond would be an economical method for produc
ing machine tools and drill bit inserts.
Both powder and film deposition conditions are being
monitored with in situ optical diagnostics. Process models
are also being developed which will be incorporated into a
closed-loop process monitoring and control system to ensure
that optimal deposition conditions are maintained.
Schematics of the process diagnostics are shown in FIG.
6. A solid state optical parametric oscillator laser system 80
with frequency doubling allows the system to repeatedly
make a series of scans over frequency ranges of interest to
monitor concentrations of key radical species, particle size
and distribution, and flame temperature.
Species concentrations of flame species such as OH, NH,
CH, CN, NO. H. and O are easily measured using laser
induced fluorescence (LIF). The laser frequency is tuned to
a resonance, and the collected fluorescence is proportional to
the species number density. Temperature measurements may
also be made using LIF by determining the relative fluores
cence signals from two absorption lines of the same radical
(e.g., OH, CH, or NO). To measure particle size and number
density, a laser 81 is tuned to a frequency off-resonance from
any flame species, and the amount of extinction due to
particle absorption is compared to the signal due to particle
scattering, yielding a local value for average particle diam
eter and number density. Simpler diagnostics, such as mea
suring the OH or CO2 emission ratio (a sensitive indicator of
equivalence ratio), are also possible with this setup.
All the associated components (the laser 81, monochro
mator 82, a frequency doubler 83, a digitizer 84, and an
attenuator 85) are under control of a computer 86, and thus
the setup may be quickly changed from an absorption/
scattering to pure fluorescence to an emission configuration
and back without requiring an operator to intercede. A
complete set of parameters for a single point in the flame can
potentially be obtained in a few minutes.
Such a fully monitored, computer-controlled system is
being developed for the reproducible production of
nanophase powders, coatings and free-standing forms.
Thus the present invention provides for high rate produc
tion of nano-size particles, nanophase coatings and nanoc
rystalline free standing forms. It is particularly suitable for
the synthesis of ceramics and diamond materials. It is also
applicable to other material systems. The system is very

8
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3. The method claimed in claim 1 wherein said flame
15

gas stream;

combustor generates a flat combustion flame.
4. The method of claim 3 wherein said precursor is a
metalorganic compound selected from the group consisting
of aluminum, zirconium, yttrium, nickel, titanium, silicon,
molybdenum, and tungsten based compounds.
5. The method of claim 3 wherein said combustion flame

20

25

is provided by burning in oxygen a gas selected from the
group consisting of hydrogen, acetylene, ethylene,
propylene, propane, and methane.
6. The method of claim 1 wherein the precursor/carrier
gas mixture is provided by bubbling said carrier gas through
said metalorganic precursor compound and wherein said
precursor/carrier gas mixture is combined with said com
bustion gas to form said precursor/combustion gas stream.
7. The method of claim 1 wherein said flame combustor

30

comprises a plasma flame.
8. A method for the production of nanostructured coatings
comprising combining a vaporized metalorganic precursor
compound with a carrier gas to form a precursor/carrier gas
Stream,

35
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versatile and lends itself to automated control.

This has been a description of the present invention, along
with the preferred method of practicing the invention.
However, the invention itself should be only be defined by
the appended claims wherein we claim:
1. A method for the production of nonagglomerated
nanoparticle oxide powders comprising combining a vapor
ized metalorganic precursor compound with an oxygen
containing combustion gas to form a precursor/combustion

delivering said precursor/combustion gas stream to a
flame combustor and combusting said combustion gas
to thereby heat said precursor gas in a reaction chamber
wherein said reaction chamber is maintained at a pres
sure of from about 1 to about 50 mbar, thereby forming
non-agglomerated nanoparticle oxide powder.
2. The method of claim 1 further comprising combining
said precursor gas with a carrier gas wherein the carrier gas
is selected from the group consisting of ammonia, nitrogen,
helium, argon, steam, methane, ethylene, nitrous oxide,
carbon monoxide, carbon dioxide, oxygen, acetylene, and
mixtures of these gases.

delivering said precursor/carrier gas stream to a flat
combustor flame, and heating said precursor/carrier gas
stream for less than 1 second at a dynamic pressure
from about 1 to 50 mbar in a reaction chamber, thereby
forming non-agglomerated nanostructured ceramic
powder and impinging said nanostructured ceramic
powder against a heated surface, thereby sintering the
nanoparticles as they arrive on said surface and forming
a nanostructured coating.
9. The method of claim 8 wherein the carrier gas is
selected from the group consisting of ammonia, nitrogen,
helium, argon, methane, ethylene, nitrous oxide, oxygen,
carbon monoxide, carbon dioxide, and acetylene.
10. The method of claim 9 wherein said metalorganic
precursor compound is selected from the group consisting of
aluminum, zirconium, yttrium, nickel, titanium, silicon,
molybdenum, and tungsten compounds.
11. The method of claim 9 wherein said precursor/carrier
gas mixture is provided by bubbling said carrier gas through
said precursor compound in a conventional bubbler unit.
12. The method of claim 8 wherein said combustion flame
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is provided by burning in oxygen a gas selected from the
group consisting of hydrogen, acetylene, ethylene,
propylene, propane and methane.
13. The method of claim 8 wherein said heated surface is

heated to a temperature of about 300° C. to 1200° C. with
60

a resistive heater.
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