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(57) Appareill de metallisation a chaud a plasma a arc
transferé permettant d’appliquer un revétement sur une
surface. Ledit appareil comporte une cathode (51) dotée
d’un premier potentiel €lectrique négatif, une tuyere (50)
entourant une extrémite libre de ladite cathode (51) de
maniere a laisser un certain espace et dotée d’un orifice
resserre (55) situ¢ en face de l'extrémite libre de la
cathode, ladite tuyere (50) €tant pourvue d’un second
potentiel ¢lectrique positif, une source de gaz plasma
dirigeant un gaz plasma dans ladite tuyere (50) entourant
la cathode (51), le gaz sortant par ["onifice (55) de tuyere
resserre, et une alimentation (58a, 58b) en il meétallique
qui dirige en continu une extremite libre du fil metallique
(56) en face de 1'onifice (55) de tuyere resserre, ledit fil
metallique (56) ayvant le méme second potentiel
¢lectrique positif que la tuyere (50). Ledit appareil etablit
ains1 un arc transtere a plasma entre 1’extrémaite libre du
fil metallique et la cathode (51), cette dernicre fait fondre
I"extrémiteé libre du fil metallique et le gaz plasma qui
sort de 1'orifice (55) resserr¢ de tuyere atomise le fil
fondu et propulse le métal fondu atomise sur la surface,
cette derniere se trouvant ainsi recouverte. Un procede
permettant de déposer un revétement metallique sur une

surface est €galement décrit.
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(57) A plasma transterred wire arc thermal spray
apparatus 1s described for applying a coating to a surface.
The apparatus comprises a cathode (51) having a first
negative electrical potential, a nozzle (50) generally
surrounding a free end of said cathode (51) 1in spaced
relation having a restricted orifice (55) opposite said
cathode free end, said nozzle (50) having a second
positive electrical potential, a source of plasma gas
directing plasma gas into said nozzle (50) surrounding
said cathode (51) and exiting said restricted nozzle
orifice (55), and a wire feed (58a, 58b) continuously
directing a free end of wire feedstock (56) opposite said
restricted nozzle orifice (55) and said wire feedstock (56)
having the same second positive electrical potential as
said nozzle (50), said apparatus thereby establishing a
plasma transferred-arc between said wire feedstock free
end and said cathode (51) melting said wire feedstock
free end and said plasma gas exiting said restricted
nozzle orifice (55) atomising melted feedstock and
propelling atomised melted wire feedstock toward said
surface, thereby coating said surface. A method of
coating a surface with a metallic coating 1s also
disclosed.
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(57) Abstract

A plasma transferred
wire arc thermal spray
apparatus is described for
applying a coating to a
surface. = The apparatus
comprises a cathode (51)
having a first negative

| electrical potential, a

nozzle (50) generally
surrounding a free end

of said cathode (51) In
spaced relation having

a restricted orifice (585)

opposite  said cathode
free end, said nozzle (50)
having a second positive

electrical  potential, a

source of plasma gas

directing  plasma  gas

into said nozzle (50)
surrounding said cathode
(51) and exiting said

| restricted nozzle orifice

(55), and a wire feed
(58a, 58b) continuously
directing a free end
of wire feedstock (56)

opposite said restricted nozzie orifice (55) and said wire feedstock (56) having the same second positive electrical potential as said nozzle
(50), said apparatus thereby establishing a plasma transferred—arc between said wire feedstock free end and said cathode (51) melting said
wire feedstock free end and said plasma gas exiting said restricted nozzle orifice (55) atomising melted feedstock and propelling atomised
meited wire feedstock toward said surface, thereby coating said surface. A method of coating a surface with a metallic coating is also

disclosed.
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IMPROVED PLASMA TRANSFERRED WIRE ARC
THERMAIL SPRAY APPARATUS AND METHOD

This 1nvention relates generally to a thermal
spray apparatus and method of thermally spraying materials
and, 1in particular, to a plasma transferred wire arc thermal
spray apparatus and method which utilises a high velocity
transferred constricted plasma arc to produce extremely
dense materials as coatings and free-standing
near—-net-shapes as well as a constricted plasma transferred
wire arc thermal spray bore coating apparatus and method
which produces high density materials formed by thermal
spraying and which have superior metallurgical and physical

characteristics.

The plasma transferred wire arc thermal spray
process melts a feedstock material, usually in the form of a
metal wire or rod, by using a constricted plasma arc to melt
the tip of the wire or rod, removing the molten material

with a high-velocity jet of ionised gas issuing from a

constricting crifice. The ionised gas is a plasma and hence
the name of the process. Plasma arcs operate typically at
temperatures of 18,000° - 25,000°F (10,000° - 14,000°C). An

arc plasma is a gas which has been heated by an electric arc
to at least a partially ionised condition, enabling it to
conduct an electric current. A plasma exists in any electric
arc but the term plasma arc 1is associated with plasma
generators which utilise a constricted arc. One of the
features which distinguishes plasma arc devices from other
types of arc generators 1s that, for a given electrical
current and gas flow rate, the arc voltage is significantly
higher in the constricted arc device. In addition, a
constricted arc device is one which causes all of the gas
flow with its added energy to be directed through the
constricted orifice resulting in very high exiting gas
velocities, generally in the supersonic range. There are two

modes of operation of constricted plasma torches. One of
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these modes, known as the "non-transferred " mode.
Characteristically, the non-transferred plasma torch has a
cathode and an anode i1in the form of a nozzle. 1In general,
practical considerations make 1t deslrable to keep the
plasma arc within the nozzle with the arc terminating on the
inner nozzle wall. However, under certain operating
conditions, 1t 1s possible to cause the arc to extend
outside the nozzle bore and then fold back, establishing a

terminal point for the arc on the outside face of the anode

constricting nozzle. The other mode o©of plasma operation 1s
termed "transferred-arc" mode. In thilis mode of plasma
operation, the plasma arc column extends from the cathode
through a constricting nozzle and then leaves the torch and
is terminated on a workpiece anode which 1s located
electrically spaced and isolated from the plasma torch
assembly.

In the plasma transferred wire arc thermal spray
process, the plasma arc 1s constricted by passing it through
an orifice downstream of the cathode electrode. As plasma

gas passes through the arc, it is heated to a very high

temperature, expands and 1s accelerated as 1t passes through

the constricting orifice often achieving supersonic velocity

on exiting the orifice, towards the tip of the wire
feedstock. Typically, the different plasma gases used for
the plasma transferred wire arc thermal spray process are
air, nitrogen or a admixture of argon and hydrogen. The
intensity and velocity of the plasma 1s determined by
several variables including the type of gas, its pressure,
the flow pattern, the electric current, the size and shape

of the orifice and the distance from the cathode to the wire
feedstock.

The prior art plasma transferred wire arc process
shown in Figure 1 is a schematic representation of the
apparatus disclosed 1n our U.S. Patent No. 5,290,0667. The
process operates on direct current from a constant current
type power supply 17. The cathode electrode 11 is connected
to the negative terminal of the power supply 47 through a
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high frequency generator 21 which is employed to initiate an
electrical arc between the cathode 11 and the constricting

nozzle 10. The high frequency arc initiating circuit is

terminal of power supply 17 through pilot resistor 19 to the
constricting nozzle 10, through the high frequency arc
formed between the cathode 11 and the constricting nozzle
10, through the high frequency generator 21 to the negative
terminal of the power supply 17. The high frequency circuit
1s completed through the bypass capacitor 20. This action
heats the plasma gas which flows through the orifice 13.

The orifice 13 directs the heated plasma stream from the
cathode electrode 11 towards the tip of the wire feedstock
14 which is connected to the positive terminal of the power
supply 17. The plasma arc attaches to or "transfers" to the
wire tip and is thus referred to as a transferred arc. The
wire feedstock 14 is advanced forward by means of the wire
feed rolls 1l6a and 16b, which are driven by a motor which is
not shown. When the arc melts the tip of the wire, the
high-velocity plasma Jjet impinges on the wire tip and
carries away the molten metal, simultaneously atomising the
melted metal into fine particles and accelerating the thus
formed molten particles to form a high-velocity spray stream
entraining the fine molten particles.

In order to i1nitiate the transferred plasma arc a
pilot arc must be established. A pilot arc is an arc
between the cathode electrode 11 and the constricting nozzle
10. This arc is sometimes referred to as a non-transferred
arc because it does not transfer or attach to the wire
feedstock as compared to the transferred arc which does. A
pilot arc provides an electrically conductive path between
the cathode electrode 11 within the plasma transferred wire
arc torch and the tip of the wire feedstock 14 so that the
main plasma transferred arc current can be initiated. The
most common technique for starting the pilot arc is to

strike a high frequency or a high voltage direct voltage

S ——E——



CA 02280019 1999-08-10

- WO 98/35760 PCT/IB97/01604

10

15

20

25

30

35

(D.C.) spark between the cathode electrode 11 and the
constricting nozzle 10. A pilot arc is established across
the resulting ionised path generating a plasma plume. When
the plasma plume of the pilot arc touches the wire tip, an
electrically conductive path from the cathode electrode to
the anode wilire tip 1s established. The constricted
transferred plasma arc will follow this path to the wire
tip.

In the practical use of the plasma transferred
wilire arc thermal spray process for the spraying of
electrically conductive wires or rods, there are several
problems which are encountered. One of these problems is a
condition known as "double arcing". Double arcing can occur
as a result of one of several causes such as malfunction of
the wire feed system, a kink in the wire or inadvertently
shutting off the wire feeder. The result of the phenomena
of double arcing can be serious damage to the constricting
nozzle as well other components used to guide the wire into
the plasma transferred arc. The problem of double arcing
has been dealt with in one manner as described in our U.S.
Patent Nos. 5,296,067 and 5,442,153.

Another problem exists with the practical use of
the plasma transferred wire arc process occurs due to the
electrical potential difference that exists between the wire
and the constricting nozzle. As a result of this potential
difference, metal dust is attracted to the face of the
constricting nozzle. As this metallic dust builds up,
various conditions of electrical shorting between the
constricting nozzle and the anode wire can occur. This
electrical shorting creates major damage to the plasma
transferred wire arc torch components. In addition, a major
problem has been found when any form of wire feed hesitation
occurs. Wire hesitation can be caused by any one of a
number of reasons all dealing with either the wire surface
condition (i.e. kinks in the wire or other surface
lrregularities) or malfunctioning of the wire feed mechanism

or wire feeder. The result of wire feed hesitation is the
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tendency of the transferred-arc to burn back along the wire,
resulting in severe damage to wire guiding and support
components of the plasma transferred wire arc gun head. As
can be seen in Figure 1, it is necessary to provide both
electrical contact to the wire 14 as well as providing close
alignment of the wire to the centreline of the plasma jet
stream in order to assure complete and uniform melting of
the wire tip as it advances into the plasma transferred arc.

Additionally, in operation of the prior art
apparatus and method of coating bores, build-up of coating
material can form on the outer surface of the torch which
faces the surface being coated. This occurs especially in
coating of small bores because a small part of the molten
particles which are being propelled to the substrate do not
adhere to the substrate but bounce back onto the torch
surface. Since, in the operation of the prior art, it is
necessary to maintain a 90° geometric relationship between
the pilot nozzle face and the axis of the wire in order to
prevent secondary arcing, the hot molten particles will
pbounce directly back to the plasma torch assembly since the
angle of incidence is 90° and therefore the angle of
reflection will also be generally 90°. This build-up of
metal particles can be detrimental to the proper performance
of the plasma transferred wire arc torch since it can cause
electrical shorting of various component of the torch as
well as i1nterfering with the proper flow of gases from the
various orifices of the pilot nozzle.

In addition, problems can occur during the
starting of the spraying process which causes a "spit" or
large molten globule to be formed and propelled to the
substrate and included into the coating as the coating
bulilds up on the substrate. This problem occurs due to the
variable time delay of between 50 and 100 milliseconds that
can occur between the time the transferred-arc power supply
and the wire feeder are energised and the time the
transferred-arc 1s fully established. Based on a typical

wire feed rate of 160 inches per minute, and & variable time
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delay pericd of 50 milliseconds, more than 1/8th inch of
wlire can move past the arc point before the transferred-arc
starts melting the wire. This extension of 1/8th inch of
wire 1s what can form into the "spit" or globule. Since
Chere 1s a varilable period of 50 milliseconds, the problem
cannot pe solved by simply controlling the starting point of
the wire feeder or establishing a predetermined acceleration

rate of the wire feed rate.

According to the present invention, there 1is
provided a plasma transferred wire arc thermal spray
apparatus for epplying a coating to a surface, the apparatus

comprising a cathode having a first negative electrical

potential, a nczzle generally surrounding a free end of said

cathode 1n spaced relation thereto and having a restricted
orifice opposite said cathode free end, said nozzle having a
second positive electrical potential, a source of plasma gas
directing a plasma gas 1into said nozzle to surround said
cathode and exit from said restricted nozzle orifice, and a
wire feed continuously directing a free end of wire
feedstock opposite said restricted nozzle orifice said wire
feedstock having the same second positive electrical
potential as said nozzle, said apparatus thereby
establishing a plasma transferred-arc between said wire
feedstock free end and said cathode to melt said wire
feedstock free end and said plasma gas exiting said
restricted nozzle orifice atomising the melted feedstock and
propelling the atomised melted wire feedstock toward said
surface to form the coating on said surface.

Further according to the present invention, there
1s provided a method of cocating a surface with a dense
metallic coating using a plasma transferred wire arc thermal
spray apparatus, said apparatus including a cathode, a
nozzle generally surrounding a free end of said cathode 1n
spaced relation thereto and having a restricted orifice

opposite said cathode free end and a wire feed directing a

AMENDED SHEET
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free end of a wire feedstock opposite said restricted nozzle
orifice, said method comprising:

directing a plasma gas 1nto said nozzle
surrounding sald cathode and exiting through said restricted
nozzle orifice;

lnitiating an electrical pilot arc between said
cathode and said nozzle by creating an electrical potential
differential therebetween, wherein said cathode has a
negative electrical potential and said nozzle has a positive
electrical potential; |

extending said electric arc through said
restricted nozzle orifice by increasing electrical energy to
sald electric arc and forming a constricted extended plasma
arc; and

transferring said constricted extended plasma arc
from said nozzle to said free end of said wire feedstock by
creating an elsctrical potential differential between said
wlre feedstock free end and said cathode, wherein said wire
feedstock and sald nozzle have the same positive electrical
potential and sailid cathode has a negative electrical
potentlal, thereby melting said wire feedstock free end,
said plasma gas atomising the molten feedstock and
propelling the atomised molten feedstock onto said surface

to form sald dense metallic coating on said surface.

The opresent 1nvention provides a plasma
transferred wire arc thermal spray method and apparatus 1n
which an extended plasma arc jet 1s created and which 1s
employed as a electrical contacting means to a metal wire as
well as acting to atomise and propel molten metal particles
to a substrate to form a high density coating while
eliminating the arc burn back along the wire and avoiding

the formation of a "spit" at the onset of the spraying

Process.
The apparatus and method embodying the invention

eliminate metal dust attraction to the face of the

AMENDED SHEET
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constricting nozzle and eliminate secondary arcing between a
wire feed and the constricting nozzle.

Further the 1mproved plasma transferred wire arc
thermal spray method and apparatus embodying the invention

eliminate the occurrence of build-up of metal particle on
the outer surface of the torch assembly. The apparatus and
method provide high performance, well bonded coatings which
are substantially uniform in composition and have a very
high density with very low oxide content formed within the
coating. The improved plasma transferred wire arc apparatus
and method 1s simple 1n construction and may be operated at
relatively low gas consumption and is relatively
maintenance-free. Further, the improved plasma transferred
wlre arc thermal spray method and apparatus can be utilised
to apply a thermal spray coating to the inside of cylinder
bores such as automobile engine cylinder bores, by rotating
the plasma transferred wire arc torch around the axis of the
wlre.

The plasma transferred wire arc thermal spray
apparatus and method of this invention will form extremely
dense materials as coatings or as free standing near-net-
shape forms while eliminating the problems associated with
the prior art described above. The apparatus and method of
this invention can produce an extended-arc and supersonic
plasma jet stream. A metal wire, acting as the anode, is
continuously fed into the plasma jet stream, where the
extended plasma arc attaches itself to the wire tip, melting
the wire and the supersonic plasma jet stream then atomises
and propels the atomised molten metal particles to form
exXtremely dense coatings. The plasma transferred wire arc
thermal spray apparatus and method of this invention may
also be utilised to coat internal concave surfaces, such as
the bores of aluminium engine blocks, with a dense wear
resistant coating, such as mild steel.

The plasma transferred wire arc thermal spray
apparatus of this invention includes a plasma generating

torch assembly having 4 cathode and a nozzle at least
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partially surrounding a free end of the cathode in spaced
relation including a restricted nozzle orifice opposite the
cathode free end. Plasma gas is fed into the nozzle under
pressure through a port spaced from the restricted nozzle
orifice. The plasma gas surrounds the cathode and exits the
restricted nozzle orifice. 1In the most preferred
embodiment, the plasma gas is fed tangentially into an
annular nozz.e chamber creating a vortex flow around the
cathode. 1In certain applications, however, laminar plasma
gas flow 1s preferred, wherein a baffle may be inserted into
the nozzle gas chamber to produce laminar gas flow.

The wire metal feedstock, acting as the anode, is
continuously fed into the plasma jet stream. A plasma
transferred-arc is established between the free end or tip
cf the wire feedstock, melting the wire feedstock free end
and the plasma jet stream atomises and propels the molten
feedstock toward the surface to be coated. In the
preferred embodiments of the plasma transferred wire arc
thermal spray apparatus and method of this invention, the
wire feedstock and nozzle are maintained at the same
positive electrical potential with respect to the cathode,
thereby eliminating double arcing and metallic dust build-up
due to electrical potential differences between the wire and
nozzle. Further, in the preferred embodiments of the
apparatus and method of this invention, a separate pilot
power supply is utilised and, with proper timing of the
start sequence, 1t 1s possible to eliminate the occurrence
of "spit" formation on starting the spray cycle. The spray
cycle is initiated by a high voltage direct current power
source having a negative terminal operably connected to the
cathode to establish a negative cathode electrical potential
and a positive terminal operably connected to the nozzle to
establish a positive nozzle electrical potential, thereby
initlating an electric arc between the cathode and nozzle.

A pilot plasma direct current power supply having a negative
terminal connected to the cathode and a positive terminal

connected to the nozzle is then initiated to <1ncrease the
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energy state of the electric arc, thereby extending the
electric arc through the nozzle orifice and forming a
constricted plasma arc which attaches itself to the free end
of the wire feedstock. 1In the absence of the wire feedstock
being properly positioned opposite the restricted nozzle
orifice, the extended constricted plasma arc will then bend
back or "hairpin" back to the nozzle or orifice face. This
eliminates burn back along the wire and damage to the
surrounding components of the plasma transferred wire arc
torch. Finally, a separate direct current main power supply
1s lnlitiated having a negative terminal connected to the
cathode and a positive terminal operatively connected to the
wire feedstock to increase the energy state of the
constricted plasma arc and transfer the plasma arc to the
wire feedstock free end. In the most preferred embodiment
of the apparatus and method of this invention, the wire
feedstock and nozzle are electrically connected together to
maintalin the same positive electrical potential in the

nozzle and the wire feedstock, eliminating double arcing and

metallic dust build up.

Where the plasma transferred wire arc thermal
spray apparatus of this invention 1s utilised as a bore
coater, the plasma generating torch assembly including the
cathode and nozzle are rotatably mounted about a
longitudinal axis of the wire feedstock while maintaining
the same positive electrical potential of the nozzle and
wire feedstock, thus achieving the advantages of the
apparatus and method of this invention in a bore coating
apparatus. In the most preferred embodiment, the wire is
fed longitudinally through a tubular electrically conductive
wire guide and the wire guide is in continuous electrical
contact with the nozzle. The positive terminal of the main
power source 1s then connected to the conductive wire feed
guide to maintain the same positive electrical potential of
the wire feedstock and the nozzle. 1In a bore coating
apparatus, the torch assembly may be rotatably mounted on a

rotating member having a bore which receives “the wire guilde
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which 1s maintained 1in electrical contact with the anode
nozzle.

In a preferred embodiment of the apparatus and
method of this invention, particularly where a vortex gas
flow 1s utilised in the nozzle, a conical second gas shroud
surrounding the constricted plasma arc may be utilised to
accelerate and stabilise the plasma jet stream. In this
embodiment, the apparatus includes a second gas source and
the nozzle 1ncludes a generally annular conical gas port
surrounding the restricted nozzle orifice connected to the
second gas source. This annular conical port directs the
second gas preferably to a point downstream from the free
end of the wire feedstock, such that the annular conical
stream of the second gas surrounds the wire feedstock free
end. In the disclosed embodiment, the nozzle includes a
plurality of spaced converging gas ports surrounding the
restricted nozzle orifice generating the conical second gas
stream. The preferred apparatus further includes a gas port
opening around the wire guide connected to the second gas
source which directs gas around the wire gulide, cooling the
wire gulde and the wire feedstock.

In the prior plasma transferred wire arc thermal
spray apparatus disclosed 1n our above referenced U.S.
patents, 1t was necessary to feed the wire feedstock into
the plasma transferred arc at a transverse angle such that
no portion of the wire 1s closer to the plasma transferred-
arc than the leading edge of the wire feedstock in the
feeding direction. Thus, the longitudinal axis of the wire
feedstock was generally perpendicular to the constricted
plasma arc. The molten atomised feedstock wire particles
would then bounce directly back to the apparatus since the
angles of incidence and reflection were 90°. This problem
may also be zliminated with the apparatus and method of this
invention because the wire feedstock and nozzle have the
same electrical potential. Thus, in a preferred embodiment
of the apparatus and method of this invention, the

longitudinal axis of the wire feedstock defines an angle of

R o _—T--“m———
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less than 90° to the plasma transferred arc, such that the
angle of reflection of the atomised particles or bounce back
from the surface being coated is greater than 90°,
eliminating this problem.

The method of this invention utilising the
improved plasma transferred wire arc thermal spray apparatus
of this invention described above includes directing a
plasma gas under pressure into the nozzle which surrounds
the cathode and exits the restricted nozzle orifice. After
start- up, the method of this invention then includes
generating a constricted plasma arc between the cathode and
the wire feedstock free end while maintaining generally the
same positive electrical potential between the wire
feedstock and the nozzle. The constricted plasma arc then
melts the wire tip or free end of the wire feedstock and the
plasma exiting the restricted nozzle orifice atomises the
molten feedstock and propels the atomised molten feedstock
toward the surface to be coated, forming a dense metallic
coating as described above. The preferred start-up
procedure includes initiating an electrical pilot arc
between the cathode and the nozzle by creating an electrical
potential differential therebetween, wherein the cathode has
a negative electrical potential and the nozzle has a
positive electrical potential. The method then includes
extending the electric arc through the restricted nozzle
orifice by increasing the electrical energy of the electric
arc and forming a constricted extended plasma arc which
bends back to the nozzle or the orifice face, as described
above. Finally, the method includes transferring the
constricted extended plasma arc from the nozzle to the free
end of the wire feedstock using a separate main power source
by creating an electrical potential between the wire
feedstock free end and the cathode, wherein the wire
feedstock and nozzle have the same positive electrical
potential as described above. In the most preferred method
of this invention, as described above, the plasma gas is

directed under pressure tangentlally into an annular nozzle
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chamber surrounding the cathode to create a vortex flow
around the cathode and exiting the restricted nozzle
crifice.

The method of coating an interior concave surface,
such as an 1interior surface of a bore of this invention
includes directing a plasma gas from a source of plasma gas
into the nozzle which surrounds the nozzle and exits the
restricted nozzle orifice. The method then includes
generating a constricted plasma arc between the cathode and
the wire tip or free end of the wire feedstock, thereby
melting the wire feedstock free end and wherein the
constricted extended plasma arc atomises the molten
feedstock and propels the atomised molten feedstock forward
the 1nternal concave surface. Finally, this method includes
rotating the plasma generating torch assembly about the
longitudinal axis of the wire feedstock while maintaining
electrical connection between the wire feedstock and the
nozzle, thereby propelling the atomised molten feedstock
arcuately to coat the interior concave surface. Where this
method is utilised to coat the interior surface of a bore,
the apparatus 1s simultaneously reciprocated through the
bore as the plasma torch assembly is rotated about the
longitudinal axis ©f the wire feedstock providing continuous
uniform coating on the internal surface of the bore. Thus,
the transferred arc is sustained as the plasma generating
torch assembly 1s caused to rotate concentrically about the
wilire axis, thus causing continuous melting of the free end
of the wire feedstock, while the plasma jet is
simultaneously atomising and accelerating molten atomised
droplets formed on the wire tip and propelling them against
the interior wall of the bore structure. Simultaneously,
the entire assembly reciprocates through the bore. The
plasma transferred wire arc bore coating apparatus of this
invention may also be utilised to simultaneously coat a
plurality of bores, such as the bores of an engine block, by

mounting a plurality of parallel rotatably mounted plasma
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transferred wire arc apparatuses of this invention mounted
On a reciprocating support.

The i1invention will now be described further, by

way of example, with reference to the accompanying drawings,
5 1in which:

Figure 1 1s a schematic representation of a prior
art plasma transferred wire arc configuration;

Figure 2a 1s a representation of a prior art
example of a plasma torch producing an extended plasma arc

10 with laminar flow of the plasma forming gas;

Figure 2b 1s a representation of a prior art
example of a plasma torch producing an extended plasma arc
with a vortex plasma gas flow;

Figure 3 1s a schematic representation of a

15 preferred embodiment of the present invention showing the
configuration of an improved plasma transferred wire arc
thermal spray system;

Figure 4 is a side cross-sectional schematic
illustration of an alternative embodiment of the plasma

20 torch assembly;

Figure 5 1s a side cross-sectional view of a
preferred embodiment of the plasma transferred wire arc
thermal spray apparatus of this invention;

Figure 6 1s a side cross—-sectional view of a

25 preferred embodiment of a plasma transferred wire arc bore
coating thermal spray apparatus of this invention; and

Figure 7 1s an end view of the apparatus shown in

Figure 6.

30 Reference 1s now made to Figures Z2a and 2b which
are representations of a plasma torch producing an extended
plasma arc 35 from a vortex plasma gas flow 36 (figure 2a)
and a laminar plasma gas flow 44 (figure 2b). Fig. 2a
illustrates the condition where a strong plasma vortex is

35 <formed and caused to flow through a constricting nozzle 31
with a short constricting orifice 34. The plasma arc 35
will extend from the.tfp or free end of the cathode 32
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through the low pressure zone formed in the centre of the
plasma gas vortex to some distance, which represents the
maximum arc extension at which point 40 the arc will bend or
"halrpin” back to the face of the nozzle 31 through the
plasma sheath 41 which surrounds the plasma arc. The total
length of the "hairpin" arc 35 from the tip of the cathode
32 to the maximum arc extension point 40 back to the face of
the nozzle 31 establishes the plasma arc voltage. The
length of the extended plasma arc 35 is affected by the
magnitude of the plasma arc current which flows from the
positive terminal of the constant current power supply 37
through lead 38 to the constricting plasma nozzle 31 and
returns to the power supply 37 from the cathode 32 through
lead 39 to the negative terminal of the power supply 37.
The cathode 32 is electrically isolated from the
constricting nozzle 31 by means of insulating member 33
which closes off the back of the constricting nozzle 31
forming an annular nozzle chamber 43 surrounding the cathode
32. Plasma gas 1s introduced, into the chamber 43 thus
formed, tangentially under pressure to cause a vortex gas
flow 36 to be formed. The plasma gas exits from the chamber
42 through the conical section 43 leading to the
constricting orifice 34. The principle of conservation of
angular momentum creates an intense vortex flow with a
reduction of the outer diameter of the gas flow. A small
diametexr core of the vortex thus formed exhibits a low
pressure zone relative to the gas pressure near the wall of
the orifice 34. An extended arc plasma column 35 results
with the arc column positioned to pass through the low
pressure zone and well beyond the exit of the constricting
orifice 34 to a maximum plasma arc extension point 40 and
then return to the face of the constricting nozzle 31
through the low pressure area surrounding the vortex flow.
Fi1g. 2b represents the condition where the plasma
gas 1s caused to flow in a laminar manner through the
constricting nozzle 31 which contains a short constricting

orifice 34. The laminar flow is generated by means of
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causing the plasma gas G to pass from chamber 42a within the
constricting nozzle to chamber 42b through a baffle plate 45
containing a large number of holes, each of which have a
bore length greater that the diameter of the hole. This
laminar gas flow proceeds through a uniform transition from
the chamber 42b, through the constricting orifice 34. By
means of establishing a high gas pressure in chamber 42b,
which typically would be in excess of 100 psig (pounds per
square inch gauge), the plasma arc will extend itself well
peyond the exit of the constricting orifice 34 to a point 40
which represents the maximum arc extension length. From
this maximum plasma arc extension point 40 the arc
"hailrpins" back to the face of the constricting nozzle
through the low pressure area surrounding the higher
pressure extended plasma which surrounds the extended plasma
arc. The extension of the plasma arc for the case of the
laminar plasma gas flow occurs in a similar manner to the
way the arc extension occurs in the case of the vortex
plasma gas flow with the exception that there is no low
pressure zone formed in the centre of the laminar plasma
flow and therefore the arc does not extend as far in this
case as compared to the vortex condition, all other
conditions of plasma gas flow, pressure, and plasma current
being the same.

Referring to Figure 3, a preferred embodiment of
the present invention is shown. in schematic form. A
plasma-transferred-arc torch 50’ is shown consisting of a
constricting nozzle 50 which is in the form of a cylindrical
body which may be made of a conductive material such as
copper, with a constricting orifice 55 located at one end of
the cylindrical body and the other end is closed off with an
insulating plate 52. A cathode electrode 51, which may be
constructed from 2% thoriated tungsten, is located coaxial
with the constricting nozzle 50 and electrically insulated
from the constricting nozzle 50 by the insulating plate 52,
forming an annular plasma gas chamber internally between the

cathode electrode 51 and the inner walls of the constricting
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nozzle 50. 1In addition, a separate chamber 53 is formed
within the outer section of the constricting nozzle 50 which
1s connected to a plurality of inwardly angularly spaced
bores 54 formed within the constricting nozzle 50. A wire
contact tip and wire guide 57 is electrically in contact
with the constricting nozzle 50, through which a wire 56 is
constantly fed by means of wire feed rolls 58a and 58b.

Wire feed rolls are driven by means of a conventional motor,
not shown. The electrical circuitry that is associated with
the operation of the plasma-transferred-arc torch 50’
consists of a pilot power supply assembly 61, the negative
terminal of which is connected through electrical leads 66
and 69 to the cathode electrode 51. The pilot power supply
assembly consists of a direct current (D.C.) constant
current pilot power supply 6la and a high voltage D.C. power
supply 6lb which is in an electrically parallel connection
across the pllot power supply. A suitable pilot power
supply assembly is Model "PowerPro 55" available from Smith
Equipment Division of TESCOM Corp. A high voltage D.C.
blocking filter 6lc is located in the negative leg of the
high voltage power supply 6lb which prevents any high
voltage from feeding back into the pilot power supply 6la.
The positive terminal of the pilot power supply assembly 61
1s connected through lead 65 to a pilot relay contact 62
which 1s connected through lead 64 to the wire contact tip
or feedstock free end and wire.guide 57 which is in
electrical contact with the constricting nozzle 50. A
separate main plasma transferred wire arc power supply 59 is
also employed, the positive terminal being connected by
means of lead 63 to the lead 64 which in turn is connected
to the wire contact tip 57 and by means of electrical
contact connected to the constricting nozzle as well as the
wire 56. The negative terminal of power supply 59 is
connected through lead 67 to the contacts of an isolation
contactor 60 though lead 68 and lead 69 to the cathode
electrode 51. A suitable main power supply is Model PCM-100
avallable from ESAB WelIding and Cutting Products.
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In operation, plasma gas enters through port Gl
into the internal chamber of the constricting nozzle,
tangential to the wall of the annular inner chamber of
constricting nozzle 50 in a manner to form a vortex flow 70
being forced out of the constricting orifice 55. A suitable
plasma gas 1s a gas mixture consisting of 65% argon and 35%
hydrogen. Other gases have also been used, such as
nitrogen. In order to start the operation of the plasma
transferred wire arc process, it is necessary to initiate a
pilot plasma. To initiate a pilot plasma, the pilot plasma
power supply 6la 1s activated and the positive terminal is
connected through the pilot relay contactor 62 to the
constricting nozzle 50 and the negative terminal is
connected to the cathode electrode 51. Simultaneously, the
high voltage power supply 61lb is pulsed "on" for sufficient
time to strike a high voltage arc between the cathode
electrode 51 and the constricting nozzle 50. The high
voltage arc thus formed provides a conductive path for the
D.C. current from the pilot plasma power supply to flow from
the cathode electrode 51 to the constricting nozzle 50. As
a result of this added electrical energy, the plasma gas is
intensely heated which causes the gas, which is in a vortex
flow regime, to exit the constricting orifice at very high
velocity, generally forming a supersonic plasma jet
extending from the constricting orifice. The plasma arc thus
formed is an extended plasma arc which initially extends
Irom the cathode through the core of the vortex flowing
plasma jet to the maximum extension point and then
"hairpins" back to the face of the constricting nozzle. The
high velocity plasma jet, extending beyond the maximum arc
extension point provides an electrically conductive path
petween the cathode electrode 51 and the tip of the wire 56.
As soon as the pilot plasma is established, the isolation
contactor 60 1s closed, adding additional power to the pilot
plasma. With the wire 56 positioned at a distance from the
cathode electrode 51 such that the distance is equal to, or
slightly less than, two times (2x) the length from the
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cathode electrode 51 to the maximum arc extension point, as
defined by Figures 2a and 2b, the extended plasma arc will
transfer from the face of the constricting nozzle 50 to the
tip of the wire 56 thus causing the wire tip 56 to melt as
1t 1s being continuously fed into the plasma jet. A
secondary gas entering through port G2, such as air, is
introduced under high pressure into chamber 53. Chamber 53
acts as a plenum to distribute this secondary gas to the
series 0f angularly spaced nozzle ports 54. The flow of
this secondary gas provides a means of cooling the
constricting nozzle 50 as well as providing an essentially
conically shaped flow of gas surrounding the extended plasma
arc. This ccnically shaped flow of high velocity gas
intersects with the extended plasma jet downstream of the
tip of the wire 56, thus providing addition means of
atomising and accelerating the molten particles formed by
the melting of the wire 56.

Another embodiment of the present invention shown
schematically in Figure 4 illustrates an arrangement in
which the main portion of the torch body is arranged so that
the axis of the plasma stream 301 emanating from the
constricting orifice 303 is at an included angle 306 of less

than 90° to the longitudinal axis of the wire 302. As a

result of this configuration, the hot metal particle stream
304 being propelled to the substrate 305 impinges at an
acute angle to the substrate 305 thereby establishing an
angle of incidence 307 of less than 90°. Since the angle of
incidence 306 is equal to the angle of reflection 307, those
hot metal particle which bounce back from the substrate will
not collect on the face of the torch so long as the angle of
lncidence is somewhat less than 90°. The actual angle would
be dependent upon the specific dimensions of the face of the
torch as well as the actual spray distance from the face of
the pilot nozzle to the substrate surface; however, an angle
of 75° to 85° will eliminate the problem. The ability to
operate the plasma transferred wire arc torch 300 so that at

an angle 306 between'the wilire axis and the axis of the
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plasma stream 301 of less than 90° is only possible since the
wire and the nozzle arc are at the same electrical
potential, otherwise double arcing would occur.

Reference is now made to Fig. 5 in which a
detaliled view of a commercial embodiment of a plasma
Lransrerred wire arc torch assembly 100 is shown. The
plasma transferred wire arc torch assembly 100 consists of a
torch body 101 containing a plasma gas port 102 and a
secondary gas port 108. The torch body 101 may be formed of
an electrically conductive metal such as brass. The plasma
gas 1s connected by means of port 102 to a cathode holder
103 through which the plasma gas flows into the inside of
the cathode assembly 104 and exliting through tangential
ports 105 located in the cathode holder 103. The plasma gas
forms a vortex flow between the outside of the cathode
assembly 104 and the internal surface of the plilot plasma
nozzle 106 and then exiting through the constricting orifice
107. The benefit of the plasma gas flowing inside the

cathode assembly 104 before exiting to form a vortex flow 1s

that it provides substantial cooling of the heat being
dissipated by the cathode function. The cathode assembly
104 may consist of a copper nhousing containing a insert 104s
of a high temperature material possessing a high work

function such as 2% thoriated tungsten. The cathode

torch assembly 100 through gas inlet port 108 and through
port 108 which directs the secondary gas to a gas manifold
109 which is a cavity formed between baffle plate 110 and
Lorch body 101. The material of the baffle plate 110 must
possess high temperature, electrically insulating

properties. This material may be, for example, a polyamide

or polyimide. The secondary gas flow is uniformly
distributed through the multiple ports 111 to a second
manifold cavity, not shown, formed between the pllot nozzle
106 and the baffle plate 110 and then through”the angularly
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spaced bores 112 concentrically surrounding the outside of
the constricting orifice 107. The flow of this secondary
gas through the angularly spaced bores 112 within the pilot
nozzle 106 provides the function of cooling the pilot nozzle
106 from the heat normally generated by its function as well
as providing other useful purposes which will be described
later. A wire feedstock 113 is fed uniformly and constantly
through a wire contact tip 114, the purpose of which is to
make firm electrical contact to the wire feedstock 113 as it
slides through the wire contact tip 114 and is composed in
this embodiment of two pieces (ll4a and 114b) which are held
in spring or pressure load contact with the wire feedstock
113 by means of rubber rings 116 or other suitable means.
The wire contact tip 1s made of a high electrical conducting
material such as copper. As the wire exits the wire
contact tip 114 it enters a wire guide tip 115, generally
made of a high hardness material such as hardened tool
steel. The purpose of the wire guide tip i1s to guide the
wire feedstock 113 1into precise alignment with axial
centreline of the critical orifice 107. The wire guide tip
115 is supported in a wire guide tip block 117 which may be
formed of brass. The wire guide tip block 117 as well as the
wire contact tip are contained within a insulating block 118
which provides electrical insulation between the main body
101 which i1is held at a negative electrical potential and the
wire guide tip block 117 and the wire contact tip 114 which
are held at a positive potential. A small port 119 in
insulator block 118 allows a small amount of secondary gas
to be diverted to flow through wire guide tip block 117 in
order to provide heat removal from the block 117. The wire
guide tip block 117 is maintained in pressure contact with
the pilot nozzle 106 providing an electrical connection
between the pilot nozzle 106 and the wire guide tip block
117. Electrical connection is made to the main body 101 and
thereby to the cathode assembly 104 through the cathode
holder 103 from the negative terminal of pilot power supply

61l (Fig.3) as well as from the negative termifal of the main
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power supply 359 (Fig.3) through the isolation contactor 60
(F1g.3) by means of electrical lead 61 (Fig.3). The
positive electrical connection is made to the wire contact
tip 114 of plasma transferred wire arc torch 100 from the

5 pilot power supply 61 (Fig.3) through the pilot-arc relay
contactor o2 (Fig.3) and through lead 64 (Fig.3). Positive
electrical connection is also made to the wire contact tip
114 from the main power supply 59 (Fig.3) through lead 63
(Fig.3) which connects to lead 64 (Fig.3).

10 Wire 113 1s fed towards the central axis of the
plasma transferred wire arc torch assembly 100. The central
axis of the wire is spaced approximately 4.5 mm from the
face of the pilot nozzle 106. The cathode assembly 104 is
electrically energised with a negative charge and the wire

15 113 as well as the pilot nozzle 106 is electrically charged
with a positive charge.

To initiate the operation of the system, after
operating an ON control switch (not shown), plasma gas is
caused to flow through port 102 to the plasma transferred

20 wire arc torch. After an initial period of time of
approximately 2 seconds, the pilot power supply 6la (Fig. 3)
and high voltage D.C. power supply 61lb (Fig. 3) as well as
the pilot-arc relay contactor 62 are energised
simultaneously causing a pilot plasma to be momentarily

25 activated. Alternatively a high frequency power supply may
be functionally substituted for the high voltage power
supply 6lb (Fig. 3). At the same time these events are
occurring, the main power supply 59 (Fig. 3) is energised
and at the moment the pilot plasma is established, the high

30 voltage D.C. power supply 6lb (Fig. 3) is de-energised and
the isolation contactor 60 (Fig. 3) is closed. As this
occurs, additional energy is added to the pilot plasma and
along with the intense vortex flow of the plasma gas, an
extended pilot plasma arc is established. This extended

35 plasma-arc provides the electrical path for the plasma arc
to transfer from the nozzle to the tip to the wire 113.

Simultaneous with the closing of the isolatioh contactor 60




10

15

20

25

30

35

CA 02280019 1999-08-10

WO 98/35760 PCT/1B97/01604

~ 23 -

(Fig. 3), the wire 1s fed by means of wire feed rolls 58a
(Fig. 3) and 58b (Fig. 3) into the thus formed extended
transferred plasma arc thus sustaining the transferred arc
even as the tip of the wire 113 is melted off. As wire 113
is continuously fed, the tip of the wire 113 is melted by
the intense heat of the transferred arc 120 and its
associated plasma 121 which surrounds the transferred arc
120. Molten metal droplets are formed on the tip end of the
wire 113 which are accelerated and initially atomised into
fine molten particles by the viscous shear force established
between the high velocity, supersonic plasma jet and the
initial low velocity of the molten droplets. The molten
droplets are further atomised and accelerated by the much
larger mass flow of secondary gas which converges at a
converging zcone 122 beyond the flow of the plasma stream 121
now containing the finely divided, accelerated particles of
molten material which are propelled to the substrate surface
123 where a deposit 124 is formed.

During operation of the system, in the event of a
hesitation or halting of the wire feed, melt-back of the tip
of the wire 113 will occur. This hesitation or halting in
wire feed can randomly occur due to certain wire feed
inconsistencies caused by wire slippage on the feed rolls or
kinks in the wire 113. When melt-back of the wire 113
occurs, the tip of the wire 113 moves back out of the plasma
plume 121. By provliding a plasma transferred wire arc torch
apparatus in which the wire 113 and the pilot plasma nozzle
106 are electrically connected together to establish the
same positive electrical potential, the extended plasma arc
will "hairpir" return to the pilot nozzle rather than
continuing to cause further melt back of the tip of the wire
113. In this instance, destruction of the wire guide tip as
well as other torch components 1n that surrounding area
which would otherwise occur, is prevented. This 1s a
benefit over the prior art which required critical geometric
relationships to be established between the wire and

surrounding components of the plasma transfertred wire arc
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torch which were maintained at an electrical potential
difference between the wire and wire guide.

Furthermore, this improved method and apparatus
consists of an arrangement in which the pilot nozzle 106 of
plasma transferred wire arc torch 100 and the wire 113 and
all components (wire guide tip 115, wire guide tip block
117, and wire contact tip 114) associated with the wire 113
are electrically connected together, are not operating at
any electrical potential difference between them. As a
result, of the essentially zero electrical potential
difference between the wire 113 and the pilot nozzle 1060,
there is no electric charge attraction which could cause
metalllic or conductive dust to be attracted to the face of
the pilot nozzle. 1In the operation of the prior art, a
potential difference was established between the wire and
the pilot nozzle thereby causing metallic dust to be
attracted to the pilot nozzle face. When this dust built up
with the prior art devices, it would cause electrically
conductive paths between the pilot nozzle and surrounding
components associated with the wire causing arc-tracking to
occur between these components and resulting in severe
damage and/or destruction of these component parts. This
condition is eliminated by employing the improved method and
apparatus described herein.

Furthermore, the improved method and apparatus in
which the pilot plasma nozzle 106 and the wire 113 are
electrically connected together, the plasma transferred wire
arc torch 100 is of simpler construction since separate
electrical connections are not required for the pilot nozzle
106 and the wire 113. The prior art apparatus requilired an
electrical connection to the pilot nozzle and a separate
electrical connection to the wire. This arrangement in the
prior art required a much more complex physical
configuration of the plasma transferred wire arc torch since
the pilot nozzle electrical connection carried not only a
D.C. potential difference but also the high frequency

potential which had to be insulated from D.C. electrical
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potential of the wire. Since the improved method and
apparatus of this 1nvention only requires one electrical
connection to the wire 113 and the pilot nozzle 106 which
are electrically common to each other, only one lead is
required to carry both the D.C. power as well a the high
voltage starting pulse thereby simplifying the construction
of the plasme transferred wire arc torch 100.

Reference i1is now made to Figures 6 and 7 in which
a cross—section and end view of a plasma transferred wire
arc torch assembly 100 to be employed in a manner sultable
for depositing a uniform coating 130 on a concave surface
such as the bore 131 shown. This embodiment includes a
plasma transferred wire arc torch assembly 100 similar to
the plasma transferred wire arc torch assembly 100 described
in Fig. 5, the difference being that the plasma transferred
wire arc torch assembly 100 i1s mounted on a rotating member
133 to allow rotation about the longitudinal axis of the
wire feedstock 132 concentrically with respect to bore 131
by means of a motor drive, not shown.

A rotating member 133 is mounted on a stationary
end plate 134. Rotating member 133 1s fitted with an
insulating wire feed conduit 135 extending through 1its
rotation axis. Plasma transferred wire arc torch assembly
100 is mounted at an end f rotating member 133 opposite that
of stationary end plate 134 so that the plasma jet 137
extends towards the axis of the wire feedstock 132. Wire
132 1s fed on the central axis of the bore through wire feed
conduit 135 which 1s kept electrically isolated from the
rotating member 133 by means of the rigid electrically
insulating wire feed conduit 135. The gas and electrical
connections to the plasma transferred wire arc torch
assembly 100 are brought through the stationary end plate
134 to and through the rotating member 133 to the plasma
transferred wire arc torch assembly 100. Plasma gas 1is
received through port 102 in stationary end plate 134 where
it is then received in an annular chamber 102a in the

rotating member 133 and transferred through the coaxially
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aligned port 102b in the body 100. Similarly, the secondary
gas 1s received through port 108 in the stationary member
134 into annular chamber 108a which communicates with the
nozzle through the coaxially aligned port 108b. Stationary
end plate 134 1s maintained in pressure contact with the end
of rotating member 133 by pressure means, not shown, such as
compression springs.

An extended transferred-plasma arc 1s established,
as previously described, melting off the tip of the wire 132
as 1t 1s continuously fed into plasma jet 137. As it is
melted off from the tip of the wire 132, the molten droplets
are atomised and propelled by the plasma stream towards the
inner wall of the bore 131. As the rotating member 133 and
the plasma transferred wire arc torch assembly 100 are
rotated 1n the direction of arrow B (Fig. 7)), a coating 130
1s deposited uniformly on the wall of the bore 131. While
the deposit 130 1s being formed by the rotational movement,
the assembly consisting of the wire feed conduit 135, wire
132, stationary end plate 134, rotating member 133 and
plasma transferred wire arc torch assembly 100 is
reciprocated axially in the direction of arrow A, up and
back within the bore 131 thereby causing the deposit 130 to
form all along the circumference of the bore 131 as well as
the length of the bore 131. By these combined motions and
actions, bore 131 is completely covered with a uniform
deposit 130. As will be understood, the angularly mounted
bore coating plasma transferred wire arc thermal spray |
apparatus 300 shown in Figure 4 may be similarly rotatably
mounted to avoid bounce back of atomised molten particlés to
the nozzle from the internal surface of the bore 131.

As will be understood by those skilled in thermal
spraying, the preferred wire feedstock or rod used in the
apparatus and method of this invention will depend upon the
application of the resultant coating. The wire may have a
solid core of the same or different composition, such as a
coextruded wire or rod having an outer sheath of one

material and an inner core of a different matzrial or a
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powder core surrounded by a tubular sheath. For example,
iron based or alloyed materials are preferred for many
applications, such as coating of bores subject to friction,
including mild steels, carbon steels and stainless steels.
Other applilications may require aluminium, nickel, copper or
bronze based or alloyed coatings, wherein the wire feedstock
wlill comprise or include the preferred coating material.
Speclal coatings and near net shapes may also be formed
using powdered core wires, such as a compacted carbon powder
core surrounded by an iron tubular sheath. The terms wire,
wlire feedstock and rod are synonymous terms. Finally, the
plasma transferred wire arc thermal spray apparatus and
method of this i1nvention may also include a second
feedstock, preferably introduced downstream of the disclosed
wire feedstock as disclosed, for example, in our above-
referenced U.S. Patent Nos. 5,296,667 and 5,442,153, wherein
a powdered feedstock is introduced into the plasma jet
stream through a powder injection tube.

In the prior art, a plasma transferred wire arc
torch was employed which inherently possessed certain
deficiencies which caused significant downtime in the
production usage of the device due to damage incurred to the
apparatus. In addition, occasional "spitting" of the gun
would cause defects in the deposit thereby causing parts
coated by the prior art to be rejected and requiring such
rejected parts to be discarded. The improved method and
apparatus for applying a deposit to an internal surface of a
bore which employs the improved plasma transferred wire arc
torch assembly greatly reduces the occurrence of the events
which otherwise reduces production rates and causes
defective deposits requiring the discarding of product,
thereby making the improved method and apparatus
economically viable for use 1n high production applications
such as the coating of the cylinder bores of automobile

engine blocks.
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CLAIMS

1. A plasma transferred wire arc thermal spray
apparatus for applying a coating to a surface, the apparatus
comprlising a cathode (51) having a first negative electrical
potential, a nozzle (50) generally surrounding a free end of
sald cathode (%1) 1n spaced relation thereto and having a
restricted orifice (55) opposite said cathode free end, said
nozzle (50) having a second positive electrical potential, a
source of plasma gas directing a plasma gas 1nto said nozzle

(50) to surround said cathode (51) and exit from said

restricted nozzle orifice (55), and a wire feed (58a, 58Db) E"":°
continuously directing a free end of wire feedstock (56) -:“%
opposite sald restricted nozzle orifice (55), said wire .“%:'
feedstock (56) having the same second positive electrical  ‘sfest

potential as said nozzle (50), said apparatus thereby
establishing a plasma transferred-arc between said wire
feedstock free end and said cathode (51) to melt said wire
feedstock free end and said plasma gas exlting said
restricted nozzle orifice (55) atomising the melted
feedstock and propelling the atomised melted wire feedstock

toward said surface to form the coating on said surface.

2 . A plasma transferred wlire arc thermal spray
apparatus as claimed in Claim 1, wherein said cathode and
said nozzle are rotatably mounted as an assembly about a
longitudinal axis of said wire feedstock while maintaining
sald same second positive electrical potential of said
nozzle and said wire feedstock, said cathode and nozzle
assembly being rotatable about said wire feedstock to direct

sald plasma transferred-arc rotatably through said

longitudinal axis of said wire feedstock to coat an interior
arcuate surface opposite said restricted orifice of said

nozzle.

3. A plasma transferred wire arc thermal spray

apparatus as claimed Claim 1, wherein said nozzle 1includes
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an enclosed annular chamber surrounding said cathode in
spaced relation thereto and having an inlet port spaced from
sald restricted nozzle orifice defined at an angle relative
to the axis of said annular chamber, said plasma gas beilng
directed into sald enclosed annular nozzle chamber under
pressure to create a vortex plasma gas flow around said

cathode to stabilise the plasma arc.

q . A plasma transferred wire arc thermal spray
apparatus as claimed in Claim 2, wherein the angle between

sald longitudinal axis of said wire feedstock and said

plasma transferred-arc is less than 90°. i
J. A plasma transferred wire arc thermal spray 'ﬁﬁz'
apparatus as claimed in Claim 2, wherelin said wire feed :.Lu:

includes a generally tubular electrically conductive wire
guide through which said wire feedstock 1s fed to said
nozzle restricted orifice in contact with said wire gulde,
said wire guide being in continuous electrical contact with
said nozzle as said cathode and nozzle assembly 1s rotated

about said longitudinal axis of said wire feedstock.

0. A plasma transferred wire arc thermal spray
apparatus as claimed in Claim 1, wherein sald apparatus
includes a high voltage direct current power source having a
negative terminal operably connected to said cathode to
establish a negative electrical potential of said cathode
and a positive terminal operatively connected to said nozzle
to establish a positive electrical potential of said nozzle,
thereby initiating an electric arc between said cathode and
said nozzle, a pilot plasma direct current power supply
having a negative terminal connected to said cathode and a
positive terminal connected to said nozzle to 1increase the
energy state of said electric arc, thereby extending saild
electric arc through said restricted nozzle orifice and
forming a constricted plasma arc, and a separate main direct

current power supply having a negative terminal connected to

AMENDED SHEET
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sald cathode and a positive terminal operatively connected

to said wire feedstock to increase the energy state of said

constricted plasma arc, sald wire feedstock and said nozzle
electrically connected tc maintain the same second positive
electrical potential in said nozzle and said wire feedstock,
thereby extending said constricted plasma arc to said wire
feedstock and establishing said plasma transferred-arc

between said wire feedstock and said cathode.

7. A method of coating a surface with a dense
metallic coatirg using a plasma transferred wire arc thermal
spray apparatus, said apparatus 1ncluding a cathode, a
nozzle generally surrounding a free end of said cathode in
spaced relation thereto and having a restricted orifice
opposite said cathode free end and a wire feed directing a
free end of a wire feedstock opposite said restricted nozzle
orifice, said method comprising:

directing a plasma gas 1nto said nozzle
surrounding said cathode and exiting through sald restricted
nozzle orifice;

initiating an electrical pilot arc between said
cathode and said nozzle by creating an electrical potential
differential therebetween, whereilin said cathode has a
negative electrical potential and said nozzle has a positive
electrical potential;

extending said electric arc through said
restricted nozzle orifice by increasing electrical energy to
said electric arc and forming a constricted extended plasma
arc; and

transferring said constricted extended plasma arc
from said nozzle to said free end of said wire feedstock by
creating an electrical potential differential between said
wire feedstock free end and said cathode, wherein said wilire
feedstock and said nozzle have the.same positive electrical
potential and said cathode has a negative electrical
potential, thereby melting said wire feedstock free end,

said plasma gas atomising the molten feedstock and
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propelling the atomised molten feedstock onto said surface

to form said dense metallic coating on said surface.

8 . A method of coating a surface with a dense
metallic coating as claimed in Claim 7, wherein said method
includes rotating said nozzle and said cathode as an
assembly about a lcngitudinal axis of said wire feedstock
while maintaining an electrical connection and the same

electrical potential between said nozzle and said wire
feedstock, thereby directing said atomised molten feedstock

rotationally and cocating an internal arcuate surface with

sald dense metallic coating.

9. A method of coating a surface with a dense
metallic coating as claimed in Claim 7, wherein said method
includes directing the plasma gas under pressure

tangentially into said nozzle to create a vortex flow around

salid cathode.

10. A method of coating a surface with a dense
metallic coating as claimed in Claim 7, wherein said method
includes directing a second gas stream towards said wire

feedstock free end in the form of an annular conical gas
stream surrounding said wire feedstock free end and having a

point of intersection spaced downstream of said wire

feedstock free end.
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