Description Precision Polyurethane Manufacture 5 The present invention relates to a process and
apparatus for the manufacture of polymers with a high degree of precision and reproducibility, as well
as to the polymers produced thereby. In particular, the invention relates to polyurethanes produced
by precision polyurethane manufacture (PPM), which have a high degree of consistency and are
suitable for use in the medical product industry. 10 Since their original development by Professor Otto
Bayer, polyurethanes have become widely used in a range of different applications, such as in the
footwear, construction, textile and automotive industries. Of particular interest, however, is the use of
polyurethanes in the medical product industry. In this field alone, the 15 range of applications is
extensive and1&fI4RE OB, example, artificial heart components, wound dressing products and

catheters, to mention but a few. FpghersiefVIRs tRRALCRIQA @S RigReunder development, such

as, for example, replacement joints and vertebrae. The biomedical field imposes particularly stringent
requirements in general on any synthetic materials intended for inclusion 20 in medical devices and
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construction, textile and automotive industries. Of particular interest, however, is
the use of polyurethanes in the medical product industry. In this field alone, the

15 range of applications is extensive and includes, for example, artificial heart
components, wound dressing products and catheters, to mention but a few. Further
new areas of application are also under development, such as, for example,
replacement joints and vertebrae. The biomedical field imposes particularly
stringent requirements in general on any synthetic materials intended for inclusion

20 in medical devices and polyurethanes are no exception. For example, the difficulties
caused by build-up of deposits on polyurethane catheters, fatigue failure of heart
valves and bio-decomposition are well known. Also, any medical devices intended
for implantation must be free of potentially harmful substances that could leach
from the implant iz viw. Although problems of this sort can be readily identified,

25 the solutions are not always immediately obvious as there is usually a complex
relationship between the surface chemistry and molecular structural features of the
polymers, their morphology, the fabrication process and the device design. To date,
such inter-relationships are not well understood and, in most instances, evaluation
studies have been based on ill-defined commercial polymers. Whilst some efforts

30  have been made to tailor materials for improved end-use properties and to gain an
understanding of their properties, little attention seems to have been directed to the -
precision manufacture of quantities of materials for specific biomedical applications,

which exhibit controlled and consistent bulk and surface properties.



-2- Polyurethanes are generally synthesised by the reaction between a multifunctional isocyanate, a
polyol and a chain extender, the isocyanate reacting with the polyol to form a low molecular weight
pre-polymer, which is convened to a higher molecular 5 weight polymer by chain extension or
cross-linking with a chain extender. For some appligati_ons requiring low molecular weight
polyurethanes, however, it may not be necessary to tise a chain extender. For most applications,
however, a bifunctional or polyfunctional chain extender will be used to effect chain extension or cross-
linking, respectively. Moreover, it is possible to vary the order of reaction of the 10 various
components, for example, such that the isocyanate is first reacted with only a portion of the polyol or
the chain ext@®alirechafdodiengtaaplliheytatiesispd drytch¢ eastidonwitiwkeenamaihifenaidnel polyol or
chain extender. A range of islocyangtesh apolgotls %nd ain extentt:iers are avai{gbthe cor[mletrcially, with
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application. Other reagents can be added to form active chain-end groups or modify the bulk and
surface propettieelidracsinasiichzipicandar wilheuspd touehifsst 6hpESETbEa BOMPIRIBSTTS Of
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isocyanate apdlgbhiinakiande euritrlare defanditibbeasthabeiallyegithndifferent chemical
structures, molecular weights and functionalities. Most isocyanates are usually
15 polyfunctional aromatic, aliphatic or alicyclic compounds. A variety of different
polyols are available and include hydroxy-terminated esters, ethers or carbonate
diols of varying molecular weights, with varying levels of hydrophobicity,
hydrophilicity and backbone modifications. A number of chain extenders are
available, which are typically low molecular weight polyols polythiols or amines of
20  varying functionality. The choice of isocyanate, polyol and chain extender is
determined by the final application. Other reagents can be added to form active
chain-end groups or modify the bulk and surface properties for a specific
application. Clearly, the number of possible combinations of isocyanate, polyol,
chain extender and additional modifiers, and the number of different types of
25 polyurethanes that can be produced from these, is considerable. In contrast to
polymers such as, for example, polyethylene or polypropylene, therefore, the
polyurethanes represent an entire family of materials, of widely differing
characteristics. Moreover, a range of physical, mechanical and chemical properties
can be attained by adjusting the ratio of isocyanate, polyol and chain extender. The
30  polyol, being longer and more flexible, is commonly referred to as the soft segment,
and the isocyanate and chain extender units are referred to as the hard segment.
Therefore, a polyurethane with a high hard segment content will be relatively hard

and rigid, whereas a polyurethane with a low hard segment content will be relatively



Therefore, a polyurethane with a high hard segment content will be relatively hard and rigid, whereas
a polyurethane with a low hard segment content will be relatively -3- soft and flexible. These hard and
soft segments are immiscible, and phase segregation occurs forming soft and hard segment domains.
When molten, the polyurethane is phase-mixed, thagis, the soft segment is interspersed with hard
segment and vice versa. When cooled to a solid, phase segregation will begin, the rate 5 at which this
occurs being determined by time and temperature. Several commercially available polyurethanes
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when a solvent Is’employed, )
devices and other medical products such as catheters or surgical gloves, can be

manufactured by the selection of a suitably hydrophilic soft segment. The

75 molecular weight of the pre-polymer formed by reacting the isocyanate with the
polyol is ultimately limited by the viscosity of the pre-polymer solution, with higher
molecular weight pre-polymers resulting in more viscous solutions. Chain extension
is carried out in the water phase and an internal emulsifier (part of the polyurethane
backbone) or an external emulsifier is used to aid dispersion. A co-solvent is

20 usually added before chain extension to reduce the viscosity of the reaction mixture
and to aid subsequent film forming during water evaporation. Up until now, though,
it has not been possible to produce aqueous polyurethanes from very high molecular
weight pre-polymers owing to the physical constraints associated with handling
reaction mixtures of such high viscosity.

25
Conventional methods for making polyurethanes include both one step and two
step processes. The one step method involves concurrent mixing of isocyanate,
polyol and chain extender either in a batch reactor, when a solvent is employed, or
in a mould, in the case of bulk polymerisation. Using a solvent enables much better

30 mixing and reaction control. However, extra cost is incurred as the solvent must be
recovered at the end of the process, whilst its subsequent disposal may well present
environmental difficulties. The two step method involves the manufacture of a pre-

polymer in a first step, usually from isocyanate and one or more polyols, and then,



in a mould, in the case of bulk polymerisation. Using a solvent enables much better 30 mixing and
reaction control. However, extra cost is incurred as the solvent must be recovered at the end of the
process, whilst its subsequent disposal may well present environmental difficulties. The two step
method involves the manufacture of a pre- polymer ima first step, usually from isocyanate and one or
more polyols, and then, -4- in a second step, chain extension with a stoichiometric amount of
isocyanate, polyol or chain extender, depending on how pre-polymer synthesis was carried out. The
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variations depending on whether 20 they are intended to pe capable of handling reinforcing agents in
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15 under high velocity and pressure, such that vigorous mixing occurs instantaneously.

The main advantages of RIM methods are the precision with which it is possible to
control the stoichiometry of the co-reagents and the high degree of mixing of the
reagents that can be achieved during the mould filling process. There are many
different designs of RIM machines, the principal variations depending on whether
20 they are intended to be capable of handling reinforcing agents in the fluid streams
(RRIM), pumping the reagents over a pre-placed reinforcement in a mould (SRIM),
operating at high temperatures, or simply handling low viscosity non-reinforced
fluids. The first three systems have pumps that operate at high pressures (typically
150-200 bar), whilst systems for handling low viscosity non-reinforced fluids have
25 pumps which operate at much lower pressures. A further distinction can be drawn
bletween machines that employ self-cleaning impingement mix-heads and those with
simpler mechanical mixing devices, such as mechanical stirrers, which require the
removal of polymer residues between injections or after a series of injections, using
a solvent or an air purge. Mechanical mixing devices are normally only employed in
30 low pressure systems, which are well suited to the manufacture of low modulus
products, such as polyurethane foams, using chemical or physical blowing methods.
RRIM and SRIM methods demand the use of lance pumps and are generally used in

conjunction with sophisticated self-cleaning mix-heads. Such methods are



between machines that employ self-cleaning impingement mix-heads and those with simpler
mechanical mixing devices, such as mechanical stirrers, which require the removal of polymer
residues between injections or after a series of injections, using a solvent or an air purge. Mechanical
mixing devices are normally only employed in 30 low3pressure systems, which are well suited to the
manufacture of low modulus products, such as polyurethane foams, using chemical or physical
blowing methods. RRIM and SRIM methods demand the use of lance pumps and are generally used
in conjunctigrawithladyhistlbatectkdel-deanimy faixheall fargachniaethods asenitospartivedadss
well-suited tq the,manufacture of large surface-area compesite products for t u ile_ industry,
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polarity, reactititysepn processes. In addition, the physical and chemical properties of the
15 resultant polyurethanes can be modified in the extruder, the most common types of
modification being: grafting, where a relatively unreactive basic polymer is reacted
with low molecular weight reagents to increase its activity; reactive blending, where
the basic polymer is blended with one or more secondary polymers to form new
block or graft co-polymers; degradation, where the basic polymer is degraded in a
20 controlled manner, to form lower molecular weight polymers of desired processing
characteristics; functionalisation, where specific chemical groups are grafted on to
the surface of the basic polymer, to improve or alter its polarity, reactivity or
surface activity; and cross-linking or chain extension, where the basic polymer is
reacted with cross-linking agents or chain extenders to increase its molecular weight
25 or viscosity. Like RIM, conventional REX methods have also been used for the
manufacture of polyurethanes for biomedical applications, but have been found to
be less than ideal because they do not give rise to materials having sufficiently
reproducible properties. This may be due to a number of different factors, such as
inadequate control of reaction stoichiometry, imperfect mixing, or poor temperature
30 control. With many REX processes, for example, it is common practice to blend
the pelletised product in silos, in order to remove any instantaneous variability in
the materials so obtained. When the polyurethanes of conventional processes are

subjected to a post-polymerisation extrusion-pelletisation process, additional



surface activity; and cross-linking or chain extension, where the basic polymer is reacted with
cross-linking agents or chain extenders to increase its molecular weight 25 or viscosity. Like RIM,
conventional REX methods have also been used for the manufacture of polyurethanes for biomedical
applications, but have been found to be less than ideal because they do not give rise to materials
having sufficiently reproducible properties. This may be due to a number of different factors, such as
inadequate control of reaction stoichiometry, imperfect mixing, or poor temperature 30 control. With
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a process for manufacturing polyurethanes with a ‘high to degree of preci |<£n and reproducihility.
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comprising repeling s ageitbynstinndiis agyriate fa Peiyehfandrivptivsipllyedh ahairvaktendgh wherein at
least two reagents setJected from the 15 isocyanate, the polyol, the chain extender, any mixture thereof
and any pre-peByRtert PR THhE rrﬁﬁf,"%’ih'@%ively mixed prior to being reactively extruded, to
form a polyurethane having a predetermined stoichiometry and thermal history. In the context of the
present inveﬁgon, the term "ng}/l%retharge" ialundersttood tt ir}glijsdero%@gegogyrpeée\é\éhfg@ contains
multiple uret TeIMREGes ahdIRCIBES, For e%érrlﬁrﬁe,l% po yuretﬂane-ureag fivan embodiment, at

least a portiomalfittpeapotiphethheckainprising reacting a multifunctional isocyanate, a polyol

and, optionally, a chain extender, wherein at least two reagents selected from the

15 isocyanate, the polyol, the chain extender, any mixture thereof and any pre-polymer
formed therefrom, are intensively mixed prior to being reactively extruded, to form
a polyurethane having a predetermined stoichiometry and thermal history. In the
context of the present invention, the term “polyurethane” is understood to include
any polymer which contains multiple urethane linkages and includes, for example,

20  polyurethane-ureas. In an embodiment, at least a portion of the polyol or the chain
extender is reacted with the isocyanate prior to intensive mixing, so as to “end cap”
the polyol or the chain extruder with isocyanate groups, thus facilitating subsequent
reaction. In another embodiment, at least a portion of the isocyanate is reacted
with the polyol or the chain extender prior to intensive mixing. Preferably, at least

25 aportion of the chain extender is mixed with the polyol prior to intensive mixing.
Advantageously, the process according to the present invention allows absolute
control of reagent stoichiometry, whilst intimate mixing of the reagents at the
molecular level allows the manufacture of tailored linear polyurethanes of narrow
molecular weight distribution or narrow polydispersity. Moreover, a known and

30 reproducible thermal history can be imparted to the polymer during synthesis,
whilst overall thermal degradation can be minimised by reducing the number of
melt cycles for polyurethane components. Such a process allows the integrated

manufacture of a polyurethane resin, finished product or aqueous dispersion, whilst



extender is reacted with the isocyanate prior to intensive mixing, so as to "end cap" the polyol or the
chain extruder with isocyanate groups, thus facilitating subsequent reaction. In another embodiment,
at least a portion of the isocyanate is reacted with the polyol or the chain extender prior to intensive
mixing. Preferably, at least 25 a portion of the chain extender is mixed with the polyol prior to intensive
mixing. Advantageously, the process according to the present invention allows absolute control of
reagent stoichiometry, whilst intimate mixing of the reagents at the molecular level allows the
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cycles for pong{ﬁg@mé}gﬁmggnts. Such a process allows the integrated manufacture of a
polyurethaneresin, finished product or aqueous dispersion, whilst -7- perturbations of the reaction
stoichiometry allows the manufacture of polyurethanes with controlled composition and mass
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L a-cisooya BT SR e B e,
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polyol nzlay bea roxy compound, but'is genérally a hydroxy-terminated ester, ether
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poly-1.2-propyleng; oL NGRS AAMSHRRELRUoRS Clnss GARalsdRe Mohao et iniene ether
glycols, poly-1,2-butyléne ether’glycol,’and polydecamethylene ethei gl?/cols. Preferred %(f‘layester
polyols includetpelysas/difrecyanate, or combinations thereof. The polyol may be any suita

polyhydroxy compound, but is generally a hydroxy-terminated ester, ether or

15 carbonate diol. Preferred polyalkylene ether glycols include polyethylene ether
glycols, poly-1,2-propylene ether glycols, polytetramethylene ether glycols, poly-1,2-
dimethylethylene ether glycols, poly-1,2-butylene ether glycol, and
polydecamethylene ether glycols. Preferred polyester polyols include polybutylene
adipate and polyethylene terephthalate. Preferred polycarbonate diols include

20  polytetramethylene carbonate diol, polypentamethylene carbonate diol,
polyhexamethylene carbonate diol, polyhexane;1,6-carbonate diol and poly[1,6-
hexyl-1,2-ethyl carbonate] diol. However, many other suitable polyhydroxy
compounds can also be used depending upon the desired application. The
polymerisation reaction may be carried out in the presence of an activating amount

25 of a suitable catalyst, for example, an organotin catalyst such as stannous octanoate.
However, the presence of a catalyst is not usually necessary, due at least in part to
the efficiency of the intensive mixing step, or even desirable, depending upon the
intended application of the polyurethane, such as, for example, in implantable
devices. For some applications, the multifunctional isocyanate and polyol are not

30 reacted with a chain extender. In most cases, however, a chain extender will be
included to effect chain extension or cross-linking of the urethane-linked pre-
polymer as it forms. Any suitable polyol, polythiol or polyamine or mixture thereof

that is suitable for this purpose may be used, such as, for example, mixed diols



adipate and polyethylene terephthalate. Preferred polycarbonate diols include 20 polytetramethylene
carbonate diol, polypentamethylene carbonate diol, polyhexamethylene carbonate diol,
polyhexane-1,6-carbonate diol and poly[1,6- hexyl-1,2-ethyl carbonate] diol. However, many other
suitable polyhydroxy compounds can also be used_depending upon the desired application. The
polymerisation reaction may be carried out in the presence of an activating amount 25 of a suitable
catalyst, for example, an organotin catalyst such as stannous octanoate. However, the presence of a
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two or more reagents selected from the isocyanate, the polyol, the chain extender,

15 any mixture thereof and any pre-polymer formed therefrom, are intimately mixed at
the molecular level. In a preferred embodiment, the two or more reagents are
intensively mixed by vortexing, such that two or more reagent streams are caused
to coincide and flow together in a spiral fashion. In another embodiment, the two
or more reagents are intensively mixed in a swash plate pump or a gear pump. Most

20  preferably, the two or more reagents are intensively mixed viz a reactive injection
processing technique, of the kind used in conventional RIM or SRIM processes. In
a preferred embodiment, the synthesis technique of the current invention utilises an
impingement mixing head, similar to those used in a RIM machine, and fitted with
two or more reagent streams. Each different stream can be programmed to deliver

25 the required amount of reagent continuously and with high accuracy not associated
with current RIM or REX techniques. Moreover, as the reagents are intensively
mixed at a molecular level, the reaction generally starts spontaneously, thereby
avoiding the need for inclusion of reaction catalysts altogether or greatly reducing
the amounts of such catalysts required. Since many of the catalysts normally used in

30  such reactions are potentially highly toxic i viv, the inventive process is particularly
suitable for making polyurethane medical devices intended for implantation. The
mix-head is preferably self-cleaning, to avoid having to clean the apparatus after

each used. Inan embodiment, the two or more reagents are delivered to the mix-



the molecular level. In a preferred embodiment, the two or more reagents are intensively mixed by
vortexing, such that two or more reagent streams are caused to coincide and flow together in a spiral
fashion. In another embodiment, the two or more reagents are intensively mixed in a swash plate
pump or a gear pump. Most 20 preferably, the two oymore reagents are intensively mixed via a
reactive injection processing technique, of the kind used in conventional RIM or SRIM processes. In a
preferred embodiment, the synthesis technique of the current invention utilises an impingement

mixing head. similas 4o, (BASSHSe R iBka Y MASHINS: ARSeMith ineor FrexaagRnk streams.
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composition, molar mass and sequence distribution. Preferably, the mixing step is

15 substantially instantaneous, most preferably occurring within a time period of
fraction of a second to a few seconds at most. It is especially desirable that the
resultant mixture is substantially homogeneous immediately after mixing, although
the subsequent composition of the mixture will obviously change as polymerisation
proceeds. In the context of the present invention, the term “reactively extruded” is

20 understood to mean that the physical and chemical properties of the polyurethane
mixture are modified in a continuous flow stirred tank reactor (CSTR) or an
extruder, preferably by at least one of the various forms of modification described
above in relation to conventional REX procedures. In a further embodiment, the
resultant mixture is fed directly into an extruder, the latter preferably being close

25 coupled to the mix-head. In this last named embodiment, the extruder may be
immediately adjacent to and is, preferably, directly connected to the mix-head, such
that the resultant polyurethane pre-polymer mixture exiting the mix-head passes
straight into the extruder. In an alternative and especially preferred embodiment,
the resultant mixture is fed into an extruder iz a rheometer, a densitometer, a

30  spectrophotometer or any combination thereof. This permits an instantaneous
“snapshot” of the viscosity, density or composition of the reaction mixture to be
taken before the reactive extrusion process begins and allows for any adjustments

thereto to be made. In a further embodiment, the resultant mixture is fed into the



the resultant polymer can be carefully controlled in order to obtain the desired composition, molar
mass and sequence distribution. Preferably, the mixing step is 15 substantially instantaneous, most
preferably occurring within a time period of fraction of a second to a few seconds at most. It is
especially desirable that the resultant mixture is sulgfantially homogeneous immediately after mixing,
although the subsequent composition of the mixture will obviously change as polymerisation
proceeds. In the context of the present invention, the term "reactively extruded" is 20 understood to

mean that the. phivisical and cheical RgReTiesahile RAHEINRG A RmBES PBodifed in
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monitor the reaction as it progresses, whilst temperature control means can be used

15 to ensure that the reaction processes occur within defined temperature ranges. In a
preferred embodiment, therefore, the polyurethane can be made to undergo thermal
profiling during the reactive extrusion process, such that it has a well-defined
thermal history. In an especially preferred embodiment, the extruder also comprises
a rheometer, a densitometer, a spectrophotometer or any combination thereof at a

20  pre-determined point along its length or at its exit, such that the physical and
chemical properties of the forming polymer and the final polyurethane can be
closely monitored and, if necessary, adjusted during the reactive extrusion process.
Therefore, dynamic control of the reagent stoichiometry and intimate mixing of the
reagents coupled with a controlled thermal profile reduces the batch to batch

25 property variation. Preferably, the reaction stoichiometry can be controlled within
0.01-2%, preferably within 0.05-1%, and most preferably within 0.1-0.2%. Equally
preferably, the thermal profile of the resultant polyurethane can be controlled
within 0.01-2°C, preferably within 0.05-1°C, and most preferably within 0.1-0.5°C.
In an especially preferred embodiment, the rate of mixing of the two or more

30  reagents, the rate of feed of the resultant mixture to the extruder, and the residency
time and temperature profile of the polyurethane mixture in the extruder is
controlled automatically, preferably by computer means. The output from the

extruder can be fed through an appropriate die to form the finished product, fed



io polyurethanes where the end group is different from the groups within the polymer chain. For
example, a chain extender can be mixed with the pre-polymer at this stage, to promote chain extension
or cross-linking and increase viscosity and molecular weight. Sensors can be placed along the length
of the extruder barrel to monitor the reaction as it prqgresses, whilst temperature control means can be
used 15 to ensure that the reaction processes occur within defined temperature ranges. In a preferred
embodiment, therefore, the polyurethane can be made to undergo thermal profiling during the reactive

extrusion progeet.pal g ihjaes dh NENHERD SHla MBI LA Rl JaIRMRA0BE Rl REBIgrred
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In a second aspect of the invention, there is provided an apparatus for making a

15 polyurethane comprising: a delivery system for quantitatively dispensing at least two
reagents selected from an isocyanate, a polyol, a chain extender, any mixture thereof
and any pre-polymer formed therefrom; mixing means for intensively mixing said at
least two reagents; and reactive extrusion means. In a preferred embodiment, the
delivery system comprises one or more injection lances, preferably controlled by the

20  use of linear transducers. In an especially preferred embodiment, the delivery system
and mixing means are essentially as described in relation to Figure 3 of the article by
P. D. Coates, G. R. Davies, R. A. Duckett, A. F. Johnson and I. M. Ward, Some
Routes for Tailoving of Polymer Properties Through Processing, Trans IChemE, Vol 73, Part
A, September 1995, except that the material exiting the post-mix-head CSTR

25 (Continuous Flow Stirred Tube Reactor) or rheometer is fed directly into the
reactive extrusion means instead of a mould. In a further embodiment, the reactive
extrusion means comprises a barrel extruder, preferably having one or more entry
ports for introduction of various reagents. Preferably, the reactive extrusion means
is a twin screw extruder, most preferably a co-rotating twin screw extruder. Any

30 commercially available twin screw extruder may be used, such as an APV Baker
MP2030 with a 30 mm screw diameter (L:D=40/1; D=30 mm) co-rotating twin
screws and sixteen heating zones, which is available from APV Baker, Speedwell

Road, Parkhouse East, Newcastle-under-Lyme, United Kingdom. In a further



can result in a reduction in the molecular mass of the polyurethane and a deterioration in the
consistency of the bulk and surface chemistry. An important feature of the inventive process is that
the reacted polyurethane can be extruded 10 directly into the final form, such as, for example, tubing,
dispersed in water to produce an aqueous polyurethpgpe dispersion, pelletised for further processing
by injection moulding or extrusion, or directly injection moulded. In a second aspect of the invention,
there is provided an apparatus for making a 15 polyurethane comprising: a delivery system for
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polyurethane mixture and the final polymer. In an especially preferred embodiment,

15 the apparatus further comprises: means for controlling the rate at which the delivery
means dispenses said at least two reagents in response to a first control signal;
means for controlling the rate at which the resultant mixture is fed to the reactive
extrusion means in response to a second control signal; means for controlling the
temperature of the polyurethane mixture in the reactive extrusion means in response

20 to a third control signal; means for detecting a property of the polyurethane mixture
during reactive extrusion and being adapted to generate a detector signal; and a
processor adapted to generate said first, second and third control signals in
response to said detector signal. This enables the inventive process to be automated
and any necessary adjustments required to produce a polyurethane of well defined

25 or pre-determined stoichiometry and thermal history to be accurately controlled. In
this last mentioned embodiment, the control and detection means are preferably
programmable means, such that their operation can be controlled by a program run

on a computer.

30 Inathird aspect of the invention, there is provided a computer program which,
when run on a computer, causes an apparatus according to the invention in its

second aspect to operate a process according to the invention in its first aspect.



5 thereto. In another embodiment, the apparatus further comprises measurement means adapted to
measure a physical or chemical parameter or property of the polyurethane mixture. Preferably, the
measurement means comprise a rheometer, a densitometer, a spectrophotometer or any combination
thereof. In an embodiment, the measurement meansig located between the mixing means and the
reactive 10 extrusion means, so as to enable an instantaneous assessment of the properties of the
polyurethane or pre-polymer mixture to be made, prior to reactive extrusion. In another embodiment,

the apparatusi3leg £piiseR AieAbANAL SRIWGD AL RRREWIRIN LLAbE Selaifigdpactive

extrusion means to monitor the properties of the polyurethane mixture and the final polymer. In an
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means for controlling the rate at which the resultant mixture is fed to the reactive extrusion means in

response to a second control signal; means for controlling the temperature of the polyurethane mixture
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and a proces$0 té‘Hetﬁt’é’ 'said first, second and third control signals in response to said
detector signal. This enables the inventive process to be automated and any necessary adjustments
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are preferablyFigogrammdble means, such that their operation can be controlled by a program run on a
computey, 30 In a third aspect of the invention, there is provided a computer program which, when run
on a computer, causes an apparatus according to the invention in its second aspect to operate a
process accordigis eodthleoventiontvies fok rasinmstratis-agrordmgtbait s iesenttioty ensipe more fully
understood, an embodiment thereof will now be described, by way of illustration only, and with

reference to the accompanying drawinlgs, wherein: . ]
In Figure 1, a conventional reactive injection moulding apparatus 1 comprises four

injection lances 2, a four reagent stream mix-head 3 and a mould 4. Each lance 2 is

15 numbered for ease of identification and comprises a hydraulic cylinder 5, a lance
pump 6, an inlet pipe 7, a non-return valve 8 and an outlet pipe 9. The mix-head 3
is so adapted that both pairs of reagent streams from the four outlet pipes 9 directly
oppose each other. The mix-head 3 comprises a cylindrical mix-pin 10 having four
vertical grooves (not shown) that are inscribed into the surface of the cylinder at

20 equal intervals and run along % of its length from the mid-point to within an 1/8 of
its length from the bottom face of the pin 10. In Figure 2, each lance 2 is supplied
with reagent from mix-tank 11, which is stirred by a paddle stirrer 12. Reagent is
supplied to lance 2 via inlet pipe 7, passing through non-return valve 8. Inlet pipe 7
is fitted with a vent 13. Reagent is drawn from mix-tank 11 into lance 2 by raising

25 lance pump 6 and subsequently ejected from lance 2 by depression of lance pump 6
through the action of hydraulic cylinder 5 controlled by means of a linear transducer
14. Reagent is supplied to mix-head 3 wiz outlet pipes 9. When mix-pin 10 is fully
inserted in mix-head 3, the grooves align with the outlet pipes 9 to provide channels
to the return pipes 15, such that the reagent streams are recycled to mix-tanks 11,

30  without being able to enter mould 4. When mix-pin 10 is retracted so that its lower
face sits between outlet pipes 9 and return pipes 15, the reagents are impingement
mixed before passing into mould 4. When mould 4 is full, mix-pin 10 is again fully

inserted allowing excess reagents to be recycled to mix-tanks 11 viz return pipes 15.



5 Figure 1 shows a front view of a conventional reactive injection moulding apparatus with four
injection lances; Figure 2 shows a side view of one of the injection lances of the apparatus shown in
Figure 1; and 10 Figure 3 shows a front view of an apparatus according to the present invention. In
Figure 1, a conventional reactive injection moulding_afpgratus 1 comprises four injection lances 2, a
four reagent stream mix-head 3 and a mould 4. Each'lance 2 is 15 numbered for ease of identification
and comprises a hydraulic cylinder 5, a lance pump 6, an inlet pipe 7, a non-return valve 8 and an
outlet pipe 9. The mix-head 3 is so adapted that both pairs of reagent streams from the four outlet
pipes 9 directly oppose each other. The mix-head 3 comprises a cylindrical mix-pin 10 having four
vertical groovés fgeshbverDrivasiareRodyuiteelhintdMheudactace (GPIND ephndensne®ediugltntervals and
run along 3/s gf its length from the mid-peint to within an 1% f_its lemath;from b of the
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pump 6 and subsequently ejected from lance 2 by depression of lance pump 6 through the action of
hydraulic cylirfgesves deatrolew by sHaass pregizaatabimbeniing zoperi8genesond shremetrrm-head 3
via outlet pipeg,g. MMM MiXsRIByLP, igfilaineaesd i MixRead Shibe g apres Aligineiiidhe outlet

pipes 9 to provide channels to the return pipes 15, such that the reagent streams are recycled to
mix-tanks 11, SHSTRAOTEBER QbR RSEHRRHRLUIPREWHER T BIFALE et dRRaG S 3 at its lower

face sits betwggfepusfialcpiRes: fhapshietitsncpina ks, Bhasedgtipendiadraping ehedntentlxgd before

passing into moujd 4, W mould 4 js full, mix-pin s.again fully inserted allowing excess reagents
to be recitleRPHTRLRIMKE A4\ diifn! Bifscke At ‘TW‘ﬁngﬁf’eg : %’r%‘ﬁ'i%ﬁ' %ﬁ&?’ré’ﬁén@ “
Manufacture (FiRdM)appasdis agearding 10 Fadtiveniind@ passerides ol éajtctibhdarngs 2, a

mix-head 3, and an APV Baker MP 2030 twin screw extruder 17. Extruder 17, which is joined to
mix-head 3 VigOéleS ’ which are progranuned to maintain the mixture at a pre étermine

temperature, before exiting extruder 17 wiz a second rheometer 20 through a die 21

to give the extruded polymer 22. One or both of the rheometers 18, 20 could be
15 replaced or combined with a densitometer or a spectrophotometer, so as to measure

other physical or chemical parameters of the polymeric material.

In a typical run, the mix-tanks are pre-heated to the required temperature and then
charged with the required amount of reagents, as determined by the stoichiometry,

20 sequence distribution requirements and length of production run required. The
reagents are continuously stirred by paddle stirrers under nitrogen until
homogenous and at constant temperature. A "dry" run is carried out (where the
mix-head pin is not retracted) under the required reaction conditions, that is, stream
mix-ratios, mix-volume and mix-time. The pressure of each stream is monitored

25 during this run. The pressure in each stream can be balanced if necessary by
adjustment of a needle valve behind the mix-head orifice (not shown). Balancing
the pressure of each stream is essential, as it facilitates good mixing as well as
preventing the reaction from taking place in the supply lines, which will occur if the
pressure of one stream is significantly greater than the other streams, thereby filling

30  the stream feed line. The reagents in each tank are circulated using the lances, with
the lances drawing the reagents from the holding tank and ejecting them around the
circuit and back into the holding tank. When ready to run, the control software is

launched. The size (volume) of each lance is programmed into the software, and



5 rheometer 18, has a 30 mm screw diameter (L:D=40/1; D=30 mm) co-rotating twin screws (not
shown), sixteen programmable heating zones 19, a second rheometer 20 and a die 21. However,
alternative forms of extruders having different dimensions, different numbers of programmable zones,
different measurement means, and different screw arrangements could also be used, depending upon
the intended 10 application. When mix-pin 10 is retradfed, mixed reagents from mix-head 3 pass via
rheometer 18 into extruder 17. Reaction mixture passes through each of heating zones 19, which are
programmed tomieickenghé hiequeired. aSeeatel printercal tofnporatoreatsefetecssdtity ekeruder 17 via a

second rheorsstes 20 kg aledl o\ ARG DNPLLAZ DG ALbat ofthe heometers

18, 20 could be 15 replaced or combined with a densitometer or a spectrophotometer, So as to measure
other physical BFesmentRdessed rferprpenRsIHwEeRhrareqred langsical hermise alsmadks are

pre-heated torfhe sequifeddpnuTesabideandiiie shavgeddithRe-saawigr AR RURLREFeagents, as
determined by the stoichiometry, 20 s é%quence distribution {equwements and length of production run

required. The ¥4 €156 thE it estrleqtes)spsame elnress uhBerHtrbgen dsRenm4Bes sBEnous and

at constant temﬂ@fa&u lighe AmBOP1 AUB &&a&@ﬂa%t&wh&n%ém dﬂt&@md@mm@%ﬁem@ed) under the
required reactjon conditions, thatl tream mix- ra,?f IX- voI tlme The ressure of each

stream is mo ?B?EH‘?%S&bﬁﬁ@tfﬁl GRe FRlopRESsot &t laacksst eré’r’ﬁlé ifecessary by
adjustment Ofsafﬁﬁﬁ@eﬂaﬂﬂﬂ@fhﬁd‘élq&fﬁd(diq&dlﬁﬂﬁ%cfﬂﬁéﬁﬁﬂwn)FBﬁk’:mﬂi}IQe Jtheigressure of each

stream is essgé] |aI as it famhtgtesE?H% mlxmgéa %II as ﬁ]ventln the reaction %om tak{ﬂg place in
the supply lin Wﬁ%%ﬁf@&ﬁ?s STesUTe BTth&'étre n&”élg Hgéer’it Sﬁ?é)gt AT RE other
streams;thereiy :hhng—&mmeﬁlréamﬁée&hneemhsmageMmmehdvéaalpar&)dlmﬁjmmndmg the
lances, with #e Ianc dra él%/\mgrgeg eglrte dfre% @nglrr}%tgngre and e wJoClW them around the _circuit

and back into herﬁlxl |ng rtan enre yto run, the cont fware is launched: THe sis S|ze (volume)

of each lancengxscbwntintrsolind the sesfondresreand (Wighade velotigngé dh¢ feguistda®dveirg pieces of
information agg requasted, by Jhen SQEWAE sHRME]Y Bl ARSIA LB HeRk ML HITE Uy -time, and

mix-ratio. The
using more streams of different sizes and different mix-ratios. The position of each

15 lance is measured with the linear transducer. After the above information is entered
into the software, the contents of the lances are ejected and the "empty" reading
from the transducers taken. The lances are then filled completely, and the "full"
reading taken. The PPM equipment is ready to run. When instructed, the lances
begin to eject reagents into the respective transfer lines. The velocity of each lance

20 is monitored by the software and when constant, the mix-pin is retracted allowing
impingement mixing of the reagents in the mix-head. The mixed reagents undergo
rapid polymerisation reactions as they pass from the mix-head into the close
coupled, twin screw extruder via an in-line rheometer. The reacting mixture passes
through the extruder in a pre-determined time and follows a pre-determined thermal

25 profile dictated by the combination of the running speed of the extruder and the
temperature settings of each of the sixteen temperature zones. An in-line rheometer
is fitted at the output end of the extruder to give real time measurement of
rheological properties which are used as a signal to control aspects of the operation
of the process, such as extruder speed, temperatures of the extruder zones, lance

30  speed, stoichiometry, reagent temperature, in accordance with an algorithm
operated by a computer, to give real time control of the rheological properties of
the polyurethane. The polymerised polyurethane melt exits from the extruder via a

conventional strand die to form continuous strands of polyurethane which is then



"streams to be used" information activates the required lances. The mix-volume is the total amount of
product required at the end of the run, with the maximum 5 volume being the sum of the selected
stream volumes. The mix-time determines the time that the mix-pin is retracted and the velocity of the
lances. The mix ratio determines the ratio of the velggities of the lances. From this information, the
software calculates the required dispensing requirements. For example, using the following
parameters for 2 lances of equal size, 1 L mix-volume, 4 seconds mix-time to and a mix-ratio of 1:1,

0.5 L from eé&Blé&Qﬁ Ifetied yehe ared thiseapndSontfiaumix-tpléiestios: diwheepteqeited, 0.75 L
of the first stre f IIE?]W pingement mixed with 0.25 L ﬂf .the second stream (with the velocity of

the first streé?‘r"i‘ AT DT S EEEAT SR TR ThE s BRRSPE BEES e iV aluable when
using more stzrielamsecsfedﬁésema&naefsllamgivdiﬂlermm-saMmeﬂWﬁhe oieheadlmihrteis
measured with the,g. ear érans ucer. A{ter the ahove |nfo mation IE nteged m&o Fe stt are, the
contents of tﬁ%rﬁh R &R thE“BRRE® Fe}%ﬂl 16G" fom e pedomedinto s tngl ances
are then5f|IIeebﬁqsbplﬁteIgsxahohkkmBing"orefdmmb)tqjeemn'ghh@ﬁhﬂamﬂlndmrmrghls wmblmdmn When
instructed, the I nces; %%rbto Gt reag Qltﬁ ﬁ'@rec re%eglgggggﬁsltl%uﬂe iﬁﬁ'ty of each
lance 20 is Moni orecei € Sofware and when cons Xnt the mix. pin Is retracté fbwmg
|mp|ngementmngeaftthMceh@emngﬁémnMea@f Tb@m@@éa@e@h@mﬂﬂe’fggomhe
polymerisatighiicacians asipey Base S iherddnodhe e anm Ayt serew extruder
via an in-lind rhicometer. The reacting mixture passes through the extruc erina pre -determined time
and follows a pre-determined thermal 25 profile dictated by the combination of the running speed of
the extruder and the temperature settings of each of the sixteen temperature zones. An in-line
rheometer is fitted at the output end of the extruder to give real time measurement of rheological
properties which are used as a signal to control aspects of the operation of the process, such as
extruder speed, temperatures of the extruder zones, lance 30 speed, stoichiometry, reagent
temperature, in accordance with an algorithm operated by a computer, to give real time control of the
theological properties of the polyurethane. The polymerised polyurethane melt exits from the extruder
via a conventional strand die to form continuous strands of polyurethane which is then




- 16 cooled and pelletised in the conventional way. Continuous operation of the process is achieved
by allowing the reagent streams to work in an asynchronous manner with one set of streams filling
while another set is ejecting to the mix-head and vice versa. The polyurethane melt exiting the
extruder may also be formed into a final 5 component (such as tubing or film) by passing the material
through a suitable the, or the melt can be injection moulded directly into a suitable mould to give a
final component. Modification of the choice of reagents and stoichiometry allows the polyurethane
melt to be dispersed into water to give a polyurethane dispersion. -17- Claims 5 1. A process for
making a polyurethane, comprising reacting a multifunctional isocyanate, a polyol and, optionally, a
chain extender, wherein at least two reagents selected from the isocyanate, the polyol, the chain
extender, any mixture 10 thereof and any pre-polymer formed therefrom, are intensively mixed prior to
being reacti¢ddingtruded, to form a polyurethane having a predetermined stoichiometry and thermal
history. 2. A process as claimed in claim 1, wherein at least a portion of the polyol or the 15 chain
extende? is reacted with the isocyanate prior to intensive mixing. 3. A process as claimed in claim 1,
wherein at least a portion of the isocyanate is reacted with the polyol or the chain extender prior to
intensive mixing. 20" P R SIRE AL RROYHIEIRNEn SBRRASINISERRING AISHIEURSRah at least a
portion of the chainisxtgadetejsarpotge antd) tptigelipl dbaitodxiansivesnssig abledgimeeess as claimed
in any one of the pr??fafﬂ%ﬂ% SE@HB%dVYJB%‘%Hb%éB@ﬁ%%,SH&’(ﬁo AYREE iR &?&%ﬁé@’re'é(nm%%\‘éa a
reactive injection technique. 25 6. A process as claimed in claim 5, wherein said at léast two reagents
are intdfsively mix&eTRA Ak ARaRreTPAYpiecsad anateminacaintansivi s MinesreliPsadain@ast

two reagents are 3g:gefivajaskiuded, Mbfdtars polaeifsSUERing a predetermined stoichiometry

and thermal history.

2. A process as claimed in claim 1, wherein at least a portion of the polyol or the
15 chain extender is reacted with the isocyanate prior to intensive mixing.
3. A process as claimed in claim 1, wherein at least a portion of the isocyanate is

reacted with the polyol or the chain extender prior to intensive mixing.

20 4. A process as claimed in any one of the preceding claims, wherein at least a

portion of the chain extender is mixed with the polyol prior to intensive mixing.

5. A process as claimed in any one of the preceding claims, wherein said at least two

reagents are intensively mixed via a reactive injection technique.

25
6. A process as claimed in claim 5, wherein said at least two reagents are intensively
mixed in a mix-head.
7. A process as claimed in claims 5 or 6, wherein said at least two reagents are
30 delivered to the mix-head under pressure.
8. A process as claimed in claim 7, wherein each of said at least two reagents is
delivered to the mix-head via an injection lance
35 9. A process as claimed in any one of claims 1 to 4, wherein said at least two

reagents are intensively mixed using a vortex mixer, an impingement mixing head,

a swash plate pump or a gear pump.



8. A process as claimed in claim 7, wherein each of said at least two reagents is delivered to the
mix-head via an injection lance 35 9. A process as claimed in any one of claims 1 to 4, wherein said at
least two reagents are intensively mixed using a vortex mixer, an impingement mixing head, a swash
plate pump or a gear pump. -18- 10. A process as claimed in any one of the preceding claims, wherein
the reaction is carried out in the absence of a catalyst. 5 11. A process as claimed in any one of the
preceding claims, wherein the intensive mixing occugg substantially instantaneously. 12. A process as
claimed in any one of the preceding claims, wherein the resultant mixture is substantially
homogeneous immediately after mixing. 10 13. A process as claimed in any one of the preceding

claims, wherein the relative amounts of said at least two reagents to be intensively mixed are
perturbed dulfhg the RIOGRSE 88 tHaimastiiornsenesofdife mreggsingureins evherainghe pragtiesyinined

composition, molar fgars PuERiResSaBstEEeEA IS EHAIeN. 15 14. A process as claimed in any one of the
preceding claims, wherein the resultant mixture is fed directly into an extruder. 15. A process as

claimedg'n aq){ one Rf tr%% %)Sréegg%'g clgilm%,nwrg%reci)rf'n thhee rree%lél %ntc CJ)mngiX\}/lf'mreereisnflﬁé% i.nEonan extruder via
a rheomieter, a‘densﬂ%me er, a spec?rorghotgme?er or any’com na‘;ﬁon thereof. ) /K]Sroséveess as

claimed in claims 1MxnpsseHer chbatentiadylinstanidneesdly fed into the extruder at a rate of 0.01-25
kg/s. 25 17. A process as claimed in claim 16, wherein the resultant mixture is fed into the extruder at

a rate of 0.10 KO/ BfbcheBIaseRsrsdCiRERg i SRiie brodabiRteilaiie IapelantA Xbiatimied into the
30 extruder at a rate of 1-5. kg/% Jr9. A Rrpcess as claimed in any.one of the Sreceding claims, wherein
the mixture mixtureis substantially homogeneous immediately atter mixing.

10
13. A process as claimed in any one of the preceding claims, wherein the relative

amounts of said at least two reagents to be intensively mixed are perturbed during
the course of the reaction, so as to form a polyurethane having a predetermined
composition, molar mass or chain sequence distribution.

15
14. A process as claimed in any one of the preceding claims, wherein the resultant

mixture is fed directly into an extruder.

15. A process as claimed in any one of the preceding claims, wherein the resultant
20 mixture is fed into an extruder via a rheometer, a densitometer, a

spectrophotometer or any combination thereof.

16. A process as claimed in claims 14 or 15, wherein the resultant mixture is fed into
the extruder at a rate of 0.01-25 kg/s.
25
17. A process as claimed in claim 16, wherein the resultant mixture is fed into the

extruder at a rate of 0.1-10 kg/s.

18. A process as claimed in claim 17, wherein the resultant mixture is fed into the

30 extruder at a rate of 1-5 kg/s.

19. A process as claimed in any one of the preceding claims, wherein the mixture

undergoes thermal profiling during the reactive extrusion step.

35 20. A process as claimed in any one of the preceding claims, wherein the mixture is

reacted with a chain extender during the reactive extrusion step.



undergoes thermal profiling during the reactive extrusion step. 35 20. A process as claimed in any one
of the preceding claims, wherein the mixture is reacted with a chain extender during the reactive
extrusion step. -19- 21. A process as claimed in any one of the preceding claims, wherein the mixture
is blended with at least one other polymer during the reactive extrusion step. 22. A process as claimed
in any one of the preceding claims, wherein the mixture is 5 reacted or treated with a modifying agent
during the reactive extrusion step, to modify the physigal or chemical properties of the resultant
polymer. 23. A process as claimed in any one of claims 14 to 20, wherein the rate of mixing of said at
least two reagents, the rate at which the resultant mixture is fed to the 10 extruder, and the residency
time and ter@feratufepoicpes@sipinioned tharuoelef the cuaeaslied clatomaricenein e mixtuoeéss as
claimed in claim 23p\WhesaiRithe AgsPbr Nk Pp SRR e résaaRNEilgdRigapt which the
resultant mixture is fed to the extruder, and the 15 residency time and temperature of the polymer in
the extruder is controlled automatically by computer means. 25. A process as claimed in any one of
the precedin2@claims prdvessimshaimadtiorarstond ditregreceding ctine|ladhevéinithe. 6lxRYe. i20 26. A
brocesssas claimed, iy @i e EPIRIR HYRSaRTHEMSIERRMPIN F8dc. Epigladiing 0,056

27. A process as claimed in claim 26, wherein the Teaction stoichiometry can be 25 controlled within

0.1-0.2%. 28. A prd®esiuthe BivricAPRAYESME PIRRSHHEE G FRsiiaNRRIYEIR the thermal history of

the resultant polyurethane can be controlled within 0.01-2C. 30 29. A process as claimed in claim 28,
wherein the #ermaApstoss®hthdaiesrdtand ngalperatbiaimeschh tb2@ontredkbal tvetinateCo0brking &0. A

process as claimeddn ¢1aifa9 Wi IRIRIRE Hierne R HIRK Al EsIRE AN AR FEHBIR.Can be
controlll%d within 0.1-0.5C. 35

extruder, and the residency time and temperature of the polymer in the extruder is

controlled automatically.

24.. A process as claimed in claim 23, wherein the rate of mixing of said at least two
reagents, the rate at which the resultant mixture is fed to the extruder, and the
15 residency time and temperature of the polymer in the extruder is controlled

automatically by computer means.

25. A process as claimed in any one of the preceding claims, wherein the reaction

stoichiometry can be controlled within 0.01-2%.

20
26. A process as claimed in claim 25, wherein the reaction stoichiometry can be
controlled within 0.05-1%.
27. A process as claimed in claim 26, wherein the reaction stoichiometry can be
25 controlled within 0.1-0.2%.
28. A process as claimed in any one of the preceding claims, wherein the thermal
history of the resultant polyurethane can be controlled within 0.01-2°C.
30 29. A process as claimed in claim 28, wherein the thermal history of the resultant
polyurethane can be controlled within 0.05-1°C.
30. A process as claimed in claim 29, wherein the thermal history of the resultant
polyurethane can be controlled within 0.1-0.5°C.
35

31. A process as claimed in any one of the preceding claims, wherein the

polyurethane is fed directly into a mould following reactive extrusion.



31. A process as claimed in any one of the preceding claims, wherein the polyurethane is fed directly
into a mould following reactive extrusion. -20- 32. A process as claimed in any one of the preceding
claims for making an aqueous polyurethane, wherein the polyurethane is dispersed in water following
reactive extrusion. 5 33. A process as claimed in any one of the preceding claims for making an
aqueous polyurethane, wherein the polyurethane is dispersed in water during reactive extrusion. 10
34. A process as claimed in any one of the precedingglaims, wherein the process is operated
continuously. 35. A process as claimed in any one of the preceding claims, wherein the multifunctional
isocyanate is an aromatic, aliphatic or cycloaliphatic 15 polyisocyanate. 36. A process as claimed in

any one of the preceding claims, wherein the multifunctional isocyanate is an organic diisocyanate. 20
37. A proces¥as clAiMegascasifeiBediNeaBnaPR Wrihsrieearding siims umaking an aqueous

diisocyanatodiphenpliateanme whetiso tyapaindighany mathssieeispphatent | diaasyeaaia

p-phenylene diisoc;ge}(n%temgﬁ-toulene diisocyanate, polyphenyl polymethylene polyisocyanate,
1,3-bis(isocyanatomeH‘nyﬁch‘clohexane, 1,4- diisocyanatocyclohexane, 1,6-hexamethylene

diisocyanate, 1,5-naphthalene 25 diisocyanate, 3,3'-dimethyl-4,4"-biphenyl diisocyanate, 4,4' d
iisocyanatod®Sycloh®g/raesassizimedigstpergiit\R RSResYIngctine for makinglae aguaiitfcyanate,
or a combination thgepafreifary) RPORIAR esIipkinghs RAMpEHRTR GRIRPIUSHIY AAahe delivery

system for quantitativ?la/ (I:lispensing into a mixing means at least two reagents selected from an

isocyanate, a polyoﬁ)%lrcﬁglnri extender, any mixture thereof and any pre-polymer formed therefrom;; b)

mixing means for intensively mixing said at least two reagents; and c) reactive extrusion means.
10 34. A process as claimed in any one of the preceding claims, wherein the process is

operated continuously.

35. A process as claimed in any one of the preceding claims, wherein the
multifunctional isocyanate is an aromatic, aliphatic or cycloaliphatic

15 polyisocyanate.

36. A process as claimed in any one of the preceding claims, wherein the

multifunctional isocyanate is an organic diisocyanate.

20 37. A process as claimed in claim 36, wherein the organic diisocyanate is 4,4'-
diisocyanatodiphenylmethane, 2,4’-diisocyanatodiphenylmethane, isophorone
diisocyanate, p-phenylene diisocyanate, 2,6-toulene diisocyanate, polyphenyl
polymethylene polyisocyanate, 1,3-bis(isocyanatomethyl)cyclohexane, 1,4-
diisocyanatocyclohexane, 1,6-hexamethylene diisocyanate, 1,5-naphthalene

25 diisocyanate, 3,3’-dimethyl-4,4’-biphenyl diisocyanate, 4,4'-
diisocyanatodicyclohexylmethane, 2,4'-diisocyanatodicyclohexylmethane, or 2,4-

toluene diisocyanate, or a combination thereof.

38. An apparatus for making a polyurethane comprising:

30 a) adelivery system for quantitatively dispensing into a mixing means at least two
reagents selected from an isocyanate, a polyol, a chain extender, any mixture
thereof and any pre-polymer formed therefroms;

b) mixing means for intensively mixing said at least two reagents; and
c) reactive extrusion means.
35



35-21 39. An apparatus as claimed in claim 38, wherein the delivery system comprises one or more
injection lances. 40. An apparatus as claimed in claim 39, wherein the injection lances are controlled 5
using linear transducers. 41. An apparatus as claimed in any one of claims 38 to 40, wherein the
mixing means comprise a mix-head, a vortex mixer, an impingement mixing head, a swash plate
pump or a gear pump. 10 42. An apparatus as claimed in any one of claims 38 to 41, wherein the
mixing means is directly coupled to the reactive extrggion means. 43. An apparatus as claimed in any
one of claims 38 to 41, wherein the mixing means 15 is coupled to the reactive extrusion means via a
reaction chamber. 44. An apparatus as claimed in any one of claims 38 to 43, wherein the reactive
extrusion mé@ns coMp s atHseadroanedndgainn3gppireris e delintsy sistRineapigasrenethe
reactive extrusion rgeanseGRiERIGHAaREarel extruder. 46. An apparatus as claimed in any one of
claims 38 to 45, wherein the reactive extrusion means comprises a twin screw extruder. 25 47. An
apparatus as claimed in claim 46, wherein the extryder Is a co-rotating. twin screw extryder. 48. An
apparatus az(g'laimz‘él1 ﬁﬂpgﬁg/agunsedgfcc érlnrﬁg C{%"E#, WWeFerﬁﬂﬁ%erg ec%{?en @8°§>§trad§i88’m%?5‘?%
compris&s a continusing fiogestrapddegtiseactor. 49. An apparatus as claimed in claim 48, wherein the
reactive extrusion means further comprises an extruder in series with said continuous flow stirred tank
reactor. 35 301 An anpappiiatas alabReHda AhPRAObCEMITS 386te 4D, WRErsI theriasy YResmdrusion

means comprises one or.more single or twin screw extruders. 51. Ar{ ﬁﬁﬁﬁé tLélgé:’lS claimﬁd Iia["hee\\ny one

of claims 38 to 50, GHBRAFFRCTEALTRE %959 MAer. an Impihgeren A St

pump or a gear pump.

10
42. An apparatus as claimed in any one of claims 38 to 41, wherein the mixing means
is directly coupled to the reactive extrusion means.
43, An apparatus as claimed in any one of claims 38 to 41, wherein the mixing means
15 is coupled to the reactive extrusion means via a reaction chamber.
44, An apparatus as claimed in any one of claims 38 to 43, wherein the reactive
extrusion means comprises an extruder.
20 45, An apparatus as claimed in claim 44, wherein the reactive extrusion means
comprises a barrel extruder.
46. An apparatus as claimed in any one of claims 38 to 45, wherein the reactive
extrusion means comprises a twin screw extruder.
25
47, An apparatus as claimed in claim 46, wherein the extruder is a co-rotating twin
screw extruder.
48. An apparatus as claimed in any one of claims 38 to 47, wherein the reactive
30 extrusion means comprises a continuous flow stirred tank reactor.
49, An apparatus as claimed in claim 48, wherein the reactive extrusion means further
comprises an extruder in series with said continuous flow stirred tank reactor.
35  50. An apparatus as claimed in any one of claims 38 to 49, wherein the reactive

extrusion means comprises one or more single or twin screw extruders.

51. An apparatus as claimed in any one of claims 38 to 50, wherein the reactive



extrusion means is provided with at least one thermocouple, to monitor the temperature of the mixture
in the immediate vicinity of the thermocouple. 52. An apparatus as claimed in any one of claims 38 to
51, wherein the reactive 5 extrusion means is provided with temperature regulating means, to control
the temperature of the mixture in a region adjacent thereto. 53. An apparatus as claimed in any one of
claims 38 to 52, further comprising measurement means, to measure a physical or chemical property
of the mixture. 10 54. An apparatus as claimed in clgp-53, wherein the measurement means
comprise arheometer, a densitometer, a spectrophotometer or any combination thereof. 55. An
apparatus as claimed in claims 53 or 54, wherein the measurement means is 15 located between the
mixing means and SErHSiRRiMeaREFREPVidRAMANSY. 1285 bppr eI RECERIAMEIMORItRF Bife of claims 52

to 55, further comptisingeradfiontonarsreameatimeratafo Vidingyar tHef thawerdliyteextrusion means.
20 57. An apparatus as claimed in any one of claims 38 to 56, further comprising: means for

controlling thﬁ_rate gk\gﬁg%%%%ﬁlgﬁ% étﬁ?’?gﬁ jﬁ%e iﬂ?@%gé{o Igﬁ%ﬂgp&gﬂgg&é %@Vresponse toa

first control sighal; mea e rate atw resultant mixture'is the reactive

extrusioh means in S{B{SATEERF SIS BERMAESHIME) SaiRaraheafeddpiichRaang tecantipdhgture of the

25 polyurethane miygpiisehatite Faed v @xtsupiandgpRasdiadasrreagdo a third control signal; means
for detecting a property of the polyurethane mixture during reactive extrusion and being adapted to

generate a dgjector,signal. [ S apted enerate said fir econd.and third control
signals in redﬁbnseﬁg%%%(? r%%%e%%ﬁé%%g? .ﬁh%ggghﬁnotggpgrrlgtgéetgsgga{#ﬁé ir?%crparfrrﬁs , Wherein said
control and detectiongAtdies etRanTaln MaBfe it 8y sl Archepisd msepgraneMRecmixiien run on

a computer, causes an apparatus as 35 claimed in any one of claims 38 to 58 to operate a process as
claimed in agy.one Af gpvarstdstasddlaimed in claim 53, wherein the measurement means comprise

a rheometer, a densitometer, a spectrophotometer or any combination thereof.

55. An apparatus as claimed in claims 53 or 54, wherein the measurement means is
15 located between the mixing means and the reactive extrusion means.
56. An apparatus as claimed in any one of claims 52 to 55, further comprising

additional measurement means forming part of the reactive extrusion means.

20 57. An apparatus as claimed in any one of claims 38 to 56, further comprising:
means for controlling the rate at which the delivery means dispenses said at
least two reagents in response to a first control signal; means for controlling the
rate at which the résultant mixture is fed to the reactive extrusion means in
response to a second control signal; means for controlling the temperature of the

25 polyurethane mixture in the reactive extrusion means in response to a third control
signal; means for detecting a property of the polyurethane mixture during reactive
extrusion and being adapted to generate a detector signal; and a processor
adapted to generate said first, second and third control signals in response to said

detector signal.

30
58. An apparatus as claimed in claim 57, wherein said control and detection means
are programmable means.
59. A computer program which, when run on a computer, causes an apparatus as
35 claimed in any one of claims 38 to 58 to operate a process as claimed in any one

of claims 1 to 37.



