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(57) ABSTRACT 

Continuous polymeric extrusion nucleation Systems and 
methods useful for making polymeric microcellular foamed 
materials, including crystalline and Semi-crystalline poly 
meric microcellular materials, are provided. PreSSure drop 
rate is an important feature in Some embodiments, and the 
invention provides Systems for controlling these and other 
parameters. One aspect involves a multiple-pathway nuclea 
tor that is separated from a shaping die by a residence 
chamber. Another aspect involves a die for making advan 
tageously thick articles, including a multiple-pathway nucle 
ation Section. Microcellular material can be continuously 
extruded onto wire, resulting in a very thin, essentially 
closed-cell microcellular insulating coating Secured to a 
wire. Other very thin microcellular products can be fabri 
cated as well. 
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METHOD AND APPARATUS FOR 
MICROCELLULAR POLYMER EXTRUSION 

RELATED APPLICATIONS 

0001. This application commonly-owned, co-pending is 
a continuation of U.S. application Ser. No. 09/626,808, filed 
Jul. 27, 2000, which is a divisional of U.S. application Ser. 
No. 09/258,625, filed Feb. 26, 1999, which is a continuation 
of Int’l patent application serial no. PCT/US97/15088, filed 
Aug. 26, 1997, which claims priority to commonly-owned, 
co-pending U.S. provisional patent application Ser. No. 
60/024,623 entitled “Method and Apparatus for Microcel 
lular Extrusion', filed Aug. 27, 1996 by Burnham, et al., to 
commonly-owned, co-pending U.S. provisional patent 
application Ser. No. 60/026,889, entitled “Method and 
Apparatus for Microcellular Extrusion', filed Sep. 23, 1996 
by Kim, et al, and to commonly-owned, co-pending U.S. 
patent application Ser. No. 08/777,709, entitled “Method 
and Apparatus for Microcellular Extrusion”, filed Dec. 20, 
1996 by Kim, et al, each of which is incorporated herein by 
reference. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to poly 
meric foam processing, and more particularly to a continu 
ous microcellular polymer extrusion System and method that 
allows control of the material density, cell density, thickness, 
and shape of microcellular and Supermicrocellular material. 

BACKGROUND OF THE INVENTION 

0.003 Foamed polymeric materials are well known, and 
typically are produced by introducing a physical blowing 
agent into a molten polymeric Stream, mixing the blowing 
agent with the polymer, and extruding the mixture into the 
atmosphere while Shaping the mixture. Exposure to atmo 
Spheric conditions causes the blowing agent to gasify, 
thereby forming cells in the polymer. Under Some conditions 
the cells can be made to remain isolated, and a closed-cell 
foamed material results. Under other, typically more violent 
foaming conditions, the cells rupture or become intercon 
nected and an open-cell material results. AS an alternative to 
a physical blowing agent, a chemical blowing agent can be 
used which undergoes chemical decomposition in the poly 
mer material causing formation of a gas. 
0004 U.S. Pat. No. 3,796,779 (Greenberg; Mar. 12, 
1976) describes injection of a gas into a flowing stream of 
molten plastic, and expansion to produce a foam. The 
described technique typically produces voids or cells within 
the plastic that are relatively large, for example on the order 
of 100 microns or greater. The number of voids or cells per 
unit volume of material typically is relatively low according 
to that technique and often the material exhibits a non 
uniform distribution of cells throughout the material. There 
fore, thin sheets and sheets having very Smooth finishes 
typically cannot be made by the technique, and materials 
produced typically have relatively low mechanical Strengths 
and toughness. 
0005 U.S. Pat. No. 4,548,775 (Hayashi, et al.) describes 
a technique involving extruding an expandable resin through 
a plurality of holes bored in a die and then fusing together 
material extruded from the holes. The technique is designed 
to form a high-density skin layer on the foamed material 
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Since, according to Hayashi, et al., with Single-hole dies the 
extrudate is deformed by foaming after the material leaves 
the die and it is not possible to form a skin layer uniformly. 
0006 U.S. Pat. No. 3,624,192 (McCoy, et al.) disclose 
extrusion of thermoplastic polyaromatic resin, admixed with 
a nucleating agent, through a network of slits to form a foam 
board. 

0007 U.S. Pat. No. 3,720,572 (Soda, et al.) disclose 
production of “synthetic wood' defined by an elongated 
microporous article formed of a plurality of coalesced, 
foamed resin Strands. Borders between the Strands mimic 
Wood grain, which is the object of the invention. 
0008 U.S. Pat. No. 4,473,665 (Martini-Vvedensky, et al.; 
Sep. 25, 1984) describes a process for making foamed 
polymer having cells less than about 100 microns in diam 
eter. In the technique of Martini-Vvedensky, et al., a material 
precursor is Saturated with a blowing agent, the material is 
placed under high preSSure, and the pressure is rapidly 
dropped to nucleate the blowing agent and to allow the 
formation of cells. The material then is frozen rapidly to 
maintain a desired distribution of microcells. 

0009 U.S. Pat. No. 5,158,986 (Cha, et al.; Oct. 27, 1992) 
describes formation of microcellular polymeric material 
using a Supercritical fluid as a blowing agent. In a batch 
process of Cha, et al., a plastic article is Submerged at 
preSSure in Supercritical fluid for a period of time, and then 
quickly returned to ambient conditions creating a Solubility 
change and nucleation. In a continuous process, a polymeric 
sheet is extruded, then run through rollers in a container of 
Supercritical fluid at high pressure, and then exposed quickly 
to ambient conditions. In another continuous process, a 
Supercritical fluid-Saturated molten polymeric Stream is 
established. The Stream is rapidly heated, and the resulting 
thermodynamic instability (Solubility change) creates sites 
of nucleation, while the System is maintained under preSSure 
preventing Significant growth of cells. The material then is 
injected into a mold cavity where pressure is reduced and 
cells are allowed to grow. 
0010. In continuous extrusion processes in general, typi 
cal goals involve high production rates (flow rates), produc 
tion of material having a desired shape, size, material 
density and cell density, especially materials having rela 
tively thin or thick portions, and production of materials 
with a highly Smooth Surface. In all cases, of course, it is a 
goal to produce material at the lowest possible cost. While 
conventional foam processing can operate at very high 
output rates, typical known continuous microcellular extru 
Sion production rates do not approach the rates achievable 
with conventional processes. In conventional foam polymer 
processing, a desired shape, size and density of a product 
generally can be achieved using a conventional Shaping die. 
However, extruding very thin material or very thick micro 
cellular material can be difficult. With respect to thicksheets, 
it has been difficult or impossible to create the necessary 
Solubility change uniformly throughout a thick product 
produced by extrusion to produce a thick microcellular 
article continuously. With respect to thin sheets, where the 
cell size is large relative to the thickness of the sheet, Small 
holes in the sheet can develop where a particular cell is of 
a dimension larger than the thickness of a sheet. Additional 
control problems exist in many known thin foam sheet 
extrusion techniques. Accordingly, it has been a challenge to 
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extrude thin coatings of conventional foam cellular material 
onto Substrates Such as wire. In particular, where a Substrate 
Such as wire must be isolated from moisture, if a foam 
material is to be used to coat the Substrate then the foam 
should be essentially completely closed-cell material. There 
fore, it has been difficult or impossible to extrude thin, 
closed-cell polymeric material onto wire to form a coating 
having acceptable electrical insulation properties under Vari 
ous conditions. 

0011 Traditionally, chlorofluorocarbons (CFCs), hydro 
chlorofluorocarbons, (HCFCs), and alkanes (butane, pen 
tane, isopentane) have been used as blowing agents to 
produce foam products. These agents reportedly provided 
Superior foaming control, as they reportedly are partially 
Soluble in polymers, acting as plasticizers to lower the glass 
transition temperature (Tg) of the material, thereby reducing 
melt Viscosity and permitting process cooling of the extruder 
melt as necessary to obtain foam physical characteristics 
Such as mechanical Strength, Smooth foam, and unruptured 
cells. In part due to environmental problems associated with 
these agents, however, effort has been directed towards the 
use of low environmental impact atmospheric gases Such as 
carbon dioxide, nitrogen, and air as blowing agents, and 
Success has been met in Some cases (see, e.g., U.S. Pat. No. 
5,158,986 (Cha), above). But successful control during 
foaming with atmospheric gases has been more difficult to 
achieve than with conventional agents. Some references 
report that the Solubility of atmospheric gases in polymerS is 
inherently lower than conventional blowing agents, there 
fore Tg and melt Viscosity are not reduced to the same 
degree, necessitating relatively higher processing tempera 
tures when using atmospheric gases in order to maintain 
necessary melt flow. Higher processing and melt tempera 
tures can produce reduced polymer melt Strength as com 
pared to Similar conditions using conventional blowing 
agents, resulting, in many cases, in explosive cell expansion 
upon release of the melt to atmosphere. 

0012. In Some instances, control in atmospheric gas 
blowing agent processes has been addressed with high 
temperature melt processing during the incorporation of the 
blowing agent, followed by melt cooling prior to extrusion 
and foaming to increase melt Strength. In particular, Several 
patents and publications focusing on foaming of amorphous 
polymers using Solely carbon dioxide as blowing agent have 
Stressed criticality of melt and/or die temperature do not 
exceed a particular temperature. 

0013 For example, U.S. Pat. No. 4,436,679 issued to 
Winstead on Mar. 13, 1984, and U.S. Pat. Nos. 5,266,605 
and 5,250,577 issued to Welsh on Nov.30, 1993 and Oct. 5, 
1993, respectively, disclose cooling prior to the extrusion of 
amorphous polymer foams formed using Solely carbon diox 
ide blowing agent. European Patent Application EP 0 707 
935 A2 published Apr. 24, 1996 by Baumgart et al. 
(ASSignee BASF) describes extrusion of amorphous poly 
meric material with a large temperature drop to control 
extrusion. 

0.014. Due to the process and material limitations 
described above, and in particular temperature limitations, 
those of ordinary skill in the art would not expect to achieve 
highly-controlled, high Volume microcellular processing of 
crystalline and Semi-crystalline polymers, especially when 
using atmospheric gases. Crystalline and Semi-crystalline 
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polymers differ from amorphous materials in that they have 
a distinct crystalline melting temperature (Tm) that is much 
higher than their glass transition temperature. If cooled to 
Tm, these materials will abruptly Solidify, making further 
processing impossible. Prior to this abrupt Solidification, the 
melt Strength of the polymer will not increase appreciably 
with increased cooling, as in the case of amorphous poly 
mers, because the temperature of the polymer is necessarily 
So much higher than Tg. That is, crystalline and Semi 
crystalline polymerS must be processed at temperatures well 
above (relative to Tg) ceiling temperature for amorphous 
polymers, driving cell expansion and making it extremely 
difficult to maintain Small cell sizes. 

0015 Therefore, the production of microcellular material 
using atmospheric gases has focused primarily on amor 
phous polymers, which become Viscous and flow easily at 
temperatures above Tg. 
0016 While the above and other reports represent several 
techniques associated with the manufacture of microcellular 
material, there is a need in the industry for a viable con 
tinuous method of producing crystalline and Semi-crystal 
line microcellular material. 

0017. It is, therefore, an object of the invention to provide 
a high-throughput, continuous, microcellular or Supermicro 
cellular polymer extrusion System effective in producing 
microcellular material of high quality and in any of a variety 
of desired thicknesses, in producing microcellular material 
as a coating for wire, and in producing high-quality cryS 
talline and Semi-crystalline microcellular material. 

SUMMARY OF THE INVENTION 

0018. The present invention provides methods and sys 
tems for producing microcellular material, and microcellular 
articles. In one aspect, the invention provides a method that 
involves establishing a first Stream of a fluid, Single-phase 
Solution of a precursor of foamed polymeric material and a 
blowing agent, and continuously nucleating the blowing 
agent mixed with the precursor by dividing the Stream into 
Separate portions and Separately nucleating each of the 
Separate portions. The Separate portions can be nucleated 
Simultaneously by, in one embodiment, diverging the first 
Stream into at least two divided Solution Streams and Sepa 
rately nucleating each of the divided streams. The divided 
Streams can be recombined into a single Stream of nucleated, 
fluid polymeric material. Nucleation can be effected by 
Subjecting each of the Separate portions to conditions of 
Solubility change, or thermodynamic instability, Sufficient to 
create Sites of nucleation in the Solution in the absence of an 
auxiliary nucleating agent. The method can further involve 
Shaping the recombined Stream into a desired shape while 
lowering pressure applied to the recombined Stream to a 
preSSure allowing final foaming of the material. 
0019. In another aspect, the invention provides a method 
for rapidly mixing a fluid polymeric material and a fluid that 
is a gas under ambient conditions and that can Serve as a 
blowing agent. The method involves introducing, into fluid 
polymeric material flowing at a rate of at least about 10 
lbs/hr, a fluid that is a gas under ambient conditions. In a 
period of less than about 1 minute, a single-phase Solution 
of the fluid and the polymer are created. The fluid is present 
in the solution in an amount of at least about 2% by weight 
based on the weight of the solution. In one embodiment, the 
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method is carried out by injecting the fluid that is a gas under 
ambient conditions through at least one orifice of an extruder 
barrel. The method can involve injecting the fluid through at 
least about 100 orifices into the barrel in another embodi 
ment, and through more orifices according to other embodi 
ments. This aspect of the invention can find use in a variety 
of mixing arrangements, and finds particularly advantageous 
use in connection with other methods of the present inven 
tion. 

0020. In another aspect, the invention provides a method 
that involves maintaining in extrusion apparatus a relatively 
constant pressure profile in a mixture of fluid polymeric 
material and fluid that is a gas under ambient conditions and 
that can Serve as a blowing agent. Specifically, the method 
involves providing an extruder having an inlet at an inlet end 
thereof designed to receive a precursor of foamed material 
and an outlet at an outlet end thereof designed to release 
foamed material from the extruder and an enclosed passage 
way connecting the inlet with the outlet constructed and 
arranged to advance a fluid polymeric Stream within the 
passageway in a downstream direction from the inlet end 
toward the outlet end. The method involves establishing a 
Stream of fluid polymeric material flowing in the extruder in 
a downstream direction and introducing a fluid that is a gas 
under ambient conditions into the Stream at an injection 
location of the extruder. The Stream is maintained, down 
Stream of the injection location and upstream of a foaming 
region, under pressure varying by no more than about 1,500 
psi. The extruder can include a nucleation region at which a 
Single-phase Solution of fluid polymeric material and blow 
ing agent flowing therethrough is nucleated, and the rela 
tively constant preSSure can be maintained downstream of 
the injection location and upstream of the nucleation region. 
The fluid that is gas under ambient conditions, and that can 
Serve as blowing agent, can be introduced into the extruder 
through one or more orifices, for example 4, 25, 50 or 100 
or more orifices, and can be introduced therethrough Simul 
taneously. Introduction of the gas can be carried out in an 
extruder barrel with a Screw including flights passing each of 
the orifices at a rate of at least about 0.5 passes per Second, 
O OC. 

0021. In another aspect, the invention provides a method 
of creating very high pressure drop rates in material to be 
foamed. One method involves establishing a stream of a 
material to be foamed including a blowing agent, and 
continuously decreasing the pressure within Successive, 
continuous portions of a flowing Stream of the material to be 
foamed, the pressure continuously decreased at a rate that 
increases. This can involve establishing a fluid, Single-phase 
Solution of a precursor of foamed polymeric material and a 
blowing agent, and continuously nucleating the Solution by 
continuously decreasing the pressure within Successive, 
continuous portions of the flowing, Single-phase Stream at a 
rate which increases. 

0022. In another aspect, the invention involves a method 
involving continuously extruding microcellular material 
onto a wire Substrate. This method can involve incorporation 
of all others of the methods described in accordance with the 
invention. 

0023 The invention also provides, according to another 
aspect, a method involving continuously extruding micro 
cellular polymeric material having cells of essentially uni 
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form size of less than about 50 microns average size from a 
Single-phase Solution of polymeric material and blowing 
agent. The blowing agent is present in the Solution, accord 
ing to the method, in an amount less than about 80% 
Saturation concentration. The Saturation concentration is 
determined at the lowest pressure in the System after the 
point of blowing agent injection but prior to the nucleating 
pathway of extrusion apparatus in which the method is 
carried out. 

0024. In another aspect, the invention provides a method 
including continuously extruding essentially closed-cell 
microcellular polymeric material having cells of essentially 
uniform size of less than about 50 microns average size. The 
polymeric material has a minimum cross-sectional dimen 
Sion of less than about 0.5 mm, and is extruded from a 
Single-phase Solution of polymeric material and blowing 
agent. 
0025. In another aspect, the invention involves a method 
including continuously extruding foamed polyethylene 
terephthalate (PET) of I.V. less than one. Another aspect 
involves continuous extrusion of foamed crystalline or Semi 
crystalline polymeric material of density less than about 8 
lbs./ft. In another aspect, the method involves extruding 
foamed crystalline or Semicrystalline polymeric material 
essentially free of foam-controllability modifiers. 
0026. The invention also provides a method of producing 
foamed material. A continuous Stream of crystalline or 
Semi-crystalline polymeric material is established, and the 
Stream is a continuous homogeneous Single-phase Solution 
of the polymeric material and the blowing agent is formed. 
The homogeneous Single-phase Solution is Subjected to a 
rapid pressure drop to form nucleated polymeric material, 
and the material is continuously extruded into a work area as 
microcellular polymeric material. 
0027. Also provided is a method involving establishing a 
continuously-flowing Stream of a fluid, Single-phase Solution 
of polymeric material and blowing agent, continuously 
nucleating the Solution and extruding and foaming the 
Solution through a Shaping die. In the method a microcellular 
foamed polymeric material is produced at a die temperature 
at least 100° F (37.8 C.) greater than Tg of the polymeric 
material. 

0028. The invention provides a series of systems and 
forming dies, as well. In one aspect the invention provides 
a polymer forming die mountable on polymer extrusion 
apparatus. The die includes a polymer receiving end con 
Structed and arranged to receive a fluid, non-nucleated, 
Single-phase Solution of polymeric material and blowing 
agent, a polymer foam extrusion end constructed and 
arranged to release foamed material to ambient conditions, 
and a fluid pathway connecting the polymer receiving end to 
the foam extrusion end. The pathway has length and croSS 
Sectional dimensions that are defined as follows. When fluid 
polymer admixed homogeneously with about 6 wt % CO is 
passed through the pathway at a rate of about 40 lbs. fluid 
per hour, a pressure drop rate in the fluid polymer of at least 
about 0.3 GPa/sec is created. The fluid pathway that creates 
this pressure drop can include a single channel, or at least 
two Separate fluid channels that can, in turn, communicate 
with a Shaping channel to shape polymeric microcellular 
foam material. 

0029. The invention also provides a system including a 
polymeric material nucleator constructed and arranged for 
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use in combination with polymer extrusion apparatus. The 
nucleator includes a polymer receiving end constructed and 
arranged to receive a fluid, non-nucleated, Single-phase 
Solution of a polymeric material and a blowing agent, a 
nucleated polymer releasing end constructed and arranged to 
release nucleated polymeric material, and a fluid pathway 
connecting the receiving end to the releasing end. The 
pathway has length and cross-sectional dimensions that are 
defined as above, that is, as follows. When fluid polymer 
admixed homogeneously with about 6 wt % CO is passed 
through the pathway at a rate of about 40 lbs. fluid per hour, 
a pressure drop in the fluid polymer of at least about 0.3 
GPa/sec is created. The System includes, as well, a chamber 
for controlling the density of microcellular material released 
by the nucleator. The chamber has an inlet communicating 
with the nucleator releasing end and an outlet, and has a 
diameter of at least about 0.25 inch and a length to diameter 
ratio of at least one. The chamber is constructed and 
arranged to maintain polymeric material within the chamber 
at a pressure of at least about 150 psi. This inhibits the 
formation and growth of cells within the chamber. 

0030 The invention also provides polymer extrusion 
apparatus including a polymer nucleator having a polymer 
receiving end constructed and arranged to receive a fluid, 
non-nucleated, single-phase Solution of a polymeric material 
and a blowing agent, a nucleated fluid releasing end, and a 
fluid pathway connecting the polymer receiving end to the 
releasing end. The pathway decreases in cross-sectional 
dimension in a downstream direction, and the apparatus is 
constructed and arranged to feed a fluid, non-nucleated, 
Single-phase Solution of a polymeric material and a blowing 
agent to the nucleator receiving end. 

0031. In another embodiment, the invention provides a 
System for producing microcellular material. The System 
includes an extruder having an inlet end for receiving a 
precursor of microcellular material, an outlet designed to 
release microcellular material from the extruder, and an 
enclosed passageway connecting the inlet with the outlet. 
The passageway is constructed and arranged to receive a 
blowing agent and to contain a homogeneous, Single-phase 
Solution of the blowing agent with the precursor in a fluid 
State at an elevated pressure within the passageway and to 
advance the Solution as a fluid Stream within the passageway 
in a downstream direction from the inlet toward the outlet. 
The enclosed passageway includes a nucleating pathway in 
which a single-phase Solution of blowing agent and micro 
cellular material precursor passing therethrough can be 
nucleated. The extruder is adapted to receive wire and to 
position the wire in communication with the passageway. 
Another System, or this System can include a wire take-up 
device positioned to receive microcellular polymeric mate 
rial-coated wire ejected from the System. 

0.032 All of the above-described methods can, in certain 
embodiments, be used in conjunction with any others, and 
any can be used individually or in combination with any 
others with any of the above-described Systems, or any 
combination of the Systems. Similarly, any of the Systems 
can be used alone, or in combination, and can be used with 
one or more, Singly or in combination, of the above 
described methods. The systems and methods are described 
in more detail in the detailed description of the invention 
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below, and any of the features that can optionally be added 
to any of the arrangements can also be added to any others 
of the arrangements. 
0033. The invention also provides a series of articles. In 
one aspect, the invention provides a foamed material 
obtained by continuously introducing a blowing agent into a 
material comprising a crystalline or Semi-crystalline poly 
meric material, and causing the material to take the form of 
the foamed material. The foamed material is in the shape of 
a continuous extrusion, and is microcellular. In another 
aspect, the invention provides an article including wire, and 
a coating of microcellular material around the wire, which 
can be of thickneSS as described herein with regard to very 
thin microcellular material. The coating is well-Secured to 
the wire, and provides good electrical insulation. The micro 
cellular material has a maximum thickness of less than about 
0.5 mm. The material can be microcellular polyolefin and 
can have an average cell size of less than about 30 microns. 
In one embodiment, the material has a maximum cell size of 
about 50 microns. The material can be essentially closed 
cell, and can have a moisture absorption of less than about 
0.1% by weight based on the weight of the coating after 
immersion in water for 24 hours. 

0034. In another aspect, the invention provides an article 
comprising foamed PET of I.V. less than one. Another aspect 
involves foamed crystalline or Semicrystalline polymeric 
material of density of less than 8 lbs./ft. Another aspect 
involves foamed crystalline or Semicrystalline polymeric 
material essentially free of foam-controllability modifiers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0035 FIG. 1 illustrates an extrusion system of the inven 
tion including a multi-hole nucleator, residence chamber 
downstream thereof, and Shaping die downstream of the 
residence chamber; 
0036 FIG. 2 illustrates a multi-hole blowing agent feed 
orifice arrangement and extrusion Screw; 
0037 FIG. 3 illustrates an extrusion system of the inven 
tion including a multi-passage nucleating and Shaping die; 
0038 FIG. 4 is a cross-section through line 4-4 of FIG. 
1; 
0039 FIG. 5 illustrates a multi-passage nucleating and 
Shaping die in accordance with the invention; 
0040 
FIG. 5; 
0041 FIG. 7 is a cross-sectional view through line 6-6 of 
FIG. 5 according to an alternate embodiment of the inven 
tion; 
0042 FIG. 8 is a cross-sectional view through line 6-6 of 
FIG. 5 according to yet another alternate embodiment of the 
invention; 
0043 FIG. 9 illustrates a multiple concentric plate 
nucleator of a forming die of the type illustrated in FIG. 5; 
0044 FIG. 10 is a multiple concentric plate nucleator of 
a forming die of the type illustrated in FIG. 5 according to 
another embodiment; 
004.5 FIG. 11 illustrates a multi-hole nucleator or shap 
ing die of the invention including Separate, Slanted nucleat 
ing pathways; 

FIG. 6 is a cross-sectional view through line 6-6 of 
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0046 FIGS. 12a-12h illustrate multi-hole nucleators or 
nucleating portions of Shaping dies having a variety of 
passageway arrangements and croSS-Sections; 
0047 FIG. 13 is a plot of a typical pressure drop through 
a parallel-landed (Straight) nucleating pathway typical of a 
Standard extrusion die configuration, a plot of an ideal 
preSSure drop through a parallel-landed pathway, and a plot 
of a pressure profile through a nucleating pathway of the 
invention which decreases in cross-sectional area in a down 
Stream direction; 

0.048 FIG. 14 illustrates a wire extrusion system of the 
invention including a tapered nucleating pathway; 

0049 FIG. 15 is a photocopy of a scanning electron 
micrograph (SEM) image of a cross-section of microcellular 
polymeric material extrusion coated onto wire, following 
removal of the wire; 

0050 FIG. 16 is a photocopy of an SEM image of the 
coating of FIG. 15, at higher magnification; 

0051 FIG. 17 is a photocopy of an (SEM) image of a 
croSS-Section of microcellular polymeric material extrusion 
coated onto wire, following removal of the wire; 
0.052 FIG. 18 is a photocopy of an SEM image of the 
coating of FIG. 17, at higher magnification; 

0053 FIG. 19 is a photocopy of an SEM image of a 
cross-section of another example of microcellular wire coat 
ing; 

0054 FIG. 20 is a photocopy of an SEM image of the 
microcellular wire coating of FIG. 19 at higher magnifica 
tion; 

0055 FIG. 21 is a photocopy of an SEM image of a 
croSS-Section of another example of microcellular wire coat 
ing; 

0056 FIG. 22 is a photocopy of an SEM image of the 
microcellular wire coating of FIG. 21 at higher magnifica 
tion; 

0057 FIG. 23 is a photocopy of an optical micrograph of 
the wire coating sample of FIGS. 21 and 22, without wire 
removed, mounted in epoxy, 
0.058 FIG. 24 is a photocopy of an optical micrograph of 
the wire coating sample of FIGS. 21 and 22, without wire 
removed, mounted in epoxy, 

0059 FIG. 25 is a photocopy of an SEM image of 
cross-section of polyethylene terephthalate (PET) extrudate 
that is non-microcellular, 

0060 FIG. 26 is a photocopy of an SEM image of a 
croSS-Section of microcellular extrudate; 

0061 FIG. 27 is a photocopy of an SEM image of a 
croSS-Section of non-uniform flame retardant polyethylene 
(FRP) extrudate; 
0062 FIG. 28 is a photocopy of an SEM image of a 
cross-section of microcellular FRPE extrudate; 

0063 FIG. 29 is a photocopy of an SEM image of a 
croSS-Section of non-microcellular, filled, plasticized poly 
vinyl chloride (PVC) extrudate; 
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0064 FIG. 30 is a photocopy of an SEM image of a 
cross-section of microcellular filled, plasticized PVC extru 
date; 
0065 FIG. 31 is a photocopy of an SEM image of a 
croSS-Section of non-microcellular polypropylene extrudate; 
0.066 FIG. 32 is a photocopy of an SEM image of a 
croSS-Section of microcellular polypropylene extrudate; 
0067 FIG. 33 is a photocopy of an SEM image of a 
cross-section of relatively open-celled microcellular FRPE 
extrudate, 
0068 FIG. 34 is a photocopy of an SEM image of a 
cross-section of relatively closed-cell microcellular FRPE, 
0069 FIG. 35 is a graph of a pressure profile between 
Stabilization after blowing each into injection and nucleation 
of molten PET containing 6.5% CO blowing agent; 
0070 FIG. 36 is a photocopy of an SEM image of a 
cross-section of microcellular PET extrudate; 
0071 FIG. 37 illustrates a multi-nucleating pathway die 
in accordance with one embodiment of the invention; and 

0072 FIG. 38 is a photocopy of an SEM image of the 
cross section of microcellular PET extrudate; 

0073 FIG. 39 is a photocopy of an SEM of a cross 
Section of thin microcellular polypropylene; 
0.074 FIG. 40 is a photocopy of an SEM of the material 
of FIG. 39, at higher magnification; 

0075 FIG. 41 is a photocopy of an SEM of a cross 
Section of thin microcellular polypropylene of another 
example, and 

0.076 FIG. 42 is a photocopy of an SEM of the material 
of FIG. 41, at higher magnification. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0077 Commonly owned, co-pending U.S. provisional 
patent application Ser. No. 60/024,623, entitled “Method 
and Apparatus for Microcellular Extrusion', filed Aug. 27, 
1996 by Burnham, et al., (pending), commonly-owned, 
co-pending U.S. provisional patent application Ser. No. 
60/026,889 entitled “Method and Apparatus for Microcel 
lular Extrusion”, filed Sep. 23, 1996 by Kim, et al., (pend 
ing), and commonly-owned, co-pending U.S. patent appli 
cation Ser. No. 08/777,709 entitled “Method and Apparatus 
for Microcellular Polymer Extrusion”, filed Dec. 20, 1996 
all are incorporated herein by reference. 
0078. The various embodiments and aspects of the inven 
tion will be better understood from the following definitions. 
AS used herein, “nucleation' defines a process by which a 
homogeneous, Single-phase Solution of polymeric material, 
in which is dissolved molecules of a species that is a gas 
under ambient conditions, undergoes formations of clusters 
of molecules of the Species that define “nucleation Sites”, 
from which cells will grow. That is, “nucleation” means a 
change from a homogeneous, Single-phase Solution to a 
multi-phase mixture in which, throughout the polymeric 
material, Sites of aggregation of at least Several molecules of 
blowing agent are formed. A “nucleating agent' is a dis 
persed agent, Such as talc or other filler particles, added to 
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a polymer and able to promote formation of nucleation Sites 
from a single-phase, homogeneous Solution. Thus “nucle 
ation sites’ do not define locations, within a polymer, at 
which nucleating agent particles reside. "Nucleated” refers 
to a State of a fluid polymeric material that had contained a 
Single-phase, homogeneous Solution including a dissolved 
Species that is a gas under ambient conditions, following an 
event (typically thermodynamic instability) leading to the 
formation of nucleation sites. "Non-nucleated” refers to a 
State defined by a homogeneous, Single-phase Solution of 
polymeric material and dissolved species that is a gas under 
ambient conditions, absent nucleation sites. A “non-nucle 
ated” material can include nucleating agent Such as talc. 

0079 The present invention provides a system for extrud 
ing microcellular or Supermicrocellular polymeric material. 
The material can be extruded onto a Substrate Such as wire. 
For purposes of the present invention, microcellular material 
is defined as foamed material containing cells of size leSS 
than about 100 microns in diameter, or material of cell 
density of generally greater than at least about 10 cells per 
cubic centimeter, or preferably both. In Some embodiments, 
microcellular material of the invention contains cells of size 
less than about 50 microns in diameter, more preferably leSS 
than about 30 microns in diameter. The void fraction of 
microcellular material generally varies from 5% to 98%. 
Supermicrocellular material is defined for purposes of the 
invention by cell sizes Smaller than 1 um and cell densities 
greater than 10" cells per cubic centimeter. 
0080. In preferred embodiments, microcellular material 
of the invention is produced having average cell size of leSS 
than about 50 microns. In some embodiments particularly 
Small cell size is desired, and in these embodiments material 
of the invention has average cell size of less than about 20 
microns, more preferably less than about 10 microns, and 
more preferably still less than about 5 microns. The micro 
cellular material preferably has a maximum cell Size of 
about 100 microns. In embodiments where particularly 
Small cell size is desired, the material can have maximum 
cell size of about 50 microns, more preferably about 25 
microns, and more preferably Still about 15 microns. A Set of 
embodiments includes all combinations of these noted aver 
age cell sizes and maximum cell sizes. For example, one 
embodiment in this set of embodiments includes microcel 
lular material having an average cell size of less than about 
30 microns with a maximum cell size of about 50 microns, 
and as another example an average cell size of less than 
about 30 microns with a maximum cell size of about 35 
microns, etc. That is, microcellular material designed for a 
variety of purposes can be produced having a particular 
combination of average cell size and a maximum cell size 
preferable for that purpose. Control of cell size is described 
in greater detail below. In one Set of preferred embodiments 
the void fraction of the microcellular material of the inven 
tion is as described below with reference to FIG. 14. 

0081. In one embodiment, essentially closed-cell micro 
cellular material is produced. AS used herein, "essentially 
closed-cell' is meant to define material that, at a thickneSS 
of about 100 microns, contains no connected cell pathway 
through the material. 

0082 Although not necessary for all embodiments, one 
Set of embodiments of the invention relies upon Separate 
nucleation of Separate portions of a Stream of a single-phase 

Nov. 17, 2005 

Solution of a fluid polymeric material admixed with blowing 
agent. The Separate portions then are recombined to form a 
Single Stream or article. In a preferred embodiment the 
Separate portions are separately nucleated Simultaneously. 
By dividing a stream into Separate portions, Separately 
nucleating the Separate portions simultaneously, and recom 
bining the Separate portions to form a single, nucleated 
Stream or microcellular article, much higher throughput can 
be achieved and thicker parts can be made because of the 
Simultaneous nucleation and because Separate nucleation of 
Smaller quantities and recombination of the Smaller quanti 
ties to form a larger quantity results in better uniformity of 
high-quality cells throughout a cross-section of polymer. 
0083 Separate nucleation of separate portions of a fluid 
Stream and recombination of the Stream can occur at a 
multiple-pathway nucleator that is positioned upstream of 
the Shaping die of the apparatus. In this way, nucleation and 
Shaping are separated, with Separate nucleation resulting in 
a relatively large cross-sectional Stream of a high density of 
nucleation, with very good uniformity, and this Stream is fed 
to a shaping die which can make use of the large-croSS 
Section, high-cell-density Stream to shape a variety of parts. 
By Separating nucleation from Shaping, nucleation occurs in 
a manner free of the limitation of the shape of the final 
product. The multiple-pathway nucleator can be separated 
from the Shaping die, in this set of embodiments, by a 
chamber that controls the pressure and temperature of a fluid 
polymeric mixture within the chamber. Thus, the density of 
the material, and cell density, can be controlled. To facilitate 
recombination of the Separate portions, a mixer, Such as a 
Static mixer, can be positioned downstream of the nucleator, 
optionally in chamber 70, described below. 
0084 Separation of nucleation from shaping can be car 
ried out with Single-hole nucleators or other nucleators that 
do not include multiple pathways, while realizing advan 
tages of the technique. 

0085. In another set of embodiments, nucleation and 
Shaping occur in the Same general area, namely, at a nucle 
ating shaping die, and the nucleating Shaping die can include 
a plurality of Separate nucleating pathways, that is, can 
define a multiple-pathway nucleating die, which can allow 
higher throughput and thicker parts than are achievable 
typically in prior art techniques. 

0086) Referring to FIG. 1, an extrusion system 30 
according to one embodiment of the invention is illustrated 
schematically. Extrusion system 30 includes a barrel 32 
having a first, upstream end 34 and a Second, downstream 
end 36. Mounted for rotation within barrel32 is an extrusion 
Screw 38 operably connected, at its upstream end, to a drive 
motor 40. Although not shown in detail, extrusion screw 38 
includes feed, transition, gas injection, mixing, and metering 
Sections. 

0087 Positioned along extrusion barrel 32, optionally, 
are temperature control units 42. Control units 42 can be 
electrical heaters, can include passageways for temperature 
control fluid, or the like. Units 42 can be used to heat a 
stream of pelletized or fluid polymeric material within the 
extrusion barrel to facilitate melting, and/or to cool the 
Stream to control Viscosity, skin formation and, in Some 
cases, blowing agent Solubility. The temperature control 
units can operate differently at different locations along the 
barrel, that is, to heat at one or more locations, and to cool 
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at one or more different locations. Any number of tempera 
ture control units can be provided. 
0088 Extrusion barrel 32 is constructed and arranged to 
receive a precursor of a fluid polymeric material. Amor 
phous, Semicrystalline, and crystalline material including 
Styrenic polymers, polyolefins Such as polyethylene and 
polypropylene, fluoropolymers, crosslinkable polyolefins, 
polyamides, polyaromatics Such as polystyrene and polyvi 
nyl chloride can be used. Typically, this involves a Standard 
hopper 44 for containing pelletized polymeric material to be 
fed into the extruder barrel through orifice 46, although a 
precursor can be a fluid prepolymeric material injected 
through an orifice and polymerized within the barrel Via, for 
example, auxiliary polymerization agents. When chemical 
blowing agents are used, they typically are compounded in 
polymer pellets introduced into hopper 44. 
0089. Immediately downstream of the downstream end 
48 of screw 38 in FIG. 1 is a region 50 which can be a 
temperature adjustment and control region, auxiliary mixing 
region, auxiliary pumping region, or the like. For example, 
region 50 can include temperature control units to adjust the 
temperature of a fluid polymeric Stream prior to nucleation, 
as described below. Region 50 can include instead, or in 
addition, standard mixing units (not shown), or a flow 
control unit Such as a gear pump (not shown). In another 
embodiment, region 50 is replaced by a Second Screw of a 
tandem extrusion apparatus, the Second Screw optionally 
including a cooling region. 
0090 When a physical blowing agent is used, along 
barrel 32 of system 30 is a port 54 in fluid communication 
with a Source 56 of a physical blowing agent. (This appa 
ratus is not required when a chemical blowing agent alone 
is used). Any of a wide variety of blowing agents known to 
those of ordinary skill in the art Such as hydrocarbons, 
chlorofluorocarbons, nitrogen, carbon dioxide, and the like 
can be used in connection with this embodiment of the 
invention and, according to a preferred embodiment, Source 
56 provides carbon dioxide as a blowing agent. A preSSure 
and metering device 58 typically is provided between blow 
ing agent source 56 and port 54. Supercritical fluid blowing 
agents are especially preferred, in particular Supercritical 
carbon dioxide. 

0.091 Any of a wide variety of blowing agents can be 
used in connection with the present invention, for example, 
physical blowing agents and chemical blowing agents. Suit 
able chemical blowing agents include those typically rela 
tively low molecular weight organic compounds that decom 
pose at a critical temperature or another condition 
achievable in extrusion and release a gas or gases Such as 
nitrogen, carbon dioxide, or carbon monoxide. Examples 
include azo compounds Such as azo dicarbonamide. Where 
a chemical blowing agent is used, the blowing agents can be 
introduced into Systems of a invention by being com 
pounded within polymer pellets feed into the System, or 
other techniques available to those of ordinary skill in the 
art. 

0092 Device 58 can be used to meter the blowing agent 
So as to control the amount of the blowing agent in the 
polymeric Stream within the extruder to maintain a level of 
blowing agent at a level, according to one Set of embodi 
ments, between about 1% and 15% by weight, preferably 
between about 3% and 12% by weight, more preferably 
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between about 5% and 10% by weight, more preferably still 
between about 7% and 9% by weight, based on the weight 
of the polymeric Stream and blowing agent. In another Set of 
embodiments, described below, it is preferred that lower 
levels of blowing agent be used. AS will become apparent to 
the reader, different levels of blowing agent are desirable 
under different conditions and/or for different purposes 
which can be selected in accordance with the invention. 

0093. The pressure and metering device can be connected 
to a controller (not shown) that also is connected to drive 
motor 40 and/or a drive mechanism of a gear pump (not 
shown) to control metering of blowing agent in relationship 
to flow of polymeric material to very precisely control the 
weight percent blowing agent in the fluid polymeric mixture. 
0094. Although port 54 can be located at any of a variety 
of locations along the extruder barrel, according to a pre 
ferred embodiment it is located just upstream from a mixing 
Section 60 of the extrusion screw and at a location 62 of the 
Screw where the Screw includes unbroken flights. 
0.095 Referring now to FIG. 2, a preferred embodiment 
of the blowing agent port is illustrated in greater detail and, 
in addition, two ports on opposing top and bottom Sides of 
the barrel are shown. In this preferred embodiment, port 54 
is located at a region upstream from mixing Section 60 of 
Screw 38 (including highly-broken flights) at a distance 
upstream of the mixing Section of no more than about 4 full 
flights, preferably no more than about 2 full flights, or no 
more than 1 full flight. Positioned as Such, injected blowing 
agent is very rapidly and evenly mixed into a fluid polymeric 
Stream to quickly produce a Single-phase Solution of the 
foamed material precursor and the blowing agent. 
0096 Port 54, in the preferred embodiment illustrated, is 
a multi-hole port including a plurality of orifices 64 con 
necting the blowing agent Source with the extruder barrel. AS 
shown, in preferred embodiments a plurality of ports 54 are 
provided about the extruder barrel at various positions 
radially and can be in alignment longitudinally with each 
other. For example, a plurality of ports 54 can be placed at 
the 12 o'clock, 3 o'clock, 6 o'clock, and 9 o'clock positions 
about the extruder barrel, each including multiple orifices 
64. In this manner, where each orifice 64 is considered a 
blowing agent orifice, the invention includes extrusion appa 
ratus having at least about 10, preferably at least about 40, 
more preferably at least about 100, more preferably at least 
about 300, more preferably at least about 500, and more 
preferably still at least about 700 blowing agent orifices in 
fluid communication with the extruder barrel, fluidly con 
necting the barrel with a Source of blowing agent. 
0097 Also in preferred embodiments is an arrangement 
(as shown in FIG. 2) in which the blowing agent orifice or 
orifices are positioned along the extruder barrel at a location 
where, when a preferred Screw is mounted in the barrel, the 
orifice or orifices are adjacent full, unbroken flights 65. In 
this manner, as the Screw rotates, each flight, passes, or 
“wipes' each orifice periodically. This wiping increases 
rapid mixing of blowing agent and fluid foamed material 
precursor by, in one embodiment, essentially rapidly open 
ing and closing each orifice by periodically blocking each 
orifice, when the flight is large enough relative to the orifice 
to completely block the orifice when in alignment therewith. 
The result is a distribution of relatively finely-divided, 
isolated regions of blowing agent in the fluid polymeric 
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material immediately upon injection and prior to any mix 
ing. In this arrangement, at a Standard Screw revolution 
Speed of about 30 rpm, each orifice is passed by a flight at 
a rate of at least about 0.5 passes per Second, more prefer 
ably at least about 1 pass per Second, more preferably at least 
about 1.5 passes per Second, and more preferably Still at least 
about 2 passes per Second. In preferred embodiments, ori 
fices 54 are positioned at a distance of from about 15 to 
about 30 barrel diameters from the beginning of the screw 
(at upstream end 34). 
0098. The described arrangement facilitates a method of 
the invention that is practiced according to one Set of 
embodiments. The method involves introducing, into fluid 
polymeric material flowing at a rate of at least about 40 
lbs/hr., a blowing agent that is a gas under ambient condi 
tions and, in a period of less than about 1 minute, creating 
a Single-phase Solution of the blowing agent fluid in the 
polymer. The blowing agent fluid is present in the Solution 
in an amount of at least about 2.5% by weight based on the 
weight of the Solution in this arrangement. In preferred 
embodiments, the rate of flow of the fluid polymeric material 
is at least about 60 lbs/hr., more preferably at least about 80 
lbs/hr., and in a particularly preferred embodiment greater 
than at least about 100 lbs/hr., and the blowing agent fluid is 
added and a Single-phase Solution formed within one minute 
with blowing agent present in the Solution in an amount of 
at least about 3% by weight, more preferably at least about 
5% by weight, more preferably at least about 7%, and more 
preferably still at least about 10% (although, as mentioned, 
in a another set of preferred embodiments lower levels of 
blowing agent are used). In these arrangements, at least 
about 2.4 lbs per hour blowing agent, preferably CO, is 
introduced into the fluid stream and admixed therein to form 
a single-phase Solution. The rate of introduction of blowing 
agent is matched with the rate of flow of polymer to achieve 
the optimum blowing agent concentration. 
0099 Returning again to the embodiment illustrated in 
FIG. 1, a system is provided that can produce microcellular 
or Supermicrocellular product having very Small cell size, 
high cell density, and controlled cell density, in articles 
having very Small cross-sectional dimension or very large 
croSS-Sectional dimensions by Separating nucleation from 
Shaping. This involves, according to the embodiment of 
FIG. 1, a nucleator 66 located far enough downstream of 
blowing agent injection port 54 that it will receive a fluid, 
Single-phase Solution of the polymeric precursor of the 
microcellular material and the blowing agent, and a shaping 
die 68 located downstream of nucleator 66. In the preferred 
embodiment illustrated, nucleator 66 is a multiple-pathway 
nucleator including a plurality of Separate nucleating path 
ways 67, each fluidly connecting the region of the extrusion 
barrel upstream of the nucleator with the region of the 
extruder downstream thereof. 

0100 AS used herein, “nucleating pathway' is meant to 
define a pathway that forms part of microcellular polymer 
foam extrusion apparatus and in which, under conditions in 
which the apparatus is designed to operate (typically at 
pressures of from about 1500 to about 5000 psi upstream of 
the nucleator and at flow rates of greater than about 10 lbs 
polymeric material per hour), the pressure of a single-phase 
Solution of polymeric material admixed with blowing agent 
in the System drops below the Saturation pressure for the 
particular blowing agent concentration at a rate or rates 
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facilitating nucleation. A nucleating pathway defines, 
optionally with other nucleating pathways, a nucleation or 
nucleating region of an extruder. While a multiple-pathway 
nucleator is preferred in Some embodiments, one aspect of 
the invention involves in its broadest Sense the Separation of 
nucleation and shaping, and in this aspect any arrangement 
can Serve as a nucleator that Subjects a flowing Stream of a 
Single-phase Solution of foamed material precursor and 
blowing agent to a Solubility change Sufficient to nucleate 
the blowing agent. This Solubility change can involve a rapid 
temperature change, a rapid preSSure change, or a combi 
nation, and those of ordinary skill in the art will recognize 
a variety of arrangements for achieving nucleation in this 

C. 

0101 Where a rapid temperature change is selected to 
achieve nucleation, temperature control units can be pro 
vided about nucleator 66. Nucleation by temperature control 
is described in U.S. Pat. No. 5,158,986 (Cha., et al.). 
Temperature control units can be used alone or in combi 
nation with a fluid pathway of nucleator 66 creating a high 
preSSure drop rate in fluid polymeric material flowing there 
through. 

0102) As discussed above, separation of nucleation from 
Shaping allows a large fluid Stream of highly-nucleated, 
highly-uniform polymeric material to be fed to a die. Sepa 
ration of nucleation from Shaping also is advantageous in 
that shaping need not involve nucleation. Prevalent in the 
prior art is the assumption that control in foaming material 
via pressure drop is a challenge due to the fact that release 
of a fluid mixture of blowing agent and polymeric material 
from preSSure in which the blowing agent is fluid into 
ambient conditions (typical of foam processing) can result in 
Violent expansion of the blowing agent and the creation of 
open-cell material. While creation of open-cell material is 
desirable for a variety of products, it is often a goal to create 
closed-cell material and closed-cell, microcellular material 
is preferred in the present invention. Difficulty in control can 
be exacerbated by the fact that maintaining a fluid mixture 
of blowing agent and polymeric material prior to foaming 
often is accomplished by maintaining the mixture at a 
temperature above the melt temperature of the polymer, and 
at very high pressures. Rapid transferral from high-pressure, 
high-temperature conditions to ambient conditions is diffi 
cult to accomplish controllably. Even if a rapid pressure drop 
is accomplished, if the transfer to ambient temperature does 
not take place quickly, cells may continue to expand unde 
sirably. 

0103) Therefore, the shaping die 68 and nucleator 66 of 
the invention can be separated from each other by a distance 
Sufficient to allow conditions to be controlled Such that 
Shaping can be accomplished controllably. That is, the 
preSSure and temperature conditions downstream of the 
nucleator need not be as Severe as those upstream, where it 
is necessary to maintain a single-phase Solution, So that high 
density nucleation can be achieved. A residence chamber 70 
is positioned between nucleator 66 and shaping die 68 to 
control conditions of temperature and, where desired, pres 
Sure. Of course, if no pressure-control devices are provided 
within the chamber, pressure will drop naturally to Some 
extent via flow through the chamber. Preferably, the resi 
dence chamber has an Outer wall addressed by one or more 
temperature control units 42. Although not illustrated, tem 
perature control units 42 can include fluid pathways through 



US 2005/0256215 A1 

which a temperature control fluid, Such as a cooling fluid, 
can be passed. Chamber 70 can be of any cross-sectional 
shape, and can be annular. 

0104 Chamber 70 has several functions, including 
recombining Streams of nucleated material as they emerge 
from a multiple-pathway nucleator, and controlling the cell 
growth of the nucleated material by varying the length of 
time that it remains in the chamber (“residence time”) and by 
varying the external preSSure and temperature within the 
chamber. The chamber may contain mixing elements, Such 
as a Static mixer, to combine nucleated Streams and provide 
a more uniform temperature or blowing agent concentration. 
The cooling function of the chamber can be used to form a 
skin on the exterior of the polymer. The degree of cell 
growth is a function of residence time, external pressure and 
temperature of polymer melt. Preferred chambers of the 
invention are designed with varying lengths to allow resi 
dence times of up to about 1.5 minutes, although residence 
times of at least about 10 Seconds, 20 Seconds, 40 Seconds, 
1 minute, or 1.25 minutes can be used. 

0105. By cooling a nucleated fluid mixture of polymeric 
material and blowing agent within chamber 70, Shaping can 
occur with less Simultaneous expansion. That is, expansion 
of cells can occur within the residence chamber in a con 
trolled manner and then, with the fluid mixture of polymeric 
material and very Small cells at a temperature high enough 
to allow Shaping, the mixture can be passed through shaping 
die 68 and formed into a final product. 
0106 Also illustrated in FIG. 1 is an optional shaping 
element 69 downstream of shaping die 68. Shaping element 
69 can provide further control over the thickness or shape of 
an extruded product by restricting expansion, further cooling 
the extrudate (via, for example, fluid cooling channels or 
other temperature control units in element 69, not shown), or 
a combination. Without element 69, extrudate is extruded 
into ambient conditions upon emergence from Shaping die 
68 (restricted only by polymeric extrudate downstream of 
the exit of the shaping die). With element 69, the extrudate 
generally emerges from Shaping die into conditions of 
preSSure Slightly above ambient. 

0107. With reference to FIG. 1, several arrangements of 
the invention are described. In one, polymeric extrudate 
emerges from nucleating pathways into ambient conditions 
and is recombined there. This would involved elimination of 
components downstream of nucleator 66, and is described 
below with reference to FIGS. 3 and 5 with the exception 
that the arrangements of FIGS. 3 and 5 include regions 
downstream of the nucleator that provide enclosure and 
Shaping for the extrudate. In another arrangement, only 
forming element 69 exists downstream of the nucleator 
(analogous to the embodiments of FIGS. 3 and 5). In 
another, the System includes nucleator 66, an enclosure 
downstream thereof (chamber 70) and a constriction at the 
end of the chamber (forming die 68). In still another, the 
system includes nucleator 66, chamber 70, forming die 68, 
and forming element 69, as illustrated in the complete 
system of FIG. 1. Described another way, the invention 
includes one or more constrictions constructed and arranged 
to define nucleating pathway(s) and one or more constric 
tions upstream and/or downstream of the nucleating path 
way(s) that each optionally include temperature control 
and/or shaping capability. 
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0.108 Very thin product, such as sheet, can be made by 
controlling cell growth Such that very Small cells result and 
the cells are well-contained within the sheet (the cells do not 
create holes across the sheet), and very thick material can be 
produced (especially with a multi-hole nucleator) because 
controlled-growth cells are evenly distributed within resi 
dence chamber 70 just upstream of shaping die 68. In 
contrast, where in typical prior art microcellular processes 
the entire microcellular foaming process occurs at the shap 
ing die, it has been difficult to produce thick material Since 
rapid nucleation and cell growth in a Single Step typically 
cannot be made to occur uniformly throughout a large 
croSS-Section of material, and pressure drop rates Sufficient 
to cause nucleation are difficult to achieve through nuclea 
tors of large croSS Sectional dimension. 
0109. In a preferred embodiment, nucleator 66 has a 
polymer receiving end in fluid communication with the 
extrusion barrel, constructed and arranged to receive a fluid, 
non-nucleated, Single-phase Solution of polymeric material 
and blowing agent Supplied by the barrel. The nucleator 
includes a nucleated polymer releasing end in communica 
tion with residence chamber 70 constructed and arranged to 
contain nucleated polymeric material under conditions con 
trolling cell growth, and a fluid pathway connecting the 
receiving end to the releasing end. The fluid pathway of the 
nucleator has length and cross-sectional dimensions creating 
a desired pressure drop rate through the pathway. In one Set 
of embodiments, the preSSure drop rate is relatively high, 
and a wide range of pressure drop rates are achievable. A 
preSSure drop rate can be created, through the pathway, of at 
least about 0.1 GPa/sec in molten polymeric material 
admixed homogeneously with about 6 wt % CO2 passing 
through the pathway of a rate of about 40 pounds fluid per 
hour. Preferably, the dimensions create a pressure drop rate 
through the pathway of at least about 0.3 GPa/sec under 
these conditions, more preferably at least about 1 GPa?sec, 
more preferably at least about 3 GPa/sec, more preferably at 
least about 5 GPa?sec, and more preferably still at least about 
7, 10, or 15 Gpa/sec. 
0110. The nucleator is particularly suitable for producing 
material at high throughput. Residence chamber 70 has a 
Smallest cross-sectional dimension (i.e. diameter with a 
circular croSS Section, or croSS Section of an annular path 
way, etc.) about 0.25 inch in one set of embodiments, about 
0.4 inch in another set of embodiments, about 0.6 inch in 
another set of embodiments, about 0.8 inch in another set of 
embodiments, and about 1.0 inch in another set of embodi 
ments. Chamber 70 has a length to diameter ratio of at least 
about 1, preferably at least about 2, and more preferably at 
least about 3. Preferably, the length to diameter ratio is at 
least 10, preferably 20, more preferably 40. Chamber 70 is 
constructed and arranged to maintain polymeric material 
within the chamber at a pressure of at least about 150 psi, 
preferably at least about 500 psi. Thus, the residence cham 
ber should include a combination of one or more of tem 
perature control, outlet orifice size, cross-sectional diameter, 
and length to control preSSure accordingly. 
0111 Referring now to FIG. 3, an extruder system 80 is 
illustrated which is similar to extruder system 30 with the 
exception that it does not include a nucleator 66 Separate 
from a shaping die, but includes a unique shaping die 82 of 
the invention which allows rapid nucleation and controlled 
cell growth to produce high-quality microcellular or Super 
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microcellular material. System 80 includes, generally, com 
ponents similar to those of system 30, but shaping die 82 of 
the invention is a multiple-pathway die that includes Sepa 
rate nucleating pathways 83 into which a single-phase 
Solution of polymeric material and blowing agent is intro 
duced. Each nucleating pathway is arranged to provide a 
preSSure drop rate in the material Sufficient to cause nucle 
ation, and nucleated product emerging from the nucleating 
pathways is recombined to form a microcellular or Super 
microcellular product having dimensions unachievable, or 
difficult to achieve, without compromising cell size, density, 
or other aspects, in the prior art. 
0112 Thus, in the preferred embodiment of system 30 in 
which nucleator 66 is a multi-hole nucleator, and in the 
embodiment of system 80, including shaping die 82, each of 
the nucleator 66 and nucleating Shaping die 82 includes at 
least two Separate nucleating pathways each constructed and 
arranged to receive a fluid, Single-phase Solution of a poly 
meric material and non-nucleated blowing agent, each path 
way constructed and arranged to create a pressure drop rate 
of at least about 0.1, 1, 3, 5, 7, 10, or 15 GPa/sec in molten 
polymeric material, or other higher preSSure drop rates 
described above, when the molten polymeric material is 
admixed homogeneously with about 6 wt % CO2 passing 
through the pathway at a rate of about 40 pounds fluid per 
hour. These conditions of percent CO and flow rate are 
definitive of the construction of the nucleating pathways, 
and are not intended to be limiting with respect to particular 
flow rates and/or blowing agent concentrations to be used in 
accordance with the invention. The nucleating pathways are 
constructed, according to a variety of embodiments, to 
provide the above-noted pressure drop rates in Solutions of 
fluid polymer and blowing agent according to other flow 
rates and/or blowing agent concentrations described herein. 
0113. A more detailed description of these fluid passage 
ways is provided below, and any description applied to 
either of nucleator 66 or die 82 can be applied to the other. 
Thus, each of nucleator 66 according to the preferred 
embodiment and die 82 continuously nucleates blowing 
agent admixed with material to be foamed by dividing a fluid 
Stream containing the material and blowing agent into 
Separate portions and Separately nucleating each of the 
Separate portions. Die 82 is constructed and arranged to 
release foamed material to a channel exposed, without 
further constriction, to ambient conditions in the embodi 
ment illustrated. 

0114. The nucleator and/or nucleating capacity of the die 
of the invention facilitates one aspect of the invention which 
involves extrusion apparatus constructed and arranged to 
nucleate a fluid, Single-phase Solution of a polymeric mate 
rial and a blowing agent without the necessity of an auxiliary 
nucleating agent Such as talc. In conventional foaming 
techniques, a nucleating agent Such as talc can be used to 
create Sites of nucleation. In Such techniques, the limited 
number of nucleating agent particles and resulting low cell 
density and cell size are unacceptable in many applications, 
Such as wire applications, involving very thin coatings. 
Auxiliary nucleating agents can also, for example, attenuate 
a signal in a wire Via introduction of impurities. This is not 
to Say that impurities, and additives commonly added in 
polymeric extrusion Such as flame retardants, which can 
instigate nucleation, are excluded from mixtures to be 
extruded in the invention. Indeed, auxiliary nucleating 
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agents can be added to formulations of the invention accord 
ing to Some embodiments. But in many embodiments nucle 
ation can be made to occur without auxiliary nucleating 
agents. 

0115 The nucleator 66 and die 82 are designed to restrict 
a stream of blowing agent-containing polymeric material in 
order to create a high pressure drop rate required for cell 
nucleation, and can be made by forming a plurality of 
apertures in the face of a disc or, alternatively, from a porous 
material comprising a plurality of apertures. The dimensions 
and quantity of the plurality of apertures can be varied to 
achieve varying magnitudes of pressure drop, pressure drop 
rates, and polymer melt shear rates. The magnitude of the 
preSSure drop can be varied by changing the aperture length. 
The rate at which the pressure drops can be varied by 
changing the number of apertures. The shear rate of the 
polymer melt can be varied by changing the cross-sectional 
dimension of the apertures. Since the magnitude of the 
Solubility change required varies with the polymer type, 
temperature, and flow rate, different nucleators can be 
designed for different proceSS applications. 

0116 FIG. 4 is a cross-section through lines 4-4 of FIG. 
1, illustrating a multi-hole nucleator in one embodiment of 
the invention. The multi-hole nucleator includes a plurality 
of nucleating pathways 67, as illustrated. Arrangements for 
multi-hole nucleator 66 and die 82 of the invention can be 
very Similar in at least the portion of each component 
designed to nucleate. 

0117 FIG. 5 is a cross-section of an annular die 90 that 
can Serve as a die of the invention without Separate nucleator 
66. The die is designed to achieve a degree of solubility 
change by causing nucleation through a plurality of channels 
and shaping in a controlled manner, allowing formation of 
microcellular material. The die includes an annular fluid 
inlet 92 (the inlet can be non-annular, Such as circular), an 
annular fluid outlet 94, and an annular section 96 connecting 
the inlet with the outlet that increases in radius as a function 
of distance from the inlet to the outlet So as to enable the 
manufacture of a large diameter tubular Section. Alterna 
tively, the annular Section can decrease in radius to produce 
Small diameter tubes. Annular Section 96, as illustrated, also 
increases in croSS-Sectional area in a downstream direction 
to control pressure drop rates, but can be of constant 
croSS-Sectional area or can decrease in croSS-Sectional area. 
Sections that increase or decrease in croSS-Sectional area are 
included in the invention. Also located between inlet 92 and 
outlet 94 is a multiple-pathway nucleating section 98 of the 
die including a plurality of nucleating pathways 100, each 
constructed and arranged to provide a pressure drop rate 
thereacroSS allowing nucleation. In another embodiment, the 
die includes a Single nucleating pathway rather than multiple 
nucleating pathways 100. 

0118 Die 90, as illustrated, includes a shaping section 
104 in which nucleated material emerging from nucleating 
pathways 100 is recombined, and thereafter extruded to 
form a final part. Cooling channels 106 or other means of 
cooling the die can be provided upstream and/or down 
stream of the nucleating section 98 to control viscosity, 
pressure within cells, and to control the formability of the 
extrudate at exposure to ambient conditions. The ability to 
control the temperature of the polymer melt as it flows 
through the die allows improved control of cell size by 
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minimizing growth of very large cells that can create imper 
fections in the Surface of the extrudate. It also allows for 
formation of a Smooth skin on the Surface of the extrudate. 

0119). In FIG. 5, nucleating section 98 can be provided at 
other locations, such as in portion 96. Moreover, the annulus 
croSS Section and radius can be changed. For example, a die 
can be arranged in which flow would be as if 94 were an inlet 
and 92 an outlet. 

0120 FIG. 6 is a cross-section through line 6-6 of FIG. 
5, showing a plurality of nucleating pathways 100 of circular 
croSS Section within nucleating Section 98. 

0121 FIGS. 7 and 8 illustrate alternate embodiments of 
the die 90 of FIG. 5, each taken in cross-section through line 
6-6 of each alternative die. In FIG. 7, nucleating pathways 
108 are curved slits that each pass from the outer limit of the 
nucleation section to the inner limit thereof. FIG. 8 includes 
nucleating slits 110, each of which is arranged to extend 
circumferentially in the nucleating Section. 

0122 FIG. 9, taken along line 6-6 of FIG. 5 in another 
embodiment and showing the nucleation Section only, 
includes a plurality of concentric annuli 114, each including 
a plurality of Semicircular indentations 116 (or indentations 
of another geometry) arranged Such that the Semicircular 
indentations align with each other to provide a plurality of 
nucleating pathways. The uppermost and lowermost annuli 
114 include indentations 116 only at one face of the annulus. 
Annuli 114 of FIG. 9 can be arranged with one or more of 
annuli 114 offset circumferentially such that the semicircular 
indentations 116 are not aligned, but communicate with each 
other, to provide a Series of concentric, undulating annuli 
defining nucleating pathways. FIG. 10 illustrates an 
arrangement similar to that of FIG. 9 in which each of three 
top plates 117 include Semicircular indentations in one face 
only, and bottom plate 119 includes no indentations, the 
arrangement defining a plurality of Separate nucleating path 
ways of Semicircular cross-section. 

0123 FIGS. 5-10 demonstrate that the annular die 90 of 
the invention can include nucleating pathways defined by 
Slits or passages of any of a variety of geometries So long as 
the desired pressure drop and pressure drop rate acroSS the 
passages is achieved, and fluid flowing through the passages 
can be recombined to form a final product. Other contem 
plated geometries include combinations of Slits and holes, 
for example a Series of holes, Some or all of which are 
interconnected by slits to define dumbbell-shaped cross 
Sectional nucleating pathways. In these arrangements, the 
thickness, or cross-sectional dimension, of an extruded 
article can be controlled by providing additional layers of 
fluid passageways. ESSentially any combination of Shapes, 
sizes, and changes in shape, size, and croSS Section can be 
provided in the die and/or nucleator of the invention. For 
example, a die or nucleator can have any combination of 
different passages, So long as a desired pressure drop and 
preSSure drop rate is achieved. 

0124 FIGS. 5-10 also demonstrate the ability of the dies 
of the present invention to extrude thick microcellular 
material, that is, material having a large cross-sectional 
dimension. Referring to any of FIGS. 5-10, it can be seen 
that increasing the width of the annulus of nucleation can be 
achieved while each Separate nucleating pathway remains of 
a fixed cross-sectional dimension. Thus, pressure drop rate 
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can remain constant while highly uniform, thick material is 
produced. A cylinder of microcellular material extruded 
from a die Such as that shown in FIG. 5 can be sliced 
longitudinally following extrusion to produce an essentially 
non-corrugated sheet of any of a variety of widths and 
thicknesses, the thickness being controlled as described 
above and the width being controlled by adjusting the radius 
of the annular fluid outlet 94. 

0.125 FIG. 11 illustrates a multiple-pathway die or 
nucleator 118 in accordance with the invention in which a 
plurality of nucleating pathways 120 communicate at their 
upstream ends with a Section 121 of the extruder providing 
a single-phase Solution of polymeric material and blowing 
agent, and at their downstream ends with a Section 124 
which can be the residence chamber 70 or a shaping section 
of a die. Nucleating pathways 120 are not aligned axially 
with the extruder, but are slanted relative to the extruder 
axis. A plurality of nucleating pathways 122, also commu 
nicating fluidly with Sections 121 and 124, are arranged 
along axes that also are not in alignment with the axis of the 
extruder, and are not aligned with the axes of passages 120. 
That is, the pathways 120 and pathways 122 are not parallel, 
but slanted relative to each other. Each of the pathways 120 
and 122 can provide flow into Section 124 that is separate, 
for example as in passages 100 of FIG. 5, and then is 
recombined, or can provide flow that recombines at the exits 
of the pathways. That is, one or more of the pathways can 
converge and interSect each other at or prior to the end of 
each passageway. Additionally, as described above, the 
pathways can be of any cross-sectional shape Such as 
circular, triangular, Square, rectangular, Slits, or the like, and 
can increase or decrease in croSS-Section in a downstream 
direction. This design, in which nucleating pathways are 
non-parallel, reduce molecular orientation and weak weld 
lines in the extrudate. For purposes of clarity, in FIG. 11 a 
plate 123 within which passages 120 and 122 are bored is 
not shown to contain pathways at all locations. Pathways can 
be provided throughout plate 123 from top to bottom, or at 
Selected locations. For example, a Series of clusters of 
pathways 120 and 122 can be provided, each cluster con 
Verging in an outlet, a plurality of resulting outlets providing 
nucleated material that is recombined in Section 124. 

0.126 Pathways that decrease or increase in cross-section 
allow control over the local pressure drop rate of polymeric 
material flowing though them. Passages with non-circular 
croSS-Sections and variable spacing between them control 
the distribution of nucleated material. 

0127. Referring now to FIGS. 12a-12h, a variety of 
geometries of Separate nucleating pathways is illustrated. 
The various arrangements can be provided in the multi-hole 
nucleator of the invention or in a multi-hole nucleation 
section of a die. FIG. 12a illustrates an article (nucleator or 
nucleating pathway of die) 126 including pathways 128 of 
essentially circular cross-section. The pathways do not con 
Verge or change in cross-section along their length, but are 
Slanted relative to the axis of the extruder and relative to 
each other. FIG. 12b illustrates an article 130 including a 
passageway 132 that decreases in cross-sectional area along 
its length and a passageway 134 that increases in croSS 
sectional dimension lengthwise. FIG. 12c illustrates an 
article 136 having two parallel pathways 138, each of 
triangular croSS Section, neither changing in cross-sectional 
dimension along its length. FIG. 12d illustrates an article 
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140 including a plurality of passages 142, each of essentially 
rectangular croSS Section, and none of which change in 
croSS-Sectional dimension along its length. The passages are 
arranged axially with the extruder, and each rectangle is 
arranged with its larger dimension aligned radially. FIG. 12e 
illustrates an article 144 including passages 146, each of 
triangular cross-section, neither of which changes in croSS 
Sectional area along its length, and each of which is Slanted 
relative to the axis of the extruder and relative to each other. 
FIG. 12f illustrates an article 148 including passages 150 
each designed and arranged as in the article of claim 140 but 
of larger croSS-Section initially, with croSS Section decreasing 
in a downstream direction. FIG. 12g illustrates an article 
152 having fluid pathways 154 and 156, each of essentially 
circular croSS Section and each arranged along the axis of the 
extruder. Passageway 154 decreases in cross-sectional area 
in a downstream direction until a midpoint of article 152, 
whereupon it begins increasing in cross-sectional area and 
terminates in cross-sectional area essentially identical to its 
Starting cross-sectional area. Passageway 154 provides for 
an increasing pressure drop rate in the converging Section 
and controlled cell growth, if pressure is low enough, in the 
diverging Section. Passageway 156 begins and ends in 
Similar cross-sectional area, but increases in cross-sectional 
area towards the middle where it reaches a maximum. FIG. 
12h illustrates an article 158 including a plurality of con 
centric, annular passages 160. A Standard Spider arrange 
ment rendering this arrangement feasible is not illustrated. 
0128 FIG. 37, described in greater detail below, is a 
cross-section of an annular die 201 of the invention that is 
particularly useful in producing very Smooth, thin micro 
cellular material in cylindrical or sheet form at very high 
preSSure drop rate during forming. That is, die 201 can 
receive a single-phase Solution and nucleate, followed 
almost immediately by Shaping. Nucleation and Shaping are 
Separate, but occur in rapid Succession. The die includes an 
annular fluid inlet 203, an annular fluid outlet 205 and 
annular sections 207 and 210 adjoining inlet 203 and outlet 
205, respectively, and connecting the inlet and the outlet. 
The more upstream annular Section 207 has a constant radius 
and a constant gap dimension of a Size Selected to define a 
nucleating pathway. That is, Section 207 is designed to 
receive a homogenous, Single-phase Solution of polymeric 
material and blowing agent and to Subject the material to a 
rapid pressure drop to cause nucleation. Section 210 is of a 
radius that increases in a downstream direction but that, like 
Section 207, includes a constant gap dimension. The gap 
dimension of Section 210 typically is larger than the gap of 
Section 207 and is sized to receive a nucleated Solution and 
to allow controlled cell growth to form microcellular extru 
date. 

0129. The die design of FIG. 37 has been identified in 
accordance with the invention as one that allows good 
control in formation of unexpectedly Smooth, microcellular 
sheet material. Superior control is achieved in die 201 as 
follows. When nucleated material is allowed to grow in 
Section 210, Since Section 210 includes a constant width gap, 
growth of the sheet can occur only laterally. Lateral growth 
of the sheeth is permitted due to the constantly increasing 
radius of the annulus at Section 210, allowing growth 
without corrugation. 
0130. Although a variety of die geometries can be 
Selected, a tapered die, that is, one having a nucleating 
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pathway(s) that decrease(s) in cross-sectional area in a 
downstream direction can be advantageous in many situa 
tions Since more reasonable System pressures and leSS blow 
ing agent can be used which minimizes cell connectivity. 
When used as, for example, a wire coating, resulting micro 
cellular material can be Superior in having better water and 
water vapor barrier properties. In the invention, the Single 
phase Solution is maintained in an unnucleated State prior to 
the nucleating pathway. Where the nucleating pathway 
decreases in cross-sectional dimension in a downstream 
direction, the Solution is maintained in an unnucleated State 
between the mixing Section at which the Single-phase Solu 
tion is achieved and the beginning of the decrease in 
croSS-Sectional dimension. 

0131 Pathways that decrease in cross-sectional area in a 
downstream direction have been found to create relatively 
high preSSure drop rates acroSS a relatively short length of 
the die, by creating a nonlinear pressure/displacement curve 
that includes a region of relatively high pressure drop rate 
without the need for high initial pressure. Referring to FIG. 
13, pressure drop profiles are plotted. Curve 1 represents a 
typical preSSure drop profile through a parallel-landed 
(straight) nucleating pathway typical of a standard extrusion 
die configuration. The typical pathway does not change in 
croSS-Sectional area along its length, thus pressure drop per 
unit length is constant throughout the pathway, i.e., the 
preSSure drop curve has a constant negative slope. Curve 5 
represents an exemplary critical Solubility level of blowing 
agent in polymeric material, that is, the pressure above 
which a single-phase Solution can exist and below which 
nucleation will occur. 

0132) The cross-sectional area of a nucleating pathway 
can change (e.g. decrease) at an essentially constant rate, or 
at a variable rate, for example a rate which increases. That 
is, the nucleating region can be a passageway of an essen 
tially Straight, increasing or decreasing taper or can be of an 
increasing or decreasing taper and also have a convex or 
concave wall or a wall having regions of differing taper. 
Thus, in one aspect, the invention provides a method involv 
ing continuously decreasing the pressure within Successive, 
continuous portions of a flowing, Single-phase Stream at a 
rate which increases, while causing nucleation. 
0133. The present invention involves, according to one 
aspect, the recognition that it is desirable to maximize the 
preSSure drop rate dp/dt acroSS curve 5. Ideally, preSSure 
drop would be instantaneous, as in curve 2. Of course, this 
is impossible. In a parallel-landed nucleating pathway, to 
increase dP/dt from, for example, 1.4 GPa/sec (curve 1) to 
approximately 25 GPa/sec (curve 3), initial pressure neces 
sarily must be higher than 10,000 psi, which is unacceptable 
in extrusion apparatus. Curve 3 could be achieved, for 
example, by using the same die but drastically increasing 
flow rate, or by decreasing die diameter. 

0134) The nucleator of the invention including a tapered 
(decreasing cross-sectional area in a downstream direction) 
nucleating pathway Solves the problem of achieving high 
preSSure drop rates and Sufficient overall pressure drop at 
acceptable System operating preSSures. This is because the 
tapered nucleating pathway of the invention creates, in 
material urged therethrough, a pressure profile of curve 4. AS 
the amount of taper increases from Zero (parallel land) to a 
positive value, the Slope of the pressure drop rate curve 
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becomes non-linear where the pressure drop per unit length 
in the pathway increases. The result is a portion A of curve 
4, through the critical Solubility concentration, having a 
relatively steep slope (approximately 25 GPa/sec) where the 
curve represents an overall pressure drop of only 4000 psi 
through the nucleating pathway. Therefore, only 4000 psi 
need be established upstream of the pathway and a 25 
GPa/sec preSSure drop rate is achieved from a point above 
the solubility pressure threshold of the fluid stream to 
atmosphere. AS described, Significantly higher pressure drop 
rates are achievable in accordance with the invention. 

0135 Curves 1-4 are based on pressure calculations 
through the nucleating pathways based on rheological data 
obtainable from typical foamable polymeric material. 
0136. The pressure profile (curve 4) achievable with the 
tapered nucleating pathway can facilitate formation of 
closed-cell microcellular material under conditions in 
which, in prior art processes, open-cell material was formed. 
At a given dp/dt and melt temperature, increasing the 
percent blowing agent above a critical level can increase cell 
connectivity in microcellular material. That is, under certain 
conditions, too much blowing agent can cause cells to 
rupture. In connection with one Set of embodiments, there 
fore, it has been found that it is desirable to use only that 
amount of blowing agent necessary, and lower levels of 
blowing agent are necessary when using the tapered nucle 
ating pathway of the invention, in particular, blowing agent 
at levels Substantially below Saturation levels. This approach 
is in contrast with most prior art approaches which typically 
involved maximizing blowing agent concentration with the 
goal of thereby achieving maximum cell densities since 
more blowing agent creates, theoretically, more nucleation 
Sites. In one Set of preferred embodiments, in which pressure 
drop rate is high, blowing agent is present in the polymeric 
stream within the extruder at a level of less than about 4% 
by weight, more preferably less than about 3% by weight, 
and more preferably still less than about 2% by weight, and 
more preferably still less than about 1% by weight. In 
embodiments in which extremely high pressure drop rate is 
used, blowing agents can be present in amounts of about or 
less than about 0.5% by weight. In another embodiment, 
blowing agent is present in the Solution in an amount leSS 
than about 80 percent by weight Saturation concentration as 
determined at the lowest pressure in the System after the 
point of blowing agent injection prior to the nucleating 
pathway. 

0137 Referring now to FIG. 14, an extrusion system 102 
for extruding microcellular material onto wire according to 
one embodiment of the invention is illustrated Schemati 
cally. Extrusion system 102 is similar to extrusion system 80 
of FIG. 3, or can be similar to extrusion system 30 of FIG. 
1 in that it can including a nucleator that is spaced from a 
Shaping die. In the preferred embodiment illustrated, System 
102 includes a constriction 164 that is a nucleating pathway 
having an entrance 166 and an exit 168, and the nucleating 
pathway 164 decreases in cross-sectional area in a down 
Stream direction. Nucleating pathway 164 communicates 
with a crosshead die 170 arranged to receive extruded, 
nucleated microcellular material from exit 168 of nucleating 
pathway 164 and to apply the material to the exterior Surface 
of a wire and allow the material to foam into microcellular 
material. A wire payoff 172 is positioned to feed wire 174 
into the crosshead 170. A take-up arrangement 176 is 
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positioned to receive wire coated with microcellular material 
from the crosshead. Wire payoffs and take-ups are known, 
and Standard arrangements can be used in the invention. 
Although not shown, the System can include components 
Such as wire preheaters, a cooling trough between the 
crosshead and take-up, and Sensors Such as capacitance 
Sensors and thickness Sensors arranged to Sense dimensional 
and electrical characteristics of the coated wire. 

0.138 Although a pressure type die is illustrated, a tube 
type tooling design can be used in the invention. A preSSure 
type design is a die and tip design in which the wire is 
exposed to polymer flow behind the die. A tube type design 
is one in which the wire is not exposed to polymer until the 
wire exits from the die. 

0.139. The aspect of the invention that provides a system 
for extruding microcellular material onto wire is advanta 
geous for the following reasons. Foam material is advanta 
geous relative to Solid material for wire insulation because 
foamed material provides enhanced electrical properties 
with increased void fraction (less material per unit volume). 
However, in any foaming technique, if the thickness of the 
material formed is less than the maximum cell size, holes 
will exist in the material. This is unacceptable in typical wire 
coating applications Since holes would allow moisture 
ingreSS and compromise electrical performance. Physical 
properties of Such material would also be compromised. In 
the very thin insulation wall thicknesses of Category 5 and 
similar wires it has been difficult or impossible to form 
foamed insulation on wire. 

0140. The present invention provides an arrangement in 
which microcells can be created in a manner in which the 
cellular structure is a relatively hermetic barrier to moisture 
as well as providing the required physical properties appro 
priate for category 5 applications. 

0.141. The invention provides, according to one aspect, a 
method involving continuously extruding microcellular 
material onto a wire Substrate in which the microcellular 
material has a void fraction of less than 50%, preferably less 
than about 30%, more preferably still less than about 20%. 
An article comprising a wire and a coating of microcellular 
material around the wire having a void fraction of less than 
about 50%, more preferably less than about 30%, and more 
preferably still less than about 20%, is provided as well in 
accordance with the invention. 

0142. A single or tandem extruder, as described, can be 
adapted to carry out all of the techniques of the invention, 
including wire coating. An arrangement can be adapted for 
wire coating by the addition of a crosshead die assembly, 
where the assembly is defined as an adapter, transfer tube, 
and wire handling System comprised of a payoff, wire 
Straightener, preheater, cooling trough, puller, and winder. 

0.143 Uniformity of cell structure is important in this 
arrangement for uniform capacitance, high Velocity of 
propagation resulting from low dielectric constant, good 
mechanical Strength, and low water absorbance. Compared 
to a Solid material, a foamed material with Similar charac 
teristics will provide relatively less combustible mass and 
hence byproducts of combustion, making microcellular 
foam coated wires leSS hazardous. 
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0144. In connection with formation of microcellular coat 
ings on wires, particularly thin microcellular material is 
produced. This advantage is not limited to the coatings 
produced on wires, but involves recognition of conditions 
necessary for producing thin material that can be applied to 
free-standing sheet, tubes, and other thin articles. According 
to this aspect of the invention, microcellular material, pref 
erably essentially closed-cell material, of thickness less than 
about 4 mm, preferably less than about 3 mm, more pref 
erably less than about 1 mm is produced. In Some embodi 
ments extremely thin microcellular material is produced, 
namely material of less than about 0.5 mm in thickness, 
more preferably less than about 0.25 mm in thickness, more 
preferably still less than about 0.2 mm in thickness. In some 
particularly preferred embodiments material on the order of 
0.1 mm in thickness is produced. All of these embodiments 
can include essentially closed-cell material. 

0145 As noted, the invention encompasses a variety of 
products shaped from very thin microcellular material. 
These materials can include articles Such as wire coatings, 
described above, tubes, hose Straws, and the like. 

0146) One aspect of the invention involves production of 
foamed, preferably microcellular foamed, crystalline and 
Semi-crystalline polymeric material formed by continuous 
polymer extrusion. In preferred embodiments crystalline and 
Semi-crystalline polymeric material is foamed as microcel 
lular material with a blowing agent that is essentially Solely 
carbon dioxide, preferably Supercritical carbon dioxide. AS 
noted above, the prior art generally teaches that the expan 
Sion of nucleation sites, or cell growth, may be minimized 
by, for example, cooling the melt prior to extrusion or by 
quenching the material upon eXposure to atmosphere in 
order to freeze cell growth. Alternatively, the prior art 
teaches that Such expansion may be controlled by the use of 
viscosity modifiers or foam-controllability additives. Such 
additives increase the controllability of foaming by gener 
ally functioning to increase melt Strength and/or melt elas 
ticity. Crystalline and Semi-crystalline materials require 
much higher operating temperatures than amorphous mate 
rials, as it is necessary to operate at the Tm or above in order 
to prevent crystallization of Such materials in, for example, 
an extruder. Such conditions are contrary to the prior art, 
which teaches that with regard to the production of amor 
phous microcellular material Such as, for example, polySty 
rene, it is necessary to minimize the difference between the 
Tg and the extrusion temperature of an amorphous polymer 
in order to prevent expansion of cells beyond the microcel 
lular range. 

0147 In general, the difference between the required 
operating temperature and the Tg of crystalline and Semi 
crystalline materials is much greater than for amorphous 
polymers, as shown by a comparison of Such values in Table 
A. For example, the difference between the Tg and a typical 
operating temperature for extruding polystyrene is about 40 
C., whereas for LDPE it is about 135 C., and for PET it is 
about 155 C. In the table, Tg and Tm refer to values of 
polymeric material free of blowing agent. While not wishing 
to be bound by any theory, it is likely that operating 
temperature can be slightly below Tm because of Viscosity 
modification by the blowing agent. 
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TABLE A* 

Operating 
Material Tg Tm Temperature Delta 

Material Type (C.) (C) ( C.) ( C.) 

Polystyrene amorphous 90-100 infa 140 40-50 
Low Density semi-crystalline -110 115 110 22O 
Polyethylene 
High Density semi-crystalline -110 134 145 255 
Polyethylene 
Polypropylene semi-crystalline -10 165 18O 190 
Polyethylene semi-crystalline 7O 260 230 160 
Terephthalate 
Nylon 6-6 semi-crystalline SO 240 

*T, and Tm from “Principals of Polymer Processing", Tadmore, Z., 
Gogos, C., John Wiley & Sons, New York, 1979, p. 38. 

0.148 Surprisingly, crystalline and semi-crystalline 
microcellular materials can be produced according to the 
method of the present invention without the need to cool the 
melt to temperatures near the Tg, and without the use of 
Viscosity or foam-controllability modifiers, as taught in the 
prior art. The present invention involves the discovery that 
well-controlled extrusion of microcellular material may be 
achieved, even at temperatures well above the Tg of a 
polymer, by operating at particularly high pressure drop 
rates. Such high preSSure drop rates facilitate the continuous 
formation of crystalline and Semi-crystalline microcellular 
materials. Although not wishing to be bound by any theory, 
it is believed that a reduction in the internal force associated 
with each nucleation site may be achieved by reducing the 
Size of the nucleation Sites and maintaining very Small cells 
during foaming. This can be achieved, in turn, by creating 
many Sites of nucleation. Under comparable processing 
conditions, a nucleated Solution having more numerous, and 
Smaller, nucleation Sites will produce relatively Smaller 
cells, Since blowing agent distributed among more numerous 
cells results in leSS blowing agent per cell, therefore Smaller 
cells during growth. Further, Since the expansion force 
acting on an interior wall of a gaseous cell at a constant 
preSSure increases with the Square of the cell diameter, a 
Smaller cell experiences much leSS expansion force per unit 
area of cell wall than does a larger cell. Smaller Sites contain 
less entrained gas, and therefore have a lower internal 
preSSure than larger Sites. A reduction in the internal preSSure 
results in reduced cell expansion. 
0149. It is theorized that the prior art teaching of cooling 
the melt for the purpose of increasing melt Strength also 
achieves Such a reduction in the expansion force by reducing 
the energy associated with the molecules of gas contained in 
each nucleation site. The reduced energy associated with the 
gas entrained therein results in a reduction in the internal 
preSSure and reduced cell expansion upon extrusion to 
atmosphere. 
0150 Semicrystalline and crystalline microcellular mate 
rials that can be processed according to the method include 
polyolefins Such as polyethylene and polypropylene, 
crosslinkable polyolefins, polyesterS Such as PET, polya 
mides Such as Nylons, etc., and copolymers of these that are 
crystalline. In particular, unmodified Standard production 
grade material can be used in contrast to Standard prior art 
materials which, it typically has been taught, require modi 
fications Such as incorporation of foam-controllability addi 
tives including components of other polymer families (e.g. 
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polycarbonate in polyethylene terephthalate) (See, for 
example, Boone, G. (Eastman Chemical Co.), “Expanded 
Polyesters for Food Packaging”, Conference Proceedings of 
Foam Conference, 1996, Sep. 10-12, Somerset, N.J.). These 
additives increase the controllability of foaming by gener 
ally functioning to increase melt Strength and/or melt elas 
ticity. In this aspect, microcellular material can be made 
having preferred average cell sizes, maximum cell sizes, and 
cell densities as described above, and can be processed 
according to techniques and Systems described herein. 
Examples of material that do not include foam-controllabil 
ity modifiers include Eastman 9663 PET and Wellman 
61802 PET. According to the method, semicrystalline or 
crystalline microcellular material may be made having pre 
ferred average cell sizes, maximum cell sizes, and cell 
densities as described below. 

0151. Production of such crystalline or semi-crystalline 
material is facilitated by a method of the invention that 
involves melting the material and maintaining its tempera 
ture at least above the recrystallization temperature of the 
material. Preferably, a flowing fluid polymeric material is 
established by elevating the temperature of the material to at 
least the approximately Tm of the polymer or higher, and 
then extruding the material into ambient conditions while 
foaming and Shaping the material into an extrudate Shape at 
a die temperature at least about 100°F. (at least about 37.8 
C.) above Tg, preferably at least about 120° F (at least about 
48.9° C), more preferably at least about 150° F (at least 
about 65.6. C.) above Tg of the crystalline or semi-crystal 
line polymer. In Some embodiments foaming and shaping 
occurs at a die temperature even higher relative to Tg, for 
example at least about 200° F (at least about 93.3°C.) above 
Tg, at least about 250 F. (at least about 121 C.), or at least 
about 300° F (at least about 149° C) above Tg. In this 
context, Tg and Tm refer to values of the polymer without 
addition of blowing agent. 

0152 This aspect of the invention facilitates a method of 
continuously extruding crystalline or Semi-crystalline mate 
rial from an extruder at a throughput rate of at least about 10 
lbs/hr, preferably at least about 25 lbs/hr, more preferably at 
least about 40 lbs/hr, and in particularly high throughput 
rates at least 60, 80, or 100 lbs/hr. These high throughput 
rates are representative of a Surprisingly advantageous result 
achieved not only with crystalline and Semi-crystalline 
materials, but with other materials in the invention described 
herein. 

0153. Another aspect of the invention involves produc 
tion of foamed, preferably microcellular foamed, low intrin 
sic Viscosity (I.V.), Standard production grade, polyethylene 
terephthalate (PET) of low density. The prior art teaches 
that, in production of foamed polymeric material, one gen 
erally needs to use material of a minimum I...V. for the 
support of cellular structure. It is known that higher I.V. 
material will have a higher melt elasticity and melt Strength, 
both of which could contribute to the Support of cell growth. 
The invention involves production of such material via 
higher concentration of blowing agent, for example blowing 
agent at greater than 3% by weight (which provides capa 
bility of operating at lower temperatures), higher pressure 
drop rates, for example greater than 0.5 GPa/sec (which 
provides efficient nucleation of many Small cells leading to 
better control of growth), or both. In particular, the invention 
involves production of foamed PET of I.V. less than one, or 
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in Some cases less than 0.8. In another aspect, the invention 
involves production of crystalline or Semi-crystalline micro 
cellular material, such as PET, of density of less than 8 
lbs/ft. In another aspect, the invention involves production 
of foamed crystalline or Semi-crystalline microcellular 
material, such as PET, essentially free of foam-controllabil 
ity modifiers. 
0154) Another aspect of the invention involves continu 
ous extrusion of microcellular polymeric material including 
filler in minimum amounts. Addition of filler is expected to 
have an effect opposite that of addition of flow-control 
modifiers, that is, to weaken melt Strength. Using high 
preSSure drop rates of the invention, microcellular material, 
including crystalline and Semicrystalline material, having 
filler in an amount of at least about 10% by weight based on 
the weight of the entire mixture, or at least about 25%, or at 
least about 35%, or at least about 50% can be achieved. 
“Filler', as used herein, includes those fillers known to those 
skilled in the art to be present in, for example, filled 
polyolefin. Typical fillers include talc, flame retardant, etc. 
O155 Selection of geometry and number of pathways for 
nucleating pathways of the nucleator or nucleating die of the 
invention can be made with consideration of the following 
physical principles. Nucleation is the beginning State in the 
creation of cells by phase Separation in a material. The final 
cell density, number of cells in a unit volume of a original 
material, depends on the number of nucleation Sites. The 
product density is a function of cell density and cell size, or 
alternatively, void fraction. The cell size is also related to the 
number of nucleation Sites and amount of gas present, etc. 
Therefore, control of the nucleation number is very impor 
tant in continuous microcellular processing. Classical nucle 
ation theory shows the nucleation rate (N; 1/sec) as a 
function of many parameters according to equation 1 

0156 where C is the concentration of gas molecules, f is 
the frequency factor for molecules of gas joining the nucleus 
1/sec), AG is the activation energy for nucleation, k is 
Boltzmann constant, and T is the temperature. AG can be 
defined according to equation 2 

AG=(167ty)/(3(AP)) (2) 
O157 where g is surface energy and AP is the pressure 
drop relative to Saturation pressure. Equation (1) shows that 
the nucleation rate is proportional to the concentration of gas 
molecules, and cell density is higher with higher nucleation 
temperatures and larger pressure drops. 
0158. One must also consider the kinetic aspects between 
the nucleation and the diffusion. The characteristic nucle 
ation time is a function of the characteristic length (diameter 
of cells), nucleation rate and the gas diffusivity. The char 
acteristic diffusion time is a function of characteristic length 
and diffusivity. It is necessary that characteristic diffusion 
time, At, is much greater than characteristic nucleation 
time, At, to maximize cell density by avoiding competition 
for dissolved gas between nucleation and cell growth. 
Dimensionless analysis show the criteria in equation (3): 

At/At-D/(Nd)x1 (3) 
0159 where D is diffusivity, N is nucleation rate, and d 
is characteristic length. 
0160 From equation (1), it can be seen that the concen 
tration of gas molecules and the magnitude of the preSSure 
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drop relative to the Saturation pressure are important param 
eters for control of cell density. In continuous microcellular 
processing, the maximum amount of gas concentration and 
diffusivity depend upon the kind of gas and polymer. When 
the polymer and gas are given, preSSure drop is an important 
proceSS Variable which can be determined by principles well 
known for flow through pipes. Equation (4) shows that 
preSSure drop depends on parameters of the power-law 
Viscosity model, diameter of pipe, land length of pipe and 
volumetric flow rate: 

0.161 where AP is pressure drop, m and n are power law 
constants; L is land length of pipe; d is the diameter of pipe 
and Q is volumetric flow rate. 

0162 The pressure drop rate is another important factor 
for the nucleation in continuous microcellular processing. 
PreSSure drop rate can be determined by calculating the 
preSSure drop and the residence time of flow in the pipe. 
Equation (5) shows that pressure drop rate dP/dt is a function 
of Viscosity, pipe diameter, and Volumetric flow rate: 

0163 The design of nucleation devices is constrained by 
the Shear rate of a polymer flow, because the flow may 
become unstable in the high shear rate region. 
0164. The function and advantage of these and other 
embodiments of the present invention will be more fully 
understood from the examples below. The following 
examples are intended to illustrate the benefits of the present 
invention, but do not exemplify the full scope of the inven 
tion. 

0.165. The following abbreviations have been adopted for 
purposes of the following examples: 

: length of hole 
: hole Diameter 

: number in holes 

V = the velocity of the final extrudate 
Af= cross-sectional area of the extrudate 
A = the total cross sectional area of all the holes 
r = density of the microcellular plastic 
r = density of the plastic/CO2 solution before foaming 

: mass flow rate from the extruder output 
: the diameter of each hole 

V = velocity of unfoamed material at the exit 
S. shear rate 

EXAMPLE 1. 

0166 The following example describes a process for 
determining the critical dimensions of a die of this invention, 
using an approximation analysis. This example will enable 
those skilled in the art to develop alternative die designs that 
can be used to make microcellular plastics, yet still fall 
within the Spirit and Scope of the presently claimed inven 
tion. 

0167 If it is assumed that the plastic will expand uni 
formly in all three directions, then the ratio of the density of 
the microcellular plastic p to the density of the unfoamed 
plastic po may be written, as a first approximation, as: 

pf/po-(1/a) (6) 
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0168 where a is the linear expansion ratio during foam 
ing. Equation 6 States that if one wishes to decrease the 
density by a factor of two, the linear expansion ratio must be 
about 1.26. 

0169. If the die consists of a large number of circular 
holes through which the plastic is extruded, the area ratio of 
the holes to the total final area of the extrudate determines 
the final density, to a first approximation. The continuity 
relationship demands that: 

M=ppA V=poAo Vo (7) 
0170 Where p=density, A=area, V=velocity, Sub-f= 
foamed, and Sub-0=unfoamed. If one assumes that V=aVo, 
the area ratio may be expressed as: 

Ap/Ao-a (8) 
0171 where A is the area of each hole, A, times the 
number of the holes N. The number of holes required to 
provide a desired density reduction is thus: 

0172 If one assumes that an extruder can process at a 
mass flow rate of M, the flow rate through each hole can be 
computed. The Volume flow rate per hole q is related to the 
mass flow rate as: 

q=MINpo (10) 

0173 The flow rate through a single hole is related to the 
preSSure drop Ap as: 

0.174. Where L=length of a hole, ro-radius of the hole, 
and m and n are materials constants for a power law 
Viscosity model given by: 

m=m(Y)" (12) 
0175 Equation (9) can be solved for Ap over the length 
of the hole. Using the above equations, one can calculate the 
approximate number of holes required to process a given 
plastic at a given flow rate and at required pressure drop and 
preSSure drop rate. For example, if one wants to make a 
polystyrene microcellular foam with a Specific gravity of 0.3 
and if the flow rate is 200 lbs/hr, one could use 130 holes, 
each having a diameter of 0.018 inches. The pressure drop 
and the pressure drop rate are calculated to be 44 MPa and 
4 GPa?s, respectively, through the holes, assuming that m is 
17,420 Ns'/m and n is 0.3, which are the values reported 
for impact grade polystyrene at 430 D (Novacor/Monsanto 
3350). Since viscosity is affected by the concentration of 
CO, and temperature of operation, the actual viscosity data 
should be used to refine these calculations. Furthermore, the 
preSSure in the holes must be high enough to keep the 
plastic/gas Solution as a single phase until the plastic exits 
the die. In practice, the pressure will decrease throughout the 
length of the holes and therefore, the high pressure drop rate 
is essential. 

EXAMPLE 2 

Tandem Wire Extrusion System for Microcellular 
Material 

0176 A tandem extrusion line (Akron Extruders, Canal 
Fulton, Ohio) was arranged including a 2 inch, 32/1 L/D 
primary extruder and a 2.5 inch, 34/1 L/D Secondary 
extruder. An injection System for injection of CO into the 
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primary was placed at a distance of approximately 20 
diameters from the feed Section. The injection System 
included 4 equally-spaced circumferentially, radially-posi 
tioned ports, each port including 176 orifices, each orifice of 
0.02 inch diameter, for a total of 704 orifices. 
0177. The primary extruder was equipped with a two 
Stage Screw including conventional first-stage feed, transi 
tion, and metering Sections, followed by a multi-flighted 
(four flights) mixing Section for blowing agent dispersion. 
The Screw was designed for high-pressure injection of 
blowing agent with minimized pressure drop between the 
first-stage metering Section and point of blowing agent 
injection. The mixing Section included 4 flights unbroken at 
the injection ports So that the orifices were wiped (opened 
and closed) by the flights. At a screw speed of 80 RPM each 
orifice was wiped by a flight at a frequency of 5.3 wipes per 
Second. The mixing Section and injection System allowed for 
very rapid establishment of a single-phase Solution of blow 
ing agent and polymeric material. 
0.178 The injection system included air-actuated control 
Valve to precisely meter a mass flow rate of blowing agent 
at rates from 0.2 to 12 lbs/hr at pressures up to 5500 psi. 
0179 The secondary extruder was equipped with a deep 
channel, three-flighted cooling Screw with broken flights, 
which provided the ability to maintain a pressure profile of 
microcellular material precursor, between injection of blow 
ing agent and entrance to the point of nucleation (the die, in 
this case) varying by no more than about 1500 psi, and in 
most cases considerably leSS. 
0180. The system was equipped, at the exit of the sec 
ondary extruder, with a 90 degree adapter and transfer tube 
mounted horizontally to allow wire to be fed through a 
Genca LoVOITM (Clearwater, Fla.) crosshead mounted at the 
end of the transfer tube. A die with an exit O.D. of 0.0291 
inch was used having a 7 degree included taper. A 0.021 inch 
diamond tip was used. 
0181 24 AWG solid copper wire was fed to the crosshead 
utilizing a Standard payoff System, Straightener, and pre 
heater before the crosshead. A cooling trough, nip roll puller, 
and winder were placed downstream of the crosshead to cool 
and take up the wire. 
0182 Ableed valve was positioned in the transfer tube to 
provide appropriate flow Volume control for thin coating of 
Small wire. 

EXAMPLE 3 

Extrusion of Microcellular, Flame-Retardant 
High-Density Polyethylene onto 24 AWG Solid 

Copper Wire 

0183) Polyethylene pellets (Union Carbide UNIGARD 
HPTM DGDA-1412 Natural, 1.14 g/cc) were gravity-fed 
from the hopper of the primary Screw into the extrusion 
system of Example 2. Primary screw speed was 15 RPM 
giving a total output (bleed and die) of approximately 15 
lbs/hr of microcellular material. Secondary Screw Speed was 
3 RPM. Barrel temperatures of the secondary extruder were 
set to maintain a melt temperature of 336 F. measured at the 
end of the Secondary extruder. CO blowing agent was 
injected at a rate of 0.54 lbs/hr resulting in 3.6 wt % blowing 
agent in the melt. PreSSure profile between the injection 
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ports and the inlet of the crosshead was maintained between 
3400 and 4040 psi. Approximately 1.2 lbs/hr fluid micro 
cellular material precursor flowed through the crosshead, 
which could be controlled by adjustment of the bleed valve. 
0184 FIGS. 15 and 16 are photocopies of SEM images 
of croSS Sections of microcellular wire coating, following 
removal of wire, according to this example, showing Sub 
Stantially uniform cells of approximately 20 microns aver 
age size, with maximum cell Size of approximately 25 
microns. Material density was approximately 0.96 g/cc, and 
cell density was approximately 40x10 cells/cc. Average 
coating thickness was approximately 0.005 inch. 

EXAMPLE 4 

Extrusion of Very Thin Microcellular 
Flame-Retardant Polyolefin Wire Coating onto a 24 

AWG Solid Copper Wire 
0185. Flame-retardant filled polyolefin was extrusion 
coated onto 24 AWG solid copper wire as an extremely thin, 
microcellular insulating coating. 
0186 A tandem extrusion system similar to that of 
example 2 was used in this example. The System included a 
1.5 inch, 33:1 L/D primary extruder, a 2 inch, 24.1 L/D 
Secondary extruder, a cross-head with a preSSure-type die 
(0.0393 inch diameter), wire payoff, wire preheater, wire 
Straightener, cooling trough, belt capstan type puller, and 
winder. A desiccating drying hopper was used to pre 
condition polymer pellets to remove exceSS moisture. 
0187 Flame-retardant filled polyolefin pellets were grav 
ity-fed from the desiccating hopper into the extrusion Sys 
tem. Primary screw speed was 40 RPM giving a calculated 
mass flow rate of 27.1 lb/hr (no bleed port in use). Secondary 
screw speed was 8 RPM. Barrel set point temperatures of the 
Secondary extruder were set to maintain a melt temperature 
of 400° F (204° C) at the end of the extruder. CO blowing 
agent was injected at a rate of 0.1 lb/hr resulting in a 0.9% 
by polymer weight blowing agent in the material. PreSSure 
profile between the injection ports and the inlet to the 
cross-head was maintained between 4100 psi and 3600 psi, 
respectively. The estimated pressure before the die was 1500 
psi. The wire line speed was approximately 600 fpm. With 
a cooling trough initial quench distance of 10 inches from 
the die exit, a 0.016 inch thick coating of microcellular 
material, with a density reduction of 48% (calculated mate 
rial density of nominally 0.73 g/cc) of material was pro 
duced. Relocation of the cooling trough initial quench 
distance to 91 inches from the die exit (under otherwise 
identical conditions) resulted in a 0.013 inch thick coating 
with a density reduction of 27% (calculated material density 
of nominally 1.04 g/cc) of the solid material. 
0188 FIGS. 17 and 18 are photocopies of SEM images 
of cross-sections of the resultant 0.016 inch thick microcel 
lular wire coating, following removal of the wire (for ease 
of creation of the required fracture profile). Cell sizes range 
from about 8 to about 10 microns in diameter. FIGS. 19 and 
20 are photocopies of SEM images of cross-sections of the 
0.013 inch thick microcellular wire coating, following 
removal of the wire. Cell sizes range from about 5 to about 
10 microns in diameter. 

0189 The microcellular wire coatings of this example 
essentially Surround and are Secured to the conductor (wire) 
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with no discernable gap between the inner Surface of the 
microcellular coating and the Outer Surface of the conductor. 
FIG. 24 is a photocopy of an optical micrograph of a wire 
coating Sample, without wire removed, mounted in epoxy 
and Sectioned to reveal cross-sectional detail of the micro 
cellular coating and wire. The light area in FIG. 24 is the 
copper conductor and the darker region is the microcellular 
wire coating. 
0190. The 0.016 inch thick wire coating samples were 
subjected, prior to removal of wire, to UL 444 Section 6.2 
Crash Resistance Tests and all Samples passed. 

EXAMPLE 5 

Extrusion of Very Thin Microcellular 
Flame-Retardant Polyolefin Wire Coating onto a 24 

AWG Solid Copper Wire 
0191 Flame-retardant filled polyolefin pellets were grav 
ity fed from the hopper into a tandem extrusion System of 
example 4. Primary screw speed was 55 RPM giving a 
calculated mass flow rate of 13.7 lbs/hr onto the wire and 
17.8 lbs/hr through a bleed port. Secondary screw speed was 
set at 11 RPM. Barrel set point temperatures of the second 
ary extruder were set to maintain a melt temperature of 400 
F. (204 C.) at the end of the extruder. CO blowing agent 
was injected at a nominal rate of 0.1 lbs per hour resulting 
in 0.7% by polymer weight blowing agent in the material. 
Pressure profile between the injection ports and the inlet to 
the cross-head was maintained between 4900 psi and 4100 
psi. The estimated pressure before the die was 2000 psi. 
Wire line speed was approximately 820 fpm. A die with a 
0.032 inch diameter was used. With cooling trough initial 
quench distance of 19 inches from the die exit, a 0.007 inch 
thick coating of microcellular material with a density reduc 
tion of 20% (from the solid material, calculated material 
density of nominally 1.13 g/cc) was produced. 
0192 FIGS. 21 and 22 are photocopies of SEM images 
of cross-sections of the resulting 0.007 inch thick microcel 
lular wire insulating coating, following removal of the wire. 
Cell sizes range from about 5 to about 10 microns in 
diameter. 

0193 FIG. 23 is a photocopy of an optical micrograph of 
the wire coating Sample of this example (without wire 
removed) mounted in epoxy and Sectioned to reveal cross 
Sectional detail of the microcellular coating and wire (light 
copper conductor; dark: microcellular wire coating). The 
coating essentially Surrounds and Secures the conductor with 
no discernable gap. 
0194 The 0.007 inch thick wire coating samples were 
subjected to the UL 444 Section 6.2 pressure resistance test 
and all Samples past. 

EXAMPLE 6 

Tandem Extrusion System for Microcellular 
Material 

0.195 An Akron tandem extrusion line was arranged as in 
Example 2 but did not include the adapter, transfer tube, 
crosshead, die, wire payoff and winder, and bleed Valve of 
Example 2. Instead, mounted at the end of the Secondary 
extruder were a die adapter and a cylindrical rod die with a 
0.080 exit orifice and a 0.60 land length. The die adapter was 

Nov. 17, 2005 

equipped with taps for measurement of melt temperature and 
preSSure just prior to entry into the die. 
0196. The system included instrumentation allowing 
measurement of pressure and temperature of the melt Stream 
at least Six locations throughout the tandem System between 
a location just prior to the blowing agent injection ports to 
the point of entry into the die to precisely monitor material 
conditions. Along the Screw, melt temperature was measured 
with infrared equipment to avoid disruption of the melt 
Stream. 

EXAMPLE 7 (COMPARATIVE) 

Extrusion of Non-Microcellular Polyethylene 
Terephthalate (PET) 

0197) PET pellets (Wellman, 0.8 IV, bottle-grade resin) 
were dried in a Conair (Franklin, Pa.) drying system at 350 
F for 4 hours prior to use. The pellets were gravity-fed from 
the drying hopper into an extrusion System of Example 6. 
Primary screw speed was 26 RPM giving a total output of 
approximately 53 lbS/hr of material. Secondary Screw Speed 
was 5 RPM. Barrel temperatures of the secondary extruder 
were set to maintain a melt temperature of 532 F. measured 
at the end of the Secondary extruder. CO blowing agent was 
injected at a rate of 1.0 lb/hr resulting in 2.0% blowing agent 
in the melt. Pressure profile between the injection ports and 
the inlet of the die was maintained between 2910 and 3100 
psi. The pressure drop rate acroSS the die was 2.2 GPa/sec. 
0198 FIG. 25 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing relatively large, 
non-uniform cells of approximately 100 to 300 microns 
average size. 

EXAMPLE 8 

Extrusion of Microcellular Polyethylene 
Terephthalate (PET) 

0199 Parameters and equipment were selected as in 
Example 7, with the exception that primary Screw speed was 
41 RPM, giving a total output of approximately 85 lbs/hr of 
microcellular material, CO blowing agent was injected at a 
rate of 1.7 lb/hr resulting in 2.0 wt % blowing agent in the 
melt, and pressure profile between the injection ports and the 
inlet of the die was maintained between 3210 and 3430 psi. 
The pressure drop rate across the die was 3.9 GPa/sec. 
0200 FIG. 26 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing Substantially uniform 
cells of approximately 20 microns average size, with maxi 
mum cell Size of approximately 40 microns. Material den 
sity was approximately 40 lbs/ft, and cell density was 
approximately 2.5x10 cells/cm3. 
0201 This example, taken with example 7, demonstrates 
experimentally that high pressure drop rates, with fixed wit 
% blowing agent and melt temperatures, yields higher cell 
densities with Smaller cells. 

EXAMPLE 9 (COMPARATIVE) 

Extrusion of Flame Retardant Polyethylene (FRPE) 
0202 FRPE pellets (Union Carbide UNIGARD-HPTM 
DGDA-1412 Natural, 1.14 g/cc) were gravity-fed from the 
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hopper of the primary extruder into a System of Example 6 
including, additionally, a 90 degree adapter and transfer tube 
mounted horizontally at the exit of the Secondary extruder 
with a Genca LoVOITM (Clearwater, Fla.) crosshead at the 
end of the transfer tube. A bleed valve was positioned in the 
transfer tube to provide appropriate flow Volume control 
through the die. 

0203 Primary screw speed was 25 RPM giving a total 
output of approximately 32 lbs/hr of material. Secondary 
screw speed was 8 RPM. Barrel temperatures of the sec 
ondary extruder were Set to maintain a melt temperature of 
331 F. measured at the end of the secondary extruder. CO 
blowing agent was injected at a rate of 0.84 lb/hr resulting 
in 2.6 wt % blowing agent in the melt. Pressure profile 
between the injection ports and the inlet of the die was 
maintained between 2800 and 2280 psi. The pressure drop 
rate across the die was 0.48 GPa/sec. 

0204 FIG. 27 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing cells of approxi 
mately 25 to 50 microns average size. Material density was 
approximately 0.8 g/cc, and cell density was approximately 
15x10 cells/cc The extrudate included non-uniform cell 
distribution with cells significantly larger in the center of the 
material as compared to areas near the Skin, with pro 
nounced decrease in cell density near the center of the 
extrudate. 

EXAMPLE 10 

Extrusion of Microcellular Flame Retardant 
Polyethylene (FRPE) 

0205 Parameters and equipment were selected as in 
Example 9, with the exception that total output was approxi 
mately 27 lbs/hr of microcellular material, CO blowing 
agent was present at 3.1 wt % blowing agent in the melt, and 
preSSure profile between the injection ports and the inlet of 
the die was maintained between 3520 and 3540 psi. The 
preSSure drop rate across the die was 1.1 GPa/sec. 

0206 FIG. 28 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing Substantially uniform 
cells of approximately 17-25 microns average size, with 
maximum cell size of approximately 35 microns. Material 
density was approximately 0.85 g/cc, and cell density was 
approximately 61x10 cells/cc. 
0207. This example, taken with example 9, demonstrates 
experimentally that high pressure drop rates, with essentially 
equal wt % blowing agent and melt temperatures, yields 
higher cell densities with Smaller cells. 

EXAMPLE 11 

Long Single Extrusion System for Microcellular 
Material 

0208 An NRM (Pawcatuck, Conn.) 4.5 inch 44/1 L/D 
long Single extrusion line was equipped with an injection 
System for injection of CO placed at a distance of approxi 
mately 25 diameters from the feed section. The injection 
System included 4 equally-spaced circumferentially, radi 
ally-positioned ports, each port including 417 orifices, each 
orifice of 0.02 inch diameter, for a total of 1668 orifices. 
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0209 The extruder was equipped with a two-stage screw 
including conventional first-stage feed, barrier flight transi 
tion, and metering Sections, followed by a multi-flighted (six 
flights) mixing Section for blowing agent dispersion. The 
Screw was designed for high-pressure injection of blowing 
agent with minimized pressure drop between the first-stage 
metering Section and point of blowing agent injection. The 
Second Stage of the Screw included a mixing Section having 
6 flights unbroken at the injection ports So that the orifices 
were wiped (opened and closed) by the flights. At a Screw 
speed of 80 RPM each orifice was wiped by a flight at a 
frequency of 8 wipes per Second. The mixing Section and 
injection System allowed for very rapid establishment of a 
Single-phase Solution of blowing agent and polymeric mate 
rial. The injection System included an air-actuated control 
Valve to precisely meter a mass flow rate of blowing agent 
at rates from 0.2 to 50 lbs/hr at pressures up to 5500 psi. 
0210. The second stage of the screw was also equipped 
with a deep channel, three-flighted cooling Section with 
broken flights, which provided the ability to cool the poly 
mer melt Stream. 

0211 The system included, at the end of the extruder, a 
die adapter and a cylindrical annular die with a gap of 0.34 
inch, inner diameter of 0.4 inch, and land length of 2 inches. 
The die adapter was equipped with taps for measurement of 
melt temperature and pressure just prior to entry into the die. 
0212. The system included instrumentation allowing 
measurement of pressure and temperature of the melt stream 
at least 7 locations throughout the System between a location 
just prior to the blowing agent injection ports to the point of 
entry into the die to precisely monitor material conditions. 
Along the Screw, melt temperature was measured with 
infrared equipment to avoid disruption of the melt Stream. 

EXAMPLE 12 

Extrusion of Non-Microcellular Filled, Plasticized 
Polyvinyl Chloride (PVC) 

0213 PVC pellets (approx. /3 wt % filler, highly-plasti 
cized). The pellets were gravity-fed from the hopper into the 
extrusion System of Example 11. Primary Screw speed was 
30 RPM giving a total output of approximately 246 lbs/hr of 
material. Barrel temperatures of the cooling Section were Set 
to maintain a melt temperature of approximately 300 F. 
measured at the end of the extruder. CO blowing agent was 
injected at a rate of 2.5 lbs/hr resulting in 1.6 wt % blowing 
agent per weight PVC and plasticizer in the melt. The 
preSSure drop rate across the die was 0.3 GPa/sec. 
0214 FIG. 29 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing very large, non 
uniform cells of greater than 200 microns. Material density 
was approximately 0.96 g/cc, and cell density was approxi 
mately 3x10" cells/cc. 

EXAMPLE 13 

Extrusion of Microcellular Filled Plasticized 
Polyvinyl Chloride (PVC) 

0215 Systems and parameters were selected as in 
Example 12 with the exception that die gap was 0.012 inch, 
inner diameter 0.538 inch, land length was 0.25 inch. 
Primary screw speed was 15 RPM giving a total output of 
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approximately 176 lbs/hr of material. CO blowing agent 
was injected at a rate of 1.95 lb/hr resulting in 1.7 wt % 
blowing agent per weight PVC and plasticizer in the melt. 
The pressure drop rate across the die was 6.9 GPa/sec. 
0216 FIG. 30 is a photocopy of an SEM image of the 
croSS Section of the extrudates, showing Substantially uni 
form cells of approximately 20 microns average size, with 
maximum cell size of approximately 35 microns. Material 
density was approximately 0.88 g/cc, and cell density was 
approximately 8x10" cells/cc. 
0217. This example, taken with example 12, demon 
Strates experimentally that high pressure drop rates, with 
essentially equal wt % blowing agent and melt temperatures, 
yields higher cell densities with Smaller cells. 

EXAMPLE 1.4 

Extrusion of Non-Microcellular Polypropylene 
0218. A system was used as in Example 6, with the 
exception that the die land length was 1.2 inches. Polypro 
pylene pellets (PP1602-WF, Quantum Chemical, Cincin 
nati) were gravity-fed from the hopper into the extrusion 
system. Primary screw speed was 11.5 RPM giving a total 
output of approximately 14.4 lbs/hr of material. Secondary 
screw speed was 4.8 RPM. Barrel temperatures of the 
Secondary extruder were set to maintain a melt temperature 
of approximately 400 F. measured at the end of the sec 
ondary extruder. CO blowing agent was injected at a rate of 
1.04 lb/hr resulting in 7.2 wt % blowing agent in the melt. 
Pressure profile between the injection ports and the inlet of 
the die was maintained between 890 and 1090 psi. The 
pressure drop rate across the die was 0.15 GPa/sec. 
0219 FIG. 31 is a photocopy of an SEM image of the 
croSS Section of the extrudates, showing relatively large cells 
of approximately 150 microns average size. Material density 
was approximately 0.57 g/cc, and cell density was approxi 
mately 322x10 cells/cc. 

EXAMPLE 1.5 

Extrusion of Microcellular Polypropylene 
0220 System and parameters were as in Example 14 with 
the following exceptions. The die diameter was 0.04 inch, 
die land length was 0.688 inch. Primary screw speed was 
60.5 RPM giving a total output of approximately 45 lbs/hr 
of material. Secondary screw speed was 20 RPM. CO 
blowing agent was injected at a rate of 3.0 lb/hr resulting in 
6.7 wt.% blowing agent in the melt. Pressure profile between 
the injection ports and the inlet of the die was maintained 
between 2010 and 3420 psi. The pressure drop rate across 
the die was 15 GPa/sec. 

0221 FIG. 32 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing essentially uniform 
microcells of approximately 20 microns average size. Mate 
rial density was approximately 0.44 g/cc, and cell density 
was approximately 246x10 cells/cc. 

EXAMPLE 16 

Extrusion of Relatively Open-Celled Microcellular 
FRPE 

0222 Examples 16 and 17 demonstrate that increasing 
concentration of CO2 results in interconnected cell Structure. 
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0223) A system was used as in Example 9 with the 
exception that a Straight cylindrical die with die diameter 
0.06 and land length 0.688 inch was affixed to the transfer 
tube instead of the Genca LoVol head. 

0224 Primary screw speed was 80.1 RPM giving a total 
output of approximately 98.8 lbs/hr of material. Secondary 
screw speed was 28 RPM. Barrel temperatures of the 
Secondary extruder were set to maintain a melt temperature 
of approximately 340 F. measured at the end of the sec 
ondary extruder. CO blowing agent was injected at a rate of 
5.0 lb/hr resulting in 5.1 wt % blowing agent in the melt. 
Pressure profile between the injection ports and the inlet of 
the die was maintained between 2370 and 3940 psi. The 
preSSure drop rate across the die was 7.5 GPa/sec. 
0225 FIG. 33 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing relatively open-cell 
microcellular material having cells of approximately 10-20 
microns average size. Material density was approximately 
0.85 g/cc, and cell density was approximately 196x10' 
cells/cc. 

EXAMPLE 1.7 

Extrusion of Relatively Closed-Cell Microcellular 
FRPE 

0226. A system was used as in Example 16. Primary 
screw speed was 30.2 RPM giving a total output of approxi 
mately 39.4 lbs/hr of material. Secondary Screw speed was 
8 RPM. Barrel temperatures of the secondary extruder were 
set to maintain a melt temperature of approximately 340 F. 
measured at the end of the Secondary extruder. CO blowing 
agent was injected at a rate of 1.08 lb/hr resulting in 2.7 wt 
% blowing agent in the melt. Pressure profile between the 
injection ports and the inlet of the die was maintained 
between 1640 and 2810 psi. The pressure drop rate across 
the die was 2.1 GPa/sec. 

0227 FIG. 34 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing relatively closed-cell 
microcellular material having cells of approximately 20 
microns average size. Material density was approximately 
0.76 g/cc (relatively lower). Cell density was approximately 
119x10 cells/cc. Moisture absorption was less than one-half 
that of the open-celled material of Example 16. Lower 
material density and lower moisture absorption indicate a 
relatively more closed-cell Structure. 

EXAMPLE 1.8 

Flat Pressure Profile Extrusion System Including 
Multi-Hole Nucleator 

0228 Parameters and equipment were selected as in 
Example 6, with the following exceptions. The Screw was 
designed such that at a screw speed of 59 RPM each orifice 
was wiped by a flight at a frequency of 3.9 wipes per Second. 

0229. A multi-hole nucleator (66, FIG. 1) included 88 
cylindrical nucleating pathways that did not change in 
croSS-Sectional dimension along their length. Each nucleat 
ing pathway had a hole diameter of 0.031 inch and a land 
length of 0.394 inch. 
0230. Additionally, the extrudate stands were cooled at 
exit from the die using a water Spray located at approxi 
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mately one inch from the die face. The water temperature 
used in the spray system was approximately 70 F. 

EXAMPLE 1.9 

Extrusion of Microcellular Polyethylene 
Terephthalate (PET) Using Multi-Hole Nucleator 

0231. This example demonstrates production foamed, 
low I.V., unmodified Standard production grade, crystalline 
polymeric material of low density. PET pellets were 
obtained and processed as in Example 7. A System was used 
as in Example 18. Primary screw speed was 59 RPM giving 
a total output of approximately 116 lbs/hr of material. 
Secondary screw speed was 18 RPM. Barrel temperatures of 
the Secondary extruder were set to maintain a melt tempera 
ture of approximately 451 F. measured at the end of the 
Secondary extruder. CO blowing agent was injected at a rate 
of 7.6 lbs/hr resulting in 6.5% blowing agent in the melt. A 
Single-phase Solution of CO blowing agent and polymer 
was created in less than one Second after injection of the 
blowing agent, Specifically within approximately 0.6 Sec 
ond. The pressure drop rate across the multi-hole nucleator 
was 0.80 GPa/sec. A very flat pressure profile was main 
tained between the pressure achieved after injection and the 
inlet of the nucleating pathways of the multi-hole nucleator 
was between 4100 and 4520 psi, in a very flat profile (FIG. 
35). 
0232 FIG. 36 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing Substantially uniform 
cells of approximately 40 microns average size, with maxi 
mum cell size of about 65 microns. Material density was 
approximately 5 lbs/ft, and cell density was approximately 
4.5x10 cells/cm. 

EXAMPLES 20 AND 21 

Extrusion of Microcellular Unfilled, 
Polyvinylchloride (PVC) 

0233 Systems and parameters were selected as in 
Example 11 with the following exceptions. The extruder was 
equipped with a rod die with a straight land and exit into 
ambient. PVC pellets with plasticizer were obtained and 
extruded. 

Example 20 
0234 a flow rate of 132 lbs/hr was established. CO 
blowing agent was injected to establish blowing agent at 7.5 
wt %. The pressure drop rate across the die was 2.75 GPa/S. 
The die had a circular opening of 95 mils diameter and a land 
length of 1.52 inches. Microcellular material having average 
cell size of 60 microns was produced. 

Example 21 
0235 a flow rate of 271 lbs/hr was established. CO 
blowing agent at 6.83% was introduced and the preSSure 
drop rate was 4.17 GPa/S. The die was the same as in 
Example 20. Microcellular material having average cell size 
of 45 microns resulted. 

EXAMPLES 22-26 

Extrusion of Microcellular, Filled Polyvinylchloride 
(PVC) 

0236 Systems, parameters and materials were selected as 
in Examples 20 and 21 with the exception that an annular 
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straight land die into ambient conditions was used, and PVC 
pellets including approx. /3 wt % filler (plasticized) were 
used. The table below sets forth parameters and results. Gas 
% is on the basis of lbs of CO per 1b of PVC and plasticizer. 

Ex. Flow dPfdt AP Gap Land Cell 
No. Ib?hr GPa?s Gas % psi mills in. At's 

22 241 33 3.06 288O 34 2 8O 
23 235 36 3.94 3190 34 2 25 
24 293 1.41 2.41 3640 2O 85 50 
25 296 1.33 3.24 34OO 2O 85 3O 
26 166 6.76 4.66 4570 12 25 15 

EXAMPLE 27 

Extrusion of Microcellular Material from an 
Annular Nucleator Separated from an Adjustable 

Gap Lip Die by a Residence Chamber 

0237). An NRM (Pawcatuck, Conn.) 2.5 inch 42/1 L/D 
long Single extrusion line was equipped with an injection 
System for injection of CO2 placed at a distance of approxi 
mately 18 diameters from the feed section. The injection 
System included 4 equally-spaced circumferentially, radi 
ally-positioned ports, each port including 305 orifices, each 
orifice of 0.02 inch diameter, for a total of 1220 orifices. 
0238. The extruder was equipped with a two-stage screw 
including conventional first-stage feed, barrier flight transi 
tion, and metering Sections, followed by a multi-flighted (six 
flights) mixing Section for blowing agent dispersion. The 
Screw was designed for high-pressure injection of blowing 
agent with minimized pressure drop between the first-stage 
metering Section and point of blowing agent injection. The 
Second Stage of the Screw included a mixing Section having 
6 flights unbroken at the injection ports So that the orifices 
were wiped (opened and closed) by the flights. The mixing 
Section and injection System allowed for very rapid estab 
lishment of a Single-phase Solution of blowing agent and 
polymeric material. 
0239). The injection system included an air-actuated con 
trol valve to precisely meter a mass flow rate of blowing 
agent at rates from 0.2 to 12 lbs/hr at pressures up to 5500 
psi. 

0240 The second stage of the screw also included a 
cooling Section equipped with a deep channel, three-flighted 
then two-flighted cooling Section with broken flights, which 
provided the ability to cool the polymer melt stream. 
0241 The system included, at the end of the extruder, a 
die adapter and a cylindrical annular die with a gap of 0.020 
in, inner diameter of 0.88 inch, and land length of 0.45-0.65 
inches. The die adapter was equipped with taps for mea 
Surement of melt temperature and pressure just prior to entry 
into the die. 

0242. The system included instrumentation allowing 
measurement of pressure and temperature of the melt Stream 
at least 7 locations throughout the System between a location 
just prior to the blowing agent injection ports to the point of 
entry into the die to precisely monitor material conditions. 
Along the Screw, melt temperature was measured with 
infrared equipment to avoid disruption of the melt Stream. 
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An adjustable gap lip Section downstream from a nucleator 
for the purpose of controlling the thickness of foamed sheet 
was used. The die is shown in FIG. 37 and includes a 
mandrel 200 consisting of a fixed section 202 and an 
adjustable section 204. The adjustable section can be posi 
tioned away from the fixed Section by placing circular Shims 
at locations 206. The die outer body 208 is fixed. The die 
shown has an annular flow channel 210 diverging from the 
die centerline by an angle 212 of 45. Experiments were also 
performed with a die with a 70 diverging angle. The gap 
opening 214 is adjustable from 20 mils to 50 mils by the use 
of Shims without changing the nucleator annular gap 216 
from a typical value of 20 mils. 
0243 The variable gap lip die was used to investigate the 
influence of die gap opening on product thickness. AS an 
example, polystyrene with 6% by weight CO at a flow rate 
of approximately 84 lb/hr at a melt temperature of approxi 
mately 246 F. was shaped in the 70 diverging die at a die 
lip gap openings of 25 mils and 50 mils. The preSSure 
measured approximately at location 218 for the 25 mil-gap 
was, as expected, higher (2710 psi) than the pressure (2060 
psi) measured for the 50-mil gap. In these experiments, the 
foamed sheet thickness increased from 100 mils for the die 
with the 25-mil gap to 150 mils for the die with the 50-mil 
gap. The differences in cell size and cell density between 
these two die lip gaps were not considered Significant. 

EXAMPLE 28 

Extrusion of Microcellular PET Using a 
Converging Die 

0244. This example demonstrates production of foamed, 
low I.V., unmodified Standard production grade, crystalline 
polymeric material of very low density. Parameters and 
equipment were Selected as in Example 6, with the following 
exceptions. The Screw was designed Such that at a Screw 
speed of 53 RPM each orifice was wiped by a flight at a 
frequency of 3.5 wipes per Second. 

0245) A die with an exit OD of 0.040 inch and an 18.4 
degree included taper was used. The taper length of this die 
was 0.750 inch. Mounted on the outside of the taper length 
Section of the die was a brass cooling block. This cooling 
block contained channels that allowed flow of heat transfer 
oil around the die taper length for control of the temperature 
of the die along the taper length. 

0246 PET pellets were obtained and processed as in 
Example 7. A system was used as in Example 18. Primary 
screw speed was 53 RPM giving a total output of approxi 
mately 96 lbs/hr of material. Secondary screw speed was 18 
RPM. Barrel temperatures of the secondary extruder were 
Set to maintain a melt temperature of approximately 472 F. 
measured at the end of the Secondary extruder. CO blowing 
agent was injected at a rate of 6.0 lbs/hr resulting in 6.3% 
blowing agent in the melt. A Single-phase Solution of CO2 
blowing agent and polymer was created in less than one 
Second after injection of the blowing agent, Specifically 
within approximately 0.6 Second. The pressure drop rate 
acroSS the converging die was 14.9 GPa/sec. A very flat 
preSSure profile was maintained between the pressure 
achieved after injection and the inlet of the nucleating 
pathways of the multi-hole nucleator was between 3,580 and 
3,250 psi, in a very flat profile. 
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0247 FIG. 38 is a photocopy of an SEM image of the 
croSS Section of the extrudate, showing Substantially uniform 
cells of approximately 40 microns average size, with maxi 
mum cell size of about 65 microns. Material density was 
approximately 3.2 lbs/ft, and cell density was approxi 
mately 7.3x10 cells/cm. 

EXAMPLE 29 

A Tandem Extrusion Line for Microcellular 
Material 

0248. A tandem extrusion line including a 27 mm 40:1 
L/D counter-rotating twin Screw primary extruder (Ameri 
can Leistritz Extruder, Sommervile, N.J.) and a 2% 46:1 L/D 
Single Screw Secondary extruder (Akron Extruders, Canal 
Fulton, Ohio) were arranged in a right angle configuration. 
A weight loss feeder capable of Supplying up to 100 lb/hr 
was mounted over the feed throat of the primary extruder. 
Polymer pellets at a precisely controlled output were 
metered out of the weight loSS feeder and gravity fed to the 
primary extruder. An injection System for the injection of 
CO, into the secondary was placed at approximately 8 
diameters from the inlet to the Secondary. The injection 
System included 4 equally spaced circumferential, radially 
positioned ports, each port including 131 orifices, each 
orifice of 0.02 inch diameter, for a total of 524 orifices. 

0249. The twin screw primary extruder was equipped 
with matched pair of screws employing conventional feed 
ing, melting, mixing, Venting and pressure building Sections. 
The Screw pair was designed for dispersion of high filler 
loading levels and pressure generation. The outlet of this 
primary extruder was connected to the inlet of the Secondary 
extruder using a short connecting adapter about 8 inches in 
length. 

0250) An injection system included an air actuated con 
trol valve to precisely meter a mass flow rate of blowing 
agent at rates from 0.2 to 21 lbs/hr at pressures up to 5500 
psi. 

0251 The secondary extruder was equipped with a spe 
cially designed Screw to provide melt feeding, blowing 
agent dispersion and cooling of the polymer/blowing agent 
blend. The melt feeding Section was a shallow Single flighted 
Section designed to provide a uniform polymer flow and 
polymer Seal prior to blowing agent injection. This Section 
was followed by a multi-flighted blowing agent dispersion 
Section that included six flights unbroken at the injection 
ports So that the orifices were wiped (opened and closed) by 
the flights. At a Screw Speed of 35 rpm, each orifice was 
wiped at a frequency of 3.5 wipes per Second. The cooling 
Section of the Screw was a deep channel, three flighted 
Sections which provided to cool the polymer and maintain 
the preSSure profile of the microcellular material precursor, 
between injection of blowing agent and entrance to the point 
of nucleation (the die in this case) varying by no more than 
about 1,500 psi. 

0252) The system was equipped, at exit from the second 
ary extruder, with a die adapter and a 10 inch wide flat die 
(Production Components, Eau Claire, Wis.) (FIG. 37). The 
die adapter was equipped with taps for measurement of melt 
temperature and pressure just prior to entry into the die. The 
flat die included a conventional coathanger type flow dis 
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tribution channel and a flex lip adjustment System and die lip 
set that provided exit gaps from 0.000 to 0.040 inches with 
a 0.188 inch land length. 
0253 Also provided was a conventional three roll stack 
and tension winder. The three roll Stack was equipped with 
6 inch diameter rolls and temperature control units that 
provided roll temperature adjustment from 65 F. to 200 F. 

EXAMPLE 30 

Extrusion of a Very Thin Polypropylene Sheet 
0254 Polypropylene pellets containing 30 weight percent 
talc were metered into the tandem extrusion line described 
in example 29. 
0255 The weight loss feeder was adjusted to provide an 
output of 60 lb/hr. Screw speeds were set at approximately 
330 rpm on the primary and 38 rpm on the secondary. 
Secondary barrel temperatures were Set to maintain a melt 
temperature of 350 F. at entrance to the die. CO blowing 
agent was injected at a nominal rate of 0.84 lb/hr resulting 
in a 2.0% by polymer weight blowing agent in the material. 
The die gap was adjusted to 0.004 inches. The nip of the 
three roll Stack was Set to 0.015 inches and placed approxi 
mately 1% inches from the die exit. Roll temperatures were 
Set at 75 F. 

0256 The above conditions produced a product that was 
0.020 inch thick by 10 inches wide at a density of 0.67 g/cc. 
Based on a nominal Solid material density of 1.14 g/cc, the 
achieved density reduction is 41%. The calculated pressure 
drop across the die land length is approximately X GPa?s. 
0257 FIGS. 39 and 40 are photocopies of SEM cross 
Sections of this thin microcellular sheet showing cell sizes 
from 15 to 35 microns. 

EXAMPLE 31 

Extrusion of a Very Thin Polypropylene Sheet 
0258 Polypropylene pellets containing 30 weight percent 
talc were metered into the tandem extrusion line described 
in example 29. 
0259. The weight loss feeder was adjusted to provide an 
output of 60 lb/hr. Screw speeds were set at 333 rpm on the 
primary and 38 rpm on the Secondary. Secondary barrel 
temperatures were set to maintain a melt temperature of 
330 F. at entrance to the die. CO blowing agent was 
injected at a nominal rate of 0.841b/hr resulting in a 2% by 
polymer weight blowing agent in the material. The die gap 
was adjusted to 0.004 inches. The nip of the three roll stack 
was set to 0.015 inches and placed approximately 1/2 inches 
from the die exit. Roll temperatures were set at 75 F. 
0260 The above conditions produced a product that was 
0.15 inch thick by 10 inches wide at a density of 0.80 g/cc. 
Based on a nominal Solid material density of 1.14 g/cc, the 
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achieved density reduction is 30%. The calculated pressure 
drop across the die land length is approximately 0.87 GPa?s. 
0261 FIGS. 41 and 42 are photocopies of SEM cross 
Sections of this thin microcellular sheet showing cell sizes 
ranging from 15 to 35 microns. 
0262 Those skilled in the art would readily appreciate 
that all parameters listed herein are meant to be exemplary 
and that actual parameters will depend upon the Specific 
application for which the methods and apparatus of the 
present invention are used. It is, therefore, to be understood 
that the foregoing embodiments are presented by way of 
example only and that, within the Scope of the appended 
claims and equivalents thereto, the invention may be prac 
ticed otherwise than as Specifically described. 
What is claimed is: 

1. A System comprising: 
an extruder designed to convey a first Stream of a fluid, 

polymeric material in a downstream direction and 
having a blowing agent port constructed and arranged 
to inject a blowing agent into the Stream, the extruder 
adapted to admix the Stream with the blowing agent to 
form a single-phase Solution of polymeric material and 
blowing agent; 

a nucleator constructed and arranged to divide the Single 
phase Solution of polymeric material into Separate 
portions and to continuously nucleate each of the 
Separate portions at a rate Sufficient to form a micro 
cellular polymeric material. 

2. A method comprising: 
establishing a stream of polymeric material flowing at a 

rate of at least about 5 lbs per hour within a polymer 
processing Space between a rotating Screw and an 
extruder barrel; 

introducing, into the Stream of polymeric material, a 
blowing agent through a plurality of orifices of the 
extruder barrel while passing the orifices with a flight 
of the rotating Screw; and 

admixing the polymeric material and the blowing agent to 
form a single-phase Solution of polymeric material and 
blowing agent. 

3-10. (canceled) 
11. A method comprising continuously extruding micro 

cellular polymeric material having cells of essentially uni 
form size of less than about 50 microns average size from a 
Single-phase Solution of polymeric material and blowing 
agent contained in extrusion apparatus including a nucleat 
ing pathway, the blowing agent present in the Solution in an 
amount less than about 80 percent Saturation concentration 
as determined at the lowest pressure in the System after the 
point of blowing agent injection prior to the nucleating 
pathway. 

12-13. (canceled) 


