Reactive Gas Shroud or Flame Sheath for Suspension Plasma Spray Processes

Field of Invention

[0001] The present invention relates to suspension plagmays, and more
particularly to methods and systems for the shiroydf suspension plasma spray
effluents and/or sheathing the injection of ligaigspensions using a reactive gas and/or

flame envelope to facilitate and control the effluand suspension interactions.

Background

[0002] Conventional plasma spray technology primarily ysmsder feeders to
deliver powdered coating material into a plasmafet plasma spray gun. However, this
technology is typically limited to the use of peltis of at least +350 mesh (i.e., a median
particle size of approximately of 45 microns in elhb0 percent of particles are smaller
than the median size and the other 50 percenegbditicles are larger than the median
size) or larger. As particle size decreases beld2bmesh, introducing powdered
coating material directly into the plasma jet beesmrogressively more difficult. Fine
particles tend to pack tightly and agglomeratergasing the likelihood of clogging in
conventional powder feed systems.

[0003] In addition to clogging, conventional plasma speshnology is also ill-
suited to the use of fine particles for other reasoBecause of the low mass of fine
particles, combined with the extreme velocitieshef plasma jet, fine particles tend to be
deflected away from a boundary layer of the plaghwithout penetrating the boundary
layer during radial injection. The velocity necassfor penetration of the fine coating
particles is too large to physically be accomplisiwéthout disturbing the effluent itself.
Practical limitations exist to increase velocitytiids degree.

[0004] The need for coating finer particles is desiredufee in thermal barrier
coatings. The finer particles typically resulidenser coatings and finer microstructural
features, including for example, smaller lameljalats and grains. The finer particles
also tend to produce coated parts with improvedaosteucture. Fine particles are also

easier to melt because of its large surface ateavweto its small mass.



[0005] Suspension plasma spray (SPS) has emerged as a foedapositing
finer particles. SPS is a relatively new advanagnreplasma spray techniques which
utilizes a liquid suspension of sub-micron siz€ipkes of the coating constituents or
particulates materials, rather than a dry powdetha coating media. The liquid serves
as a carrier for the sub-micron size particles Waild otherwise tend to agglomerate
restricting or eliminating powder flow to the torcfihe liquid also has been shown to
function as a thermally activated solution thatcppiates solids or reacts with suspended
particles. Due primarily to the use of very snmaltticles suspended in the liquid carrier,
the suspension plasma spray process has demodgtratability to create unique coating
microstructures with distinctive properties. Tiwiid droplets also provide the
additional mass to impart the momentum necessamgrfivainment by radial injection.
[0006] Notwithstanding the improvements of SPS over cotigral plasma

spray technology, current SPS systems and process@rue to suffer from a variety of
drawbacks. For instance, conventional SPS typigathduce coatings having
uncontrolled microstructure grain size and/or latHirectional orientation growth, both
of which can result in poor coating properties. fliidher compound the microstructural
problem, adverse chemical reactions can occur legtwee substrate and the deposited
coating materials.

[0007] Further, longer stand-off distances between theladacation and the
deposition point may be required to adequately coatplicated geometries such as
turbine blades. However, the longer stand-offagises may provide the coating
constituents excessive dwell or residence timegthecausing cooling and
resolidifcation of coating constituents prior tacking the substrate. Reducing the
stand-off distance can cause insufficient heatuapghat the particulates are never able
to absorb enough heat and fully melt. In both sagee end result is lack of particulate
adhesion to the substrate, thereby reducing depostficiency of the material. The
finer particulate size of the coating constitudrdse increased surface areas that can
rapidly heat up and cool down at faster rates tigically encountered in standard
plasma technology. Accordingly, the increasedamafarea of the finer particulates
creates unprecedented challenges to optimizingdirect stand-off distance.

[0008] Still further, turbulent flow of the plasma gasleént emerges from the



nozzle of the torch. The turbulent interactiortte plasma effluent with the atmosphere
imparts rapid decreases in effluent temperaturerapid directional flow changes that
result in the ejection of the coating particuldtesn the flow path directed to the
substrate. As a result, the ejected particulassltrin decreased deposition efficiency.
[0009] The above problems are only a few examples ofyibestof new challenges
posed by the utilization of SPS systems and preseassdeposit ever increasingly finer
coating media constituents. In view on the on-gahallenges, there is a need to
improve upon the current suspension plasma sp@epses and systems.

Summary of Invention

[00010] As described in more detail below, the present aefimbents of the
invention addresses some of the disadvantagesraui@s techniques to control the
aforementioned interactions through use of a reagias shroud surrounding the plasma
effluent stream and liquid suspension containecethdcollectively, referred to as
“effluent,” “effluent stream,” “plasma,” or “plasmeffluent,” or “plasma effluent stream”
herein and throughout the specification). The gmégwvention uniquely combines a
reactive gas shroud with a plasma spray procesg ssbmicron particles delivered via
liquid suspension to improve current suspensioarpéaspray capabilities and create new
coating microstructure possibilities through cohitng the suspension injection and
fragmentation as well as the interactions betwhereffluent and suspensions.

[00011] The invention may include any of the following asgsein various
combinations and may also include any other agpesttribed below in the written
description or in the attached drawings.

[00012] The present invention may be characterized asrm#iaspray system for
producing coatings on a substrate from a liquighension comprising: a thermal spray
torch for generating a plasma; a liquid suspendiivery subsystem for delivering a
flow of the liquid suspension with sub-micron pelgs; and a nozzle assembly for
delivering the plasma from the thermal spray tdccthe liquid suspension to produce a
plasma effluent, the nozzle assembly adapted fuiyming a reactive gas shroud
substantially surrounding said plasma effluent;rdaetive gas shroud configured to

substantially retain entrainment of the sub-migparticles in the plasma effluent and



substantially inhibit gases from entering and riegotvith the plasma effluent; wherein
the reactive gas shroud reacts with the plasmaesftlto enhance fragmentation of the
suspension droplets and create evaporative spefdils sub-micron particles within the
plasma effluent.

[00013] The present invention may also be characterizednasthod of producing
coatings on a substrate using a liquid suspensitimsub-micron particles dispersed
therein, the method comprising the steps of: geimgra plasma from a thermal spray
torch; delivering a flow of liquid suspension wihb-micron particles dispersed therein
to the plasma or in close proximity thereto to proela plasma effluent stream;
surrounding the plasma effluent with a reactive gfasud to keep the sub-micron
particles entrained within the plasma effluent anldstantially prevent entrainment of
ambient gases into the plasma effluent; reactiagtitoud gas with the plasma effluent
to enhance fragmentation of the suspension drogletreate evaporative species of the
sub-micron particles within the plasma effluentg alirecting the shrouded plasma
effluent with the sub-micron particles containedr#éin towards the substrate to coat the
substrate.

Brief Description of the Drawings

[00014] The above and other aspects, features, and adeaméthe present
invention will be more apparent from the followimgpre detailed description thereof,
presented in conjunction with the following drawsngvherein:

[00015] Fig. 1 is a schematic illustration of a prior arsgension plasma spray
process employing an axial injection of the ligaigpension;

[00016] Fig. 2 is a schematic illustration of a prior arsgension plasma spray
process employing an internal radial injectionrd liquid suspension;

[00017] Fig. 3 is a schematic illustration of a prior arsgension plasma spray
process employing an external radial injectionhef liquid suspension;

[00018] Fig. 4 is a schematic illustration of a reactive ghroud of a suspension
plasma spray process employing an axial injectidh@liquid suspension in accordance
with an embodiment of the present invention;

[00019] Fig. 5 is a schematic illustration of a reactive ghroud of a suspension



plasma spray process employing an internal radjatiion of the liquid suspension in
accordance with another embodiment of the preseettion;

[00020] Fig. 6 is a schematic illustration of a reactive ghroud of a suspension
plasma spray process employing an external ragedtion of the liquid suspension in
accordance with yet another embodiment of the pteseention;

[00021] Fig. 7 shows yet another embodiment of the praseention employing a
dual gas shroud consisting of an inner reactivdags and an outer inert gas shield
surrounding a suspension plasma spray process;

[00022] Fig. 8 shows yet another embodiment of the praseention employing a
dual gas shroud consisting of a first reactivelggsr and a second reactive gas layer
surrounding a suspension plasma spray process;

[00023] Fig. 9 is a schematic illustration of an suspengi@sma spray process
employing a gas shrouded or gas sheathed axiatimjeof the liquid suspension in
accordance with an embodiment of the present imwent

[00024] Fig. 10 is a schematic illustration of a suspengi@sma spray process
employing a gas shrouded or gas sheathed intexdial injection of the liquid
suspension in accordance with another embodimeahiegresent invention; and
[00025] Fig. 11 is a schematic illustration of a suspengi@sma spray process
employing a gas shrouded or gas sheathed extawatial mjection of the liquid

suspension in accordance with yet another embodioféhe present invention.

Detailed Description

[00026] The present disclosure relates to a novel SPSreyate process for the
deposition of coating material. The SPS systempradess of the present invention is
particularly suitable for deposition of sub-micrparticles. The disclosure is set out
herein in various embodiments and with referenceatmus aspects and features of the
invention.

[00027] The relationship and functioning of the varioug@ats of this invention
are better understood by the following detaileccdpton. The detailed description
contemplates the features, aspects and embodiimerdsous permutations and

combinations, as being within the scope of theldssze. The disclosure may therefore



be specified as comprising, consisting or congistissentially of, any of such
combinations and permutations of these specifitufea, aspects, and embodiments, or a
selected one or ones thereof.

[00028] The present invention recognizes the shortcomimgsiment SPS systems
and processes. These shortcomings can be bedteifield by referring to Figures 1-3.
Figs. 1-3 show several schematic illustrationsradrpart suspension plasma spray
systems and processes 100, 200 and 300 employiagannjection of the liquid
suspension; internal radial injection of the ligaigspension and external radial injection
of the liquid suspension, respectively. In eactheke prior art systems, numerous
physical and chemical interactions are occurringnynof which are uncontrolled. For
example, Figures 1 and 2 show fragmentation ofi¢juéd carrier occurs at regions 110
and 201 in an undesirable random-like manner daleetourbulent flow in the effluent.
The fragmentation occurs soon after the plasmaegifland liquid suspension are in
contact. As used herein, the term “effluent” apth8ma effluent” will be used
interchangeably and are intended to refer to amybaeation of the plasma gas, coating
constituents or particles and liquid carrier, eattvhich is flowing from the outlet of a
torch nozzle. For example, at the immediate oafletach of nozzles 105, 205 and 305
of their respective torches, the effluent 140, 248 340 will more than likely consist of
plasma (i.e., hot primary torch gas ionized byuarof being exposed to an arc generated
between the cathode and anode) and droplets odl lcgurier containing coating particles
(i.e., liquid suspension 109, 209 and 309). Howewehin the vicinity of the substrate
108, 208 and 308, the effluent 140, 240 and 34Dpniiharily consist of the coating
particulates and a potentially significantly coadéituent 140, 240 and 340, as
substantially all of the liquid carrier has evapgedaby this stage of the SPS coating
process 100, 200 and 300.

[00029] Figures 1 and 2 also show that a portion of thgnfrented droplets of the
liquid suspension 109 and 209 are ejected froneftheent 140 and 240 at regions 110
and 210, respectively.

[00030] Figures 1-3 further show atmospheric entrainme@t 222 and 322 into
the plasma effluent 140, 240 and 340 in a regiahithin close proximity to the outlet of
the torch nozzle 105, 205 and 305. The infiltnatd atmospheric gases, including



oxygen, results in accelerated combustion of theemred atmosphere with flammable
liquid carriers (e.g., ethanol). In addition, Figl shows there is evaporation of the
liquid carrier, as shown by representative regidf, tausing many of the sub-micron
solid particles to coalesce and melt. Where itleaimal conditions within the effluent
140, 240 and 340 exist, a percentage of the subsmuar very fine particles transform
into an evaporative species, thereby resultinguweled deposition efficiency and
inadequate coating of the substrate 108, 208 afd 30

[00031] These fragmented droplets, melted particles angarated species of the
suspension 109, 209 and 309 along with the contdyubty-products resulting from
atmospheric entrainment are carried along theeitistream 140, 240 and 340 towards
the substrate 108, 208 and 308, during which tidektimnal suspension-particle
chemical reactions occur including unwanted reastguch as particle oxidation, as
depicted at regions 105, 205 and 305. Also dutiegransit of the effluent 140, 240 and
340, many fragmented droplets and particles coattobe ejected from the suspension
109, 209 and 309, thereby further lowering depasigfficiency.

[00032] Figures 1-3 further show that as the effluent stréd40, 240 and 340
approaches the substrate 108, 208 and 308 to bedcdiae temperature profile within the
effluent stream 140, 240 and 340 changes resuttisgme re-solidification of cooler
particles and condensing of entrained evaporatediesp Upon reaching the
substrate108, 208 and 308, the coating materihldrvarious physical states impact the
substrate and form a coating 106, 206 and 306jdimf the physical bonding of coating
material to the substrate. Adverse chemical reastbetween the substrate 108, 208 and
308 and the coating materials can occur.

[00033] Current suspension plasma spray systems suffertiirerdisadvantage of
not adequately controlling these physical and chahinteractions during the three key
phases of the suspension plasma spray processlynéijneuspension injection and
fragmentation; (ii) effluent and suspension intéats; and (iii) substrate interactions
with effluent and coating buildup.

[00034] As will be discussed in Figures 4-11, the presertiadiments of the
invention address many of the aforementioned deatéges shown in Figures 1-3. The

present invention provides techniques to contrelaforementioned adverse interactions



through use of a reactive gas shroud and/or skseatbunding the effluent stream and/or
injection location for liquid suspension.

[00035] Turning now to Figs. 4 through 6, there are sheamematic illustrations

of different embodiments of the present inventimeamely depictions of suspension
plasma spray systems and processes 400, 500 ante6p8ctively. SPS system and
process 400 employs an axial injection of the tgguspension 409 with an extended
reacted gas shroud 401 surrounding the effluent4elQ plasma and liquid suspension
409). Any suitable reactive gas may be used taterthe reacted gas shroud 401, such
as, for example, oxygen, hydrogen carbon dioxigdrdécarbon fuels and in some
instances nitrogen or combinations therebifirough use of reactive gas shroud 401, the
effluent440 and suspension 409 interaction can & mrecisely controlled to create
new coating microstructure possibilities as a tesiulhe chemical reactions occurring
between the suspension 409 and the reactive gaisdsi01l.

[00036] Figure 4 shows that the shroud 401 is createddwiffig reacted gas at a
predetermined flow rate through an outer nozzlédberounds an inner nozzle through
which the liquid suspension 409 and primary torak 416 can sequentially or co-flow
relative to each other. The shroud 401 is orieatedind the flow of effluent 402,
thereby forming a protective envelope of reactiae that surrounds the effluent 440.
Figure 4 shows that the shroud 401 extends conislydrom within the nozzle 405 of
the torch to the substrate surface 408 to creatergleted envelope of the effluent 440
contained therein.

[00037] Prior to the liquid suspension 409 emerging fromdhtlet of nozzle 405,

a plasma 419 is created as primary torch gas 4W&fbetween a cathode 412 and anode
413 into a region where an arc is generated. ah#ec gas transports the liquid
suspension 409 and is shown flowing with the liggudpension 409 through the center
of the nozzle 405. An arc is generated betweewdlieode 412 and anode 413. The
primary torch gas 416 passes through the arc reamdrionizes into a hot plasma 419 of
gaseous ions and/or radicals within the nozzle 40% plasma 419 provides the thermal
energy source required to evaporate the liquideraand melt the coating constituents
415 of liquid suspension 409 as the effluent 464 towards the substrate surface 408.

The plasma 419 also provides the energy sourceotade sufficient momentum to



accelerate the coating constituents or particléstdwards the substrate surface 408.
[00038] After the plasma 419 is created, the liquid susioen$09 (i.e., liquid
carrier droplets with coating constituents 415 aord therein) and plasma 419 emerge
from the outlet of the nozzle 405 as an effluer@.4#he shrouded gas 401 converges
within a throat section of the nozzle 405 and taitez emerges from the nozzle 405. It
should be understood that the terms “shroud” ahdoteded gas” have the same meaning
and will be used herein and throughout the spetiba interchangeably.

[00039] In a preferred embodiment, the reactive gas shd4@lds an oxygen-
containing gas, such as, for example, oxygen gas oxygen diluted mixture of gases.
The oxygen-containing reactive gas shroud 401 eamskd to control or increase the
degree of mixing and spatial location of the mixaighe reactive gas 401 with the
effluent 440, thus more precisely controlling tlegke and location of the combustion
with the effluent 440 and resulting thermal engpgyfile. Enhanced combustion or other
thermal reactions also can improve the fragmentaifdhe droplets of the liquid
suspension 409 as well as evaporation of the sebemcoating particles 415 within the
suspension 409. The oxygen-containing reactivesgesud 401 can be used with a fuel
based liquid carrier to produce more complete catibda which can be initiated or
effected further upstream or closer to generaticdh®plasma source 419 than would
occur with a non-shrouded spray process or trawitimert gas shroud around the
plasma spray effluent. The embodiment of Figuderhonstrates that advancing the
combustion process further upstream toward then@asource 419 would enable use of
lower power plasma torches to both melt and evapdhe sub-micron particles 415
within the liquid carrier through more efficientausf the plasma stream’s thermal
energy.

[00040] The reactive gas shroud 401 is configured to flow sufficient flow rate
relative to that of the effluent 440 so as to f@montinuous envelope about the effluent
440. The effluent 440 is characterized as havitrgjactory or flow path of the liquid
suspension 409 defined, at least in part, fronothtet of the nozzle 405 to the substrate
surface 408, whereby the flow path is partiallfuly enveloped by the reactive shroud
401. As shown in the embodiment of Figure 4, #rgth of the reactive shroud 401

extends from the outlet of the nozzle 405 to tHestate surface 408 to fully surround



the effluent 440. The continuous envelope of tirewsd 401 creates a thermal envelope
that acts as an effective insulator to retain irettie effluent stream 440 across longer
flow path distances from the outlet of the noz2& #o the surface of the substrate 408.
The controlled temperature from the outlet of threh 405 to the substrate 408 enables
evaporation of the liquid carrier of the liquid pession 409. After evaporation of the
liquid carrier, the heat used to evaporate thadigarrier is now realized by the coating
constituents 415 generally contained within theptets of the liquid suspension 409,
which are now free floating and travelling towatls substrate surface 408. The coating
constituents 415 partially or substantially meltheut undergoing significant cool down
as they flow towards the surface of the substr@8& 4rhe molten coating constituents
415 impact the substrate surface 408 to depositcasiting 403. In this manner, the
improved thermal envelope therefore improves déjposefficiency. Further, the
retention of heat within the effluent 440 creataprioved uniformity in temperature
distribution that can decrease stand-off workingsgevity. As such, the present
invention as shown in the embodiment of Figureldved a unique SPS system and
process 400 for coating complicated geometrieataef stand-off distances than
previously attainable with conventional SPS, withiogurring substantial solidification
of the coating constituents 415 as they impacsthmstrate surface 408.

[00041] While enhanced combustion resulting from use ofothyggen containing
gas and a fuel based liquid carrier is one embaodlimiethe present system and method,
other chemical reactions may be facilitated with tise of a reactive shroud gas that will
react with various elements or compounds in th@dienedium resulting in a chemical
reaction that occurs spontaneously or occurs dtieetthermal energy of the plasma
effluent. Such chemical reactions can be desigmeldcontrolled to yield improvements
in the coating chemical composition, physical proper microstructure, including for
example the formation of oxides, carbides or nésidf the particles.

[00042] Advantageously, the use of the reactive gas shOddaround the plasma
effluent 440 operates to create and/or retain rhee in the effluent 440 providing a
larger operation envelope for the coating procdsse larger operational envelope
translates to longer working distances betweerhtoozzle 405 and substrate 408 as well

as better thermal treatment of the sub-micron @adi415. In other words, the sub-
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micron particles 415 along its flow path trajectarg maintained at the prescribed
operating temperatures for longer residence tiregslting in improved melting and an
increase in the evaporative species of the pastiglthin the plasma effluent 440. Use of
reactive gas shroud 401 also facilitates contréhefenvironment and temperatures near
the substrate surface 408.

[00043] The use of a reactive gas shroud 401 surroundgugpension plasma
spray effluent 440 opens up numerous possibilitetevelop new liquid carriers for

such sub-micron particle containing suspensionsoctG@®lutions.

[00044] In each of the embodiments of the present inventlareactive gas
shroud can be configured in a controlled manndre most likely means of control
involve adjusting or manipulating the flow charaisics of the reactive gas shrouds,
including the volumetric flow rate and/or velocadfthe gas shroud as well as
concentrations of the reactive elements in thetigagas shrouds. In addition, the
turbulence and dispersion characteristics of thetiee gas shroud may also be
controlled. Many of these flow characteristics dictated by the geometry and
configuration of the nozzle or nozzles used to fthmreactive gas shrouds as well as the
reactive shroud gas supply pressures and tempesatur

[00045] The embodiment of Figure 4 shows that the shrogasd01 is

configured to flow in a laminar flow rate regim&he controlled and lowered velocity of
the laminar flowing shroud 401 can enable the fraxgiation phenomena of the droplets
of the liquid suspension 409 across the shroudd@tcur in a more controlled manner
compared to conventional SPS systems and proc&88¢200 and 300 of Figs. 1-3. The
fragmented droplets of liquid suspension 409 tlueeshttain an improved uniformity in
size distribution. As a result, the coating cdnstits 415 deposit on the substrate surface
408 to form a coating 403 having a more contrgliadicle size distribution.

[00046] The shroud 401 also counteracts any tendency &giebs of the liquid
suspension 409 to eject from the effluent 440. egaly speaking, in the absence of the
shroud 401, the effluent 440 is in a turbulent fl@gime which may be sufficient to
break up liquid droplets into smaller droplets, anthe process of doing so, undesirably
impart excessive momentum to at least some ofihy@ets to eject them from the

effluent stream 440. Employing the shroud 401feailitate the retention of the droplets
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of the liquid suspension 409 and coating constitiét5 within the effluent 440. As a
result, increased utilization of the coating canstnts 415 is attained.

[00047] The combination of the aforementioned process litsrezin produce a
coating 403 deposited onto the substrate surfa8éd@ing a microstructure with grain
orientation and sufficiently small particle sizatdibution. The favorable microstructural
possibilities are controllable and reproduciblevbyue of the innovative SPS system and
process 400.

[00048] In accordance with another embodiment of the ptasgantion, Figure 5
shows an SPS system and process 500 in whichgtiid Buspension 509 is internally
injected within the torch nozzle 505. The intenm@ction of the liquid suspension 509
can occur in a substantially radial direction abathogonal orientation with respect to
the axis of the plasma 519 that is generated wititemozzle 505 between the cathode
512 and anode 513. It should be understood tkadrigle of injection of the liquid
suspension 509 relative to the plasma 519 may bedva

[00049] Figure 5 shows that the primary torch gas 516 a$seugh the arc

region and ionizes into a hot plasma state 51%eégus ions within the nozzle 505. The
liquid suspension 509 is internally injected irtte plasma region 519 It should be
understood that injection of suspension 509 canrodownstream of the plasma 519
within the anode, which may represent a region wiiee torch gas 516 has cooled down
from the plasma state to a superheated gas. Tindéuat flow of the plasma 519
fragments and/or atomizes the liquid carrier drtgpté suspension 509 within the nozzle
505 and also at the outlet of the nozzle 505.

[00050] As shown in the embodiment of Figure 5, the leraftthe reactive shroud
501 extends in a continuous manner from the oatl#te nozzle 505 to the substrate
surface 508. The shroud 501 provides heat retettigreate a continuous thermal
envelope and also prevents ejection of the dropletsispension 509 from the effluent
540. The embodiment of Figure 5 shows that thewgled reactive gas 501 is configured
to flow in a laminar flow rate regime. The conteol and lowered velocity of the laminar
flowing shroud 501 can enable the fragmentatiompheena of the droplets of the liquid
suspension 509 across the shroud 501 to occumiore controlled manner compared to

conventional SPS systems and processes 100, 2(8Daraf Figs. 1-3. The fragmented
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droplets of liquid suspension 509 therefore attainmproved uniformity in size
distribution. As a result, the coating constitehit5 deposit on the substrate surface 508
to form a coating 503 having a more controllediplize distribution. It should be
understood that certain coating applications mayequire substantial fragmentation of
the droplets of liquid suspension 509. As suclanather embodiment of the present
invention, the shroud 501 can be configured tofragment the droplets yet still achieve
the other benefits of utilizing a shroud 501 thadrbeen mentioned above.

[00051] Other injection locations of the liquid suspensima contemplated in
accordance with the principles of the present itiean For instance, Figure 6 shows an
SPS system and process 600 in which the liquidesisspn 609 is injected externally to
the torch nozzle 605. The external injection @fliquid suspension 609 can occur in a
substantially radial direction at an orthogonakntation with respect to the axis of the
plasma effluent 640. It should be understoodttimaiangle of injection of the liquid
suspension 609 relative to the plasma effluentr649 be varied. Similar to Figure 5,
the reactive shrouded gas 601 is configured to floavlaminar flow rate regime to
produce more uniform fragmentation of the droptétthe liquid suspension 609.
[00052] Other variations for the reactive gas shroud argeroplated by the
present invention. For example, Fig. 7 is a schienistration of another embodiment
of the present invention employing a dual gas shiamnsisting of an inner reactive gas
shroud layer 701 and an outer inert gas shieldst@unding a suspension plasma spray
process 700. The inner reactive gas shroud lakis/preferably laminar flowing, as
shown in Figure 7. Use of the dual shroud in fpiscific arrangement may further
improve heat retention within the region that tifeient 740 flows within, particle
fragmentation of the droplets and temperature umifty along the substrate 708. The
dual shroud also can improve confinement of theicggarticulates 715 within the
effluent 740 along the flow path, thereby substdiytreducing or eliminating coating
particulate 715 ejection from the effluent 740. aAesult, increased deposition
efficiency on the substrate 708 is attained.

[00053] In yet another design variation of the reactive gfa®ud, Fig. 8 shows a
dual reactive gas shroud consisting of a firstimeactive gas shroud layer 802 and a

second outer reactive gas shroud layer 801 surmogrdsuspension plasma spray
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process 800. The first inner reactive gas shrayerl802 is preferably laminar flowing,
as shown in Figure 8. Unlike Figure 7, the duattee gas shroud has two reactive
shrouds. Each of the reactive gas shrouds 808@&ds independently controlled (e.qg.,
the flow rates are independently controlled). §hses used for the reactive gas shrouds
801 and 802 may be the same or different. Theepoesof two reactive shrouds or
shields that are independently controlled can hefpove combustion reactions along
the flow path of the effluent 840. In additiondwhanced combustion resulting from use
of a dual reactive gas shroud system and procés<8@er chemical reactions may be
facilitated with the use of a dual reactive shrgad in which each of the reactive gas
shrouds 801 and 802 preferentially react with gpeelements or compounds in the
liquid suspension 809 resulting in a chemical readhat occurs spontaneously or
occurs due to the thermal energy of the plasmaexifl840. Such chemical reactions can
be designed and controlled to yield improvementtéchemical composition, physical
property or microstructure of the deposited coa8fg.

[00054] Where dual layer shrouds or mixed shrouds are graglasing both
reactive gases and inert gases, the inert gasiesftypnclude argon, nitrogen, and

helium or combinations thereof.

[00055] Other variations of the reactive gas shroud caenpgloyed. In one
example, two or more reactive gas shrouds can bkgooed, preferably independent of
each other, to surround an effluent. In anothamgte, two or more reactive gas shrouds
in combination with an inert gas shroud can be eygal. The inert gas shroud can be
configured between the reactive gas shrouds. wdtesely, the inert gas shroud can be
arranged so as to surround all of the reactivespesuds. Still, as a further design
variation, the inert gas shroud or shield can bmtjpmed within each of the reactive gas
shrouds. In another embodiment, a reactive gasidhmay also be selectively
configured so as to only surround only a portiothef effluent along its flow path

towards the substrate.

[00056] The process benefits, some of which have been aratiabove, can
translate into more controlled microstructures efpakited coatings. The present
invention recognizes that parameters which detezrhie microstructure and properties

of the coatings include the temperature, size ahalcity of the coating constituents or
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particles and the extent to which the particlessh@acted with or exposed to the
surrounding environment during deposition. Inphesent invention, the reactive gas
shroud can retain heat and create a more unifanpéeature and controlled temperature
distribution as the coating particles impact thiesttate surface. Additionally, the
laminar flow reactive gas shrouds can help createeraniformly fragmented coating
particles. The shrouded effluent therefore createsnproved microstructure.

[00057] Additional factors impacting the microstructure grdperties of the
deposited coatings include the rate of depositiogle of impact, and substrate
properties, each of which can be controlled toeatgr degree, by virtue of the shroud.
Since the coating constituents or particles arédde@nd accelerated by the gaseous
effluent of the plasma, the temperature and velaifithe coating particles are a function
of the physical and thermal characteristics ofdtilient stream and the standoff distance
between the exit of the plasma spray device andubstrate. By controlling the
properties of the effluent stream by use of thestly the temperature and velocity of the
coating particles can be controlled with greatexcgion to improve coating adhesion and
coating microstructure.

[00058] A specific type of reactive gas shroud which cartmployed in the
present invention is a flame envelope surroundmeditjuid suspension at or near the
injection point. Turning now to Figs. 9 through there are showschematic

illustrations of different embodiments of the cauifiation of a flame envelope, namely
depictions of suspension plasma spray systemsragdgses employing a flame
envelope shrouding the axial injection of the ladjauspension; a flame envelope
shrouding an internal radial injection of the lidsiuspension; and a flame envelope
shrouding an external radial injection of the l@jguspension, respectively. The term
“flame envelope” as used herein and throughousgeeification means a combusting
flow formed by the combustion of a fuel and an axidwhich extends along the axis of
the injected suspension stream.

[00059] Fig. 9 shows a suspension plasma spray systemraness 900

employing a flame envelope 910 shrouding the arjattion of the liquid suspension
909. The flame envelope 910 extends from the Icksitd of the injection nozzle 905 or

nozzle face up to a point where the plasma 91@negted between the cathode 912 and
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the anode 913. It should be understood that #medlenvelope 910 can extend the entire
length of the suspension stream being injected vatrof the nozzle 905(i.e., extends
from the nozzle face to the entry point in the plasffluent). The flame envelope 910
can provide sufficient thermal energy to evapothgeliquid droplets prior to exiting
nozzle 905. As such, dry sub-micron coating paldies 915 can be introduced as the
effluent 940 without agglomeration and without @ogy in the injector. The flame
envelope 910 can also provide sufficient kinetiergy to improve fragmentation of the
droplets of the suspension 909 and coating pafitesize distribution.

[00060] Fig. 10 shows an alternative suspension plasmg sgsiem and process
1000 employing a flame envelope 1010 shroudingad&l injection of the liquid
suspension 1009. The flame envelope 1010 extdadg the injector of the liquid
suspension 1009 and can evaporate the liquid dsopter to being introduced into the
effluent 1040. The flame envelope 1010 can algmmnsufficient kinetic energy to the
droplets of suspension 1009, thereby improvingrfragtation and coating particle 1015
size distribution.

[00061] The flame envelope may also be configured exterhide nozzle as
shown in Figure 11. Figure 11 shows a suspendasna spray system and process
1100 employing a flame envelope 1110 shroudingdd&l injection of the liquid
suspension 1109. The flame envelope 1110 extdadg the injector of the liquid
suspension 1109 and can evaporate the liquid deopltr to being introduced into the
plasma effluent 1119. The flame envelope 1110atsmimpart sufficient kinetic energy
to the droplets of suspension 1109, thereby immgftiagmentation and coating particle
1015 size distribution.

[00062] As shown in the illustrated embodiments of Figd19the flame envelope
910, 1010 and 1110 serves several functions. *ample, the flame envelope 910, 1010
and 1110 can function as a shroud for the liqugpsuasion 909, 1009 and 1109 that
prevents the entrainment of ambient gases intinjbeted suspension stream 909, 1009
and 1109 and thereby inhibits unwanted physicalcnical reactions such as
oxidation of the sub-micron particles containedmmtthe suspension 909, 1009 and
1109. Preventing entrainment of ambient gasesialsbits velocity decay of the

suspension injection and allows the liquid suspen809, 1009 and 1109 with the sub-
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micron particles contained therein to penetrate the plasma 919, 1019 and 1119 with
substantial retention of the injection velocity.

[00063] Furthermore, the flame envelope 910, 1010 and alskdfunctions as a
reactive shroud or partially reactive shroud tiadten properly controlled, can initiate
desired reactions within their respective liquidgensions 909, 1009 and 1109 or
between the suspension 909, 1009 and 1109 anthttvedsgases at or near the point of
injection. For example, where the liquid carrerifuel, such as ethanol, the flame
envelope initiates the combustion reaction of ityeidl carrier which increases both the
thermal and kinetic energy of the injection evemrajmmate the entry to the plasma
effluent. This additional thermal and kinetic egyecauses improved fragmentation of
the droplets as well as enhanced melting or evéiparaf the sub-micron particles in the
suspension before they reach the plasma effluarapplications where the liquid carrier
is not a fuel, the flame envelope provides an gnsogirce to evaporate the liquid carrier
and melt, partially melt or even evaporate the endpd particles prior to entrainment
into the plasma effluent.

[00064] Generally speaking, by shrouding the liquid suspenin the flame
envelope as it is directed towards the plasmaaesitiuthe process characteristics of the
overall suspension plasma spray (SPS) system dicalig altered. In short, use of the
flame envelop or similar reactive shroud surrougdhe injection stream effectively
separates the control of the delivery of the subrom coating particles to the SPS
system, which is accomplished via suspension fraupply vessel, from the control of
the entrainment of the sub-micron coating partigiés the plasma, which can be in
suspension or non-suspension form.

[00065] For example, using the disclosed flame envelopesoding the
suspension injection stream enables an SPS syst@nyng delivery of a suspension
but entrainment or injection of a dry submicrontigde into the plasma effluent similar to
APS powder injection, but at the sub-micron pagtgize. Alternatively, the flame
envelope surrounding the suspension injection strer@ables an SPS system employing
delivery of a suspension but entrainment or inggcf melted sub-micron particles into
the plasma effluent, the injection of evaporateecggs of the sub-micron particles into

the plasma effluent. Still further, the disclodkeane envelope surrounding the
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suspension injection stream enables an SPS systpinyng delivery of a liquid
suspension with entrainment or injection of higliggmented suspension droplets into
the plasma effluent. Finally, if properly desigreedd controlled, the disclosed flame
envelope or reactive shroud surrounding the irpecstream enables delivery of a liquid
suspension wherein the sub-micron particles aredan-situ to form the desired
ceramic or cermet coating materials which are ergdiinto the plasma effluent.
[00066] In addition, each of the above-described delivergction and
entrainment techniques allows more precise coofrtfle average particle size and
particle size distribution injected or entrainetbithe effluent and subsequently
impacting the substrate to provide the desiredigamicrostructures. The use of a
flame envelope or reactive shroud surrounding tispansion injection enables new
choices or design options for the composition ef @3PS liquid suspensions, including
make-up of the liquid carriers and particle chagstics.

[00067] Finally, since the flame envelope or reactive stvshroud surrounding
the liquid suspension injection in reference toRigures has the potential to provide
additional thermal and kinetic energy to the SR&ysprocess, the present system and
method would enable use of lower power plasma &srdalman SPS process and a more
efficient use of the thermal energy in the plasimeasn. Also, the use of the presently
disclosed flame envelope or reactive sheath/shsaumunding the liquid suspension
injection provides opportunities to further contamld enhance the entire SPS process
including: delivery or handling of the suspensioreating of the plasma jet; injection or
entraining the coating materials into the plasmagjed delivery/impact of the coating
materials onto the substrate to be coated.

[00068] Through the use of the present flame envelopeamtire sheath/shroud
and the additional kinetic energy associated thighewhe injection of the coating
materials into the plasma jet is preferably cotgbko as to reach the optimized location
within the effluent and with reduced interactionddfluent flow at the point of injection.
For example, a portion of effluent at or near thapof suspension injection can be
deflected to allow the sub-micron particles in efttry powder for, partially melted
form, melted form and/or evaporative form to exté&mther into the effluent stream in a

controlled and uniform manner
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[00069] Alternatively, where the flame envelope or sheéitv'sd is employed as

part of the SPS process merely to inhibit entraimnoé ambient gases into the injected
suspension and to allow the liquid suspension tepate deeply into the plasma effluent
stream, the sheath/shroud is likely to promotehferrfragmentation of the suspension

into droplets in controlled manner and location.fEagmenting the droplets, the flame
envelope or reactive gas shroud aids in the confrttle droplet size and droplet size
distribution of the suspension being injected i@ plasma effluent. In this manner,

there is less fragmentation occurring in the plasfflaent and droplet size and droplet
size distribution will be generally independenspétial and temporal changes occurring
as the plasma effluent moves toward the subswate toated. In other words, the
droplet size and droplet size distribution is mprecisely controlled resulting in

improved plasma spray process control and impreeating microstructures Fig. 9

shows another embodiment of the present inventigqpl@/ing a combustion flame

shroud surrounding a suspension plasma spray [@oces

[00070] It should be appreciated that the use of dual gasugls depicted in Fig. 7
and Fig. 8 as well as the use of a combustion flsinneud surrounding the effluent depicted
in Fig. 9 can be equally applied to suspensionnpdaspray systems utilizing internal radial
injection configurations, external radial injectioonfigurations and axial injection
configurations.

[00071] As indicated above, the typical reactive gases tmetihe reactive gas shroud
include oxygen, hydrogen, carbon dioxide; hydrooarfuels, and nitrogen or combinations
or combinations thereof.

[00072] It is to be noted that the present invention isatdg of depositing a wide
array of fine particulate sizes in the sub-micrange, previously not possible by coating
technologies, including that of conventional plaspeaying. For example, in one
embodiment, the SPS system and process of thenpiagention can deposit coating
particulates below 100 nm. In another embodinmtéetpresent invention can deposit
coating particulates 10um or lower, without incogrundesirable agglomeration of the fine
particulates as typically encountered in convemti@pray systems and processes.

[00073] Advantageously, the SPS system described hereibecgnepared utilizing

suitable torch and nozzle assemblies that are coomaily available, thus enabling and
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simplifying the overall fabrication process. Asfgecf plasma generation can be carried out
using standard techniques or equipment.

[00074] Any suitable liquid suspension delivery subsystem loe employed for
delivering a flow of the liquid suspension with sulicron particles dispersed therein to
the plasma. The liquid suspension source is adsgy for the liquid suspension. The
source typically includes a reservoir, transportdot (e.g., tubing, valving, and the

like), and an injection piece (e.g., nozzle, at@mand the like). In addition, the liquid
suspension delivery subsystem may contain measuatdgexiback of the process (e.g.,
flow rate, density, temperature) and control meth&utch as, for example, pumps and
actuators that can work in conjunction or indepatiggrom one another. The system
may also contain additional flushing or cleaningtsyns, mixing and agitation systems,
heating or cooling systems as known in the art.

[00075] From the foregoing, it should be appreciated thatgresent invention

thus provides a system and method for reactivesigamiding of suspension plasma
spraysand/or flame sheathing of liquid suspensions. @ik invention herein

disclosed has been described by means of specibodiments and processes associated
therewith, numerous modifications and variations losa made thereto by those skilled in
the art without departing from the scope of theemion as set forth in the claims or

sacrificing all of its features and advantages.
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Claims

1. A method of producing coatings on a substrate using a liquid suspension with
sub-micrometer particles dispersed therein, the method comprising the steps of:

generating a plasma from a thermal spray torch;

delivering a flow of liquid suspension with sub-micrometer particles dispersed
therein to the plasma or in close proximity thereto to produce a plasma effluent stream;

surrounding the plasma effluent with a reactive gas shroud to keep the sub-
micrometer particles entrained within the plasma effluent and prevent entrainment of
ambient gases into the plasma effluent;

reacting the shroud gas with the plasma effluent to enhance fragmentation of the
suspension droplets and create evaporative species of the sub-micrometer particles within
the plasma effluent; and

directing the shrouded plasma effluent with the sub-micrometer particles

contained therein towards the substrate to coat the substrate.

2. The method of claim 1, further comprising the step of preventing entrainment of

gases into the shrouded effluent.
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3. The method of claim 1, further comprising the step of fragmenting droplets of the

liquid suspension across the reactive shroud.

4. The method of claim 1, further comprising the step of introducing an inert gas

shroud surrounding the effluent.

5. The method of claim 1, further comprising the step of introducing a second

reactive shroud gas surrounding the effluent.

6. The method of claim 1, further comprising injecting the liquid suspension

external to the nozzle.

7. The method of claim 1, further comprising injecting the liquid suspension

internal to the nozzle.
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Abstract of the Disclosure

Reactive Gas Shroud or Flame Sheath for Suspension Plasma Spray Processes

A system and method for producing thermal spray coatings on a substrate from a
liquid suspension is disclosed. The disclosed system and method include a thermal spray
torch for generating a plasma and a liquid suspension delivery subsystem for delivering a
flow of liquid suspension with sub-micron particles to the plasma to produce a plasma
effluent. The liquid suspension delivery subsystem comprises an injector or nozzle
which can produce a reactive gas shroud surrounding the plasma effluent. A flame
envelope can also be used to isolate injection of the liquid suspension. The shroud or
flame envelope can retain the sub-micron particles entrained within the plasma effluent
and substantially prevent entrainment of ambient gases into the plasma effluent. The
liquid suspension delivery subsystem can be arranged as an axial injection system, a

radial internal injection system or an external radial injection system.



