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Polyester copolymer for the production of foamed articles

[0001] The present invention relates to a thermoplastic polyester copolymer having improved
foamability properties. The invention further relates to a process for the production of such
thermoplastic polyester copolymer. The invention also relates to foamed objects comprising

such thermoplastic polyester copolymer.

[0002] Thermoplastic foamed articles are increasingly finding their application in a wide array of
outlets. To produce such foamed articles, various thermoplastics are available and are being

developed.

[0003] A particular family of thermoplastic materials that are widely acknowledged for their
advantageous material properties are thermoplastic polyesters. Amongst others, one of the
particular advantages of thermoplastic polyesters is their recyclability. In many countries,
collection of waste thermoplastic polyesters is well established, and waste thermoplastic
polyesters may be processed by various processes including depolymerisation processes 1o
obtain materials that can further be converted to a useable application. Further advantageous
properties of thermoplastic polyesters include their high temperature resistance, fatigue

resistance and thermoformability.

[0004] For example for these reasons, there is a desire to be able to produce foamed objects

from thermoplastic polyesters. Foamed objects are advantageous for many reasons, amongst
others that they demonstrate an excellent balance of weight to mechanical properties, allowing
to produce for example objects that provide a mechanical structural function at a very light

weight. Typical densities of suitable thermoplastic foams are below 100 kg/m?3.

[0005] A disadvantage of thermoplastic polyesters is that in homopolymer form, they are not
intrinsically foamable, which requires further measures to be taken to ensure that a foamed
article can be manufactured using thermoplastic polyesters. The rheological properties of
thermoplastic polyesters, in particular poly(ethylene terephthalates), are insufficient; melt
viscosity and melt elasticity are not sufficiently high, and crystallisation rates tend to be too low.
For example, the thermoplastic polyester materials may be melt compounded with chain

extenders. This however requires a substantial quantity of such chain extenders to be
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incorporated, like up to 5 wt%, which negatively influences the material properties and the costs

of the thermoplastic polyester material.

[0006] For amongst others that reason, there is a desire to have access to thermoplastic
polyester materials suitable for producing foamed objects, wherein the quantity of additives

incorporated in the thermoplastic polyester is reduced.

[0007] This has now been achieved according 1o the present invention by a thermoplastic
polyester copolymer comprising a quantity of polymeric units derived from a polyfunctional
compound, wherein the polyfunctional compound has three moieties that are able to react with

the polyester-forming monomers during the polymerisation of the polyester

[0008] Such thermoplastic polyester copolymer allows for the production of high-quality foamed
articles, whilst reducing the need for additives that are to be incorporated into the copolymer. In
particular, it reduces the need for incorporation of chain extenders into the copolymer. Such
thermoplastic polyester copolymer is understood to have a desirably high degree of long-chain

branching, which is believed to contribute to achieving the desired melt strength for foamability.

[0009] In the context of the present invention, the presence of long-chain branching in the
polyester molecules is presented as determined by the tangens delta (tan 8), which is the ratio
of the loss modulus G” to the storage modulus G’ of the material, determined at low frequency
of 0.1 rad/s via Dynamic Mechanical Analysis (DMA). Further also G’ and G”, determined at 0.1
rad/s, are considered to present indicators of desired foamability of the polyester materials. High
tan 6 at 0.1 rad/s and high G’ at given G”, such as at G"=10 kPa, are considered to indicate

good foamability.

[0010] The thermoplastic polyester copolymer of the present invention presents a significantly
increase in tan 6 and G’ at given G”, thus demonstrating improved melt strength and hence

foamability properties.

[0011] ltis particularly preferred that the thermoplastic polyester copolymer is a polymer
selected from a poly(ethylene terephthalate) copolymer, a poly(trimethylene terephthalate)
copolymer, a poly(butylene terephthalate) copolymer, a poly(ethylene naphthalate) copolymer,

or a poly(ethylene furanoate) copolymer. For example, the thermoplastic polyester copolymer
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may be a poly(ethylene terephthalate) copolymer. Alternatively, the thermoplastic polyester

copolymer may be a poly(ethylene furanoate) copolymer.

[0012] In the context of the present invention, a poly(ethylene terephthalate) copolymer is also
referred to as a PET copolymer; a poly(trimethylene terephthalate) copolymer is also referred to
as a PTT copolymer; a poly(butylene terephthalate) copolymer is also referred to as a PBT
copolymer; a poly(ethylene naphthanoate) copolymer is also referred to as a PEN copolymer;

and a poly(ethylene furanoate) copolymer is also referred to as a PEF copolymer.

[0013] The thermoplastic polyester copolymer may for example comprise 2 95.0 wi%,
preferably = 97.0 wt%, more preferably =2 98.5 wt% of moieties derived from a dicarboxylic acid
or a diester thereof and an alkanediol, with regard to the total weight of the thermoplastic
polyester copolymer. The dicarboxylic acid or diester thereof may for example comprise 4-20
carbon atoms. The dicarboxylic acid or diester thereof may for example be an aromatic
dicarboxylic acid or diester thereof, preferably an aromatic dicarboxylic acid or diester thereof
comprising 4-20 carbon atoms. The dicarboxylic acid or diester thereof may for example be
selected from terephthalic acid, dimethyl terephthalate, isophthalic acid, 2,6-
naphthalenedicarboxylic acid, dimethyl-2,6-naphthalenedicarboxylate, 2,5-furandicarboxylic
acid, dimethyl-2,5-furandicarboxylate, or succinic acid. Preferably, the dicarboxylic acid or

diester thereof is terephthalic acid.

[0014] The alkanediol may for example be an alkanediol comprising 2-10 carbon atoms. The
alkanediol may for example be an aliphatic alkanediol, preferably an aliphatic alkanediol
comprising 2-10 carbon atoms. The alkanediol may for example be selected from ethylene
glycol, propanediol, 1,4-butanediol, or cyclohexanedimethanol. Preferably, the alkanediol is

ethylene glycol.

[0015] For example, the thermoplastic polyester copolyester may comprise = 95.0 wt%,
preferably = 97.0 wt%, more preferably = 98.5 wt% of moieties derived from a dicarboxylic acid
or a diester thereof and an alkanediol, with regard to the total weight of the thermoplastic
polyester copolymer, wherein the dicarboxylic acid or diester thereof may for example be
selected from terephthalic acid, dimethyl terephthalate, isophthalic acid, 2,6-

naphthalenedicarboxylic acid, dimethyl-2,6-naphthalenedicarboxylate, 2,5-furandicarboxylic
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acid, or succinic acid, and wherein the alkanediol may for example be selected from ethylene

glycol, propanediol, 1,4-butanediol, or cyclohexanedimethanol.

[0016] The PET copolymer may for example be a copolymer comprising = 95.0 wt%, preferably
= 97.0 wt%, more preferably = 98.5 wt% of moieties derived from a terephthalic acid or dimethyl

terephthalate and ethylene glycol, with regard to the total weight of the PET copolymer.

[0017] The PTT copolymer may for example be a copolymer comprising = 95.0 wi%, preferably
= 97.0 wt%, more preferably = 98.5 wt% of moieties derived from a terephthalic acid or dimethyl

terephthalate and 1,3-propanediol, with regard to the total weight of the PTT copolymer.

[0018] The PBT copolymer may for example be a copolymer comprising = 95.0 wt%, preferably
= 97.0 wt%, more preferably = 98.5 wit% of moieties derived from a terephthalic acid or dimethyl

terephthalate and 1,4-butanediol, with regard to the total weight of the PBT copolymer.

[0019] The PEN copolymer may for example be a copolymer comprising = 95.0 wt%, preferably
2 97.0 wt%, more preferably = 98.5 wt% of moieties derived from a 2,6-naphthalenedicarboxylic
acid or dimethyl-2,6-naphthalenedicarboxylate and ethylene glycol, with regard to the total

weight of the PEN copolymer.

[0020] The PEF copolymer may for example be a copolymer comprising = 95.0 wt%, preferably
= 97.0 wt%, more preferably = 98.5 wt% of moieties derived from 2,5-furandicarboxylic acid or
dimethyl-2,5-furandicarboxylate and ethylene glycol, with regard to the total weight of the PEF

copolymer.

[0021] It is particularly preferred that the thermoplastic polyester copolymer comprises = 95% of
moieties derived from ethylene glycol and terephthalic acid or a diester thereof, with regard to

the total weight of the thermoplastic polyester copolymer.

[0022] In certain particular embodiments of the present invention, the thermoplastic polyester
copolymer has an intrinsic viscosity of = 0.60 dl/g and =< 3.00 dl/g as determined in accordance
with ASTM D2857-95 (2007). More preferably, the thermoplastic polyester copolymer has an
intrinsic viscosity of 2 0.80 and < 2.50 dl/g, even more preferably 2 1.00 and < 2.00 dl/g, further
even more preferably = 1.00 and =< 1.50 dl/g.
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[0023] The thermoplastic polyester copolymer according to the present invention may for
example comprise < 5.00 wt% with regard to the total weight of the thermoplastic polyester
copolymer of polymeric units derived from the polyfunctional compound, preferably < 4.00 wt%,
more preferably < 3.00 wit%, even more preferably < 2.00 wt%, even more preferably < 1.50
wt%. The thermoplastic polyester copolymer may for example comprise < 1.30 wt% of polymeric
units derived from the polyfunctional compound, preferably < 1.20 wt%, more preferably < 1.10

wit%.

[0024] The thermoplastic polyester copolymer according to the present invention may for
example comprise = 0.10 wt% with regard to the total weight of the thermoplastic polyester
copolymer of polymeric units derived the polyfunctional compound, preferably = 0.25 wt%, more
preferably = 0.50 wt%.

[0025] The thermoplastic polyester copolymer according to the present invention may for
example comprise = 0.10 wt% and < 5.00 wt% with regard to the total weight of the
thermoplastic polyester copolymer of polymeric units derived from the polyfunctional compound,
preferably =2 0.25 wt% and < 3.00 wt%, more preferably = 0.50 wt% and < 2.00 wt%.

[0026] The presence of moieties derived from such polyfunctional compound leads to branching
of the polymeric chains of the thermoplastic polyester copolymer. It is believed that a certain
degree of branching present in the thermoplastic polyester copolymer may contribute to the
improvement of the melt stregnth of the polymer. This is in particular relevant in the formation of
foamed materials. In the process of foaming, a foaming agent is supplied to the polyester at
certain stage, preferably in a situation where the polyester is in molten condition. The foaming
agent executes its expanding function commonly upon exiting a melt processing device, such as
a melt extruder or an injection moulding machine. The polyester comprising the foaming agent
is in such situation formed into a desired shape for example by entering a portion of the molten
material in a mould or by shaping the material into a desired profile by forcing it through an
extruder die. The foaming agent then provides its expanding function by generation of gasecus
material, resulting in the formation of foam cells. The thermoplastic polyester material is during
formation of these foam cells still in molten condition, and needs to solidify under the right

circumstances when the foam cells have been formed, thus freezing the foam shape.
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[0027] In this foaming process, it is required that the polyester has a certain high melt strength,
to ensure that the foam cells retain their form during the solidification process to resultin a
foamed article having the desired structure. The presence of moieties derived from the
polyfunctional compound of the present invention is understood as supportive of the branching

of the polyester and thus of the melt strength.

[0028] The moieties of the polyfunctional compound that are able to react with the polyester-
forming monomers during the polymerisation of the polyester may for example be hydroxyl
moieties or carboxylic acid moieties. Preferably, the moieties of the polyfunctional compound
that are able to react with the polyester-forming monomers during the polymerisation of the

polyester are hydroxyl moieties.

[0029] The polyfunctional compound may for example be a compound having 1-10 carbon
atoms. Preferably, the polyfunctional compound is a compound having 1-10 carbon atoms and
three hydroxyl moieties. The polyfunctional compound may for example be a compound
selected from a trihydroxymethane, a trihydroxyethane, a trihydroxypropane, a
trihydroxybutane, a methanetricarboxylic acid, an ethanetricarboxylic acid, a
propanetricarboxylic acid, or a butanetricarboxylic acid. Preferably, the polyfunctional compound

is glycerol.

[0030] The thermoplastic polyester copolymer may for example comprise = 0.1 wit% of
polymeric units derived from the polyfunctional compound, with regard to the total weight of the
copolymer, preferably, =2 0.2 wt%, more preferably = 0.5 wi%. The thermoplastic polyester
copolymer may for example comprise < 5.0 wt% of polymeric units derived from the
polyfunctional compound, preferably < 4.0 wt%, more preferably < 3.0 wi%, with regard to the
total weight of the copolymer. For example, the thermoplastic polyester copolymer may
comprise 2 0.1 and £ 5.0 wt% of polymeric units derived from the polyfunctional compound,
preferably 2 0.2 and < 4.0 wt%, more preferably =z 0.5 and < 3.0 wt%, with regard to the total

weight of the copolymer.

[0031] For example, the thermoplastic polyester copolymer may comprise = 0.1 and < 1.5 wt%
of polymeric units derived from the polyfunctional compound, with regard to the total weight of
the copolymer, preferably = 0.1 and < 1.5 w%, more preferably = 0.1 and £ 1.3 wt%, even more

preferably 2 0.3 and < 1.3 wt%. Particularly, the thermoplastic polyester copolymer may
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comprise 2 0.1 and £ 1.5 wt% of polymeric units derived from the polyfunctional compound, with
regard to the total weight of the copolymer, preferably = 0.3 and < 1.3 wt%, wherein the
polyfunctional compound is glycerol. More particularly, the thermoplastic polyester copolymer
may comprise 2 0.1 and < 1.5 wt% of polymeric units derived from the polyfunctional compound,
with regard to the total weight of the copolymer, preferably = 0.3 and = 1.3 wt%, wherein the
polyfunctional compound is glycerol, and wherein thermoplastic polyester copolymer comprises
= 95.0 wt% of polymeric units derived from a dicarboxylic acid or a diester thereof and an
alkanediol. Even more particularly, the thermoplastic polyester copolymer may comprise = 0.1
and < 1.5 wt% of polymeric units derived from the polyfunctional compound, with regard to the
total weight of the copolymer, preferably =2 0.3 and < 1.3 wt%, wherein the polyfunctional
compound is glycerol, and wherein thermoplastic polyester copolymer comprises = 95.0 wt% of
polymeric units derived from a dicarboxylic acid or a diester thereof, being terephthalic acid or

dimethyl terephthalate, and an alkanediol, being ethylene glycol.

[0032] Such thermoplastic polyester copolymer does not contain long-chain branching in the
situation prior to processing into a foam structure, but does contain a degree of long-chain
branching upon being subjected to a certain dwell period, such as 15 minutes, as a certain
temperature, such as 260°C, reflecting typical conditions to which the copolymer is subject

during foam article production.

[0033] The presence of long-chain branching may be performed via Dynamic Mechanical
Analysis using a rheometer, wherein the degree of long-chain branching is expressed by the
value for Go. Go is the value for G’ on extrapolation of G” to 0, fitting data for G” to G’ using a
quadratic fit model. Go represents the extent of long-chain branching in the polyesters; high Go
indicates higher degree of long-chain branching. G’ is the storage modulus, determined via
Dynamic Mechanical Analysis (DMA) at 0.1 rad/s determined at 260°C, in accordance with
ASTM D4065-12 in conjunction with ASTM D4440-15, expressed in Pa. G” is the loss modulus,
determined via Dynamic Mechanical Analysis (DMA) at 0.1 rad/s determined at 260°C, in
accordance with ASTM D4065-12 in conjunction with ASTM D4440-15, expressed in Pa.

[0034] The determination of Gy in a rheometer serves o determine the presence of long-chain
branching at the start of the rheometer measurement (Go, t=0), and after intervals of 15 minutes
(Go, t=15), 30 minutes (Go, t=30) and 45 minutes (Go, t=45). This dwell time emulates the

duration of the processing of the material during the production of a foam based on the material.
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[0035] As Gy indicates the degree of long-chain branching, it can be observed that at t=0, none
of the samples demonstrated any long-chain branching. This means that the material as
produced from the polyester polymerisation process was free from long-chain branching.
However, for the examples 1-3, it can be observed that at 15, 30 and 45 minutes, a certain high
Go is achieved, indicating the desired presence of long-chain branching, which is required for
the foaming process to provide foam of desired quality. It thus can be observed that the
polyester compositions of the present invention provide both the melt processability that is
desired, as demonstrated by Go at t=0 being 0, and the foam stability upon melt processing that

is desired, as demonstrated by Go at t=15, 30 and 45 to be of certain desired value.

[0036] The polyester-forming monomers may for example be selected from mixtures of a
dicarboxylic acid or a diester thereof with an alkanediol. The thermoplastic polyester copolymer
may for example comprise = 95.0 wt% of polymeric units derived from a dicarboxylic acid or a

diester thereof and an alkanediol.

[0037] The dicarboxylic acid or diester thereof may for example be selected from terepthalic
acid, dimethyl terephthalate, isophthalic acid, 2,6-naphthalenedicarboxylic acid, dimethyl-2,6-
naphthalenedicarboxylate, 2,5-furandicarboxylic acid, dimethyl-2,5-furandicarboxylate, or
succinic acid. Preferably, the dicarboxylic acid or diester thereof is selected from terephthalic
acid, dimethyl terephthalate or 2,5-furandicarboxylic acid. More preferably, the dicarboxylic acid

or diester thereof is terephthalic acid.

[0038] The alkanediol may for example be selected from ethylene glycol, propanediol, 1,4-
butanediol, or cyclohexanedimethanol. Preferably, the alkanediol is selected from ethylene

glycol or 1,4-butanediol. More preferably, the alkanediol is ethylene glycol.

[0039] For example, the dicarboxylic acid or diester thereof may be selected from terepthalic
acid, dimethyl terephthalate, isophthalic acid, 2,6-naphthalenedicarboxylic acid, dimethyl-2,6-
naphthalenedicarboxylate, 2,5-furandicarboxylic acid, dimethyl-2,5-furandicarboxylate, or
succinic acid, and the alkanediol may for example be selected from ethylene glycol,
propanediol, 1,4-butanediol, or cyclohexanedimethanol. Preferably, the dicarboxylic acid or

diester thereof is selected from terephthalic acid, dimethyl terephthalate or 2,5-furandicarboxylic
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acid and the alkanediol is selected from ethylene glycol or 1,4-butanediol. More preferably, the

dicarboxylic acid or diester thereof is terephthalic acid and the alkanediol is ethylene glycol.

[0040] The thermoplastic polyester copolymer preferably is a poly(ethylene terephthalate)-co-

glycerol.

[0041] The thermoplastic polyester copolymer according to the present invention may for
example be produced in a process comprising the steps of esterification and melt
polycondensation, in this order. Preferably, the thermoplastic polyester copolymer according to
the present invention is produced in a process comprising the steps of esterification, melt
polycondensation and solid state polymerisation, in this order. It is preferred that a feed stream
comprising a dicarboxylic acid or diester thereof, an alkanediol and a polyfunctional compound
that has three moieties that can react with the dicarboxylic acid or diester thereof and/or the
alkanediol during the polymerisation of the polyester is supplied to the esterification step of the

process.

[0042] The esterification step typically comprises a paste mixing vessel and one or more
esterification reactor(s). For example, a composition comprising the alkanediol, the dicarboxylic
acid or diester thereof, the polyfunctional compound, a catalyst such as antimony triacetate and
optionally further compounds such as further comonomers may be pre-mixed in the paste
mixing vessel, from which the composition is introduced into the one or more esterification
reactor(s). in a particular embodiment, a composition comprising ethylene glycol, terephthalic
acid, glycerol and antimony triacetate may be pre-mixed in the paste mixing vessel. The molar
ratio of the alkanediol to the dicarboxylic acid or diester thereof may for example be = 1.1, such
as 2 1.1 and = 3.0, preferably 2 1.1 and < 2.0.

[0043] In the esterification reactor, the composition may be subjected to a temperature of 220-
270°C, preferably 240-260°C. The pressure during the esterification step in the esterification
reactor is preferably atmospheric or superatmospheric, for example = 1.0 bar, such as = 1.0 and
< 10.0 bar, during the esterification reaction. The esterification reaction may be conducted
during a period of for example 2.0-5.0 hours. During the reaction, a pressure profile may be
applied to the reactor. For example, the reaction may be initiated at a pressure of = 2.0 bar,
such as = 2.0 and £ 6.0 bar, and reduced during the reaction to a pressure of 2 1.0 and 2.0

bar, such as 2 1.0 and < 1.5 bar. In a particular embodiment, the esterification reaction may be
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conducted during a period of 2.0-5.0 hours using a pressure profile of 2 2.0 and < 6.0 bar at the
initiation of the reaction and reduction to 2 1.0 and < 1.5 bar at the end of the reaction. During
the reaction, byproducts such as water may be formed. Preferably, such byproducts are

removed from the reaction vessel.

[0044] The esterification step results in a polyester oligomer. The polyester oligomer product
may be subjected to a polycondensation step in a polycondensation reactor. The polyester
oligomer may for example be subjected to the polycondensation for a period of 20 to 100
minutes. The pressure during the polycondensation preferably is subatmospheric, such as for
example < 10 mbar, more preferably < 5 mbar. The application of such pressure results in
reduction of volatile byproducts as a result of which the reaction shifts towards higher degrees
of polymerisation. The polycondensation may be performed at a temperature of 275-300°C. The

product obtained from the polycondensation may be solidified and shaped into granules.

[0045] The product from the polycondensation is a thermoplastic polyester copolymer. The
thermoplastic polyester copolymer obtained from the polycondensation may for example have
an intrinsic viscosity of 2 0.20 and < 0.90 dl/g, such as = 0.40 and < 0.80 di/g.

[0046] In certain embodiments, the granules obtained from the polycondensation may be
further subjected to solid state polymerisation (SSP). SSP may for example be performed in a
vessel such as a tumble drier. To conduct the SSP, the contents of the tumble drier may be
subjected to a temperature of for example 120-200°C, preferably 150-180°C, for a period of 1-5
hrs, preferably 1-3 hrs, to remove moisture and crystallise the granules, under continuous
agitation and under continuous nitrogen flow. Subsequently the SSP reaction may be performed
by increasing the temperature to 200-220°C. Preferably, the SSP is performed under a vacuum
of £ 20 mbar, more preferably < 10 mbar, even more preferably < 5 mbar, under continuous
agitation. SSP may for example be performed for a period of 5-50 hours, preferably 10-40

hours, to obtain a thermoplastic polyester copolymer according to the invention.

[0047] In a particular embodiment, the invention relates to a process of a thermoplastic
polyester copolymer wherein the process comprises the steps of an esterification step in which
a composition comprising an alkanediol, a dicarboxylic acid or diester thereof and the

polyfunctional compound react to form a polyester oligomer, which is subsequently subjected to
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polycondensation at a pressure of < 5 mbar at a temperature of 275-300°C to obtain a
polycondensation product, which upon solidification and drying is subjected to solid-state

polymerisation at a temperature of 200-220°C for a period of 5-50 hours.

[0048] The thermoplastic polyester copolymer according to the present invention may further in
certain embodiments comprise 2 0.5 and < 8.0 wt% of moieties derived from a chain extender,
with regard to the total weight of the thermoplastic polyester copolymer, preferably 2 0.5 and =
4.0 wt%, even more preferably = 1.0 and < 2.5 wt%. The chain extender may for example be
selected from diepoxides, dianhydrides, diisocyanates, bisoxazines, bisoxazolines, or

bislactams.

[0048] The chain extender may for example be selected from 2,2"-methylene-bis(4,1-
phenyleneoxy)bisoxirane, 2,2’-ethylidene-bis(4,1-phenyleneoxy)bisoxirane, 2,2’-(1-
methylethylidene)-bis(4,1-phenyleneoxy)bisoxirane, 2,2’-ethylidene-bis(4,1-
phenyleneoxy)bisoxirane, 2,2’-(1-methylethylidene)-bis(4,1-phenyleneoxy)bis(3-methyl-oxirane),
4.,4’-bis(1,2-epoxypropoxy)biphenyl, 2,.2'-((1,1-biphenyl])-4,4'-diylbis(oxy))bisoxirane, 1,4-
bis(1,2-epoxypropoxy)benzene, 2,2’-(1,4-phenylenebis(oxy)bisoxirane, 2,2’-((1,1-
binaphthalene)-2,2'-diylbis(oxy))bisoxirane, ((6’-oxiranylmethoxy(2,2’-binaphthalene)-6-
yhoxy)oxirane, 2,2’-(1,6-naphthalenediylbis(oxy))bisoxirane, 2,2’-((1,1'-biphenyl)-4,4'-
diylbis(oxy))bis(2-methyl-oxirane), 2,2’-(2,6-naphthalenediylbis(oxy))bis(2-methyl-oxirane), 2,2’-
(methylenebis(4,1-phenyleneoxy))bis(2-methyl-oxirane), 2,2’-(1,4-phenylenebis(oxy))bis(2-
methyl-oxirane), (2-methyl-4-((oxiranyloxy)methyl)phenoxy)oxirane, or (2,6-dimethyl-4-
((oxiranyloxy)methyl)phenoxy)oxirane. In a preferred embodiment, the chain extender is 2,2’-(1-

methylethylidene)-bis(4,1-phenyleneoxy)bisoxirane.

[0050] 1t is preferred that the chain extending compound is added in a quantity of =2 0.5 and <
8.0 wt% with regard to the total weight of the polyester to the reaction of the polyester and the
chain extending compound, more preferably =2 0.5 and < 5.0 wt%, even more preferably =2 0.5

and < 1.0 wt%, even more preferably = 0.6 and < 1.0 wi%.

[0051] The invention also relates to a foam comprising the thermoplastic polyester copolymer.
In the context of the present invention, a foam of the polyester may be understood o be a
shapes object produced using the polyester wherein the density of the object is reduced to a

density lower than the density of the polyester itself by the presence of numerous small cavities,
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also referred to as cells, which may or may not be interconnected, and which are dispersed

throughout the mass of the polyester.

[0052] The conversion of the polyester material into a foam may occur via any process known
in the art to produce foams from thermoplastic materials. Typical processes for the production of
foams from thermoplastic materials that are applicable for the production of foams from the
thermoplastic polyester copolymer of the present invention include extrusion moulding

processes and injection moulding processes.

[0053] For example, such process may be an extrusion moulding process. Suitable extrusion
moulding processes involve one single melt extruder equipped with a die suitable for foam
production, or it may involve multiple melt extruders positioned in series, for example a first twin-
screw extruder and a second single-screw extruder, also referred to as a tandem layout. In such
tandem layout, a feed comprising the thermoplastic materials, in the case of the present
invention the thermoplastic polyester copolymer, is introduced to the feed inlet of the first twin-
screw extruder. The feed may comprise further components, such as for example fillers,
reinforcing agents, stabilisers and further thermoplastic materials other than the thermoplastic
polyester copolymer. In the twin-screw exiruder, the feed material is processed to a molten,

mixed composition under the influence of heat and shear.

[0054] Upon exiting the twin-screw extruder, the molten composition is introduced to the feed
inlet of the second single-screw melt extruder. In this single-screw extruder, the molten material
is homogenised and pressurised, and transported {o a die outlet. The die outlet of the single-

screw extruder is designed for production of foamed structures.

[0055] A foaming agent, also referred to as blowing agent, may be introduced into the extrusion
process. Such blowing agent may be understood to be compounds that cause the expansion in
the production of the foamed object. Where the extrusion process is of a tandem layout, the
blowing agent may be introduced in either the first twin-screw extruder or in the second single-
screw extruder. For example, the blowing agent may be introduced in the first twin-screw
extruder.

[0056] The blowing agent may for example be a physical blowing agent. Physical blowing
agents are to be understood to be compounds that cause an expansion thus forming a gaseous

cell in the thermoplastic polyester copolymer as a result of a physical state change, such as the
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change from liquid state to gaseous state of a certain quantity of the blowing agent. To produce
a foam of the thermoplastic polyester copolymer having a desired homogeneous cell structure in
the foam, the blowing agent is to be homogeneously distributed in the molten composition.
Introduction of the blowing agent in the first twin-screw extruder of the tandem extrusion layout

is believed to contribute to such homogeneous distribution.

[0057] The blowing agent may for example be selected from n-pentane, cyclopentane, carbon

dioxides, nitrogen, or mixtures thereof.

[0058] The blowing agent may for example be introduced in a quantity of 1.0-10.0 wt% with
regard to the total weight of the thermoplastic polyester copolymer. Preferably, the blowing

agent is introduced in a quantity of 1.5-5.0 wt%, more preferably 2.0-4.0 wt%.

[0059] The use of such blowing agent in such guantities is believed to contribute to obtaining a
foam with a desired cell structure. The cell structure of a foam may be expressed in terms of the
quantity of open cells and closed cells. It is preferred that the foam that may be produced using
the thermoplastic polyester copolymer according to the present invention has an open cell
fraction of < 20.0%, more preferably < 10.0%. The open cell fraction may be determined in
accordance with ASTM D6226 (2010).

[0060] The use of such blowing agent in such guantities is also believed to contribute to
obtaining a foam with a desired low density. It is preferred that the foam that may be produced
using the thermoplastic polyester copolymer according to the present invention has a density of
< 100 kg/m?, more preferably < 75 kg/m?, even more preferably 2 50 and < 75 kg/m?®. The foam
density may be determined in accordance with ASTM D6226 (2010).

[0061] The invention particularly relates to a process for the production of a foam via an
extrusion moulding process comprising a first twin-screw melt extruder and a second single-
screw melt extruder positioned in series, wherein a feed composition comprising the
thermoplastic polyester copolymer is introduced to the feed inlet of the first twin-screw melt
extruder, wherein a quantity of a blowing agent is introduced to the first twin-screw melt
extruder, and wherein the molten composition comprising the thermoplastic polyester copolymer

and the blowing agent upon exiting the twin-screw melt extruder is fed {o the feed inlet of the
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single-screw melt extruder and extruder from the single-screw melt extruder through a die to

form a foam.

[0062] In a particular embodiment, the present invention relates to a thermoplastic polyester
copolymer for production of foamed articles, comprising a quantity of polymeric units derived
from a polyfunctional compound, wherein the polyfunctional compound has three moieties that
are able to react with the polyester-forming monomers during the polymerisation of the

polyester.

[0063] Further particularly, the invention relates to a thermoplastic polyester copolymer for
production of foamed articles, comprising a quantity of polymeric units derived from a
polyfunctional compound, wherein the polyfunctional compound has three moieties that are able
to react with the polyester-forming monomers during the polymerisation of the polyester,

wherein the polyester-forming monomers are a mixture of terephthalic acid and ethylene glycol.

[0064] Even further particularly, the invention relates to a thermoplastic polyester copolymer for
production of foamed articles, comprising a quantity of polymeric units derived from a
polyfunctional compound, wherein the polyfunctional compound has three moieties that are able
to react with the polyester-forming monomers during the polymerisation of the polyester,
wherein the polyester-forming monomers are a mixture of terephthalic acid and ethylene glycol,

wherein the polyfunctional compound is glycerol.

[0065] Yet even further particularly, the invention relates to a thermoplastic polyester copolymer
for production of foamed articles, comprising a quantity of polymeric units derived from a
polyfunctional compound, wherein the polyfunctional compound has three moieties that are able
to react with the polyester-forming monomers during the polymerisation of the polyester,
wherein the polyester-forming monomers are a mixture of terephthalic acid and ethylene glycol

in a molar ratio of ethylene glycol to terephthalic acid of 2 1.1 and < 2.0.

[0066] Yet another embodiment of the invention relates to a thermoplastic polyester copolymer
comprising = 95.0 wt% of polymeric units derived from terephthalic acid and ethylene glycol,
and = 0.1 and = 5.0 wt% of polymeric units derived from glycerol, with regard to the total weight

of the thermoplastic polyester copolymer, wherein the copolymer has a polydispersity index
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Mw/M, of 2 3 and £ 10 as determined in accordance with ASTM D5296-11, using polystyrene

standards.

[0067] Another particular further embodiment of the invention relates to a thermoplastic
polyester copolymer comprising = 95.0 wt% of polymeric units derived from terephthalic acid
and ethylene glycol, and = 0.1 and = 5.0 wt% of polymeric units derived from glycerol, with
regard to the total weight of the thermoplastic polyester copolymer, wherein the copolymer has
a polydispersity index My/M, of 2 3 and < 10 as determined in accordance with ASTM D5296-
11, using polystyrene standards, and wherein the copolymer has an intrinsic viscosity of =2 0.60
dl/g and < 3.00 dl/g as determined in accordance with ASTM D2857-95 (2007). In particular, the
invention relates to a thermoplastic polyester copolymer for production of foamed articles
comprising 2 95.0 wt% of polymeric units derived from terephthalic acid and ethylene glycol,
and = 0.1 and < 5.0 wt% of polymeric units derived from glycerol, with regard to the total weight
of the thermoplastic polyester copolymer, wherein the copolymer has a polydispersity index
Mw/M, of 2 3 and = 10 as determined in accordance with ASTM D5296-11, using polystyrene
standards, and wherein the copolymer has an intrinsic viscosity of = 0.60 dl/g and £ 3.00 dl/g as
determined in accordance with ASTM D2857-95 (2007).

[0068] A further embodiment of the invention relates to a foam from a thermoplastic polyester
copolymer comprising = 95.0 wt% of polymeric units derived from terephthalic acid and ethylene
glycol, and 2 0.1 and < 5.0 wt% of polymeric units derived from glycerol, with regard to the total

weight of the thermoplastic polyester copolymer.

[0069] In a further particular embodiment, the invention relates to a foam from a thermoplastic
polyester copolymer comprising = 95.0 wt% of polymeric units derived from terephthalic acid
and ethylene glycol, and = 0.1 and < 5.0 wt% of polymeric units derived from glycerol, with
regard to the total weight of the thermoplastic polyester copolymer, wherein the foam has a
density of 2 50 and < 100 kg/m? as determined in accordance with ASTM D6226 (2010).

[0070] The invention also relates to a process for manufacturing of a foamed article using the
thermoplastic polyester copolymer of the invention, wherein the thermoplastic polyester
copolymer has a Go at =0 of 0 Pa and a Gy at t=15 of > 0 Pa, wherein Go is determined as the
value for G’ on extrapolation of G” to 0, fitting data for G” to G’ using a quadratic fit model,

wherein G’ is the storage modulus, determined via Dynamic Mechanical Analysis (DMA) at 0.1
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rad/s determined at 260°C, in accordance with ASTM D4065-12 in conjunction with ASTM
D4440-15, expressed in Pa, and wherein G” is the loss modulus, determined via Dynamic
Mechanical Analysis (DMA) at 0.1 rad/s determined at 260°C, in accordance with ASTM D4065-
12 in conjunction with ASTM D4440-15, expressed in Pa, wherein t=0 indicates a dwell time in
DMA of 0 minutes and t=15 indicates a dwell time of 15 minutes. It is preferable that Gg at t=15

is > 500 Pa, more preferably > 1000 Pa.

[0071] The invention also relates to the use of a thermoplastic polyester copolymer according to

the invention for improving the melt stability of a polyester foam.

[0072] The invention will now be illustrated by the following non-limiting examples.

[0073] Poly(ethylene terephthalate) copolymers according to the invention were produced via a
process involving a first melt polymerisation stage, involving esterification and
polycondensation, and a subsequent solid state polymerisation stage. The melt polymerisation
was performed as a batch reaction in a 25 | reaction vessel. Batches of each ca. 8 kg of PET
copolymer were produced. Table | below presents the raw material formulations used in the
production of the inventive PET copolymers. In each experimental example 1-3, the raw

materials composition according to table | was introduced to the reaction vessel.

Table I: raw material formulation

Compound CAS reg. nr. Ex. 1 Ex. 2 Ex. 3
Terephthalic acid | 100-21-0 6917 g 6917 g 6917 g
Monoethylene 107-21-1 3358 g 3358 g 3358 g
glycol

Antimony 6923-52-0 537g 537¢g 5.37g
triacetate

Glycerol 56-81-5 40 g 80g 120 g
Cobalt acetate 6147-53-1 05¢g 059 059
tetrahydrate
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[0074] The temperature inside the reaction vessel was increased to 250°C such that
esterification occurred. The contents of the vessel were continuously stirred at 100 rpm.
Pressure during esterification was set at 4.0 bar, with gradual reduction to 1.0 bar during the
course of the reaction, which was allowed to proceed for between 2 and 3 hours. The water
formed during esterification was removed. A quantity of 0.6 g of phosphoric acid was added to

the reactor and allowed to mix with the PET oligomer for 3-4 min.

[0075] Upon completion of the esterification, the oligomers were subjected to polycondensation
in the same reactor. Agitation was set at 60 rpm. Pressure was gradually reduced to 2 mbar
over a period of 25 min and maintained during the polycondensation. The temperature during
polycondensation was 275°C. During polycondensation, MEG was liberated from the
polymerisation reaction and evacuated from the reaction vessel. The polycondensation was
allowed to proceed until the torque reading of the agitator reached 30 Nm. The reactor was
flushed with nitrogen and the produced PET copolymer was extruded from the vessel in the
form of molten strands which were quenched in cooling water and cut into granules having a

diameter of 2-5 mm.

[0076] The granules were further subjected to solid state polymerisation (SSP). The granules
were fed to a tumble drier acting as SSP reactor. The granules were first dried at 110°C for 30
min and subsequently subjected to a temperature of 170°C under nitrogen for 2 hrs for
crystallisation, and further to a temperature of 210°C for 16 hrs under vacuum of 1 mbar to
conduct the SSP. Experiment 1 resulted in a PET copolymer having an intrinsic viscosity (1V) of
0.81 dl/g; experiment 2 resulted in a PET copolymer having an IV of 0.87 dl/g; experiment 3
resulted in a PET copolymer having an IV of 2.34 dl/g. Intrinsic viscosity was determined in
accordance with ASTM D2857-95 (2007).

[0077] The content of units derived from glycerol in example 1 was 0.5 wt%, in example 2 1.0

wt%, and in example 3 1.5 wt%, with regard to the total weight of the copolymer.

[0078] The experimental PET copolymers 1-3 and a further commercial PET of grade BC112,
obtainable from SABIC, IV 0.80 dl/g, referred to as experiment 4, presented here for
comparative purposes, were all subjected to material analysis to identify the material

characteristics, as presented below in table Il.
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Table lI: Material characteristics.
Property Ex. 1 Ex. 2 Ex. 3 Ex. 4
v 0.87 0.81 2.34 0.80
Mw 228 344 168 125
Mh 59 59 41 55
PDI 3.9 5.8 4.0 2.3
Tan §, t=0 3.00 2.90 2.48 158
Tan §,t=30 | 1.32 1.36 1.46 18.8
Go, t=0 0 0 0 0
Go, t=15 860 2110 920 0
Go, =30 2970 5590 4700 0
Go, t=45 4840 4700 8730 0
G att=2, at | 3400 5200 5800 800
G"=10kPa
G’ att=2,at | 8500 11900 14300 3400
G"=20kPa
G’ at t=30, at | 9300 14700 15600 960
G"=10kPa

Wherein:

IV is the intrinsic viscosity as determined in accordance with accordance with
ASTM D2857-85 (2007), expressed in dl/g;

M is the weight average molecular weight as determined in accordance with
ASTM D5296-11, using polystyrene standards, expressed in kg/mol;

M, is the number average molecular weight as determined in accordance with
ASATM D5296-11, using polystyrene standards, expressed in kg/mol;

PDl is the polydispersity index, calculated as the ratio Mw / M, as determined
above, dimensionless,

Tan O is the ratio of G” / G, each G” and G’ determined at 0.1 rad/sec, determined
via Dynamic Mechanical Analysis (DMA) in accordance with ASTM D4065-12 in
conjunction with ASTM D4440-15. Tan 9, t=0 was determined at time interval of
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DMA testing 0 minutes, tan 0, t=30 was determined at time interval of DMA testing
of 30 minutes. Measurements were performed at 260°C.

e (s the storage modulus, determined via Dynamic Mechanical Analysis (DMA) at
0.1 rad/s determined at 260°C, in accordance with ASTM D4065-12 in conjunction
with ASTM D4440-15, expressed in Pa.

e (s the loss modulus, determined via Dynamic Mechanical Analysis (DMA) at 0.1
rad/s determined at 260°C, in accordance with ASTM D4065-12 in conjunction
with ASTM D4440-15, expressed in Pa.

e (o is the value for G’ on extrapolation of G” to 0, fitting data for G” to G’ using a
quadratic fit model. Go represents the extent of long-chain branching in the

polyesters; high Goindicates higher degree of long-chain branching.

[0079] The tan & is understood to reflect the level of branching, which in turn correlates to the
melt strength of the copolymer. Melt strength is a critical parameter in qualification of a
thermoplastic material for the production of foamed structures, as during the formation of the
foam, a cell structure is formed by a gaseous material that forms cells that are at least partially
surrounded by thermoplastic material in molten phase which upon solidification forms cell
structures. When melt strength is not sufficiently high, the formed cells do not have sufficient
strength to retain their shape during the phase before solidification, as a result of which the

material is not converted to a desired foam structure.

[0080] The determination of Go in a rheometer serves to determine the presence of long-chain
branching at the start of the rheometer measurement (Go, t=0), and after intervals of 15 minutes
(Go, t=15), 30 minutes (Go, t=30) and 45 minutes (Go, t=45). This dwell time emulates the

duration of the processing of the material during the production of a foam based on the material.

[0081] As Gy indicates the degree of long-chain branching, it can be observed that at t=0, none
of the samples demonstrated any long-chain branching. This means that the material as
produced from the polyester polymerisation process was free from long-chain branching.
However, for the examples 1-3, it can be observed that at 15, 30 and 45 minutes, a certain high
Go is achieved, indicating the desired presence of long-chain branching, which is required for
the foaming process to provide foam of desired quality. It thus can be observed that the

polyester compositions of the present invention provide both the melt processability that is
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desired, as demonstrated by Go at t=0 being 0, and the foam stability upon melt processing that

is desired, as demonstrated by Go at t=15, 30 and 45 to be of certain desired value.

[0082] The polyester copolymers of examples 1 and 2 demonstrated a particularly desirable
intrinsic viscosity. This can be understood to reflect a desirably low quantity of short-chain
branching in the copolymers, which is understood to contribute to the desired crystallisation rate
during cooling of foam cells upon formation of a foam, which in turn contributes to improvement

of the mechanical properties of the foam.
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Claims

Thermoplastic polyester copolymer comprising a quantity of polymeric units derived from a
polyfunctional compound, wherein the polyfunctional compound has three moieties that
are able to react with the polyester-forming monomers during the polymerisation of the

polyester.

Thermoplastic polyester copolymer according to claim 1 wherein the moieties that are able
to react with the polyester-forming monomers during the polymerisation of the polyester

are hydroxyl moieties or carboxylic acid moieties.

Thermoplastic polyester copolymer according to any one of claims 1-2, wherein the
copolymer comprises 2 0.1 and £ 5.0 wt% of polymeric units derived from the
polyfunctional compound, preferably =z 0.1 and < 1.5 wt%, more preferably 2 0.1 and = 1.3

wt%, with regard to the total weight of the copolymer.

Thermoplastic polyester copolymer according to any one of claims 1-3, wherein the
polyester-forming monomers are selected from mixtures of a dicarbocylic acid or a diester

thereof with an alkanediol.

Thermoplastic polyester copolymer according to any one of claims 1-4, wherein the
copolymer comprises = 95.0 wt% of polymeric units derived from a dicarboxylic acid or a

diester thereof and an alkanediol, with regard to the total weight of the copolymer.

Thermoplastic polyester copolymer according to claims 3-5 wherein
e the dicarboxylic acid or diester thereof is selected from terephthalic acid, dimethyl
terephthalate, isophthalic acid, 2,6-naphthalenedicarboxylic acid, dimethyl-2,6-
naphthalenedicarboxylate, 2,5-furandicarboxylic acid, dimethyl-2,5-
furandicarboxylate, or succinic acid; and/or
e the alkanediol is selected from ethylene glycol, propanediol, 1.4-butanediol, or

cyclohexanedimethanol.

Thermoplastic polyester copolymer according to any one of claims 1-7, wherein the

polyfunctional compound is a compound having 1-10 carbon atoms.
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Thermoplastic polyester copolymer according to any one of claims 1-8, wherein the

polyfunctional compound is glycerol.

Thermoplastic polyester copolymer according to any one of claims 1-9, wherein the

copolymer is a poly(ethylene terephthalate)-co-glycerol.

Process for the production of a thermoplastic polyester copolymer according to any one of
claims 1-10, wherein the process comprises the steps of esterification, melt
polycondensation and solid state polycondensation, in this order, wherein a feed stream
comprising a dicarboxylic acid or a diester thereof, an alkanediol and a polyfunctional
compound that has three moieties that are able to react with the dicarboxylic acid or a
diester thereof, and/or the alkanediol during the polymerisation of the polyester is supplied

to the esterification step of the process.

Use of a thermoplastic polyester copolymer according to any one of claims 1-9 or

produced according to the process of claim 10 in the production of foamed articles.

Process for manufacturing of a foamed article using the thermoplastic polyester copolymer
of any one of claims 1-9, wherein the thermoplastic polyester copolymer has a Go at t=0 of
0 Pa and a Go at t=15 of > 0 Pa, wherein Go is determined as the value for G’ on
extrapolation of G” to 0, fitting data for G” to G’ using a quadratic fit model, wherein G’ is
the storage modulus, determined via Dynamic Mechanical Analysis (DMA) at 0.1 rad/s
determined at 260°C, in accordance with ASTM D4065-12 in conjunction with ASTM
D4440-15, expressed in Pa, and wherein G is the loss modulus, determined via Dynamic
Mechanical Analysis (DMA) at 0.1 rad/s determined at 260°C, in accordance with ASTM
D4065-12 in conjunction with ASTM D4440-15, expressed in Pa, wherein t=0 indicates a

dwell time in DMA of 0 minutes and t=15 indicates a dwell time of 15 minutes.

Process according to claim 12 wherein Go at t=15 is > 500 Pa, preferably > 1000 Pa.

Foamed article produced using the thermoplastic polyester copolymer of any one of
claims 1-11 or produced according to the process of any one of claims 12-13, preferably
wherein the thermoplastic polyester copolymer has a polydispersity index PDI determined
as the ration of Mw/M, of 2 3 and £ 10, wherein My and M, are determined in accordance
with ASTM D5296-11, using polystyrene standards.
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15.  Use of a thermoplastic polyester copolymer according to any one of claims 1-9 for

improving the melt stability of a polyester foam.
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