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(57) Abstract

A method and apparatus for
detecting non-axisymmetric wear (i.e.
grooving 22) of the orifice (12) of the
nozzle (13) of a plasma arc torch (1)
involves placement of a probe adjacent
a plasma jet (21) that emerges from
the nozzle (13) such that a number
of electrically isolated elements (23)
of the probe surround the jet (21) and
measuring a voltage drop across an
electrode (11) of the torch (1) and each
probe element (23) to detect whether
there is any deflection of the plasma
jet (21). The presence of a groove
(22) causes the jet (21) to deflect and
is indicated by an increased voltage at
the probe elements (23) towards which
the jet is deflected and a decreased
voltage at the opposite elements. The
probe may be formed by segmenting a
shield (17) of the torch. Alternatively,
the voltage across an electrode (11)
of a plasma torch (1) and an external
electrode (30) that provides a sloping
surface (31) to which the plasma arc
jet attaches may be monitored while
relatively rotating the torch (1) and
the external electrode (30) to detect
changes in length of the arc, any such
change indicating that the nozzle of the
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torch is grooved. The degree of wear of a nozzle (i.e. size of a groove) is determinable by comparing the size of a measured voltage
variation with a reference voltage representative of an ungrooved nozzle.
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DETECTING NON-SYMMETRICAL NOZZLE WEAR
IN A PLASMA ARC TORCH

Technical Field

This invention relates to a method and apparatus for monitoring the
condition of a plasma arc torch and is directed in particular towards
determining whether a nozzle of the torch has undergone any "non-
axisymmetric" wear. Plasma arc torches to which the invention is applicable -
may be used for example for cutting metallic sheets or plates in metal
fabrication, or in material spraying or waste destruction systems. The invention
will be described hereinafter in relation to a plasma arc cutting torch, but it is to
be understood that the application of the invention is not limited to such a
cutting torch.
Background

Plasma arc cutting processes make use of the heat and momentum of a
high velocity plasma jet to sever materials by the dual actions of melting as well
as vaporisation and material displacement along the jet path. The melting and
vaporisation of the material relies on the heat from the plasma jet and from an
electric arc established between an electrode of the plasma torch and the
workpiece (that is, a transferred arc system) or between two electrodes in the
torch (that is, a non-transferred arc system).

A typical plasma cutting system comprises a plasma cutting torch,
power supply, arc igniter and consumables such as plasma and shield gases
as well as torch coolant. The plasma torch can be hand held or can be
mounted on a contouring machine such as a planar profiling machine, a 3-axis
gantry or an articulated robotic manipulator. The plasma cutting torch includes
an electrode (typically the cathode) centered above an orifice in a constricting
nozzle. A suitable plasma forming gas flows under pressure around the
electrode and through the nozzle orifice towards the workpiece. The arc is
constricted by the nozzle and can be further constricted by shielding gas or
water. An arc igniter is used to establish a pilot arc between the electrode and

the nozzle and subsequently, under the influence of a strong gas flow, this arc
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transfers to the workpiece (in a transferred arc torch) and the pilot arc is
extinguished. '

The quality of the cut made with a plasma arc torch (which is determined
by factors such as the dimensional accuracy of the cut parts, cut angle (degree
of squareness of the cut face), sharpness of the bottom and top edges of the
part, roughness of the cut face, amount of dross on the bottom of the plate
(workpiece), amount of splatter on the top of the plate, etc.), is extremely
sensitive to the condition of the torch and in particular to the condition of its
electrode and nozzle, which are consumable parts. Presently, an operator
usually visually supervises the cutting operation and stops cutting if the quality
of the cut deteriorates. Such visual inspection of the cutting process is very
cumbersome due to extreme brightness of the plasma arc, presence of metallic
fumes, cut parts remaining in the workpiece plate until the cutting is completed
for a given plate and often under-water or water-muffier cutting. Alternatively,
the torch may be inspected by the operator in an off-ine mode, either
periodically or after deterioration of the cut quality has been observed. In order
to increase the degree of autonomy of a plasma cutting system, increase its
reliablity and consistency of the cut quality as well as reduce material waste, a
method and an apparatus which are suitable for automatically testing and
monitoring the condition of the torch are needed.

Condition monitoring is concerned with determining the type and degree
of wear of consumable parts of a plasma arc torch, in particular the type and
degree of erosion of the nozzle around the orifice and of the degree of erosion
of an electron emitting element embedded in the electrode. For the nozzle, the
following types of erosion can be distinguished:

()] grooves on the outside of the nozzle around the orifice (this is

an "non-axisymmetric" type of wear, as will be evident from the
description given below with reference to Figure 3),
(i) approximately axisymmetric chamfer on the outside and/or

inside of the nozzle around the orifice, and
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(iii) enlargement of the orifice diameter (also an approximately
~ axisymmetric type of weér). 4

A combination of the above types of erosion often occurs. For example,
wear of type (ii) and (jii) occurs after prolonged torch operation. On the other
hand erosion of type (i) may result from double arcing (a phenomenon in which
the arc is established between the electrode and the nozzle and the nozzle and
the workpiece) or from prolonged pilot arc attachment at the nozzle. Double
arcing can cause grooving of the outside nozzle surface around the orifice
within a fraction of a second. Since the occurrence of the above phenomena
depends on external conditions, the life-time of the nozzle may vary
significantly and is unpredictable.

Nozzle erosion disturbs plasma gas flow and affects the cutting process.
For example, erosion of type (i) causes deflection of the plasma jet in the
groove direction leading to dimensional inaccuracy of the cut part and variation
of the cut angle and of the amount of dross at the bottom of the workpiece
plate along the part.

For a good nozzle and under correct process conditions most of the
molten material is removed in a direction normal to the workpiece and
practically no dross is formed. However, erosion of type (ii) or (iii) causes the
pressure in the nozzle chamber to decrease and affects the mechanism of
material removal resulting in dross formation at the bottom of the plate. That
is, not all of the material is blown away and some of the molten material
solidifies underneath the workpiece forming hard to remove dross. In extreme
situations loss of cut can occur due to the lack of full material penetration by
the plasma jet.

Erosion of the torch electrode can also occur. This involves gradual
removal of the electron emitting material from an electron emitting insert in the
electrode. This type of wear increases the arc length and therefore arc
voltage, which alters the amount of power delivered to the workpiece and
affects cut quality. Also, if automatic torch height control is used which utilises

arc voltage as the controlled variable, the height control regulator will
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counteract the voltage increase by decreasing the torch standoff and may
eventually drive the torch into the workpiece. |

Plasma arc torch condition monitoring can be used to increase the
degree of autonomy of plasma cutting systems in mechanised operations.
Thus it can be utilised to signal faulty cutting conditions to an operator, stop the
cutting operation and initiate automatic torch or conéumables change. Such
condition monitoring can increase productivity and efficiency and decrease the
overall cost of mechanised plasma cutting operations.
Disclosure of the Invention

Itis an object of the present invention to provide methods and apparatus
for detecting non-axisymmetric wear (that is, erosion of type (i) described
above) of a nozzle which are suitable for including in on-line or off-line
monitoring arrangements for the torch. (Detection of erosion of type (ii) and
(iii), that is, axisymmetric wear, is the subject of the applicant's co-pending

application, filed concurrently with the present application, entitled Plasma

Torch Condition Monitoring, the disclosure of which is incorporated by this

cross reference).

According to a first aspect of the invention there is provided a method
for detecting non-axisymmetric wear of a nozzle of a plasma arc torch while a
plasma jet is being generated by the torch including:

(i) arranging a probe adjacent to the plasma jet,

(ii) measuring an electrical parameter associated with the plasma

jet via the probe, and

(iii) determining from said electrical parameter measurement

whether there is any deflection of the plasma jet, said deflection
being indicative of said non-axisymmetric wear.

According to a second aspect of the invention, apparatus is provided for
the method of the first aspect of the invention comprising, a plasma torch
having a probe for measuring an electrical parameter associated with a plasma
jet, wherein the probe is adapted to detect deflections of a plasma jet

generated by the torch.
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In its most broad meaning, the adaptation of the probe in the above-
defined second aspect of the invention may be achieved by suitable placement
of the probe adjacent the position of the jet as it emerges from the nozzle
orifice.

Preferably the probe comprises a plurality of elements for providing
measurements of the electrical parameter for diffefent locations around the
plasma jet.

Preferably the probe also constitutes a component of the torch and in
particular it may be formed from a shield associated with the torch by
segmenting the shield and electrically isolating the segments. Alternatively the
probe may be constituted by a number of electrically isolated transverse wires
surrounding and pointing towards the plasma jet, and equi spaced from the
torch axis.

Preferably the electrical parameter associated with the plasma jet which
is measured is voltage and preferably voltages between the probe elements or
segments and the torch electrode or torch nozzle are measured.

Alternatively, another electrical parameter, such as for example capacitance
between the plasma jet and an adjacent surface of the probe or a leakage
current between the plasma jet and the probe may be measured.

Effectively, the electrical parameter associated with the plasma jet which
is measured, be it current or voltage, is a measure of the impedance of the
sheath between the high temperature plasma jet and the probe. The sheath
impedance is a nonlinear function of several parameters including sheath
thickness and gas composition. The temperature in the plasma jet may reach
20,000K but it decreases to a few hundred K across the plasma sheath. The
plasma sheath thickness is in the order of fractions of a mm. Hence, there is a
high temperature gradient across the plasma sheath. Due to the high
temperature gradient, there is a high electrical conductivity gradient across the
sheath. Hence, the sheath impedance is a strong function of the plasma

sheath thickness.
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Preferably, in order to increase ;he sensitivity of the measurement of the
electrical parameter to the nozzle wear, the probe' elements or segments are
suitably biased. Such biasing may be achieved by a divided resistance
network or by applying a biasing voltage source (either AC or DC) to the probe.

It will be appreciated that in the above described first and second
aspects of the invention, the probe is such as to proVide directional sensitivity
as will allow deflections of the plasma jet to be determined from the parameter
being measured. This use of a directional probe is particularly suitable for "on-
line" applications of the invention. However, the invention also includes a
method and apparatus wherein non-axisymmetric wear may be determined by
detecting a change in length of the plasma arc rather than its deflection.

Thus, according to a third aspect of the invention, there is provided a
method for detecting non-axisymmetric wear of a nozzle of a plasma arc torch
while a plasma jet is being generated by the torch including measuring an
electrical parameter associated with the plasma jet while relatively rotating the
torch and an external electrode surface on which the plasma arc from the torch
is attached and which is angled with respect to the torch axis, and determining
from said electrical parameter whether there is any change in length of the
plasma arc, said change in length being indicative of said non-axisymmetric
wear.

For a plasma arc cutting torch the electrode surface on which the
plasma arc is attached in performing the method of the third aspect of the
invention may be the surface through a plate which is formed in cutting the
plate using the torch. Thus this third aspect of the invention is also suitable for
on-line monitoring of the torch. Alternatively, the electrode surface may be
provided by a suitably adapted test workpiece.

Thus, according to a fourth aspect of the invention, apparatus is
provided for monitoring for non-axisymmetric wear of a nozzle of a plasma arc
torch while a plasma jet is being generated by the torch, comprising an
external electrode mounted in proximity to the plasma torch, wherein the

external electrode provides a sloping surface with respect to the torch axis for
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attachment thereto of an end of a plasma arc generated by the torch, the
electrode and torch being relatively rotatable, and furthermore including means
for measuring an electrical parameter associated with the plasma jet for
determining a change in length of an arc as the torch and sloping surface are
moved relative to each other.

Preferably the electrical parameter that is measured according to the
third and fourth aspects of the invention is voltage, in particular the torch
electrode to workpiece, or torch electrode to external electrode voltage is
measured. It will be appreciated that the use of an external electrode (as
included within the scope of the third aspect of the invention and the presence
of which is defined in the fourth aspect of the invention) is suitable for off-line

implementation.

Brief Description of the Drawings

Embodiments of the invention will now be described, by way of example
only, with reference to the accompanying drawings in which:

Figure 1 iliustrates a typical mechanised plasma cutting arrangement
using a plasma arc torch.

Figure 2 illustrates the parts of a typical plasma cutting torch.

Figures 3(a) and (b) illustrate the non-axisymmetric type of wear with
which the invention is concerned and the effect of that wear on the plasma jet.

Figures 4(a) and (b) and Figure 5 illustrate respective embodiments of
the second aspect of the invention.

Figures 6 to 9 illustrate biasing arrangements for the second aspect of
the invention.

Figure 10 illustrates an apparatus set-up for detecting non-axisymmetric
wear according to the first or second aspects of the ihvention.

Figures 11, 12 and 13 are graphs illustrative of the first aspect of the
invention.

Figures 14 and 15 are graphs illustrative of the third aspect of the

invention.
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Figures 16 and 17 are graphs iliustrative of the third aspect of the
invention. |

Figures 18(a) and (b) and 19(a) to (d) illustrate the fourth aspect of the
invention.

Figures 20 to 23 are graphs illustrative of the fourth aspect of the
invention. ‘

Figures 24(a) and (b) illustrate an apparatus set-up for detecting non-
axisymmetric wear according to the third or fourth aspects of the invention.

Figures 25 and 27(a) and (b) illustrate how different degrees of non-
axisymmetric wear influence a plasma jet.

Figures 26 and 28 are graphs illustrative of the effects of different
degrees of non-axisymmetric weér on an electrical parameter associated with

the plasma jet.

Detailed Description of Embodiments
Including Best Mode of Performing the Invention.

In the following description, all tests were conducted using a
Hypertherm, MAX200 Plasma Arc Cutting System with Machine Torch having
components for 100A current and air plasma and air shield gas. This
equipment is available from Hypertherm, Inc. of Hanover, N.H., United States
of America. '

Referring to Figure 1, a typical mechanised plasma arc cutting system
comprises a plasma arc cutting torch 1 mounted on the gantry 2 of a planar
profiing machine. The gantry movement is controlled by computerised
controller 3 over a cutting table 4 on which a workpiece 5 is supported. An
electrical power supply 6 provides voltage and current for operation of the
plasma arc torch, and arc ignition system 7 (typically a high frequency high
voltage generator). Plasma and shield gases 8 and coolant 9 for the torch may
be supplied by appropriate control means such as pumps and valves (not
shown) associated with the power supply 6.

Details of a plasma arc cutting torch 1 of the Figure 1 arrangement are

shown in Figure 2. The torch comprises an electrode 11, which is typically but
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not necessarily the cathode, centered over an orifice 12 in a constricting nozzle
13. Electrode 11 will usually be made of copper and has an electron emitting
insert 16 in its tip. The electron emitting insert may be made of a material such
as hafnium, zirconium or tungsten depending on the plasma forming gas which
is used. The electrode may also be cooled, for example by circulation of a
coolant 15 such as water, to reduce its wear. A plésma forming gas 19 such
as air, oxygen, nitrogen or a mixture of argon and hydrogen is supplied under
pressure to flow around the electrode 11 between the electrode and nozzle 13
and through the orifice 12 towards a workpiece 5. Nozzle 13 is also usually
made of copper and may be cooled for example, by circulation of a coolant (not
shown) to reduce its wear. The plasma forming gas 19 may pass through a
swirl ring 14 which improves squareness of the cut on the part side of the
workpiece.

The arc (and associated plasma jet) 21 is constricted by the nozzle 13

and can be further constricted by shielding gas 18 (or a shielding liquid, for

vexample water) which is directed to the arc region by a shield 17 with the

shielding gas 18 (or a shielding liquid) being supplied to a space between the
nozzle 13 and shield 17. Shield 17 contains an orifice 20 for passage of the
arc and plasma jet 21 and surrounding shielding gas. Shield 17 is also usually
made of copper.

The non-axisymmetric type of erosion with which the invention is
concerned is shown in Figures 3(a) and (b). Thus prolonged attachment of a
pilot arc to the nozzle for example, or double arcing (wherein the arc is
established between electrode 11 and nozzle 13, and nozzle 13 and workpiece
5, can erode the nozzle such as to produce a groove 22 therein. This causes
deflection of the plasma jet in the direction of the groove (as indicated by arrow
A) and shifts the anode spot 10 (that is, the spot where the end or root of the
arc is attached onto the workpiece) away from the torch axis in the direction of
the plasma jet. As the material melting (cutting) takes place along the plasma
jet and since the deflected jet axis does not coincide with the torch axis, the cut
angle increases as shown in Figure 3(b), and varies along the profile resulting
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in dimensional inaccuracy of the cut parts. Also, the amount of dross at the
bottom of the workpiece varies along the part. '

A probe comprising an arrangement of elements for detecting deflection
of a plasma jet caused by a groove 22 is shown in Figure 4. This arrangement
comprises a number (for example four) transverse wires 23 arranged
symmetrically around the shield orifice 20 between the shield 17 and workpiece
5.

In another implementation, the probe may be formed by segmenting the
shield 17. This implementation is shown in Figure 5 and involves cutting the
shield into a number (for example four) segments 24 and electrically isolating
the segments by inserting a layer of insulating material 25 between each
segment on assembling them to form the shield 17.

Deflections of the plasma jet are detectable by measuring voltages
between the nozzle 13 (or electrode 11) and the individual probe wires 23 or
shield segments 24 with the arc established between electrode 11 and
workpiece 5. Generally, the voltage between nozzle 13 and a probe element

23 or 24 may be referenced as Upp; for i = 1...m where m is the number of

probe elements or segments. In Figures 4 and 5 for example m = 4.

For a nozzle without a groove 22, the voltages Upp;j are approximately

equal, (small differences in these voltages will exist because of imperfections in
the torch and probe). However, the presence of a groove 22 on the nozzle 13
will deflect the plasma jet 21 from the torch axis thus decreasing the plasma
sheath impedance between the plasma jet 21 and the probe segments 24 (or
elements 23) towards which the jet is deflected while increasing the sheath
impedance between the jet 21 and the probe segments 24 (or elements 23)
which the jet is deflected away from. This results in an increase of the voltages

Upni at the segments 24 (or elements 23) which are closer to the jet 21 and in
a decrease of Upni at the segments (or elements) which are further from the jet

(note that the sheath impedance is non linear).
Measurement of sheath impedance involves applying a potential

difference (for example a Voltage Source 35 as shown in Figure 6) between -
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the probe (ie each segment 24) and an electrode which provides an electrical

path: electrode-plasma-probe-electrode, and meaéuring the current Ip flowing

through this path. The above-mentioned electrode can be the torch electrode
11 (connection A in Figure 6), nozzle
13 (connection B) or the workpiece 5 (connection C). The segmented torch
shield 17 is used as the plasma probe in Figure 6. |

Sheath impedance is a non-linear function of the potential difference -
applied between the electrode and the probe. For example, if the probe is
biased positively with respect to the plasma, then free electrons in the plasma
will be attracted towards the probe. On the other hand, if the probe is biased
negatively with respect to the plasma, then ions will be attracted towards the
probe. In the former case the sheath impedance is lower than in the latter
case.

The probe may alternatively be biased using a resistance R (see Figure

7). The probe potential, Up, depends on the plasma sheath resistance and

increases with decreasing plasma to probe distance. .

For a probe that is a segmented shield having an even number of
segments, e.g. m = 4 as shown in Figure 5, it is possible to detect jet deflection
by subtracting the segment voltages associated with the segments located
opposite each other. In this arrangement there are three parameters which
determine the quality of the method. The first parameter is directional
sensitivity. It describes the sensitivity of the difference between the voltages
associated with the opposite probe segments to the presence of a nozzie
groove with the nozzle groove pointing towards one of these segments. The
second parameter is non-directional sensitivity. It describes the sensitivity of
the difference between the voltages associated with the opposite probe
segments to the presence of a nozzle groove with the nozzie groove normal to
these segments. The third parameter is the electrode wear sensitivity. It
describes the sensitivity of the difference between the voltages associated with
the opposite probe segments with the groove pointing towards one of these

segments to the electrode wear.
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It is desirable to maximise the ratio of directional sensitivity to non-
directional sensitivity, and to minimise the electrode wear sensitivity.
In Figure 8 a voltage source 35 and probe reference potential are

chosen to optimise probe sensitivities. The probe currents, Ipi, depend on the

plasma sheath impedance and increase with decreasing plasma to probe
distance. The probe segment currents can be measured for example as

voltages Ujj across shunt resistors Rg. The biasing can also be accomplished

by a resistive network between the probe segments and the torch electrode,
nozzle or the workpiece as shown in Figure 9. It was found experimentally that
for the Hypertherm MAX200 Machine Torch with 100A nozzle and shield

probe, the biasing to the nozzle with the resistance of approximately R4 + Ro =

10,000Q2 resulted in high ratio of directional sensitivity to non-directional
sensitivity and small electrode wear sensitivity. in order to scale the electrode
to probe segment voltage down, the voltage divider arrangement shown in
Figure 9 was used with R{ = 200Q and R, = 9,100Q.

A functional diagram of a measurement apparatus for the detection of
non-axisymmetric nozzle wear by detection of plasma jet deflection is shown in
Figure 10. This apparatus is suitable for a probe with four elements. The

symbol Upni denotes the voltage between the nozzle and the i-th segment of

the probe.

The voltages Uppj are the input signals 36 to the measurement

apparatus as shown in Figure 10. The voltage inputs of the apparatus are
electrically isolated from the rest of the apparatus by the isolation amplifiers 37.
The reference potential 38 of the input stage of the isolation amplifiers is that of
the nozzle 13 (or the torch electrode 11 or the workpiece 5). The reference
potential of the output stage of the isolation amplifiers is that of the rest of the
measurement apparatus and can be grounded as indicated at 39. The
isolation amplifiers 37 are followed by optional low pass filters (e.g. third order
Bessel filters with the cutoff frequency of 5Hz) and voltage offset adjustment

circuits 40. Differential amplifiers 41 are used to obtain the differences
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between voltages at the opposite segments of the probe (e.g. for i = 4, AUpn13
= Upn1 - Upn3 and AUpn24 = Upn2 - Upn4g wheré segments 1,2,3 and 4 are
shown in Figure 9). An optional low pass filter and voltage offset adjustment
stage 42 precedes a voltage comparator stage 43. The voltage comparators'
input-output characteristic is also depicted in Figure 10. If AUppjj < -Uy or
AUpnjj > U) then there is a groove pointing towards either segment i or j of the

probe. For example, if a sufficiently large groove points towards segment 1 of
the segmented probe shown in Figure 9, then the output of the comparator 43

with the AUpp13 input is in a high state (logical "1" or "true") and that of the
comparator 43 with the AUpn24 input is in a low state (logical "0" or "false"); on

the other hand, if a sufficiently Iargé groove points in between segments 2 and

3, then the outputs of both comparators are high (AUpp13 < -Uj and AUpn24 >
U)). The value of Uj has to be determined experimentally for a given torch type

and for the cut quality considered to be unsatisfactory. The Boolean OR

function 44 produces high output Ug if at least one output from the voltage

comparators 43 is high indicating the presence of nozzle erosion of type (i).

The degree of wear is indicated by the magnitude of the voltage AUpnij.

The voltages measured at four segments 24 of a shield 17 with a good
nozzle 13 are shown in Figure 11 and those measured with a nozzle having a
groove 22 pointing towards segment 2 are depicted in Figure 12. It can be

seen that voltage Upp2 increased while Uppg decreased in comparison with

those voltages corresponding to the case with a good nozzle. Nozzle wear of
type (i), that is non-axisymmetric wear, can be detected by comparing the
differences between voltages measured at the opposite segments of the probe,

that is, AUpn13 = Upn1-Upn3 and AUpn24 = Upn2-Upn4, to the threshold

values of these differences corresponding to a good nozzle. The differences

AUpn13 and AUpp24 are shown in Figure 13.
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The above described method of detection of nozzle wear of type (i) is
suitable for on-line, i.e. during a cutting operation, torch condition monitoring. It
should also be suitable for detecting double arcing in that
double arcing will cause deflection of the arc.

According to a further aspect of the invention, non-axisymmetric nozzle
erosion may be detected by measuring the voltage between electrode 11 and a ,

workpiece 5, Uye, during a cutting operation. This voltage is approximately -

constant under steady state conditions because the anode root attachment
tends to lie on the plasma jet axis for sufficiently high gas flow. However, if the
orientation of a nozzle groove 22 with respect to the cutting direction changes,
then the orientation of the deflected plasma jet with respect to the cutting
direction and consequently the cut angle along the part, changes. Also, the
anode root attachment moves within the cutting front when the plasma jet
orientation changes. This affects the effective arc length which, in turn, results

in variations in Uye. However, if the nozzle is free of non-axisymmetric
erosion, then no or very little variation can be detected in Uye.
The measurement of Uye for the purpose of detection of non-

axisymmetric wear can be performed during any operation which involves
changing the orientation of the nozzle with respect to the cutting direction. For
example, the torch (or the nozzle) can be rotated around its axis during cutting
or the torch may traverse an appropriate profile, for example a circle or a profile
consisting of semi-circles. The electrode to workpiece voltages for a good and
grooved nozzle resulting from turning a torch from 0 to 180 degrees and back
to 0 degrees while cutting a straight line are shown in Figures 14 and 15
respectively. The voltages obtained while traversing a profile consisting of S-
shapes with a good and grooved nozzle are depicted in Figures 16 and 17

respectively. The amplitude of the oscillations in Uy has to be determined

and compared with a threshold value corresponding to the amplitude
associated with a good nozzle; if the amplitude is greater than the threshold

value then the nozzle has non-axisymmetric erosion, that is, grooves such as
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22. This method of detection of nozzle wear of type (i) is suitable for on-line as
well as off-line implementation.

The electrode to workpiece voltage variations can be amplified if the arc
is attached to a bevelled surface of a workpiece and no material penetration
takes place. In this case the arc root attachment moves up and down the
bevelled surface when the orientation of the groove dhanges. Thus, as shown
in Figures 18 and 19, a frustroconical electrode (termed hereinafter workpiece
or disc) 30 may be provided which is rotatably mounted relative to a torch 1 to
provide a sloping surface 31 for attachment of the arc root 10. As shown in
Figures 18(a) and (b) the anode spot 10 moves along the bevelled surface 31
on relative rotation between that surface and the torch 1 (as indicated by the
different position of groove 22 in Figure 18(a) compared to Figure 18(b)). This
means that the amplitude of the voltage oscillations is several times greater
than that obtained with flat and penetrated workpieces because the changes in
the effective arc length are greater. The non-penetrable workpiece 30 can be,
for example, a water cooled, bevelled copper disc rotating at a sufficiently high
speed in order to avoid material penetration (as shown by arrow A in Figure
19a). The torch 1 can be turned by 180° (for example + 90 degrees) around its
own axis as shown by arrow B in Figure 19b, or the torch 1 can be rotated
around the disc axis of rotation as depicted by arrow C in Figure 19c, or the
disc can be rotated around the torch axis as shown by arrow D in Figure 19d.
The electrode to workpiece voltages obtained with the torch 1 turned by + 90
degrees around its axis, as shown in Figure 19b, are depicted in Figures 20
and 21 for a good and grooved nozzle respectively. Similarly, the electrode to
workpiece voltages obtained with the disc 30 rotated around the torch axis as
shown in Figure 19d, are depicted in Figures 22 and 23 for a good and
grooved nozzle respectively. The oscillations observed for the good nozzle
(see Figure 22) result from backlash present in servo-drives of an x-y table
used to rotate the disc 30 around the torch 1. The amplitude of the oscillations

in Uye has to be determined and compared with a threshold value

corresponding to the amplitude associated with a good nozzle; if the amplitude
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is greater than the threshold value then the nozzle 13 has non-axisymmetric
erosion. This method of detection‘of nozzle wear is suitable for off-line
implementation.

A functional diagram of a measurement apparatus for the detection of
the nozzle wear of type (i) by detection of change in arc length is shown in
Figure 24(b). |

The torch electrode to workpiece voltage can be scaled down by a

resistor voltage divider as shown in Figure 24(a) (R3 = 200Q and R4 =
10,000€2). The electrode to workpiece voltage (Uye) input 45 of the apparatus

(see Figure 24(b)) is electrically isolated from the rest of the apparatus by an
isolation amplifier 46. The reference potential 47 of the input stage of the
isolation amplifier 46 is that of the electrode 11. The reference potential of the
output stage of the isolation amplifier is that of the rest of the measurement
apparatus and can be grounded as indicated at 48. The isolation amplifier 46
is followed by an optional low pass filter (e.g. third order Bessel filter with the
cutoff frequency of 5Hz) and voltage offset adjustment circuit 49. A voltage
peak-to-peak detector module 50, connected to the output of circuit 49, detects
the peak-to-peak amplitude of the electrode to workpiece voltage U,.
oscillations resulting from the change in arc length. This amplitude is

compared with a threshold value, Uj (comparator 51); if the amplitude is greater
than U then the output of the voltage comparator 51, Uyepa, indicates

presence of the non-axisymmetric nozzle wear.

Experiments for the results given herein were conducted using a
Hypertherm MAX200 Plasma Arc Cutting System with Machine Torch having
components (nozzle, electrode, shield and swirl ring) for 100A current and air
plasma and air shield gas. The measurements were performed for 100A
current, 24psi preflow plasma gas (air) pressure and 60psi preflow shield gas
(air) pressure. 6mm thick, mild steel plate was cut at a cutting speed of
50mm/s and with 3mm torch to workpiece distance.

In the first and second aspects of the invention the degree of non-

axisymmetric wear of a nozzle can be measured in that the plasma jet is
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deflected higher in the nozzle orifice with an increasing degree of nozzle
erosion. This means that the plasma jet passes closer to the probe element
towards which the jet is deflected with the increasing degree of nozzle erosion
(see Figure 25). The probe potential at the probe segment 24 towards which
the jet 21 is deflected (Probe segment 24 i in Figure 25) increases while the
probe potential at the probe segment 24 away from which the jet 21 is
deflected (Probe segment 24 j in Figure 25) decreases with the increasing
degree of wear. This is illustrated in Figure 26 depicting the differences
between the voltages measured with respect to the torch electrode 13 at
opposite segments (segments 2 and 4 of a shield probe with 4 segments with
the groove 22 pointing towards segment 4) for a small and large groove (as
indicated by lines 21 and 21’, respectively, in Figure 25).

In relation to the third and fourth aspects of the invention, as shown in
Figure 27(a) and (b) the anode spot 10 moves higher or lower on the bevelled
surface 31 of the frustroconical electrode (workpiece) 30, with an increasing
degree of nozzle erosion (see 10 and 10’ respectively on Figure 27(a), and 10
and 10’ respectively on Figure 27(b)). Hence, the amplitude of the electrode to
workpiece voltage oscillations caused by relative rotation between the bevelled
surface 31 and the torch 1 increases with an increasing degree of nozzle
erosion 22. This is illustrated in Figure 28 depicting the electrode 13 to
workpiece 30 voltage oscillations for a smaller (solid line) and greater (dotted
line) degree of wear. These oscillations were recorded with the workpiece 30
rotating around the MAX200 Machine Torch with 100A nozzles as shown in
Figure 19d.

According to the invention, torch condition monitoring apparatus
measures the voltages, performs suitable signal pre-processing (for example
isolation and scaling), signal processing (for example filtering and offset
adjustment) and automatically determines the condition of the torch nozzle (in
relation to
non-axisymmetric wear) based on a comparison with values corresponding to a

nozzle in good condition.
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The result of the comparison can be displayed in the form of information
for an operator about the condition of the torch nozzle and/or can be used to
stop the cutting operation automatically and initiate automatic change of the
torch or nozzle.

Persons skilled in the art will appreciate that the invention described
herein is susceptible to variations and modifications other than those
specifically described and it is to be understood that the invention includes all
such variations and modifications which fall within the spirit and scope of the

accompanying claims.
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CLAIMS:
1. A method for detecting non-axisymmétric wear of a nozzle of a

plasma arc torch while a plasma jet is being generated by the torch including:

()  arranging a probe adjacent to the plasma jet,.

(i)  measuring an electrical parameter associated with the plasma jet via the
probe, and '

(i)  determining from said electrical parameter measurement whether there
is any deflection of the plasma jet, said deflection being indicative of

said non-axisymmetric wear.

2. A method as claimed in claim 1 wherein the measured electrical
parameter is a voltage.

3. A method as claimed in claim 1 wherein the probe is located
between the nozzle of the torch and a workpiece, and a voltage across a
component of the torch and the probe, or the probe and a workpiece to which
the arc is attached, is measured.
| 4, A method as claimed in claim 3 wherein the component of the
torch is an electrode.

5. A method as claimed in claim 3 .wherein the component of the
torch is the nozzle.

6. A method as claimed in claim 3 wherein the probe includes a
plurality of elements arranged around the plasma jet, the said measurement
step involving simultaneous measurement of a voltage via each element.

7. A method as defined in claim 6 wherein the said determining step
involves comparison of the respective component-element voltage
measurements, any deflection of the plasma jet being indicated by an
increased voltage value at one or more elements in comparison to at least one
other element.

8. A method as claimed in claim 7 wherein the amount of any non-
axisymmetric wear of the nozzle is determined from the magnitude of the

voltage measurements.
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9. Apparatus for detecting non-axisymmetric wear of a nozzle of a
plasma arc torch while a plasma jet is being ge'nerated by the torch, the
apparatus including a plasma torch having a probe for measuring an electrical
parameter associated with a plasma jet and wherein the probe is adapted to
detect deflections of a plasma jet generated by the torch.

10.  Apparatus as claimed in claim 9 wherein the probe is positioned
in proximity to a nozzle of the torch such that during operation of the torch, it is
adjacent the position of the plasma jet as the jet emerges from the nozzle
orifice.

11.  Apparatus as claimed in claim 10 wherein the probe comprises a
plurality of elements for providing measurements of the electrical parameter for
different locations around the jet.

12. Apparatus as claimed in claim 11 wherein the elements are
transverse wires, each of which is directed towards the plasma jet, the plurality
of wires being arranged to surround the plasma jet such that their ends
adjacent the jet are substantially equi-spaced from the axis of the torch.

13. Apparatus as claimed in claim 11 wherein the torch includes a
shield that provides the said probe, the shield being formed of a number of
electrically isolated segments.

14.  Apparatus as claimed in claim 11 wherein the measured electrical
parameter is voltage, the apparatus including means for measuring voltages
across a component of the.torch and the individual probe elements.

15.  Apparatus as claimed in claim 14 wherein the component of the
torch is an electrode.

16. Apparatus as claimed in claim 14 wherein the component of the
torch is the nozzle.

17. Apparatus as claimed in claim 14 including biasing means
associated with the individual probe elements for increasing the sensitivity of

the voltage measurements.
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18.  Apparatus as claimed in claim 17 wherein the biasing means is a
voltage dividing resistance network coﬁnected between each element and the
said torch component.

19.  Apparatus as claimed in claim 17 wherein the biasing means is a
voltage source.

20. Apparatus as claimed in claim 14 including means for comparing
the respective voltage measurements.

21.  Apparatus as claimed in claim 20 wherein the comparing means
includes means for subtracting the voltage measurements from oppositely
located elements.

22.  Apparatus as claimed in claim 21 wherein the comparing means
includes additional means for comparing the resultant voltage subtractions.

23. A method for detecting non-axisymmetric wear of a nozzle of a
plasma arc torch while a plasma jet is being generated by the torch including
measuring an electrical parameter associated with the plasma jet while
relatively rotating the torch and an external electrode surface on which the
plasma arc from the torch is attached and which is angled with respect to the
torch axis, and determining from said electrical parameter whether there is any
change in length of the plasma arc, said change in length being indicative of
said non-axisymmetric wear.

24. A method as claimed in claim 23 wherein the measured electrical
parameter is voltage across an electrode of the torch and the said external
electrode, changes in length of the said arc being indicated by variations in the
measured voltage.

25. A method as claimed in claim 23 or claim 24, wherein the method
is performed while operating the torch during a process for cutting a metal
workpiece, the said angled electrode surface being provided by the workpiece.

26. A method as claimed in claim 23 or claim 24, wherein the method
is performed as an independent test, the said angled electrode surface being

provided by a test workpiece.
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27. A method as claimed in claim 24 including comparing' the
amplitude of the measured voltage with a reference voltage representative of
an unworn nozzle, wherein a measured voltage amplitude that is greater than
the reference voltage indicates that the nozzle has suffered non-axisymmetric
erosion.

28. A method as claimed in claim 24 wherein the magnitude of the
variations in the measured voltage are measured and compared with a
reference value representative of an unworn nozzle, and determining from said
comparison the amount of any non-axisymmetric wear suffered by the nozzle.

29. Apparatus for monitoring for non-axisymmetric wear of a nozzle
of a plasma arc torch while a plasma jet is being generated by the torch,
comprising an external electrode mounted in proximity to the plasma torch,
wherein the external electrode provides a sloping surface with respect to the
torch axis for attachment thereto of an end of a plasma arc generated by the
torch, the electrode and torch being relatively rotatable, and furthermore
‘including means for measuring an electrical parameter associated with the
plasma jet for determining a change in length of an arc as the torch and sloping
surface are rotated relative to each other.

30. Apparatus as claimed in claim 29 wherein the means for
measuring an electrical parameter measures voltage across an electrode of the
torch and the said external electrode.

31. Apparatus as claimed in claim 30 wherein the -electrical
parameter measuring means includes a voltage dividing resistance network
connected between the torch electrode and the external electrode.

32. Apparatus as claimed in claim 30 including means for comparing
the measured voltage with a reference voltage representative of a nozzle not
having any non-axisymmetric wear.

33. Apparatus as claimed in claim 29 wherein the external electrode
is rotatably mounted and is frustoconical in shape.

34. Apparatus as claimed in claim 33 wherein the external electrode

is water cooled.



WO 95/26252 PCT/AU95/00165

1/24

! 8\ — 7

1111t H 1 5 H- A
©




WO 95/26252 PCT/AU95/00165

2/24

FIG 3b




WO 95/26252 ' PCT/AU95/00165

3/24

SOUURURRARRRNAY 5

’
/
’
’
A
/
A
/
L
4
4
7
1

FIG 4a




WO 95/26252 PCT/AU95/00165

Voltage
Source




WO 95/26252 PCT/AU95/00165

5/24

Segment 1

A NS

Nwsrrreriveres.

Segment 2 2 Segment 3
| b1 [lh2 “24 I3 Ina
" L) \ L) \
“:: S R ":'.’ ~ '.’ ‘.' ..'
of lUn . Fsef  |Up s [Us  Psufyy,

Nozzle (or Electrode or
Workpiece) Reference
\V/ Potential

FIG 8




PCT/AU95/00165

R2

R1

WO 95/26252
6/24
24 25 o4
Segment 1 - Segment 4
BAIIIOITIILIS, .’
Segment 2 \ N :
R2 R2
i
R1 Upm R1
\v4 Vv
Nozzle (or Electrode or
Workpiece) Reference
Potential

FIG 9

pn4




PCT/AU95/00165

WO 95/26252

7124

0} Old

.*.

Jojesedwon

4.

] abejjoa

uopoung

HO
ueajoog

3

4 (&Y

usunsnipy 19sj0
abejjop pue
19)J14 ssed mo

QNF- Q:q

.ﬂ.

’ I
BT e Te
ebeloA 19114 SSed MO
{
'y In I In- 147
o -.a-.
B
on

sojsyaloRIeYy)
indino-induy
Jojesedwo) abejjop

4.!

awisnlpy yasp0
abejjop pue
19)j14 ssed Mo

s1y)duy
lenuasoya

mza_.i

174

4

juswisnipy 19s)0
abejjop pue
A9}Ji4 SSed moT

4.

b ke b

+

v:m

C
o
.

zud

Eo:_.m.w_g 1910
abejjop pue
49}]14 Ssed mo gud
e p%
Juawisnipy 19sH0 ||N
abejjop pue Tod
19}}14 ssed Mo}
{ JA
s1oyidwy
Oﬁ v uojje|os)
Q¢
jeijuajod
@ouai3)ay
9)2ZON



WO 95/26252

]
.
.
.
.
.
.
.
.
.
.
e, T
.
:
.
.
*
.
.
.
.
.
L]
s o s sncnee Moeenesvsenee e e v cecse
.
L]
L]
.
.
.
.
.
: =
et ieeaad lesecctecandiorecans? =
.
.
.
.
:
.
.
.
.
,
.
e eeennaes e
.
.
e et ec et mene ettt sameaananne.

PCT/AU95/00165

35

o To) ()
™

N «
(A) ebeyjon yuswbes pj

™— Ll

alys 0} 8jzzou



WO 95/26252 PCT/AU95/00165

9/24

: : H :

o o :

. : : :

L Q Q. .
........... = =] :
_}

o To] o wn o o) o
QN N *- -

™
(A) ebeyjoA Juswbas pjaiys 0} 8jzzou

35

time (s)



PCT/AU95/00165

10/ 24

WO 95/26252

(s) swn
8 . 9 g 14 € 4 | 0

€L OI4

wn

1
.
.
.
.
.
.
.
.
.
.
.
A
»
[l
.
.
.
.
.
.
.
.
.
-
*
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
0
b
.
3
.
.
.
.
.
)
.
-
.
.
.
.
*
.
.
*
.
.
&
.
.
.
.
.
.
.
.
-
.
.
.
.
|
u—

N

1
wn
-—

T pd -2 ud $8j220U peAcoia

(A) aoualayip sabeyoa Juswbas p|alys 0} 8jzzou

o
N



WO 95/26252

11/24

PCT/AU95/00165

. . .
o @ ©
™ N N

9631101\ aoag&;pom oﬁapono

Q

o

time (s)



PCT/AU95/00165

WO 95/26252

12/24

1 I 1 | 1 ] I
. . . .
. . . .
. . .
. . . .
. . . .
. . . .
. . . . .
. . . . .
uuuuuuuuuuuu fcooosonuocchinIctt-"-o-oc-l-noonto-vfnllccAnv'..s'o-n--c--.-aonnttosnofoc-ou .
. L] . L] .
. . . .
. . . . .
. L] . . »
. L] . . L]
. . . . .
. . . . .
. . . . .
. . . . .
............ - P S S SR P
. . . . .
. . . . .
. [ .
L] . .
. . .
. . .
* L]
. o .
. . —
- Ll el e o coofelle ABVAMS S 3 P " s e v oo e
L] —l
. . H
! L] . .
. . . L
. . .
. . .
. . . *
. . .
. . . .
e e cceeccecsetacccaasnnns deceereoerendtecacecnscncabonocccannns fesecaconnaas e ceactananns s.L..l..
. . . .
. . . .
. . .
. . .
. . .
. . . . *
. . . . \
. . . . 1
o . . . |
............ R R i SRR R R PR R PP P PR |
. . .
. . . m
. . . . !
. . . T
. . L] . ’
. . . .
. . . .
. . . L]
. L] L] .
llllllllllll 'lto.b.llllO.l'lllll..lnlb!tllnutcl.lofliobll-lctlbtcIltl-lll'l-loonitﬁl.lll'ltll_
L] L] . .
. . . L]
. L] . .
. L] . L]
. . . L]
. . . .
. L] . .
. L] . .
. . .
............ T R P SN
. . .
. L] .
. . .
1 | 1 1 1 1 1

ocl

St Ol4
ccl

v
N
>

o] ©
s ¥
(A) abeum 8081dyI0M 0} 8p011038

o
™
P

QAN
™
F

el




WO 95/26252 PCT/AU95/00165

] ] 1
o o8] ©
™ N N

: ! 7 7
. . . .
. . . .
. L] . .
. . . .
. . . .
e teereanann Y S eeeennnnen b eeeneaen NG
L] . L] 1]
. » .
. L] .
. . . .
1] . .
. . . .
. L] L] .
L] . . L]
s 0 s 0ol s 00 eveone Goeessvanvsndencesnncecos eooevcnace SeosPeocsvecsoedocscsssocsnane M ewscsecoa -y
1] . .
. [ . L]
. . . .
L] . . .
* .
L[] . .
. . .
. L
L . L]
* . .
b= o a0 e'c e v 0ec v Lecvecncsoedencencsonscsnc eccncssnnccstiBeccconneed Yesecacscse eeevensces -
. ] L]
L] . L]
: .
. .
. :
R S L.y SO erencnnns P _
L] .
L] L ]
. .
e < AN -
. L]
- L]
. .
b ccssleccrrcccrctoccccccandecccnccsss’ecscacnnae ™ enccnsad fesecccsces berecanane _J N
. L]
. .
A S . - teeeceocnn deesaceneas heeacsene -
. . .
L] 1]
. . *
1 = ——
P

124
122
120

A
™
(A) abe)joA a081dyioM 0} apososje

time (s)



WO 95/26252 ‘ PCT/AU95/00165

14/24

1 | |—'_—-_====°

28] © <

N N N
F

S
122
120

FIG 17

L] L] . L]
. . . .
. . . .
' . . .
. . . .
. . . .
. . . .
' . . .
. . . = .
' . . .
. . .

e Seeeernenn U ST  eeaesn- fernrnnnnns eeeenn I~
D . . . .
. L[] . .

. . L] .
. . . .
L] L] 1] .
. . . .
. . . .
. . . .
. . . .
. L] . .
. L] . .

e e coctescsccecns Cresencssne ®eeesccre e MM esnnccnee teceseccces @cescscccven Cssccccns -m
[ L] L] . L] . .
. . . L] . L]

. . L] . L]
. . 1] . . .
. . L] . . .
* . . L] .
. . . .
. .
.
.
.
.

bo o s e c'ecencconne LececrccsesdecscscsaccecacapPacse Leaccccoesd AR R R - m

.
.
.
. .
.
.

time (s)



WO 95/26252 PCT/AU95/00165

N < 22
7
PLASMA JET PLASMA JET ’/////ff///%
DIRECTION DIRECTION 0
] - B
“

FIG 19a TS AXS FIG 19b

30 20
3\ 3|
A
ROTATED
AROUND FIG 1 sg: NG FIG 19d
| ——
30 30

D
3

31

DiSK
TURNED
AROUND
THE TORCH



WO 95/26252

16/24

PCT/AU95/00165

I ! ;

(@] o o (o]
N~ (o] \) <t
P

(A) aﬁeug/\ eoagdm'BM o} epc;;ome

180

time (s)

| |} ] 1 i
. . H
' 0 . .
. . . .
. . .
. . .
. . .
. . .
. . .
. . '
e L R R P g S Ar SPU o~ YU DU [N -1 0
" " .
. . . .
. . . L]
. . . .
. . .
. . .
. . .
. . ' .
. . . .
. . . L]
b e cccensccans decescosnansne deovoco qgpgPeos dasecescscnnsnae deceacsssccns lececsansncsns - N
. . . .
. . .
. . O L]
. L] .
. . . .
. . .
' . .
. . L]
. .
. .
fee v acaccanne deessccccsnes decasssedlgee deeeeesccacas deseascsssene lecsecanenns -
L] .
. .
.
.
.
.
.
.
.
.
b s cccaecnnae Jencnncnos o g rT: oo deseecancaces leceoooacncesns leeeoscaanns -
.
L] .
.
.
.
.
.
.
.
.
pmes oo oec s esoe desoscoasnasses Jdoesosscscnnas decasoccssnsees devcecncnssesve decosecccnnse -
. .
. .
. .
. .
. .
. .
. *
. .
. .
. .
oo s o o0 e v #doescccnccsncnodoecsrsnvonncaan doevevvcccssccndoccacssanvesne L R A R Y -
. .
. .
.
.
.
.
.
.
.
.
o o s s s s 0 assedascsssvsacen doevoesvcncsansnse devevsoescsscosbdonscnssanesese e e vecss e —
.
.
po s s 0o a2 0 v acssdossssnsorene #eevcncsnsssecssdosssscncsosssadsseccssacsscvslocsocsasnnosca -
.
.
.
.
.
.
. .
1



WO 95/26252 ' PCT/AU95/00165

17724

.
.
.
e s cocsssevedecnssenssencrsdrcccnconacsssdocccocacncssosloncsncncancsebostccsosoana - N
.
.
.
.
.
.
.
.
.
.
pr e o s vs v oorcsdonnsncsnnsrssdorsrnrencsanscsdorrscsnsssvecdrsocessnansssdecsecsvonsse — P
.
.
. L
. m——3
e —————————
.
.
.

: : :
o o o
© wn <

180
1701

(A) e‘ﬁeuc';/\ eoagdw‘am (o)] apaxoem

time (s)



WO 95/26252

18/24

PCT/AU95/00165

: 4 : ! ] '
et Pereranann RTETTTPEE PEPRPRPR e L S SN Aeeeeenns 4 ¢©
e cceccne é..----.--% ........ CIREEE Ry TRREEEEE) Senccccnce Soerecsses ‘: ........ —v
I - S ool e, SURUURUR SOR - do

| i | | 1 i |
S 8§ S & 8 8 f 8

P

N 9V 9] - - -

(A) ebeyjon

Q] -
8091dy10M 0} 8p0.103I0

12

10



WO 95/26252 PCT/AU95/00165

19/24

time (s)

! !
=) o
N ©
P P

S o 9 o
- o o 0
N N bt >

(A) ebejjoA adaidyiom 0] 8poIId9}e

230



PCT/AU95/00165

WO 95/26252

50 /24

+

jepuajod
@duaie)oy
9po4}99|3

Qv .

Juauwisnipy 19s)0
abejjoA pue
19}114 sS4 MO

[4

1S~ N n_»-
.| toresedwiog yeed-aocled
<w>>= 9DBJIOA 00N~_0>

\
__ o
n n

'

e
°n
sopspeeIRYD

indino-1nduy
lojesedwo) abeyjjop

61

W

._0_:_&:..4

Ly

m.v,v

03:




WO 95/26252 PCT/AU95/00165

21/24

Small groove
lasma jet

direction

p

1]
2
L4
So.
Qw_g
S Smom ° )
~t agg
N 3
N g - T




WO 95/26252 PCT/AU95/00165

22/24

J T T T T T .
: [T q)
: <>3. S
e e . A Seeeann O'." ............ O..
: : = O:
: : o o
5 5 T o
: ; £ o
T U ST S SR (7 v WU | B
I, tecccneans R S S i o D . T
.n-o.no o.q——.: _octaluooo—ﬁooi ® oo osmemsh
= Ty, | 1 i 1 ] o
T9) © N~ %) o o -~ o ()
] ' ’ ' ' >— . -~ >
]

(A) ¥ pue g syuswbas 1e sabejjon 'uaelvuéq GOUG'JS,U!D

time (s)

FIG 26



4
3/2
2

/s

/X

t
aje
m

s

la

p




WO 95/26252

24 /24

PCT/AU95/00165

m::‘-."""""

lo.o....”...

E : ..Q: (X 1]
Y e :

(Y]]
\ 00000060 ¢ S osme o oo

. ;.‘.‘ﬁ:.’.....l.

.
. . .
. .
¥ Wesossns 3 .
. L] L] ]
. L] i .
. hd ® 0 0otmmueee
. N .

: ’ooo;oo-"’,

=

210

205

L
(@] 0 o 1 o
o U) (o)) w e 0)
N ™ D

N eﬁe1|0/\ aoeldmom 0} apon:>a|e

1
19
[\

|
o
N~
v~

16()2

FIG 28

time (s)



International application No.

INTERNATIONAL SEARCH REPORT PCT/AU 95/00165

A. CLASSIFICATION OF SUBJECT MATTER
Int. C1.5 B23K 10/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC: B23K 10/00, HO5SH 1/34

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
AU: IPC as above :

Electronic data base consulted during the international search (name of data base, and where practicable, search terms used)
DERWENT: B23K 10/00, 9/00, 27/00, 28/00, HOSH 1/26, 1/34 + "plasma"
JAPIO: B23K 10/00, 9/00, 27/00, 28/00, HOSH 1/26, 1/34 + "plasma"

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to Claim No.
A US 4621184, A (VANCATA) 4 November 1986
A DERWENT ABSTRACT ACCESSION NO. 87-196379/28, class P55,

JP,A, 62-127173 (TANAKA) 9 June 1987

A DERWENT ABSTRACT ACCESSION NO. 89-079683/11, class X14,
JP,A, 01-030200 (KOMATSU) 1 February 1989

D Further documents are listed See patent family annex.
in the continuation of Box C. *

* Special categories of cited documents : " later document published after the international
. Lo filing date or priority date and not in conflict
"A"  document defining the general state of the art which is with the application but cited to understand the
not considered to be of particular relevance rinciple or theory underlying the invention
"E" earlier document but published on or after the .4 document of particular relevance; the claimed
international filing date L. . invention cannot be considered novel or cannot be
"L"  document which may throw doubts on pr_long' claim(s) considered to involve an inventive step when the
or which s cited to establish the publication date of document is taken alone .
another citation or other special reason (as specified) "y document of particular relevance; the claimed
"O"  document referring to an oral disclosure, use, invention cannot be considered to involve an
exhibition or other means . . . inventive step when the document is combined
"P"  document published prior to the international filing date with one or more other. such documents, such
but later than the priority date claimed {:l?mbrltnanon being obvious to a person skilled in
e a
"&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
5 July 1995 w Jowy Qag (lo. o™, QS)
Name and mailing address of the ISA/AU Authorized officer
AUSTRALIAN INDUSTRIAL PROPERTY ORGANISATION
PO BOX 200
WODEN ACT 2606
AUSTRALIA F.C. PEARSON
Facsimile No. 06 2853929 Telephone No. (06) 2832195

Form PCT/ISA/210 (continuation of first sheet (2)) (July 1992) copgid



:nl‘:'I'ERNATI?N[?L.lSEAI:CH REPORT International application No.
a
ormation on patent family member PCT/AU 95/00165

This Annex lists the known "A" publication level patent family members relating to the patent documents
cited in the above-mentioned international search report. The Australian Patent Office is in no way liable

for these particulars which are merely given for the purpose of information.

Patent Document

Cited in Search Patent Family Member
Report
US 4621184,A DE 3440636,A JP 60115372,A . SE 8306249,A

END OF ANNEX

Form PCT/ISA/210(patent family annex)(July 1992) copgid




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

