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devices. 15 _ Two broad categories of itens that are
frequently the Batkermindofthairventiohed counterfeiting are docunent s
(including passports,~title.docunents, identification card Liver
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currency) and consumer goods. If a document is to be protected from counterfeiting by the use
of a security laminate, the laminate typically must be transparent to enable the contents of the
document to be seen. The security laminate should also be difficult to copy and tamper evident.
20 Minnesota Mining and Manufacturing Company of St. Paul, Minnesota (3M) has sold a
- security laminate under the d&sxgnatxon CONFIRM™ for twenty years. The product includes a
monolayer of glass beads, which by virtue of its placement in the laminate retroreflects incident
light, Although the CONFIRM™ product has many advantages over competitive security
laminates, it requires the use of a verifier to illuminate the hidden image printed on the back side
25 of the beads. It would be inconvenient, however, for a consumer to have to carry a verifier in
. order to authenticate money, or a consumer good, for example. In those and other
circumstances, faster verification, without the need for a separate verifier, would be desirable.
Aluminized holograms came into considerable use because their authenticity may be
verified without a separate verifier, but they have proven to be less secure because counterfeit
30 holograms may be made relatively easily. In the commercial product authentication area,
aluminum-backed holograms are becoming more popular, and may be applied to articles by
sewing, gluing, molding, or the application of a tag or label. More recently, transparent
holograms have gained considerable use as security laminates, because they provide
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having unusual or reduced color perception. More importantly, a film having an appearance that
shifts from one color to another color may not be suitable for application to an item of value
20 such as a document, where printing, graphics, or other indicia must be perceived through the
film, ' '
Other angularly sensitive materials, such as those made by Flex Products of Santa
" Rosa, California for prototype currency for the U.S. Bureau of Engraving and Printing, were
found to crack too readily, and were thereafier intentionally made into flakes that were
25 incorporated into security inks. Forty countries have incorporated this type of ink into their
currency, but so many colors are being fabricated that there is some confusion as to what colors
are intended to represent authentic currency in each country, because there is no standard.
Similar color shifting pigments are also being used in paints for commercial products, including
automobiles. A disadvantage of these materials is that there does not appear to be any viewing
30 angle at which they are transparent. Asa r&sﬁlt, when used as authentication layers, they can
only be located on the item to be identified in an area which does not contain printed or other
matter which is to be seen through the authentication layer.
Angularly sensitive diffraction films are disclosed in U.S. Patent No. 4,484,797 (Knop

et al), wherein materials having particular combinations of refractive indices are embedded in a
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In light of the disadvantages of known products, it would be desirable to provide a low-
cost article useful for the authentication of items of value, and specifically items having
20 information provided thereon which should be viewed through the article.

Summary of the Invention
The present invention includes a multilayer film comprising alternating layers of at least
. a first polymer and a second pbiymer; the film appearing substantially clear at approximately a
25 zero degree observation angle, and colored at at least one observation angle greater than a
predetermined shift angle. The color is preferably cyan. Stated in different terms, the invention
includes a multilayer film comprising alternating layers of at least a first polymer and a second
polymer, the film transmitting substantially all incident visible light at approximately a zero
degree observation angle, and transmitting substantially all visible light except a selected portion
30 of the red light at at least one observation angle greater than a predetermined shift angle. In
another embodiment, the invention includes a multilayer film comprising alternating layers of at
least a first polymer and a second polymer, the film appearing substantially clear at
approximately a zero observation angle for light of either polarization state, and appearing
colored for one polarization while appearing clear for the other polarization at at least one
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Detailed Description of the Invention

25 L_Introduction: In simplest terms, the multilayer film of the present invention appears to

s be clear when viewed by an observer at a zero degree observation angle, and to exhibit a visible

color when viewed at an observation angle that is greater than a predetermined shift angle. As
used herein, the term “clear” means substantially transparent and substantially colorless, and the
term “shift angle™ means the angle (measured relative to an optical axis extending perpendicular

30 to the film) at which the film first appears colored. The shift angle is shown at « in Figure 1.
For simplicity, the present invention will be described largely in termns of a color shift from clear
to cyan. This effect is produced by creating a multilayer film that includes multiple polymeric
layers selected to enable the film to reflect light in the near infrared (IR) portion of the visible
spectrum at zero degree observation angles, and to reflect red light at angles greater than the shift
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Figure 2 is a perspective view of a nmultilayer filmaccording to the

present invent i offtempine that the film is authentic, and tys that the itom upglerlying the hilm i alsg guthenic.
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multilayer clectranic pquipmegt, coTRACKAiSCS, drver; siFentes. e documents, passports, or bran
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their customers only to accept as authentic items of value so labeled. In addition, because the
15 film is transparent for at least some range of viewing angles, it can be placed over printed
indicia, graphics, or other visible features without significantly inhibiting their viewability.

II._Construction. Materials, and Optical Properties: The construction, materials, and
optical properties of conventional multilayer polymeric films are generally known, and were first
20 described in Alfrey et al., Polymer Engineering and Science, Vol. 9, No. 6, pp 400-404,
- November 1969; Radford et al., Polymer Engineering and Science, Vol. 13, No. 3, pp 216-221,
May 1973; and U.S. Patent No. 3,610,729 (Rogers). More recently patents and publications
including PCT International Publication Number WO 95/17303 (Ouderkirk et al.), PCT
International Publication Number WO 96/19347 (Jonza et al.), U.S. Patent No. 5,095,210
25 (Wheatley et al.), and U.S. Patent No. 5,149,578 (Wheatley et al.), discuss useful optical effects
which can be achieved with large numbers of alternating thin layers of different polymeric =~
materials that exhibit differing optical properties, in particular different refractive indices in
different directions. The contents of all of these references are incorporated by reference herein.
A Construction: Multilayer polymeric films can include hundreds or thousands of
30 thin layers, and may contain as many materials as there are layers in the stack. For ease of
manufacturing, preferred multilayer films have only a few different materials, and for simplicity
those discussed herein typically include only two. Figure 2, for example, includes a first polymer
A having an actual thickness d,, and a second polymer B having an actual thickness d;. The
multilayer film includes altemating layers of a first polymeric material having a first index of



20 present invention; and Fi gures 19, 20, 21, 22,
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measured after any orientation or other processing. For biaxially oriented multilayer optical

stacks at normal incidence, the following equation applies:
20 Equation 1; A2 =t 4+t = md; +nyd,
Equation 2: M4 === md, =nyd;

where A = wavelength of maximum light reflection
25 t; = optical thickness of the first layer of material
1, = optical thickness of the second layer of material
and
= in-plane refractive mdex of the first material
n; = in-plane refractive index of the second material
30 d, = actual thickness of the first material
d, = actual thickness of the second material

By creating a multilayer film with layers having different optical thicknesses (for example, in a
film having a layer thickness gradient), the film will reflect light of different wavelengths. An
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commonly referred to as the layer thickness gradient. A layer thickness gradient is selected to
achieve the desired overall bandwidth of reflection. One common layer thickness gradient is a
linear one, in which the optical thickness of the thickest layer pairs is a certain percent thicker
25 than the optical thickness of the thinnest layer pairs. For example, a 1.13:1 l_ayer thickness
gradient means that the optical thickness of the thickest Jayer pair (typically adjacent one major
surface) is 13% thicker than the optical thickness of the thinnest layer pair (typically adjacent the
opposite surface of the film). In other embodiments, the optical thickness of the layers may
increase or decrease linearly or otherwise, for example by having layers of monotonically
30 decreasing optical thickness, then of monotonicaily increasing optical thickness, and then
monotonically decreasing optical thickness again from one major surface of the film to the other.
This is believed to provide sharper band edges, and thus a sharper or more abrupt transition from
clear to colored in the case of the present invention. Other variations include discontinuities in
optical thickness between two stacks of layers, curved layer thickness gradients, a reverse
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[errr] 15 birefringence after str&feHil $oihat e desirelt Stichl flopertics S fithparted to the finished
film. Fourth, the other required polymer, referred to as the second polymer, must be chosen so
that in the finished film, its refractive index, in at least one direction, differs significantly from
the index of refraction of the first polymer in the same direction. Because polymeric materials
are dispersive, that is, the refractive indices vary with wavelength, these conditions must be
20 considered in terms of a spectral bandwidth of interest. Absorbance is another consideration.
For most applications, it is advantageous for neither the first polymer nor the second polymer to
have any absorbance bands within the bandwidth of interest. Thus, all incident light within the
bandwidth is either reflected or transmitted. However, for some abplications, it may be useful
for one or both of the first and second polymer to absorb specific wavelengths, either totally or in
25 part.

- o Polyethylene 2,6-naphthalate (PEN) is frequently chosen as a first polymer for films of
the present invention, for reasons explained in greater detail below. It has a large positive stress
optical coefficient, retains birefringence effectively after stretching, and has littie or no
absorbance within the visible range. It also has a large index of refraction in the isotropic state.

30 Its refractive index for polarized incident light of 550 nm wavelength increases when the plane of
polarization 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 fixed.
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be refl ected at fingandaddmtapems shifiein datpravessavigdow fonstretching due to change in the glass
transition temperature.
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
15 acid, isophthalic acid, phthalic 4cid, all isomeric naphthalenedicarboxylic acids (2,6-, 1,2-, 1,3-,
1,4-, 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’-
dipheny! ether dicarboxylic acid and its isomers, 4,4’-diphenylsulfone dicarboxylic acid and its
isomers, 4,4’-benzophenone dicarboxylic acid and its isomers, halogenated aromatic dicarboxylic
20 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 1,4-cyclohexanedicarboxylic acid and its

(I I I I I

- isomers and 2,6-decahydronaphthalene dicarboxylic acid and its isomers, bi- or multi-cyclic

dicarboxylic acids (such as the various isomeric norbornane and norbornene dicarboxylic acids,

25 adamantane dicarboxylic acids, and bicyclo-octane dicarboxylic acids), alkane dicarboxylic

| acids (such as sebacic 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, pheneanthrene, benzonaphthene,
fluorene and the like). Altematix"ely, alkyl esters of these monomers, such as dimethyl

30 terephthalate, may be used.

Suitable diol. comonomers include but are not limited 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-1,3-
pentanediol and higher diols), ether glycols (such as diethylene glycol, triethylene glycol, and
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When a naphthalene dicarboxylic polyester such as PEN or PBN is chosen as first
polymer, there are several approaches which may be taken to the selection of a second polymer.

25 One preferred approach for some applications is to select a naphthalene dicarboxylic copolyester
- (coPEN) formulated so as to develop significantly 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 dicarboxylic acid or ester components dimethyl naphthalate at from about 20

30 mole percent to about 80 mole percent and dimethﬂ terephthalate or dimethyl isophthalate at
from about 20 mole percent to about 80 mole percent, and employs ethylene glycol as dio!
component. Of course, the corresponding dicarboxylic 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 comonomers for a coPEN second polymer include but are not



t hi ckness gradient, a.stack with .a reverse thickness gradient w - | O
devi ati on, anWwO98626Gk with a substantially zero thi EE%E@ESAGQH
gradient. A thorough description of |ayer thrldkness profiles for
band edge sharpening is included in U S. Application Serial Nunmber

09/ 006, 085 ent it lifiled to all of the comdnapinere tistedrabbva ad\ktitabbIPEN@ntorias) delighing thd acid> d
on even date herewith, assigned to {he assignee . . .0f the present
i nvention, and hé?t%rb@’df‘?’i‘é’tﬁﬁf?&rtﬁt‘&!"”dg"‘? r%‘H(‘,’E’.‘ed%mcmmhtyws' B

Material s: There are gitdd usb@FloPreict Be REtropR 1efr&lANSMdéxbEa REPEN 3&ohd Wolymer. A
materi al s for the optical filmof the present invention. First,

al t hough the opt ivolue sverage pbthe mfragtivg indiges af the monomers to b¢raploysa haghegn found tobe a

different types qf.. Rol I Qas I 6L ' : r .
second 4 %’ﬁ%r\%ﬁ‘a??%%@r@%sﬁ ? é&r‘%%ac %‘F%%@gg%éﬁggggg%on ,twn
one of the two patnperinges forrdoPENaecohdpalyiners from the glass themsitionsf thedlombpolymansisithe
have a stress optical coefficje having a | arge absolute value. In other
words, it nust b@@m@e&np | opi ng ‘a | arge bireftingence when

stretched. Dependi ng QR additfn, polycarbonates i aMsk Rhnsitiol tenpeiatiRé EdnAABIE ith B4t of
be devel oped between two _ortn‘hogo.nal directions in the plane of
the film betweeFESnddavings wirpqtive indexsirailar tathe iseteopig fefrackiee indexof PENare also

per pendi cujgr to [ i ' f
TP, el . e e ptmer. P ooty S il s
bi refringence af tatso bs faddsgethentg an ednutidrand trinsestbeified ioth nowtsuitahle qopalpecrici secondr e
irrpartedtothefi[]ished film Fourth, the other required

pol yner, referred®®¥*®s the second pol yner, nust be chosen so

that in the finished fi isibt reduSred @bt tRedetond pbiifiebe aicBpolesttedtThpdlarudhdte.CVingIn,
differs significantly from the i ndex of refraction of the first
pol ymer in the sdwiymersaad eopghymersmade Sem monamerssueh ssavinyd paphthalenes, styrencs, ethyjege,

condi 11 one st 1 i5arde) de ot ol GREmURleK i iy M KPP CniiBBER

i nterest. Absor baelynersothentiahpolyesiorsandipolyealbosrtes may also be used FExamplestinclude

<opli a1 010, 1} JAThARSRS i el oS S oy,

of interest. Thusandhhlbgensunclasuhldring) btominetand jpdink ere useful for increasingritbmefisdtive mdex

AR T TN YA VR M K Y

speci fi c wagel engdebRasingiréfiRtivelififer whih this is dasiztd. part. _

Pol yet hyl ene 2, 6- napht flalat e (PEN), s [requently chosen as afirst pol yrer
is dependent not only on the intended application of the multilayer optical film in question, but
also on the choice made for the first polymer, and the processing conditions employed in
stretching, Suitable second polymer materials include but are not limited to polyethylene

25 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 terephthalate, and
poly-1,4-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

30 imides), polyamide-imides, polyether-amides, polyetherimides, polyary! ethers (such as
polyphenylene ether and the ring-substituted polyphenylene oxides), polyarylether ketones such
as polyetheretherketone (“PEEK”), aliphatic polyketones (such as copolymers and terpolymers
of ethylene and/or propylene with carbon dioxide), polyphenylene sulfide, polysulfones (includine
polyethersulfones and polyaryl sulfones), atactic polystyrene, syndiotactic polystyrene (“sPS”)
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above lists of suitable polyester comonomers for PEN. In some applications, especially when
20 PET serves as the first polymer, copolyesters based on PET and comonomers from said lists
| above (coPETs) are especially suitable. In addition, either first 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
25 one component is a polymer based on naphthalene dicarboxylic acid or terephthalic acid and
other components are polycarbonates or other polyesters, such as a PET, a PEN, a coPET, ora
co-PEN. | _
Another preferred family of materials for the second potymer for some applications are
the syndiotactic vinyl aromatic polymers, such as syndiotactic polystyrene. Syndiotactic vinyl
30 aromatic polymers useful in the cutrent invention include poly(styrene), poly(alky! styrene)s,
poly (aryl styrene)s, poly(styrene halide)s, poly(alkoxy styrene)s, poly(vinyl ester benzoate),
poly(vinyl naphthalene), poly(vinylstyrene), and poly(acenaphthalene), as well as the
hydrogenated polymers and mixtures or copolymers containing these structural units. Examples
of poly(alkyl styrene)s include the isomers of the following: poly(methyl styrene), poly(ethyl
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' generally have syndiotacticity 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,
20 or higher than 30%, or more preferably, higher than 50%, racemic pentad. In addition, although
there are no particular restrictions 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
300,000, |
25 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.
30 When a polarizing film 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™, and PET/Eastar™, where "coPEN® refers to a
copolymer or blend based upon naphthalene dicarboxylic acid (as described above) and Eastar™
is a polyester or copolyester (believed to comprise cyclohexanedimethylene diol units and
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index at the same wavelength, in all three directions, might be 1.495. Anothér example is the
PET/Ecdei™ system, in which the analogous indices might be 1.66 and 1.51 for PET, while the
25 isotropic index of Ecdel™ might be 1.52. The crucial property is that the normal-to-plane index
o for one material must be closer to the in-plane indices of the other matetial than to its own in-
plane indices.
It is sometimes preferred for the multilayer optical films of the current invention to
consist of more than two distinguishable polymers. A third or subsequent polymer might be
30 fruitfully employed as an adhesion-promoting layer between the first 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 subsequent polymer, if any, is not
limited. Each skin layer, which are typically provided as outermost layers for a multilayer



olymer is not |imted. Suitable conononers for a coPEN second
Pnc%/ude but awe® 9936257 ~limted to all of the coﬁﬁg%“z
| i sted above as suitable PEN conononers, inctldding the acid,

ester, hydroxy, ether, tri- or polyfunctional, and m xed functionality

t ypes. optical film orG geeof layers a)mpaahglhn Opmcairfdnhi, g@ichl!gehéssrphysipdl ¢hickness

b refi acti ve. | REMERSl Bt A% M ararally Beoreen i 0% oE 58 pIEH! ARSI Biskises

a 5 sui t abbmg iufiflayepkifth| ar techniques well-known in the art can be
used to estimte gl ass tran5|t|on : terrperatures for coPEN second

pol yners from the gl a&s OnticalPropertios; B refleetance shasastopistios of waltilayer films are determined
monomer s t g be er%g r%pfacto the most i ugortantofwhxwga %&% %&%9%&@35@&@%%&%&%

havi ng a glTass transirtion brrperat e conpatl
and having a ref Ira‘mbtxonefoneadehymoﬁthbﬁknmki h@anmulatagﬂmmtyfdemdsupenﬂndex of

PEN are al so 10 . yseful ag secon ner.s. . Pol vesters, co ters

pol ycar bonat es, éﬂ@"@%’ﬂ&%’éﬁ?ﬁ‘ﬁ@ & onofeachmat%?@gﬁﬁéd,y 1’ ﬂ’égr(“’l’ﬁv

an extiuder and hnaménemﬁlmpgamwmma&dswwdgafeww@aﬁw

pol ymers. Is not_required that the secondgg | ymer be
p

a copol yester or %@?y@&%&@@ﬂdbﬁwﬂgm%m biaxially birpfripgest. . Fhe latiepbyoater s

made from {pnoners ogﬁlﬁ{foﬂx% Wl %&M&J@ﬁ%&%%gﬂ pes, ethylene, 15

tates

mal ei ¢ anhydr| de, rylates,
Condensati on Iniing rent matekigle Irmnsnmaﬂypaéf;mmboatam.s\vo
may al so be used Ie |ncI sul f bnes

pol yur ef hanes, - ! @Yﬁ‘g"g “‘b"&i%}“’%°ﬁ“és“%i%bﬁ%°%a| e?'l 5 s 8 third
and hal ogens suchndas(tghédnyamgmbﬁm Ibﬁn;ﬁ”ﬂmebﬂdd@%xara&dtﬁﬁédtdsﬂfedﬁ-piaﬂ&mﬁﬁ ng
the refractive inde t he, second, mer, to desi.red | evel
Acryl ate groups é'l’?aéﬂ’ W@éﬂ‘SP@“w@ﬂV&%‘a&?I yyltilayer %@5“ and the respective indices

decr easi ng13 ef r ag{ ki, hRYSR4ralS Bs thinSldng indiRS. M €d. 't

will be understood frdmthe foregoi ng di scussion that the choice of a
second pol ymer One method of creating a uniaxially birefringent system is to biaxially orient (stretch

acrylates may be enpl oyed.

along two axes) a multilayer polymeric film, Biaxial orientation of the multilayer film results in
differences between refractive indices of adjoining layers for planes parallel to both axes,
resulting in the reflection of light in both planes of polarization. A uniaxially birefringent
20 material can have either positive or negative uniaxial birefringence. Positive uniaxial
birefringence occurs when the index of refraction in the z direction (n;) is greater than the in-
plane indices (n, and n,). Negative uniaxial birefringence occurs when the index of refraction in
the z direction (n,) is less than the in-plane indices (n, and n,). It can be shown that when 1, is
selected to match ny, = Nz, = Ny, and the multilayer film is biaxially oriented, there is no
25 Brewster’s angle for p-polarized light and thus there is constant reflectivity for all angles of
| incidence. In other words, properly designed multilayer films that are oriented in two mutually
perpendicular in-plane axes reflect an extraordinarily high percentage of incident light, and are
highly efficient mirrors. By selecting the layers as previously described to reflect near IR light,
the color shifting effect of the film of the present invention may be obtained. This same effect
30 may be achieved by positioning two uniaxially oriented (biaxially oriented) films, discussed
below, with their respective orientation axes at 90° to each other.
2. Biaxially birefringent materials: In a biaxially birefringent material, all three
indices are different. Biaxially birefringent materials are important to the film of the present
invention. A biaxially birefringent system can be made by uniaxially orienting (stretching along
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' for efficient reflection of light of only one plane of polarization and desired color shift. Two

20 crossed sheets of biaxially birefringent film would yield a highly efficient mirror, and the films

would perform similar to a single uniaxially birefringent film.

A novel way of making multilayer polymeric polarizers using biaxial orientation is
" described in U.S. Application Serial Number 09/006,455, entitled “An Optical Film and Process
for Manufacture Thereof,” filed on even date herewith and assigned to the assignee of the present
25 invention. In this approach, two polymers capable of permanent birefringence are drawn
sequentially such that in the first draw, the conditions are chosen to produce little birefringence
in one of the materials, and considerable birefringence in the other. In the second draw, the
second material develops considerable birefringence, sufficient to match the final refractive index
of the first material in that direction. Often the first material assumes an in-plane biaxial
30 character after the second draw. An example of a system that produces a good polarizer from
biaxial orientation is PEN/PET. In.that case, the indices of refraction can be adjusted over a
range of values. The following set of values demonstrates the principle: for PEN, nyx= 1.68, nyy
=1.82, oy, = 1.49; for PET ny, = 1.67, oy = 1.56 and ny, = 1.56, all at 632.8 nm. Copolymers of
PEN and PET may also be used. For example, a copolymer comprising approximately 10%
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styrene) _,2030| Y( lokith of the red light is reflected by the multxlayerﬁlm, and the film appears cyan against a
diffuse white background (or red against a black background). As the observation angle
increases toward 90 degrees, more red light is reflected by the multilayer film, and the cyan

appears to be even deeper. The foregoing description is based on the observation of the effect of
ambient diffuse white light on the film of the present invention, rather than on a collimated beam

25 of light. For the case of a single collimated light source with the film viewed against a diffuse

' white background, the effect is quite similar, except for the special case where the angle of

specular reflectance is the observation angle. When this occurs, for angles greater then the shift
angle, red light reaches the photoreceptor. By moving the observation angle slightly away from
the angle of specular reflectance, the cyan color is again observed. If a narrow reflectance band

30 is used, red light will transit through the film again at shallow viewing angles (greater than the
shift angle and less than 90 degrees). This will give a magenta hue to the film. So a clear film
would change to cyan, then magenta as the viewer changes observation angle from 0 to 90
degrees. The reflectance band should be less than 100 nm wide to achieve this effect.
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20 or hi ghefrorh the BasiORaveleigtiking fhRile for bh individug yer, sHoan abBfdation ¢ Heiow:
pentad. In_addition, although .there are no particular

restrictiofh regardi ng the nol ecul ar wei ght of these syndiotactic vinyl

aromati c polyners and VATET S, prefeL he wei ght average nol ecul ar
wei ght is greater ﬁﬁg@dﬂﬁan-{ 1 goaﬁ)%)sle?ass than 1, 000, 000, and nore

preferably, g than 50,000 and | ess t anm 800, 000. 25

The syndiotactic vg nyl aromatic polyners and copolynmers nmay al so be used in
the form of polymer blends with, for instance, vinyl aromatic
group polyners w th athetwielkigiihedtethe giver Tyyer; aromati c group
polymers with isotactic strucfures, and any other polyperg that are , |
mscible 2 wi i ihdex W%&éﬁ‘&f‘}a righdpxhior the Bivep W@ larization of

pol yphenyl ene ethers siousHeRNRisE difohdt thé fyerWi t h
d = actual thickness of the layer; and
6= angle of incidence measured from perpendicular in that layer.

25 In an isotropic thin film stack, only the value of (Cos 8) decreases as © increases.
However, in the birefringent films of the present invention, both n and (Cos 6) decrease for p-
polarized light as © increases. When the unit cell includes one or more layers of a negatively
birefringent material such as PEN, the p-polarized light senses the low z-index valug instead of
only the in-plane value of the index, resulting in a reduced effective index of refraction for the

30 negatively birefringent layers. Accordingly, the effective low z-index caused by the presence of
negatively birefringent layers in the unit cell creates a secondary blue shift in addition to the blue
shift present in an isotropic thin stack. The compounded effects result in a greater blue shift of
the spectrum compared to film stacks composed entirely of isotropic materials. The actual blue
shift will be determined by the thickness weighted average change in L with angle of incidence



many of the previous.described vinyl aromatic group polyners.

When a pol arwonigag61s7l mis nade using a process with predom narﬁqorym%ﬁllzg%ﬁal
stretching, particul arly preferred9conbi nati ons of polyners for
optical layers include PEN coPEN, PET/ coPET, PEN sPS, PET/ sPS,
PEN East ar [ err] foradfidndtéril gers af thé ey dell. Thas; itie: blmRﬂN.an be Extharscet! or lssened by

copol ynmer or blend based upon_ napht hal ene d| ca box cid (as (fsi)oéﬁ{' bedr11
above) and East afjugting]the relative thickness ‘gﬂ}fl’b‘ yer %‘g‘b’é?“;@éct gyer St ge

to conprise cychalaxalg 1 % : Qtio, WBfided bé&q that must first be considered in the
- 14- t er epht at e units) commerciall y avai | abl e from East nan

Cheni cal Co. Wh emodncmhxgn | Thevgaxirnbmyblue shift in mirrofsgs attained byrusies Regativalyivpiaxially ng

or of o1 od Sonbi PHETBRE" BrRaR il Beps stk PRI s SRRt i ony

PEN/ PET, umxﬂﬁ%l/ﬂaﬁﬁve REM:@E:Tﬁa&ﬁds REth GIEEAIGRER, Foﬁpelaazékf,’lbiﬁﬂnaﬂyef or s
to pol ybutyl ene terephthal ate, '"PETG' re ers t aafoﬂgoly
PET enpl oyi ng a biwefingent gaesials 3(el]’§?j’ap‘l‘t;f°”h° simple case of lighf ingi °)"“"'J°<ind

' PETCOPBT' r ef er%ﬁg & s gﬁ?&x@?ﬁ Wﬂ&f ﬁ@%ﬁs@is i£th8§dntk f6F boMluniaxial and biaxial

ester thereof w a mx ene glycdl and 1, 4-but anedi ol .

Particul arly pr efilmsr Bor dimoctisingbetwesn theanajqrakesrob a polanzer,dhe effeetlis still abservable hubithe
case of mlé)rors olor-shiffing films include PEN PMVA,

PET/ PMVA, 1PEN ECRRD SIS jsmore B, o [err], 10 PEN/ sPS, PET/sPS,

PEN coPET, PEN PETG mdhdﬁhiﬁlﬁlbﬁeﬁix}genwa PERKINRVA, ﬂfemgxlatrdependence of the red

pol ynet hyI nmet hacr te, Ecd S a th asti c est er
copol yest er { bel ¥ @ eqignce ‘s‘l?“SLm‘““ 33;@1%??@%5‘? g?’?mfﬂ?fllhght
pol yt et ramet hyl eg ?loﬁ&&‘ﬁéng%é/%ca}%st gnd tﬁ@davelengms ofngh:@y&ﬁmtwmgdiemeﬁmﬁpl

units) comercially available from Eastnan Chemi cal _Co,, "coPET"

refers t 9 a C(')poﬁx}quéﬂ%wwe the pereentage of ltgb‘rt@ﬂﬁ‘f'ﬁtﬁql iseimply yminyg theperceriags of
glb;'\c/gl) ( usg-(:l-lGl y %E E%ﬁ% fprru%’?ﬁ %@% %ﬁnﬁﬁv’f ;[l] fr‘éfﬁh%hﬁ@mﬂ afs@ﬁx‘?ﬂﬂes
fl uoropol ymer c Omfmmatloalabgutdlghtlrbhbﬂlm fThospedid provxded in Figures 3 and 4 are taken froma
computerized optical modeling system, and actual performance typically corresponds relatively
closely with predicted performance, Surface reflections contribute to a decreased transmission in
both the computer modeled and measured spectra. In other Examples for which actual samples
20 were tested, a spectrometer available from the Perkin Elmer Corporation of Norwalk,
Connecticut under the designation Lambda 19 was used to measure optical transmission of light
at the angles indicated. |
| A uniaxially birefringent film having a total of 224 alternating layers of PEN (n.y, =
1.75; n, = 1.5) and PMMA (n,,, = 1.5) with a linear layer thickness gradient of 1.13:1 was
25 modeled. The transmission spectra for this modeled film at a zero degree observation angle is
shown in Figure 3, and the transmission spectra at a 60 degree observation angle is shown in
Figure 4, Figure 3 shows the virtual extinction of near-IR light, resulting in a film that appears
clear to an observer. Figure 4 shows the virtual extinction of red light, resulting in a film that
appears cyan to an observer. Note also that the low (or left) wavelength band edge for both the
30 s- and p-polarized light shift together from about 750 nm to about 600 nm, and transmission is
minimized in the desired range of the spectrum so that to the eye, a very sharp color shift is
achieved. The concurrent shift of the s- and p-polarized light is a desirable aspect of the present
invention, because the color shift is more abrupt and dramatic when light of both polarities shift
together. In Figures 3 and 4, as well as in later Figures, this effect may be observed by



For mirror filns, a match of the refractive indices of the first polyner
and second woo9936257 polymer in the direction nornmal to the fROTAYIIBRN®2| s
prefered, because it provides for constant _yp. refl ectance of

p-pol arized light with respect to the angle of incident light (that is,

there is no 20 detenﬁn@%%?%e%e@%h%%ﬁis &0he @?_égﬂ?JpGIariﬁH ngnﬁp&&é&%le%%ce? apart

wavel ength, the 1n- e refractive indices m
bi axially ori enta@do®EN, while the film plane-normal refractive index m ght

fall to 1.49. \Wen PMVA . S, U t co yOer in.ihe.
nul tilayer construct i'g?l‘?etwep'&af’%@tcfﬂ\?’é eﬂ%m&%ﬁ?bnogg% eg@btcﬁg’r %oé’ﬁ%}' atss in
wavel ength, in al4a*h Bser sficeWeicidofiningdifortianhiindd Hihband/tahdiBY wens plopbdasiafuidion
LT oy b Spmonn i svn S, RRpL s e BBy RSTHESA 55
1.52. The cruci algRa0R%rchcd Br Ediiutihd e G&Bﬂﬁﬂfobdjléc@bﬁﬂﬁn% M IE System”. For the (CPE

one material nust be closer to the in-plane indices of The other material
than to its own ¢abeulations on actual spestra,the datagvasgenerated following method ASTM E1164-94

LT 1T Rk SRR R

I nvention to C urs I"e " polyiers.
A third or subselumitiantI85witha Y0 dgfree supplafientary standard obisérudr lisusedifor aly ETE esforan

adhesi on-pronoting | ayer between _the firs olynmer and.the secon
pol yner WIR hin af s é@k’,’mﬁ?“éﬁ’f"’%iﬂ’ Bﬁﬂ‘ﬁ? a’EBngé‘h'é‘Fﬂ“g'i“ﬁ“’éP@“&ER“’f or
optical purpos €Smodthngishows slight diﬂ'erer@és%ﬁﬁtlﬂ’&o%‘fg%fé’caicﬁﬁﬁﬂ aPRIMRA i aAd

stacks, as a skin layer, as a functional coating, or for any

ot her purpose, Asteflegtion froma whitegiffise bagkgraynd. oln; GIE cglop oordinptes opnsitive g'otopmpends

if any, is not . Jeio it ed ' ' PALBLA Y o;

provi ded as out etror‘r't)edétn e%ag{/eeirst or g\"srf‘uﬁ%ﬁp‘i?’?f/i(ia]‘)rv$ ﬁ&ﬁ%gan%b% bitleBolot. PA b 0is

-15- oy calbridss. | Thegolodess ednditibn indXpeyresloc sprape is si=n3 1211 andy F=@4290.i Inm
tyween 1 9% and 40% :

typically,has a physical thickness an
pr ef er abl nget we 5% %*505/3"8& Vel efAcr ) T 1o TR £} RISk REEEve any B8for, and
of the nultil ayewhdnthé@bsolute values of a*, b* < 5, the filtas oPgHis iGdntidd 29 Sdbistantally Thlerless.

reflectance char e o Figare S that beyond the shel Smgle (Rbout 3¢ degreas), & drimite change from
essentially colorless to a deep cyan occurs. The a* shifts to values lower than 40 and b*
achieves values lower than -30 at observation angles of 72 degrees and beyond.
20 The present invention stands in contrast to the case of isotropic materials. For example,
" 224 layer construction of zirconia and silica were modeled, The refractive index of zirconia was
Dy = 1.93, the refractive index of silica was ny y,, = 1.45, and the model assumed a linear layer
thickness gradient in which the thickest layer pair was 1.08 times thicker than the thinnest layer
pair. At a zero degree cbservation angle, the isotropic film’s spectra looked similar to the
25 modeled multilayer film above (compare Figure 6 to Figure 3), and to the naked eye, both would
- be clear. As shown in Figure 7, however, the low wavelength band edge for p-polarized light
viewed at a 60 degree observation angle shifts by about 100 nm, while that for s-polarized light
shifts by about 150 nm. This construction does not exhibit an abrupt change from clear to cyan
because the s- and p-polarized light do not shift together with change in angle. Funﬁennore, the
30 p-polarized light transmission spectrum shows some red light lwkaée, making for weaker cyan
color saturation. The CIE color coordinates graphed in Figure 8 for this modeled isotropic
construction bear this out. The a* and b* values at the point of strongest coloration (an
observation angle of about 70 degrees) only lie between about -10 and -20.



5 by several factors, the nost inportant of which for purpose
thi s di scussmh9943¥6@5% he i ndi ces of refraction for epéﬁ'ﬁbg%?}égzof

the filmstack. In particular, reflectivity @&pends upon the
rel ati onship between the indices of refraction of each material in the x,
y, and z directions (lniselsopossibierwith,the films ofthisinvem[omwinjoduc@iafﬁlmrﬂmnhppearsto

rel ati onshi ps bejween .t three indices | ea t hr ge gener, cat | es of
materials: isot r‘kﬁﬂgﬁwﬁf B&F %/ C3P frpagetige 1t08 @Fﬁ%ﬁ&?"f@%‘ﬁ'@ﬁ%ﬁ
The latter two Womereﬁacﬁm&ﬁ%plbﬂdme%&él%h&I f7s>£:mﬂeesmtortﬁmand

present invention. . Unraxial ly birefri ngent
materi als: | n a nipiakblfor PMMA o Constagtyaluesrof the re&acnvmdxces were used acrossthi¢ modeled
(typlcally al on r I

di fferent ?r omthe't %ps’s%o%m n&%@h(l%’g/epl c%?%%%’ﬁ%{‘?%gggﬁgxﬁw

nferr]). The x ammmaasammmmgoﬁdmgtwqmmmmmmmwm No
that the rere ent | ane of a |venla rnowthi he t|| er, fil

and the ¥espgct| F’FPET“‘@QE"%W”*““P }‘ﬁdé?ﬂ’f“éﬁﬂ ﬁ"e&ﬁ] (ift’ tfﬁ’“ﬂg‘“"d-
the in-pl ane i ndigheRere determined for observation angleé Rifgin@trbad 1985 Ed“g%ﬁ 'aﬂd!ax@ shown in
uniaxially birefri ngent s¥stem Is to biaxially orient (stretc

al ong two axes) appars,alear plobsaryation mgles Pﬁlessdhqﬂeﬁ‘?t“ﬁﬁo@ﬁg"é?s thprecyan
mul ti | aye fil m(ﬁ&%ﬂi'etas ahd'ne gative b*) at obseg}ail ﬁfﬂé&ﬁﬁ%ﬁtea 1o 90 dBgrbds Vdhd finally

i ndi ces o ad10|n Iayers or p anes par Xes,
resulting in the'nagﬁtkemsmm*cﬁnd heggtive b*hatl:ubsdnvqubramgksofgrpmrahanz&ﬂtdemes Ahe

Iy biref h th
negat | ve i axi AeEPPETe e dar tipBioiciedFansiPint Aty shov i Fipes Lo husigt 12, g o
occur.s when the ﬁm@wcwaefnrtaﬁ&msﬁomatz&ed db@&ﬁnamm{gm(sfgh}élops:e%@@&w

than the in- pl ane indices (n[err]| and n[err]) Negat |

uni axi al  bi r ef r i EaciRlightis seflectedyrAt2 ¢ %Bfﬁﬁ@@ﬁw@fmumH)ﬂﬁeﬁlm appcafscyaﬂ
the z dirgstion &ems@feal.gmlﬁsmhﬁh&a ta {&@:&%A@b@ﬂ&@g@@%%ﬁﬁmgkm
en err e

nferr]). It can be shown t hat
nferr], = n[err ]trough basishifled fﬂ' ennuigh tedhateR to dllaysoughlyleqval smeyntsdfaed and Shicdightaol,

t here i S N0 25 petr Eipg{v?gi ﬁl ?Qﬁ polarized light and thus there
is constant refl&ctivi or a Lﬁs;ﬁ% & i nci dence. I n other
words, properly desi gsheﬁlangldstot‘baya lﬁahm degmbsaege&m@bbadsmﬂmbm&rmglelsl |y
per pendi cul ar in S ref et an extr I nar.i | ta

i nci dent |ight, ﬁ'%hﬂg‘ﬁzg%% cb ‘é‘ﬁ%ﬂg’p@ﬂf“"?#? agtyg@agﬁpg@fql

the | ayerg0as prM1@ﬁﬁcuw¢68&ﬁhm&paﬁg%$&8hmﬂfezvbﬁehhM&mgmformahon Iftehe

col or shi-fting effect of the fllmof t resent invention nmay be obtained.

This same eff ectshﬁbanslelslar%% Wewmqtawmoaﬂwm%ﬁtpy
oriented (biaxi aﬁ&eé,veme%%@aaﬁ,fahuﬁﬁs ﬁ&a§§a@uveme article to beedoti¥erfiit Whbnlbi 11 1
respect ive or| entatl on axes at rr to e

2. Biaxially birmokr Slngenglwro&bm@ and 60 degteesiare momrﬁﬁrredq‘ Thgehift angke effa given
b TS e | 557 5L 1B bl L 5 o
bi axi al | y2®i r ef rsedlightis refested ro render the ﬁhmcbanhxyappwmcean%pprdpaﬂbﬂaygr thicknesses
(stretching al ong, . ectimated in accordance with Equations 1, 2 and 3 above, which relate the optical
thickness (and therefore actual thickness) of the layers to the wavelengths of light desired to be
reflected. The bandwidth for a given pair of materials may be estimated from Equation 3,
multiplying by the layer thickness ratio. The center of the reflectance band is calculated from
. 30 Equations 1 or 2 so that it is positioned approximately one half bandwidth from the desired
location of the lower band edge.
The shift angle may be defined as the angle when a* first reaches a value of -5 on the

CIE L*a*b color space. This also corresponds with the first angle where a noticeable amount of
red light is reflected. As seen in Figures 3 and 5 compared to Figures 9 and 10, placing the



-16- one axis) the nultilayer polymeric film such as al ong the
x direction woopisepste 2.. A biaxially bi ref ri ngent W@F?%g(fz
filmcan be designed to provide high reflect2nxity for light with its plane
of pol ari zation parallel to one axis, for all angles of

i nci dence, and ghn¥miidsion Gobil (veflo@Re bW closer to the edgd ¢FietAsible/ipedtnink (700 nm)
transmssivity) for light with its plane of pqlarization_paratlel to the

other axis 5  changesghe syiff anglqdyomsabgyt 36 degrers foaboutis degreess (fhen thipdefipition phshift,
DI el NGENt - SY Sl QRIS i A lged BF 5- and p-polarized light@bl? &f bt dg0Bi foPthe O
ransmtting |1 0 her

pol ari zati on an ght t he polFari zation. State .
differently, a BENANMAmodeled spectsa. dmthe tdsa vf themedeled ssotropi¢ zimnonialsiligh construction,

d laarit | j.ght vi brati [ | : t dom. I ,
nd a1 1 oo 1 et ATt apgR oA 16 v edpre ! ShORD AR PGt ahd 670
plane). to pass fitsGemfzddignd i | m while reflecting incident light rays of

the other polarity (vibrating 10 =~ in a plane perpendicular to the
first plane). By conilegbtainythe shawest transition @fcoﬁeeﬂmaanpmce,thfbwsq(orleﬁ) :
nferr], ATy QE? Lari-zi:

obtained. If thgmrda‘?/ rsfmv\bg?‘eslg%dpé E(grl a iééhgg‘ g@ibgﬁéé M'q”smge%%&roggrgﬁo

| i ght.in the nedesignsfmultilaybr film ol vahich thase bariderged appabiacidentis to chobseomateriald with an
Used al o thig fil . I pear, suhst ant i,ally. cl.e t. angl es
Uoss ¢ hantt nesprete Epepreimately 025} dPe freRBR R GHFLdn et oot S udhirigent

as intense as t hgeRisauicabicd asshbRn tncEhuttionrsor film at angl es exceeding the

shift angle. 15 When viewed through a polarizer, it appears clear to
ei ther polarizer orientation at angl es bel ow the shift angle.

For angles greater thgRdofs, shift a@ﬂﬁb=£ﬁﬂ&ﬁ;@% y colored for the |ight
pol ari zed parallel to the stretch direction and clear for |ight

pol ari zed parallel to the non-stretch direction. It is desirable

to have n{grr]. : ] i . o nlerrl,. and
nferr] clg)sger tﬁﬁ%&%?h?ﬁgir;l&ﬁﬁgec‘ra&f;‘d&%&%a%&%%ﬁmgggﬂgf‘eaﬁf&%%ﬂel&@bn of
i ght of only one pl Ghe 10f lays PENVEPMMAQnodeled cade déstréted aldverand hiefsibject ofFighkes 9
crossed sheets qgf biaxiall i reftingent £l ulLd yield Lgh .
efficient ni _rro?‘:'m‘éﬁ_ltﬂ)ét‘ﬁ? '%?‘f e’_“mgea'e Jf‘%&ﬂ\ﬁ@‘%#ﬁfm‘%ﬁﬁgﬁ@/@wﬂﬂ
si ngl e uni axi al liyequbticafs; PRVEA s thé detBnd material. When the f-ratio of tho’biR&itRknt 1¥r S f
maki ng nul til ayer pal ym&*rl,{c5 Egllsarl zers using biaxial orientation is

(2] 2 e

described in U. appiagmately O d% ¢ signiREant fepargiop beryesndhe loweiihapd gdges ofithe s- and
Optical F39 m ang, Rf&&Rpht spectra, as shown in Figure 13. When the f-ratio is approximately 0.5, there

remains a noticeable separation, as shown in Figure 14. At an foratio of 0.25, however, the
lower band edges of the s- and p-polarized light spectra are virtually coincident as shown in
Figure 15, resulting in a film having a sharp color transition, Stated in different terms, it is most
desirable to have the lower band edges of the s- and p-polarized light spectra within

25 approximately 20 nm of each other, and more desirable to have them within approximately 10
nm of each other, to obtain the desired effect. For the modeled cases that are the subject of
Figures 3 through 12, an f-ratio of 0.5 was used. .

The optical theory underlying the modeled data described above will now be described in

greater detail. A dielectric reflector is composed of layer groups that have two or more layers of

30 alternating high and low index of refraction. Each group has a halfwave optical thickness that
determines the wavelength of the reflection band. Typically, many sets of halfwaves are used to
build a stack that has reflective power over a range of wavelengths. Most stack designs have
sharp reflectivity decreases at higher and lower wavelengths, know as bandedges. The edge
above the halfwave position is the high wavelength band edge, ABEhi, and the one below is the



for Manufacture Thereof,"” filed on even date herewth and assigned to the
assi gnee of MWRI¥AEEnt 25 invention. In this approach, YTSHUptYafitr s
capabl e of pernmanent birefringence are drawn-23- sequentially such
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birefringence low wavelength band edy@, Dig)). TacstRireillisttated iPPigure A6STHIREREY &iges, and
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PET honopol yner in the construction. Indices for the copolyner
under simlar processing are about n[err]= 1.67, n, =1.62,

nferr]= 1.52, at 632.8 nm There is a go dbtc retﬂﬁdtlvwﬂl ces in
the x dirggtion, a |la [ erIen reflet n) in
theydlrggtlon and g&srﬁ?ﬂ? dlffererll\f(:{ft'e|r;v’\af2 |r c-ﬂgﬂ—]

smal|l z index difference m nimzes unwanted coI or s ‘4t shaH‘ow
observation angles. The film formed by bi aX| al orientation is

strong in all planar directions, while uniaxially oriented polarizer

is prone to spl |whemgr‘aﬁ?é@mdidi@emﬂcb&ﬁmmﬁfﬂkmtaﬁaémﬂe&bﬂafmeﬁMac@mdpl
approach has nerit. The foregoing is neant to be
exenpl ary, and |§%nhasebbcw@f§$®ddyerhat conbi nati ons of t hese

Pdex 10 0 e SR A, o e i B i 1 RALBL T ot S v

mat chi ng ilA the Qﬁtm@hmbnlw sacinas ﬁhtbtat:Mﬁussnon and reflection of the stack, chh Be 8drived

;(r)]gf:glsor ed mul t'ﬁgxxfhggf\aé?'g Eﬁt he | %! nvfgcn i 0 et,l‘ggc;t ﬁcqragggjl [ %ht at
definition the sBdﬁraﬁ&ﬁﬂ(a)andJ’i(by ed light fromwhite

’ 2n

Equations 7(a); 7(b): L= n::n": and G = "#":-1

120 | |
The effective indicies used for the Fresnel coefficients are given by Equations 8(a) and 8(b):
_ yn2 —n?sin’0,
Equation 8(a); 7, = (for s polarized light and)
cosé,
25 ‘n.n, cosé,

Equation 8(b): 7, = T (for p polarized light,)
1/n,,, —n,sin“ @,

‘When these indicies are used, then the Fresnel coefficients are evaluated at normal incidence. The
incident material has an index of ny and an angle of 0o



light, the filmappears cyan. The anount of red light reflected, and thus

t he degree twom936s7t he filmappears cyan, depends PEH/USRRI26362
observation angle and the refl ected bandw dtf- As shown in 15 Fi gure
1, the observation angle is nmeasured between the photoreceptor (typically a
hunan eye) The Rital phific GRREY oFAthhWave Phis, cAE bIVESHHRE ardigdtrbpie indlciee
of the film Wen the observation angle is r oxi mat e yzero
degrees, very |m@lyeca&mrmreanp@hqemﬁsﬁaemwdewefemdg§b different

nul-tilayer é (sor and Btpbiaﬁkﬁaﬁ' Grof Li2h I)%-uf&ﬁ&pﬁ\@'b&sg L:I’E\ﬂée 09240kble Lﬁngvelfsal%?a er '

whi t e backgroun agai nst a background) .

observati on angl, éscshownin EquptionsiBapandi9gd shift angle A a substanti aI 20

portion of_the red light is reflected by the multilayer film and the film
appears cysan agai nst a di ffuse white background (or red agai nst

a bl ack background) bserv M, angtE3 es toward
90 degrees, nore redﬁ‘ %@ til‘gi&f B 5y 8432 Ol t(fqré%‘?‘“?ﬁﬁ’a and the
cyan - appears to be even deeper. The foregoing description is
based on the observation of the effect of anbi ent diffuse white
light on the filmof jhe in t paty han i mat ed
beam 25 of Iigf#(q ‘#ﬁrg%f% easg% e sf’n@‘f‘e ec#qup {gﬂffgl t source
with the filmviewed against a diffuse whi t e background, the
effect is quite simlar, except for the special case where the angle of

specul ar y@fl ect@g&eg Iﬁd&%ﬁ@ﬁ%{e\éﬁam&ﬁlﬂw&wm&hl s occurs, for angles
greater then the shif le, red light reaches the _

phot or ecept or. By m\ﬂm&Welmemﬂﬁugﬁﬁnmsngoné’mswth&MW@moﬁﬁ showed that

ot of | cot hr i e e gt bR AR Ll e by BB B M, it

filmagain at Sfﬁg Q¥hehtsOPREh AR R ﬁ%ﬁ%ﬁ!\e §thdk ht WifRrent wavelengths. Aﬁ%wfelen%ﬂ\s

angle and less th 90 degrees). This will give a magenta hue to the fi

So a clear fil mwhereEquation 1msabeﬁea,ha¢1mmi@sneryﬁponehﬁmy dedeedias nivee Halfovaves awe r
changes OE ervati 8n angle fromO to 90 degrees. The refl ectance
band shou be | SR80 nm wi de to achieve this effect.

- 18- One common description of reflectance bandw dth
depends on the relationship between

Equation 10: }ﬁli‘nl >1

The wavelength where this expression equals 1 is the band edge. For a halfwave composed of
20 two layers, multiplying the matrix results in the analytical expression given in Equation 11.

—Lﬂi’-l ICOS(ﬁl)c‘)S(ﬁz - -(n" + e )sm(ﬂ1 )Sln(ﬂzj 21

Equation 11:

The edge of a reflection band can be determined from the characteristic matrix for each
25 halfwave. For a halfwave with more than two layers, the characteristic matrix for the stack can
be derived by matrix multiplication of the component layers to generate the total matrix at any
wavelength. A band edge is defined by wavelengths where Equation 11 is satisfied. This can be
either the first order reflection band or higher order reflections. For each band, there are two
solutions. There are additional solutions at shorter wavelengths where higher order reflections
30 canbe found. | |



the in-plane indices of refraction of the materials in the stack, as shown
by the fol | owwo®936257 equat i on: 5 Equat PGR/U$98/26362
Bandwi dth = (4[err])sin[err](1-(n[err]/n[err]2¥} (1+(n[err]/nferr]))]

Thus, if n[err] is close to.n[err], the reflectance peak is very narrow.
For exanple, in the cgieMahufacture: A preferredmitiiad ofiyaking the muhiuyenfiimedftierprestatng

I f PET ., = 1.66 d_Ecdel ,(p2 =1.52 t . ]
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breadth or bandwhgy Badqroz%aem_mmaehﬁﬁbtmmmwa Propeitiey BleihsatédPsbisve their Piking

In the case of a nultilayer filmhaving alternatin ers of

| a
PEN (n[err] = 1. a&yoreswsmiopmrapmam&ﬁmgwltgmrmbé%mx@nyiﬂmme
bandwi dt h ies 77 - - .
ohift withdangl e ayprTultipticr 166 A Jayer multipticr splts the rmpifiafer ¥ 4o, ahd Bk elfcts ana
from the basic wistatkehgielstréannatogitht sscond 12 nfultiplythe nurmbey oftlayers axtrydad, Anhsynmasic
Equat i 4, bel ow ti 4: ) = nd
(ggg I[gpr]j © va\xfmlujiiier, whenpspd.with extrusion equ%%yegt thgtqnt[ogpﬁ lagermglgérg] 4F|m¥“gn ed
to the given | ayeroughbut the stack, may broaden the distribRGkivof Rlyer tRiklnREsbd $'hs tPénabld the
material layer for the given direction and pol arization of .
the |ight travel imdfilayer glngnq heyedayes pairs; corresponding to a desired portionpf-the,wisihlg|spectrum of

ks ) 0 i o s ik S5 b RISASEIG?
thin filmstack prdvidingresivi8ufor skin lagerstofaskin]ljyerifecivlak 1), asshoenr | i ncreases.
rovever, 4 Lhe Dl el hageh L Rk e Skl B L rRRuR e
When the unit celphanbfabliié@ethe Pr@en® inveitiof ale @¥RFibeddh, for XRGHIE, 1V.8) Batent Nos. 3,773,882
(Schrenk) and 3,884,606 (Schrenk), the contents of which are incorporated by reference herein.
15 As an example, the extrusion temperature may be approximately 295° C, and the feed rate
approximately 10-150 kg/hour for each material, It is desirable in most cases to have skin layers
111 flowing on the upper and lower surfaces of the film as it goes through the feedblock and die.
These layers serve to dissipate the Jarge stress gradient found near the wall, leading to smoother
extrusion of the optical layers. Typical extrusion rates for each skin layer would be 2-50 kg/hr
20 (1-40% of the total throughput). The skin material may be the same as one of the optical layers,
or a third polymer.

Afer exiting the film extrusion die, the melt is cooled on 2 casting wheel 116, which
rotates past pinning wire 114, The pinning wire pins the extrudate to the casting wheel. To
achieve a clear film over a broader range of angles, one need only make the film thicker by

25 running the casting wheel more slowly. This moves the low band edge farther away from the
upper end of the visible $pectrum (700 nm). In this way, the color shift of the films of this
invention may be adjusted for the desired color shift. The film is oriented by stretching at ratios
determined with reference to the desired optical and mechanical properties. Longitudinal
stretching may be done by pull rolls 118, and transverse stretching in tenter oven 120, for

30 example, or the film may be simultaheously biaxially oriented. Stretch ratios of approximately
3-4 to 1 are preferred, although ratios as small as 2 to 1 and as large as 6 to 1 may also be
appropriate to 2 given film. Stretch temperatures 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 film is typically heat set in the last two zones 122 of a tenter oven to
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pol arizer, the analysis is the same for both uniaxial and biaxial
films. For directonbinstiapevithe fon exampleyan applicdcaacuust). It ippreferred that the erabassingstep | s
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provi des multiple colors of the rainbow are seen as viewing angle is changed. Figures 18A, 18B, and 18C
illustrate a multilayer film of the present invention before embossing, after embossing, and at an
20 area between an embossed and an unembossed area, respectively. Note the overall compression
in layer thickness between Figures 18A and 18B, and rippled layers in Figure 18C. Embossing
makes the clear to cyan film of the invention even more noticeable, and prevents the unauthorized
_ reuse of film from one security application for another. The embossing step is preferably done
above the glass transition temperature of both of the polymers in the multilayer film. In the case
25 of a film that uses a third polymer for skin layers, these may either be removed prior to
embossing, or also have a glass transition temperature below the desired embossing temperature,

IV. __Additional Layers and Features
In addition to the skin layer described above, which add physical strength to the film and

30 reduce problems during processing, other layers and features of the inventive film may include
slip agents, low adhesion backsize materials, conductive coatings, antistatic, antireflective or
antifogging coatings or films, barrier layers, flame retardants, UV stabilizers or protective
layers, abrasion resistant materials, optical coatings, or substrates to improve the mechanical
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the virtual ext iobsivation figle)@idlcad 31l wWhéihr the'dBéustleht i€ Suthditi@whdnlitis héldht ARRGET S
clear to an observer. Figure 4 shows the virtual extinction of red |ight,
resulting in a Sl thamthe shift angle. This wonkdhe useful forn passpart, fope@mpler . Not e al so
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p-pol arized light shift together om abo _
transmi ssi on i s the naked eye, especially ifi thaishift angle is knegecithan 6@ degreas GBhisxhayt beatesipabletfoum

so that to the very sh col or L . .achi d, The
concurrent shift © ﬁxﬂ%sﬁ?‘ﬁ%ﬂ%@ﬂWegﬁ?mf@agwaggl%wgﬁéi‘ﬁbwgbf
the present like a standard pedyeiterdibel, batante arefibobséytion Hibdgh aipslafBhE vebed e
and dramatic when |ight of both polarities shift together. In

Figures 3 and 4 SY3colfE wouldbe fpjteicxident atrabspryation angles greaterthan theyhift ansleobser ved

by 15 Another usefu} application for the multilayer film of the invention i arfe O Jabel
determ ni ng whether the left bgrll)d edges of thagers- ande&vgoogﬁafea&“ﬁbi gﬁltb ?

spectra are sp a(y@éphdwrbp adhesively securedyio apgekage for consumer goods, for exariple.JAgain, if the
the actual col Opaghed BGielvkd &PafftinEtly AR Qegrie UBscridtiof Mgt the PR LALE §eeia9y
information or images provided on the packaging, and if the package is viewed at an angle
greater than the shift angle, can verify that the goods are not counterfeit, When the film is
20 provided as a tape or label, an adhesive is applied to one major surface of the film so that it may
be applied to an object. The adhesive should be transparent or a diffuse white light scatterer, so
that the film appears cyan at greater than the shift angle. It is preferably a pressure sensitive
adhesive, although hot-melt adhesives or curable adhesives are also contemplated.
Images may be provided on either major surface of the film, by any suitable technique.
25 One unique application of ink is the use of cyan ink (perhaps in addition to other colors) on the
under side of the film from the viewer. Under those circumstances, the total printed image is

BA.VE
.
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visible at approximately a zero degree observation angle, but the cyan printing is hidden at
angles greater than the shift angle, Another useful color for larger printed areas is black,
because it absorbs any light that reaches it. In this case, only the specularly reflected red light is

30 noticeable. In practice, black text with standard font sizes (8-18 point type), don’t show this
effect, because the adjacent white areas scatter sufficient cyan Jight at shallow angles to “wash
out” the specular red. However, if larger black areas were used adjacent white areas, for
example, the black areas would appear red and the white areas would appear cyan.



L*a*b col or space were determined for transmtted light and a* and b*

pl otted as awaisesn 5 of observation angle in Fi gur §U5%3@ol or
cal cul ation nethod foll owed ASTM E308- 95 -28- "Standard Practice for
Computing the Colors of hjects by Using the CIE System. For the CIE

cal cul ations on act u@théRestityFeanirtiahdl alap baiacorpueited intodke filal of theipFegentitivaidn, or
ASTM El 164-94 "Standard_ Pra ce for tain
Spect r ophot omet ARY:suitabls censtrugtign gfsyhichdh etfftl’“ t"i%‘ﬁe nucropgrforanons that effetiyshit
D65 with a 10 d %ﬁeﬁﬂh &£ BER S Mﬂ%@lﬂﬁbﬁe«eﬁ%@gaﬁﬁh Bﬂﬂxcﬁioh ofhdat,

asure nt or

color 10 The transm ssion spectra | s are used
i n throughout, ahﬂtdmdglﬂfmm adhesion layers wawgyommmmbmmmesﬂw

Ferl eoti o fr omiPedReRedn Erd S Rbe gyt CoRRET L R 7E i b for °
positive a* Correﬁﬁmé)dﬁxdmematdetmmnmmm@ﬁt(oﬁm@ﬁedeangmﬁanomﬂslmenb*-
to yell ow and negative b* totally

col orl ess. The MB‘FQ“E%&‘I?!)N& W@ﬁot*shﬂl"ﬂ(@“%‘ﬁﬂzgr l%ﬁﬂ%@é@&"faﬂwé&wta&d y =
0.3290. In 15 Labeltf)(@&tenlﬁ@taxyttmx&me)mwouh@aﬁfa&%n@ﬁ “The fim dF B
human eye cannot percelve any col or, en the absol ute val ues

of a*, b* <5, trpeesentmvsntmmambobmmm xetpenasmlzlahbql,dmatecﬂrearrﬂésyshasan
Note in Fi@ure §de§nﬁﬁ‘éanpe d the shift angle (about 36 degrees), a dranatic
change from sSentially colorless to a deep cyan occurs. The a*
shifts to val ues | omerhetcmocfdﬂmlﬂlaybfﬁlmofﬁxepresentimhmewmsmfahwahtagesnvdrhan

-30 at observation a es of .72 de ees eyaqnd

present inventi c?ﬂméef“é‘t%a’sm‘?ﬁa"é"tﬂ\‘f‘?e& "‘gﬁ} ésﬁryﬁ?&}erb"btchw{eéftit%ﬁ’%“se‘?
For exanpl e, for ap hcau@nsaﬂwhﬁﬂﬁ @Wﬂv@&aﬂé wohid RN &radd) Sesdnllj iER Wer e
nodel ed. The refractpl ve index of zirconja err] =_1.93, the

refractive i nde@@@?clymwﬁ[beﬁaﬁe 1td.e°91\ t@yolvaﬂa smemﬂ%fims“m@ﬁ#é

linear |a ggﬁé g%hg

was 1. 08 txlgrres tF?I(C er %%EF e tﬂl n ag&e%b%&m&’%%%g%&?g?o
degree observat |thmmah!;b'e'ﬁlmmfthesu¢smnmvmnbn hlmasss @pwmoeemwkédnwﬁdlaamlao
the 25 led nmultilayer film apoye Q U to Fiaure 3),
and to the nakeﬁg?g'%% wavestac*?, X“e EF%E e%svggﬁ%ﬂmﬁfqrﬁeﬁﬂfgkh‘)gmﬁd
however, the |OVﬁgbﬁaiﬂWtﬁldfbﬁlﬁeﬂg@ﬁlﬁMs@dpqiohmﬁdﬂhtlasghéwnmﬁgures 7 through
vi ewed at a 60 degree ob?ervatlon angl e shifts by about 100 nm while that
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25 p-polarization states, is very strong proof of authenticity.

VL. Examples
To illustrate the manufacture and performance of certain embodiments of the present

invention, the following Examples are provided. Comparative Example A describes a
30 conventional near-IR reflector, and Examples 1 through 13 describe the present invention,

Comparative Example A
A mirror available from the Reynard Corporation of San Clemente, California under the
Catalog #610 was tested by analyzing the amount of light transmitted as a function of the



-21- . It is also possible with the filns of
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are shown 1.n Figure 9. The filmappears clear at observation
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angl es of great ewaveltagth baid edGhiBe So abbite500 nm for s-polariesdlightand erlabogt 650deitg-a f or
this nodel ed construction are shown in Figures 10 through 12 . The
film appears cl| eeolarized light Ehivisyal sifect of this ey ‘ﬁ%&?@éelbﬁ?g*“!/%ﬂﬁ By polor fom
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degree observation an I gure , the filmappears cy ) o
because red |i ghandib® =23{6. SKhe @l ordar reflectpee prakyatabous 46@amy blotkssome blue light; givingsthe

12), the transm ggi " Pl i ughyd t
to all ow roughl y%ogglpo%%m 5’%‘%'{%%”%%35‘1%%&{’%6}8%‘8% Q,ahggs Juﬂé
transm tted, andeipbsivi-labow$p.e0pea squgsdshtimeter ($18 per square inch). Shift angl es

of between 15 and 75 degrees are preferred, because if the shift angle is
smal l er that 15 degrees, the observer nust carefully position the article

to which tige nul gidnipeer 20 - filmis attached to obtain the clear
appearance and perceive the underlying information. If the shift

angle is larger than Agnddgyesfim conjainingigbant § L layrss wsgwadp pep eaapentiplat i making
I e i
9967 where PET was the outer layer or “skin” layer. A feedblock method (such as that
described by U.S. Patent No. 3,801,429) was used to generate about 209 layers with an
20 approximately linear layer thickness gradient from layer to layer.
The PET, with an intrinsic viscosity (IV) of 0.60 dl/g was pumped to the feedblock at a
rate of about 34,0 Kg/hr and the ECDEL™ at about 32.8 Kg/hr. Afier the feedblock, the same
- PET extruder delivered PET as protective boundary layers to both sides of the extrudate at about
8 Kg/hr total flow. The material stream then passed though an asymmetric double multiplicr, as
25 described in U.S. Patent Nos. 5,094,788 and 5,094,793, with a multiplier ratio of about 1.40.
- The muitiplier ratio is defined as the average layer thickness of layers produéed in the major
conduit divided by the average layer thickness of layers in the minor conduit. Each set of 209
layers has the approximate layer thickness profile created by the feedblock, with overall
thickness scale factors determined by the multiplier and film extrusion rates.

30 The ECDEL™ melt process equipment was maintained at about 250° C, the PET

(optics layers) melt process equipment was maintained at about 265° C, and the multiplier, skin-
layer meltstream and die were maintained at about 274° C. _

The feedblock used to make the film for this example was designed to give a linear layer
thickness distribution with a 1.3:1 ratio of thickest to thinnest layers under isothermal conditions.
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approximately 0.25. The f-ratio, usually used to describe the f-ratio o
t he birefringent oreated by conventional sequential length orienter (LO) and tenter equipment. The web was

length oriented to a draw ratio of about 2.5 at about 100 °C. The film was preheated to about
100°C in about 22 seconds in the tenter and drawn in the transverse direction to a draw ratio of
20 about 3.3 at a rate of about 20% per second. The film was heat set for about 20 seconds in an
oven zone set at 226 °C. The finished film had a final thickness of about 0.08 mm. Its
transmission spectra is included as Figure 20.
The band edge at normal incidence was 720 nm, just beyond the visible edge of 700 nm,
) thét the film looked clear. At45 degrees, the band edge had shified over to 640 nm, and the
25 film appeared cyan. At 60 degrees, the total lack of transmitted red light made the film a
brilliant cyan, due to the high reflectance of the multilayer stack even at this angle of incidence.
If this film is viewed where there is only a single light source, the specular reflection was evident
(red) even with a white paper background. When laminated to a black background (no
transmitted light), the red was easily visible. Although this film exhibited the desired color
30 change, a film of fewer layers and narrower bandwidth would be more desirable.

Example 2 )
The film of Example 1 was transfer laminated with an acrylic pressure sensitive
adhesive to make a security film. This film was then laminated to an identification card. The



| ayer, is calculated as shown in Equation 5: Equat i on
5: f-webdmss7n[err]dlerr]/(n[err]d[err] + n[err]d[err]PCT/USPB26362
where n and d are the refractive index and thg actual thickness of the
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and 20 p- pol ari zed |ight spectra, as shown in Figure 13. \Wen the
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separation’d as SExamplei3n’ Figure 14. At an f-ratio of 0.25, however, the
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Fi gures 31Pnhr ougbpxmermal to the phserver shaws@ clrarfape, whilgjanother face of the box is presentedmat

optical theory Uﬂfé‘é | mﬁﬁé’&gﬁe gt gﬁg,ﬁpﬁ?l. ' Fddd
described in %%Mg?%%?gr et al Q%Aeﬁxé:ig?gg” c ref ngﬁfg corrgjéosdgg
of layer groups suchas thisaee rotifiedshat the manifagieresuses only dear to cyanthpefandmat nornial cjéar
and | ow i ndex of, reftactian ch _aroup h a | f.wave optic t hi ckness
that e o it et WAy mide s SRS s e TS
Typical |y, many asleatichy siapié imspeetionar e used to build a stack that

has refle(iéi ve power over a range of wavel engths. Mst stack designs have
sharp refl*8ctivity decreases at higher and | ower wavel engths, know as

bandedges. The egg®mle 4 above the hal fwave position is the high
wavel engt h band Ei@'em err] BEhi, and the one belowis the
e film of Example 1 was embossed between a rolt at 149° C (300° F) and a pre-
heated plate. The film thinned down from 3.4 mils to about 3.0 mils in the embossed regions. A
surprising result of this embossing was the how apparent a gold reflection became. A bright gold
20 was observed in the embossed region changing to cyan or deeper blue as the viewing angle is
made shallower. The appearance was similar to gold leaf, yet (at least in this example) is not as
uniform. Bright red and green were also apparent. The dramatic change from gold to blue while
" the unembossed areas change from clear to cyan provided an overt verification feature that was
more dramatic than a transparent hologram,
25
Example 5
The film of Example 1 was laminated with an acrylic transfer adhesive available from
3M under the designation 9458 to pre-printed white polyester label stock available from 3M
under the designation 7331, then die cut into labels at 46 meters/min (150 f/min). The color
30 change was easily noticed even in a 1.27 x 2.54 cm (0.5 x 1 in) label.

Example 6
PET was extruded at 274° C (525° F) and Ecdel at 243° C (470° F) through a feedblock
containing 224 slots. The total throughput was 100 kg/hr (225 Ib/hr), with about 25% of the



- 23- | ow wavel ength band edge, [err]BEl o. These are illustrated
in Figure 1l6woldmezsmt er, edges, and width of a rePFEURIEAP3Hand
change with incidence angle. -32- The reflecting band can be
exactly cal cul ated by using a characteristic matrix nethod. The

characteristic oW doflgd ﬂén s &*mtoh ib6thshrlcek oFithedina. Thé Rfib ame Yodurhdtid
at the next. It has terns - for each interface and-each

thi ckness. By uflowgates mm@tqweal laprers waekl. theﬁknﬁ@F prigaed 3iel lﬁﬂﬁﬁg@ at 48° C (190° F)
terms, both anigp 4598' w?d@lpatlﬁﬁ‘oé (ﬂﬁb ?’n% st a?%"@@%'f&taggxt lg-lgﬁzonds in

characteristic r|x wave 1I's the product of
matrix for eachthaaysmmionwm‘tﬂeahﬁmm Tﬁélﬁlntﬂomdzhﬂrltssﬂmthe desired numbenm rix

for each layer is, given Equ on 6: err
and t[err]s’j‘ are t ’FP‘@%E%‘“ %b‘ﬁﬂ%’l ?‘?‘W%hﬁ%#‘&%g@ﬁkﬁn‘g@% esc?FL( !
i [err] interfacqhovwl Figdrd 11, where a noticeablei sRouldeewith) 8% trinidimisiion Bevidént | mﬁWr ]
| ayer. The characteristic matrix of the entire stack, is

the product of ttheemphmmﬁMWOFMPa“demkSS@tﬁEFY@%%ﬁWMF1
such as the total transm ssion and reflection of the stack, can be derived
fromthe characteristic matrix. The Fresnel coefficients for the i[err]

i nterface are giBxampley Equations 7(a) and 7(b):

10 Water-based ink from the Wemeke Ink Co. of Plymouth, Minnesota made with 1.5 the
color concentrations of the Pantone ink color specification 317 was pulled as a hand-spread onto
the film of Example 6. When viewed through the film, the ink was readily apparent at normal
incidence, but was difficult to see at observation angles beyond 40°.

15 Example 8
PET was extruded at 274° C (525° F) and Ecdel at 243° C (470° F) through a feedblock
containing 224 slots. The PET used in the optical layers was extruded at 60.5 kg/hr and the
Ecdel at 41.5 kg/hr. The PET skin layers were extruded at 11.8 kg/hr. The casting wheel speed
was 6.5 meters/min. A high voltage pinning system was used to pin the extrudate to the casting
20 wheel. The pinning wire was about 0.17 mm thick and a voltage of about 5.5 kV was applied.
The pinning wire was positioned manually by an operator about 3-5 mm from the web at the
point of contact to the casting wheel to obtain a smooth appearance to the cast web. The cast
web was continuously oriented by conventional sequential length orienter (LO) and tenter
equipment. The film was oriented 3.3:1 in length at 88° C (190° F) and 4.5:1 in width at 113° C
25 (235° F). It was heat set at 243° C (470° F) for about 17 seconds in the last two zones of the
tenter oven. The film so made had less than the desired number or uniformity of layers on the
low -wavelength side of the reflectance stack. This gave the spectra shown in Figure 22, where a
shoulder was again evident. Because the low wavelength band edge is close to the edge of the
visible region (700 nm), the film changes from clear to a deep cyan, noticeably faster and deeper
30 than the film of Example 6 and Figure 21, since the shoulder was not as severe. The Yxy and
CIE L*a*b coordinates calculated from the spectra are shown in Table I, below, including
coordinates for each of s- and p-polarized light.



Equations 7(a); 7(b): [err] 20 The effective indicies used
for the FresmwedowsebTicients are given by Equations 8(a) and S{GH/US9826362

[err] Equation 8(a): n[errB3= [err] (for s
pol ari zed |ight and) [err]
25 Equation 8(b): n[err]=; 2 Tablel [err] (for p
pol arized |ight.) Mhen i Lodicies are psed then the

Fresnel coefficients are p¥dggal s@rnt ci B&nde. a’thd b*
i ncident material has an ||d§)\ 10

' oot
- 24- The total phasle- fg%t?mal f'?/;vé pla?sr one or

both may have ani sotropic]i ggl c| es. 237 | 327AaRyEé ¢al3s 8xdr g3aspops for the
effective refractive i ndekwerel used | The phase change is differeht
60 p 240 | .328 | 83.86 | -35.56 | -12.03

60 s 232 | 325 | 77.24 | -36.16 | -13.33

Example 9
The film of Example 8 was embossed in-line at 15 meters/min (50 ft/min) with a pattern
] of small globes. The film wrapped a first steel roll heated to 138° C (370° F) for about 75% of
its circumference, was passed through a nip against the 110°C (230° F) embossing roll of 193
‘Nicm (110 pounds/in) of film width, and stayed on this roll for 75% of its circumference before
being wound onto a 7.62 cm (3 in) diameter core. The embossed portions exhibit an eye-
| catching gold coloration that changes to a cyan, then blue transmitted color as one moves from a
10 0to 80 degree observation angle.

Example 10
The film of Example 6 was embossed at 3 m/min (10 fi/min), at a force of 175 N/cm
(100 pounds/in) of film width with 182°C (360° F) pre-heat roll and 88° C (190° F) embossing
15 roll with a variety of security seals. Very fine embossing detail was achieved.

Example 11
" The embossed filin of Example 8 was coated with a low adhesion backsize (LAB)
consisting of polyvinyl-n-carbamate (3M urethane LAB RD 1530) dilute to 1.25 weight percent
20 solids in toluene., Coating was carried out to achieve 0.03 g/m? (25g/1000 yd?), which was
' ‘about 125 nm thick. Zero point two weight percent of the solution contained chlorinated
polyolefin (Eastman 343) as a primer. The pressure sensitive adhesive (PSA) formulation listed
below was applied as a hot melt at 199° C to the film of Example 6 on the opposite side of the

LAB coating.
2 SIS block copolymer rubber Kraton 1107 100 parts
- Wingtac Plus tackifier (five carbons) 100 parts
TiO2 5-8 parts
Cynanox LTDP antioxidant 1.5 parts

Trganox 1076 antioxidant 1.5 parts



for s and p polarization. For each polarization, the phase change for a

doubl e transwepsaiszef | ayer i,[err], is shown in Equ®CGTa98/0§3463
and 9(b): 5 Equation 9(a):.34-err], = [err]or s polarized
| i ght) Equation 9(b): [err] = [err] (for p polarized
| i ght) 10 where [err] and n[err] are the angle and index of the
i nci dent medi um ) ) Bom & Wl f, i n_Pri_ncipr es of Optics,
Per ganon Press 6khe ceating weight, was abaws 60 g/tr’ndiche miite PSA provides for gaed diffasescatiaging in
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is satisfi gd, t he traglsm' ssi on exponentially decreases as nore hal fwaves

are 15 acRPbETPRleRtAPeS o Equati on 10: [err]
The wavel ength where this expression equals 1 is the band edge. For a
hal f wave conposed of 20 two layers, multiplying the matrix results in

the anal ytical cismpledZon given in Equation 11.
Equiation 1 1t  [€rrye embossed film of Example 10 was extrusion coated with ethylene vinyl acetate

resins available from DuPont de Nemours Company of Wilmington, Delaware under the

10 designation ELVAX™, and an ethylene acrylic acid resin available from the Dow Chemical
Company of Midland, Michigan under the designation PRIMACOR™, as shown below.
Resin Comonomer level (%) Coating thickness (micrometers)
Elvax 3124 9 25
Elvax 3170 18 25
15 Elvax 3180 28 25
Primacor 3330 6.5 25

Ultraviolet light was used to bond these layers to one of the polyester skin layers of the
embossed clear to cyan film. A Citizen Printiva Model 660C was u;sed to reverse image print
onto the EVA or EAA resin. The printed films with hot melt adhesive resin were then placed in

20 register with a page of a passport book, and laminated at 130° C. The clear to cyan film
laminate provides for easy viewing of the information, yet a very overt shift to cyan over the-
whole page of the passport book when the observation angle changed. Lamination over a pre-
‘printed driver’s licease also was facile, and provided for easy verification without tools.

25 Examplel3 |
' A simple means of verification that could be used with the inventive film (pethaps by a’
policeman at night) is to shine a flashlight that produces white light onto the clear to cyan film.
At normal incidence, the printing below is evident, and the film looks clear. When the film
laminated to a diffuse white backing is tilted to be beyond the shift angle, a red beam may be
30 readily observed on piece of paper held in a position to intersect with the specular reflection,

Example 14 .
A coextruded film containing 224 layers was made on a sequential flat-film making line
by a coextrusion process. This multilayer polymer film was made from polyethylene naphthalate
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After the feedblock, a third extruder delivered 0.48 IV PEN as skin layers (same
thickness on both sides of the optical layer stream) at about 17.3 Kg/hr. Then the material stream
passed through a film die and onto a water cooled casting wheel using an inlet water temperature

of about 7° Celsius. A high voltage pinning system was used to pin the extrudate to the casting
20 wheel at 4.3 meters/min. The pinning wire was about 0.17 mm thick and a voltage of about 5.5
kV was applied. The pinning wire was positioned manually by an operator about 3-5 mm from
the web at the point of contact to the casting wheel to obtain a smooth appearance to the cast
~ web. | | .
The cast web was length oriented with a dfaw ratio of about 3.8:1 at about 130° C. In
25 the tenter, the film was preheated before drawing to about 140° C in about 9 seconds and then
drawn in the transverse direction at about 140° C to a draw ratio of about 4.5:1, at a rate of
about 60% per second. The finished film had a final thickness of about 0.05 mm. The optical
spectra are shown in Figure 23. The reflection band is strong at both 0 and 60 degrees, and the
low wavelength band edges for both s- and p-polarized light are coincident. This provides for the
30 sharpest transition from clear to cyan and the deepest cyan of any of the exemplary films. The
band edge for p polarized light changes from 50% transmission to 10% transmission over a 10
nm interval, The Yxy and CIE L*a*b color coordinates calculated from the spectra are
contained in Table II. Again, cblor coordinates for both s- and p-polarized light are included.



(Schrenk) and 3,884,606 (Schrenk), the contents of which are incorporated

by refer encewiessmens? 15 As an exanple, the extrusion t BAPAISAVUIE may
be approxi mtely 295[err] C, and the feed r&8ge appr oxi mat el y

10- 150 kg/ hour for each material. It is desirable in nost cases to have
skin | ayers 111 flowi ng on the upmaslednd | ower surfaces of the
filmas it goes through the_feedblock and die These | ayers
serve to dissipate the Iaﬁg’mgbtﬁ@sxs‘g adlew fopbtl nealr thé*wal|, |eading
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t hroughput). The skin mat 4rggal rfay be|28¢ $a3q2 hgoonk-3af7 tiheoopfi cal
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casting wheel. To achi‘eve &’ i""Titm'over-a lrdadef range of
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wheel nore slowy. This noves the | ow band edge farther away fromthe

upper end of thé’-)l/ﬁmﬂiﬁe spectrum (700 nm. In this way, the color shift of
the filnms of this | Rsid-ad
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t enper at uige \Aouladtraemﬁﬁ@bfeab@r@ﬁceacleartocyanpa@ﬁe@mﬁﬂ ate range The filmis
typically heat set in the last two zones 122 of a tenter oven

- 26- i nparihe flspanpearsd Alear torcyan ta thejuppidsd %wwﬁweﬁmmmsemjwheﬂs
shrinkage. Enpl QyledinFeiEfiin aRErlbeing laminated to a white, diffuse background When the film was

viewed throngh a second (neutral) polarizer with its transmission axis at 90° to that of the

example film, the cyan is more vivid, and when the neutral polarizer was rotated so that its
15 transmission éxis was parallel to the transmission axis of the polarizer film, white light was
transmitted. Figure 24 shows the transmission spectra for the case of the e-field of the incident
light parallel to the stretch direction and parallel to the non-stretch direction at 0 and 60 degrees
to these films. Note the reflectance band shift of about 120 nm from 0 degrees to 60 degrees of
incidence with e-ficld parallel to the stretch direction, and the lack of a peak when the e-field is
20 parallel to the non-stretch direction. This corresponds to a vivid clear to cyan shift and staying
- clear. The Yxy and CIE L*a*b color coordinates calculated from this spectra are tabulated in

Table ITI, below.
Table I
Parallel to Angle |sorp |x y L* a* b*
Stretch Direction 0 317 | 338 | 946 | -1.73 {3.25
Stretch Direction 60 |p 266 | 330 | 93.8 | -25.0 | -8.36
on-stretch Direction | 60 s 315 | 334 [ 835 | -0.81 | 1.09




tenperature as high as possible without causing filmbreakage in the tenter
reduces the 9fyomeasye during a heated enbossi ng st ePCTUSWBAGI2I on
in the wwdth of the tenter rails by about 14ffaal so serves to
reduce filmshrinkage. If the filmis not heat set, heat shrink properties

are maxi mzed, 5 . L bg@¥"ﬁ? i £ i i.ng
applications. The fi?’%mr?%ymglga}:o ec %@%%éémxﬁwh@mﬁ%\%% ﬁgﬁgéﬁ?%ﬁt%e?gw%
The mul til ayer skill imtiefart PAccpndingle)the scopesofithecnvention is limitedumlychyiths follodwinghlains.
provi des addi tional features and benefits. The enbossed i mage may
be al phanuneric, for exanple, so that t he nane of the producer or
i ssuer of the itemof value will appear on the film Oficial seals or 10
corporate | ogos nay al so be enbossed, and quite fine detail nay be '
achieved. The film may be enbossed by a male die alone, a

mal e/ femal e di e conbination, or a female die alone (in

conbination with, for exanple, an applied vacuum). It is preferred that the
enbossi ng step achieve a reduction in the layer thicknesses ofthe
optical layers, and that the reduction be greater t han 5%
preferably greater than approximately 10% When this occurs, a noticeable
shift in 15 col or of the enbossed areas conpared to the unenbossed
areas i s achieved, which is believed to be due to layer thickness
reduction and the deformative effects of enbossing at the boundaries of

t he enbossed areas. This effect is very different than what is observed in
hol ograns, where multiple colors of the rainbow are seen as

view ng angle is changed. Figures 18A, 18B, and 18C illustrate a
nultilayer filmof the present invention before enbossing, after enbossing,
and at an 20 area between an enbossed and an unenbossed ar ea,
respectively. Note the overall conpression in layer thickness
bet ween Figures 18A and 18B, and rippled layers in Figure | SC. Enbossing
makes the clear to cyan filmof the invention even nore noticeable, and
prevents the unauthorized reuse of filmfromone security
application for another. The enbossing step is preferably done

above the glass transition tenperature of both of the polyners in the

mul tilayer film In the case 25 of a filmthat uses a third pol yner
for skin layers, these may either be renoved prior to enbossi ng,
or also have a glass transition tenperature bel ow the desired enbossing

t enper at ur e. | V. Addi ti onal Layers and Features

In addition to the skin | ayer described above, which add physical strength
to the filmand 30 reduce problens during processing, other |ayers
and features of the inventive film may include



slip agents, |ow adhesi on backsize materials, conductive coatings,
antistatic, swoswasksrective or antifoggi ng coati ngs PGT/YSP/RE62
barrier layers, flame retardants, UV stabiliggrs or protective

| ayers, abrasion resistant nmaterials, optical coatings, or substrates to -

| nprove the nmechgRingal _
-27- integrity or strength of the film Noncontinuous l.ayers may

al so be incorporated into the filmto prevent tanpering.

V. . Security Appligat, for . Ei The
clear to cyan nultil gy(‘akrlgﬁglﬁ‘aﬂ?q&hgfﬁ@qsnggn. | ongkgé%gfﬁ%ll%ﬁlaaﬁrrft o} a ﬁaé’glae as
?. f:orrponent ;ewndpol;gﬁer;&héﬁ]ﬂtﬁpphhﬁf 'gsxfbsthitﬁnyl' bleahiwdﬁmtﬂye&emaégmb The -
il mmy used, on a docunent, r exanpl e, . so that an, observer
can read the dolbsFEAtC %’1‘“2“?13“’8@1%]%?‘ %%m%f“%gl?g‘ﬁ“?égﬁ' A RSefictegmined
observation angkgfadglél can tell whether the docunment is authentic when it
Is held at an angle . greater than the shift angle. This would be
useful for a passport, for exanple. 10 In the case of the clear

Lhe naked cye. - espectaf JarpiiSh chuilshd siohuddhe B B Bl CRR Dofimt e

This may be desisecaind polyner, the film transmitting aststantiily all ineidedt visibl bight yt approkimarly A

| abel madg, from the aboye pol arizer woul d J ook rmuc Cae 1 .. |1 KE @
standar d ol yejstzgf’%f%ffeq Serysen B‘ﬁ?i‘e?“dc‘g’lnﬁ?‘m"g 5‘&@1‘%@?@3 Ws'ﬁﬁ]@b?’f"ﬁ"_aselm
pol ari zi ng veri fpbftion of thered light at at leastCong BbsePhtidh 2B %@at@ﬁhﬁpd prédernii& dhifPdngle.
observation angles greater than the shift angle. 15 . Anot her
useful application for the nultilayer filmof the invention is as a tape or

| abel , whi |
o RIS e A oS g o

goods, for exanple. Again,

appr oxi mat el y a obssrvaticheapgle greatss thaw apiedetermingd shift srigle. pur chaser can see any
i nfibati of or i mages provided on the packaging, and if the package is
vi ewed at "an angl e

4. The mulﬁlayer ﬁlm_ of claim 1 or 2, wherein the ﬁlm comprises a series of layer pairs
having optical thicknesses ranging from approximately 360 nanometers to approximately 450
nanometers,

20 5. The multilayer film of claim 1 or 2, wherein the first polymer is selected from the
group consisting of polyethylene terephthalate and copolymers incorporating terephthalic acid
and polyethylene naphthalate and copolymers incorporating naphthalené dicarboxylic acid, and
the second polymer is selected from the group consisting of a copolyester of cyclohexane
dimethanol, polytetramethylene ether, and cyclohexanedicarboxylic acid, polymethyl

25 methacrylate, and polyethylene terephthalate glycol.

6. The multilayer film of claim 5, wherein the first polymer is polyethylene naphthalate,
and the second polymer is polymethyl methacrylatz,

30 7. The muitilayer film of claim 5, wherein the first polymer is polyethylene naphthalate,
and the second polymer is polyethylene terephthalate glycol.

TTTTTT———————
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greater than the shift angle, can verify that the goods are n

counterfeit. waheaBeesie filmis 20 provi ded as a tape Oroﬂ;%'gg?’s/zg%sz
‘adhesive is applied to one major surface of #88e filmso that it may

be applied to an object. The adhesive should be transparent or a diffuse
white |ight scatterers, @ multlayer filmof claims, wikeeeid the firsh pglyaerds pojthylene wgreplithalate
than the shift angle. It i referahl y a pressure sensitive :

adhesi ve, . al t ho mﬁé?@%l"ﬁy"gﬂﬁ’é%waé'éﬁ °€ﬁ¥°§‘§?’@‘“§§'ﬁ? b Polypegramethylene ether,
cont enpl at ed. and cyclohexanedicarbox hddeoes may be provided on either najor
surface of the film by any sui g'abl e technique. 25 One uni que
application of ink is the use of cyan ink (perhaps in addition to other
colors) onethe : i . i : | er

t hose ci rtl}urrstances, %’h@#‘glfqglﬁyeg??‘ﬁ?@da@?rgég’\}l}g&éﬂ&%mﬁa Vi si E)fme at
approximately a zero degree observation angle, but the cyan printing is

hi dden at les ater. t .the shift. ., Anot her, usef ul
color for larger pri ﬂ%(ﬁ‘ﬁl"g’i‘gaﬂhﬁl %E‘,‘m?“ A Whemaﬁggﬁl}?émf'ﬁc’s%‘%%gg&any
light that reaches it. In this case, only the specularly reflected red

light is 30 noticeable, In practice, black textwith standard font
si zes (8-18 pointtypell. Aiwltilaystfjoy comprsing alternating layers of at leaspa qrand a

adj acent yhite a%%?‘ﬁ IPE@E% &l %}ﬁé@gﬁ@&bmgﬂ élﬁﬁ?'aﬁ @WM&%&%&Q angle

"wash ecu .- However, r bl a}ck' areas were
used adj acent whiot ight bfeither golarization state, and appearing eoloredvfor triepolarization whilgappekring

D 1 AN G forhe oy Rt of 7 Bl i econ apuis g o AR

into the film ofshithagly esent invention, or any suitable
construction of which the filmis a part, include mcroperforations that
effectively prevent tanpering, heat shrink characteristics that

prevent tagpering by .Whﬁl&?&h&?oﬂaﬁﬂquhereintheﬁrstrlﬁﬂéﬁﬁel%&gdfromthegroup
differential adhesion layers that effecti veTgéN_pr event tanperin

19 by
del ani nati on ( of cansigting®f polyethylene jamphthalatsrand BEN; and thesecond pelymer igsslectsd from the7 1

(Fayl cish) and 5,633, 774.(F i I - %"E&%{Eﬁ’b.’

i nternal del am ng?\l' %%mg'ﬁzgl{gé’?%éﬁ%&%s&(cﬁh}fe%%et%e gglégcrl ed | E%’f[ T‘%\?\%ﬁd
U.S. Patent cyclohexaAqlidartoaylicanid RE TG, andicopolySstérd 6f 10 Bhal¢ne digasharglistisaphthalic,
1996 and entitl etotlm'x')g' er Iegdlcati ng

¢, or sebacic acids.
20
13. The multilayer film of claim 11, wherein the film appears cyan at at least one
observation angle greater than a predetermined shift angle.
14. The multilayer film of claim 11, wherein the film is adhered to an item.
25

15. The multilayer film of claim 11, wherein the film has embossed portions.

-—
—
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Laberl (CGosselin et al., for exanple)
tanpering. TWe %361870f t he

i ncorporated into any suitable |abel,
identification card).

of the present invention has several

i norgani ¢ quarter wave stacks. First,
to be used for appllcatlons
stacks woul d likely crack. Second, it
i nexpensi ve, because it doesn't
| east five 15
stack. Third,
of the present

advant ages over

involve t he sequenti al
| ayers of material,

t he cyan col or presented by
i nvention always appear nore intense than would a simlar

that provide an indication of

present invention may al 86THE98/726362

| am nate, or card (such as an 10
The clear to cyan nmultilayer film
conventi onal
very flexible, which enables it
ch inorganic quarter wave
conparatively
deposition of at
as does the inorganic quarter wave
the nultilayer filns

Iyﬁl

i's

color in an inorganic quarter wave stack, due to the high reflectivity by

the former of p-polarized
for s and p polarized light,
for exanple. 20

potential counterfeiter would be for

shift and find a transparent polarip*f%%

the uniaxially oriented f}
deterrent to tanpering.

effect makes for sinple authenticatio
feasible with a spectroneter. The tra
particul arly under s- and 25 p
proof of authenticity.

To illustrate the manufacture and per
t he present i nvention, the
Conpar ati ve Exanple A describes a 30
and Exanples 1 through 13 describe thg
Conpar ati ve Exanple A

Reynard Corporation of San C enente,
Cat al og #610 was tested by analy2|ng

| i ght and the match of- band edge shift

as shown-in Figures 7 through 11,
For the clear to cyan polarizer, a
ced to sinmulate the col or

coating or film The tendency for

to break into fibrils is itself a
Al t hough a visible optical

n, nachine verification is

nsm ssion spectra of these filns,

pol ari zati on stapés is very strong

VI . Exanp1es

f or mance of QErtaln e

Torlewi ng BXanpl es are

near -

nts of
vi ded.
R refl ector,

pr esent on.

A“rr avai l e fromthe
,'f a under t
anmount. of | transmtted as a

function of the



- 29- - wavel.ength of the light, at both a zero degree observation
and a 60 degwe@=9G624r vati on angle (s and p pol ari zedPqT/gFpp/26362
plotted separately). The mrror transmtted visible light, but reflected
infrared light, and was nmade of 36 layers of titania and silica, which are
isotropic materials. The transnission spectrumis shown in Figure
19. The | ow wavel engt h band edge of the Reynard Optics mrror is at
720 nm at a zero degree observation angle /fEe mrror appears

slightly yellow sh at normal incidence, ? di cated by the ClE coordi nates
(L* = 95.7, a*= -1.07 and b* = 8.35) calculated fromthe spectra.
At a 60 degree observation angle the Iom/ wavel engt h band edge
shifts to about 600 nmfor s-polarized light and to about 650 for p-

pol ari zed light. The visual effect ofthis mrror is a relatively gradual

shift in color from 10 yel | ow sh-clear to greenish-cyan. The CIE
coordinates at 60 degrees are L*= 88.3, a* = -25.6 - and b* =
21.6. The 2[err] order reflectance peak at about 460 nm bl ocks sone bl ue
l'ight, giving the mrror a positive, rather than negative b*. The
mrror is very prone to cracking, and is quite expensi ve - about
$2. 80 per square centineter ($18 per square inch). 15 Exanple 1
A multilayer filmcontaining about 4 al
flat-film making line vie a coextrusion process. This liti |l ayer
pol ymer filmwas nmade PET and ECPELmM 9967 where PET Mas.tihe
outer layer or "skin" |ayer. eedbl ock nethod (such as th
described by U S. Patent No,~3, 801, 429) was used to gener g¥e out” 409
| ayers with an 20 proxi mately |inear |ayer thigRn adieant from
| ayer to | ayer. The PET, with an i#trjisi g~vigtogity
(I'v) of 0.60 dl unped to the feedbl ock at a at g~df about
34.0 Kg/ hr anddqh ﬁCDﬁL[err] at about 32.8 Kg/hr. et f black, the
sane extryder—detvered—PEas—profect e poupdar yl gyers to
bot h si des of 2t rudaPe at about
Al A
B
A
B
A
B Z
: : X
A'. + Y
B

| Fig. 2



8 Kg/hr total flow The material streamthen passed though an asymmetric
doubl e nmul ti pvpes/3628% 25 described in U S. Patent Nos. SPOUUSIEE36ANnd
5,094,793, with a nmultiplier ratio of about 1.40. The multiplier
ratio is defined as the average | ayer thickness of |ayers produced in the
maj or conduit divided by the average | ayer thickness of |ayers
in the mnor conduit. Each set of 209 | ayers has the approxi mate
| ayer thickness profile created by the fegﬂﬂ$ock, wi th overal

t hi ckness scal e factors determ ned by the tiplier and filmextrusion
rates. 30 The ECDEL[err] nelt process equi pnment was nai ntai ned
at about 250 C, the PET (optics layers) nelt process -equi pnent
was mai ntai ned at about 2650 C, and the nultiplier, skin- | ayer
mel tstream and di e were mai ntai ned at about 274 C. The

f eedbl ock used to make th 0f||n]for t his _exanple was designed to give a

| i near | ayer t%Lf{ﬁ*?l, }‘ i bution wt L3kl at 1 0 of

t hi ckest to thinnest |ayer dﬁp- ga;‘ er mal condlr il

- 30- To achi evelat'shal'R& Y dtio for thi el a t her mal
profile was applied to theyf.eedblock. s 1 portion Ef t he

f eedbl ock maki ng the t Bnngs | ayer s was \heat ed t 4lff 285 C, while the portion
maki ng t he thickest Iaynr-” As heated to 68[err]§C. In this}mnner the

thinnest layers are madg 50 t hi cket than wWith isotherpal feedbl ock
operation, and the thldﬁes4 ayers are made thinn Br than 5 under

i sot hermal operation . (Nédtns internmedi 4te werg set to folfow a |inear
tenperature profile bet ween thede two gxtrenes. The overall
effect is a narrower Iayerﬂl i ckness distrj buti o which results
in a narrower reflectance fgpectrum Sone |pyer thickness errprs are

i ntroduced by the ltiplier, angd accoint for the fnor

o Terences 1 the spectr 2l gaily opog 75035 0f 5508t Fipp ey
After the nultiplier, thick symmetric s Ié@ﬁﬂhﬁ wer e added at about 35.0

Kg/ hour t hat was fed froma t xtrubter. Then the materi al
stream passed through a filmdie and onET
ig. 3

e §

% I ransmission

1/

0 : g } % :
400 500 600 700 800 900 1000 1100 1200
Wavelength {nm)

Fig. 4




wat er cool ed casting .wheel .

wheel was abdv® 99357
pin the extrudate to the c

A high vol tage pinni
asting wheel. The pinning

The inlet water tenperature on the cast

ng syst em waST é%%éﬁ

vvlre was

about 0.17 mmthick and a voltage of about 5.5 kV was applied. The pinning

wire was 15
web at the point of contac

t to the 4/16 cast i

positi oned manual ly by an operator about 3-5 mmfromthe

ng wheel to obtain a

snoot h appearance to the cast web. The cast web was continuously

ori ented by conventional
equi pnent. The web was

S

2.5 at about 100 [err]C. The film was preheated to about

100[err] C in about 22 4g

second. The filmwas h
zone set at 226 [err]C
0.08 mMm Its

The band edge at norma1l0
of 700 nm 8 sd

band edge had shi f t-&d-204

At 60 degrees, the Fotal
brilliant cyan, due=t gy
this angle of incidence.

only a single light sog H
(red) even with a whif
background (no

Al t hough this filmm e
fewer |ayers and narrowd
Exanpl e2 -B80

D
r

ce, ‘
‘paper background. When

equential length orienter
| ength oriented t

(LO and tenter
0 a draw rati o of about

» transver se
about 20% per
oven

t he specul ar

transmtted |ight),
ted the desired col or 38

bandwi dt h woul d be nore o
Thn 'Filmn'F

Eygn-nln 1. Was—t-f-ahst

ss of about

i gure 20. :
e visible edge
egrees, t he
dppeared cyan.
t he gl,ma

r SPalk even at
lhere there is
ent

a bl ack
sily visible.
chgnge, a fil m of
g5i rabl e.

er | am nat ed

with an acrylic pressure s
film This filmwas then

100757

ensi ti V@hsanyation A

am nat ed to an | @é’ﬁﬂéﬁi
Kig. b

ive to nake a security
tion card. The

go.
80+
701
601
504
40
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% Transmission
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- 31- printed indicia and picture on the card were easilg vi si bl e
t hrough the fwdpessa zero degree observation angl e, PGUYSBREEE| | m
appeared cyan when viewed from greater than about a 30 degree

observation angl e, and appeared increasingly nore cyan with increasing
observati on angl e. 5. Exanpl e 3 The fil m of

Exanple 1 was transfer lamnated with an acrylic pressure sensitive
adhesive, and then slit to 5.08 cm (2 in)gipgwi dth to make a box sealing
tape. The tape was applied to a Hewl ett Packard | aser printer
cartridge box to sinulate a security tape. The uni queness of this
tape is readily apparent as one approaches the box, because the face of the
10 box normal to the observer shows a clear tape, while another face

of the box is presented at a | ar ge observation angle and

t herefore appears cyan. |f consuners or retallers of a boxed pr oduct

such as thiss are noti JruasLave 9 5

tape (and not normal d(en] :
purchasers wll be am
aut hentic by Slnp|6|rﬁk?
The film of Exanpleal it H
a pre- heatéﬂ WH G - n 3.
3.0 mils inthe enb ihiddi o Cdrof i1 g nesuft or—thi s
enbossi ng was the o 3 bagre. W br| ght—gol d 20
was observed in thé“ei%q

viewing angle is 2> %
gold leaf, yet (at ledf§ in this uni f orm
Bri ght red and green w@re al so ap Tii dramatic change ffomgold to
bl ue while t unenbossad areas hange fron1c|ear tp cyan
provi ded an overt veri at'| f urhat N wa dramatic
than a transparent hol odg?ﬁ 5%95 %@é ﬂ)O 8@9 PQ% TOOO T?Odmiﬁ)ﬂ The
filmof Exanple 1 was |aninated with alWasgengh nﬁransfer adhesi ve avail abl e

from
Hig. 7

hose

Observation Angle {degrees)

Fig. 8



3M under the designation 9458 to pre-printed white polyester |abel st

avai | abl e fr OWD3MR6257 under the designation 7331, then d?‘éT’Hﬁ?S’%ﬁﬁﬁz

| abel s at 46 neters/mn (150 ft/mn). The color 30 change was easily
noticed even in a 1.27 x 2.54 cm (0.5 x 1 in) |abel. Exampl e 6
PET was extruded at 274[err] C (525[err] F) and Ecdel at 243 C (470 F)

t hrough a feedbl ock cont ai ni ngg ;fé slots. The total throughput
was 100.kg/ hr (225 I b/hr), with about 25%of th

- 32- total flow going to skin |ayers of PET on both surfaces of
the film The ratig)of—the volunetric flowrates.in.the optical

| ayers was 1:1. The
and 3.8:1 in width @
(475[err] F) for ag

filmwas oriented 3.3:1 in length at 88 C,(1P0[err] F)
93[err] C (200[err] F). It was .heat set/at{246[err] C
15 seconds in zones of the

t

tenter oven. The fié 5
uni formty of Iayeﬁ ce stack.
This gave the spectran Ceabl e
shoul der with 1086 t0 esssi®ien-s—eri-den Y A this
exanpl e turns cy@n, | 3 | & dnsity than t
filmof Exanple:¥. 10, xanpl e ) .ter-baae_qug

: i 1.5 the =

fromthe VEWekeiPnk ¢o.
col or concentralwogg tion 317 was pulled
as a hand-spread oftt ¢ > When vi eped t hrough
the film the ink was$ readily apparent at n : i pici dence, but
was difficult to seeétat observation angl es be

40 +
-50

Observation Angle {degrees)

Fig. 9
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15 - Exanple 8 PET was extruded at 274[err] C (525 F)

and Ecdel at va#3f=mnsq1 C (470[err] F) through a feedbl ock PCT/US98/26362
containing 224 slots. The PET used in the optical |ayers was extruded at
60.5 kg/ hr and the Ecdel at 41.5 kg/hr. The PET skin | ayers were
extruded at 11.8 kg/r. The casting wheel speed was 6.5
nmeters/mn. A high voltage pinning systemwas used to pin the extrudate to
t he casting 20 wheel . The pinning wiyggas about 0.17 nmthick and a
vol tage of about 5.5 kV was appli ed. The pinning wire was

positi oned manual |y by an operator about 3-5 mmfromthe web at the

point of contact to the casting wheel to obtain a snooth appearance to the
cast web. The cast web was continuously oriented by conventiona
sequential |ength on r (LO and tenter equi prent. The film
was oriented 3.3:1 inY¢ng ARG 4.5 L Tn wdth at 113[err]
C 25 (235[err] Bj4 It wag heat glSet at 243 C (470 F) for about 17
seconds in the last t zones q4f thd tenter oven. {The film so
made had | ess than th ' nunbér or uniformty ofi,|BYE fi on t he

| ow wavel ength si de;offgtthe refl pct apce stach ,¥|=,@?“P “1: gpectra shown
in Figure 22, wherea, H¥ shoul 1 “'W H i ' Because the
IOM/waveIength ban @8: is cluge tjo th ' ) " i bl e

¥

region (700 nm, t Eplim changgs fir op clear o' atdedpr ¢y, norrtiably
faster and deeper t hanit h¢ f | m of Exanple 6 and Fidure—23, since
: Xy and ClE LA

t he shoul der was nég 48tsevere. §Thé a*b
coor di nat es caIcuI&teg01r0n1the“.vasra are shown in Table |, bel ow,
I ncl udi ng cogrdi nategj f ¢r jeach of s- and p- polarlzed l'i ght
- 33- 20 Tall e |
Angl e s orp X 10 ‘ a *b* 0
.316 .334 94.37 -. 37 1.186

400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Fig. 11

o en =
S B oD

% Transmission
[ %) P
==

b NI
S S

0l . et
400 500 600 700 800 900 1000 1100 1200
Wavelength {nm)

Fig. 12



60 .. .2387. .327 80.66 -35.88 -12.52

60 p WO993657. 328 83.86 -35.56 -12.03 PCT/US98/26362
60 S .232 .325 77.24 -36.16 -13.33 Exampl e 9

The fil mof Exanple 8 was enbossed in-line at 15 nmeters/mn(50 ft/mn) with
a pattern 5 of small globes. The filmwapped a first steel roll
heated to 188[err] C (370[err] F) for about éS%of its

ci rcunference, was passed through a nip aéé? st the 1 10[err]C (230[err] F)
enbossing roll of 193 N cm (110 pounds/in) of filmwdth, and
stayed on this roll for 75%of its circunference before bei ng
wound onto a 7.62 cm (3 in) dianeter core. The enbossed portions exhibit an
eye- catching gold coloration that changes to a cyan, then blue
transmtted col or as one noves froma 10 0 to 80 degree observation
angl e. Exaople 10 The filmof Exanple 6 was

enbossed at 3 mmn (10 t/min), at a force of 175 N.gps
poundsfn) of filmw d'gg MEitsdB2l err] C (360 F) pre-heat
(190[err] F) enbossin Q‘

fine enbossing detg V\@ ., 1
The enbossed film £4] Qs CO&Rni th a | ow adhgsi-en-bacBBisze

(LAB) cori st i ret B RD
1530) dilute to 1. 28 g8 3l uengﬂ%&bgtq ng was
€ sol gty @ tai ned

carried out to achrave 0§ 03 g/ nerr] (259
chl ori nat ed o yol efin (Eastman 343 asw@ri mdr. The>p

(100
oll and 88 C
urity seals. Very

about 125 nmt hi ck. MZGBB@ poi nt two wei ght

sure
sensi-tive adhesive (P formulation |isted E&l ow was applled as
a hot nelt at 199[err [to the film of Exanple 6 On opposi te side of

copol yner rubber

t he LAB coati ny. 25

Kraton 1107 100 pabi§ ;
0 10 20 30 40 58 60 ?0 80 90
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Hig. 13
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Wngtac Plus tackifier (five carbons) 100 parts

Ti q err ] WO 99/36257 5-8 parts PCT/US98/26362
Cynanox LTDP anti oxi dant 1.5 parts

| rganox 1076 anti oxi dant 1.5 parts

- 34- The coating wei ght was about 60 g/cnferr]. The white PSA
provi des for good diffuse scattering in direct contact wth the

clear to cyan filmof the invention, and &/¢€ry evident color shift. _
Adhesi on and strength properties ofthe box sealing tape are conparable to

standard pol yester or 5 pol ypr opyl ene t apes. Exanpl e 12
The enmbossed filmof Exanple 10 was extrusion coated w th ethylene vinyl
acetate resins avail abl e from DuPont de Nem)urs Conpany of
W | mi ngt on, Del awar e uB@fer—tte—10 destgmat v rr] and an
ethyl ene acrylic acid resl a| |abl e fromthe Dow dhé}riﬁ:cl
Conmpany of Mdland, M ¢50 gan—t TR, the desi gnation PRIMACOR[ err], as shown
bel ow. =y Resi n % Cormnorrer | evel (% Coat i ng
thi ckness (m cronet el —YowBEs
25 _ &I vax3170 :
%6 15 W 3180 ——HighBE s
25 | gPrihmcor 3330 —{owBEp
25 = 600+ ~&-High BEp

550+

500 e - 4 3 + + ;

0 10 20 30 40 50 60 70 80 90

Observation Angle {degrees)
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Utraviolet |light was used to bond these |ayers to one of the pol yester
skin layers &¥opds257 enbossed clear to cyan film A CiRrg1/e$ps/26362
Printiva Mddel 660C was used to reverse image print onto the EVA
or EAA resin. The printed filnms with hot nelt adhesive resin were then

pl aced in 20 register with a page of a passport book, and | am nated at
130 C. The clear to cyan film | am nate provides for easy view ng
of the information, yet a very overt BB18 to cyan over the whol e
page of the passport book when the observation angle changed. Lam nation
over a pre- printed driver's license also was facile, and

provi ded for easy verification wthout tools. 25 Exanpl e 13
A sinple nmeans of verification that could be used with th VR
(perhaps by a policeman at night) is to shing afj
produces white light onto the clear to cyan film o i\J

i ncidence, the printing belowis evident, and the film| odKsS clear. Wen
the film " laminated to a diffuse white backingitiltedto be _
beyond the shift angle, a red beam may be 30 readi | y flbbserved on piece
of. paper held in a position to intersect with the specul af reflection.
Exanpl e 14 A coextruded filmcontainingff24 | ayers was
made on a sequential flat-filmnmaking |ine by af£oextrusion
process. This nultilayer polyner filmwas nade fron&po- Y. VIR
napht hal at e D~
- 35- (PEN) (60 Wt . % phenol /40 wt. % di chl orob
intrinsic viscosity of 0.48 dW avail abl e fr
Chem cal Conpany and pol ynet hyl nethacryl ate (PMVA) avhi

&
SN

104
106

N/




from Ashl and Cheni cal Conpany under the designation CP82, where PEN

provi ded t or "skin! |layers. A feedbl ock tihgdsheiegh as
t hat descp?ggggﬁﬁyu.s. Pat ent No. 3,8@1} 29) was 5 usgg {o ggnerate
about 224 |ayers which were coextruded onto a water chilled casting wheel
and continuously oriented by conventional sequential |ength
orienter (LO and tenter equipnent. PEN was delivered to the

f eedbl ock by one extruder at a rate of 38.3 Kg/hr and the PMVA was
delivered by another extuder at a rate of 30.1 Kg/hr. These neltstreans
were directed to the feedbl ock to create the PEN and PMVA opti cal
| ayers. The feedbl ock created 224 alternating 10 | ayers of PEN and
PMVA with the two outside | ayers of PEN serving as the protective

boundary | ayers (PBL's) through the feedbl ock. The PMVA nelt process

equi pment was “mai ntai ned at about 249[err] C the PEN nelt
process equi pnent, feedbl ock ki n- e - were mai ntai ned

at about 27 g] C An
appr oxi mat el d for the
f eedbl ock f o# st to thinnest

| ayers bein
extruder delg
bot h si des
mat eri al st
casting whe
Cel sius. A

ck, a third
e thickness on
Then t he
a wat er cool ed
about 7[err]
rudate to the

casting 20 sgabout 0.17
mm t hi ck an TRe pinning
Wi re was po — t he
web at the noot h

appear ance t cast web was

| ength orie 0C In 25

the tenter,
about 9 sec
about 140[e
about 60% p
mm The opti
band is stro
band edges f
for the 30 3
cyan of any
l'i ght change#

40[err] Cin
direction at

f

s of _about 0.05
e <Ll ection
owQ®@vel engt h
Th+=s provi des
t he deepest

or pol ari zed
2 &3
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nminterval. The Yxy and CIE L*a*b col or coordi nates cal cul ated fromthe

spectra a contained in Table 11. Again, color cogrusssr2362f or
both s- ﬁg)%mﬁ%§arlzed light are |nchgﬁﬁg

- 36- Table I1
Angl e p or s X y L* ax* b*

0 .322 .341 91.3 -.60 5.1

60 .251 .342 80.2. -33.7 -5.9

60 P . 246 . 337 87.3 -37.3 -8.9

60 S .261 .350 71.7 -29.2 -1.7 Exanpl e 15
PEN was fed at a rate of 81 Ib/hr (37 kg/hr) and at a tenpeature of 525
[err]F (274 [err]C) 5 into a 224 | ayer feedbl ock. A copolyester of
70% napht hal at e and 30% i sopht hal ate with et hyl ene glycol was fed

into the feedblock at a rate of 117 I b/hr (53 kg/hr) and at a tenperature
of 540 OF (282 [err]C3 for the skin layers and at a rate of 115 I b/ hr

(52.3 k/hr) : 2 ] Py _ #®) for the

opti cal Iay_ L, L ’ : ed at 555

OF (290 [errs AR f
tenter oven i§ e Clor . 0 produce a
clear to cy e
cyan to the
viewed in rej
When the fil
withits tra

se background.
pol ari zer

S
3

1

FIG. 18B



exanpl e filn1 t he cyan Is nore vivid, and when the neutral polarizer was
rotated so {Hahed 6r2§7 transm ssion axis was parallel toptb@sesness:
transm ssion axis“of the polarizer filmgumpite |ight was

transmtted. Figure 24 shows the transm'ssion spectra for the case of the

e-field of the incident light parallel to the stretch direction
and parallel to the non-stretch direction at 0 and 60 degrees to
these filnms. Note the refl ectance band shift of about 120 nmfrom O degrees
to 60 degrees of incidence with e-field parallel to the stretch
direction, and the |lack of a peak when the e-field is 20 parallel to
the non-stretch direction. This corresponds to a vivid clear to cyan shift
and staying clear. The Yxy and CIE L*a*b col or coordi nates
calculated fromthis spectra are tabulated in Table 111, bel ow
Table 111 Parallelto Angle sorp x Y

L* a* b* StretchDirection 0

.317 .338 94.46 i3 Ry - = R i on 60

p . 266 “ ' sl 3 tretch

Direction 60:
-37-
eV|dent to one

nvention is I’

on wll be
scope of the

um

FIG. 18C



- 38- .1 claim . Anmultilayer film

conpri si ng Q{,égg,&%y ng layers of at least a first polymer andpaT/usesnes6z
second pol yrrer e filmappearing substantially clear at approxinmately a

zero degree observation angle, and colored at at |east one
observati on angle greater than a predeterm ned shift angle.

2. Amltilayer filmconprising alternatingg)gyers of at least a first

pol ymer and a second pol ymer, the filmtransmtting substantially
all incident visible |ight at approximtely a 10 zero degree
observation angle, and transmtting substantially all visible Iight except
a selected portion of the red light at at | east one observation
angl e greater than a predeternined shlft angle : 3. The
mul tilayer film of { o af yan—at at | east one

observation angl e(ﬁ prrferd™ s , aBgl gy 15

4. The multilayer ' I$&Lpnpri ses a series
of layer pairs ihg from
nanoneters.

2 IS Il I n ‘Whe @tdhgﬁgéll st

d ~— B0 degrees @nd

20 Ak
pol ymer is sel etﬁ -‘c' | 2

t erepht hal ate a'@ cepol yners i
pol yet hyl ene naght ate and ¢ L yne F‘.;i.-. . t| ng napht hal en
di carboxylic aciHl, d]'g \ gl & s D jrer is se ecf’é‘d%gidﬁﬂff?@fep
group consi sti ng (ﬁ3 A copol yedi en of Ryl ] di net hanol ,
pol yt etrar net hyl engs t her, and xedi carl xyI i c aci @, polynethyl
0. i |
O+ : ; P ol ; :
400 500 600 700 800 900 1000 1100 1200
Wavelength (nm) ‘
Fig. 21
1
S —o—{ degrees
£ ——60 degrees
= — 60 degrees p
o

00 500 600 700 800 900 1000 1100 1200
Wavelength {nm}

Fig. 22



25 nmet hacryl ate, and pol yethyl ene terephthalate glycol.
6. The multiyays 62%,} | mof claim5, wherein the first pol yner p&riusesn6362

pol yet hyl ene nap alate and the second polynmer is polynethyl
met haci yl ate. 7. The nmultilayer filmof claimb,
wherein the first polyner I s pol yet hyl ene napht hal at e, and the
second polyner is polyethylene terephthal ate glycol.

- 39- 8. The multil ayeridjflgn of .claim5, wherein the
first polyner is polyethylene terephithal ate and t he second
polynmer is a copol yester of cycl ohexane di net hanol, polytetranethylene

et her, and cycl ohexanedi car boxylic acid. 5 9.
The nmultilayer filmof claim1 or 2, wherein the filmis adhered to an
item - ~10. The nultllayer filmof cIa|n11 or 2, wherein

multilayer film
and a 10
Laappr oxi mately a

the film has enboss&
conpri si ng altern '

second pol yner, ﬁ Li |
zero observation a é "

0-6. |

S . -0 deg
% 0.51 — 80 degspoi .
g 044 ——80 deg p pol
— 034
0.2+
0.1+ ‘
0 : -. R e . 4
400 5{)0 600 70(} 800 900 -1000 1100 1200

Wavelength (nm)

Fig. 23

e Para!}el {o stretch direction 0
degrees

____Parallel to stretch direction p
" polarized 60 degrees

—.Paralielto non-stretch
direction 0 degrees

Paralle! to non-stretch
—direction s polarized 60
degrees -

Transmission

0 N . ;
400 5{}0 800 700 800 900 1000 HG@ 1200
Wavelength {nm)

Fig. 24



for light of either polarization stat, and appearing colored for one

pol ari zat i omygltighkgrsappeari ng clear for the other pobarmsewicdst at
at | east one observation angle greater than a predeterm ned shift
angl e. 15 12. The mul til ayer fl|ﬁ10f claim 11, wherein

the first polymer is selected fromthe group consi sting of
pol yet hyl ene’ terephithal ate and PEN, and the second polyner is selected

fromthe group consi sting of aj%ﬁ?glyester of cycl ohexane
di et hanol , pol ytetranet hyl ene ether, and

cyclohexanedlcarboxyllc acid, PETG and copol yesters of napht hal ene

di carboxylic, isophthalic, terephthalic, or sebacic acids. 20

13. The multilayer filmof claim 11, wherein the filmappears cyan at at
| east one

angl e. et _Vat 10 %ﬁ?@f’cﬁ‘ﬁﬁw*fﬁﬁ‘maof Cisim 11, “wnerei

the filmis adhered fiora

Ahe nultilayer
filmof claim 11, w@gri s enbossed por '0rs,
5 08
2078 H
& 06¢% . —0 degrees
£ o558 ) 60 degrees s
g 04 f ——80 degress p
ég-gﬁa‘ : '
0.2
400 500 6{}0 700 800 90(3 1000 1100 1200
Wavelength (nm)
Fig. 19
Clearto cyan 418 layers PET/Ecdel!
.1 .
8 gg " —- 0 degrees
£ 7 45 degrees
2 04 — 80 degrees
= 0.2
0+

400 500 609 700 800 900 1000 1100 1200 1300
Wavelength {nm)
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A multilayer film including multiple polymeric layers designed and made to enable the film to reflect light in the near infrared (IF
portion of the visible spectrum. Depending on the amount and range of red light that is reflected, the film of the present invention appea:
under certain conditions to exihit a visible color, commonly cyan. The film appears to be substantially clear when viewed against a diffu:
white background from approx:mately a zero degree observation angle, and appears to be cyan when viewed against that background fro:
an observation angle that is greater than a predetermined shift angle.
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