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(57) ABSTRACT 

Articles including post-formed multilayer optical ?lms With 
layers of at least one strain-induced birefringent material, 
methods of manufacturing such articles by post-forming 
multilayer optical ?lms, and multilayer optical ?lms that are 
particularly Well-suited to post-forming operations are dis 
closed. The articles, methods and multilayer optical ?lms of 
the present invention alloW for post-forming of multilayer 
optical ?lms including strain-induced index of refraction 
differentials While retaining the desired optical properties of 
the multilayer optical ?lms. 
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POST-FORMABLE MULTILAYER OPTICAL FILMS 
AND METHODS OF FORMING 

FIELD OF THE INVENTION 

[0001] The present invention relates to the ?eld of bire 
fringent multilayer optical ?lms. More particularly, the 
present invention relates to post-formable multilayer optical 
?lms including at least one birefringent material and meth 
ods of manufacturing post-formed articles from multilayer 
optical ?lms. 

BACKGROUND OF THE INVENTION 

[0002] Conventional methods of providing re?ective 
objects typically include the use of metal or substrates 
coated With thin layers of metals. Forming the articles 
completely of metal is typically expensive and may also 
suffer from other disadvantages such as increased Weight, 
etc. Metal coated articles are typically plastic substrates 
coated With a re?ective metallic layer by vacuum, vapor or 
chemical deposition. These coatings suffer from a number of 
problems including chipping or ?aking of the metallic 
coating, as Well as corrosion of the metallic layer. 

[0003] One approach to addressing the need for re?ective 
objects has been the use of multilayer articles of polymers 
such as those discussed in US. Pat. No. 5,103,337 (Schrenk 
et al.); US. Pat. No. 5,217,794 (Schrenk); US. Pat. No. 
5,684,633 (LutZ et al.). These patents describe articles, 
typically ?lms or sheets, that include multiple layers of 
polymers having different indices of refraction and, as a 
result, re?ect light incident on the ?lms. Although most of 
the listed patents recite that the articles are post-formable, 
only a feW of them actually address the modi?cations 
needed to ensure that the articles retain their optical prop 
erties after forming. Among those modi?cations are the use 
of discontinuous layers (US. Pat. No. 5,217,794) and 
increasing the number of layers in the article or ?lm (US. 
Pat. No. 5,448,404). 

[0004] Multilayer articles including layers of birefringent 
materials, their optical properties and methods of manufac 
turing them are disclosed in, e.g., PCT Publication Nos. WO 
97/01774 and WO 95/17303. This class of articles includes 
alternating layers of a birefringent material and a different 
material in Which the refractive index differential betWeen 
the alternating layers is caused, at least in part, by draWing 
of the article, typically provided in the form of a ?lm. That 
draWing causes the refractive index of the birefringent 
material to change, thereby causing the inter-layer refractive 
index differential to change. Those strain-induced refractive 
index differentials provide a number of desirable optical 
properties including the ability to re?ect light incident on the 
?lms from a Wide range of angles, high re?ectivity over 
broad ranges of Wavelengths, the ability to control the 
re?ected and transmitted Wavelengths, etc. For simplicity, 
multilayer articles including one or more layers of birefrin 
gent materials Will be referred to beloW as “multilayer 
optical ?lms.” 

[0005] None of the knoWn multilayer articles and multi 
layer optical ?lms and the patents/publications describing 
them, hoWever, address the problems associated With post 
forming multilayer optical ?lms. As discussed above, mul 
tilayer optical ?lms including alternating layers of materials 
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including at least one birefringent material rely on strain 
induced refractive index differentials. 

[0006] Because multilayer optical ?lms rely on refractive 
index differentials developed by draWing, post-forming of 
multilayer optical ?lms poses a number of problems. The 
additional strain caused during the post-forming processes 
can affect the refractive index differentials in the multilayer 
optical ?lms, thereby affecting the optical properties of the 
multilayer optical ?lms. For example, a multilayer optical 
?lm designed to re?ect light of one polariZation orientation 
and transmit light of the orthogonal polariZation orientation 
may be altered during post-forming such that it re?ects light 
With both polariZation orientations. In addition, many post 
forming processes involve the use of heat during forming, 
and that heat may alter the strain-induced crystalliZation that 
serves as the basis for the refractive index differentials in 
many multilayer optical ?lms. As a result, the multilayer 
optical ?lm may exhibit altered optical characteristics due to 
the changed refractive index differentials. Furthermore, 
some multilayer optical ?lms including strain-induced bire 
fringent layers may be stretched to levels at or near their 
rupture or breaking points during manufacturing. As a result, 
any further processing that introduces additional strain may 
Well result in rupture of the multilayer optical ?lms. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides articles including 
post-formed multilayer optical ?lms including layers of at 
least one strain-induced birefringent material, methods of 
manufacturing such articles by post-forming multilayer opti 
cal ?lms, and multilayer optical ?lms that are particularly 
Well-suited to post-forming operations. The articles, meth 
ods and multilayer optical ?lms of the present invention 
alloW for post-forming of multilayer optical ?lms including 
strain-induced index of refraction differentials While retain 
ing the desired optical properties of the multilayer optical 
?lms. 

[0008] In one aspect, the present invention provides an 
article including multilayer optical ?lm having an optical 
stack including a plurality of layers, the layers comprising at 
least one birefringent polymer and at least one different 
polymer, Wherein the optical stack includes a strain-induced 
index of refraction differential along at least a ?rst in-plane 
axis, and further Wherein the thickness of the optical stack 
varies non-uniformly over the optical stack. 

[0009] In another aspect, the present invention provides an 
article including multilayer optical ?lm having an optical 
stack including a plurality of layers, the layers including at 
least one birefringent polymer and at least one different 
polymer, Wherein the optical stack includes a strain-induced 
index of refraction differential along a ?rst in-plane axis and 
substantially the entire optical stack re?ects at least about 
85% of light of desired Wavelengths that is polariZed along 
the ?rst in-plane axis, and further Wherein the thickness of 
the optical stack varies by at least about 10% or more. 

[0010] In another aspect, the present invention provides an 
article including multilayer optical ?lm having an optical 
stack including a plurality of layers, the layers including at 
least one birefringent polymer and at least one different 
polymer, Wherein the optical stack includes a strain-induced 
index of refraction differential along a ?rst in-plane axis, and 
further Wherein the optical stack de?nes ?rst and second 
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major surfaces, the ?rst major surface including at least one 
depressed area formed therein. 

[0011] In another aspect, the present invention provides an 
article including rnultilayer optical ?lm having an optical 
stack including a plurality of layers, the layers including at 
least one birefringent polymer and at least one different 
polyrner, Wherein the optical stack includes a strain-induced 
index of refraction differential along a ?rst in-plane axis, 
Wherein the thickness of the optical stack varies; and a 
substrate attached to the multilayer optical ?lrn. 

[0012] In another aspect, the present invention provides a 
method of manufacturing an article including a multilayer 
optical ?lrn by providing a multilayer optical ?lrn having an 
optical stack including a plurality of layers, the layers 
including at least one birefringent polymer and at least one 
different polyrner, Wherein the optical stack exhibits a strain 
induced index of refraction differential along a ?rst in-plane 
axis, and further Wherein the optical stack has a ?rst thick 
ness; and permanently deforrning the optical stack from the 
?rst thickness to a second thickness, Wherein the optical 
stack exhibits a post-forrned strain-induced index of refrac 
tion differential along the ?rst in-plane axis after deforma 
tion. 

[0013] In another aspect, the present invention provides a 
multilayer optical ?lrn having a sequence of alternating 
layers of a birefringent polymer and a different polymer, the 
birefringent polyrner including PEN, Wherein the birefrin 
gent polymer exhibits a total polariZability difference in a 
range of from at least about 0.002 up to about 0.018, and 
further Wherein the birefringent polyrner exhibits a maxi 
mum in-plane birefringence of about 0.17 or less. 

[0014] In another aspect, the present invention provides a 
multilayer optical ?lrn having a sequence of alternating 
layers of a birefringent polymer and a different polymer, the 
birefringent polyrner including PET, Wherein the birefrin 
gent polyrner exhibits a total polariZability difference in a 
range of from at least about 0.002 up to about 0.030, and 
further Wherein the birefringent polyrner exhibits a maxi 
mum in-plane birefringence of about 0.11 or less. 

[0015] In another aspect, the present invention provides a 
method of manufacturing an article including a multilayer 
optical ?lrn by providing a multilayer optical ?lrn With an 
optical stack that includes a plurality of layers, the layers 
including at least one birefringent polymer and at least one 
different polyrner, Wherein the optical stack includes a 
strain-induced index of refraction differential along at least 
a ?rst in-plane axis; and corrugating the optical stack to 
cause a change in its visual appearance. 

[0016] In another aspect the present invention provides an 
article including a multilayer optical ?lrn having an optical 
stack that includes a plurality of layers, the layers including 
at least one birefringent polymer and at least one different 
polyrner, Wherein the optical stack includes a strain-induced 
index of refraction differential along at least a ?rst in-plane 
axis, and further Wherein the optical stack has a corrugated 
con?guration. 
[0017] These and other features and advantages of the 
present invention are discussed beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a schematic diagram of one rnultilayer 
optical ?lrn according to the present invention. 
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[0019] FIG. 2 is a plan vieW of a portion of one post 
forrned rnultilayer optical ?lrn according to the present 
invention including areas deforrned along tWo in-plane 
directions. 

[0020] FIG. 2A is an enlarged partial cross-sectional vieW 
of the post-forrned rnultilayer optical ?lrn of FIG. 2 taken 
along line 2A-2A. 

[0021] FIGS. 2B and 2C are enlarged partial cross 
sectional vieWs of alternative post-forrned rnultilayer optical 
?lrns deforrned along tWo in-plane directions. 

[0022] FIG. 3 is a plan vieW of a portion of one post 
forrned rnultilayer optical ?lrn according to the present 
invention including areas deforrned along one in-plane 
direction. 

[0023] FIG. 3A is an enlarged partial cross-sectional vieW 
of the post-forrned rnultilayer optical ?lrn of FIG. 3 taken 
along line 3A-3A. 

[0024] FIGS. 3B and 3C are enlarged partial cross 
sectional vieWs of alternative post-forrned rnultilayer optical 
?lrns deforrned along one in-plane direction. 

[0025] FIG. 4 is a perspective vieW of a portion of one 
post-forrned rnultilayer optical ?lrn according to the present 
invention. 

[0026] FIG. 5 is an enlarged partial cross-sectional vieW 
of the multilayer optical ?lrn of FIG. 4 taken along line 5-5 
in FIG. 4. 

[0027] FIG. 6 is a partial cross-sectional vieW of another 
post-forrned rnultilayer optical ?lrn according to the present 
invention. 

[0028] FIG. 7 is a partial cross-sectional vieW of a head 
light assernbly including post-forrned rnultilayer optical ?lrn 
according to the present invention. 

[0029] FIG. 8 is an enlarged cross-sectional vieW of one 
portion of the headlight assembly of FIG. 7 taken along line 
8-8. 

[0030] FIG. 9 is an enlarged cross-sectional vieW of one 
portion of the headlight assembly of FIG. 7 taken along line 
9-9. 

[0031] FIG. 10 is a plan vieW of one light guide including 
post-forrned rnultilayer optical ?lrn according to the present 
invention. 

[0032] FIG. 11 is an enlarged partial cross-sectional vieW 
of the light guide of FIG. 10 taken along line 11-11. 

[0033] FIG. 12 is a graph illustrating the relationship 
betWeen draW ratio (horiZontal axis) and crystallinity (ver 
tical axis) in the birefringent materials of a multilayer optical 
?lrn. 

[0034] FIG. 12A illustrates the index of refraction in the 
direction of draWing (vertical axis) as a function of the draW 
ratio (horiZontal axis) for one uniaxially draWn PEN ?lrn in 
Which the orthogonal in-plane axis dimension is held gen 
erally constant. 

[0035] FIG. 13 is a graph illustrating ternperature (hori 
Zontal axis) versus crystalliZation rate (vertical axis) for an 
exemplary birefringent rnaterial. 
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[0036] FIG. 14 is a perspective vieW of an article includ 
ing post-formed multilayer optical ?lm With selected areas 
having different optical properties. 

[0037] FIG. 15 is a cross-sectional vieW of a composite 
including an multilayer optical ?lm and a substrate. 

[0038] FIG. 16 is a plan vieW of the composite of FIG. 15 
illustrating that the substrate may be provided in selected 
areas. 

[0039] FIGS. 17 and 18 present the measured transmis 
sions of light polariZed in the MD and TD directions, 
respectively, as discussed in Example 2. 

[0040] FIG. 19 compares the spectra of cases 2, 5 and 6 
as discussed in Example 6. 

[0041] FIG. 20 presents the block fractional transmissions 
for the three cases discussed in Example 7. 

[0042] FIG. 21 is a partial schematic diagram of a corru 
gating apparatus used in connection With Example 12. 

[0043] FIG. 22 is a perspective vieW of the corrugated 
multilayer optical ?lm discussed in Example 12. 

[0044] FIG. 23 is a perspective vieW of the corrugated 
multilayer optical ?lm discussed in Example 12 With undu 
lations con?gured differently from those shoWn in FIG. 22. 

[0045] FIG. 24 shoWs a plan vieW of a portion of a 
multilayer optical ?lm after it has undergone a corrugation 
process such as discussed in Example 12. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS OF THE INVENTION 

[0046] The present invention is directed at articles includ 
ing post-formed multilayer optical ?lms including layers of 
at least one strain-induced birefringent material, methods of 
manufacturing such articles by post-forming multilayer opti 
cal ?lms, and multilayer optical ?lms that are particularly 
Well-suited to post-forming operations. Post-forming of 
multilayer optical ?lms presents problems because most, if 
not all, post-forming processes result in deformation of the 
?lm from its manufactured state. Those deformations can 
adversely affect the optical and mechanical properties of the 
multilayer optical ?lm. 

[0047] While the present invention is frequently described 
herein With reference to the visible region of the spectrum, 
various embodiments of the present invention can be used to 
operate at different Wavelengths (and thus frequencies) of 
electromagnetic radiation. For simplicity, the term “light” 
Will be used herein to refer to any electromagnetic radiation 
(regardless of the Wavelength/frequency of the electromag 
netic radiation) capable of being re?ected by the multilayer 
optical ?lms of the present invention. For example, the 
multilayer optical ?lms may be capable of re?ecting very 
high, ultrahigh, microWave and millimeter Wave frequencies 
of electromagnetic radiation. More preferably, the term 
“light” Will refer to electromagnetic radiation including the 
ultraviolet through the infrared spectrum (including the 
visible spectrum). Even more preferably, “light” as used in 
connection With the present invention can be de?ned as 
electromagnetic radiation in the visible spectrum. 

[0048] Furthermore, the multilayer optical ?lms and pro 
cesses of post-forming multilayer optical ?lms according to 
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the present invention rely on strain-induced index of refrac 
tion differentials betWeen layers in the ?lms. Typically, those 
differentials Will not be expressed herein numerically. Where 
they are discussed With reference to speci?c indices of 
refraction, hoWever, it should be understood that the values 
used are determined using light having a Wavelength of 
632.8 nanometers. 

[0049] As used herein, the terms “re?ection” and “re?ec 
tance” and variations thereof refer to the re?ectance of light 
rays from a surface. Similarly, the terms “transmission” and 
“transmittance” and variations thereof are used herein in 
reference to the transmission of light through a surface, 
optical stack, ?lm, etc. Except Where dyes or colorants are 
intentionally added, the optical stacks of the present inven 
tion preferably exhibit loW or minimal absorption losses 
(typically less than 1% of incident light), and substantially 
all of the incident light that is not re?ected from the surface 
of an optical stack Will be transmitted therethrough. 

[0050] As used herein, the term “extinction ratio” is 
de?ned to mean the ratio of total light transmitted in one 
polariZation to the light transmitted in an orthogonal polar 
iZation. 

[0051] Multilayer Optical Films 
[0052] Many multilayer optical ?lms used in connection 
With the present invention and methods of manufacturing 
them are described in US. Pat. No. 5,882,774 (JonZa et al.); 
US. Pat. No. 6,101,032 (Ouderkirk); US. Pat. No. 6,157, 
490 (Wheatley et al.); 6,207,260 (Wheatley et al.); US. Ser. 
No. 09/006,288 (?led on Jan. 13, 1998, noW abandoned); 
US. Pat. No. 6,179,948 (Merrill et al.); and US. Ser. No. 
09/006,591 (?led on Jan. 13, 1998); as Well as in various 
other patents and patent applications referred to herein. 
Brie?y, hoWever, multilayer optical ?lms as used herein 
refers to optical ?lms including at least one birefringent 
material provided in contiguous layers With at least one 
other material such that desired strain-induced refractive 
index differentials are provided betWeen the layers making 
up the ?lms. The multilayer optical ?lms preferably exhibit 
relatively loW absorption of incident light, as Well as high 
re?ectivity for both off-axis and normal light rays. 

[0053] The re?ective properties generally hold Whether 
the ?lms are used for pure re?ection or re?ective polariZa 
tion of light. The unique properties and advantages of 
multilayer optical ?lms provides an opportunity to design 
highly re?ective post-formed articles that exhibit loW 
absorption losses. One multilayer optical ?lm used in the 
methods and articles of the present invention is illustrated in 
FIG. 1 and includes a multilayer stack 10 having alternating 
layers of at least tWo materials 12 and 14. 

[0054] The multilayer optical ?lms according to the 
present invention all include an optically active portion that 
Will be referred to herein as the “optical stac ,” i.e., those 
layers that provide the desired re?ective properties of the 
multilayer optical ?lms by virtue of the refractive index 
differentials Within the optical stack. Other layers and/or 
materials may be provided in addition to the optical stack. 
For example, skin layers may be provided on the outside of 
the optical stack to improve the mechanical properties of the 
?lms or provide some other desired property or properties 
including secondary optical effects such as retardation or 
polariZation conversion, but the bulk of the re?ective optical 
characteristics of the ?lms are determined by the properties 
of the optical stacks. 
































































