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ROTARY STRUCTURES

This invention relates to the production of components, particularly fans, turbines
and guide vanes, for gas turbine engines and other applications employing turbines

or similar static or rotary structures for guiding the passage of fluids.

In our prior applications WO 2004/2076111 and WO 2006/027608 we described the
potential advantages of small gas turbine engines over other forms of engine but
also described the serious engineering obstacles faced in attempting to reduce the
size of larger scale engines. In particular, we described the immense practical

difficulties of forming a closely spaced radial array of blades or vanes from a single
blank.

WO 2004/076111 and WO 2006/027608 both disclose methods for forming such
components using electro-discharge machining to form the required shapes. The
Applicant has established that this technique can successfully be used to create
small scale turbines discs with overlapping aerofoil-shaped blades for use e.g. In
small gas turbine engines. However, these techniques are relatively time
consuming and it is an aim of the present invention in at least its preferred

embodiments to improve upon these technigques.

When viewed from a first aspect the present invention provides a method of
contactlessly machining a workpiece having a face and an edge, comprising
advancing a tool in a direction towards said face, thereby removing material from
the face of the workpiece by a change of state of the material induced by Its
proximity to the tool.

The invention extends to an apparatus for contactlessly machining a workpiece
having a face and an edge, comprising means for mounting said workpiece, a tool
configured to remove material from said workpiece by inducing a change of state
therein by its proximity to the workpiece, the apparatus being configured to advance
the tool In a direction towards the face of the workpiece to remove material from

said face.
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Thus it will be seen by those skilled in the art that in contrast with the methods
taught in the Applicant's prior disclosures, whereby the blank is machined by an
elongate tool spanning the edge of the blank is advanced towards that edge, the
tool is instead advanced towards the face of the blank. This has been found to give
several advantages over prior techniques. One advantage is that it allows a
required shape to be formed, at least in some embodiments, with a simple
combination of rotating the workpiece relative to the tool and advancing the tool
towards the workpiece.

The invention Is particularly suited to use in the production of a disc having a radial

array of overlapping blades or vanes either directly or as a preliminary stage in said
production. Embodiments of the invention permit complex, e.g. aerofoil shapes, to

be imparted to the resulting blades/vanes.

Where reference i1s made herein to forming blades/vanes, this is not limited to
forming the final shape of said blades/vanes; it should be understood to encompass
the forming of structures in a workpiece or blank from which the final blade/vane

shape can be formed with final machining.

The invention also allows a greater surface area of the tool to be at the required
separation from the material of the workpiece to induce the change of state. That
IS, an increased 'machining' surface area is provided. This translates into more
rapid removal of the material and thus allows the production time to be reduced.
More particularly, as will be explored in greater detail below, the invention lends
itself conveniently to tool configurations which form more than one blade or vane on

a given workpliece simultaneously.

The workpiece Is preferably circular or has a circular envelope. In some
embodiments workpiece is a solid blank. For example the blank may refer to a be
solid, squat-cylindrical disc - I.e. one having a thickness in the axial direction less
than its diameter, preferably substantially less e.g. less than 20 % of the diameter,
or less than 10 % of the diameter. This is typically what will be used as the starting
point as it iIs easy to produce or obtain. However it iIs not essential that this form of

blank is used. In particular in certain embodiments of the invention multiple

PCT/GB2010/051642
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machining operation are carried out. Here for the subsequent machining operations

the workpiece will be a partially-formed disc rather than a virgin blank.

In one set of embodiments, a unitary tool is provided having shaped slots therein, at
least part of which corresponds to the desired formed shape of the workpiece after
machining. In this case the tool is effectively a physical inverse of the shape it is
designed to produce in the workpiece. In this set of embodiments the "machining
area" - that is the surface area of the tool which is in the correct proximity to the
workpiece to cause the required change of state - is very high since blades or
vanes can be formed across substantially or entirely their whole radial height .
Clearly this large machining area is highly beneficial in terms of the speed with
which a bladed disc can be produced. In some applications there may be a
challenge in ensuring adequate removal of eroded metal from between the

workpiece and the tool.

In another set of embodiments, the tool comprises an essentially two-dimensional
surface (its thickness corresponding to or being less than, the spacing between the
blades/vanes). In another set of preferred embodiments, the tool comprises at least
one elongate member. It will be appreciated that since in accordance with the
iInvention the tool is advanced towards a face of the workpiece, such an elongate
tool may only be supported in a tool holder at one end. The support may be at the
radially outer end of the tool if a disc Is being formed with a conventional central
hub; alternatively a support may be at the radially inner end if the blades/vanes are
iInstead supported on a circumferential rim and project inwardly. Although
advantages can be realised with only a single tool member, preferably a plurality of
circumferentially spaced tool members is provided to allow the simultaneous
formation of a plurality of blades/vanes on a single disc. In one set of
embodiments, a tool member is provided for half of the blades/vanes on the disc -
..e. the tool members are distributed around the half the circumference of the
eventual disc. This is clearly beneficial in allowing the rapid machining of an entire

disc.

Such a composite tool is novel and inventive in its own right and thus when viewed

from a further aspect the invention provides a tool for contactlessly machining a
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plurality of radially extending blades or vanes on a disc, said tool comprising a

circumferentially distributed array of radially extending elongate tool members.

The shape of the elongate tool member(s) is not essential to the invention. For

example, the tool member(s) could have a circular, triangular, square or indeed any
other cross-sectional shape and the cross-section could be constant throughout the
length of the tool member or could vary in size, shape or both. Where a plurality of
tool members is provided, they will typically be identical to each other, although this

too 1S not essential.

So far various embodiments of the invention have been described which allow the
efficient machining of a disc having a closely spaced array of radially extending
blades or vanes. The Applicant has also realised that further gains in
manufacturing efficiency can be achieved by employing multiple tools which permit
multiple such discs to be machined simultaneously. The "face on" machining of the
present invention lends itself particularly to this since it allows a vertical stack of
workpieces to be machined by an interleaved vertical stack of tools. Thus, a
preferred embodiment of the method of the invention comprises simultaneously
machining a plurality of workpieces arranged in a stack extending in the direction of
advancement of the tools. The invention extends to a composite tool comprising a
plurality of tool members for machining a plurality of workpieces arranged such that
the tool members are advanced towards the workpieces along a common axis. |t
IS preferred in such embodiments that the composite tool comprises tool members
arranged around a semi-circle to allow the easy radial extraction of the tool
members relative to the blanks whilst still maximising the number of blades/vanes
which can be formed simultaneously. Two such composite tools could be used on
either side of the stack of workpieces in order to machine them in full
simultaneously, or the composite tool and stack of workpieces may be rotated by

1802 relative to one another to machine one half of each workpiece at a time.

In accordance with the invention thus far described, the tool is advanced towards a
face of the workpiece rather than towards its edge. The can allow for rapid
machining of a plurality of blades or vanes simultaneously and thus significantly
Increase production efficiency to enable practical manufacture of turbine or stator

discs for use in small gas turbine engines and the like on a commercial scale.
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However, the Applicant has further recognised that meeting the dual objectives of
efficiency and production quality might best be achieved by a two stage process In
which the face machining approach described above Is used to remove a quantity
of material from a blank but with a second, different tool used to form the final
shape. This should be contrasted with the practice already mentioned in the prior
art of "finishing" a formed blade in which a tool might be used in a second pass to
tidy up parts of the blade shape such as the root, leading edge etc.; in the
embodiments being discussed here the second tool is used actually to give shape
to the blade, whereas the first tool i1s used simply to remove a certain amount of
material which facilitates the passage of the second tool. Of course more than two
stages could be used - either repeating one of the aforementioned stages or using

a different tool.

Such arrangements are novel and inventive in their own right and thus when viewed
from a further aspect the invention provides a method of forming a radial array of
overlapping blades or vanes comprising a first stage of advancing a tool towards a
workpiece In a direction towards the face of the workpiece to remove material from
said workpiece by inducing a change of state of the material by proximity of said
tool; and a second stage of removing further material from said workpiece to leave
said blades or vanes, this removal also being effected by a change of state of the
material induced by proximity to a second advancing tool, said second stage
comprising the step of advancing said second tool in a direction towards the edge
of the workpiece.

Such a two stage process has been found in some circumstances to maximise
production efficiency as well as maximising the finished quality of the resulting
bladed discs. Although two tools are mentioned in accordance with the aspect of
the Invention set out above, this should not be considered to exclude the provision
of additional tools and/or machining stages. The second tool recited above could
take any appropriate form. For example, a wire or non-wire tool such as those
disclosed in WO 2004/076111 or WO 2006/027608 could be employed.

However, the Applicant has devised a different type of tool which has been found to
be beneficial in this context and which also has potential applications in other

processes. Accordingly, in a preferred set of embodiments the second tool is
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mounted to a tool holder on one side only, with the opposite side of the tool being
unsupported. Such a form of tool allows the whole tool to be advanced radially into
the workpiece in, or to form, a gap between adjacent blades/vanes. In a particularly
preferred set of such embodiments, at least two sides of the tool correspond in form
to at least part of the desired finished forms of the two respective blade/vane facing
surfaces on either side of the gap. This allows, In at least preferred embodiments,
such a tool simply to be advanced along a radius of the workpiece to form the final
shape of the two blade/vanes on either side of it. They may be formed
simultaneously, but more typically the workpiece Is twisted about its axis between
Insertion and withdrawal of the tool.

Such a tool is novel and inventive in its own right and thus when viewed from a
further aspect the invention provides a tool for contactlessly machining a radial
array of overlapping blades or vanes in a workpiece, said tool being adapted to be
supported at first side thereof opposite a second, unsupported side, the tool further
comprising third and fourth side surface regions extending between said first and
second sides, said third side surface region having a form conforming to at least
part of a final form of a surface of one of said blades or vanes. This aspect of the
iInvention also extends to a method of forming a radial array of overlapping blades
or vanes comprising advancing such a tool along a radius of said workpiece.

Preferably the length of the tool from the first to second sides Is greater than Its

maximum width between said third and fourth side surface regions.

When viewed from a yet further aspect the invention provides a tool for
contactlessly machining a radial array of overlapping blades or vanes in a
workpiece, said tool comprising opposite first and second ends, the tool further
comprising third and fourth side surface regions extending between said front and
rear ends, at least one of said side surface regions having a form conforming to at
least part of a final form of a surface of one of said blades or vanes, wherein the
length of the tool from the first to second surfaces is greater than its maximum width
between said side surface regions. This aspect of the invention also extends to a
method of forming a radial array of overlapping blades or vanes comprising
advancing such a tool along a radius of said workpiece.
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In preferred embodiments, the fourth side surface regions corresponds to the
desired final surface form of the blade/vane facing that conforming to the third
surface region. |n other words, the tool can be thought of as a plug which fits in the
gap between adjacent blades/vanes in the finished bladed disc (albeit allowing for
small rotational movement of the workpiece). Such arrangements are novel and
inventive in their own right and thus when viewed from a further aspect the
iInvention provides a tool for contactlessly machining a radial array of overlapping
blades or vanes in a workpiece or blank, said tool comprising at least two surface

regions for machining respective facing surfaces of at least two blades or vanes.

The tool could be supported so that the second, unsupported surface iIs the leading
surface of the tool, i.e. so that the axis of the tool passing through the first and
second surfaces Is approximately parallel to a radius of the workpiece. |n other
embodiments the aforementioned axis of the tool is approximately parallel to the
rotation axis of the workpiece.

The tool holder could comprise just a single tool but preferably it comprises a series
of tools, typically identical but not essentially so. This again allows a series - e.g. a
stack - of workpieces to be machined simultaneously. The relatively large surface
area of the tools allows a large electrical current to be passed, but there is no
significant problem arising from fouling by eroded material. The tool(s) could be
integrally formed with the holder - e.g. by machining or casting, or could be
separate and preferably removable to permit replacement thereof.

In one set of preferred embodiments the workpieces are mounted in a vertically-
spaced stack on a common shaft. This permits the shaft to be rotated to permit
machining of a blade leading edge during insertion and a facing blade trailing edge
during extraction (as is preferred; and for indexing between one pair of blades and
the next.

The tool in accordance with the foregoing aspects of the invention could be shorter
than the full radial height of the finished blades/vanes but preferably it is at least as
high or higher. In some embodiments the leading face of the tool, that which is

closest to the workpiece on Initial approach, is shaped to give a desired form to the

root region, e.g. it is radiussed.
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The tool need not take the form of a plug; it could, for example, extend around a
blade or vane either partially or fully. Indeed it could extend around multiple blades
or vanes. The radial height could be very small such that the tool is essentially a

two-dimensional lamina.

It will be appreciated by those skilled in the art that the tool described above will
tend to have a solid or block form rather than being elongate such as a wire.
However, It IS not essential for the tool to be solid and it is envisaged that a hollow
tool, e.g. one open one on side and attached to a tool holder inside the tool, could

be used.

In one set of embodiments the tools described above can be used on their own to

form the blades/vanes from a fresh blank, with one or more passes. In another set
of embodiments the tools described above are employed after removal of some of
the material either by a conventional tool and process or, more conveniently, using
the face advancing technique described above I.e. using the two stage process

devised by the Applicant and disclosed herein.

In preferred embodiments of all aspects of the invention an electrical potential is
applied across the workpiece and tool such that material is removed from the
workpiece through erosion resulting from electrical discharge between the tool and
workpiece when they are sufficiently close to one another, in other words an
electro-discharge machining process is used. However this is not essential as
other contactless machining techniques could be employed which produce erosion
of the workpiece through intense local heating, or other otherwise induce a change
of state, such as electro-chemical machining.

In accordance with all aspects of the invention described herein, the tool or tool
members could be made from any suitably conductive materials. In one set of
embodiments the tool or tool members is/are made of copper or an alloy comprising
copper. In another set of embodiments, the tool/tool members could be made from

graphite.
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The workpiece could be of any suitably electrically conductive material. In
particular it will be appreciated that the invention may be used with workpieces
made from materials that could not be satisfactorily machined using traditional
machining techniques such as abrading and cutting. In a set of presently preferred

embodiments the workpiece is made of aluminium or an alloy containing aluminium.

The invention disclosed herein extends to turbines discs and stator discs produced
using the techniques disclosed herein and to gas turbine engines incorporating one

or more of these.

Although the inventions disclosed herein uniquely allow the large scale production
of turbine or stator discs with aerofolil section blades/vanes which are very small,
.e. less than 30 cm In diameter, preferably less than 20 cm in diameter, the
invention Is not limited to such miniature components and can be beneficially
employed to produce larger turbines or stators or indeed parts for these such as
assemblies of blades/vanes which can be assembled into a turbine or stator disc
but still without the requirement to fit and secure individual blades/vanes.

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

Fig. 1 1s a perspective view of a composite tool embodying one aspect of
the Invention;

Fig. 2 1s a view of a stack of blank discs prior to machining using the tool
of Fig. 1;

Fig. 3 i1s a view of the tool of Fig. 1 being used to machine the stack of
blanks of Fig. 2;

Fig. 4  shows the stack of blanks after they have been machined;

Fig. 5 I1s a perspective view of another tool embodying the invention
together with the bladed disc which it is able to produce;

Fig. 6 1s a view of the tool of Fig. 5 as machining of the bladed disc Is In
progress;

Fig. 7 1s a perspective view of a further tool embodying the invention;

Fig. 8 is a view showing the tool of Figs. 7a and 7b approaching a bladed

disc for machining;

PCT/GB2010/051642
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Fig. 9 Is a view similar to Fig. 8 showing the machining of the disc In
progress; and
Fig. 10 1s a perspective view of a machining operation according to

another embodiment of the invention.

Fig. 1 shows a composite tool 2 for electro-discharge machining of a vertical stack
of disc-shaped blanks such as are shown in Fig. 2. The tool 2 comprises a semi-
circular cylindrical shell support member 4 to which are fixed an array of elongate
tool members 6. It will be noted that the tool members 6 are arranged into five
distinct rows 8, each of which comprises a set of thirteen radially-extending tool
members 6 distributed around the circumference of the support member 4. The
iIndividual tool members 6 are held in the support member 4 by being clamped In
notches 10 formed in circumferentially extending slots 12 corresponding to the
respective rows 8. A series of vertically extending bores 14 pass through the wall
of the support member 4 to allow the passage of a series of bolts which provide a
clamping force. This arrangement allows for the easy removal and replacement of
iIndividual tool members 6. In use, the tool 2 iIs mounted in a computer-numerically-

controlled (CNC) machine.

Although the individual tool members 6 are shown as being straight and extending
directly radially, this is not essential - they could be shaped as appropriate to give a
desired shape to the blades and/or they could extend at an acute angle

(horizontally or vertically) to the radial direction.

Fig. 2 shows a vertical stack of disc-shaped blanks 16 prior to being machined by
the tool 2 of Fig. 1. The blanks 16 are circular solid discs of aluminium alloy and
may have an exemplary diameter of 76 mm and a thickness of 4 mm. Each disc
has a central hole to allow it to be mounted on a common mounting shaft 18. The
mounting Is such as to establish a good electrical connection between the blanks
16 and the shaft 18. They are mounted in a vertically-separated stack so that the
separation of respective upper faces 20 of the blanks is slightly less than the
vertical separation of the respective rows 8 of tool members 6 In the tool 2 shown In
Fig. 1. The gaps 22 between the respective blanks 16 are slightly larger than the

thickness of the tool members 6.
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As may be appreciated from Fig. 3, in operation the stack of blanks 16 Is brought
Into position for machining by advancing them radially towards the tool member 2
until the support shaft (the upper part of which is omitted for clarity) is coaxial with
the axis of the cylindrical tool support housing 4 (or vice versa) so that the rows 8 of
Individual tool members 6 pass into the gaps 22 between the respective blanks.

To begin machining of the blanks 16, they are iImmersed in a hydrocarbon-based or
synthetic dielectric fluid. One side of an electrical potential is applied to the shaft
18 supporting the blanks 16, and therefore to the blanks themselves, and the other
side Is applied to the tool 2. The voltage of the electrical potential applied can be
chosen to suit the circumstances, the required finish etc. In one example a voltage
of 40 volts could applied. It has been found that with a 3 amp power supply, this
allows the tool to erode the blank at a rate of 2 mm per minute. The shaft 18 is
therefore advanced at this rate in a vertical direction relative to the tool 2 (of course
the tool could be moved as well or instead).

When the individual tool members reach a critical distance from the faces 20 of the
blanks, the resulting electrical discharge across the gap between the tool members
6 and the blank face 20 will begin to erode a corresponding groove In the face 20 of
the blank. Since there are thirteen individual tool members 6 in each row 8 of the
tool, thirteen separate grooves will be machined simultaneously in the face 20 of
each blank. It will also be appreciated that discharge machining can take place
along a significant proportion of, or substantially all of, the length of each tool
member 6. Relative vertical movement between the blank support shaft 18 and the
tool 2 continues, ensuring that the grooves in the faces of the blanks continue to
deepen. As the vertical advancement continues, a relative rotational movement
between the blanks 16 and the tools 2 about their common axis Is also executed.
This gives "undercut" grooves.

The operation is continued until the tool members 6 have eroded a gap completely
through the respective blanks and have emerged into the gap 22 on the other side
of the respective blank.

The initial machining operation leaves the blank with a half-circumferential array of

closely spaced, overlapping blocks which may have a crude blade shape. At this
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point, the operation can be repeated with the reverse relative vertical movement but
with slightly different rotational movement in order to have the tool members 6
machine the opposing faces of the blades. Once machining of one half of the
blanks 16 has been completed, the blanks and the tools 2 may be rotated through
180° to allow the other half to be machined. Alternatively, a mirror image tool may
be advanced on the other side of the blanks to form a complete circle and thus
allow machining of the entire blanks at the same time. Subsequent machining
operations can be carried out If required - e.g. to remove material between the initial

two cuts.

The resulting workpieces 24 are shown in Fig. 4. As mentioned above these
comprise a circumferentially array of closely-spaced, overlapping blocks 26 which

have a crude blade shape

Thus it can be seen that the tool 2 shown in Fig. 1 allows the rapid machining of five
blanks simultaneously and of either half of or all of the blades on a given blank
simultaneously. This gives the potential for a significant increase in the production
efficiency of the machining process as compared to the techniques set out In

WO 2004/076111 and WO 2006/027608 in which only a single groove in a single
blank is machined at a time. This technigue may be used, possibly a plurality of
times, either with the same tool or with a similar tool bearing different individual tool
members. However, In the embodiment described here a subsequent machining
operation Is carried out with a different type of tool as will be described in greater

detail hereinbelow with reference to Figs. 7a to 10.

Fig. 5 shows an alternative embodiment of the invention. In this embodiment, the
blank i1s machined using a single unitary tool member 50 which has a series of
angled, generally radially-extending slots 52 formed in its upper face. As in the
previously described embodiment, this tool 50 is also used to machine a disc-
shaped blank from one face of the blank and is twisted relative to the blank at the
same time as advancing along their common axis in order to machine a bladed disc
53 having a closely spaced, overlapping circumferential array of blades 54 which
extends from a hub 56. As will be appreciated particularly from the in-progress
view of Fig. 6, the tool 50 is the physical inverse of the desired resultant shape of

the bladed disc 53 so that the shape of the slots 52 is the precise shape of the
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resulting blades 54. It will be appreciated that use of this tool is straightforward and
It can allow very rapid production of a bladed disc, although does not lend itself so
well to the simultaneous machining of a plurality of discs.

Fig. 7 shows a perspective view of a further tool member 60 which can be used to
provide an accurate finished shape to the blades on discs produced by the tools
shown In Figs. 1 and 5. The tool 60 has a first side 62 on which it Is supported in a
tool holder (not shown) in use. The first side 62 may be formed with a suitable
feature - such as a dovetall - to allow it to slot into the tool-holder, or it could be
formed as in integral part of the tool-holder. The second side 64, which is
approximately opposite the first side 62, i1s unsupported. Neither the first nor
second sides 62, 64 need be planar and they need not be parallel with one another.
As an alternative the tool could be supported at the top 65 with the bottom 67 being
unsupported.

Extending between the first side 62 and the second side 64 are two side surface
regions 66 and 68. These correspond in shape to the desired finished surface
shape of the blades 70. In particular, the concave side surface region 66
corresponds to the convex face 70a of the blades and the convex face 68 of the
tool corresponds to the concave face 70b of the blades. Although not shown the
bottom of the tool 67 could correspond in shape to the desired surface of the hub at
the blade root region.

The tool 60 shown In Fig. 7 may be used to produce a desired blade shape from the
crude blocks 26 of the partly-machined workpiece of Fig. 4 as will be shown with
reference to Figs. 8 and 9. As the tool 60 Is advanced radially towards the partially
finished bladed disc 72 (which is in fact shown just after machining has been
completed), the convex face 70a of one blade is machined as the tool advances
into the gap. Thereafter when the disc 72 is rotated slightly on its axis and as the
tool 60 Is withdrawn, it machines the concave face 70b of the adjacent blade. This
produces the emergent blade shape shown in Figs 8 and 9. Such a shape cannot
easily be achieved simply by using the tools shown in Figs. 1 and 5.

It will be seen therefore that the straightforward finishing of the blades 70 on the

bladed disc 72 can be achieved simply by advancing the tool 60 radially into the
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gaps between respective blades 70 which are formed by one of the prior-described
techniques and rotating the disc 70 at the appropriate point. Once one pair of blade
surfaces has been machined, it is simply necessary to withdraw the tool, index the
workpiece disc 72, and then advance the tool 60 again into the next gap. This
allows both rapid and accurate finishing of the blade whilst permitting the formation

of complex blade forms without the need for repeated changes of the tool.

t IS also possible to machine the finished blades from a solid blank using a tool
similar to that described with reference to Figs. 8 and 9.

Clearly the particular form of the tool 60 will be dictated by the desired finished
shape of the blades. Whilst the tool is depicted in these embodiments as extending
substantially the full radial height of the blades 70, this is not essential and it could
be deeper or significantly shallower than this.

Fig. 10 shows another embodiment of the invention. This has a row of ten tools 74
individually mounted in an elongate tool-holder 76. The tools 74 are similar to, but
not exactly the same shape as, the tool described with reference to Figs. 7 to 9.
Each tool 74 is used to machine two facing edges of adjacent blades 80 from a
virgin blank 80 in a similar manner to that described for the previous embodiment,
namely advancing the tool 74 towards the respective blank, rotating the blank and
withdrawing the tool, then indexing the blank to form the next pair of surfaces. The
difference In this embodiment is that a stack of ten blanks 80 mounted in a spaced
relationship on a common shaft 82 can be machined simultaneously by advancing
the tool holder 76 in a direction parallel to the axis of the shaft 82, which brings all
ten tools 74 into proximity to the respective blanks 80. The blanks 80 can be
rotated and indexed together via the shaft 82. Instead of advancing the tool-holder
/6 towards the blanks, the shaft 82 could moved. Conveniently the tool-holder 76
can be fitted to an automated tool changer which allows different tolls to be used in
a multi-stage process or allows the replacement of worn tools without needing to

interrupt production.

Thus it will be seen that the preferred embodiments of the invention allow the rapid
and efficient production of an integral bladed disc from a solid blank using a one- or

two-stage electro-discharge machining process.
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Claims:
1. Apparatus for contactlessly machining a workpiece having a face and an

edge, comprising means for mounting said workpiece, a tool configured to remove
material from said workpiece by inducing a change of state therein by its proximity
to the workpiece, the apparatus being configured to advance the tool in a direction

towards the face of the workpiece to remove material from said face.

2. Apparatus as claimed in claim 1 configured to machine a workpiece which is

circular or has a circular envelope.

3. Apparatus as claimed in claim 1 or 2 configured to machine a workpiece

comprising a solid blank.

4. Apparatus as claimed in claim 1, 2 or 3 configured to machine a workpiece
having a thickness In the axial direction less than its diameter.

5. Apparatus as claimed in any preceding claim wherein said tool is unitary,
having shaped slots therein, at least part of which correspond to the formed shape
of the workpiece after machining is completed.

6. Apparatus as claimed in any preceding claim wherein the tool comprises an

essentially two-dimensional surface.

/. Apparatus as claimed in any of claims 1 to 5 wherein the tool comprises at

least one elongate member.

8. Apparatus as claimed in any of claims 1 to 5 wherein the tool comprises a

plurality of circumferentially-spaced tool members.

9. Apparatus as claimed in any preceding claim comprising a plurality of tools
and configured simultaneously to machine a plurality of workpieces arranged in a
stack extending in the direction of advancement of the tools.
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10. Apparatus as claimed in any preceding claim configured to received

workpieces mounted in a vertically-spaced stack on a common shaft.

11. A tool for contactlessly machining a radial array of overlapping blades or
vanes in a workpiece, said tool being adapted to be supported at a first side thereof
opposite a second, unsupported side, the tool further comprising third and fourth
side surface regions extending between said first and second sides, said third side
surface region having a form conforming to at least part of a final form of a surface

of one of said blades or vanes.

12. A tool as claimed in claim 11 whose length from the first to second sides is

greater than its maximum width between said third and fourth side surface regions.

13. A tool for contactlessly machining a radial array of overlapping blades or
vanes in a workpiece, said tool comprising opposite first and second ends, the tool
further comprising third and fourth side surface regions extending between said
front and rear ends, at least one of said side surface regions having a form
conforming to at least part of a final form of a surface of one of said blades or
vanes, wherein the length of the tool from the first to second surfaces Is greater

than its maximum width between said side surface regions.

14. A tool as claimed in claim 14 wherein the fourth side surface regions
corresponds to the desired final surface form of the blade/vane facing that

conforming to the third surface region.

15. A tool for contactlessly machining a radial array of overlapping blades or
vanes in a workpiece or blank, said tool comprising at least two surface regions for

machining respective facing surfaces of at least two blades or vanes.

16. A tool as claimed in any of claims 11 to 15 having a height not less than the
full radial height of the finished blades/vanes.

17. A tool as claimed in any of claims 11 to 16 shaped to give a desired form to
the root region of a corresponding workpiece.
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18. Apparatus as claimed in any of claims 1 to 10 having a tool holder

comprising a series of tools as claimed in any of claims 11 to 17.

19. Apparatus as claimed in claim 18 wherein the tools are individually
removable from said tool holder.

20. Apparatus as claimed in any of claims 1 to 10 or 18 to 19 configured to
apply an electrical potential across the workpiece and tool for electro-discharge
machining of the workpiece.

21. A method of forming a radial array of overlapping blades or vanes in a
workpiece comprising advancing a tool as claimed in any of claims 11 to 17 along a

radius of said workpiece.

22. A tool for contactlessly machining a plurality of radially extending blades or
vanes on a disc, said tool comprising a circumferentially distributed array of radially
extending elongate tool members.

23. A composite tool comprising a plurality of tool members for machining a
plurality of workpieces arranged such that the tool members are advanced towards

the workpieces along a common axis.

24. A tool as claimed in claim 22 or 23 comprising tool members arranged

around a semi-circle.

25. A method of contactlessly machining a workpiece having a face and an
edge, comprising advancing a tool in a direction towards said face, thereby
removing material from the face of the workpiece by a change of state of the

material induced by its proximity to the tool.

206. A method as claimed in claim 25 wherein the workpiece is circular or has a

circular envelope.

27. A method as claimed in 25 or 26 wherein the workpiece comprises a solid
blank.
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28. A method as claimed in any of claims 25 to 27 wherein the workpiece has a
thickness in the axial direction less than its diameter.

29. A method as claimed in any of claims 25 to 28 wherein said tool is unitary,
having shaped slots therein, at least part of which corresponds to the desired

formed shape of the workpiece after machining.

30. A method as claimed in any of claims 25 to 29 wherein the tool comprises

an essentially two-dimensional surface.

31. A method as claimed in any of claims 25 to 29 wherein the tool comprises at

least one elongate member.

32. A method as claimed in any of claims 25 to 31 wherein the tool comprises a
plurality of circumferentially spaced tool members.

33. A method as claimed in any of claims 25 to 32 comprising simultaneously
machining a plurality of workpieces arranged in a stack extending in the direction of
advancement of the tools.

34. A method of forming a radial array of overlapping blades or vanes
comprising a first stage of advancing a tool towards a workpiece in a direction
towards the face of the workpiece to remove material from said workpiece by
Inducing a change of state of the material by proximity of said tool; and a second
stage of removing further material from said workpiece to leave said blades or
vanes, this removal also being effected by a change of state of the material
iInduced by proximity to a second advancing tool, said second stage comprising the

step of advancing said second tool in a direction towards the edge of the workpiece.

39. A method as claimed in claim 34 wherein said second tool is mounted to a
tool holder on one side only, with the opposite side of the tool being unsupported.

PCT/GB2010/051642
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36. A method as claimed in claim 34 or 35 wherein least two sides of the tool
correspond in form to at least part of the finished forms of the two respective

blade/vane facing surfaces on either side of the gap.

37. A method as claimed in any of claims 25 to 36 wherein the workpiece is

made of aluminium or an alloy containing aluminium.

38. A turbine discs or stator disc produced using a method as claimed in any of
claims 25 to 37.
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