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w= (57) Abstract: A tool system for moulding an article 1s provided which comprising a tool (100) having a tool surface (104) for

0

forming an article, the tool surface comprising a plurality of tool zones (106). Heating and cooling means (102a) are independent-

e\ ly associated with at least some of said tool zones (106). A control means 1s adapted to control the heating and cooling means

=

o (102a) to mdividually heat or cool the tool zones (106) having heating and cooling means (102a) associated therewith so as to reg-
ulate the heat transfer into and out of the article at each tool zone (106) at any particular time throughout the moulding process.
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Zone Control of Tool Temperature

This invention related to a heated tooling system, in particular to a heated tooling
system for increased control of material properties of an article made in said tooling

system.

Many materials are moulded using a variety of moulding tools. it is well known in some
iIndustries, for example in the metal casting industry, that the rate and temperature at
which a material solidifies affects the material properties of the article. This effect
usually takes place on a microscopic scale and may for example inciude such
characteristics as the proportion of amorphosity or crystallinity in the final product.
When materials such as metals are used, the article can be treated after it comes off
the tool or mould, for example by heat treating and quenching, to control the material
properties, however these processes are lengthy and increase production time and
cosi.

When polymer materials are moulded, in particular thermosetting resins, which may
also contain a filler, the finished article can not usually be treated by a secondary
process to control its structural properties after it comes off the tool. Some tools may
be maintained in a temperature controlied environment, for example an autoclave, to
regulate the overall tool surface temperature and this can be effective for articles with a

relatively thin and constant cross sectional area.

When using tools to produce articles that have a thick or, in particular, a variable
thickness the problems associated with variance in material properties of the finished
product are further compounded by variance in heat loss from the different thickness
sections.

When thermosetting resins are used further complications arise by virtue of the
exothermic nature of the process of curing/cross linking. The temperature of the curing
thermoset polymer is a product of not only the tool temperature, but also of the local
reaction rate and the ability for heat to escape from the area in which the reaction is
occurring. The result of this is that the thermosetting polymer will cure at different rates
at different points across its profile resulting in different material properties derived from

the differing molecular structure.

Metals and thermoplastic polymers will experience different crystallinities in areas of
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different thickness as the cooling rate will vary dependant on heat extraction.
Autoclaves can be used to control this but, in order to overcome the differences due to
different cooling speeds of thick and thin parts of an article generally very gradual
cooling is used which increases production time. Furthermore autoclaves are
notoriously energy inefficient and require large areas to accommodate their footprint
which is typically much larger then the actual tool for the article.

Even though the different material properties arising from current tooling systems may,
to some extent, be predictable it is not controllable. In many instances, the design of
articles, in particular those to be moulded out of thermosetting polymers, is
compromised between an ideal desigh and a design that is practical to process. In
particular where an ideal solution for a part would comprise a single large article having
sections of different thickness, several smaller articles, each having a more uniform
thickness, may be manufactured and assembled together so as to obtain better control
over the material properties of each section of the article.

A further problem with current moulding techniques, and particularly associated with
autoclaves is that they are not controllable so as to vary the material properties of the
articles they produce. For example if a thermoplastic, e.g. PEEK, part of varying
thickness were required that had thicker sections required to have a high crystaliinity to
impart strength and thinner sections having a lower crystailinity to impart fiexibility, then
current technologies are not effective in creating such a part in a single moulding

Process.

The present invention at least partially mitigates the above mentioned problems with
known tooling processes.

According to a first aspect of the invention there is provided a tool system for moulding
an article, the system comprising: a tool having a tool surface for forming the article,
the tool surface comprising a plurality of tool zones, heating and cooling means
independently associated with at least some of said tool zones; and control means
adapted to control the heating and cooling means to heat or cool the tool zones having
heating and cooling means associated therewith to regulate the heat transfer into and
out of the article at each tool zone at any particular time throughout the moulding

process by individually heating or cooling the tool zones.

By continuously being able to locally heat and/or cool the tool zones and thereby
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control the heat transfer into and out of the article within the tool the material properties

of the finished article can be controlled during the moulding process.

In a preferred embodiment the tool system further comprises a plurality of sensors to
sense a property of the article within the tool zones and producing signals indicative of

said property.

The control system has an input means that receives said signal indicative of said
property and the control system controls the heating and cooling means in response to
said signal to heat or cool said tool zones. The sensed property may be one of:
temperature, dielectric constant, strain, ultrasonic penetration and hardness or any
other suitable parameter that can be used to indicate the cure rate of the polymer. In
this manner the material property can be controlled with direct feedback throughout the
moulding process. The sensor may measure the property indirectly, for example by
measuring temperature, the sensed temperature being indicative of a material property,
e.g. crystallinity which develops at different rates dependant on temperature, or may
measure the property more directly using such means a dielectric constant which is
proportional to, for example, crystallinity. By controlling the heating and/or cooling
dependant on these properties allows a finished article with known properties to be
moulded and the independent control of these properties within different zones of the
tool enable a article to be moulded having required different material properties
repeatably produced to a specification in different areas of the article.

An example of such a product may be a nose cone moulding for a racing car. The
sides of the cone will be required to be thin and highly rigid so as to control the airflow
thereover with minimal reinforcement and will therefore require a high level of
crystallinity in the material structure. The nose of the cone however will be required to
be less brittle and be able to be struck by small objects, for example stone chips thrown
up by another car, without shattering. The nose part of the cone will therefore require
more amorphisity and therefore be less brittle and more able to withstand such an

impact.

According to an embodiment of the invention some tooling pins have heating means

associated therewith and other tooling pins have cooling means associated therewith.

In one arrangement each heated/cooled tool zone may have an independent in-line

heater/cooler associated therewith, which may comprise an internal channel in each
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tool zone below the tools surface through which a heating/cooling fluid is passed. The

system may also comprise at least one reservoir for a heating and/or cooling fluid.

Preferably the system further comprises a plurality of fluid flow paths to direct flow of
said heating/cooling fluid from said reservoir to individual tool pins. Each flow path has
an in-line heater therein for heating fluid passing therethrough.

The tool system may comprising return fluid flow paths to return said heating/cooling
fluld from said tool pins to said reservoir and may comprise a plurality of said
reservoirs, each reservoir containing heating/cooling fluid which may be maintained at
a different temperature. In this manner a single heater/cooler may be associated with
each reservorr rather than with each heated/cooled tool pin, there by reducing the
number of heaters/coolers needed. The cooled tocl pins may be cooled by ambient
temperature air and therefore may not need physical apparatus to cool the cooling
fluid. Where ambient air is used for cooling purposes it would not be recycled back to

the reservoir but would be vented to atmosphere.

In one preferred arrangement a constant flow of fluid passes through the tool zones
and wherein activation of the iniine heater changes the fiuid from a cooling fluid to a

heating fluid.

In a preferred arrangement the tool system comprises a plurality of active tool zones
having heating and cooling means associated therewith, and a plurality of passive tool
zones containing no heating and cooling means associated therewith, the passive tool

zones adjacent to and/or interspaced with the active tool zones.

In an alternative embodiment the tool system comprises a plurality of heated tool zones
and a plurality of cooled tool zones, the cooled tool zones being interspaced between
the heated tool zones. In this manner tool zones that are not directly heated/cooled (the
passive tool zones) are indirectly heated/cooled by heat transfer with adjacent directly

heated/cooled tool zones.

The heated zones, cooled zones or the passive zones may have sensors associated
therewith which form part of the control circuitry. In particular sensors on the passive
zones allow the temperature transfer into the article in these zones to be closely

maonitored and controlled through heat transfer with adjacent heated zones.
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In a preferred embodiment the tooling system cbmprises a plurality of tool pins that tesssllate to
form the tool surface and wherein at least some of the tool pins have fluid channels therein
through which heating /cooling fluld passes.

The heated tool pins may have an internal in-line fluid heater for heating fluid passing through
the tool pin. In one arrangement the tool pins through which heatinglcoo'ling fluid passes contain
an insert that defines at least part of the fluid flow path. The insert may be removable/
interchangeable and different fluid flow paths in the insert will increase or decrease the
residency time of the fluid passing therethrough and/of alter the distance betwsen the
heating/cooling fluid and the tool surface. In this way the heat transfer into the tool surface can

be changed. Furthermore, common pins can be used and different inserts inserted to change
the heat transfer for different tool zones

In one arrangement the tooling system further comprises plurality of normally open control

valves for controlling the flow of the heating/cooling fluid to the tool zones. In this way if there is
a failure in the system the valves will fail open and unheated fluid will flow thersethrough to

reduce the tool temperature. The valves may be variable flow control valves or maybe bi-state
or tri-state valves.

The system according may comprise a sensor or sensors for sensing a material property of said
article material and supplying a signal indicative of said property to said controller prior to
commencement of the moulding process, the controller adapted to modify the control of said
heaiing and cooling means in response to said sensed material property. In this manner, priorto

commencement of, or during, a moulding process parameters of the control of the process can
be modified to take into consideration batch variance of the article material.

In a preferred embodiment the tooling system further comprising a second tool arranged
substantially opposite the first tool which may be substantially the same as the first tool.

According to a second aspect of the invention there is provided a method of manufacturing an
article comprising: placing a material to be moulded in a tool having a tool surface for forming
the article, the tool surface comprising a plurality of tool 2ones: activating heating and cooling
means associaled with at least some of said tool zones g0 as to locally vary the tool surface
temperature of each tool zone; and actively

CA 2778085 2017-07-06
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controlling the heating and cooling means to regulate the heat transfer into and out of
the article at each tool zone at any particular time throughout the moulding process.

The method may further comprise: sensing at least one property of the article at each
tool zone and producing signals indicative of said property at each tool zone.

The method according may include said control system has receiving the signals
indicative of said property and controlling the heating and cooling means in response to
said signal to heat or cool said tool zones. Sensors, which may be temperature
sensors, dielectric sensors, strain gauges, piezo sensors, ultrasonic sensors or
hardness sensors sense the material property.

The method preferably further comprises moulding a sacrificial piece of article material
In a sensing section and wherein said piece of article material in said sensing section
has sensors embedded therein. Several sensors may be embedded within said
sacrificial piece of article material at locations having different article material cross
sectional areas and controlling the heating and cooling means of too! zones at a
particular mould cross sectional areas in response to the signals generated by sensors
at a corresponding cross sectional area.

In this manner sensors may be embedded within a piece of the article material to sense
a material property, as it develops during the moulding process, in the middle of a
moulding. The sensors may be embedded in cross sections of different area to enable
an accurate signal of the changes in material property occurring within the moulding
itself without needing to place sensors in the article. Of course, in some applications it
may be possible to place the sensors in the article and leave them embedded therein
when the article is removed from the tool.

A method preferably comprises regulating the heat transfer into and out of the article to
produce, within a predetermined tolerance, specific material properties in the finished
article. Preferably the specific article material properties are iIndividually controlled
within specific tool zones. The specific material property may be one of: density
crystallinity/amorphisity, crystal size, cross-link ratio and vulcanisation.

In one embodiment the method comprise sensing a material property of said article
material prior to commencement of the moulding process and supplying a signal
indicative of said property to said controller prior to commencement of the moulding

process, the controller modifies the control of said heating and cooling means during
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the moulding process in response to said material property sensed prior to
commencement of the moulding process. In this manner the control can be modified to

take into consideration differences material properties between batches of material.

In another embodiment the article is manufactured by resin transfer moulding and the
tool zones are sequentially heated from the point of resin injection in the direction of
resin flow so as to elevate the mould temperature as the leading edge of the resin flow
passes there over thereby reducing the viscosity of the resin at the resin/perform
interface as it flows into the tool. The tool zones can be heated prior to the leading
edge of the resin flow arriving there in a manner that when the resin passes the tool

zone the tool surface temperature has aiready peaked and is starting to cool.

The tool zones may be user defined or may be automatically defined by the system. In
one embodiment the controller of the system monitors the performance of the tool
zones and if it is not possible for the controller to heat the tool zones to the required
temperatures then it may redefine the tool zones. If for example the performance of
one heater was to reduce due to malfunction, the tool zones could be redefined to
include another heater within the same tool zone as the underperforming heater.

Where multiple heaters are used they are preferably split between different phases of a
three phase electric supply. Furthermore the controller controls the use of the heaters
to ensure that a situation does not occur when a significantly unbalanced power draw is
placed on any one single phase of the electricity. This may, for example include using
heaters when they are not strictly needed. For example when a zone is desired to be
cooled the heater associated with it could be periodically pulsed to place a small load
on its electricity phase. As the fluid flow will still be below the temperature of the tool
cooling will still occur albeit at a slower rate on account of the slightly increased
temperature due to the pulsing of the heater. Such methods can assist in balancing
the electricity supply used in the invention.

To assist in the balancing of the current the tooling system may be provided with two
different levels of cocling, for example by switching between a high coolant flow and a
low coolant flow. The high coolant flow could be used when extreme cooling is needed
or could be used in combination with the use of the heaters as described above to
effect cooling when the heaters are powered or partially powered without l0osing

cooling power compared to the lower normal coolant flow rate.
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According to a third aspect of the invention, there is provided a tool system for moulding an
articls, the system compriging a first tool having a tool surface for forming an article, the tool
surface comprising a plurality of tool zones; a plurality of fluid flow paths configured to direct the
flow of a heating/cooling fluid to each of the plurality of tool zones; a plurality of haating and
cooling apparatuses, each indspendently associated with at least some of the plurality of tool
zones, each of the plurality of heating and cooling apparatuses comprising an independent
inline fluid heater; and a control systern configured to: control the plurality of heating and coaling
apparatuses to individually heat the tool zones by activating the inline fluid heater; and control
the plurality of heating and cooling apparatuses to individually cool the plurality of tool zones:
thereby ragulating heat transfer into and out of the article at each tool zone at any time
throughout the moulding of the article.

According to a fourth aspect of the invention, there is provided a method of manufacturing an
article comprising:

providing a tool system comprising a tool having a tool surface for forming an article, the
tool surface comprising a plurality of tool zones; a plurality of fluid flow paths configured
to direct flow of a heating/cooling fluid to each of the plurality of tool zones: a plurality of
heating and cooling apparatuses, each independently associated with at least some of

the plurality of tool zones, each of the plurality of heating and cooling apparatuses

comprising an inline fluid heater; and a control system:

placing a material to be moulded in the too!:

using the control system to:

control the plurality of heating and cooling apparatuses to individually heat the
plurality of tool zones by activating the inline fluid heaters: and

control the plurality of heating and cooling apparatuses to individually cool each

of the plurality of tool zones;

thereby regulaling heat transfer into and out of the article at each of the plurality
of tool zones at any time throughout a process of manufacturing the article.

CA 2778085 2017-07-06
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Specific embodiments of the invention will now be described, by way of example, with

reference to the following drawings in which:

Figures 1 and 2 shows a tool of a tool system according to the first aspect of the

invention;

Figure 3 shows a section through a tool pin for use in the tool system:;

Figure 4 shows a tool system in accordance with the invention:

Figure 5 shows an alternative tool system in accordance with the invention;

Figure 6 shows a control system in accordance with the invention;

Figure 7 shows a first temperature profile in accordance with the invention:

Figure 8 shows a second temperature profile in accordance with the invention;

Figure 9 shows a cross section through a tool of a system in accordance with the

invention;

Figure 10 shows a schematic diagram of an embodiment of tool system in accordance

with the invention: and

Figures 11 and 12 show cross sections through tool pins used in the tool system of the

invention.

Referring to Figures 1 and 2 a tool 100 is shown comprising a plurality of tool pins 102
each having a surface 104 on a tool face which may be flat or which may have a
contoured surface. The tool surface is divided into a plurality of tool zones 106, each
zone comprising one or more tool pins. In the example shown in Figure 2 each zone
106 is a 3x3 array of tool pins 102. The tool surface 104 of figure 2 is shown as being
flat for illustration purposes only and would, in use, have a contoured/shaped tool
surface. Each tool zone 106 has at least one heated/cooled pin 102a (see Figure 3)
associated therewith. The heated/cooled pin may be a single pin or where, each tool
zone 106 comprises more than one tool pin 102, separate heated and cooled pins can

be used. By controlling the application of heat and cooling to the tool zones 106 the
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transfer of energy into and out of an article being made in the tool 100 can be locally
controlled at specific times during the moulding process. As is well documented the
temperature and speed at which materials solidify effects various material properties,
for example, amorphisity, crystallinity, hardness, impact resistance etc. Therefore, by
carefully controlling the flow of heat into and out of an article during the moulding
process the material properties of the finished article can be controlled. In some
iInstances control may be required to ensure that an article has constant material
properties and in other instances it may be desirable to create an article out of a single
matenal having different properties in different areas of the article. The number of tool
pins 102 in a tool zone 106 will depend on the finesse of control needed. Where great
control of localised temperature is needed each tool zone 108 may comprise a single
heated/cooled pin 102a. In an alternative arrangement, not shown, the tool may
comprise a number of actively heated and cooled tool zones having heated/cooled pins
102a therein and a plurality of passively heated/cooled tool zones that are

heated/cooled by heat transfer with adjacent actively heated/cooled tool zones.

For a given tool the heat zones may be defined by the user when designing the tool or
may, for example, be automatically assigned by the controller. The Controller may re-
define the zones during the moulding process. This could, for example as a result of
the moulding process, or could be due to the mould not achieving the temperatures
desired from the controller. in the first instance if, during for example a resin transfer
moulding process, resin is injected from one end of the mould then it may be desirous
to heat the tool progressively in bands starting at the point of entry to ensure that as the
leading edge of the resin being injected is wetting and impregnating the perform
matenal, it iIs heated to reduce its viscosity enabling it to flow better. Once the material
is fully injected the zones may be redefined for example to give different areas of the
part different materials properties. Alternatively, if for example one of the heaters broke
and was unable to provide heating to one zone, that zone may be split and attached to
the adjacent zones so as to maintain control (albeit possibly to a lesser degree of

finesse) of the tool surface temperature in that zone.

In use the tool pins would be surrounded by a bolster which is not shown. The bolster
securely clamps all the pins together. The bolster may also be heated to the same
temperature as the pins adjacent it such that as the pins expand and contract with the
heating and cooling, so too does the bolster. The entire bolster may be heated and

cooled, or alternatively, just the corners of the bolster may be heated/cooled.
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Referring to Figure 3 an example of a heated/cooled pin 102a is shown. The tool pin
has a contoured surface 104 for, in use, forming an article. The tool pin 102a has an
inlet 108 for supplying cooling/heating fluid to the pin 102a and an outlet 110 for
removing used heating/cooling fluid from the pin 102a.

Figure 11 shows a variation of the tool pin 102b of Figure 3. In this embodiment a heat
exchange insert 105 is placed in the pin adjacent the end of the pin forming the tool
surface 104. The insert has a fluid flow path 107 (in this case in the form of a helix
around its outer edge, to increase the residence time of the heated fluid in the area of
the pin adjacent the tool surface to enable more heat to be extracted from the fluid.
This increased flow path length enables improved heat transfer. Different inserts 105
with different flow paths can be used in the pins to manage the heat transfer at different
pins. This enables the pins 102a to be standardised and the overall tool system to then
be customised to obtain the required heat transfer characteristics in the correct areas
of the tool.

Figure 12 shows a further embodiment of the tool pin wherein the tool pins are
provided with an internal heater 109 that heats the fluid as it passes into the tool pin
and as it approached the tool surface. The heater may be used with the tool pin of
Figure 11 or may be used with the tool pin of Figure 3, i.e. with or without the insert
105.

Referring to Figure 4 shows a tool system 112 is shown in accordance with the
iInvention. Each tool zone 106 has an individual blown air heater 114 associated
therewith. When operational the heaters 114 heat air which is than enters the pin 102a,
via inlet 108, circulates in the pin, thereby heating/cooling the pin, and then exits via
exits 110 and is vented to atmosphere. Each heater 114 has a local controller 116
associated therewith, which may be a PID controller or a similar controller, for
controlling the heaters 114 to praduce the required heat exchange with the article in the
tool. A master controller 118 receives signals from sensors 120 in the tool which sense
material properties of the article as it solidifies, and controls the local controllers in
response to said received signals. The sensors may for example be dielectric sensors
and, although some are omitted for clarity, sensors can be provided for every zone of
the tool. The master controller 118 has a data input means 122 by which a user can
input a required heating/cooling sequence for the tool zones 106. The data input
means 122 may be an interactive means by which the user can directly input and save
control commands and sequences or may simply comprise a data port/ wireless

receiver etc by which the controller can receive a machine readable control program
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generated externally from the tool system. By having separate heaters for each tool
zone, In the event of a failure of one of the heaters the heat supplied by adjacent
heated pins 102a can be modified to ensure that a satisfactory article is produced. As
this enables the tool system to function, even in the event of component failure,
efficiency may be increased as a result of reduced unplanned downtime as component
failures can be made during normal tool down time.

Referring to Figure 5 an alternative tool system is shown. Each tool zone 106 has at
least one heated/cooled pin 102a associated therewith. The heated/cooled pins 102a
may be a single common pin or may, as shown, be two separate pins. The system
comprises two reservoirs 124, 126, one of which is heated and the other is cooled by
heating /cooling means 128, 130 and each reservoir is connected to a plurality of tool
zones via valved conduits 132. The valves 134 are controlled by local controllers 136
which in turn are controlled by a master controller 118. Operation of the system Is
largely the same as that described above in that the master controller controls the local
controllers dependant on signals received from sensors 120 (not shown). Return
condulits return fluid from the heated/cooled pins to the reservoirs. In this way a closed
loop heating and cooling system is used to increase the overall efficiency of the
heating/cooling circuits. Furthermore a single reservoir can serve a number of. or all

of, the tool zones.

Figure 10 shows a different arrangement wherein tool system is provided with a
reservoir 150 of compressed fluid, preferably air, that supplies a plurality of conduits
152 that carry the fluid to the tool zones 106 of the tool system 112. Each conduit 152
has an inline heater 114 associated therewith that is controlled buy a controller 118.
Although depicted as a single item the use of the word controller here is generic and it
will be appreciated that the controller may include different levels of controller as
described herein. Each conduit also has a flow control valve 154 associated therewith
which may be a continuously variable valve or may have preset flow rates. The valve
may for example be a tri state valve having a shut, a half open, and a fully open
position.

The valves154 are fail open valves so that in the event of a loss of power full flow is
provided through the tool and the heaters are off, thereby cooling the tool and removing
an residual or chemically produced heat. The heaters 114 may alternatively be placed
In the fluid path within each tool zone, i.e. within the tool pins of a tool zone.
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Different heating and cooling fluids can be used dependant on the temperatures
required. Heating fluids may include heated air, water and oil and cooling fluids may
include cooled or ambient temperature air, water, water/glycol mixture and refrigerant
gasses, for example the cooling circuit could be a traditional compression/expansion

cooling circuit.

Referring to Figure 6 a schematic diagram of the control of a tool system is shown. A
Master controller 118 receives control signals from a memory 119 pertaining to the
general control of the system. This may, for example, be a time against temperature
plot for each tool zone detailed to give desired material characteristics in the finished
article. The master controlier 118 receives signals from at least one sensor 120 that is
sensing, in real time, certain material properties of the article. There may for example
be the article temperature, the article dielectric constant or the article density, the strain
on the article or the absorption of energy, e.g. ultrasound, by the article.

There would usually be more than one sensor associated with the article, for example if
different areas of the article need different final material properties then it is beneficial
to have a sensor 120 associated with each area of different required material property.
The received signals are stored in a database of historical data for future reference.
The master controller 118 compares the current signal from the sensor to the required
signal and can send an input signal to the local controller 116 to amend the
temperature of the pin 1022 associated therewith. In addition the master controller 118
can identify patterns in the incoming data and compare these to historical data stored
by the master controller 118 in and can thus identify patterns in the heating/cooling for
any particular article. Even in a controlled situation the heating and cooling of the article
may vary from day to day as a function of the materials being used. For example in
thermosetting resins the speed of the hardening of the resin will depend on the exact
constitution, the ambient temperature, the amount of time it has been mixed prior to
use etc. By comparing the trends for the current article to historical data the master
controller 118 can identify early on if the article temperature is likely to go out of
specific tolerances and can modify the figures in the look up table 121 that the local
controller 114 uses to increase or reduce the heating profile for specific tool pins 102a.

Referring to Figure 7 a simple temperature profile is shown for moulding a
thermosetting impregnated article blank. The tool pin temperature is first quickly raised
to 85 degrees by passing heated fluid (for example water) through the tool pins of a
tool 100 according to the invention. The temperature is then held at 85 degrees for 5
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minutes in order for the blank impregnated with resin (a pre-preg) to consolidate. As
the individual tool pins 102 in contact with the article or at least one tool pin 102a
associated with a tool zone, is directly heated, heat can be quickly input into the article.
After 5 minutes the temperature is once again raised, this time to 120 degrees in order
for the polymer to cross link. After a predetermined time limit, or after a pre determined
signal is received from a sensor, the tool pins are quickly cooled by passing a cooling
fluid through the pin bodies. Once again, passing the cooling fluid directly through the
tool pin 102a results in a quick temperature reduction and quickly cools the tool at the
end of the process thereby minimising the cycle time. As the temperature has been
carefully controlled through out the process, not only is a shorter time required, but
consistent material properties are achieved in the finished article. As the tool has
multiple zones each of which can be independently temperature controlled then each
zone may have a profile and be controlled in the same manner as a single zone.
Referring to Figure 8 a more complicated control profile is shown for a tool system
having 5 tool zones, each tool zone requiring a different heating/cooling profile over
time. The cooling means may include refrigerants to enable cooling of the tool pins
below ambient temperature (see dotted line). One advantage of this is that specific
areas of the article can be maintained at specific temperatures during the moulding
process. For example if a moulding was being made with a specific insert that requires
to be maintained below a specific temperature to prevent damage, e.g. a sensor or
piece of electronics that will become and integral functional part of the article then the
region of the article in which this insert is located can be maintained at a temperature
that ensures the continued integrity of the sensor/electronics. Other parts of the article
can be heated to a greater temperature to produce, for example, higher levels of cross
inking in the polymer. Such control during moulding is not, for example, possible using
an autoclave.

Figure 9 shows a tool system having a plurality of heated tool pins 102a which come
together with a tool upper plate 138 to form an article cavity 140. The pins 102a have a
complex contoured surface 142. In a separate area of the tool a sensor cavity 144 is
formed between a series of tool pins 102b and the tool upper plate 138. The tool pins
102b are arranged at regular heights and sensors 120 are located at predefined depths
in the sensor cavity 144. During the moulding process material from the same batch as
being used for the article is introduced into the sensor cavity 144 at the same time as it
s introduced to the article cavity 140. The article material may, for example be a cross
linked expanded polymer material. As the article material solidifies data collected from

sensors 120 in the sensor cavity 144 is used to control the flow of heat to and from the
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pins 102a of the article cavity 140. Data from the sensors 120 is taken at a series of
depths in the article material and is used to control heat to pins 102a that correspond to
similar depths of article material in the article cavity. in this way real time data can be
used from within the middle of the article material without the need to corrupt the
integrity of the article as any sensors 120 that were placed within the actual article
would remain there once the article had solidified. Once the process is finished the
material from the sensor cavity 144 is discarded along with the sensors 120 therein. In
extreme cases where very high levels of control are used a twin tool can be made
wherein two identical article cavities are made alongside one another, both of which
are controlled in an identical manner with heated tool pins 102a. One of the article
cavities forms a sacrificial sensing article and the other article is the produced item. In
this way the best possible replication of the internal conditions of the article are
achieved. It will be appreciated however that where it is acceptable to have small
foreign objects embedded in the finished part that the sensors may be embedded in the
article material during the moulding process and be left in the article after the process
IS complete.

It will be appreciated that although the invention has been described in relation to a
single tool face in many applications a tool with two tool faces will be used and that an
upper tool face according to this invention may also be used in combination with a
lower tool face to provide active heating and cooling from both sides of the tool.

The invention may be used with any suitable fluid and may include recycling the fluid

(especially if a liquid) and/or heat recovery from the returning fluid.

The invention is described with reference to a tool comprising a plurality of tool pins,
however it will be appreciated by the skilled person that although the tool pin
construction Is particularly advantageous in allowing modular construction, the tool
could be made using a continuous tool surface and the heating/cooling achieved by
attaching heating and cooling to the reverse tool surface and that accordingly the
invention Is not limited to tools of the pin type. Equally the joints of the pins may be
welded together to provide a continuous tool surface. The tool surface may be finish

machined after welding to machine it to final tolerance.

Tooling system having only heated or only cooled pins are also within the scope of the
iInvention and will be applicable to some situations and will deliver many of the benefits

associated with heated and cooled tool pins.
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5 CLAIMS:

1. A tool system for moulding an article, the system comprising:

a first tool having a tool surface for forming an article, the tool surface comprising a
plurality of tool zones;

a plurality of fluid flow paths configured to direct the flow of & heating/cooling fluid to
10  each of the plurality of tool zones;

a plurality of heating and cooling apparatuses, each independently assoclated with at

~ least some of the plurality of tool zones, each of the plurality of heating and cooling
apparatuses comprising an Independent inline fluid heater; and

a control system configured to:

15 control the plurality of heating and cooling apparatuses to individually heat the
tool zones by activating the inline fluid heater; and

control the plurality of heating and cooling apparatuses to individually cool the
plurality of tool zones;

thereby regulating heat transfer into and out of the article at each tool zone at
20 any time throughout the moulding of the article.

2. A tool system as claimed In claim 1, further comprising a plurality of sensors

configured to sense a property of the article within the plurality of tool zones and to produce
signals indicative of the property at each of the plurality of tool zones.

25
3. A tool system as claimed in claim 2, wherein the control system comprises an input
configured to receive the signals indicative of the property and wherein the control system is
contigured to, based on the signals, control the plurality of heating and cooling apparatuses
dependent on programmed criteria to heat or cool the plurality of tool zones.

30

4, A tool system according to claim 2 or claim 3, wherein the plurality of sensors are

configured to sense at least one of temperature, dielectric constant, ultrasonic
absorption/transmission, strain and hardness.

CA 2778085 2017-07-06
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5. A tool system according to any one of claims 1 to 4, wherein the plurality of heating
and cooling apparatuses define an internal channe! in each of the plurality of too! zone below
the surface of the first tool through which the heating/cooling fluid is passed and wherein the
system further comprises at least one reservoir for the heating heating/ccoling fluid.

Q. A tool system according to claim 5, wherein the plurality of fluid flow paths are
configured to direct the flow of the heating/cooling fluid from the at least one reservoir to
individual ones of the plurality of tool zones.

f. A tool system according to claim 8, further defining return fluid flow paths to return
the heating/cooling fiuid from tool zones to the at least one reservoir.

8. A tool system according to any one of claims 5 to 7, further comprising a plurality of
the reservoirs, each of the plurality of reservoirs containing heating/cooling fluid maintained
at a different temperature.

9. A tool system according to claim 6, each of the plurality of fluid flow paths comprising
an inline heater therein configured to heat heating/cooling fluid passing therethrough.

10. A tool system according to claim 9, wherein & constant flow of heating/cooling fluid
passes through the plurality of tool zones and wherein the inline heater is configured such

that activation thereof changes the heating/cooling fluid from a cooling fluid to a heating fluid.

1. Atool system according to claim 1, wherein the plurality of tool zones comprises a
plurality of active tool zones having heating and cooling apparatuses associated therewith, |
ancg a plurality of passive tool zones having no heating and cooling apparatuses associated
therewith.,

CA 2778085 2017-07-06
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3 12, A tool system according to claim 11, wherein the plurality of passive tool zones are

configured to be indirectly heated/cooled by heat transfer with adjacent one or ones of the
plurality of active fool zones.

13. A tooling system according to any one of claims 1 to 12, wherein the first tool
10 comprises a plurality of tool pins that are configured to {essellate to form the tool surface and

whereih at least some of the plurality of tool pins define fluid channels therein through which
the heating/cooling fluid passes.

14, A tooling system according to claim 1, wherein the first tool comprises a plurality of

15 ool pins that are configured to tessellate to form the tool surface and wherein at least some
of the plurality of tool pins define fluid channels therein through which the heating/cooling
fluid passes and comprise an internal in-line fluid heater for heating the haaling/cooling fluid
passing through the fluid channels thereof.

20 15. A tooling system according to claim 14, wherein the tool pins through which

heating/cooling fluid passes comprise an insert that defines at least part of the fluid flow
path.

18.  Atooling system according to claim 8, further comprising a plurality of normally open
25  control valves for controlling the flow of the heating/cooling fluid to the plurality of tool zones,

17.  Atooling system according to claim 16, wherein the piurality of normally open valves
arae variabie flow control valves,

30 18.  Atooling system according to any one of claims 1 to 17, further comprising a second
tool arranged substantially opposite the first tool.

19.  Atooling system according to claim 18, wherein the second tool is substantially the
same as the first {ool.

CA 2778085 2017-07-06
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A method of manufacturing an article comprising:

providing a tool system comprising:

a tool having a tool surface for forming an article, the tool surface comprising a

plurality of tool zones:

a plurality of fluld flow paths configured to direct flow of a heating/cooling fluid to each

of the plurality of tool zones:

a plurality of heating and cooling apparatuses, each independently associated with at

least some of the plurality of tool zones, sach of the plurality of heating and cooling

apparatuses comprising an inline fluid heater: and

21,

£ZDNECS,

22.

a control system:;
placing a material to be moulded in the tool:

using the control system to:

control the plurality of heating and cooling apparatuses to individually heat the
plurality of tool zones by activating the inline fluid heaters: and

control the plurality of heating and cooling apparatuses to individually cool
aach of the plurality of tool zones:

thereby regulating heat transfer into and out of the ardicle at each of the
plurality of tool zones at any time throughout a process of rmanufacturing the article.

The method according to claim 20, further comprising:
sensing a property of the article at each of the plurality of tool zones, and

producing signals indicative of the sensed property at each of ihe plurality of tool

A method according to claim 21, further comprising:

sensing the signals indicative of the property, and

CA 27778085 2017-07-06
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controlling the heating and cooling apparatuses in response to the sensed signals to

heat or cool the plurality of tool zones.

23. A method according to according to claim 21 or claim 22, wherein the sensed
proparty is at least one of: temperatura, dielsctric constant and hardness.

24, A method according to any one of claims 21 to 23, further comprising moulding a
sacrificial piece of article material in a gensing section and wherein the sacrificial piece of
articla material in the sensing section comprises at least one senzor embedded therein.

25. A method according to claim 24, further comprising:

embedding several sensors within the sacrificial plece of article material at locations
having different article material cross sectional areas, and

controlling the heating and cooling apparatuses of the plurality of tool zones at
particular mould cross sectional areas in response to the signals produced by sensors at a
corresponding crogs sectionel area.

28. A method according to any one of claims 21 to 25, further comprising regulating the
heat transfer into and out of the article to produce, within a predetermined tolerance, at least
one article having a specific material property.

27, A method according to claim 26, wherein the at least one specific material property is
configured to be individually controlled within specific ones of the plurality of tool zones.

28 A method according to claim 26 or clalm 27. wherein the at least one specific

material property is at least one of: density crystallinity/amorphicity, crystal size, cross-link
ratio and vulcanization.

28. A method according to any one of claims 21 to 28, further comprising:

CA 2778085 2017-07-06
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providing & sensor for sensing a matearial property of the aricle material prior to
commencement of a moulding procsss; and

supplying a signal indicative of the property to the controller prior to the
commencement of the moulding process, and

modifying control of the heating and cooling apparatuges during the moulding
process in response to the material property sensed prior to commencement of the moulding
process.

30. A method according to any one of claims 21 to 29, wherein the aricle is
manufactured by resin transfer moulding and wherein the method comprises saquentially
heating the plurality of tool zones from the point of resin injection in a direction of resin flow
20 as to elevate a mould temperature as a leading edge of the resin flow passes thereover,
theraby reducing a viscosity of the resin at a resin/perform interface as the resin flows into
the tool.

31. A mesthod according to any one of claims 21 to 29, wherein at least one of the
heating and cooling apparatuses are configured to be powered by different phases of &
multiphase electricity supply and wherein the method comprises controlling a power supply

o the heaters to substantially balance power usage across phases of the multiphase

electricity supply such that a significantly unbalanced power draw is not ptaced on any one
single phase of the multiphase slsctricity supply.

CA 2778085 2017-07-06
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