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(57) ABSTRACT 

Methods for reducing the density of thermoplastic materials 
and the articles made therefrom having similar or improved 
mechanical properties to the solid or noncellular material. 
Also disclosed are improvements to foaming methods and 
the cellular structures of the foams made therefrom, and 
methods for altering the impact strength of Solid or noncel 
lular thermoplastic materials and the shaping of the mate 
rials into useful articles. 
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METHODS FOR ALTERING THE IMPACT 
STRENGTH OF NONCELLULAR 
THERMOPLASTIC MATERALS 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 12/047,270, filed Mar. 12, 2008, which 
claims the benefit of U.S. Provisional Application No. 
60/894,440, filed Mar. 12, 2007, both of which applications 
are fully incorporated herein expressly by reference. 

BACKGROUND 

0002 Solid thermoplastic materials have many uses and 
applications. In almost all uses and applications, materials 
are chosen based on mechanical properties that satisfy the 
requirements of the use and application. Oftentimes, the 
constraints of the mechanical properties limit the selection 
of materials that are suitable. Weight is also often a consid 
eration that goes into the selection of the materials used in 
a particular application. Generally, a material that is lighter 
in weight and that possesses the required mechanical prop 
erties will be favored over another material with similar 
properties and is higher in weight. 

SUMMARY 

0003. This summary is provided to introduce a selection 
of concepts in a simplified form that are further described 
below in the Detailed Description. This summary is not 
intended to identify key features of the claimed subject 
matter, nor is it intended to be used as an aid in determining 
the scope of the claimed Subject matter. 
0004. Accordingly, in view of the above considerations, 
disclosed herein are methods for reducing the density of 
thermoplastic materials and the articles made therefrom 
having similar or improved mechanical properties to the 
Solid or noncellular material. Also disclosed are improve 
ments to foaming methods and the cellular structure of the 
foams made therefrom, and methods for altering the impact 
strength of Solid or noncellular thermoplastic materials and 
the shaping of the materials into useful articles. 
0005. In one embodiment, a method for decreasing the 
density of a thermoplastic material without substantially 
reducing the light transmissivity of the thermoplastic mate 
rial is provided. The method includes obtaining a thermo 
plastic material having an initial density; and forming cells 
in the material that have an average cell size of 0.1 nm to 100 
nm to produce a thermoplastic material of lesser density than 
the initial density and having a light transmissivity of at least 
20%. 
0006. In a second embodiment, a cellular thermoplastic 
material prepared from a solid thermoplastic material is 
provided. The cellular thermoplastic material includes nano 
sized cells having an average size of 0.1 nm to 100 nm, a 
density lower than the density of the solid thermoplastic 
material; and a light transmissivity of at least 20%. 
0007. In a third embodiment, a method for decreasing the 
density of a thermoplastic material without substantially 
reducing the impact strength of the thermoplastic material is 
provided. The method includes obtaining a thermoplastic 
material having an initial density and initial impact strength; 
and forming cells in the material that have an average cell 
size of 0.1 nm to 100 nm to produce a thermoplastic material 
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of lesser density than the initial density and having an impact 
strength Substantially the same as or greater than the initial 
impact strength. 
0008. In a fourth embodiment, a cellular thermoplastic 
material prepared from a solid thermoplastic material is 
provided. The cellular thermoplastic material includes nano 
sized cells having an average cell size of 0.1 nm to 100 nm, 
a density lower than the density of the solid thermoplastic 
material; and an impact strength Substantially the same as or 
greater than the impact strength of the solid thermoplastic 
material. 
0009. In a fifth embodiment, a method for decreasing the 
density of a thermoplastic material without substantially 
reducing the elongation of the thermoplastic material is 
provided. The method includes obtaining a thermoplastic 
material having an initial density and an initial elongation; 
and forming cells in the material that have an average cell 
size from 0.1 nm to 100 nm to produce a thermoplastic 
material of lesser density than the initial density and having 
an elongation that is Substantially the same as the initial 
elongation. 
0010. In a sixth embodiment, a cellular thermoplastic 
material prepared from a solid thermoplastic material is 
provided. The cellular thermoplastic material includes nano 
sized cells having an average cell size of 0.1 nm to 100 nm, 
a density lower than the density of the solid thermoplastic 
material; and an elongation that is substantially the same as 
the elongation of the Solid thermoplastic material. 
0011. In a seventh embodiment, a method for filtering 
light is provided. The method includes directing light at a 
thermoplastic material with nano-sized cells having an aver 
age cell size of 0.1 nm to 100 nm, wherein the size of the 
cells determines the wavelength of light that is filtered by the 
thermoplastic material. 
0012. In an eighth embodiment, a light filter is provided. 
The light filter includes a thermoplastic material comprising 
nano-sized cells having an average cell size of 0.1 nm to 100 
nm, wherein the size of the cells determines the wavelength 
of light that is filtered. 
0013. In a ninth embodiment, a method for making a light 
filter is provided. The method includes forming nano-sized 
cells having an average cell size of 0.1 nm to 100 nm in a 
thermoplastic material, wherein the size of the cells deter 
mines the wavelength of light that is filtered. 
0014. In a tenth embodiment, a method for providing 
color to a thermoplastic material is provided. The method 
includes forming nano-sized cells having an average cell 
size of 0.1 nm to 100 nm in a thermoplastic material, 
wherein the size of the cells determines the color of the 
thermoplastic material. 
0015. In an eleventh embodiment, a colored thermoplas 

tic material is provided. The colored thermoplastic material 
includes nano-sized cells having an average size of 0.1 nm 
to 100 nm, wherein the size of the cells determines the color 
of the thermoplastic material. 
0016. In the first through eleventh embodiments, the 
average cell size can be 20 nm to 40 nmi; and the thermo 
plastic material can be an amorphous or semi-crystalline 
polymer. Representative thermoplastic materials in accor 
dance with the first through eleventh embodiments are 
disclosed herein. 

0017. In a twelfth embodiment, a method for making a 
cellular thermoplastic material is provided. The method 
includes obtaining a thermoplastic material impregnated 
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with gas; placing the material on a press; applying pressure 
to the material with the press; heating the press to form cells 
in the material; and channeling gas away from the material 
through a gas channeling means to provide a cellular mate 
rial substantially free of internal blistering and surface 
deformations. 
0018. The method of the twelfth embodiment, wherein 
the gas channeling means is a breather layer juxtaposed 
between the surface of the material and the press. 
0019. The method of the twelfth embodiment, wherein 
the gas channeling means is one or more through holes 
provided in the press. 
0020. The method of the twelfth embodiment, wherein 
the press comprises a first platen and a second platen and the 
gas channeling means is provided between a Surface of the 
thermoplastic material and a Surface of a platen. 
0021. The method of the twelfth embodiment, further 
comprising impregnating gas into the thermoplastic material 
at a pressure of 1 MPa to 5 MPa. 
0022. The method of the twelfth embodiment, further 
comprising placing more than one thermoplastic materials in 
the press and heating the more than one thermoplastic 
material with the press. 
0023 The method of the twelfth embodiment, further 
comprising impregnating more than one thermoplastic mate 
rial with gas. 
0024. The method of the twelfth embodiment, wherein 
the thermoplastic material is a sheet having an upper Surface 
and a lower surface and pressure is applied on both the upper 
and lower surfaces of the material with the press. 
0025. In a thirteenth embodiment, a method for making a 
cellular thermoplastic material is provided. The method 
includes obtaining a thermoplastic material impregnated 
with gas, wherein the material includes a surface defining a 
length/width plane and the material has a thickness; placing 
the material on a press; applying a force to the material with 
the press normal to the surface, wherein the force produces 
friction between the Surface and the press to generally cause 
expansion in the thickness dimension and prevent expansion 
in the length/width plane. 
0026. The method of the thirteenth embodiment, wherein 
more than one thermoplastic material is placed on the press. 
0027. The method of the thirteenth embodiment, wherein 
more than one thermoplastic material is Saturated with gas, 
wherein a porous media is interleaved between thermoplas 
tic materials. 
0028. The method of the thirteenth embodiment, wherein 
the foam thermoplastic material is greater than 3 mm in 
thickness. 
0029. The method of the thirteenth embodiment, wherein 
the foam thermoplastic material is 6 mm in thickness or 
greater. 
0030. In a fourteenth embodiment, a method for making 
a composite structure including a thermoplastic foam is 
provided. The method includes obtaining a thermoplastic 
material impregnated with a gas and a facesheet; applying an 
adhesive on at least one surface of the thermoplastic material 
or the facesheet or both; placing the facesheet on the 
thermoplastic material; placing the gas-impregnated ther 
moplastic material with adhered facesheet on a press; and 
heating the press to cure the adhesive and create a cellular 
structure in the thermoplastic material impregnated with gas. 
0031. The method of the fourteenth embodiment, further 
comprising applying an adhesive to a second Surface of the 

Jan. 12, 2017 

gas-impregnated thermoplastic material or second facesheet 
and placing the second facesheet on the second Surface. 
0032. The method of the fourteenth embodiment, 
wherein the press is heated to a temperature to cure the 
adhesive. 
0033. The method of the fourteenth embodiment, further 
comprising selecting one of Saturation pressure, Saturation 
time, or desorption time to control the density of the cellular 
structure in the thermoplastic material for the curing tem 
perature of the adhesive. 
0034. In a fifteenth embodiment, a method for making a 
cellular structure is provided. The method includes placing 
a first thermoplastic material over a second thermoplastic 
material, wherein a surface of the first thermoplastic material 
overlaps a Surface of the second thermoplastic material; 
impregnating the first and second thermoplastic materials 
with a gas, wherein the gas preferentially impregnates 
through nonoverlapping Surfaces to achieve areas of higher 
gas concentration closer to the nonoverlapping Surfaces 
Suitable for foaming and areas of lower gas concentration 
not suitable for foaming; placing the overlapping first and 
the second thermoplastic materials on a press; and heating 
the first or second thermoplastic materials to cause foaming 
at the areas of higher gas concentration in the first and 
second thermoplastic materials and leave the areas of lower 
gas concentration as Solid areas in the first and the second 
thermoplastic materials. 
0035. The method of the fifteenth embodiment, further 
comprising bonding the first thermoplastic material to the 
second thermoplastic material so that the foamed area of the 
first thermoplastic material is next to the foamed area of the 
second thermoplastic material and the solid areas of the first 
and the second thermoplastic materials are the exterior 
layers. 
0036. The method of the fifteenth embodiment, further 
comprising trimming the edges of the first and the second 
thermoplastic materials. 
0037. The method of the fifteenth embodiment, further 
comprising placing more than one pair of first and second 
overlapping thermoplastic materials in a pressure vessel and 
interleaving a porous material between pairs. 
0038. The method of the fifteenth embodiment, further 
comprising placing more than one pair of thermoplastic 
materials on the press. 
0039. In a sixteenth embodiment, a cellular thermoplastic 
material is provided. The cellular thermoplastic material 
includes micro-sized cells having an average cell size of 
greater than 1.0 um to 100 um, wherein the micro-sized cells 
comprise cell walls; and nano-sized features in the cell walls 
of the micro-sized cells, wherein the nano-sized features 
have an average size of 0.1 nm to 500 nm. 
0040. The sixteenth embodiment, wherein the thermo 
plastic material is an amorphous or semi-crystalline poly 
C. 

0041. The sixteenth embodiment, wherein the average is 
20 nm to 40 nm. 

0042. The sixteenth embodiment, wherein the nano-sized 
features provide open connectivity between adjacent micro 
sized cells. 
0043. The sixteenth embodiment, comprising an intrabi 
modal cellular structure. 
0044. In a seventeenth embodiment, a cellular thermo 
plastic material is provided. The cellular thermoplastic 
material includes a primary structure comprising nano-sized 
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cells having an average size of less than 1 um; and secondary 
micro-sized cells having an average size of 2 um to 3 um 
interspersed among the primary structure. 
0045. The seventeenth embodiment, wherein the primary 
structure comprises the majority of the cellular thermoplas 
tic material. 

0046. The seventeenth embodiment, comprising an inter 
bimodal cellular structure. 

0047. In an eighteenth embodiment, a cellular thermo 
plastic material is provided. The cellular thermoplastic 
material includes a primary structure comprising cells hav 
ing an average size of 1 Lum to 2 um; and secondary 
micro-sized cells having an average size of 10 um to 15 um 
interspersed among the primary structure. 
0048. The eighteenth embodiment, wherein the primary 
structure comprises the majority of the cellular thermoplas 
tic material. 

0049. The eighteenth embodiment, comprising an inter 
bimodal cellular structure. 

0050. In a nineteenth embodiment, a cellular thermoplas 
tic material is provided. The cellular thermoplastic material 
includes a primary structure comprising nano-sized cells 
having an average size of 0.1 nm to 100 nm, and secondary 
micro-sized cells having an average size of greater than 0.1 
um to 100 um interspersed among the primary structure. 
0051. The nineteenth embodiment, wherein the primary 
structure comprises the majority of the cellular thermoplas 
tic material. 

0052. The nineteenth embodiment, comprising an inter 
bimodal cellular structure. 

0053. In a twentieth embodiment, a cellular thermoplastic 
material is provided. The cellular thermoplastic material 
includes a primary structure comprising cells having an 
average size of less than 2 um; and secondary micro-sized 
cells having an average size of 2 um to 100 um interspersed 
among the primary structure. 
0054 The twentieth embodiment, wherein the primary 
structure comprises the majority of the cellular thermoplas 
tic material. 

0055. The twentieth embodiment, comprising an interbi 
modal cellular structure. 

0056. In a twenty-first embodiment, a method for altering 
the impact strength of a Solid thermoplastic material is 
provided. The method includes obtaining a solid thermo 
plastic material having an initial impact strength; treating the 
material under pressure to cause the material to absorb a gas; 
and treating the material at a lower pressure to allow 
desorption of gas from the material to produce a solid 
material having an impact strength altered from the initial 
impact strength of the Solid thermoplastic material. 
0057. In a twenty-second embodiment, a method for 
altering the impact strength of a solid thermoplastic material 
without Substantially changing the density of the Solid 
thermoplastic material is provided. The method includes 
obtaining a solid thermoplastic material having an initial 
impact strength and initial density; treating the material 
under pressure to cause the material to absorb a gas; and 
treating the material at a lower pressure to allow desorption 
of gas from the material to produce a solid material having 
an impact strength altered from the initial impact strength 
and a density Substantially the same as the initial density of 
the solid thermoplastic material. 
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0058. In the twenty-first and twenty-second embodi 
ments, the method wherein the thermoplastic material is an 
amorphous or semi-crystalline polymer. 
0059. In the twenty-first and twenty-second embodi 
ments, the method further comprising treating the thermo 
plastic material at a pressure of 1 MPa to 5 MPa. 
0060. In the twenty-first and twenty-second embodi 
ments, the method further comprising treating the thermo 
plastic material at a lower pressure in ambient atmospheric 
pressure. 
0061. In the twenty-first and twenty-second embodi 
ments, the method wherein the thermoplastic material is 
polyetherimide. 
0062. In the twenty-first and twenty-second embodi 
ments, the method further comprising shaping the thermo 
plastic material during treating the material at a lower 
pressure. 
0063. In the twenty-first and twenty-second embodi 
ments, the method wherein the thermoplastic material com 
prises absorbed gas during shaping. 
0064. In the twenty-first and twenty-second embodi 
ments, the method further comprising shaping the thermo 
plastic material after treating the material at a lower pres 
SUC. 

0065. In the twenty-first and twenty-second embodi 
ments, the method wherein the thermoplastic material is 
desorbed of gas during shaping. 
0066. In the twenty-first and twenty-second embodi 
ments, the method further comprising placing more than one 
thermoplastic material in a pressure vessel and interleaving 
a porous material between thermoplastic materials. 
0067. In the twenty-first and twenty-second embodi 
ments, the method further comprising assembling the Solid 
thermoplastic material with altered impact strength into an 
article. 
0068. In the twenty-first and twenty-second embodi 
ments, the method wherein the thermoplastic material is a 
thermoplastic urethane, thermoplastic elastomer, polyethyl 
ene naphthalate, polyetherimide, polyetheretherketone, 
polyphenylene, Sulfone, polyamide-imide, polysulfone, 
polyphenylsulfone, polyetherSulfone, polyphthalamide, pol 
yarylamide, polyphenylene Sulfide, cyclic olefin copolymer, 
polyphthalate carbonate, polycarbonate, polyvinylidene 
chloride, polyurethane, polyphenylene oxide, poly (acrylo 
nitrile-butadiene-styrene), polymethylmethacrylate, cross 
linked polyethylene, polystyrene, styrene acrylonitrile, poly 
vinyl chloride, polybutylene terephthalate, polyethylene 
terephthalate, polyoxymethylene, polyacetal, polyamide, 
polyolefin, polyethylene, polypropylene. 
0069. In the twenty-first and twenty-second embodi 
ments, the method wherein the impact strength is greater 
than the initial impact strength. 
0070. In the twenty-first and twenty-second embodi 
ments, the method wherein the impact strength is less than 
the initial impact strength. 
0071. In all embodiments above, the thermoplastic mate 
rial can be a thermoplastic urethane, thermoplastic elasto 
mer, polyethylene naphthalate, polyetherimide, polyethere 
therketone, polyphenylene, Sulfone, polyamide-imide, 
polysulfone, polyphenylsulfone, polyethersulfone, 
polyphthalamide, polyarylamide, polyphenylene Sulfide, 
cyclic olefin copolymer, polyphthalate carbonate, polycar 
bonate, polyvinylidene chloride, polyurethane, polyphe 
nylene oxide, poly (acrylonitrile-butadiene-styrene), polym 
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ethylmethacrylate, crosslinked polyethylene, polystyrene, 
styrene acrylonitrile, polyvinyl chloride, polybutylene 
terephthalate, polyethylene terephthalate, polyoxymethyl 
ene, polyacetal, polyamide, polyolefin, polyethylene, poly 
propylene. 
0072 This summary is provided to introduce a selection 
of concepts in a simplified form that are further described 
below in the Detailed Description. This summary is not 
intended to identify key features of the claimed subject 
matter, nor is it intended to be used as an aid in determining 
the scope of the claimed Subject matter. 

DESCRIPTION OF THE DRAWINGS 

0073. The foregoing aspects and many of the attendant 
advantages of this invention will become more readily 
appreciated as the same become better understood by ref 
erence to the following detailed description, when taken in 
conjunction with the accompanying drawings, wherein: 
0074 FIG. 1 is a flow diagram of one embodiment of a 
method in accordance with the present invention; 
0075 FIG. 2 is a flow diagram of a method in accordance 
with one embodiment of the present invention; 
0076 FIG. 3 is a flow diagram of a method in accordance 
with one embodiment of the present invention; 
0077 FIG. 4 is a diagrammatical illustration of a heated 
press shown being used in a prior art foaming method; 
0078 FIG. 5 is a diagrammatical illustration of a heated 
press shown being used in a foaming method in accordance 
with one embodiment of the present invention; 
007.9 FIG. 6 is a diagrammatical illustration of a heated 
press shown being used in a foaming method in accordance 
with one embodiment of the present invention; 
0080 FIG. 7 is a diagrammatical illustration of a heated 
press shown being used in a foaming method in accordance 
with one embodiment of the present invention; 
0081 FIG. 8 is a diagrammatical illustration of a pressure 
vessel being used to gas saturate thermoplastic materials 
interleaved with porous materials to be used in a foaming 
method in accordance with one embodiment of the present 
invention; 
0082 FIG. 9 is a diagrammatical illustration of a heated 
press shown being used in a foaming method in accordance 
with one embodiment of the present invention; 
0083 FIG. 10 is a diagrammatical illustration of a heated 
press shown being used in a foaming method in accordance 
with one embodiment of the present invention; 
0084 FIG. 11 is a diagrammatical illustration of thermo 
plastic materials to be used in a foaming method in accor 
dance with one embodiment of the present invention; 
0085 FIG. 12 is diagrammatical illustration of a pressure 
vessel being used to partially gas Saturate pairs of thermo 
plastic materials to be used in a foaming method in accor 
dance with one embodiment of the present invention; 
I0086 FIG. 13 is diagrammatical illustration of a heated 
press being used in a foaming method in accordance with 
one embodiment of the present invention; 
0087 FIG. 14 is diagrammatical illustration of partially 
foamed thermoplastic materials to be used in a method in 
accordance with one embodiment of the present invention; 
0088 FIG. 15 is diagrammatical illustration of partially 
foamed thermoplastic materials adhered to each other to 
produce a composite material in accordance with one 
embodiment of the present invention: 
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I0089 FIG. 16 is a graph plotting the relative density of 
microcellular and nanocellular foams as a function of foam 
ing temperature; 
0090 FIG. 17 is a scanning electron micrograph of a 
foam containing nano-sized cells made in accordance with 
one embodiment of the present invention; 
0091 FIG. 18 is a scanning electron micrograph of a 
foam containing micro-sized cells made in accordance with 
one embodiment of the present invention; 
0092 FIG. 19 is a scanning electron micrograph of a 
foam containing micro-sized cells with nano-sized features 
on the cell walls in an intrabimodal cellular structure in 
accordance with one embodiment of the present invention; 
0093 FIG. 20 is a scanning electron micrograph of a 
foam containing micro-sized cells with nano-sized features 
on the cell walls in an intrabimodal cellular structure in 
accordance with the present invention; 
0094 FIG. 21 is a scanning electron micrograph of a 
foam containing a majority of Smaller cells with interspersed 
larger cells in an interbimodal cellular structure in accor 
dance with one embodiment of the present invention; 
0.095 FIG. 22 is a scanning electron micrograph of a 
foam containing a majority of Smaller cells with interspersed 
larger cells in an interbimodal cellular structure in accor 
dance with one embodiment of the present invention; 
0096 FIG. 23 is a schematic diagram of a device for 
testing light transmissivity in accordance with one embodi 
ment of the present invention; 
0097 FIG. 24 is a graph of light transmissivity of micro 
cellular and nanocellular foams as a function of Void frac 
tion; 
0.098 FIG. 25 is a graph of the impact strength of virgin 
polyetherimide; microcellular foam polyetherimide, nano 
cellular foam polyetherimide, and saturated and desorbed 
polyetherimide: 
(0099 FIG. 26 is a graph of the stress/strain curve of 
Virgin polyetherimide and saturated and desorbed polyether 
imide; 
0100 FIG. 27 is a graph of the stress/strain curve of 
microcellular and nanocellular polyetherimide foam at a 
relative density of 75%; 
0101 FIG. 28 is a graph of the stress/strain curve of 
microcellular and nanocellular polyetherimide foam at a 
relative density of 90%; 
0102 FIG. 29 is a graph of the stress/strain curve of 
microcellular and nanocellular polyetherimide foam at a 
relative density of 82.5%; 
0103 FIG. 30 is a graph of the tensile strain at break of 
Virgin polyetherimide, Saturated and desorbed polyetherim 
ide, microcellular polyetherimide foam, and nanocellular 
polyetherimide foam as a function of void fraction; 
0104 FIG. 31 is a bar graph of the impact energy of solid 
polyetherimide that has been saturated and desorbed of gas 
at a high and low pressure; 
0105 FIG. 32 is a bar graph of the impact energy of solid 
polycarbonate that has been Saturated and desorbed of gas at 
a high and low pressure; and 
0106 FIG.33 is a bar graph of the impact energy of solid 
high impact polystyrene that has been Saturated and des 
orbed of gas at various pressures. 

DETAILED DESCRIPTION 

0107 Microcellular and nanocellular thermoplastic 
materials are a group of foams that have a high concentration 
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of Small diameter cells. The microcellular range typically 
refers to cell diameters between greater than 1 um to 100 um. 
Nanocellular polymers are characterized by cell diameters in 
the sub-micrometer range, typically 0.1 nm to 100 nm. 
Foams, in general, offer density reductions over unfoamed 
Solid material, thus resulting in a reduction of raw material 
for the same part or component when a foam material is used 
in place of the solid material. 
0108. In one aspect, embodiments of the present inven 
tion relate to methods for reducing the density, i.e., the 
weight of a thermoplastic material, yet the methods Substan 
tially maintain or even improve the desirable mechanical 
properties of the thermoplastic material in the solid form. 
0109 Referring to FIG. 1, a representative flow diagram 
of a method for reducing the density of solid thermoplastic 
materials without substantially lowering selected desirable 
mechanical properties of the Solid thermoplastic materials is 
illustrated. The method provides the lower density and 
Substantially the same mechanical properties by forming 
nano-sized cells in the solid thermoplastic material. The 
average size of the nano-sized cells is 0.1 nm to 100 nm. 
Another suitable range is 20 nm to 40 nm. The method 
includes block 102. In block 102, a solid thermoplastic 
material with a desirable property is obtained. The solid 
thermoplastic material has an initial density and an initial 
value of a desirable property. A desirable property can be, 
but is not limited to, light transmissivity, impact strength, 
and tensile elongation (strain). A thermoplastic material of 
lower density is useful in generally all applications where 
the solid thermoplastic material is useful, but because of the 
lower density, the weight and the amount of material used is 
correspondingly reduced without reduction of the desirable 
property of the solid thermoplastic material. 
0110. From block 102, the method enters block 104. In 
block 104, the solid thermoplastic material is subjected to a 
foaming process. Various Suitable embodiments of a foam 
ing process will be described below in connection with FIG. 
2. Foaming processes can be solid-state foaming processes 
or liquid-state processes. 
0111. From block 104, the method enters block 106. In 
block 106, the method produces a nanocellular thermoplas 
tic material that is lower in density to the initial density of 
the solid thermoplastic material and has a Substantially 
similar or improved property as the Solid thermoplastic 
material. The foamed thermoplastic material that is pro 
duced in block 106 can be used as a substitute for the solid 
thermoplastic material to make a part or a component that 
would conventionally be made from the solid thermoplastic 
material of block 102. 
0112 Referring to FIG. 2, a representative flow diagram 
of a method suitable to be used as the foaming method in 
block 104 of FIG. 1 is illustrated. The method of FIG. 2 is 
a solid-state foaming method. However, liquid-state meth 
ods may also be used in place of the Solid-state foaming 
method. Solid-state foaming is a process by which foaming 
occurs while the polymer remains in the Solid state through 
out the process. This process differs from other standard 
polymer foaming processes because the polymer is not 
required to be in a molten state. 
0113. The method includes block 202. In block 202, a 
thermoplastic material is obtained. The thermoplastic mate 
rial can be a solid material. Generally, at the beginning of the 
method, the thermoplastic material is in equilibrium with the 
Surrounding room temperature and atmospheric pressure, 
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and the material is referred to as “unsaturated.” Any ther 
moplastic material that can absorb a gas is suitable to be 
used in embodiments disclosed herein. From block 202, the 
method enters block 204. In block 204, the thermoplastic 
material is treated at an elevated pressure to cause the 
thermoplastic material to absorb gas. A Suitable gas for use 
in the method is carbon dioxide at pressures in the range of 
about 1 MPa to about 5 MPa. However, the pressure may 
vary depending on the Solid thermoplastic material and the 
gas used. The treatment of thermoplastic material in block 
204 may be carried out in a pressure vessel, which is sealed, 
and then the thermoplastic material is exposed to a high 
pressure inert gas Such as, but not limited to, carbon dioxide 
(CO) at room temperature within the pressure vessel. The 
high pressure gas will then start to diffuse into the thermo 
plastic material over time, filling the materials free inter 
molecular volume. The gas will continue to saturate the 
material until equilibrium is reached. As used herein, “satu 
rate' or any derivation thereof means “fully saturated 
unless indicated otherwise. Partially saturated means that 
certain sections have sufficient gas absorbed for nucleation 
and bubble growth for the foaming temperature. At equilib 
rium, the sample is said to be “fully saturated.” The ther 
moplastic material can be any shape desirable. However, a 
sheet is most often used because the time required to provide 
a constant gas concentration throughout the thickness of the 
material can be lengthy. More than one sheet can be placed 
in the pressure vessel to saturate more than one sheet at a 
time. If the sheets are stacked on top of one another, a porous 
material is interleaved between sheets to allow the gas to 
saturate from all sides of the sheet including the side that is 
next to an adjacent and lower sheet. See, for example U.S. 
Pat. No. 5.684,055, to Kumar et al., incorporated herein 
expressly by reference. 
0114 Saturation pressures, Saturation times, desorption 
times, and foaming temperature can be varied to effect the 
type of foam that is produced from the gas-saturated ther 
moplastic material. At a given foaming temperature, a lower 
saturation pressure produces a foam of higher density and a 
higher saturation pressure produces a foam of lower density. 
Higher foaming temperatures produce foams of lower den 
sity. At a given density, a higher Saturation pressure produces 
nano-sized cells and a lower saturation pressure produces 
micro-sized cells. A representative thermoplastic material 
discussed throughout this application is polyetherimide. 
Saturation times to reach equilibrium may vary with the 
pressure. At a saturation pressure of 1 MPa, polyetherimide 
produces foams having micro-sized cells, and at a Saturation 
pressure of 5 MPa, polyetherimide produces foams having 
nano-sized cells. At a saturation pressure of 4 MPa, 
polyetherimide produces foams having both nano-sized cells 
and micro-sized cells. For different polymers, the absorption 
times may vary. The required absorption times to reach the 
fully saturated condition for thermoplastic materials other 
than polyetherimide can readily be determined by experi 
mentation. Furthermore, the equilibrium gas concentration 
in milligrams of carbon dioxide per grams of polyetherimide 
also varies with Saturation pressure. Generally, the thermo 
plastic material can be determined to be fully saturated when 
the concentration of gas over time is essentially constant and 
does not vary. In other words, the slope of a line of a plot of 
gas concentration on the ordinate and time on the abscissa is 
essentially Zero. 
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0115 Referring to FIG. 2, from block 204, the method 
enters block 206. In block 206, the thermoplastic material 
that is fully saturated with gas is treated at a lower pressure 
than the Saturation pressure to allow the thermoplastic 
material to undergo desorption of gas. Desorption of some 
gas is desirable in some circumstances, for example, to 
avoid the creation of cellular structure in some areas of the 
thermoplastic material. Such as at the Surfaces. Desorption of 
the thermoplastic material can occur when the high pressure 
gas is vented from the pressure vessel or the Saturated 
material is removed into ambient atmospheric pressure. 
During block 206, the fully saturated material is removed 
from the saturation pressure to an environment of lower 
pressure, so that the material is thermodynamically unstable, 
meaning that the material is Supersaturated with gas and is 
no longer at equilibrium with the Surrounding environment. 
The material will start to desorb gas from its surface into the 
Surrounding environment. Desorption of gas from the Sur 
face will give the foam an integral Solid skin because the 
desorbed skin will not have sufficient gas to foam during the 
heating step. The thickness of the Solid skin at the Surface 
can be increased by allowing for greater desorption times. 
0116 Referring to FIG. 2 again, from block 206, the 
method enters a heating step to create foam. In the illustrated 
embodiment, the method may enter one of two solid-state 
foaming processes. However, any other Suitable heating 
process may be used. A first solid-state foaming process is 
foaming by heating the thermoplastic material in a heated 
liquid bath, block 208. In a second foaming process, the 
thermoplastic material can be heated in a press to foam the 
thermoplastic material, block 210. The latter process has the 
advantage of creating flat foams. There are a plurality of 
variations of the heated press foaming method that will be 
described below in more detail. While the heated liquid bath 
and heated press method are illustrated, it should be readily 
appreciated that other methods for heating a solid may be 
used. Such as, but not limited to, a flotation/impingement air 
oven, or an infrared oven. 
0117. In either block 208 or block 210, heating trans 
forms sections of the thermoplastic material from a solid to 
a cellular structure. Foaming occurs where conditions of gas 
concentration and temperature are sufficient. When either 
the gas concentration or temperature are insufficient, foam 
ing does not occur and the thermoplastic material remains a 
Solid, Such as at the Surfaces from which some amount of gas 
was allowed to desorb. In block 208, the saturated material 
is placed into a heating environment, such as a hot liquid 
bath. The heated liquid bath, block 208, uses a reservoir 
containing a hot medium, Such as oil, heated to a particular 
temperature. The bath raises the temperature of the material 
above the glass transition temperature of the polymer-gas 
system. Above the glass transition temperature, the material 
will soften and the polymer matrix will begin to crack, 
providing areas where the Saturated gas will begin to fill in: 
and as heating occurs, the solubility of the gas decreases, and 
in the areas where the polymer matrix has cracked, nucle 
ation will occur and bubble growth will begin. The main 
variable that is controlled is the foaming temperature. The 
foaming temperature will accurately control the final density 
and cellular structure of the foamed material. After the 
sample has been allowed to foam for a controlled time, the 
sample is removed from the heating bath and allowed to cool 
to room temperature. An alternative to the hot liquid bath is 
to heat the material in a press. 
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0118 Block 210 of FIG. 2 may use a press having a first 
and a second platen. In one embodiment, the first and second 
platens can be an upper and a lower platen. The Surface of 
the upper and lower platens are flat. This allows for the 
creation of foams with flat surfaces. However, shaped plat 
ens can be used to mold the thermoplastic material into any 
desirable shape. The platens are preferably heated to the 
desired temperature with the platens in the closed position. 
Once the platens are at temperature, the Saturated thermo 
plastic material is placed in the press between the upper and 
the lower platens. The platens are then forced to close 
against the upper and lower Surfaces of the thermoplastic 
material so that the lower surface of the upper platen touches 
the upper Surface of the thermoplastic material and the upper 
surface of the lower platen touches the lower surface of the 
thermoplastic material. The thermoplastic material can be 
foamed according to various embodiments of the press 
foaming technique as illustrated in FIGS. 4 through 6. 
0119. After creating a cellular thermoplastic material, it 
may be desirable to test the mechanical properties to deter 
mine whether the cellular thermoplastic material has sub 
stantially the same or improved properties as compared to 
the solid (or unfoamed) version of the thermoplastic mate 
rial. Generally, for mechanical testing, most if not all the 
residual gas is allowed to desorb from the cellular thermo 
plastic material. A suitable method for determining the 
minimum length of time required for desorption for 
mechanical testing may be, for example, by plotting gas 
concentration on the ordinate versus time on the abscissa to 
determine when the concentration does not substantially 
lessen over time. Desorption times for other polymers may 
vary to that of polyetherimide. Furthermore, during the 
foaming process, gas is released from the thermoplastic 
material to create the cellular structure. In addition, desorp 
tion of gas through a foam is faster than through a solid 
material. Accordingly, cellular thermoplastic materials will 
have less residual gas than the Solid thermoplastic material 
if both are allowed to desorb gas for the same period of time. 
Alternatively, the cellular thermoplastic materials can be 
desorbed in a vacuum chamber to speed up the desorption 
process. Depending on size, such as thickness, the desorp 
tion times may vary. 
I0120 Referring to FIG. 4, a conventional heated press 
foaming technique is illustrated. A first platen 402 and a 
second platen 404 face the respective upper and lower 
surface of a thermoplastic material 410. A first metal shim 
406 is placed between the lower surface of the upper platen 
402 and the upper surface of the lower platen 404. A second 
metal shim 408 is placed between the lower surface of the 
upper platen 402 and the upper surface of the lower platen 
404. In this way, the upper and lower platens 402 and 404 
are prevented from closing beyond the predetermined height 
or thickness dictated by the dimensions of shims 406 and 
408. One or both platens 402 and 404 can be forced in the 
direction of the arrows designated “F” to press against shims 
406 and 408. The force “F” is sufficient to prevent the foam 
410 from exceeding the thickness of the shims 406 and 408. 
One or both platens 402 and 404 can also be heated as 
indicated by the symbol “h” designating the application of 
heat to the platens 402 and 404. In this technique, prior to the 
material 410 foaming, the material begins by only touching 
one platen, generally the lower platen 404, so that heat to the 
lower surface of the material 410 is transferred by conduc 
tion. Before foaming, the upper surface of the material 410 
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is not touching the lower surface of the upper platen 402 so 
that initially heat to the upper surface of the material 410 is 
transferred mainly by radiation and/or convection from the 
upper platen 402. As the material 410 foams, the thickness 
of material 410 increases to the dimensions as determined by 
the shims 406 and 408, but the material 410 does not force 
the platens 402, 404 apart. Therefore, the thickness of the 
foam material 410 can be determined by selecting the 
appropriate shim dimension. The foaming process is thus 
constrained to conform to the flat geometry with a preset 
thickness, hence the term “constrained' foaming. In a varia 
tion of this process, the platens can be replaced by Surfaces 
of a mold to create desired shapes other than a flat geometry. 
An advantage of using a constrained foaming process is that 
it is easy to create an integral skin of desired thickness by 
using desorption time as a process variable. As desorption 
time increases, the thickness of the integral skin without a 
cellular structure increases. The time required for gas to 
desorb out of the fully saturated thermoplastic material sheet 
can range from a few hours to days depending on the desired 
skin thickness. The method of FIG. 4 achieves flat surfaces 
by constraining the foam in the thickness direction, which 
then forces the cellular thermoplastic foam to grow in the 
length/width plane. 

0121. In an alternate embodiment illustrated in FIG. 5, 
the shims 406 and 408 can be omitted. In this alternative 
technique, the upper platen 502 and the lower platen 504 are 
allowed to touch the respective upper and lower surfaces of 
the material 510 before foaming so that heat transferred 
from the platens 502,504 to the material 510 is by conduc 
tion on both the upper and the lower surfaces. A force is 
maintained by the platens 502,504 against the material 510, 
and as the material 510 foams, the material 510 expands and 
pushes against the upper platen 502 and the lower platen 504 
and forces the upper platen 502 and the lower platen 504 
apart. 

0122) While the constrained foaming method as illus 
trated in FIG. 4 is suitable for the creation of foams, the use 
of the shims 406 and 408 can lead to internal blistering. A 
method using the heated press as illustrated in FIG. 5 may 
be used to eliminate some of the internal blistering caused by 
the use of shims, but the method using the heated press of 
FIG. 5 may result in large surface deformations. 
0123. The internal blistering and the surface deforma 
tions may be reduced by the use of a method using the 
apparatus illustrated in FIG. 6. In FIG. 6, a press is illus 
trated having an upper platen 602 and a lower platen 604. 
The upper platen 602 and the lower platen 604 are config 
ured such that a force can be applied in the direction 
indicated by the arrows having the designation “F” to one or 
both platens 602 and 604. Similarly, heat designated by the 
letter “h” may be applied to one or both platens 602 and 604. 
In the embodiment illustrated in FIG. 6, the shims 406 and 
408 of FIG. 4 are not used. A breather layer 612 is interposed 
between the upper surface of the thermoplastic material 610 
and the lower surface of the upper platen 602. A second 
breather layer 614 is interposed between the lower surface of 
the material 610 and the upper surface of the lower platen 
604. The purpose of breather layers 612 and 614 is to allow 
desorbed gas to escape from the thermoplastic material 610 
as the material is foaming. In particular, as the thermoplastic 
material begins to off gas, the gas is allowed to escape 
through the breather layers 612 and 614. 
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0.124. An alternative of the embodiment illustrated in 
FIG. 6 is the embodiment illustrated in FIG. 7. 
(0.125 FIG. 7 illustrates an upper platen 702, a lower 
platen 704, wherein both upper and lower platens 702 and 
704 are configured such that a force “F” can be applied to 
close one or both of the platens against a thermoplastic 
material 710 as it is being foamed. However, unlike the 
embodiment of FIG. 6 that uses a first and second breather 
layer 712 and 714, the embodiment of FIG. 7 eliminates the 
need for breather layers, and instead includes through bores 
716 in the upper platen 702 and through bores 718 in the 
lower platen 704. The through bores 716 and 718 are 
functionally equivalent to the breather layers 612 and 614 of 
FIG. 6 in that the through bores 716 and 718 allow for the 
escape of gas from the thermoplastic material 710 such that 
internal blistering and Surface indentations are reduced. 
0.126 In one embodiment of a method, the device illus 
trated in FIG. 5, can be used to control the thickness of the 
cellular thermoplastic material 510. 
I0127. The force “F” applied by one or both platens 502 
and 504 is normal to the thermoplastic materials surfaces 
and, thus, creates frictional forces “f at the interface 
between the heated platens 502, 504 and the thermoplastic 
material 510 that resists the expansion of the thermoplastic 
material 510 against the frictional forces “f.” In the illus 
tration, the thermoplastic material 510 has a thickness 
dimension and a length/width, or the “in-plane' dimension. 
The frictional force at this interface can be defined as 

f=pF (1) 

0.128 where, f is the frictional force 
I0129 u is the co-efficient of friction between heated 

platens and foaming thermoplastic sheet 
0.130 F is the normal force applied on the foaming 
plastic sheet by the heated platen 

I0131 For a given L, as the normal force “F” increases, the 
frictional force also increases. This increasing frictional 
force restricts the in-plane expansion of the foaming ther 
moplastic sheet 510 in the length/width dimension. Due to 
this restriction on the in-plane growth, most of the foam 
growth then occurs in the thickness dimension. The foaming 
sheet 510 pushes against the platens 502, 504 overcoming 
the normal force and continues to grow in thickness. For a 
given set of processing conditions including Saturation pres 
Sure, desorption time, and foaming temperature, the final 
thickness of the cellular thermoplastic sheet 510 can be 
varied by varying the normal force applied during foaming. 
Therefore, one method includes the step of controlling the 
normal force sufficient to increase the frictional forces to 
prevent growth in the length/width dimension, but the nor 
mal force is insufficient to prevent increases in the thickness 
of the microcellular plastic sheet 510. There is an upper limit 
of the normal force beyond which the foaming cellular 
thermoplastic sheet can no longer Support the compressive 
normal force. This may lead to either of the two conditions: 
(1) the driving force behind foaming will overcome the 
frictional force causing in-plane expansion of the thermo 
plastic sheet, or (2) the foam structure collapses due to cell 
wall failure. 
(0132 FIGS. 8 and 9 show another embodiment illustrat 
ing a method in which a stack of gas-saturated thermoplastic 
sheets 810a, b, c, and d can all be foamed at once between 
the heated platens 902 and 904. Foaming in this stacked 
manner can create thick composite cellular sheets with 
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desirable density and thickness. It is possible to create 
multi-layered composite cellular structures by foaming and 
bonding more than one gas-saturated thermoplastic sheet in 
one step according to the following method. The method 
includes Saturating more than one thermoplastic sheet at 
high pressure with gas in a pressure vessel 802 as illustrated 
in FIG. 8. In FIG. 8, thermoplastic sheets 810a, b, c, and d 
are interleaved with a porous media 811a, b, c, and d, such 
as paper towels, to provide a means for allowing the gas to 
saturate the Surfaces of sheets adjacent to one another 
between the thermoplastic sheets. The one or more of the 
thermoplastic sheets 810a, b, c, and d are placed in the 
pressure vessel 802 and a high pressure gas, such as carbon 
dioxide, is introduced to the vessel 802. After achieving full 
saturation, the one or more sheets are removed from the 
pressure vessel 802, and are allowed to desorb for the 
desired desorption time. After the predetermined desorption 
time has elapsed, the gas-saturated thermoplastic sheets 
810a, b, c, and d are transferred to the press between the 
heated platens 902 and 904 as illustrated in FIG. 9. This can 
be done either one thermoplastic sheet at a time or more than 
one thermoplastic sheets without the porous interleaved 
media. An adhesive may be used between the sheets to bond 
the sheets into a composite cellular structure. The heated 
platens 902 and 904 may be at the desired foaming tem 
perature. The hydraulic press is operated to apply a normal 
force to the platens. The normal force is chosen depending 
on the desired final foam thickness. 

0133. Another embodiment for the use of the device of 
FIG. 5 is a method for creating a multi-layered cellular 
structure that has one or more facesheets made from the 
same or different material and a core foam material. Cur 
rently, composite Sandwich panels are constructed in two or 
more steps. The composite facesheets and foam (or honey 
comb) core are manufactured separately. Then, the compos 
ite facesheets are bonded to the two surfaces of the foam (or 
honeycomb) core with adhesive resins. This assembly is 
then cured at elevated temperatures to achieve a lightweight 
composite sandwich structure with excellent stiffness and 
strength characteristics. In addition to the multiple manu 
facturing steps, and due to the porous Surface of the foam (or 
honeycomb) core used currently, the amount of adhesive 
resin used to bond the facesheets uniformly to the surface of 
the foam core is wasteful. Adhesive resin is used to fill up 
the pores on the foam (or honeycomb) core Surfaces so as to 
create a flat continuous layer of adhesive resin to which the 
facesheets are attached. This extra adhesive resin also 
increases the overall weight of the sandwich panel. 
0134 One embodiment is a method for making a com 
posite structure with a foam core and at least one facesheet 
as illustrated in FIG. 10. Conventionally, structures having 
a foam core and facesheets were assembled after indepen 
dently forming the foam core and the facesheet separately. 
The facesheet would then be normally adhered with an 
adhesive to the foam core. However, because of the foam or 
honeycomb core that is used, adhesive is wasted on covering 
the entire cellular surface of a foam or honeycomb structure. 
The disclosed method can be used to provide lighter com 
posite Sandwich panels due to a reduction in the amount of 
adhesive resin. The adhesive used is less because the adhe 
sive is added to the core and/or facesheet before the core is 
converted into a foam, not after, as in the conventional 
method. The method involves using a cellular thermoplastic 
material 1010 as a core in place of the conventional foam or 
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honeycomb core used currently. The density of the cellular 
thermoplastic material 1010 can be created with a density 
that is substantially the same as that of the foam cores used 
currently. As previously described, a stack of thermoplastic 
sheets can be saturated with carbon dioxide gas in a high 
pressure environment by interleaving a porous material 
between sheets to allow gas to penetrate from all surfaces of 
the sheets. After saturation of the thermoplastic sheets, they 
are removed from the pressure vessel and allowed to desorb 
gas for a few minutes So as to enable forming a thin integral 
solid skin when the sheet is foamed in the heating step. After 
the predetermined desorption time has elapsed, one or more 
facesheets 1012 and 1014 are bonded to the upper and lower 
surfaces of each gas-saturated thermoplastic sheet 1010 
using a thin layer of adhesive resin 1016 and 1018. The 
assembly is then placed between the heated platens 1002 and 
1004 of a hydraulic press and the press is controlled suffi 
cient to keep the composite substantially flat. The platens 
1002 and 1004 are heated to the curing temperature of the 
adhesive resin. The curing temperature is therefore the 
foaming temperature of the gas-saturated thermoplastic 
sheets. The assembly is held at this temperature to allow the 
adhesive to cure and the gas-Saturated sheet to foam in one 
step. The Smooth integral skin that is formed because of 
desorption allows using reduced amounts of adhesive resin 
between the facesheets 1012 and 1014 and the cellular foam 
core 1010. Since the foaming temperature is also the curing 
temperature of the adhesive resin and cannot be varied, the 
density of the cellular foam core 1010 can be controlled by 
varying the other processing variables, such as Saturation 
pressure, saturation time, desorption time, etc. 
0.135 Another embodiment is a method of forming multi 
layered panels. The panels have a foam core at the center and 
a solid thick skin Surface. Conventionally, to make Such a 
panel, a single, monolithic thermoplastic material was used. 
Because a foam core was desired, the thermoplastic material 
was fully Saturated to achieve a uniform gas concentration 
throughout the material, including the center. The thermo 
plastic material was then allowed to desorb gas from the 
upper and lower Surfaces for a predetermined length of time 
that would result in the solid skin surface of desired thick 
ness. However, the time periods for full saturation to reach 
equilibrium and desorption required long periods of time. 
The disclosed method uses a first and second thinner sheet 
of thermoplastic material to lessen the amount of time 
required for absorption. 
0.136 Referring to FIG. 11, in one embodiment of making 
a multi-layered panel, first 1102 and second 1104 thermo 
plastic sheets are stacked together with one of their major 
Surfaces overlapping and in contact with one another. Dur 
ing Saturation, only one of the two major Surfaces of each of 
the thermoplastic sheets 1102 and 1104 is exposed to a 
high-pressure carbon dioxide gas environment as shown in 
FIG. 12. The porous interleaved materials described earlier 
are not used between pairs of sheets, thus, preventing 
absorption of gas via the overlapping Surfaces because the 
overlapping Surfaces are not fully exposed to the gas. Since 
the overlapping Surfaces are kept in contact, the gas diffuses 
into the thermoplastic sheets 1102 and 1104 mainly through 
the nonoverlapping Surfaces exposed to the high-pressure 
environment. In the case of multiple pairs as illustrated in 
FIG. 12, porous interleaved materials 1108a, 1108b, and 
1108c are used and placed between the pairs of sheets to 
allow gas to absorb on the surfaces between pairs. The time 
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in the pressure vessel 1201 is chosen as needed to attain 
minimum gas concentration required for foaming in 
approximately half of the starting sheet thickness (denoted 
by lattice in the illustration). It is noteworthy that in FIG. 12, 
the overlapping Surfaces in each pair of sheets has not 
reached the minimum gas concentration necessary for foam 
ing. In FIG. 12 all around the border areas, with the 
exception of overlapping Surfaces, a lattice representing the 
regions of the Solid thermoplastic sheets having the mini 
mum gas concentration available for foaming at the prede 
termined foaming temperature is shown. The center areas 
are regions which do not have the minimum gas concentra 
tion required for foaming. Hence, during the foaming step, 
the border areas of the thermoplastic sheets will have bubble 
nucleation and growth while the center areas of the sheets 
will remain solid. Once the gas concentration profile is 
achieved, the pairs of stacked sheets are removed from the 
pressure vessel 1201 and are transferred (optionally in 
stacked pairs) to the hydraulic press as shown in FIG. 13. 
The platens 1302 and 1304 of the press are set at a 
temperature that causes foaming in the border areas with 
minimum gas concentration to cause bubble nucleation and 
growth in those areas, while the center areas with lower than 
the minimum gas concentration remain Solid. The stacked 
pair of sheets 1102 and 1104 is put in the heated press such 
that the Surfaces with the minimum gas concentration 
required for foaming are in contact with the platens 1302 and 
1304. After the foam growth is completed in both the sheets 
1102 and 1104, the stacked pair of partially foamed sheets 
1102 and 1104 is removed from the press. The edges at the 
ends of both of the sheets 1102 and 1104 may be trimmed as 
shown in FIG. 14 leaving a foamed material having one side 
with cellular structure and one side of solid material. The 
trimmed sheets 1102 and 1104 are then bonded via an 
adhesive or mechanical fastener to each other in a manner 
such that the layer of foam of each sheet 1102 and 1104 faces 
each other and are at the center of the multi-layered panel, 
and the solid layers are the exterior surfaces of the multi 
layered panel as shown in FIG. 15. In the disclosed method, 
during the saturation step, gas is allowed to partially saturate 
the thermoplastic sheets to create the desired skin thickness 
instead of allowing for full saturation, followed by long 
desorption time. Thus, this method decreases the time 
required for producing a multi-layered panel having a foam 
core with solid thick skin. 

0137 The methods disclosed in association with FIGS. 
5-15 can be used to create thick cellular sheets. In some 
embodiments, the sheets can be greater than 3 mm and in 
other embodiments, the sheets can be at least 6 mm thick. A 
heated press provides easier control and faster production 
rates in the manufacturing of cellular thermoplastic sheets 
that have potential applications in the construction industry, 
automobile and boat manufacturing, and other load-bearing 
applications. 
0.138. As disclosed herein, controlling the temperature 
during the foaming process allows for controlling the den 
sity of the foamed thermoplastic material. An advantage of 
reducing the density is the reduction in weight and material. 
Thus, parts and components can be built with less material 
and weigh less than their solid counterparts. Referring to 
FIG. 16, a graph illustrating the relative density of a 
polyetherimide foam as a function of temperature for three 
saturation pressures is illustrated. FIG. 16 illustrates that 
above a certain temperature, the relative density becomes 
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unpredictable. For a saturation pressure of 1 MPa, the 
maximum temperature appears to be approximately 210°C. 
The lowest relative density at a saturation pressure of 1 MPa 
is slightly below 0.3. For a saturation pressure of 5 MPa, the 
highest temperature appears to be approximately 180° C. 
The lowest relative density for a saturation pressure of 5 
MPa is approximately 0.55. Relative density varies from 
about 0.3 to less than 1.0. While FIG. 16 is a graph for 
polyetherimide, it is generally believed that other materials 
will follow similar trends. 

0.139. Further, as disclosed above in connection with FIG. 
1, creating nano-sized cells in a thermoplastic material that 
have an average size of from 0.1 nm to 100 nm, or in the 
range of 20 nm to 40 nm produces foams that are lower in 
density to the initial density of the material, but retain some 
of the desirable properties of the solid thermoplastic mate 
rial. Among the desirable properties are light transmissivity, 
impact strength, and tensile elongation. The procedures for 
determining density, light transmissivity, impact strength, 
and tensile elongation (strain) are described in the 
EXAMPLES section below. Accordingly, respective meth 
ods for decreasing the density of a thermoplastic material 
without Substantially reducing the light transmissivity, 
impact strength, and tensile elongation of the material are 
disclosed that introduce nano-sized cells having an average 
size of 0.1 nm to 100 nm into the thermoplastic material. 
While tensile elongation is the property that is tested in the 
EXAMPLES section below, it is to be appreciated that 
tensile elongation is representative of a materials ability to 
bend without breaking. Therefore, the methods disclosed 
herein not only result in Sustained tensile elongation of 
materials, but also when the material is both under com 
pression and tension, such as when a material is being bent. 
In this case, the material undergoes a compressive force on 
one side and tension on the opposite side. The disclosed 
method, therefore, produces a material that also has a higher 
bending ability withoutbreak than the solid material. There 
fore, as used herein, "elongation' is not limited to elongation 
occurring Solely under tensile strain, and may include elon 
gation when under tension and compression, such as when 
bending. 
0140. Furthermore, in addition to providing significant 
light transmissivity, nano-sized cells also have the ability to 
transmit or deflect different wavelengths of light. For 
example, in the size of 20 nm to 40 nm, the nano-sized cells 
can scatter blue light and allow red light to pass through, 
which has the effect of coloring the material a blue color. 
Accordingly, by adjusting the cell size in the nano-size range 
of 0.1 nm to 100 nm, color can be added to the material 
without introducing pigments in the material. 
0141 Because of the ability of nano-sized cells to block 
or deflect certain wavelengths of light, a light filter can be 
constructed from a thermoplastic material by forming nano 
sized cells of an average cell size of 0.1 nm to 100 nm, 
wherein the size of the cells determines the wavelength of 
light that is filtered by the thermoplastic material. The 
thermoplastic light filter with nano-sized cells can be used in 
a method to block light of a certain wavelength. 
0.142 Referring to FIG. 3, another embodiment of a 
method for altering the impact strength of a solid thermo 
plastic material is illustrated. The method includes block 
302. In block 302, a solid thermoplastic material is obtained. 
The Solid thermoplastic material has an initial impact 
strength. From block 302, the method enters block 304. In 
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block 304, the thermoplastic material is treated at an 
elevated pressure to cause gas to be absorbed in a thermo 
plastic material. From block 304, the method enters block 
306. In block 306, the thermoplastic material is treated at a 
lower pressure to allow gas to desorb from the thermoplastic 
material. From block 306, the method enters block 308. In 
block 308, a solid thermoplastic material having an altered 
impact strength different than the initial impact strength is 
produced by the treatment in blocks 304 and 306. When the 
thermoplastic material is treated at a low pressure on the 
order of 1 MPa, the impact strength is decreased compared 
to the initial impact strength, and when the thermoplastic 
material is treated at a high pressure on the order of 5 MPa, 
the impact strength is increased compared to the initial 
impact strength. Whether the impact strength is increased or 
decreased may vary with the Saturation pressure. Optionally, 
the method further includes block 310. In block 310, the 
Solid thermoplastic material having an altered impact 
strength different than the initial impact strength can be used 
to form a component or a part that can replace the normal 
thermoplastic material with initial impact strength. In one 
embodiment, block 310 is performed on the thermoplastic 
material that is desorbed according to block 306. For 
example, forming a component may involve shaping the 
desorbed thermoplastic material in a cold pressing tech 
nique, or by applying a mild heat treatment. In another 
embodiment, forming a component or part may be per 
formed simultaneously with block 306, and while the ther 
moplastic material is undergoing desorption of gas. For 
example, the thermoplastic material may be shaped by a cold 
pressing technique during block 306, or by applying a mild 
heat treatment. The material that is treated by the methods 
disclosed herein in connection with FIG.3 may be any shape 
and/or size. For example, a component of an aircraft or any 
land vehicle may be treated after being formed. As disclosed 
above, the saturation pressure may determine whether the 
treatment results in increased or decreased impact strength. 
Referring to FIG. 31, the impact strength of solid polyether 
imide saturated at 1 MPa and desorbed has an impact 
strength lower than the impact strength of the standard 
material. The impact strength of Solid polyetherimide Satu 
rated at 5 MPa and desorbed has an impact strength greater 
than the impact strength of the standard material. Referring 
to FIG. 32, the impact strength of solid polycarbonate 
saturated at 1 MPa and desorbed has an impact strength 
greater than the impact strength of the standard material. The 
impact strength of solid polycarbonate saturated at 4 MPa 
and desorbed has an impact strength greater than the impact 
strength of the standard material, but less than the solid 
polycarbonate saturated at 1 MPa. The impact strength of 
solid polycarbonate saturated at 7 MPa and desorbed has an 
impact strength greater than the impact strength of the 
standard material and the solid polycarbonate Saturated at 4 
MPa, but less than the solid polycarbonate saturated at 1 
MPa. Polycarbonate (PC) is a widely used plastic especially 
for impact applications, such as Sunglass lenses, nalgene 
water bottles, and bulletproof glass windows. PC shows an 
increase in impact resistance over a wide range of Saturation 
pressures from 1, 4, and 7 MPa. In FIG. 33, the impact 
strength of solid high-impact polystyrene saturated at 1 MPa 
and desorbed has an impact strength lower than the impact 
strength of the standard material. The impact strength of 
Solid high impact polystyrene Saturated at 4 MPa and 
desorbed has an impact strength lower than the impact 
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strength of the standard material and of the polystyrene 
saturated at 1 MPa. High Impact Polystyrene (HIPS) exhib 
its a decreasing impact strength with the Saturation pres 
Sures. Accordingly, whether the impact strength of a material 
increases or decreases depends on the Saturation pressures. 
0143. As disclosed above, at saturation pressures of 5 
MPa, nano-sized cells were formed in polyetherimide. A 
nano-sized cell as defined herein has a size from 0.1 nm to 
100 nm. A nanocellular foam has cells that have an average 
cell size from 0.1 nm to 100 nm. In another embodiment, a 
nano-sized cell can have a size from 20 nm to 40 nm. At 
saturation pressures of 1 MPa, micro-sized cells were 
formed in polyetherimide. A micro-sized cell as defined 
herein has a size from greater than 0.1 micrometers (Lm) to 
100 micrometers (m). A microcellular foam has cells that 
have an average cell size from 0.1 um to 100 um. At 
saturation pressures of 4 MPa, both nano-sized cells and 
micro-sized cells were formed in polyetherimide. These 
cellular structures are described below. 

0144. Referring to FIG. 17, a scanning electron micro 
graph of a cross-sectional view of foamed polyetherimide 
shows nano-sized cells having cell diameters in the Submi 
crometer range. Foams having nano-sized cells can be 
created using the hot liquid bath or heated press method 
disclosed herein or other heating method. Foams having 
nano-sized cells with an average cell size of from 0.1 nm to 
100 nm are believed to have desirable mechanical proper 
ties. Such as light transmissivity, impact strength, and tensile 
elongation that are substantially the same or higher than that 
of the starting Solid thermoplastic material, and are also 
believed to be higher than the same properties for a micro 
cellular structure. In the particular instance of polyetherim 
ide, based on the molecular size calculations for polyether 
imide of 100 nm, the cellular size produced in the 
nanocellular material creates bubbles much smaller than the 
estimated molecular size. The circumference of half a 
bubble would be in the range of 31.4-62.8 nm for a cell size 
range of 20-40 nm. This would allow for polyetherimide 
molecules to stretch from one side of the cell to the other and 
still have 38-69 nm of molecular length to entangle with 
molecules on either side of the cell. The scale of the cellular 
size might have drastic effects on the mechanical properties 
of these nanocellular forms. In contrast, microcellular voids 
of 3 um would create a half circumference of 4.7 um. At this 
cellular size, it would take forty-seven 100 nm-sized 
polyetherimide molecules to reach from one side of the cell 
to the other. 
0145 FIG. 18 is a scanning electron micrograph of a 
cross-sectional view of microcellular polyetherimide with 
cell diameters in the 3 micrometer range. Foams having 
micro-sized cells can be created using the hot liquid bath or 
heated press method disclosed herein or other heating 
method. Micro-sized cells are considered to have an average 
cell size ranging from greater than 1 um to 100 Lum. 
0146 Both the microcellular thermoplastic foams and the 
nanocellular thermoplastic foams can be created using a 
Solid-state foaming method. Such as the heated liquid bath 
method or any variation of the heated press method dis 
closed herein, wherein the saturation pressure is 1 MPa to 
create microcellular structures, and the Saturation pressure is 
5 MPa to create nanocellular structures. When the structure 
includes nano-sized features and micro-sized features, the 
structure is bimodal. Several bimodal cellular structures are 
possible using the disclosed foaming methods. To create 
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bimodal foams as disclosed herein, the gas being desorbed 
during the heating process may be allowed to escape from 
the material. 

0147 Referring to FIGS. 19 and 20, scanning electron 
micrographs of a cross-sectional view of a polyetherimide 
foam produced using the heated press method shows a foam 
having cells of an average cell size of about 4 Lum. These 
micro-sized cells form the primary structure. However, upon 
closer inspection of the inner cell walls, it was found that the 
heated press method produced nano-sized features on the 
cell walls of the larger microcellular features. Some of the 
nano-sized features create connectivity between the larger 
micro-sized cells. The heated liquid bath or the heated press 
with means to allow channeling of the gas from the Surfaces 
produces these bimodal cellular structures. In one embodi 
ment, using a thermoplastic material that is saturated at 1 
MPa Saturation pressure may be used to make the bimodal 
structure represented in FIGS. 19 and 20. The structure may 
be referred to herein as an “intrabimodal” cellular structure. 
It is believed that an intrabimodal cellular structure may be 
created having micro-sized cells having an average cell size 
of greater than 1 Lum to 100 um and having nano-sized 
features having an average size of 0.1 nm to 500 nm. 
0148 Referring to FIGS. 21 and 22, scanning electron 
micrographs of a cross-sectional view of foamed polyether 
imide using a saturation pressure of 4 MPa are shown. 
Micro-sized cells having a cell size of approximately 2 to 3 
um are interspersed among a majority of nano-sized cells 
having average cell sizes of less than 1 Lum. The heated press 
method without the use of a breather layer can make this 
bimodal structure. This bimodal structure has the majority of 
cells in the 1 to 2 um range with an evenly distributed 
secondary structure of cells in the 10 to 15 um range. These 
bimodal cellular structures may be referred to herein as 
“intercellular bimodal structures. A bimodal structure such 
as this may have Superior mechanical properties to that of 
foams having either of the two cell sizes alone. It is believed 
that an interbimodal cellular structure may be created having 
the Smaller cells forming the primary structure with an 
average cell size of less than 2 um and the larger cells 
interspersed throughout the primary structure having cells 
that have an average cell size of 2 um to 100 um. In another 
embodiment, a microcellular polyetherimide foam can be 
created independent of the Saturation pressure. At a satura 
tion pressure of 5 MPa and using a breather layer between 
the hot platens and the thermoplastic material, gas is allowed 
to escape from the surfaces of the material. The resultant 
structure is a cellular structure having nano-sized cells. 
When the material is foamed in the heated press without the 
use of the breather layer, the foam structure has micro-sized 
cells. A breather layer can be a porous cloth that allows gas 
to travel from the surface of the polymer to outside of the 
press. There are advantages of this process over the con 
ventional bath foaming process, including: (1) the cellular 
size is determined independent of the saturation step, and (2) 
at higher pressures, the saturation step requires less process 
ing time to make micro-sized cells. By Saturating at 5 MPa 
instead of 1 MPa, the Saturation processing time is reduced 
by approximately ten days to make microcellular foams. 
Microcellular foams saturated at 5 MPa can be created that 
are equivalent in Scale to that produced when Saturated at 1 
MPa. By using this method, the time needed to create 
microcellular polyetherimide is significantly reduced. 
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0149. Although polyetherimide has been disclosed as 
capable of forming nano-sized cells, other thermoplastic 
polymers are thought to be able to form nano-sized cells. 
Representative thermoplastic materials that may be useful in 
accordance with embodiments of the present invention 
include amorphous polymers and semi-crystalline polymers. 
Representative compounds include, but are not limited to, 
thermoplastic urethanes, thermoplastic elastomers, polyeth 
ylene naphthalate, polyetherimide, polyetheretherketone, 
polyphenylene, Sulfone, polyamide-imide, polysulfone, 
polyphenylsulfone, polyetherSulfone, polyphthalamide, pol 
yarylamide, polyphenylene Sulfide, cyclic olefin copolymer, 
polyphthalate carbonate, polycarbonate, polyvinylidene 
chloride, polyurethane, polyphenylene oxide, poly (acrylo 
nitrile-butadiene-styrene), polymethylmethacrylate, cross 
linked polyethylene, polystyrene, styrene acrylonitrile, poly 
vinyl chloride, polybutylene terephthalate, polyethylene 
terephthalate, polyoxymethylene, polyacetal, polyamide, 
polyolefin, polyethylene, polypropylene. 
0150 Polyetherimide was selected as a representative 
thermoplastic material for its ability to create a wide range 
of cell sizes. Polyetherimide has the chemical formula 
CHON. The monomer molecular weight is 592 g/mol. 
The molecular weight of a polyetherimide polymer averages 
30,000 g/mol. By dividing the polymer molecular weight 
from the monomer molecular weight, on average there are 
51 repeating monomer units per polymer chain. 

Examples 

Sample Preparation 
0151 Samples for testing density, impact strength, light 
transmissivity, tensile elongation (strain), and a modified 
press foaming method were cut from a polyetherimide sheet 
with a backing film attached to the sheet. All samples had a 
thickness of 0.06 inches or 1.5 mm. Samples used for a 
tensile strain test required a secondary operation to cut the 
samples into a dog-bone shape from the sample blanks. A 
foot-operated shear press was used to achieve the desired 
sample dimensions. Samples were cut using the press with 
the protective polymer film still attached to the samples. 
After the samples were cut, the surface film layer was 
removed. Due to the slight brittle nature of polyetherimide, 
samples were inspected for cracking after the shearing 
operation. Any samples with Surface blemishes or internal 
cracks were discarded. 
0152 Samples for impact testing were created following 
the recommendations of ASTM D5420 “Standard Test 
Method for Impact Resistance (Gardner Impact). The stan 
dard specifies that the impact sample be at least 1 inch 
greater than the diameter of the Support plate hole. Accord 
ing to the ASTM standard, the minimum sample size for the 
test apparatus would then be 1.64"x1.64". Samples measur 
ing 2"x2" were produced in an effort to reduce the effect of 
shear cutting inducing undetectable defects along the shear 
edge. Samples for density and light transmissivity testing 
were sheared from the raw polyetherimide sheet into 1" x 1" 
samples. The Small sample size allowed for easy Saturation 
in pressure vessels and provided the required accuracy. 
0153. Samples for tensile testing required a further cut 
ting operation to produce the required ASTM dog-bone 
shape. Blanks were cut to 4.5"x 1", followed by a milling 
operation. The samples for tensile elongation testing were 
manufactured according to ASTM D638 Type IV specifica 
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tions. Samples were machined in batches of ten using a 
TRAKK3E 2-axis CNC knee mill accurate to within 0.001". 
A 0.5" diameter Swift-CarbTM carbide steel end mill, rotat 
ing at 800 rpm, was used to cut the samples. 
0154 Samples used for obtaining the mechanical testing 
results shown in FIGS. 25 to 30 were saturated for at least 
the time periods shown in Table 1 below in accordance with 
the Saturation pressure used. Samples used in density mea 
surements were foamed at the temperature shown in Table 1 
below. 

TABLE 1. 

PEI Processing Conditions Used for Mechanical Samples 

1 MPa Saturation Pressure 

Full Saturation Absorption Time 22 days 
Desorption to <1% gCO2/gPEI 7 days 
Total Processing Cycle Time 39 days 

Relative Density Foaming Temperature (C.) 

75% 81 
82.50% 73.5 

90% 67 

5 MPA Saturation Pressure 

Full Saturation Absorption Time 2 days 
Desorption to <1% gCO2/gPEI 27 days 
Total Processing Cycle Time 39 days 

Relative Density Foaming Temperature (C.) 

75% 37 
82.50% 26 

90% 13 

Saturation of Samples 
0155 Samples were wrapped in paper towels to assure 
that gas is absorbed by all surfaces evenly. The wrapped 
samples were then placed in a pressure vessel and sealed. 
Carbon dioxide with a 99.9% purity, supplied by Airgas 
Norpac, was then delivered to the pressure vessel from a 
high pressure tank. The saturation pressure was controlled 
by a PID microcontroller to an accuracy of +0.1 MPa. 
Samples were then allowed to absorb gas over a predeter 
mined amount of time. After the samples reached full 
saturation, they were removed from the pressure vessel and 
allowed to desorb gas before being foamed. The samples 
were allowed to desorb for 2 minutes before being placed in 
the foaming bath. All samples used to report on the mechani 
cal properties were prepared using a heated bath process. 
Samples used in press foaming were placed in a freezer at 0° 
C. to slow the desorption of gas from the polymer, and then 
placed in the heated press. The samples were generally at the 
same gas concentration before foaming. 

Foaming Methods 
0156 Two methods for foaming samples were used. A 
hot oil bath was used to foam all of the samples used for 
density, impact strength, light transmissivity, and tensile 
characterization. A modified heated press method was used 
to foam samples for foam characterization. Heated press 
foaming is advantageous to create flat specimens and to 
characterize the cellular structures produced by the heated 
press foaming method. 
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0157 For oil bath foaming, following a 2-minute des 
orption period at atmospheric pressure and room tempera 
ture, the samples were placed into the METTLER balance to 
measure gas concentration. At 2.5 minutes, the samples were 
then placed into a temperature controlled ThermoHaake B5 
hot silicon oil bath and foamed for 2.5 minutes. At 5 minutes 
from depressurization, the samples were removed from the 
oil bath. Any excess oil was removed from the surface of the 
samples and the samples were allowed to cool to room 
temperature. A wire cage was used to house the specimen to 
keep the sample Submerged in the oil bath. 
0158. A heated press apparatus included an upper and 
lower heated platen, a hydraulic pressure cylinder, and a 
control system. Various processing parameters can be varied 
via the control system. In heated press foaming, the platens 
were heated to the desired temperature with the platens in 
the closed position. Once the platens are at temperature, a 
sample is removed from the pressure vessel and allowed to 
desorb for several minutes, generally 2 to 4 minutes, while 
being transported to the press. However, the desorption 
times were generally insufficient to Substantially change the 
concentration of gas. Generally, the samples contained Sub 
stantially the same gas concentration. The heated platens are 
opened and the sample is placed between the upper and the 
lower platens at about the center of the platens. The platens 
are then closed so that the heated surface of the upper platen 
touches the upper Surface of the sample and the heated 
surface of the lower platen touches the lower surface of the 
sample. See, for example, FIG. 5. Both the upper and the 
lower platen make contact with the sample and apply 
pressure to the upper and lower Surfaces of the sample. The 
foam will then push against the pressure created by the 
platens in order to foam. Heating occurs on both Surfaces of 
the sample through conduction. 
0159. After foaming, the samples were allowed to desorb 
to a minimum gas concentration before the mechanical 
properties of the samples were tested. 

Desorption 

0160 To determine the time required to reach a minimum 
gas concentration before mechanical testing, desorption tests 
were performed on samples without undergoing foaming. 
The samples were removed from the pressure vessel and 
allowed to sit at room temperature at atmospheric pressure. 
Periodic weight measurements were taken to record the 
amount of gas dissolved in the sample using a METTLER 
AE240 balance. After the samples had desorbed carbon 
dioxide to a concentration less than 0.01 g CO/gPEI, they 
were considered “fully desorbed.” The threshold gas con 
centration for performing mechanical testing is when the 
concentration is equal to or less than 10 mg carbon dioxide 
per gram of polyetherimide. The minimum desorption times 
for the various saturation pressure are listed in Table 2 
below. 

TABLE 2 

Desorption Times Before Mechanical Testing 

Saturation Required Desorption 
Pressure Time (Hours) 

1 400 
2 550 
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TABLE 2-continued 

Desorption Times Before Mechanical Testing 

Saturation Required Desorption 
Pressure Time (Hours) 

4 6SO 
5 6SO 

0161 Foam and non-foamed (virgin) samples of 
polyetherimide were desorbed of gas before being tested for 
mechanical properties. The threshold gas concentration for 
mechanical testing was chosen as less than 10 mg carbon 
dioxide per gram polyetherimide. It was not necessary to 
allow desorption of foams used for structure characteriza 
tion. Desorption times required for foams will be less than 
the values in Table 2 because the foaming process releases 
gas from the polymer to create the cellular structure and also 
because gas desorbs faster in a cellular structure. Foamed 
samples desorbed according to the times in Table 1 will then 
have a much lower gas concentration than the solid samples. 
Nevertheless, regardless of the minimum desorption times in 
Table 2, the foamed samples used in mechanical testing were 
allowed to desorb for at least 700 hours. After 700 hours, the 
gas concentration is essentially constant regardless of the 
saturation pressure used. 

Density Measurement 
0162 Density evaluation was performed according to 
ASTM standard D792. The flotation weight loss method 
uses distilled water as the liquid. The sample is first weighed 
“dry,” and then the sample is placed below the surface of the 
water and weighed again. Care was taken to avoid that there 
were no gas bubbles attached to the surface of the sample 
during the 'wet' weight measurement. The equation used to 
calculate the density of the polymer sample is: 

W 1 
D = (ww.) D. (1) 

(0163 where, 
0164 D-density of the sample 
(0165 W, dry weight 
(0166 W wet weight 
(0167 D-density of distilled water (taken as 0.9975 
g/cm) 
0168 Density is reported as relative density or void 
fraction. Relative density is the density of the foamed 
material divided by the density of the unfoamed material. 
Void fraction is defined as one minus the relative density. 
Both relative density and void fraction are expressed as a 
percentage. For example, a material with 60% relative 
density means that the total volume of the foamed sample is 
60% polymer and 40% air. 

Light Transmissivity Measurement 

0169. As used herein, transmissivity is the fraction of 
light that passes through a material for a specified wave 
length. Transmissivity is calculated as the ratio of the 
intensity of light that passes through a material divided by 
the intensity of the light source. The transmissivity value is 
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inversely related to the opacity of the sample. An opaque 
sample will not allow light to pass through; therefore, it will 
have a low transmissivity. 
0170 FIG. 23 is a schematic circuit diagram of a device 
that was designed and constructed to test the light transmis 
sivity of materials. The instrument depicted in FIG. 23 emits 
a specific wavelength of light at a sample and then measures 
the amount of light that passes through the sample with a 
photoresistive transistor detector 1502. The voltage drop 
across the series resistor 1504 is measured and compared to 
the voltage drop when no sample exists between the emitter 
1506 and detector 1502. The ratio of these values is the 
transmissivity. The circuit illustrated in FIG. 15 was built on 
a solderless breadboard. A cardboard cover was constructed 
to shield ambient infrared light from entering the detector 
1502 during measurements. The emitter 1506 and detector 
1502 were purchased as a matched set of near-infrared light 
emitting diodes (LEDs). Near-infrared light exists just out 
side the visible electromagnetic spectrum. The LED emitter 
1506 had a peak wavelength of 940 nm. The procedure to 
measure the transmissivity of a cellular sample is as follows. 
The cover is placed over the emitter 1506 and detector 1502 
and the V voltage measured between points 1508 and 
1510 is recorded. After recording the voltage, the cover is 
removed and the sample is placed inside the cover, perpen 
dicular to the length and between two sides of the cover, 
making Sure that no gaps exist between the cover and the 
sample. For example, the sides of the cover may be repre 
sented by the parallel lines of the letter “H” such that the 
sample is represented by the middle perpendicular line. The 
cover can be a cardboard box with five sides and lacking the 
bottom side. The inside dimensions of the cover are matched 
to the dimensions of the sample being tested. The cover with 
the sample is then placed over the emitter 1506 and detector 
1502 so that the sample lies in the path of light between the 
emitter 1506 and detector 1502. The V voltage is recorded 
and the transmissivity is calculated by dividing the sample 
Voltage by the Voltage without the sample. 

Impact Strength Measurement 

0171 Impact strength measurement was performed 
according to ASTM D5420. The impact strength is a mea 
Surement of energy required to break or crack a flat polymer 
sample by the impact of a falling weight. 
0172. The procedure to measure the impact strength of 
microcellular and nanocellular polyetherimide foam 
required foaming 2"x2" samples. The ASTM standard calls 
for a minimum of 20 impact samples for Sufficient results, 
assuming the mean failure height is known. The testing of 
the polyetherimide samples required 26 samples, including 
6 to estimate the mean failure height and 20 to perform 
measurementS. 

Measurement of Tensile Strain 

0173 Tensile testing generally requires the application of 
a gradually increasing uniaxial stress until the propagation 
of a single crack causes failure. Samples for tensile testing 
were manufactured to ASTM D638 Type IV specifications. 
Testing of these samples also followed ASTM D638. Tensile 
testing was performed on an Instron 5585H. In this appa 
ratus, Serrated jaws hold the tensile samples. A constant 
crosshead rate was used to control the amount of stress 
applied to the polymer samples. The majority of testing was 



US 2017/0008202 A1 

conducted with a crosshead rate of 10 mm/min. Tests were 
also conducted at a rate of 50, 100, and 200 mm/min. An 
extensometer with a gage length of 25 mm was employed to 
measure the initial strain until approximately half the yield 
stress. After removing the extensometer, strain was recorded 
from the extension on the Instron crosshead. 

Microstructure Characterization 

0174 The characterization of microcellular and nanocel 
lular polyetherimide structures was performed by imaging 
the structures with a scanning electron microscope (SEM). 
All images were taken on a digital FEI Siriron Scanning 
electron microscope. Samples were first scored with a razor 
blade and freeze fractured with liquid nitrogen. Samples 
were then mounted in metal stages and the imaged surface 
was sputter coated with Au—Pd for between 20 to 60 
seconds. Accelerating voltages varied between 2 to 10 kV 
for imaging and both "high resolution' and “ultra-high 
resolution detectors were used, depending on the size of the 
microstructure. 
0.175. A saturation pressure of 1 MPa was used to create 
foams having a microcellular structure and a Saturation 
pressure of 5 MPa was used to create foams having a 
nanocellular structure. FIG. 16 shows the relative density as 
a function of foaming temperature for saturation pressures of 
1 MPa and 5 MPa for polyetherimide foam. The cellular 
structures were imaged as described above to identify the 
average cell sizes for the densities used in mechanical 
testing. 
0176 Microcellular samples produced in the density 
foaming experiments ranged from 96.5 to 28.7% relative 
density. High density samples were analyzed and average 
cell size was calculated by averaging the cell size of at least 
30 cells. The average cell size of a 91.5% relative density 
sample was 2.5 um (see FIG. 18) and the average cell size 
for a sample of relative density 70.2% was 3.5 um. 
0177. The images of lower relative density microcellular 
samples show interesting structures below a relative density 
of approximately 56%. See, for example, FIG. 19. These 
samples exhibited microcellular structure but, upon closer 
inspection, the inner cell walls show nano-sized features. 
The nano-features can best be described as segmented 
sections of the cell walls where, during bubble growth, 
polyetherimide molecules remain entangled and bridge the 
slight radius of the cell wall. FIGS. 19 and 20 support this 
description of the structure and also show that these nano 
features are reduced when cells adjacent to the cell in 
question push to create flat sections on the cell wall. These 
flatter sections of the cell show less nano-features than other 
sections where there is more curvature. In addition to these 
nano-features, samples with lower densities show that these 
nano-features create nano-interconnectivity between one 
microcell to another. The interconnectivity does not take the 
shape of circular cells but appears as a network or webbing 
of stretched molecules. 
0178. In order to image nanocellular samples using SEM, 
Au—Pd coating times were reduced to avoid covering the 
cells. Nanocellular samples had a density range of 70-90% 
relative density and had cells averaging 20-40 nm, depend 
ing on the density. See, for example, FIG. 17 at 69.9% 
relative density. 
Foam Structure Characterization at 4 MPa 

0179 Samples treated at a saturation pressure of 4 MPa 
were formed at various temperatures using the heated oil 
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bath method to study the structure and density of polyether 
imide at various foaming temperatures. SEM images of the 
microstructure of these foam samples are shown in FIGS. 21 
and 22. Average cellular sizes ranged from 250 nm to 1 Lum. 
The foam characterization experiments carried out at 4MPa 
confirm that in the range of 4-5 MPa, cellular size decreases 
from 1 um to 60 nm, depending on foaming temperature. 

Internal Blistering 
0180. Over the course of experimentation, it was 
observed that a few samples developed large internal blis 
ters. The formation of large internal blisters in polyether 
imide should not be confused with the surface blisters 
usually observed during the solid state method. Normal 
Surface blistering usually appears when the integral skin of 
a polymer becomes too weak to Support the internal foaming 
pressure during processing. Surface blistering often occurs 
when foaming at high temperatures in the attempt to create 
very low density foam. In contrast to surface blisters, 
internal blisters originate directly from the center of the 
sample. In the first 20-30 seconds of foaming, the samples 
that will later develop internal blisters begin to curl. Samples 
that exhibit extreme curling during the first half minute of 
foaming develop internal blisters by the end of the foaming 
process. Many samples that do not develop blisters will 
Sometimes develop a curl, but this curling is created during 
the entire 2.5-minute foaming process, not solely in the first 
20-30 seconds. During the last 30 seconds of foaming, the 
internal blisters begin to appear. The internal blisters will 
often pop in the oil bath when the material creates the large 
internal cavity of gas. The Solid skin and foamed sections 
around a gas pocket yield to the high pressure of the gas. 
After removal from the oil bath, defective samples retain the 
large curvature and the large internal blisters produced while 
foaming. Internal blisters appeared in Samples of all dimen 
sions, including the dog-bone shaped samples for tensile 
testing. 
0181. One possible cause for the internal blistering is a 
weak mid-plane in the center of the material traveling 
parallel to the materials surface. The weakened mid-plane 
could be caused by a defect in the raw material or is a 
function of the solid-state foaming process. Crack propaga 
tion starts perpendicular to the Surface, then abruptly 
changes direction to the mid-plane parallel to the sample 
Surface. 
Creation of Flat Foams without Internal Blistering 
0182 Because the heated oil bath foaming method often 
creates slight curvature with larger sample sizes, a modified 
constrained press foaming method was used to create flat 
microcellular and nanocellular polyetherimide. 
0183 Referring to FIG. 4, a schematic illustration of a 
prior art constrained press foaming process is illustrated. In 
this process, shims 406 and 408 can be placed between the 
upper 402 and lower 404 platen that determine the thickness 
of the foam 410. The upper 402 and lower 404 platens are 
prevented from closing beyond the dimension of the metal 
shims 406 and 408. Heat transfer from the platens 402 and 
404 to the sample 410 includes conduction by direct contact 
of one Surface of the sample to a heated platen and by 
convection of heat from a second platen to the opposite 
Surface of the sample. 
0.184 Experiments using the prior art press foaming 
method of FIG. 4 were performed on a variety of sample 
sizes including 3"x3", 3"x6", and 6"x6". Samples were 
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saturated at 1 MPa until full saturation was reached, based 
off saturation times presented above. Upon full saturation, 
samples were removed and placed in a freezer set to 0°C. 
to slow the process of desorption. Two foaming tempera 
tures were explored in the constrained foaming process 
including 197° C. and 210°C. Samples were foamed a total 
of 3 minutes, whereupon the cooling systems were turned on 
to cool the platens for sample removal. The first foaming 
runs followed the proposed constrained foaming process 
developed by Nadella et al. (Nadella, K. Kumar, V., Li, W., 
“Constrained Solid-State Foaming of Microcellular Panels.” 
Cellular Polymers, p. 71, 2005). The constrained foaming 
method of Nadella et al. sets a fixed thickness based on the 
estimated thickness after foaming is completed by the use of 
shims. Samples are slid between the platens and allowed to 
foam to the top platen. See FIG. 4. 
0185. Two variations of the conventional constrained 
foaming process of Nadella et al. were explored. Polyether 
imide samples exhibited a large scrap rate due to internal 
blistering when allowing to free foam according to the 
conventional method. One variation illustrated in FIG. 5 
included removing the shims and closing the press until both 
heated platen Surfaces touched the Surface of the sample. 
Two modes of operation are possible where the first and 
second platens 502 and 504 apply a force on respective 
upper and lower sides of the sample 510. In this mode, heat 
transfer to the sample 510 is by direct conduction of heat 
from the upper 502 and lower 504 platens. Samples grew in 
volume by the driving force exerted on the platens from the 
expanding gas. In the second variation illustrated in FIG. 6. 
nylon composite manufacturing breather layers 612, 614 
were added between the sample 610 and the platen surfaces 
602, 604. 
0186 The density of the samples foamed by the conven 
tional constrained foaming process matched that of the 
samples produced by the oil bath process. However, 100% 
of the samples developed large internal blisters. The creation 
of internal blisters occurred early in the over-all foaming 
process before the foamed sample reached the top platen 
surface. One solution was to close the platens to touch the 
Surfaces of the sample without shims and allowing the foam 
to expand against the force of the platens as illustrated in 
FIG. 5. This modification resulted in improved quality, and 
the scrap rate decreased. Despite this improvement, many 
parts still had a number of irregularities. Only a small 
fraction of the “good' foams had a smooth surface. Many 
foams foamed without the use of shims had irregular volu 
metric expansion during foaming. 
0187. The effect of closing the platens entirely on the 
saturated sample created an overall flatness of the samples 
with many samples having a smooth Surface. Scrap parts of 
this process had small internal blisters in addition to indents 
on the Surface. It is assumed that the Surface indents were 
caused by the collection of gas escaping from the Surface of 
the polymer during foaming. To avoid the formation of 
internal blisters and surface deformations, a breather layer 
was placed between the sample Surface and platen Surface to 
allow for gas to escape as the gas desorbed from the sample 
during foaming as illustrated in FIG. 6. A breather layer was 
obtained from a composite manufacturing lab and included 
a woven nylon fabric having a thickness of approximately 
0.5 mm. The use of a breather layer created a surface texture 
on the samples, but reduced the amount of Scrap due to 
internal blistering to below 25%. Allowing the gas to escape 
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from the surface of the polymer unobstructed seems to 
decrease the scrap rate. Additionally, applying greater pres 
Sure on one area and reduced pressure across another area 
creates a pressure gradient that prevents foaming in the 
higher pressure area. Samples were produced that had sec 
tions of foam and sections of unfoamed, Solid material. 

Mechanical Testing 

0188 Saturation pressures of 1 MPa and 5 MPa were 
chosen to create microcellular and nanocellular samples, 
respectively. Saturated samples were then placed in the 
heated oil bath for foaming into cellular structures. A 
comparison of mechanical properties of cellular structures 
ranging from 20 nm to 3 um could then be studied. Experi 
ments to evaluate the mechanical properties were run using 
the processing parameters for absorption and foaming tem 
peratures shown in Table 1. The desorption time was set at 
700 hours regardless of saturation pressure. The relative 
density range between 75-90% was chosen to reduce the 
effect of internal blistering. Three variations of density were 
chosen at 75%, 82.5%, and 90% relative density. 
(0189 
0.190 FIG. 24 shows the infrared light transmissivity as 
a function of relative density for microcellular and nanocel 
lular foam samples. The data shown in FIG. 24 indicate that 
transmissivity is a function of the cell size. The transmis 
sivity value shown in FIG. 24 is also a function of the 
thickness of the sample. Both cell size and sample thickness 
were not held constant over the range of void fractions 
reported. The thicknesses of the samples increased with void 
fraction, as can be expected, although both microcellular and 
nanocellular thickness grew at relatively the same rate. The 
actual values of transmissivity reported in terms of the rate 
and range of transmissivity change cannot be compared to 
data outside of this experiment, but can still be used as a 
comparison between the two sets of samples tested. Cellular 
sizes also increased within the reported micro and nano 
ranges with increasing Void fractions. Although this will 
alter the absolute value of transmissivity, the comparison 
between the micro and nano ranges can still be made. Both 
the increase in thickness and cell size will prematurely 
decrease the absolute value of transmissivity over the ranges 
investigated. 
0191 The optical behavior of the nanocellular structures 
can be explained in part by a series of equations governing 
electromagnetic scattering developed by Lord Rayleigh. 
These equations demonstrate that the intensity of scatter is 
dependent on the wavelength of light and even more so by 
the diameter of the scattering particle. The dependence on 
the wavelength shows that certain wavelengths are more 
easily scattered. In the visible spectrum, violets and blues 
are more easily scattered than red wavelengths. 
0.192 A color change in the nanocellular plastic is hard to 
identify due to the amber color of the material, but when the 
sample is held to a white light source, the light that passes 
through the material is red in color. Subjective to the 
observer is the slight hue of blue color in the high density 
nanocellular samples. It is then hypothesized that if the 
starting polyetherimide material had no color, nanocellular 
foamed polyetherimide would then be slightly blue in color. 
This provides a method to create color in a polymer without 
the addition of extra pigments or pigmentation agents, or of 
a method to filter light of a certain wavelength. 

Light Transmissivity Results and Discussion 
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0193 Based on the data of FIG. 24, it can be concluded 
that there is a difference between the transmissivity of 
microcellular polyetherimide and nanocellular polyetherim 
ide. Cell size has a dramatic effect on the amount of light 
scattering through the material. The transmissivity of infra 
red light as a function of Void fraction shows that nanocel 
lular material allows more light to pass through a sample. 
This experiment Supports the idea that the optical transpar 
ency of foams can be adjusted by controlling the size of the 
cells. When the cells are sufficiently small, the thermoplastic 
foam may be essentially 100% transparent. 

Impact Strength Results and Discussion 
0194 Standard unfoamed unsaturated polyetherimide 
samples were first tested to benchmark the behavior of 
polyetherimide. The mean energy for breakage was calcu 
lated according to ASTM D5420. Foam samples with den 
sities of 75, 82.5, and 90% relative density were then created 
with microcellular and nanocellular structures. After the 
foamed samples were allowed to desorb, they were impact 
tested. Impact results for foams can be displayed in many 
ways. The units presented for impact energy can be in joules, 
joules per millimeter, and joules per millimeter per density. 
0.195 Impact strength is dependent on the thickness of 
the sample. The raw value for impact energy can be divided 
by the average thickness of the samples to get impact energy 
per thickness. In increasing the Void fraction of a sample, the 
overall dimensions of the sample will enlarge. The thick 
nesses of the samples are then a function of the beginning 
sample thickness and the degree of foaming. FIG. 25 shows 
a graph of the impact energy compensated for the change in 
thickness during foaming. FIG. 25 shows the impact 
strength in joules/mm as a function of Void fraction for the 
three foam densities, Virgin polyetherimide and a treated 
solid polyetherimide that was treated by saturating the 
sample with gas and then allowing desorption of the gas. 
(0196. From FIG. 25, a difference in the impact strength 
between Solid (square data point) and foam (circle and 
diamond data points) polyetherimide, as well as a difference 
between the two cellular structures, is evident. Additionally, 
the trends of the least squares linear fit show that there is a 
convergence of impact strength between the two cellular 
structures. Both cellular structures and virgin polyetherim 
ide all have the same impact strength between void fractions 
of approximately 25-30%. It is interesting to note that the 
nanocellular 10% void fraction sample reached the limits of 
the testing apparatus such that 50% of the samples broke at 
the limit value. According to the ASTM standard, the mean 
breakage is defined where 50% of the total samples break. 
0197) The impact strength of microcellular polyetherim 
ide shows an increase in strength with an increase in Void 
fraction in FIG. 25. 
0198 In another experiment, polyetherimide samples 
were prepared by Saturating the samples at a pressure of 5 
MPa with carbon dioxide and then allowed to fully desorb 
of gas. The impact samples were then tested according to 
ASTM D5420. FIG. 25 also shows the impact strength of 
Solid samples of polyetherimide having been Saturated and 
then desorbed of gas (triangle data point). The saturated and 
desorbed solid polyetherimide sample had the highest 
impact strength of all of the samples tested. Unlike the 
nanocellular samples, Saturated and desorbed samples did 
not have any breakage. This indicates that the actual value 
for the impact energy of the Saturated and desorbed 
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polyetherimide is significantly higher than what is reported. 
The value shown in FIG. 25 is slightly higher than the 10% 
Void fraction nanofoam because the Saturated and desorbed 
sample did not grow in thickness. Since Saturated and 
desorbed polyetherimide had no observable breakage, it is 
hypothesized that the actual impact strength would be closer 
to where the linear best-fit line intersects the vertical axis in 
FIG. 25. Impact testing showed that saturation and desorp 
tion of carbon dioxide gas has an effect on the impact 
strength of the polymer. Saturated and desorbed polyether 
imide samples had the highest impact resistance overall and 
saw a doubling of impact resistance to that of neat polyether 
imide. 

Tensile Elongation (Strain) Results and Discussion 

0199 The tensile experiment tested virgin samples, satu 
rated and desorbed samples, microcellular samples, and 
nanocellular samples of polyetherimide. Foamed samples 
were tested at three densities including 90%. 82.5%, and 
75% relative density. All tensile characterization tests were 
performed at a strain rate of 10 mm per minute unless 
otherwise noted. The results of the virgin and 5 MPa 
saturated and desorbed polyetherimide tensile samples are 
shown in FIG. 26. Tensile results are displayed by a solid 
curve representing the cumulative stress-strain curves for 
each condition with fracture points indicating the point of 
individual sample fracture. Referring to FIG. 26, the effect 
of saturation and desorption with 5 MPa carbon dioxide is a 
lowering of the yield strength. The strain at break observed 
overlaps for both sets of samples and shows that Saturation 
and desorption has little to no effect on strain at break. 
0200 Microcellular and nanocellular polyetherimide ten 
sile samples were then tested. The data plots are shown in 
FIGS. 27-29 with the fracture points of each sample shown 
as an open circle for microcellular structures and an open 
triangle for nanocellular structures. 
0201 The data collected from the tensile tests was then 
used to calculate the mean/standard deviation of strain at 
break. 

Mean and Standard Deviation of Strain at Break and 
Discussion 

0202 The strain at break is the measure of stretch the 
gage section of the tensile dog-bone sample undergoes 
during the course of the tensile test. Often it is desirable to 
have a material that has a high value of strain at break 
because the stretching of the polymer allows for energy 
absorption and allows for less drastic failure mode. The 
difference in mean and standard deviation of the tensile 
strains between the microcellular structures and nanocellular 
structures is visible in the stress-strain curves illustrated in 
FIG. 30. FIG. 30 shows a difference between the means of 
the strain at break as well as a difference in size of the 
deviation bars. The nanocellular samples exhibit greater 
tensile strain (elongation) than microcellular samples. In 
addition, nanocellular samples have a tighter cluster of break 
points. The smaller the variation in break points, the more 
reliable the foam is under tensile loading. Shown in the 
stress-strain curves, three microcellular samples of 75% 
relative density did not even strain past the yield point. The 
higher reliability of the nanocellular structure could provide 
greater value over microcellular polyetherimide to a design 
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engineer by providing a predictable increased energy 
absorption and visual plastic deformation before breakage. 
0203 The strain behavior of the samples gives some 
insight into the micro-molecular behavior during tensile 
testing. During the plastic deformation region beyond the 
yield stress, amorphous polymers, such as polyetherimide, 
allow their molecules to stretch. It appears that the cell size 
of the microcellular samples hampers the stretching of the 
amorphous molecules. Nanocells allow for much more 
stretching. The size of the nanocells is within the range of 
the length of a single polymer chain. Many polymers like 
that of polyetherimide have molecular chains of lengths in 
the tens to hundreds of nanometers. The length of the 
molecules as compared to the size of the cells allows for a 
single molecule to stretch from one side of a nanocell to the 
other and beyond. This nanocellular structure may be the 
cause of the tensile trends observed. 

0204 The last quality measure from the stress-strain 
curve is the toughness. The toughness is a combination of 
the stress and strain at break for the samples observed. Since 
nanocellular structures allow for greater stresses and strains, 
the toughness of the nanocellular material is vastly improved 
over microcellular polyetherimide. The largest increase of 
nanocellular polyetherimide over microcellular appeared at 
75% relative density in that nanocellular material was 3.8 
times tougher than microcellular material of the same den 
sity. 
0205 The mean strain at break was increased for nano 
cellular polyetherimide and the standard deviation of the 
strain at break was significantly decreased. This allowed for 
a large increase in the toughness of the nanocellular material 
as it is a function of stress and strain. It is hypothesized that 
nanocellular polyetherimide has more strength than micro 
cellular polyetherimide due to the ratio of cell size to 
molecular length. One molecule is able to bend around the 
circumference of a single cell and entangle with other 
molecules on both sides of the cell. 

0206 While illustrative embodiments have been illus 
trated and described, it will be appreciated that various 
changes can be made therein without departing from the 
spirit and scope of the invention. 
The embodiments of the invention in which an exclusive 

property or privilege is claimed are defined as follows: 
1. A method for altering the impact strength of a Solid 

thermoplastic material, comprising: 
obtaining a solid thermoplastic material having an initial 

impact strength; 
treating the material under pressure to cause the material 

to absorb a gas; and 
treating the material at a lower pressure to allow desorp 

tion of gas from the material to produce a solid material 
having an impact strength altered from the initial 
impact strength of the Solid thermoplastic material. 

2. The method of claim 1, wherein the thermoplastic 
material is an amorphous or semi-crystalline polymer. 

3. The method of claim 1, further comprising treating the 
thermoplastic material at a pressure of 1 MPa to 5 MPa. 

4. The method of claim 1, further comprising treating the 
thermoplastic material at a lower pressure in ambient atmo 
spheric pressure. 

5. The method of claim 1, wherein the thermoplastic 
material is polyetherimide. 
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6. The method of claim 1, further comprising shaping the 
thermoplastic material during treating the material at a lower 
pressure. 

7. The method of claim 6, wherein the thermoplastic 
material comprises absorbed gas during shaping. 

8. The method of claim 1, further comprising shaping the 
thermoplastic material after treating the material at a lower 
pressure. 

9. The method of claim 8, wherein the thermoplastic 
material is desorbed of gas during shaping. 

10. The method of claim 1, further comprising placing 
more than one thermoplastic material in a pressure vessel 
and interleaving a porous material between thermoplastic 
materials. 

11. The method of claim 1, further comprising assembling 
the solid thermoplastic material with altered impact strength 
into an article. 

12. The method of claim 1, wherein the thermoplastic 
material is a thermoplastic urethane, thermoplastic elasto 
mer, polyethylene naphthalate, polyetherimide, polyethere 
therketone, polyphenylene, Sulfone, polyamide-imide, poly 
Sulfone, polyphenylsulfone, polyethersulfone, 
polyphthalamide, polyarylamide, polyphenylene Sulfide, 
cyclic olefin copolymer, polyphthalate carbonate, polycar 
bonate, polyvinylidene chloride, polyurethane, polyphe 
nylene oxide, poly (acrylonitrile-butadiene-styrene), polym 
ethylmethacrylate, crosslinked polyethylene, polystyrene, 
styrene acrylonitrile, polyvinyl chloride, polybutylene 
terephthalate, polyethylene terephthalate, polyoxymethyl 
ene, polyacetal, polyamide, polyolefin, polyethylene, poly 
propylene. 

13. The method of claim 1, wherein the impact strength is 
greater than the initial impact strength. 

14. The method of claim 1, wherein the impact strength is 
less than the initial impact strength. 

15. A method for altering the impact strength of a solid 
thermoplastic material without Substantially changing the 
density of the solid thermoplastic material, comprising: 

obtaining a solid thermoplastic material having an initial 
impact strength and initial density; 

treating the material under pressure to cause the material 
to absorb a gas; and 

treating the material at a lower pressure to allow desorp 
tion of gas from the material to produce a solid material 
having an impact strength altered from the initial 
impact strength and a density Substantially the same as 
the initial density of the solid thermoplastic material. 

16. The method of claim 15, wherein the thermoplastic 
material is an amorphous or semi-crystalline polymer. 

17. The method of claim 15, further comprising treating 
the thermoplastic material at a pressure of 1 MPa to 5 MPa. 

18. The method of claim 15, further comprising treating 
the thermoplastic material at a lower pressure in ambient 
atmospheric pressure. 

19. The method of claim 15, wherein the thermoplastic 
material is polyetherimide. 

20. The method of claim 15, further comprising shaping 
the thermoplastic material during treating the material at a 
lower pressure. 

21. The method of claim 20, wherein the thermoplastic 
material comprises absorbed gas during shaping. 

22. The method of claim 15, further comprising shaping 
the thermoplastic material after treating the material at a 
lower pressure. 
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23. The method of claim 22, wherein the thermoplastic 
material is desorbed of gas during shaping. 

24. The method of claim 15, further comprising placing 
more than one thermoplastic material in a pressure vessel 
and interleaving a porous material between thermoplastic 
materials. 

25. The method of claim 15, further comprising assem 
bling the Solid thermoplastic material with higher impact 
strength into an article. 

26. The method of claim 15, wherein the thermoplastic 
material is a thermoplastic urethane, thermoplastic elasto 
mer, polyethylene naphthalate, polyetherimide, polyethere 
therketone, polyphenylene, Sulfone, polyamide-imide, poly 
Sulfone, polyphenylsulfone, polyethersulfone, 
polyphthalamide, polyarylamide, polyphenylene Sulfide, 
cyclic olefin copolymer, polyphthalate carbonate, polycar 
bonate, polyvinylidene chloride, polyurethane, polyphe 
nylene oxide, poly (acrylonitrile-butadiene-styrene), polym 
ethylmethacrylate, crosslinked polyethylene, polystyrene, 
styrene acrylonitrile, polyvinyl chloride, polybutylene 
terephthalate, polyethylene terephthalate, polyoxymethyl 
ene, polyacetal, polyamide, polyolefin, polyethylene, poly 
propylene. 

27. The method of claim 15, wherein the impact strength 
is greater than the initial impact strength. 

28. The method of claim 15, wherein the impact strength 
is less than the initial impact strength. 

k k k k k 


