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(57) ABSTRACT 

Methods and apparatuses are provided for the manufacture of 
coextruded polymeric multilayer optical ?lms. The multi 
layer optical ?lms have an ordered arrangement of layers of 
tWo or more materials having particular layer thicknesses and 
a prescribed layer thickness gradient throughout the multi 
layer optical stack. The methods and apparatuses described 
alloW improved control over individual layer thicknesses, 
layer thickness gradients, indices of refraction, interlayer 
adhesion, and surface characteristics of the optical ?lms. The 
methods and apparatuses described are useful for making 
interference polariZers, mirrors, and colored ?lms that are 
optically effective over diverse portions of the ultraviolet, 
visible, and infrared spectra. 
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METHOD FOR MAKING PEN/PMMA 
MULTILAYER OPTICAL FILMS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/010,665, ?led Dec. 13, 2004, Which is 
a continuation ofU.S. Pat. No. 6,830,713, ?led Mar. 16, 2001, 
Which is a continuation of US. patent application Ser. No. 
09/229,724, ?led Jan. 13, 1999, noW abandoned, Which is a 
continuation-in-part of US. patent application Ser. No. 
09/006,288 ?led Jan. 13, 1998, noW abandoned, and incor 
porated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to apparatuses and 
processes for making polymeric multilayered ?lms, and in 
particular to coextruded multilayered optical ?lms having 
alternating polymeric layers With differing indices of refrac 
tion Wherein at least one of the polymers is able to develop 
and maintain a large birefringence When stretched. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to processes and appa 
ratuses for making polymeric multilayered ?lms, and more 
particularly to coextruded multilayered optical ?lms having 
alternating polymeric layers With differing indices of refrac 
tion. Various process have been devised for making multi 
layer ?lm structures that have an ordered arrangement of 
layers of various materials having particular layer thick 
nesses. Exemplary of these structures are those Which pro 
duce an optical or visual effect because of the interaction of 
contiguous layers of materials having different refractive 
indices and layer thicknesses. 
[0004] Multilayer ?lms have previously been made or sug 
gested to be made by the use of complex coextrusion feed 
blocks alone, see, e.g., US. Pat. Nos. 3,773,882 and 3,884, 
606 to Schrenk, and the suggestion has been made to modify 
such a device to permit individual layer thickness control as 
described in US. Pat. No. 3,687,589 to Schrenk. Such modi 
?ed feedblocks could be used to make a multilayer ?lm With 
a desired layer thickness gradient or distribution of layer 
thicknesses. These devices are very di?icult and costly to 
manufacture, and are limited in practical terms to making 
?lms of no more than about three hundred total layers. More 
over, these devices are complex to operate and not easily 
changed over from the manufacture of one ?lm construction 
to another. 
[0005] Multilayer ?lms have also been made by a combi 
nation of a feedblock and one or more multipliers or interfa 

cial surface generators (ISG) in series, for example as 
described in US. Pat. Nos. 3,565,985 and 3,759,647 to 
Schrenk et al. Such a combination of a feedblock and inter 
facial surface generator is more generally applicable for pro 
ducing a ?lm having a large number of layers because of the 
greater ?exibility or adaptability and lesser manufacturing 
costs associated With a feedblock/ISG combination. An 
improved ISG for making multilayer ?lms having a pre 
scribed layer thickness gradient in the thicknesses of layers of 
one or more materials from one major surface of the ?lm to an 

opposing surface Was described in US. Pat. Nos. 5,094,788 
and 5,094,793 to Schrenk et al. Schrenk described a method 
and apparatus in Which a ?rst stream of discrete, overlapping 
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layers is divided into a plurality of branch streams Which are 
redirected or repositioned and individually symmetrically 
expanded and contracted, the resistance to ?oW and thus the 
?oW rates of each of the branch streams are independently 
adjusted, and the branch streams are recombined in an over 
lapping relationship to form a second stream Which has a 
greater number of discrete, overlapping layers distributed in 
the prescribed gradient. The second stream may be symmetri 
cally expanded and contracted as Well. Multilayer ?lms made 
in this Way are generally extremely sensitive to thickness 
changes, and it is characteristic of such ?lms to exhibit streaks 
and spots of nonuniform color. Further, the re?ectivity of such 
?lms is highly dependent on the angle of incidence of light 
impinging on the ?lm. Films made With the materials and 
processes heretofore described are generally not practical for 
uses Which require uniformity of re?ectivity. 
[0006] Several of the patents and applications discussed 
above contain teachings With respect to introducing layer 
thickness gradients into multilayer polymeric bodies. For 
example, US. Pat. No. 3,711,176 to Schrenk et al., teaches 
that it is desirable that a gradient or other distribution in the 
thicknesses of layers of one or more materials be established 
through the thickness of the ?lm. Methods for creating gra 
dients include embossing the ?lm, selective cooling of the 
?lm during ?nal stretching, and the use of a rotating die to 
create the layers as described in US. Pat. Nos. 3,195,865; 
3,182,965; and 3,051,452. These techniques attempted to 
introduce layer thickness gradients into an already extruded 
?lm, and did not permit precise generation or control of the 
gradients. US. Pat. No. 3,687,589 to Schrenk et al teaches the 
use of a rotating or reciprocating shear producing means to 
vary the volume of material entering the feed slots of a coex 
trusion feedblock Where the polymer streams are subdivided. 
Precise control of volumetric ?oW rates using such a device is 
di?icult to achieve. In US. Pat. No. 5,094,788, Schrenk et al 
teach using variable vanes in an ISG doWnstream from a 
coextrusion die to introduce a layer thickness gradient into a 
multilayer polymer melt stream. US. Pat. No. 5,389,324 to 
LeWis et al describes control of the respective ?oW rates of the 
polymeric materials in the substreams to provide a differen 
tial in the volume of material ?oWing through each of the 
substreams. Because of the differential in the volume of the 
polymeric materials ?oWing in the substreams making up the 
composite stream, the individual layers in the body have a 
gradient in the thicknesses. The ?oW rate is controlled either 
by providing a temperature differential among at least some 
of the substreams, causing changes in the viscosities of the 
polymeric materials and thereby controlling their ?oW, or the 
?oW rate is controlled by modifying the geometry of the 
passages or feed slots through Which the plasti?ed polymeric 
materials ?oW in the feedblock. In this Way, the path lengths, 
Widths, or heights of the substreams can be modi?ed to con 
trol the ?oW rate of the polymer streams and thus the thick 
ness of the layers formed. 

[0007] To form a multilayered ?lm, after exiting either a 
feedblock or a combined feedblock/ISG, a multilayered 
stream typically passes into an extrusion die Which is con 
structed so that streamlined ?oW is maintained and the 
extruded product forms a multilayered ?lm in Which each 
layer is generally parallel to the major surface of adjacent 
layers. Such an extrusion device is described in US. Pat. No. 
3,557,265 to Chisholm et al. One problem associated With 
microlayer extrusion technology has been ?oW instabilities 
Which can occur When tWo or more polymers are simulta 
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neously extruded through a die. Such instabilities may cause 
Waviness and distortions at the polymer layer interfaces, and 
in severe cases, the layers may become intermixed and lose 
their separate identities, termed layer breakup. The impor 
tance of uniform layers, i.e., layers having no Waviness, dis 
tortions, or interrnixing, is paramount in applications Where 
the optical properties of the multilayered article are used. 
Even modest instabilities in processing, resulting in layer 
breakup in as feW as 1% of the layers, may severely detract 
from the re?ectivity or appearance of an article. To form 
highly re?ective bodies or ?lms, the total number of layer 
interfaces must be increased, and as the number of layers in 
such articles is increased in the coextrusion apparatus, indi 
vidual layer thicknesses become smaller so that the breakup 
of even a relatively feW layers can cause substantial deterio 
ration of the optical properties on the article. Problems of 
layer breakup are especially severe for multilayered bodies in 
Which individual layer thicknesses approach about 10 pm or 
less adjacent to the Walls of the feedblock, multiplier, or 
extrusion die. FloW of multiple polymer layers through the 
feedblock and ISG typically entails both shear and exten 
sional ?oW, While ?oW outside of the extrusion die is shear 
free extensional ?oW. Layer breakup occurs inside ?oW chan 
nels very close to the channel Walls Where shear ?oW 
predominates, and is affected by such factors as small layer 
thickness, shear stress, interfacial tension betWeen polymer 
layers, interfacial adhesion betWeen the polymer melt and 
channel Walls, and various combinations of these factors. 

[0008] Several potential suggestions have been made to 
minimize ?oW instability, including increasing skin layer 
thickness nearest the die Wall, decreasing the viscosity of the 
layer nearest the die Wall by either increasing temperature or 
sWitching to a loWer viscosity resin, reducing the total extru 
sion rate, or increasing the die gap. In US. Pat. No. 4,540,623 
to Im et al. the use of sacri?cial or integral skin layers on the 
order offrom about 1 to 10 mils (25.4 to 254 um) is described 
to ease processing and to protect the surfaces from damage. 
These exterior skin layers are added immediately prior to the 
multilayer ?lm exiting from the forming die or prior to layer 
multiplication. In US. Pat. No. 5,269,995 to Ramanathan et 
al, the use of protective boundary layers (PBLs) of a heat 
plasti?ed extrudable thermoplastic material is taught to mini 
miZe layer instabilities. These layers may be internal to the 
multilayer body and/or on the external surfaces and generally 
serve to prevent layer breakup during the formation and 
manipulation of the multiple layers of polymers in a coex 
truded multilayer polymeric body. 
[0009] While the previous discussion applies to multilay 
ered ?lms in general, often independent of the chemical, 
physical, or optical properties of the materials that make up 
the multilayered stack, by selective choice of materials and 
proper control of subsequent processing steps, multilayered 
?lms With enhanced optical or physical properties can be 
obtained. For example, US. Pat. Nos. 5,486,949 and 5,612, 
820 to Schrenk et al describe the use of birefringent polymers 
for the fabrication of coextruded polymeric multilayer optical 
?lms useful as interference polariZers. The birefringent poly 
mers can be oriented by uniaxial orbiaxial stretching to orient 
the polymer on a molecular level such as taught in US. Pat. 
No. 4,525,413 to Rogers et al. in order to obtain desired 
matches or mismatches of the in-plane refractive indices to 
re?ect or transmit desired polarizations. Further, in US. Pat. 
No. 5,882,774 to JonZa et al. the use of birefringent materials 
useful for making interference polariZers and mirrors is 

Sep.3,2009 

described in Which control of the relationships betWeen the 
in-plane and out-of-plane indices of refraction gives coex 
trudedpolymeric multilayer optical ?lms With improved opti 
cal properties at non-normal angles. 
[0010] Recent developments in materials available for use 
in making polymeric multilayer optical ?lms, and neW uses 
for optical ?lms Which require improved control of layer 
thickness and/or the relationships betWeen the in-plane and 
out-of-plane indices of refraction, have been identi?ed. Pro 
cesses described heretofore typically are not able to exploit 
the potential of the neW resins available and do not provide the 
required degree of versatility and control over absolute layer 
thickness, layer thickness gradients, indices of refraction, 
orientation, and interlayer adhesion that is needed for the 
routine manufacture of many of these ?lms. Accordingly, 
there exists a need in the art for an improved process for 
making coextruded polymeric multilayer optical ?lms With 
greater versatility and enhanced control over several steps in 
the manufacturing process. 

SUMMARY OF THE INVENTION 

[0011] The present invention relates to methods and appa 
ratuses for making multilayered optical ?lms. 
[0012] In brief summary, a feedblock useful for making a 
multilayer optical ?lm of the invention comprises: (a) a gra 
dient plate comprising at least ?rst and second ?oW channels, 
Wherein at least one of the ?oW channel has a cross-sectional 
area that changes from a ?rst position to a second position 
along the ?oW channel; (b) a feeder tube plate having a ?rst 
plurality of conduits in ?uid communication With the ?rst 
?oW channel and a second plurality of conduits in ?uid com 
munication With the second ?oW channel, each conduit feed 
ing its oWn respective slot die, each conduit having a ?rst end 
and a second end, the ?rst end of the conduits being in ?uid 
communication With the ?oW channels, and the second end of 
the conduits being in ?uid communication With the slot die; 
and (c) an axial rod heater located proximal to said conduits. 
[0013] In brief summary, a method for making a multilay 
ered optical ?lm comprises the steps of: (a) providing at least 
a ?rst and a second stream of resin; (b) dividing the ?rst and 
the second streams into a plurality of layers using a feedblock 
comprising: (i) a gradient plate comprising ?rst and second 
?oW channels, Where the ?rst channel has a cross-sectional 
area that changes from a ?rst position to a second position 
along the ?oW channel; (ii) a feeder tube plate having a ?rst 
plurality of conduits in ?uid communication With the ?rst 
?oW channel and a second plurality of conduits in ?uid com 
munication With the second ?oW channel, each conduit feed 
ing its oWn respective slot die, each conduit having a ?rst end 
and a second end, the ?rst end of the conduits being in ?uid 
communication With the ?oW channels, and the second end of 
the conduits being in ?uid communication With the slot die; 
and (iii) an axial rod heater located proximal to said conduits 
(c) passing the composite stream through an extrusion die to 
form a multilayer Web in Which each layer is generally par 
allel to the major surface of adjacent layers; and (d) casting 
the multilayer Web onto a casting roll to form a cast multilayer 
?lm. 
[0014] In brief summary, a method of making a textured 
multilayer optical ?lm comprises the steps of: (a) providing at 
least a ?rst and a second stream of resin; (b) dividing the ?rst 
and the second streams into a plurality of layers such that the 
layers of the ?rst stream are interleaved With the layers of the 
second stream to yield a composite stream; (c) passing the 
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composite stream through an extrusion die to form a multi 
layer Web in Which each layer is generally parallel to the 
major surface of adjacent layers; (d) casting the multilayer 
Web onto a casting roll; and (e) contacting the multilayer Web 
by a micro-embossing roll to form a cast multilayer ?lm. 
[0015] In yet another method of making a multilayer opti 
cal ?lm, the method comprises the steps of: (a) providing at 
least a ?rst and a second stream of resin, Wherein the ?rst 
stream of resin is a copolymer of polyethylene naphthalate 
(coPEN) and the second stream of resin is polymethyl meth 
acrylate (PMMA), (b) dividing the ?rst and the second 
streams into a plurality of layers such that the layers of the 
?rst stream are interleaved With the layers of the second 
stream to yield a composite stream; (c) coextruding the com 
posite stream through a die to form a multilayer Web Wherein 
each layer is generally parallel to the major surface of adja 
cent layers, Wherein the coPEN and PMMA resins are coex 
truded at a melt temperature of about 260° C., and Wherein the 
birefringence of the coPEN resin is reduced by about 0.02 
units or less compared to the birefringence of a homopolymer 
PEN resin for a given draW ratio; and (d) casting the multi 
layer Web onto a casting roll to form a cast multilayer ?lm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The invention may be more completely understood 
in consideration of the folloWing detailed description of vari 
ous embodiments of the invention in connection With the 
accompanying draWings, in Which: 
[0017] FIG. 1 is a schematic draWing illustrating the gen 
eral process useful for the coextrusion of multilayered optical 
?lms made in accordance With the present invention; 
[0018] FIG. 2 is a schematic diagram a portion ofthe appa 
ratuses useful in the process of making a multilayered optical 
?lm of the present invention; 
[0019] FIG. 3 is a schematic diagram of a feedblock useful 
in the process of making a multilayered optical ?lm of the 
present invention; and 
[0020] FIG. 4 is a perspective vieW of a feedblock similar to 
that of FIG. 3. 
[0021] These ?gures are idealiZed, are not to scale, and are 
intended to be merely illustrative and non-limiting. 

DETAILED DESCRIPTION OF THE INVENTION 

[0022] Various process considerations are important in 
making high quality polymeric multilayer optical ?lms and 
other optical devices in accordance With the present inven 
tion. Such optical ?lms include, but are not limited to, inter 
ference polariZers, mirrors, colored ?lms, and combinations 
thereof. The ?lms are optically effective over diverse portions 
of the ultraviolet, visible, and infrared spectra. Of particular 
interest are coextruded polymeric multilayer optical ?lms 
having one or more layers that are birefringent in nature. The 
process conditions used to make each depends in part on (1) 
the particular resin system used and (2) the desired optical 
properties of the ?nal ?lm. 
[0023] A preferred method of making the multilayer ?lm of 
the present invention is illustrated schematically in FIG. 1. 
Materials 100 and 102, selected to have suitably different 
optical properties, are heated above their melting and/ or glass 
transition temperatures and fed into a multilayer feedblock 
104. Typically, melting and initial feeding is accomplished 
using an extruder for each material. For example, material 
100 can be fed into an extruder 101 While material 102 can be 
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fed into an extruder 103. Exiting from the feedblock 104 is a 
multilayer ?oW stream 105. A layer multiplier 106 splits the 
multilayer ?oW stream, and then redirects and “stacks” one 
stream atop the second to multiply the number of layers 
extruded. An asymmetric multiplier, When used With extru 
sion equipment that introduces layer thickness deviations 
throughout the stack, may broaden the distribution of layer 
thicknesses so as to enable the multilayer ?lm to have layer 
pairs corresponding to a desired portion of the visible spec 
trum of light, and provide a desired layer thickness gradient. 
If desired, skin layers 111 may be introduced into the multi 
layer optical ?lm by feeding resin 108 (for skin layers) to a 
skin layer feedblock 110. 
[0024] The multilayer feedblock feeds a ?lm extrusion die 
112. Feedblocks useful in the manufacture of the present 
invention are described in, for example, US. Pat. Nos. 3,773, 
882 (Schrenk) and 3,884,606 (Schrenk), the contents of 
Which are incorporated by reference herein. As an example, 
the extrusion temperature may be approximately 295° C., and 
the feed rate approximately 10-1 50 kg/hour for each material. 
It is desirable in most cases to have skin layers 111 ?oWing on 
the upper and loWer surfaces of the ?lm as it goes through the 
feedblock and die. These layers serve to dissipate the large 
stress gradient found near the Wall, leading to smoother extru 
sion of the optical layers. Typical extrusion rates for each skin 
layer Would be 2-50 kg/hr (l-40% of the total throughput). 
The skin material can be the same material as one of the 
optical layers or be a different material. An extrudate leaving 
the die is typically in a melt form. 

[0025] The extrudate is cooled on a casting Wheel 116, 
Which rotates past pinning Wire 114. The pinning Wire pins 
the extrudate to the casting Wheel. To achieve a clear ?lm over 
a broad range of angles, one can make the ?lm thicker by 
running the casting Wheel at a sloW speed, Which moves the 
re?ecting band toWards longer Wavelengths. The ?lm is ori 
ented by stretching at ratios determined by the desired optical 
and mechanical properties. Longitudinal stretching can be 
done by pull rolls 118. Transverse stretching can be done in a 
tenter oven 120. If desired, the ?lm can be bi-axially oriented 
simultaneously. Stretch ratios of approximately 3-4 to l are 
preferred, although ratios as small as 2 to l and as large as 6 
to 1 may also be appropriate for a given ?lm. Stretch tem 
peratures Will depend on the type of birefringent polymer 
used, but 2° to 33° C. (5° to 60° F.) above its glass transition 
temperature Would generally be an appropriate range. The 
?lm is typically heat set in the last tWo Zones 122 of the tenter 
oven to impart the maximum crystallinity in the ?lm and 
reduce its shrinkage. Employing a heat set temperature as 
high as possible Without causing ?lm breakage in the tenter 
reduces the shrinkage during a heated embossing step. A 
reduction in the Width of the tenter rails by about l-4% also 
serves to reduce ?lm shrinkage. If the ?lm is not heat set, heat 
shrink properties are maximiZed, Which may be desirable in 
some security packaging applications. The ?lm can be col 
lected on Windup roll 124. 

[0026] In some applications, it may be desirable to use 
more than tWo different polymers in the optical layers of the 
multilayer ?lm. In such a case, additional resin streams can be 
fed using similar means to resin streams 100 and 102. A 
feedblock appropriate for distributing more than tWo layer 
types analogous to the feedblock 104 could be used. 
[0027] FIG. 2 is a schematic representation of a portion of 
a typical set-up useful for the practice of the present inven 
tion. Feedblock 200 has four sections: a gradient plate 202, a 
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feeder tube plate 204, an optional slot plate 206, and optional 
compression section 208. The slot plate houses a plurality of 
individual slots, Which is a part of the slot die (not shoWn). 
Alternatively, the slots can be a part of the feeder tube plate. 
The compression section is typically located in the feedblock, 
although it does not need to be. Adjacent to the feedblock is a 
unit 210 useful for the introduction of protective boundary 
layers. Although multipliers 212 and 214 are shoWn, it is 
Within the scope of this invention to use no multipliers or at 
least one multiplier to increase the number of layers in the 
multilayer optical ?lm. A unit 216 is useful for the introduc 
tion of skin layers, if desired. A ?lm casting die 218 begins the 
formation of the multilayer ?lm. Extrudate exiting the casting 
die is alloWed to contact a casting Wheel 220. The casting 
Wheel is typically cooled to quench the extrudate and form a 
?lm. Additional processing, such as draWing, orienting, and 
heat-setting the inventive multilayer ?lm can also be done. 
[0028] The above description is intended to provide an 
overvieW of the method and apparatus encompassed Within 
the present invention. It should be understood, hoWever, that 
the intention is not to limit the invention to the particular 
embodiments described, but to cover all modi?cations, 
equivalents, and alternatives falling Within the spirit and 
scope of the invention as de?ned by the appended claims. 

Material Selection 

[0029] A variety of polymer materials suitable for use in the 
present invention have been taught for use in making coex 
truded multilayer optical ?lms. For example, the polymer 
materials listed and described in US. Pat. Nos. 4,937,134, 
5,103,337, 5,448,404, 5,540,978, and 5,568,316 to Schrenk 
et al., and in 5,122,905, 5,122,906, and 5,126,880 to Wheat 
ley and Schrenk are useful for making multilayer optical ?lms 
according to the present invention. Of special interest are 
birefringent polymers such as those described in 5,486,949 
and 5,612,820 to Schrenk et al; in US. Pat. No. 5,882,774 to 
JonZa et al.; and in US. patent application Ser. No. 09/006, 
601 entitled “Modi?ed Copolyesters and Improved Multi 
layer Re?ective Films” ?led Jan. 13, 1998 (noW abandoned), 
all of Which are incorporated by reference. Regarding the 
preferred materials from Which the ?lms are to be made, there 
are several conditions Which should be met to make the mul 
tilayer optical ?lms of this invention. First, these ?lms should 
consist of at least tWo distinguishable polymers. The number 
of polymers is not limited, and three or more polymers may be 
advantageously used in particular ?lms. Second, at least one 
of the tWo required polymers, commonly referred to as the 
“?rst polymer,” preferably has a stress optical coe?icient 
having a large absolute value. In other Words, the ?rst poly 
mer preferably develops a large birefringence When 
stretched. Depending on the application of the multilayer 
?lm, the birefringence may be developed betWeen tWo 
orthogonal directions in the plane of the ?lm, betWeen one or 
more in-plane directions and the direction perpendicular to 
the ?lm plane, or a combination of these. In the special case 
that the isotropic indices are Widely separated, the preference 
for large birefringence in the ?rst polymer may be relaxed, 
although birefringence is still usually desirable. Such special 
cases may arise in the selection of polymers for mirror ?lms 
and for polariZer ?lms formed using a biaxial process, Which 
draWs the ?lm in tWo orthogonal in-plane directions. Third, 
the ?rst polymer should be capable of maintaining birefrin 
gence after stretching, so that the desired optical properties 
are imparted to the ?nished ?lm. Fourth, the other required 
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polymer, commonly referred to as the “second polymer,” 
should be chosen so that in the ?nished ?lm, its refractive 
index, in at least one direction, differs signi?cantly from the 
index of refraction of the ?rst polymer in the same direction. 
Because polymeric materials are typically dispersive, that is, 
the refractive indices vary With Wavelength, these conditions 
must be considered in terms of a particular spectral band 
Width of interest. 

[0030] Other aspects of polymer selection depend on spe 
ci?c applications. For polarizing ?lms, it is advantageous for 
the difference in the index of refraction of the ?rst and second 
polymers in one ?lm-plane direction to differ signi?cantly in 
the ?nished ?lm, While the difference in the orthogonal ?lm 
plane index is minimized. If the ?rst polymer has a large 
refractive index When isotropic, and is positively birefringent 
(that is, its refractive index increases in the direction of 
stretching), the second polymer Will typically be chosen to 
have a matching refractive index, after processing, in the 
planar direction orthogonal to the stretching direction, and a 
refractive index in the direction of stretching Which is as loW 
as possible. Conversely, if the ?rst polymer has a small refrac 
tive index When isotropic, and is negatively birefringent, the 
second polymer Will typically be chosen to have a matching 
refractive index, after processing, in the planar direction 
orthogonal to the stretching direction, and a refractive index 
in the direction of stretching Which is as high as possible. 

[0031] Alternatively, it is possible to select a ?rst polymer 
Which is positively birefringent and has an intermediate or 
loW refractive index When isotropic, or one Which is nega 
tively birefringent and has an intermediate or high refractive 
index When isotropic. In these cases, the second polymer may 
typically be chosen so that, after processing, its refractive 
index Will match that of the ?rst polymer in either the stretch 
ing direction or the planar direction orthogonal to stretching. 
Further, the secondpolymer Will typically be chosen such that 
the difference in index of refraction in the remaining planar 
direction is maximiZed, regardless of Whether this is best 
accomplished by a very loW or very high index of refraction in 
that direction. 

[0032] There are several means to achieve the combination 
of planar index matching in one direction and mismatching in 
the orthogonal direction. For example, one can select a ?rst 
polymer Which develops signi?cant birefringence When 
stretched, select a second polymer Which develops little or no 
birefringence When stretched, and to stretch the resulting ?lm 
in only one planar direction. In another method, the second 
polymer can be selected from among those Which develop 
birefringence in the sense opposite to that of the ?rst polymer 
(negative-positive or positive-negative). Another method 
involves selecting both ?rst and second polymers Which are 
capable of developing birefringence When stretched, but to 
stretch the multilayer ?lm in tWo orthogonal planar direc 
tions. This latter method involves selecting process condi 
tions (such as temperatures, stretch rates, post-stretch relax 
ation, and the like) that result in the development of unequal 
levels of orientation in the tWo stretching directions for the 
?rst and second polymers, such that one in-plane index is 
approximately matched to that of the ?rst polymer, and the 
orthogonal in-plane index is signi?cantly mismatched to that 
of the ?rst polymer. For example, conditions may be chosen 
such that the ?rst polymer has a biaxially oriented character in 
the ?nished ?lm, While the second polymer has a predomi 
nantly uniaxially oriented character in the ?nished ?lm. 
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[0033] The foregoing discussion for polarizing ?lm is 
meant to be exemplary. It Will be understood that combina 
tions of these and other techniques may be used to achieve the 
index mismatch in one in-plane direction and relative index 
matching in the orthogonal planar direction. 
[0034] Different considerations apply to a re?ective, or 
mirror, ?lm. Provided that the ?lm is not meant to have some 
polarizing properties as Well, refractive index criteria apply 
equally to any direction in the ?lm plane. Thus, typical for the 
indices for any given layer in orthogonal in-plane directions 
to be nearly equal. It is advantageous, hoWever, for the ?lm 
plane indices of the ?rst polymer to differ as greatly as pos 
sible from the ?lm-plane indices of the second polymer. For 
this reason, if the ?rst polymer has a high index of refraction 
When isotropic, it is advantageous that it also be positively 
birefringent. Likewise, if the ?rst polymer has a loW index of 
refraction When isotropic, it is advantageous that it also be 
negatively birefringent. The second polymer advantageously 
develops little or no birefringence When stretched, or devel 
ops birefringence of the opposite sense (positive-negative or 
negative-positive), such that its ?lm-plane refractive indices 
differ as much as possible from those of the ?rst polymer in 
the ?nished ?lm. These criteria may be combined appropri 
ately With those listed above for polarizing ?lms if a mirror 
?lm is meant to have some degree of polarizing properties as 
Well. 
[0035] Colored ?lms can be regarded as special cases of 
mirror and polarizing ?lms. Thus, the same criteria outlined 
above apply. The perceived color is a result of re?ection or 
polarization over one or more speci?c bandWidths of the 
spectrum. The bandWidths over Which a multilayer ?lm of the 
current invention is effective Will be determined primarily by 
the distribution of layer thicknesses used in the optical stack 
(s), but consideration must also be given to the Wavelength 
dependence, or dispersion, of the refractive indices of the ?rst 
and second polymers. It Will be understood that the same rules 
apply to the infrared and ultraviolet Wavelengths as to the 
visible colors. 
[0036] Absorbance is another consideration. For most 
applications, it is advantageous for neither the ?rst nor the 
second polymer to have any absorbance bands Within the 
bandWidth of interest for the ?lm in question. Thus, all inci 
dent light Within the bandWidth is either re?ected or transmit 
ted. HoWever, for some applications, it may be useful for one 
or both of the ?rst and second polymer to absorb speci?c 
Wavelengths, either totally or in part. 
[0037] Although many polymers may be chosen as the ?rst 
polymer, certain of the polyesters have the capability for 
particularly large birefringence. Among these, polyethylene 
2,6-naphthalate (PEN) is frequently chosen as a ?rst polymer 
for ?lms of the present invention. It has a very large positive 
stress optical coe?icient, retains birefringence effectively 
after stretching, and has little or no absorbance Within the 
visible range. It also has a large index of refraction in the 
isotropic state. Its refractive index for polarized incident light 
of 550 nm Wavelength increases When the plane of polariza 
tion is parallel to the stretch direction from about 1.64 to as 
high as about 1.9. Its birefringence can be increased by 
increasing its molecular orientation Which, in turn, may be 
increased by stretching to greater stretch ratios With other 
stretching conditions held ?xed. 
[0038] Other semicrystalline naphthalene dicarboxylic 
polyesters are also suitable as ?rst polymers. Polybutylene 
2,6-Naphthalate (PBN) is an example. These polymers may 
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be homopolymers or copolymers, provided that the use of 
comonomers does not substantially impair the stress optical 
coe?icient or retention of birefringence after stretching. The 
term “PEN” herein Will be understood to include copolymers 
of PEN meeting these restrictions. In practice, these restric 
tions imposes an upper limit on the comonomer content, the 
exact value of Which Will vary With the choice of comonomer 
(s) employed. Some compromise in these properties may be 
accepted, hoWever, if comonomer incorporation results in 
improvement of other properties. Such properties include but 
are not limited to improved interlayer adhesion, loWer melt 
ing point (resulting in loWer extrusion temperature), better 
theological matching to other polymers in the ?lm, and 
advantageous shifts in the process WindoW for stretching due 
to change in the glass transition temperature. 
[0039] Suitable comonomers for use in PEN, PBN or the 
like may be of the diol or dicarboxylic acid or ester type. 
Dicarboxylic acid comonomers include but are not limited to 

terephthalic acid, isophthalic acid, phthalic acid, all isomeric 
naphthalenedicarboxylic acids (2,6-, 1,2-, 1,3-, l,4-, 1,5-, 
1,6-, 1,7-, 1,8-, 2,3-, 2,4-, 2,5-, 2,7-, and 2,8-), bibenzoic acids 
such as 4,4'-biphenyl dicarboxylic acid and its isomers, trans 
4,4'-stilbene dicarboxylic acid and its isomers, 4,4'-diphenyl 
ether dicarboxylic acid and its isomers, 4,4'-diphenylsulfone 
dicarboxylic acid and its isomers, 4,4'-benzophenone dicar 
boxylic acid and its isomers, halogenated aromatic dicar 
boxylic acids such as 2-chloroterephthalic acid and 2,5 
dichloroterephthalic acid, other substituted aromatic 
dicarboxylic acids such as tertiary butyl isophthalic acid and 
sodium sulfonated isophthalic acid, cycloalkane dicarboxylic 
acids such as l,4-cyclohexanedicarboxylic acid and its iso 
mers and 2,6-decahydronaphthalene dicarboxylic acid and its 
isomers, bi- or multi-cyclic dicarboxylic acids (such as the 
various isomeric norbomane and norbornene dicarboxylic 
acids, adamantane dicarboxylic acids, and bicyclo-octane 
dicarboxylic acids), alkane dicarboxylic acids (such as seba 
cic acid, adipic acid, oxalic acid, malonic acid, succinic acid, 
glutaric acid, azelaic acid, and dodecane dicarboxylic acid), 
and any of the isomeric dicarboxylic acids of the fused-ring 
aromatic hydrocarbons (such as indene, anthracene, phene 
anthrene, benzonaphthene, ?uorene and the like). Altema 
tively, alkyl esters of these monomers, such as dimethyl 
terephthalate, may be used. 
[0040] Suitable diol comonomers include but are not lim 
ited to linear or branched alkane diols or glycols (such as 
ethylene glycol, propanediols such as trimethylene glycol, 
butanediols such as tetramethylene glycol, pentanediols such 
as neopentyl glycol, hexanediols, 2,2,4-trimethyl-l,3-pen 
tanediol and higher diols), ether glycols (such as diethylene 
glycol, triethylene glycol, and polyethylene glycol), chain 
ester diols such as 3-hydroxy-2,2-dimethylpropyl-3-hy 
droxy-2,2-dimethyl propanoate, cycloalkane glycols such as 
l,4-cyclohexanedimethanol and its isomers and l,4-cyclo 
hexanediol and its isomers, bi- or multicyclic diols (such as 
the various isomeric tricyclodecane dimethanols, norbornane 
dimethanols, norbornene dimethanols, and bicyclo-octane 
dimethanols), aromatic glycols (such as l,4-benzene 
dimethanol and its isomers, l,4-benzenediol and its isomers, 
bisphenols such as bisphenol A, 2,2'-dihydroxy biphenyl and 
its isomers, 4,4'-dihydroxymethyl biphenyl and its isomers, 
and l,3-bis(2-hydroxyethoxy)benzene and its isomers), and 
loWer alkyl ethers or diethers of these diols, such as dimethyl 
or diethyl diols. 
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[0041] Tri- or polyfunctional comonomers, Which can 
serve to impart a branched structure to the polyester mol 
ecules, can also be used. They may be of either the carboxylic 
acid, ester, hydroxy or ether types. Examples include, but are 
not limited to, trimellitic acid and its esters, trimethylol pro 
pane, and pentaerythritol. 
[0042] Also suitable as comonomers are monomers of 
mixed functionality, including hydroxycarboxylic acids such 
as parahydroxybenZoic acid and 6-hydroxy-2-naphthalen 
ecarboxylic acid, and their isomers, and tri- or polyfunctional 
comonomers of mixed functionality such as 5-hydroxyisoph 
thalic acid and the like. 
[0043] Polyethylene terephthalate (PET) is another mate 
rial that exhibits a signi?cant positive stress optical coe?i 
cient, retains birefringence effectively after stretching, and 
has little or no absorbance Within the visible range. Thus, it 
and its high PET-content copolymers employing comono 
mers listed above may also be used as ?rst polymers in some 
applications of the current invention. 
[0044] When a naphthalene dicarboxylic polyester such as 
PEN or PBN is chosen as ?rst polymer, there are several 
approaches Which may be taken to the selection of a second 
polymer. One preferred approach for some applications is to 
select a naphthalene dicarboxylic copolyester (coPEN) for 
mulated so as to develop signi?cantly less or no birefringence 
When stretched. This can be accomplished by choosing 
comonomers and their concentrations in the copolymer such 
that crystalliZability of the coPEN is eliminated or greatly 
reduced. One typical formulation employs as the dicarboxy 
lic acid or ester components dimethyl naphthalate at from 
about 20 mole percent to about 80 mole percent and dimethyl 
terephthalate or dimethyl isophthalate at from about 20 mole 
percent to about 80 mole percent, and employs ethylene gly 
col as diol component. Of course, the corresponding dicar 
boxylic acids may be used instead of the esters. The number 
of comonomers Which can be employed in the formulation of 
a coPEN second polymer is not limited. Suitable comono 
mers for a coPEN second polymer include but are not limited 
to all of the comonomers listed above as suitable PEN 
comonomers, including the acid, ester, hydroxy, ether, tri- or 
polyfunctional, and mixed functionality types. 
[0045] Often it is useful to predict the isotropic refractive 
index of a coPEN second polymer. A volume average of the 
refractive indices of the monomers to be employed has been 
found to be a suitable guide. Similar techniques Well-known 
in the art can be used to estimate glass transition temperatures 
for coPEN second polymers from the glass transitions of the 
homopolymers of the monomers to be employed. 
[0046] In addition, polycarbonates having a glass transition 
temperature compatible With that of PEN and having a refrac 
tive index similar to the isotropic refractive index of PEN are 
also useful as second polymers. Polyesters, copolyesters, 
polycarbonates, and copolycarbonates may also be fed 
together to an extruder and transesteri?ed into neW suitable 
copolymeric second polymers. 
[0047] It is not required that the second polymer be a 
copolyester or copolycarbonate. Vinyl polymers and copoly 
mers made from monomers such as vinyl naphthalenes, sty 
renes, ethylene, maleic anhydride, acrylates, acetates, and 
methacrylates may be employed. Condensation polymers 
other than polyesters and polycarbonates may also be used. 
Examples include: polysulfones, polyamides, polyurethanes, 
polyamic acids, and polyimides. Naphthalene groups and 
halogens such as chlorine, bromine and iodine are useful for 
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increasing the refractive index of the second polymer to a 
desired level. Acrylate groups and ?uorine are particularly 
useful in decreasing refractive index When this is desired. 

[0048] It Will be understood from the foregoing discussion 
that the choice of a second polymer is dependent not only on 
the intended application of the multilayer optical ?lm in ques 
tion, but also on the choice made for the ?rst polymer, and the 
processing conditions employed in stretching. Suitable sec 
ond polymer materials include but are not limited to polyeth 
ylene naphthalate (PEN) and isomers thereof (such as 2,6-, 
1,4-, 1,5-, 2,7-, and 2,3-PEN), polyalkylene terephthalates 
(such as polyethylene terephthalate, polybutylene terephtha 
late, and poly-l ,4-cyclohexanedimethylene terephthalate), 
other polyesters, polycarbonates, polyarylates, polyamides 
(such as nylon 6, nylon 11, nylon 12, nylon 4/6, nylon 6/6, 
nylon 6/ 9, nylon 6/10, nylon 6/12, and nylon 6/ T), polyimides 
(including thermoplastic polyimides and polyacrylic imides), 
polyamide-imides, polyether-amides, polyetherimides, pol 
yaryl ethers (such as polyphenylene ether and the ring-sub 
stituted polyphenylene oxides), polyarylether ketones such as 
polyetheretherketone (“PEEK”), aliphatic polyketones (such 
as copolymers and terpolymers of ethylene and/ or propylene 
With carbon dioxide), polyphenylene sul?de, polysulfones 
(including polyethersulfones and polyaryl sulfones), atactic 
polystyrene, syndiotactic polystyrene (“sPS”) and its deriva 
tives (such as syndiotactic poly-alpha-methyl styrene and 
syndiotactic polydichlorostyrene), blends of any of these 
polystyrenes (With each other or With other polymers, such as 
polyphenylene oxides), copolymers of any of these polysty 
renes (such as styrene-butadiene copolymers, styrene-acry 
lonitrile copolymers, and acrylonitrile-butadiene-styrene ter 
polymers), polyacrylates (such as polymethyl acrylate, 
polyethyl acrylate, and polybutyl acrylate), polymethacry 
lates (such as polymethyl methacrylate, polyethyl methacry 
late, polypropyl methacrylate, and polyisobutyl methacry 
late), cellulose derivatives (such as ethyl cellulose, cellulose 
acetate, cellulose propionate, cellulose acetate butyrate, and 
cellulose nitrate), polyalkylene polymers (such as polyethyl 
ene, polypropylene, polybutylene, polyisobutylene, and poly 
(4-methyl)pentene), ?uorinated polymers and copolymers 
(such as polytetra?uoroethylene, polytri?uoroethylene, poly 
vinylidene ?uoride, polyvinyl ?uoride, ?uorinated ethylene 
propylene copolymers, per?uoroalkoxy resins, polychlorot 
ri?uoroethylene, polyethylene-co-tri?uoroethylene, 
polyethylene-co-chlorotri?uoroethylene), chlorinated poly 
mers (such as polyvinylidene chloride and polyvinyl chlo 
ride), polyacrylonitrile, polyvinylacetate, polyethers (such as 
polyoxymethylene and polyethylene oxide), ionomeric res 
ins, elastomers (such as polybutadiene, polyisoprene, and 
neoprene), silicone resins, epoxy resins, and polyurethanes. 
[0049] Also suitable are copolymers, such as the copoly 
mers of PEN discussed above as Well as any other non 
naphthalene group-containing copolyesters Which may be 
formulated from the above lists of suitable polyester comono 
mers for PEN. In some applications, especially When PET 
serves as the ?rst polymer, copolyesters based on PET and 
comonomers from said lists above (coPETs) are especially 
suitable. In addition, either ?rst or second polymers may 
consist of miscible or immiscible blends of tWo or more of the 
above-described polymers or copolymers (such as blends of 
sPS and atactic polystyrene, or of PEN and sPS). The coPENs 
and coPETs described may be synthesized directly, or may be 
formulated as a blend of pellets Where at least one component 
is a polymer based on naphthalene dicarboxylic acid or 
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terephthalic acid and other components are polycarbonates or 
otherpolyesters, such as a PET, a PEN, a coPET, or a co-PEN. 
[0050] Another preferred family of materials for the second 
polymer for some applications are the syndiotactic vinyl aro 
matic polymers, such as syndiotactic polystyrene. Syndiotac 
tic vinyl aromatic polymers useful in the current invention 
include poly(styrene), poly(alkyl styrene)s, poly(aryl sty 
rene)s, poly(styrene halide)s, poly(alkoxy styrene)s, poly(vi 
nyl ester benZoate), poly(vinyl naphthalene), poly(vinylsty 
rene), and poly(acenaphthalene), as Well as the hydrogenated 
polymers and mixtures or copolymers containing these struc 
tural units. Examples of poly(alkyl styrene)s include the iso 
mers of the following: poly(methyl styrene), poly(ethyl sty 
rene), poly(propyl styrene), and poly(butyl styrene). 
Examples of poly(aryl styrene)s include the isomers of poly 
(phenyl styrene). As for the poly(styrene halide)s, examples 
include the isomers of the folloWing: poly(chlorostyrene), 
poly(bromostyrene), and poly(?uorostyrene). Examples of 
poly(alkoxy styrene)s include the isomers of the following: 
poly(methoxy styrene) and poly(ethoxy styrene). Among 
these examples, particularly preferable styrene group poly 
mers, are: polystyrene, poly(p-methyl styrene), poly(m-me 
thyl styrene), poly(p-ter‘tiary butyl styrene), poly(p-chlo 
rostyrene), poly(m-chloro styrene), poly(p-?uoro styrene), 
and copolymers of styrene and p-methyl styrene. 
[0051] Furthermore, comonomers may be used to make 
syndiotactic vinyl aromatic group copolymers. In addition to 
the monomers for the homopolymers listed above in de?ning 
the syndiotactic vinyl aromatic polymers group, suitable 
comonomers include ole?n monomers (such as ethylene, pro 
pylene, butenes, pentenes, hexenes, octenes or decenes), 
diene monomers (such as butadiene and isoprene), and polar 
vinyl monomers (such as cyclic diene monomers, methyl 
methacrylate, maleic acid anhydride, or acrylonitrile). 
[0052] The syndiotactic vinyl aromatic copolymers of the 
present invention may be block copolymers, random copoly 
mers, or alternating copolymers. 
[0053] The syndiotactic vinyl aromatic polymers and 
copolymers referred to in this invention generally have syn 
diotacticity of higher than 75% or more, as determined by 
carbon-13 nuclear magnetic resonance. Preferably, the 
degree of syndiotacticity is higher than 85% racemic diad, or 
higher than 30%, or more preferably, higher than 50%, race 
mic pentad. 
[0054] In addition, although there are no particular restric 
tions regarding the molecular Weight of these syndiotactic 
vinyl aromatic polymers and copolymers, preferably, the 
Weight average molecular Weight is greater than 10,000 and 
less than 1,000,000, and more preferably, greater than 50,000 
and less than 800,000. 
[0055] The syndiotactic vinyl aromatic polymers and 
copolymers may also be used in the form of polymer blends 
With, for instance, vinyl aromatic group polymers With atactic 
structures, vinyl aromatic group polymers With isotactic 
structures, and any other polymers that are miscible With the 
vinyl aromatic polymers. For example, polyphenylene ethers 
shoW good miscibility With many of the previous described 
vinyl aromatic group polymers. 
[0056] When a polariZing ?lm is made using a process With 
predominantly uniaxial stretching, particularly preferred 
combinations of polymers for optical layers include PEN/ 
coPEN, PET/coPET, PEN/sPS, PET/sPS, PEN/Eastar,TM and 
PET/Eastar,TM Where “coPEN” refers to a copolymer orblend 
based upon naphthalene dicarboxylic acid (as described 
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above) and EastarTM is a polyester or copolyester (believed to 
comprise cyclohexanedimethylene diol units and terephtha 
late units) commercially available from Eastman Chemical 
Co. When a polariZing ?lm is to be made by manipulating the 
process conditions of a biaxial stretching process, particu 
larly preferred combinations of polymers for optical layers 
include PEN/coPEN, PEN/PET, PEN/PBT, PEN/PETG and 
PEN/PETcoPBT, Where “PBT” refers to polybutylene 
terephthalate, “PETG” refers to a copolymer of PET employ 
ing a second glycol (usually cyclohexanedimethanol), and 
“PETcoPBT” refers to a copolyester of terephthalic acid or an 
ester thereof With a mixture of ethylene glycol and 1,4-bu 
tanediol. 
[0057] Particularly preferred combinations of polymers for 
optical layers in the case of mirrors or colored ?lms include 
PEN/PMMA, PET/PMMA, PEN/Ecdel,TM PET/Ecdel,TM 
PEN/sPS, PET/sPS, PEN/coPET, PEN/PETG, and PEN/ 
THV,TM Where “PMMA” refers to polymethyl methacrylate, 
EcdelTM is a thermoplastic polyester or copolyester (believed 
to comprise cyclohexanedicarboxylate units, polytetrameth 
ylene ether glycol units, and cyclohexanedimethanol units) 
commercially available from Eastman Chemical Co., 
“coPET” refers to a copolymer or blend based upon tereph 
thalic acid (as described above), “PETG” refers to a copoly 
mer of PET employing a second glycol (usually cyclohex 
anedimethanol), and THVTM is a ?uoropolymer 
commercially available from 3M Co. 
[0058] For mirror ?lms, a match of the refractive indices of 
the ?rst polymer and second polymer in the direction normal 
to the ?lm plane is sometimes preferred, because it provides 
for constant re?ectance With respect to the angle of incident 
light (that is, there is no BreWster’s angle). For example, at a 
speci?c Wavelength, the in-plane refractive indices might be 
1.76 for biaxially oriented PEN, While the ?lm plane-normal 
refractive index might fall to 1.49. When PMMA is used as 
the second polymer in the multilayer construction, its refrac 
tive index at the same Wavelength, in all three directions, 
might be 1.495 . Another example is the PET/EcdelTM system, 
in Which the analogous indices might be 1.66 and 1.51 for 
PET, While the isotropic index of EcdelTM might be 1 .52. The 
crucial property is that the normal-to-plane index for one 
material must be closer to the in-plane indices of the other 
material than to its oWn in-plane indices. 
[0059] In other embodiments, a deliberate mismatching of 
the normal-to-plane refractive index is desirable. Some 
examples include those involving three or more polymeric 
layers in the optical stack in Which a deliberate mismatch in 
the normal-to-plane index is desirable opposite in sign to the 
index mismatch in one of the in-plane directions. It is some 
times preferred for the multilayer optical ?lms of the current 
invention to consist of more than tWo distinguishable poly 
mers. A third or subsequent polymer might be fruitfully 
employed as an adhesion-promoting layer betWeen the ?rst 
polymer and the second polymer Within an optical stack, as an 
additional component in a stack for optical purposes, as a 
protective boundary layer betWeen optical stacks, as a skin 
layer, as a functional coating, or for any other purpose. As 
such, the composition of a third or sub sequent polymer, if any, 
is not limited. Some preferred multicomponent constructions 
are described in Us. Pat. No. 6,207,260, the contents of 
Which are herein incorporated by reference. 

Process Considerations 

[0060] The process used for making the coextruded poly 
meric multilayer optical ?lms of the present invention Will 



US 2009/0218707 A1 

vary depending on the resin materials selected and the optical 
properties desired in the ?nished ?lm product. 
[0061] Moisture sensitive resins should be dried before or 
during extrusion to prevent degradation. The drying can be 
done by any means knoWn in the art. One Well-knoWn means 
employs ovens or more sophisticated heated vacuum and/or 
desiccant hopper-dryers to dry resin prior to its being fed to an 
extruder. Another means employs a vacuum-vented tWin 
screW extruder to remove moisture from the resin While it is 
being extruded. Drying time and temperature should be lim 
ited to prevent thermal degradation or sticking during hopper 
dryer or oven drying. In addition, resins coextruded With 
moisture sensitive resins shouldbe dried to prevent damage to 
the moisture sensitive coextruded resin from moisture carried 
by the other resin. 
[0062] Extrusion conditions are chosen to adequately feed, 
melt, mix and pump the polymer resin feed streams in a 
continuous and stable manner. Final melt stream tempera 
tures are chosen Within a range Which avoids freezing, crys 
talliZation or unduly high pressure drops at the loW end of the 
temperature range and Which avoids degradation at the high 
end of the temperature range. For example, polyethylene 
naphthalate (PEN) is dried for 8 hours at 135° C. and then 
vacuum fed to an extruder With a ?nal Zone temperature, or 

melt temperature, ranging preferably betWeen 270° C. and 
300° C. and more preferably betWeen 275° C. and 290° C. 

[0063] It is often preferable for all polymers entering the 
multilayer feedblock to be at the same or very similar melt 
temperatures. This may require process compromise if tWo 
polymers, Whose ideal melt processing temperatures do not 
match, are to be coextruded. For example, polymethyl meth 
acrylate (PMMA) is typically extruded at a temperature 
beloW about 250° C. Applicants have found, hoWever, that 
PMMA can be coextruded With PEN using PMMA melt 
temperatures as high as 275° C., provided that design consid 
erations are made in the PMMA melt train to minimize the 
potential for stagnation points in the How, and to hold to a 
minimum the overall residence time in the melt of the 
PMMA. Another technique found to be useful in this regard is 
to start up the PMMA melt train at the more conventional 
processing temperatures, and then to raise the melt train tem 
peratures to the higher, PEN-compatible temperatures only 
When Well-developed ?oW through the entire process has 
been attained. 

[0064] Conversely, the PEN processing temperature may 
be reduced so as to match it to the typical melt processing 
temperatures for PMMA. Thus, it has also been found that the 
melting point, and hence, the processing temperature, of PEN 
may be reduced by the addition of comonomers into the PEN 
polymer With only a very slight accompanying reduction of 
the ability of the PEN to develop birefringence upon draWing. 
For example, a PEN copolymer made using DiMethyl Isoph 
thalate (DMI) in place of 3 mol % of the 2,6-DiMethyl Naph 
thalate (DMN) monomer has been found to have a reduction 
in birefringence of only 0.02 units, and a reduction of glass 
transition temperature of only about 4 or 5° C., While the melt 
processing temperature is reduced by 15° C. Small amounts 
of DiMethyl Terephthalate (DMT) or other diacid or diol 
comonomers may also be useful in this regard. Esters or 
diesters of the diacid comonomers may also be used. The 
advantages of adding comonomers into the PEN polymer are 
more fully described in Us. patent application Ser. No. 
09/006,601 entitled “Modi?ed Copolyesters and Improved 
Multilayer Re?ective Film,” noW abandoned, and Us. Pat. 
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No. 6,1 11,697 (Merrill et al.) entitled “Optical Device With a 
Dichroic PolariZer and Multilayer Optical Film,” both ?led on 
?led Jan. 13, 1998, the contents of Which are incorporated 
herein by reference. 
[0065] It Will be evident to one skilled in the art that com 
binations of PEN process temperature reduction through 
copolymeriZation and PMMA melt temperature elevation via 
process design could be usefully employed, as could the 
combination of one, the other, or both techniques With still 
other techniques. Likewise, similar techniques could be 
employed for equal-temperature coextrusion of PEN With 
polymers other than PMMA, PMMA With polymers other 
than PEN, or combinations including neither of the tWo exem 
plary polymers. 
[0066] FolloWing extrusion, the melt streams are then ?l 
tered to remove undesirable particles and gels. Primary and 
secondary ?lters knoWn in the art of polyester ?lm manufac 
ture may be used, With mesh siZes in the 1-30 micrometer 
range. While the prior art indicates the importance of such 
?ltration to ?lm cleanliness and surface properties, its signi? 
cance in the present invention extends to layer uniformity as 
Well. Each melt stream is then conveyed through a neck tube 
into a gear pump used to regulate the continuous and uniform 
rate of polymer How. A static mixing unit may be placed at the 
end of the neck tube carrying the melt from the gear pump into 
the multilayer feedblock, in order to ensure uniform melt 
stream temperature. The entire melt stream is heated as uni 
formly as possible to ensure both uniform How and minimal 
degradation during processing. 
[0067] Multilayer feedblocks are designed to divide tWo or 
more polymer melt streams into many layers each, interleave 
these layers, and merge the many layers of tWo or more 
polymers into a single multilayer stream. The layers from any 
given melt stream are created by sequentially bleeding off 
part of the stream from a How channel into side channel tubes 
that feed layer slots for the individual layers in the feedblock. 
Many designs are possible, including those disclosed in Us. 
Pat. Nos. 3,737,882; 3,884,606; and 3,687,589 to Schrenk et 
al. Methods have also been described to introduce a layer 
thickness gradient by controlling layer ?oW as described in 
Us. Pat. Nos. 3,195,865; 3,182,965; 3,051,452; 3,687,589 
and 5,094,788 to Schrenk et al, and in Us. Pat. No. 5,389,324 
to LeWis et al. In typical industrial processes, layer How is 
generally controlled by choices made in machining the shape 
and physical dimensions of the individual side channel tubes 
and layer slots. 
[0068] Applicants have discovered an improved feedblock 
design that alloWs for better control of the layer thickness 
distribution and of the layer uniformity. The improved design 
incorporates modular features so that only a feW sections of 
the feedblock need to be machined for each unique ?lm 
construction, as further described beloW. The economic 
advantage of the modular design is reduction in time, labor, 
and equipment needed to change from one ?lm construction 
to another. 

[0069] FIG. 3 shoWs a schematic cross-section feedblock 
10, Which is enclosed in a housing 12. Within the housing 12 
reside an optional manifold plate 20 and a gradient plate 30, 
Which in combination, de?ne at least tWo supplemental chan 
nels, a ?rst channel 22 and a second channel 24. As shoWn, a 
portion of the bottom surface of manifold plate 20 together 
With a portion of the top surface of gradient plate 3 0 de?ne the 
supplemental channels 22 and 24. The supplemental channels 
are an optional feature of the feedblock, and they help convey 
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resin from one position in the feedblock to another position. 
In addition, plate-type heaters (not shoWn) can be attached to 
the external surfaces of the housing 12. 
[0070] Residing in gradient plate 30 are at least tWo ?oW 
channels, a ?rst ?oW channel 32 and a second ?oW channel 
34. The ?oW channels are bounded by a combination of the 
gradient plate 30 and a feeder tube plate 40. The ?rst ?oW 
channel 32 is in ?uid communication With the ?rst supple 
mental channel 22 While second ?oW channel 34 is in ?uid 
communication With second supplemental channel 24. When 
supplemental channels are used in combination With ?oW 
channels, transfer conduits (not shoWn) serve as the commu 
nication means to connect the tWo types of channels together. 
Although only a pair of supplemental channels and a pair of 
?oW channels are shoWn, it is Within the scope of this inven 
tion to use more than tWo channels of each type. 

[0071] In the gradient plate 30, each ?oW channel is 
machined so that its cross-section has a central axis of sym 
metry, such as, e.g., a circle, square, or equilateral triangle. 
For ease of machining purposes, the square cross-section ?oW 
channel is preferably used. Along each ?oW channel, the 
cross-sectional area can remain constant or can change. The 

change may be an increase or decrease in area, and a decreas 
ing cross-section is typically referred to as a “taper.”A change 
in cross-sectional area of the ?oW channels can be designed to 
provide an appropriate pressure gradient, Which affects the 
layer thickness distribution of a multilayer optical ?lm. Thus, 
the gradient plate can be changed for different types of mul 
tilayer ?lm constructions. 
[0072] When the cross-sectional area of the ?oW channels 
is made to remain constant, a plot of layer thickness vs. layer 
number is non-linear and decreasing. For a given polymer 
?oW, there exists at least one cross-sectional tapering pro?le 
Which Will result in a linear, decreasing dependency of layer 
thickness upon layer number, Which is sometimes preferred. 
The taper pro?le can be found by one reasonably skilled in the 
art using reliable theological data for the polymer in question 
and polymer ?oW simulation softWare knoWn in the art, and 
should be calculated on a case-by-case basis. 

[0073] Referring again to FIG. 3, the feedblock 10 further 
contains a feeder tube plate 40 that has a ?rst set of conduits 
42 and a second set of conduits 44, each set in ?uid commu 
nication With ?oW channels 32 and 34 respectively. As used in 
this document, the “conduits” are also referred to as “side 
channel tubes.” Optionally, residing in betWeen the tWo sets 
of conduits is an axial rod heater 46, used to provide heat to 
the resin ?oWing in the conduits. If desired, temperature can 
be varied in Zones along the length of the axial rod heater. 
Additional axial rod heaters can be used, for example, one 
adjacent to conduit 42 and another adjacent to conduit 44. 
Each conduit feeds its oWn respective slot die 56, Which has 
an expansion section and a slot section. The expansion section 
typically resides in the feeder tube plate 40. If desired, the slot 
section can reside in a slot plate 50. As used in this document, 
the term “slot die” is synonymous With “layer slot.” The ?rst 
set of conduits 42 is interleaved With the second set of con 
duits 44 to form alternating layers. 
[0074] In use, polymeric resins, in the form of a melt 
stream, are delivered to the supplemental channels 22 and 24, 
if present, from a source, such as an extruder. Typically, a 
different resin is delivered to each supplemental channel. For 
example, resin A is delivered to channel 22 and resin B is 
delivered to channel 24 as tWo distinct melt streams. If 
supplemental channels are not used, resin A and resin B 
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Would be delivered directly to the ?oW channels 32 and 34.As 
the melt stream A and melt stream B travel doWn the ?oW 
channels in the gradient plate 30, each melt stream is bled off 
by the conduits. Because the conduits 42 and 44 are inter 
leaved, they begin the formation of alternating layers, such as, 
for example, ABABAB. Each conduit has its oWn slot die to 
begin the formation of an actual layer. The melt stream exiting 
the slot die contains a plurality of alternating layers. The melt 
stream is fed into a compression section (not shoWn) Where 
the layers are compressed and also uniformly spread out 
transversely. Special thick layers knoWn as protective bound 
ary layers (PBLs) may be fed nearest to the feedblock Walls 
from any of the melt streams used for the optical multilayer 
stack. The PBLs can also be fed by a separate feed stream 
after the feedblock. The PBLs function to protect the thinner 
optical layers from the effects of Wall stress and possible 
resulting ?oW instabilities. 
[0075] FIG. 4 shoWs a perspective vieW of a feedblock 10' 
similar to feedblock 10 of FIG. 3. In FIG. 4, elements that 
correspond to elements of FIG. 3 are labeled With the same 
number With the addition of a prime. 

[0076] In optical applications, especially for ?lms intended 
to transmit or re?ect a speci?c color(s), very precise layer 
thickness uniformity in the ?lm plane is required. Perfect 
layer uniformity folloWing a transverse spreading step, occur 
ring in the slot die, is di?icult to achieve in practice. The 
greater the amount of transverse spreading required, the 
higher the likelihood of non-uniformity in the resulting layer 
thickness pro?le. Thus, it is advantageous from the standpoint 
of layer thickness pro?le uniformity (or for ?lm color unifor 
mity) for the feedblock’s slot die to be relatively Wide. HoW 
ever, increasing the Widths of the slot die results in a larger, 
heavier, and more expensive feedblock. It Will be apparent 
that an assessment of the optimal slot Widths must be made 
individually for each feedblock case, taking into consider 
ation the optical uniformity requirements of the resulting 
?lm. This assessment can be done using reliable rheological 
data for the polymer in question and polymer ?oW simulation 
softWare knoWn in the art, along With a model for feedblock 
fabrication costs. 

[0077] Control of layer thickness is especially useful in 
producing ?lms having speci?c layer thicknesses or thickness 
gradient pro?les that are modi?ed in a prescribed Way 
throughout the thickness of the multilayer ?lm. For example, 
several layer thickness designs have been described for infra 
red ?lms, Which minimiZe higher order harmonics. Such har 
monics can cause color in the visible region of the spectrum. 
Examples of such ?lm include those described in Us. Pat. 
No. RE 34,605, incorporated herein by reference, Which 
describes a multilayer optical interference ?lm comprising 
three diverse substantially transparent polymeric materials, 
A, B, and C and having a repeating unit of ABCB. The layers 
have an optical thickness of betWeen about 0.09 and 0.45 
micrometers, and each of the polymeric materials has a dif 
ferent index of refraction, ni. The ?lm includes polymeric 
layers of polymers A, B, and C. Each of the polymeric mate 
rials has its oWn different refractive index, nA, n5, n0, respec 
tively. A preferred relationship of the optical thickness ratios 
of the polymers produces an optical interference ?lm in 
Which multiple successive higher order re?ections are sup 
pressed. In this embodiment, the optical thickness ratio of 
?rst material A, f A, is 1/s, the optical thickness ratio of second 
material B, f B, is l/6, the optical thickness of third material C, 

. 1 i 

fC 1s /3, and nB<nAnC. 



US 2009/0218707 A1 

[0078] For this embodiment, there Will be an intense re?ec 
tion at the ?rst order Wavelength, While the re?ections at the 
second, third, and fourth order Wavelengths Will be sup 
pressed. To produce a ?lm that re?ects a broad bandwidth of 
Wavelengths in the solar infrared range (e. g., re?ection at 
from about 0.7 to 2.0 micrometers), a layer thickness gradient 
may be introduced across the thickness of the ?lm. For 
example, the layer thicknesses may increase monotonically 
across the thickness of the ?lm. Preferably, in a three compo 
nent system of the present invention, the ?rst polymeric mate 
rial (A) differs in refractive index from the second polymeric 
material (B) by at least about 0.03, the second polymeric 
material (B) differs in refractive index from the third poly 
meric material (C) by at least about 0.03, and the refractive 
index of the second polymeric material (B) is intermediate the 
respective refractive indices of the ?rst (A) and third (C) 
polymeric materials. Polymeric materials can be synthesiZed 
to have the desired index of refraction by using a copolymer 
or miscible blend of polymers. For example, the second poly 
meric material may be a copolymer or miscible blend of the 
?rst and third polymeric materials. By varying the relative 
amounts of monomers in the copolymer or polymers in the 
blend, any of the ?rst, second, or third materials can be 
adjusted so that there is a refractive index relationship Where 
n5: n Anc. 

[0079] Another suitable ?lm is described in US. Pat. No. 
5,360,659, incorporated herein by reference. The patent 
describes a tWo component ?lm having six layers alternating 
repeating unit. The ?lm suppresses the unWanted second, 
third, and fourth order re?ections in the visible Wavelength 
region of betWeen about 380-770 nm While re?ecting light in 
the infrared Wavelength region of betWeen about 770-2000 
nm. Re?ections higher than fourth order Will generally be in 
the ultraviolet, not visible, region of the spectrum or Will be of 
such a loW intensity as to be unobjectionable. The ?lm com 
prises alternating layers of ?rst (A) and second (B) diverse 
polymeric materials in Which the six layers altemating repeat 
unit has relative optical thicknesses of about 0.778A.l 1 1B. 
lllA.778B.lllA.lllB. The use of only six layers in the 
repeat unit results in more e?icient use of material and sim 
pler manufacture than previous designs. A repeat unit gradi 
ent may be introduced across the thickness of the ?lm. Thus, 
in one embodiment, the repeat unit thicknesses Will increase 
linearly across the thickness of the ?lm. By linearly, it is 
meant that the repeat unit thicknesses increase at a constant 
rate across the thickness of the ?lm. In some embodiments, it 
may be desirable to force the repeat unit optical thickness to 
double from one surface of the ?lm to another. The ratio of 
repeat unit optical thicknesses can be greater or less than tWo 
as long as the short Wavelength range of the re?ectance band 
is above 770 nm and the long Wavelength edge is about 2000 
nm. Other repeat unit gradients may be introduced by using 
logarithmic and/or quartic functions. A logarithmic distribu 
tion of repeat unit thicknesses Will provide nearly constant 
re?ectance across the infrared band. 

[0080] In another embodiment, the tWo component ?lm 
may comprise a ?rst portion and a second portion of altemat 
ing layers. The ?rst portion has the six layers alternating layer 
repeat unit that re?ects infrared light of Wave lengths betWeen 
about 1200-2000 nm. The second portion of alternating layers 
has an AB repeat unit, has substantially equal optical thick 
ness, and re?ects infrared light of Wavelengths betWeen about 
770-1200 nm. Such a combination of alternating layers 
results in re?ection of light across the infrared Wavelength 
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region through about 2000 nm. The combination is com 
monly knoWn as a “hybrid design.” Preferably, the ?rst por 
tion of the alternating layers has a repeat unit gradient of 
about 5/3: 1, and the second portion of alternating layers have 
a layer thickness gradient of about 1.511. The hybrid design 
may be provided as described for example in US. Pat. No. 
5,360,659, but has broader application in that it is useful With 
any of the broadband infrared re?ectors or multicomponent 
optical designs described herein. 
[0081] Another useful ?lm design is described in US. Pat. 
No. 6,207,260, entitled “Multicomponent Optical Body,” 
Which is incorporated herein by reference. Optical ?lms and 
other optical bodies are described Which exhibit a ?rst order 
re?ection band for at least one polariZation of electromag 
netic radiation in a ?rst region of the spectrum. Such optical 
?lms suppress at least the second, and preferably also at least 
the third, higher order harmonics of the ?rst re?ection band, 
While the percentage re?ection of the ?rst order harmonic 
remains essentially constant, or increases, as a function of 
angle of incidence. This is accomplished by forming at least 
a portion of the optical body out of polymeric materials A, B, 
and C Which are arranged in a repeating sequence ABC, 
WhereinA has refractive indices rrCA, nyA, and nZA along mutu 
ally orthogonal axes x, y, and Z, respectively. Similarly, mate 
rial B has refractive indices nxB, nyB, and n25 along axes x, y 
and Z, respectively, and C has refractive indices rrgc, nyc and 
nZC along axes x, y, and Z, respectively. The Z-axis is orthogo 
nal to the plane of the ?lm or optical body. In the optical ?lm, 
nxA>nxB>nxC or B> B>n B, and nZCZnZBZnZA. Preferably, 
at least one of the differences nZA—nZB and nZB—nZC is less than 
about —0.05. 

[0082] By designing the ?lm or optical body Within these 
constraints, at least some combination of second, third and 
fourth higher-order re?ections can be suppressed Without a 
substantial decrease of the ?rst harmonic re?ection With 
angle of incidence, particularly When the ?rst re?ection band 
is in the infrared region of the spectrum. Such ?lms and 
optical bodies are particularly useful as IR mirrors, and may 
be used advantageously as WindoW ?lms and in similar appli 
cations Where IR protection is desired but good transparency 
and loW color are important. 

[0083] A modular feedblock of the type described herein, 
having a changeable gradient plate adaptable to vary the 
thickness of individual layer thicknesses or layer thickness 
pro?les Without necessitating changing or re-machining the 
entire feedblock assembly, is especially useful for modifying 
layer thickness pro?les as described above. 
[0084] The various layers in the ?lm preferably have dif 
ferent thicknesses across the ?lm. This is commonly referred 
to as the layer thickness gradient. A layer thickness gradient is 
selected to achieve the desired band Width of re?ection. One 
common layer thickness gradient is a linear one, in Which the 
thickness of the thickest layer pairs is a certain percent thicker 
than the thickness of the thinnest layer pairs. For example, a 
l .055: 1 layer thickness gradient means that the thickest layer 
pair (adjacent to one major surface) is 5.5% thicker than the 
thinnest layer pair (adjacent to the opposite surface of the 
?lm). In another embodiment, the layer thickness could 
decrease, increase, and decrease again from one major sur 
face of the ?lm to the other. This is believed to provide sharper 
bandages, and thus a sharper or more abrupt transition from 
re?ective to transmissive regions of the spectrum. This pre 
ferred method for achieving sharpened band edges is 
described more fully in US. Pat. No. 6,157,490 (Wheatley et 
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al.) entitled “Optical Film With Sharpened Bandedge” ?led 
Jan. 13, 1998, the contents of Which are herein incorporated 
by reference. 
[0085] The method of achieving sharpened band edges Will 
be brie?y described for a multilayer ?lm having layers 
arranged in an alternating sequence of tWo optical materials, 
“A” and “B”. Three or more distinct optical materials can be 
used in other embodiments. Each pair of adjacent “A” and 
“B” layers make up an optical repeating unit (ORU), begin 
ning at the top of the ?lm With ORUl and ending With ORU6, 
With the ORUs having optical thicknesses OT 1, OT2, . . . OT6. 
For maximum ?rst order re?ectance (M:1 in equation I) at a 
design Wavelength, each of the ORUs should have a 50% 
f-ratio With respect to either theA or B layer. TheA layers can 
be considered to have a higher X-(in-plane) refractive index 
than the B layers because the former are shoWn to be thinner 
than the latter. ORUs 1-3 may be grouped into a multilayer 
stack S1 in Which the optical thickness of the ORUs decrease 
monotonically in the minus-Z direction, While ORUs 4-6 may 
be grouped into another multilayer stack S2 in Which the 
optical thickness of the ORUs increase monotonically. Such 
thickness pro?les are helpful in producing sharpened spectral 
transitions. In contrast, thickness pro?les of previously 
knoWn ?lms typically increase or decrease monotonically in 
only one direction. If desired for some applications, a discon 
tinuity in optical thickness can be incorporated betWeen the 
tWo stacks to give rise to a simple notch transmission band 
spectrum. 
[0086] Other thickness gradients may be designed Which 
improve peak transmission and make even steeper band edges 
(narroWer transmission band). This can be achieved by 
arranging the individual layers into component multilayer 
stacks Where one portion of the stacks has oppositely curved 
thickness pro?les and the adjacent portions of the stacks have 
a slightly curved pro?le to match the curvature of the ?rst 
portion of the stacks. The curved pro?le can folloW any num 
ber of functional forms. The main purpose of the form is to 
break the exact repetition of thickness present in a quarter 
Wave stack With layers tuned to only a single Wavelength. The 
particular function used is an additive function of a linear 
pro?le and a sinusoidal function to curve the pro?le With an 
appropriate negative or positive ?rst derivative. An important 
feature is that the second derivative of the ORU thickness 
pro?le be positive for the red (long Wavelength) band edge of 
a re?ectance stack and negative for the blue (short Wave 
length) band edge of a re?ectance stack. The opposite sense is 
required if one refers to the band edges of the notched trans 
mission band. Other embodiments incorporating the same 
principle include layer pro?les that have multiple points With 
a Zero value of the ?rst derivative. In all cases here, the 
derivatives refer to those of a best ?t curve ?tted through the 
actual ORU optical thickness pro?le, Which can contain small 
statistical errors of less than 10% sigma, one standard devia 
tion in optical thickness values. 
[0087] The multilayer stack exiting the feedblock may then 
directly enter a ?nal shaping unit such as a die. Alternatively, 
the stream may be split, preferably normal to the layers, to 
form tWo or more multilayer streams that may be recombined 
by stacking. The stream may also be split at an angle other 
than that normal to the layers. A ?oW channeling system that 
splits and stacks the streams is called a multiplier or interfa 
cial surface generator (ISG). The Width of the split streams 
can be equal or unequal. The multiplier ratio is de?ned by the 
ratio of the Wider to narroWer stream Widths. Unequal streams 
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Widths (i.e., multiplier ratios greater than unity) can be useful 
in creating layer thickness gradients. In the case of unequal 
streams, the multiplier should spread the narroWer stream 
and/or compress the Wider stream transversely to the thick 
ness and ?oW directions to ensure matching layer Widths upon 
stacking. Many designs are possible, including those dis 
closedinU.S. Pat. Nos. 3,565,985; 3,759,647; 5,094,788; and 
5,094,793 to Schrenk et al. In typical practice, the feed to a 
multiplier is rectangular in cross-section, the tWo or more 
split streams are also rectangular in cross-section, and rect 
angular cross-sections are retained through the ?oW channels 
used to re-stack the split streams. Preferably, constant cross 
sectional area is maintained along each split stream channel, 
though this is not required. 
[0088] Each original portion of the multilayer stack that 
exits the feedblock manifold, excluding PBLs, is knoWn as a 
packet. In a ?lm for optical applications, each packet is 
designed to re?ect, transmit, or polariZe over a given band of 
Wavelengths. More than one packet may be present as the 
multilayer stack leaves the feedblock. Thus, the ?lm may be 
designed to provide optical performance over dual or multiple 
bands. These bands may be separate and distinct, or may be 
overlapping. Multiple packets may be made of the same or of 
different combinations of tWo or more polymers. Multiple 
packets in Which each packet is made of the same tWo or more 
polymers may be made by constructing the feedblock and its 
gradient plate in such a Way that one melt train for each 
polymer feeds all packets, or each packet may be fed by a 
separate set of melt trains. Packets designed to confer on the 
?lm other non-optical properties, such as physical properties, 
may also be combined With optical packets in a single multi 
layer feedblock stack. 
[0089] An alternative to creating dual or multiple packets in 
the feedblock is to create them from one feedblock packet via 
the use of a multiplier With multiplier ratio greater than unity. 
Depending on the bandWidth of the original packet and the 
multiplier ratio, the resulting packets can be made to overlap 
in bandWidth or to leave betWeen them a bandWidth gap. It 
Will be evident to one skilled in the art that the best combi 
nation of feedblock and multiplier strategies for any given 
optical ?lm Will depend on many factors, and must be deter 
mined on an individual basis. 

[0090] Prior to multiplication, additional layers can be 
added to the multilayer stack. These outer layers perform as 
PBLs, but this time, Within the multiplier. After multiplication 
and stacking, part of the PBL streams Will form internal 
boundary layers betWeen optical layers, While the rest Will 
form skin layers. Thus the packets are separated by PBLs in 
this case. Additional PBLs can be added and additional mul 
tiplication steps may be accomplished prior to ?nal feed into 
a forming unit such as a die. Prior to the ?nal feed, additional 
layers can be added to the outside of the multilayer stack, 
Whether or not multiplication has been performed, and 
Whether or not PBLs have been added prior to the multipli 
cation step. The additional layers form the ?nal skin layers 
and the external portions of the earlier-applied PBLs Will 
form sub-skins under these ?nal skin layers. The die performs 
the additional compression and Width spreading of the melt 
stream. Again, the die (including its internal manifold, pres 
sure Zones, etc.) is designed to create uniformity of the layer 
distribution across the Web as it exits the die. 

[0091] Skin layers are frequently added to the multilayer 
stack to protect the thinner optical layers from the effects of 
Wall stress and possible resulting ?oW instabilities. Other 
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reasons for adding a thick layer at the surface(s) of the ?lm 
include, e.g., surface properties such as adhesion, coatability, 
release, coef?cient of friction, and barrier properties, Weath 
erability, scratch and abrasion resistance, and others. In mul 
tilayer ?lms that are subsequently uniaxially or very 
unequally biaxially draWn, “splittiness,” (i.e., the tendency to 
tear or fail easily along the more highly draWn direction), can 
be substantially suppressed by choosing a skin layer polymer 
that (l) adheres Well to the sub-skin or nearest optical layer 
polymer and (2) is less prone to orientation upon draW. An 
example of a useful skin layer, Where the optical stack con 
tains a PEN homopolymer, is a copolymer of PEN having a 
comonomer content suf?cient to suppress crystallinity and/or 
crystalline orientation. Marked suppression of splittiness is 
observed in such a structure, compared to a similar ?lm With 
out the coPEN skin layer(s), When the ?lms are highly draWn 
in one planar direction and undraWn or only slightly draWn in 
the orthogonal planar direction. One skilled in the art Will be 
able to select similar skin layer polymers to complement 
other optical layer polymers and/ or sub-skin polymers. 
[0092] Temperature control is important in the feedblock 
and subsequent ?oW leading to casting at the die lip. While 
temperature uniformity is often desired, in some cases, delib 
erate temperature gradients in the feedblock or temperature 
differences of up to about 400 C. in the feed streams can be 
used to narroW or Widen the stack layer thickness distribution. 
Feed streams into the PBL or skin blocks can also be set at 
different temperatures than the feedblock average tempera 
ture. Often, the PBL or skin streams are about 400 C. higher 
than the feed stream temperature to reduce viscosity or elas 
ticity in the protective streams and thus enhance their effec 
tiveness as protective layers. Sometimes, the protective 
streams’ temperature can be decreased up to about 400 C. to 
improve the rheology matching betWeen them and the rest of 
the How stream. For example, decreasing the temperature of a 
loW viscosity skin may enhance viscosity matching and 
enhance ?oW stability. Other times, elastic effects need to be 
matched. 
[0093] Conventional means for heating the feedblock-mul 
tiplier-die assembly, namely, the use of insertion- or rod- or 
cartridge-type heaters ?tted into bores in the assembly, are 
frequently incapable of providing the temperature control 
required for the inventive optical ?lms. Preferably, heat is 
provided uniformly from outside the assembly by (i) tiling its 
exterior With plate-type heaters, (ii) insulating thoroughly the 
entire assembly, or (iii) combining the tWo techniques. Plate 
type heaters typically use a resistance-heating element 
embedded in a metal material, such as cast aluminum. Such 
heaters can distribute heat uniformly to an apparatus, such as, 
e.g., the feedblock. 
[0094] The use of insulation to control heat How is not neW. 
It is, hoWever, typically not done in ?lm extrusion due to the 
possibility of polymer melt leakage from the assembly onto 
the insulation. Because of the need to regulate layer ?oWs 
very precisely, such leakage cannot be tolerated in the feed 
block-multiplier-die assemblies used for the inventive optical 
?lms. Thus, feedblocks, multipliers, and dies are carefully 
designed, machined, assembled, connected, and maintained 
so as to prevent polymer melt leakage, and insulation of the 
assembly becomes both feasible and preferred. 
[0095] An insertion- or rod- or cartridge-type heater, hav 
ing both a speci?c design and speci?c placement Within the 
feedblock, is advantageous both for maintaining constant 
temperature in the feedblock and for creating a temperature 
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gradient of up to about 400 C. This heater, called an axial rod 
heater, consists of a heater placed in a bore through the feed 
block and oriented in a direction normal to the layer plane, 
preferably very near an imaginary line through the points 
Where each side channel tube feeds a slot die. More prefer 
ably, in the case of coextrusion of a ?rst polymer and a second 
polymer, the bore for the axial rod heater Will be located both 
near an imaginary line through the points Where each side 
channel tube feeds a slot die, and also equidistant from the 
side channel tubes carrying the ?rst polymer and the side 
channel tubes carrying the second polymer. Further, the axial 
rod heater is preferably of a type that can provide a tempera 
ture gradient or a multiplicity of discrete temperatures along 
its length, either by variation in electrical resistance along its 
length, or by multi-Zone control, or by other means knoWn in 
the art. Such a heater, used in conjunction With the plate-type 
heaters described above, the insulation described above, or 
both, provides superior temperature control and/or unifor 
mity to traditional means. Such superior control over layer 
thickness and gradient layer thickness distribution is espe 
cially important in controlling the positions and pro?les of 
re?ection bands as described in US. Pat. No. 6,157,490 
(Wheatley et al.) and US. Pat. No. 6,531,230 (Weber et al.), 
the contents of Which are incorporated herein by reference. 

[0096] Shear rate is observed to affect viscosity and other 
rheological properties, such as elasticity. FloW stability some 
times appears to improve by matching the relative shape of 
the viscosity (or other theological function) versus shear rate 
curves of the coextruded polymers. In other Words, minimi 
Zation of maximal mismatch betWeen such curves may be an 
appropriate objective for How stability. Thus, temperature 
differences at various stages in the How can help to balance 
shear or other How rate differences over the course of that 
How. 

[0097] The Web is cast onto casting roll, sometimes referred 
to as a casting Wheel or casting drum. The casting roll is 
preferably chilled to quench the Web and begin the formation 
of a multilayer cast ?lm. Preferably, casting is assisted by 
electrostatic pinning, the details of Which are Well-knoWn in 
the art of polyester ?lm manufacture. For the inventive optical 
?lms, care shouldbe exercised in setting the parameters of the 
electrostatic pinning apparatus. Periodic cast Web thickness 
variations along the extrusion direction of the ?lm, frequently 
referred to as “pinning chatter,” should be avoided to the 
extent possible. Adjustments to the current, voltage, pinning 
Wire thickness, and pinning Wire location With respect to the 
die and the casting chill roll are all knoWn to have an affect, 
and should be set on a case-by case basis by one skilled in the 
art. 

[0098] The Web can sometimes attain a sidedness in surface 
texture, degree of crystallinity, or other properties due to 
Wheel contact on one side and merely air contact on the other. 
This can be desirable in some applications and undesirable in 
others. When minimiZation of such sidedness differences is 
desired, a nip roll can be used in combination With the casting 
roll to enhance quenching or to provide smoothing onto What 
Would otherWise be the air side of the cast Web. 

[0099] In some cases, it is important that one side of the 
multilayer stack be the side chosen for the superior quench 
that is attained on the chill roll side. For example, if the 
multilayer stack consists of a distribution of layer thick 
nesses, it is frequently desired to place the thinnest layers 
nearest the chill roll. This is discussed in detail in US. Pat. 
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No. 5,976,424 (Weber et al.), entitled “Method for Making 
Optical Films Having Thin Optical Layers,” Which is incor 
porated herein by reference. 
[0100] In some cases, it is desired to provide the ?lm With 
a surface roughness or surface texture to improve handling in 
Winding and/or subsequent conversion and use. A speci?c 
example germane to the inventive optical ?lms arises When 
they are intended for use in intimate contact With a glass plate 
or a second ?lm. In such cases, selective “Wetting out” of the 
optical ?lm onto the plate or second ?lm can result in the 
phenomenon knoWn as “NeWton’s Rings,” Which damages 
the uniformity of the optics over large surface areas. A tex 
tured or rough surface prevents the intimacy of contact 
required for Wetting out thereby minimiZing or eliminating 
the appearance of NeWton’s Rings. 

[0101] It is Well knoWn in the polyester ?lm art to include 
small amounts of ?ne particulate materials, often referred to 
as “slip agents,” to provide such surface roughness or texture. 
The use of slip agents can be incorporated into the inventive 
optical ?lms. HoWever, the inclusion of slip agent particulates 
can introduce a small amount of haZe and can decrease the 

optical transmission of the ?lm. In accordance With the 
present invention, NeWton’s Rings can be effectively pre 
vented, Without the use of slip agents, if surface roughness or 
texture is provided by contacting the cast Web With a micro 
embossing roll during ?lm casting. Preferably, the micro 
embossing roll Will serve as a nip roll to the casting Wheel. 
Alternatively, the casting Wheel itself may be micro-textured 
to provide a similar effect. Further, both a micro-embossing 
casting Wheel and a micro-embossing nip roll may be used 
together to provide a ?lm that is micro-embossed on both 
sides. 

[0102] Further, Applicants found that the use of a smooth 
nip roll at the casting roll, in addition to aiding quench at What 
Would otherWise be the air side of the ?lm, as already dis 
cussed above, can also signi?cantly reduce the magnitude of 
die lines, pinning chatter, and other thickness ?uctuations. 
The Web may be cast to a uniform thickness across the Web or 
a deliberate pro?ling of the Web thickness may be induced 
using die lip controls. Such pro?les may improve uniformity 
by the end of the ?lm process. In other cases, a uniform cast 
thickness provides best uniformity at the end of the ?lm 
process. Controlling vibrations in the process equipment is 
also important to reduce “chatter” in the cast multilayer Web. 

[0103] Residence times in the various process stages may 
also be important even at a ?xed shear rate. For example, 
interdiffusion betWeen layers can be altered and controlled by 
adjusting residence times. “Interdiffusion,” as used in this 
document, refers to mingling and reactive processes betWeen 
materials of the individual layers including, for example, 
various molecular motions such as normal diffusion, cross 
linking reactions, or transesteri?cation reactions. Su?icient 
interdiffusion is desirable to ensure good interlayer adhesion 
and prevent delamination. HoWever, too much interdiffusion 
can lead to deleterious effects, such as the substantial loss of 
compositional distinctness betWeen layers. Interdiffusion can 
also result in copolymeriZation or mixing betWeen layers, 
Which may reduce the ability of a layer to be oriented When 
draWn. The scale of residence time on Which such deleterious 
interdiffusion occurs is often much larger (e.g., by an order of 
magnitude) than that required to achieve good interlayer 
adhesion, thus the residence time can be optimiZed. HoWever, 
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some large-scale interdiffusion may be useful in pro?ling the 
interlayer compositions, for example to make rugate struc 
tures. 

[0104] The effects of interdiffusion can also be altered by 
further layer compression. Thus, the effect at a given resi 
dence time is also a function of the state of layer compression 
during that interval relative to the ?nal layer compression 
ratio. As thinner layers are more susceptible to interdiffusion, 
they are typically placed closest to the casting Wheel for 
maximal quenching. 
[0105] Applicants also found that interdiffusion can be 
enhanced after the multilayer ?lm has been cast, quenched, 
and draWn, via heat setting at an elevated temperature. Heat 
setting is normally done in the tenter oven in a Zone subse 
quent to the transverse draWing Zone. Normally, for polyester 
?lms, the heat setting temperature is chosen to maximiZe 
crystallization rate and optimiZe dimensional stability prop 
erties. This temperature is normally chosen to be betWeen the 
glass transition and melting temperatures, and not very near 
either temperature. Selection of a heat set temperature closer 
to the melting point of the loWest-melting polymer among 
those polymers in the multilayer ?lm Which are desired to 
maintain orientation in the ?nal state results in a marked 
improvement in interlayer adhesion. This is unexpected due 
to the short residence times involved in heat setting on line, 
and the non-molten nature of the polymers at this process 
stage. Further, While off-line heat treatments of much longer 
duration are knoWn to improve interlayer adhesion in multi 
layer ?lms, these treatments also tend to degrade other prop 
erties, such as modulus or ?lm ?atness, Which Was not 
observed With on-line elevated-temperature heat setting treat 
ments. 

[0106] Conditions at the casting Wheel are set according to 
the desired result. Quenching temperatures must be cold 
enough to limit haZe When optical clarity is desired. For 
polyesters, typical casting temperatures range betWeen 10° C. 
and 60° C. The higher portion of the range may be used in 
conjunction With smoothing or embossing rolls While the 
loWer portion leads to more effective quenching of thick 
Webs. The speed of the casting Wheel may also be used to 
control quench and layer thickness. For example, the extruder 
pumping rates may be sloWed to reduce shear rates or increase 
interdiffusion While the casting Wheel is increased in speed to 
maintain the desired cast Web thickness. The cast Web thick 
ness is chosen so that the ?nal layer thickness distribution 
covers the desired spectral band at the end of all draWing With 
concomitant thickness reductions. 

[0107] The multilayer Web is draWn to produce the ?nal 
multilayer optical ?lm. A principal reason for draWing is to 
increase the optical poWer of the ?nal optical stack by induc 
ing birefringence in one or more of the material layers. Typi 
cally, at least one material becomes birefringent under draW. 
This birefringence results from the molecular orientation of 
the material under the chosen draW process. Often this bire 
fringence greatly increases With the nucleation and groWth of 
crystals induced by the stress or strain of the draW process 
(eg stress-induced crystallization). Crystallinity suppresses 
the molecular relaxation, Which Would inhibit the develop 
ment of birefringence, and crystals may themselves also ori 
ent With the draW. Sometimes, some or all of the crystals may 
be pre-existing or induced by casting or preheating prior to 
draW. Other reasons to draW the optical ?lm may include, but 
are not limited to, increasing throughput and improving the 
mechanical properties in the ?lm. 
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[0108] In one typical method for making a multilayer opti 
cal polariZer, a single drawing step is used. This process may 
be performed in a tenter or a length orienter. Typical tenters 
draW transversely (TD) to the Web path, although certain 
tenters are equipped With mechanisms to draW or relax 
(shrink) the ?lm dimensionally in the Web path or machine 
direction (MD). Thus, in this typical method, a ?lm is draWn 
in one in-plane direction. The second in-plane dimension is 
either held constant as in a conventional tenter, or is alloWed 
to neck into a smaller Width as in a length orienter. Such 
necking in may be substantial and increases With draW ratio. 
For an elastic, incompressible Web, the ?nal Width may be 
estimated theoretically as the reciprocal of the square root of 
the lengthWise draW ratio times the initial Width. In this theo 
retical case, the thickness also decreases by this same propor 
tion. In practice, such necking may produce someWhat Wider 
than theoretical Widths, in Which case the thickness of the Web 
may decrease to maintain approximate volume conservation. 
HoWever, because volume is not necessarily conserved, 
deviations from this description are possible. 
[0109] In one typical method for making a multilayer mir 
ror, a tWo step draWing process is used to orient the birefrin 
gent material in both in-plane directions. The draW processes 
may be any combination of the single step processes 
described that alloW draWing in tWo in-plane directions. In 
addition, a tenter that alloWs draWing along MD, eg a biaxial 
tenter, Which can draW in tWo directions sequentially or 
simultaneously, may be used. In this latter case, a single 
biaxial draW process may be used. 

[0110] In still another method for making a multilayer 
polariZer, a multiple draWing process is used that exploits the 
different behavior of the various materials to the individual 
draWing steps to make the different layers comprising the 
different materials Within a single coextruded multilayer ?lm 
possess different degrees and types of orientation relative to 
each other. Mirrors can also be formed in this manner. Such 
optical ?lms and processes are described further in US. Pat. 
No. 6,179,948 (Merrill et al.), ?led Jan. 13, 1998 entitled “An 
Optical Film and Process for Manufacture Thereof,” the con 
tents of Which are incorporated by reference. 

[0111] DraWing conditions for multilayer optical polariZer 
?lms are often chosen so that a ?rst material becomes highly 
birefringent in-plane after draW. A birefringent material may 
be used as the second material. If the second material has the 
same sense of birefringence as the ?rst (e.g. both materials are 
positively birefringent), then it is usually preferred to choose 
the second material so that it remains essentially isotropic. In 
other embodiments, the second material is chosen With a 
birefringence opposite in sense to the ?rst material When 
draWn (e.g., if the ?rst material is positively birefringent, the 
second material is negatively birefringent). For a positively 
birefringent ?rst material, the direction of highest in-plane 
refractive index, the ?rst in-plane direction, coincides With 
the draW direction, While the direction of loWest in-plane 
refractive index for the ?rst material, the second in-plane 
direction, is perpendicular to the ?rst direction. Similarly, for 
multilayer mirror ?lms, a ?rst material is chosen to have large 
out-of-plane birefringence, so that the in-plane refractive 
indices are both higher than the initial isotropic value in the 
case of a positively birefringent material (or loWer in the case 
of a negatively birefringent material). In the mirror case, it is 
often preferred that the in-plane birefringence is small so that 
the re?ections are similar for both polarization states, i.e. a 
balanced mirror. The second material for the mirror case is 
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then chosen to be isotropic, or birefringent in the opposite 
sense, in similar fashion to the polariZer case. 
[0112] In another embodiment of multilayer optical ?lms, 
polariZers may be made via a biaxial process. In still another 
embodiment, balanced mirrors may be made by a process that 
creates tWo or more materials of signi?cant in-plane birefrin 
gence and thus in-plane asymmetry such that the asymmetries 
match to form a balanced result, e.g. nearly equal refractive 
index differences in both principal in-plane directions. 
[0113] In certain processes, rotation of these axes can occur 
due to the effects of process conditions including tension 
changes doWn Web. This is sometimes referred to as “how 
forWar ” or “boW-back” in ?lm made on conventional ten 

ters. Uniform directionality of the optical axes is usually 
desirable for enhanced yield and performance. Processes that 
limit such boWing and rotation, such as tension control or 
isolation via mechanical or thermal methods, can be used. 
[0114] Frequently, it is observed that draWing ?lm trans 
verse to the machine direction in a tenter is non-uniform, With 
thickness, orientation, or both changing as the ?lm 
approaches the gripped edges of the Web. Typically, these 
changes are consistent With the assumption of a cooler Web 
temperature near the gripped edges than in the Web center. 
The result of such non-uniformity can be a serious reduction 
in usable Width of the ?nished ?lm. This restriction can be 
even more severe for the optical ?lms of the present invention, 
as very small differences in ?lm thickness can result in non 
uniforrnity of optical properties across the Web. DraWing, 
thickness, and color uniformity, as Applicants recognize, can 
be improved by the use of infrared heaters to heat further the 
edges of the ?lm Web near the tenter grippers. Such infrared 
heaters can be used before the tenter’s preheat Zone, in the 
preheat Zone, in the stretch Zone, or in a combination of 
locations. One skilled in the art Will appreciate the many 
options for Zoning and controlling the addition of infrared 
heat. Further, the possibilities for combining infrared edge 
heating With changes in the cast Web’s cross-Web thickness 
pro?le Will also be apparent. 
[0115] For certain of the inventive multilayer optical ?lms, 
it is desirable to draW the ?lm in such a Way that one or more 
properties, measured on the ?nished ?lms, have identical 
values in the machine and transverse directions. Such ?lms 
are often referred to as “balanced” ?lms. Machine- and trans 
verse-direction balance can be achieved by selecting process 
conditions using techniques Well knoWn in the art of biaxially 
oriented ?lm making. Typically, process parameters explored 
include machine-direction orientation preheat temperature, 
stretch temperature, and draW ratio, tenter preheat tempera 
ture, tenter stretch temperature, and tenter draW ratio, and, 
sometimes, parameters related to the post-stretching Zones of 
the tenter. Other parameters may also be signi?cant. Typi 
cally, designed experiments are performed and analyZed to 
arrive at appropriate combinations of conditions. Those 
skilled in the art Will appreciate the need to perform such an 
assessment individually for each ?lm construction and each 
?lm line on Which it is to be made. 

[0116] Similarly, parameters of dimensional stability (such 
as shrinkage at elevated temperature and reversible coeffi 
cient of thermal expansion) are affected by a variety of pro 
cess conditions. Such parameters include, but are not limited 
to, heat set temperature, heat set duration, transverse direction 
dimensional relaxation (“toe-in”) during heat set, Web cool 
ing, Web tension, and heat “soaking” (or annealing) after 
Winding into rolls. Again, designed experiments can be per 
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formed by one skilled in the art to determine optimum con 
ditions for a given set of dimensional stability requirements, 
for a given ?lm composition, and for a given ?lm line. 

[0117] In general, multilayer ?oW stability is achieved by 
matching or balancing the theological properties, such as 
viscosity and elasticity, betWeen the ?rst and second materials 
to Within a certain tolerance. The level of required tolerance 
or balance also depends on the materials selected for the PBL 
and skin layers. In many cases, it is desirable to use one or 
more of the optical stack materials individually in the various 
PBL or skin layers. For polyesters, the typical ratio betWeen 
high and loW viscosity materials is no more than 4:1, prefer 
ably no more than 2: l , and most preferably no more than 1 .5: l 
for the process conditions typical of feedblocks, multipliers, 
and dies. Using the loWer viscosity optical stack material in 
the PBL and skin layers usually enhances ?oW stability. More 
latitude in the requirements for a second material to be used 
With a given ?rst material is often gained by choosing addi 
tional materials for the PBL and skin layers. Often, the vis 
cosity requirements of these third materials (PBL and skin 
layers) are then balanced With the effective average viscosi 
ties of the multilayer stack comprising the ?rst and second 
materials. Typically, the viscosity of the PBL and skin layers 
should be loWer than this stack average for maximal stability. 
If the process WindoW of stability is large, higher viscosity 
materials can be used in these additional layers, for example, 
to prevent sticking to rollers doWnstream of casting in a length 
orienter. 

[0118] DraW compatibility means that the second material 
can undergo the draW processing needed to achieve the 
desired birefringence in the ?rst material Without causing 
deleterious effects to the multilayer ?lm, such as breakage, 
voiding, or stress Whitening. These effects can cause undes 
ired optical properties. DraW compatibility usually requires 
that the glass transition temperature of the second material be 
no more than about 400 C. higher than that of the ?rst mate 
rial. This limitation can be ameliorated (l) by very fast draW 
ing rates that make the orientation process for the ?rst mate 
rial effective even at higher temperatures or (2) by 
crystallization or cross-linking phenomena that also enhance 
the orientation of the ?rst material at such higher tempera 
tures. Also, draW compatibility requires that the second mate 
rial can achieve the desired optical state at the end of process 
ing, Whether this is an essentially isotropic state or a highly 
birefringent state. 
[0119] In the case of a second material that is to remain 
isotropic after ?nal processing, at least three methods of 
material selection and processing can be used to meet this 
second requirement for draW compatibility. First, the second 
material can be inherently non-birefringent. An example of an 
inherently non-birefringent material is poly methylmethacry 
late because it remains optically isotropic (as measured by 
refractive index) even if there is substantial molecular orien 
tation after draWing. Second, the second material can be 
chosen so as to remain unoriented at the draW conditions of 
the ?rst material, even though it could be made birefringent if 
draWn under different conditions. Third, the second material 
can orient during the draW process provided it may lose the 
orientation so gained in a subsequent process, such as a heat 
setting step. In the case of multiple draWing schemes in Which 
the ?nal desired ?lm contains more than one highly birefrin 
gent material (e. g. a polarizer made in certain biaxial draWing 
schemes), draW compatibility may not require any of these 
methods. Alternatively, the third method may be applied to 
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achieve isotropy after a given draWing step, or any of these 
methods may be used for third or further materials. 

[0120] DraW conditions can also be chosen to take advan 
tage of the different visco-elastic characteristics of the ?rst 
and second optical materials, as Well as any materials used in 
the skin and PBL layers, such that the ?rst material becomes 
highly oriented during draW While the second remains unori 
ented or only slightly oriented after draW according to the 
second scheme described above. Visco-elasticity is a funda 
mental characteristic of polymers. The visco-elasticity char 
acteristics of a polymer may be used to describe its tendency 
to react to strain like a viscous liquid or an elastic solid. At 
high temperatures and/or loW strain rates, polymers tend to 
How When draWn like a viscous liquid With little or no 
molecular orientation. At loW temperatures and/ or high strain 
rates, polymers tend to draW elastically like solids With con 
comitant molecular orientation. A loW temperature process is 
typically considered take place near the polymeric material’s 
glass transition temperature, While a high temperature pro 
cess takes place substantially above the glass temperature. 
[0121] Visco-elastic behavior is generally the result of the 
rate of molecular relaxation in a polymeric material. In gen 
eral, molecular relaxation is the result of numerous molecular 
mechanisms, many of Which are molecular Weight depen 
dent. Thus, polydisperse polymeric materials have a distribu 
tion of relaxation times, With each molecular Weight fraction 
in the polydisperse polymer having its oWn longest relaxation 
time. The rate of molecular relaxation can be characterized by 
an average longest overall relaxation time (i.e., overall 
molecular rearrangement) or a distribution of such times. The 
precise numerical value for the average longest relaxation 
time for a given distribution is a function of hoW the various 
times in the distribution are Weighted in the average. The 
average longest relaxation time typically increases With 
decreasing temperature and becomes very large near the glass 
transition temperature. The average longest relaxation time 
can also be increased by crystallization and/ or crosslinking in 
the polymeric material Which, for practical purposes, inhibits 
any relaxation under process times and temperatures typi 
cally used. Molecular Weight and distribution, as Well as 
chemical composition and structure (e.g., branching), can 
also effect the longest relaxation time. 
[0122] The choice of resin strongly effects the characteris 
tic relaxation time. Average molecular Weight, MW, is a par 
ticularly signi?cant factor. For a given composition, the char 
acteristic time tends to increase as a function of molecular 
Weight (typically as the 3 to 3.5 poWer of molecular Weight) 
for polymers Whose molecular Weight is Well above the 
entanglement threshold. For unentangled polymers, the char 
acteristic time tends to increase as a Weaker function of 
molecular Weight. Because polymers beloW this threshold 
tend to be brittle When beloW their glass transition tempera 
tures and are usually undesirable, they are not the principal 
focus here. HoWever, certain loWer molecular materials may 
be used in combination With layers of higher molecular 
Weight as could loW molecular Weight rubbery materials 
above the glass transition, eg an elastomeric or tacky layer. 
Inherent or intrinsic viscosity, IV, rather than average molecu 
lar Weight, is usually measured in practice. The IV varies as 
MW“ Where 0t is the solvent dependent Mark-HouWink expo 
nent. The exponent 0t increases With solubility of the polymer. 
Typical values of 0t might be 0.62 for PEN (polyethylene 
naphthalate) and 0.68 for PET (polyethylene terephthalate), 
both measured in solutions of 60:40 Phenolzortho-Dichlo 
























