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a surface of the substrate. The various textures can be impressed or applied on the surface of
the substrate (106) by passing the substrate (106) between multiple pairs of work rolls (104A,
104B) that each include at least one textured work roll (104A, 104B) for transferring a texture
of the work roll (104A, 104B) onto the surface of the substrate (106). The pairs of work rolls
(104A, 104B) apply the various textures on the surface of the substrate (106) while maintaining a
thickness of the substrate (e.g., with substantially no reduction in a thickness of the substrate). A
single pass of the substrate (106) between the pairs of work rolls (104A, 104B) can allow various
different textures, patterns, or features to be applied to the surface of the substrate (106) while the
thickness of the substrate remains substantially constant.
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METHOD FOR SELECTIVELY APPLYING TEXTURES ON A SUBSTRATE
VIA WORK ROLLER PRESSURE-DEPENDENT, LOCALIZED PLASTIC DEFORMATION

REFERENCE TORELATED APPLICATIONS

0661} This application claums the benefit of U.S. Provisional Application No. 62/535,345, filed
on July 21, 2017 and entitled SYSTEMS AND METHODS FOR CONTROLLING SURFACE
TEXTURING OF A METAL SUBSTRATE WITH LOW PRESSURE ROLLING; US.
Provisional Application No. 62/535341, filed on July 21, 2017 and entitled MICRO-
TEXTURED SURFACES VIA LOW PRESSURFE ROLLING; U.S. Provisional Application No.
62/535,349, filed on July 21, 2017 and entitied SYSTEMS AND METHODS FOR
CONTROLLING FLATNESS OF A METAL SUBSTRATE WITH LOW PRESSURE
ROLLING; US. Provisional Application No. 62/551,296, filed on August 29, 2017 and entitled
SYSTEMS AND METHODS FOR CONTROLLING SURFACE TEXTURING OF A METAL
SUBSTRATE WITH LOW PRESSURE ROLLING; US. Provisional Application No.
62/351,292, filed on August 29, 2017 and entitled MICRO-TEXTURED SURFACES VIA LOW
PRESSURE ROLLING; and U.S. Provisional Application No. 62/551,298, filed on August 29,
2017 and entitled SYSTEMS AND METHODS FOR CONTROLLING FLATNESS OF A
METAIL SUBSTRATE WITII LOW PRESSURE ROLLING,

FIELD OF THE INVENTION
[0602] This disclosure generally relates to texturing metal or alloy sheets. More specifically, but
not by way of hmiation, this disclosure relates to an aluminum or aluminum alloy sheet having

multiple textures on a surface of the alommum or aluminum alloy sheet.

BACKGROUND
i0803] Metal rolling can be used for forming metal strps from stock, such as ingots or thicker
metal strips. Metal rolling involves passing a metal strip or substrate (e.g., aluminum or other
metaliic matenial) between a pair of work rolls of a mill stand, which apply 3 load or force 1o the
metal strip. A texture of the surface of the work rolls can be an important factor of metal roliing

operations. For example, the force applied by the work rolls can cause a texture of the work rolls

i
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to be transferred onto a swrface of the metal sirip as the metal strip passes between the work rolls.
However, the force applied to the metal strip by the work rolls during metal rolling operations

can also reduce the thickness of the metal strip.

SUMMARY

{06034} The term embodiment and the like terms are intended to refer broadly to all the subject
matter of this disclosure and the claims below. Statements containing these terms should be
understood not to limit the subject matter described herein or to limit the meaning or scope of the
claims below. Embodiments of the present disclosure covered herein are defined by the claims
below, not this summary. This summary 15 a high-level overview of various aspects of the
disclosure and introduces some of the concepts that are further described in the Detailed
Description section below. This summary 15 not intended to wdentify key or essential features of
the claimed subject matter, nor ts it intended to be used in isolation to determine the scope of the
claimed subject matter. The subject matter should be understood by reference to appropriate
portions of the entire specification of this disclosure, any or all drawings, and each claim.

[0005] Certain aspects and features of the present disclosure relate to a substrate baving multiple
micro-textures, features, or patterns on a surface of the substrate. In some sramples, the substrate
may be a metal substrate {e.g., a metal sheet or a metal alloy sheet) or a non-metal substrate. For
example, the substrate may include alummnom, aluminum alloys, steel, steel-based matenals,
magnesiom, magnesium-based materials, copper, copper-based materials, composites, sheets
used 1o composites, or any other suitable metal, non-metal, or combination of materials.

[0806] In some aspects, the substrate 15 a metal substrate. Although the following description 1s
provided with reference to the metal substrate, 1t will be appreciated that the description i3
applicable to various other types of metal or non-metal substrates. The metal substrate can have
at least a first feature and a second feature on the surface of the metal substrate. In some
examples, a work stand includes various pairs of work 1olls (e g., cold mull work rolls or hot mull
work rolls) having different textures. Each pair of work rolls mcludes an upper work roll and a
lower work roll vertically aligned with the upper work roll. The upper work roll and lower work

roll are supported by intermediate rolls. Bearings {also referred to as actuators) are provided

]



CA 03069979 2020-01-14

WO 2019/018738 PCT/US2018/043045

along the imtermediate rolls and are configured to 1mpart bearing loads on the intermediate rolls.
In this example, at least one of the upper work roll and the lower work roll includes a texture,
[0007] During the texturing process, a metal subsirate can pass between the upper and lower
work rolls and the upper and lower work rolls apply a work roll pressure to the metal subsirate as
the metal substrate passes between the work rolls. To prevent the thickness of the metal substrate
from being reduced (e.g., the thickness of the metal subsirate remains substantially constant and
there is substantially no reduction in the thickness of the metal substrate), the bearings are
configured to impart bearing loads on the intermediate rolls. The mtermediate rolls then transfer
the load to the work rolls such that the work rolls mnpart a work roll pressure on the metal
substrate that is below the yield strength of the metal substrate as the metal subsirate passes
between the work rolls. The yield strength of a substrate refers to an amount of stress or pressure
at which plastic deformation (i.e, permanent deformation) cccurs through a portion of the
thickness or gange of the substrate {e.g, an amount of stress or pressure that can cause a
permanent change n a substanital portion of the thickness or gauge of the meial substraie).
Because the work roll pressure imparted by the work rolls on the metal substrate generates a
pressure that 1s below the yield strength of the metal substrate, the thickness of the metal
substrate remamns substantially constant (e g, there 1s substantially no reduction in the thickness
of the metal substrate).

10008} In some examples, while the work roll pressure applied by each of the work rolls 15 below
the vield strength of the metal substrate, a texture on the work rolls may have a topography that
creates localized areas on the surface of the metal subsirate where the localized pressure is above
the yield strength of the metal substrate as the metal substrate passes between the work rolls.
These localized areas may form various asperities or skewed areas, which are projections or
indentations on the surface of the metal substrate of any suitable height, depth, shape, or size
depending on a desired application or use of the metal substrate. In other words, the work rolls
can generate localized pressure ai asperity contacts that may be high enough to overcome the
yield strength of the metal substrate 1o these localized areas. At these localized areas, because the
pressure created by the texture on the work rolls is greater than the yield strength of the metal
substrate, localized areas of plastic deformation form on the surface of the metal substrate that

create various surface textures, features, or patterns on the surface of the metal substrate while
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leaving the remamder of the surface un-deformed (e.g., the texture causes plastic deformation at
a particular location on the swrface of the metal substrate while the thickness of the metal
substrate remams substantially constant along the metal substrate) In some examples, the
localized pressure created by the texture at the localized areas i1s greater than the vield strength
such that various textures, features, or patterns can be impressed on the surface, but the work roll
pressure 15 not sufficient to cause a substantial reduction in a thickness of the metal substrate at
the localized areas (e.g., the texture causes plastic deformation at particular locations on the
surface of the metal substrate while the thickness of the metal substrate remains substantially
constant along the remainder of the metal substrate) As an example, the localized pressure
created by the texture at the localized areas s greater than the yield strength of the metal
substrate such that various textures, features, or patterns can be impressed on the surface, but
does not cause a substantial reduction 1 a thuckness of the metal substrate across a wadth or
along a length of the metal substrate As an example, the pressure can cause less than a 1%
reduction in the tuckness of the metal substate across the width or along a length of the metal
substrate. Thus, in some examples, work rolls can be used to cause localized areas of plastic
deformation on the surface of the metal substrate (1.e. to transfer the texture from the work rolls
to the surface of the metal substrated without changing the overall thickness of the metal
substrate.

10809} In some examples, multiple work rolls can be used to cause localized areas of plastic
deformation on the surface of the metal substrate to transfer textures from the work rolls to the
surface of the metal substrate without changing the overall thickness of the metal substrate. In
this example, the multiple work rolls can impress various textures, features, or patterns on the
surface of the metal substrate without reducing the overall thickness of the metal substrate. In
additional or alternative examples, the muitiple work rolls can impress the various textures,
features, or patterns on the surface of the metal substrate while maintaining the thickness of the
metal substrate {e.g., the multiple work rolls mav not reduce the thickness of the metal substrate
while mmpressing the textures, features, or patterns), which can sometimes be referred to as zaro
cold reduction texturing,

{0018} As one example, the metal substrate can be an alummum sheet or an aluminum alloy

sheet. The metal substraie can be passed between a first pair of work rolls of a mill stand. The
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first pair of work rolls can apply a first work roll pressure on the metal substrate that is below the
yield strength of the metal substrate as the metal substrate passes between the pawr of work rolls.
The first work roll pressure can be based on a fixed or predetermined amount of force that
generates a work roll pressure that 1s below the yield strength of the metal substrate such that an
overall thickness of the metal substrate remains substantially constant across its width and
length. At least one work roll of the first pair of work rolls has a surface texture or topography
that creates localized areas on the surface of the metal substrate where a pressure at the localized
areas 15 above the yield strength of the metal substrate to fully or partially transfer the texture
onto the surface of the metal substrate as the metal substrate passes between the first pawr of work
rolls. Subsequently, the metal substrate can be passed between a second pair of work rolls, which
can include at least a work roll that has another, different texture that can be transferred onto the
surface of the metal substrate as the second pair of work rolls tmparis a second work roll
pressure that is below the vield strength of the metal substrate as the metal substrate passes
through the second pair of work rolls. o tus example, at least one work roll of the second pair of
work rolls has a surface texture or topography that creates localized areas on the surface of the
metal substrate where a pressure at the localized areas is above the yield strength of the metal
substrate to fully or partially transfer the different texture onto the surface of the metal substrate
as the metal substrate passes between the second pair of work rolls. In an additional or
alternative example, the second pair of work rolls can include at least a work roll that has a
texture similar to the work rolf of the first pair of work rolls and the texture or topography of the
work roll creates localized areas on the surface of the metal substrate where a pressure at the
localized areas is above the yield strength of the metal substrate to fully or partially transfer the
same texture onto the surface of the metal substrate as the metal substrate passes between the
second pair of work rolls,

[0611] In some examples, as described above, the first pair of work rolls can transfer a first
texture onto the surface of the metal substrate as the metal substrate passes between the first pair
of work rolls and the second pair of work rolls can transfer a second, different texture onto the
surface of the metal substrate as the metal substrate passes between the second pair of work rolls.
As an example, the first texture applied by the first pair of work rolls can have a size, depth,

height, shape, coarseness, and/or concentration that 1s different from a size, depth, height, shape,

N
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coarseness, and/or concentration of the second texture. In this manner, various textures, features,
or patterns can be applied on the surface of the metal substrate n 2 single pass of the metal
substrate between multiple pairs of work rolls. In some cases, the metal substrate makes multiple
passes between the multiple pairs of work rolls.

{0012} In vanous examples, the first pair of work rolls can include a work roll that has a
relatively smooth outer surface such that the first pair of work rolls can provide a desired flatness
profile {e.g., substantially flat, curved, wavy, etc.) on the metal substrate and can smooth the
topography of the metal substrate {e.g., to have a surface roughness lower than about 0.4 - 0.6
umy. In this example, the second pair of work rolls can include a work roll that has a textured
surface such that the second pair of work rolls can npress a texture, feature, or pattern on the
surface of the metal substrate without reducing the overall thickness of the metal substrate.

[0613] In some examples, as described above, the work roll pressure mmparted on the metal
substrate by each pair of work rolls is a low amount of pressure below the yield strength of the
nwtal substrate such that the thickoess of e metal substrate remains substantially constant ez,
there 1s substantially no reduction i the thickness of the metal substrate) as the metal substrate
passes between the pairs of work rolls while the surface texture on each par of work rolis may
have a topography that creates localized areas on the surface of the metal substrate where the
pressure 15 above the yield sirength of the metal substrate as the metal substrate passes between
the work rolls. In this example, because the work roll pressore imparted by the work rolls is
below the vield strength of the metal substrate and the texture of the work rolls causes localized
plastic deformation at particular areas on the surface of the metal substrate, the metal subsirate is
only deformed at the particolar areas on the surface of the metal substrate corresponding to the
texture of the work rolls, while the thickness of the metal substrate remains constant. In this
manner, work rolls can be used to cause localized plastic deformation on the surface of the matal
substrate without changing the overall thickness of the metal substrate

[0014] In some examples, 1mpressing different textures, patterns, or features on the surface of
the metal substrate can cause the metal substrate to have enhanced characterisucs, meluding, for
example, increased lubricant retention, increased de-stacking capabilities, increased resistance
spot weldability, increased adhesion, reduced galling, enhanced optical properties, frictional

uniformity, ete.
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[0615] These advantages, among others, may allow the metal subsirate, often in the form of
metal sheet or plate, to be further processed into automotive parts, beverage cans and bottles
and/or any other highly-formed metal product with greater ease and etficiency. For example, the
improved tribological characteristics of the meial substrate having a surface with various textures
described herein may allow for faster and more stable processing of high-volume automotive
products because the friction characterisiics of the textured metal subsirate being formed are
more consistent and isotropic between different batches of material and/or along the same strip
of metal substrate. In addition, introducing nepatively skewed surface textures (e.g., micro-
dimples on the surface of the metal substrate) could help disrupt the surface tension between
lubed metal substrates that are stacked together, thus improving de-stacking capability.
Furthermore, the taproved ability for the surface of the metal substrate to retain lubricant may
further reduce and/or stabilize frictional forces between the forming die and the sheet metal
surfaces, leading to better formability with reduced earing, wrinkling and tear-off rates; higher
processing speeds; reduced galling, eohasced tool Ule and improved swface guality 10 the

formed parts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Hiustrative examples of the present disclosure are described 1 detad below with
reference to the following drawing figures:

{0687} FIG. 1 s a schematic cross-sectional view of an exemplary mill stand that mclades a par
of work rolls for applying a texture on a surface of a metal substrate, according to one example
of the present disclosure.

[6018] FIG. 2 15 a schematic cross-sectional view of multiple mill stands that each mclude pairs
of work rolls for applying multiple textures on a surface of a metal substrate, according to one
example of the present disclosure.

[0019] FIG. 3 is an image of a metal substrate having negatively skewed areas within positively
skewed areas, according 1o one exampie of the present disclosure.

{0628} FiG. 4 is a graph depicting an example of microscopic asperities that can be included n a
posttively skewed area on a metal substrate surface, according to one example of the present

disclosure.
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(0621} FIG 515 a graph depicting an example of microscopic valleys that can be included in a
negatively skewed area on a metal substrate surface, according to one example of the present
disclosure.

[8822] FIG. 6 1s an image of a metal substrate having multiple micro-textures, features, or
patterns on its surface, according to one example of the present disclosure.

{0823} FIG. 7 1s a graph depicting an exarople of a metal substrate including a negatively skewed
area, according to one example of the present disclosure

186241 FIG. 815 a schematic example of a work stand and work rolls for applying a texture on a
surface of a metal substrate, according to one example of the present disclosure,

[0025] FIG. 9is another schematic view of the work stand of FIG. 1

[0026] FIG. 10 15 a schematic of one or more work stands and work rolls for applyving a texture
on a surface of a metal substrate, accordimg to one example of the present disclosure.

[0627] FIG. 1 15 a schemalic a work stand according to aspects of the present disclosure,

[0828] TIG. 12 is a schematic end view of the work stand of FIG 11,

[0629] FIG. 13 15 a schematic of a work stand according to aspects of the present disclosure.
[0036]

00307 FIG. 14 15 a schematic end view of the work stand of FIG. 13,

DETAILED DESCRIPTION

[0631] The subject matter of embodiments of the present invention 15 described here with
specificity to meet statutory requirements, but this description 1s not necessardy mntended fo hmut
the scope of the claims. The claimed subject matter may be embodied i other ways, may include
different elements or steps, and may be used in conjunction with other existing or future
technologies. This description should not be interpreted as implying any particalar order or
arrangement among or between various steps or elements except when the order of individual
steps or arrangement of elements is explicitly described

{0832} Certain aspects and features of the present disclosure relate to a substrate having multiple
micro-textures, features, or patterns on a surface of the substrate. In some examples, the substrate
may be a metal substrate (e.g., a metal sheet or a metal allow sheet} or a non-metal substrate. For

example, the substrate may include aluminum, aluminum alloys, steel, steel-based materials,
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magnesium, magnesium-based materials, copper, copper-based matenals, composites, sheets
used in composites, or any other suitable metal, non-metal, or combination of materials.

{0633} In some aspects, the substrate 15 a metal substrate. Although the following description 1s
provided with reference to the metal substrate, it will be appreciated that the description is
applicable to various other types of metal or non-metal substrates. For example, a metal substrate
has at least a first texture and a second texture on a surface of the metal substrate. In some
examples, the first texture or feature is applied to the surface of the metal substrate by passing
the metal substrate between a first pair of work rolls. The first pair of work rolls apply a first
work roll pressure to the metal substrate as the metal substrate passes between the work rolls. To
prevent the thickness of the metal substrate from being reduced {e g., the thickness of the metal
substrate remains substantially constant and there 15 substantially no reduction in the thickness of
the metal substrate), the first pair of work rolls impart a first work roll pressure on the metal

substrate that is below the vield sirength of the metal substrate as the metal substrate passes
betwesn the work rolls. The yvield strength of a substrate refers 10 an anmount of stress or pressure
at which plastic deformation (e, permanent deformation} occurs through a portion of the
thickness or gauge of the substrate {e.g, an amount of siress or pressure that can cause a
permanent change n a substantial portion of the thickness or gauge of the metal substrate).
Because the first work roll pressure imparted by the {irst patr of work rolls on the metal substrate
is below the yield strength of the metal substrate, the thickness of the metal substrate remains
substantially constant {e.g., there is substantially no reduction in the thickness of the metal
substrate).

{0634} In this example, at least one work roll in the first pair of work rolls has the first texture,
While the first work roll pressure applied by the first pair of work rolls is below the vield
strength of the metal substrate, the first textore on the work roll may have a topography that
creates localized areas on the surface of the metal substrate where the localized pressure 15 above
the yield strength of the metal substrate as the metal substrate passes between the first pair of
work rolls. These localized areas may form various asperities or skews, which are projections or
indentations on the surface of the metal substrate of any suitable height, depth, shape, or size
depending on a desired application or use of the metal substrate. In other words, the first pair of

work rolls can generate localized pressure at asperity contacts that may be high enocugh to
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overcome the yield strength of the metal substrate in these localized areas. At these localized
areas, because the pressure created by the first texture on the work roll 15 greater than the yield
strength of the metal substrate, localized areas of plastic deformation form on the surface of the
metal substrate that impart the first texture on the surface of the metal subsirate while leaving the
remainder of the surface un-deformed (e g., the first texture causes plastic deformation at a
particular location on the surface of the metal subsirate while the thickness of the metal substrate
remaing substantially constant along the metal substrate). In some examples, the localized
pressure created by the first texture at the localized areas s greater than the vield strength such
that various textures, features, or patterns can be nnpressed on the surface, but the first work roll
pressure is not sufficient to cause a substantial reduction m a thickness of the metal substrate at
the localized areas (e g., the first texture causes plastic deformation at particular locations on the
surface of the metal substrate while the thickness of the metal substrate remains substantially
constant along the remainder of the metal substrate) As an example, the localized pressure
crealed by the [ist teature al the localized arcas s greater than the vield strength of the metal
substrate such that the first texture can be tmpressed on the surface of the metal substrate, but
does not cause a substantial reduction 10 a thickness of the metal subsirate across a width or
along a length of the metal substrate. As an example. the localized pressure caused by the first
texture can cause less than a 1% reduction n the thickness of the metal substrate across the width
or along a length of the metal substrate.

[0835] In some examples, the second texture or feature is applied to the surface of the metal
substrate by passing the metal substrate between a second pair of work rolls after the metal
substrate has passed between the first pair of work rolls. The second pair of work rolls includes
at least one work roll having the second texture and the second pair of work rolls applies a
second work roll pressure on the metal substrate as the metal substrate passes between the work
rolls. The second work roll pressure applied by the second pair of work rolls can be below the
yield strength of the metal substrate. In this example, the second work roll pressure that 1s helow
the yield strength of the metal substrate, along with a topography of the second texture on the
work roll can create second areas or locations on the surface of the metal substrate where the
localized pressure on the surface of the metal subsirate at the second areas or locations is greater

than the yvield strength of the meial substrate. In this example, because the localized pressure at
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the second areas or locations on the surface of the metal substraie 18 above the yield sirength, the
work roll can create localized plastic deformation at the second areas or locations on the surface
of the metal substrate to transter the second texture onto the surface of the metal substrate at the
second areas or locations as the metal substrate passes between the second pair of work rolis.

[0936] In some examples, the first texture transferred to the surface of the metal substrate can be
different from the second texture. For exarmple, the first texture can have a size, shape, depth,
height, coarseness, and/or concentration that is different from a size, shape, depth, height,
coarseness, and/or concentration of the second texture. As an illustrative example, the first
texture can cause a portion of the surface of the metal substrate to be a negatively skewed area
that can include a valley and the second texture can cause another portion of the surface of the
metal substrate to be a positively skewed area that can include an asperity or a peak. In this
example, micioscopic aspenties, peaks and valleys that are included n the textured postions of
the surface can be of any shape or size. For example, each asperity, peak, or valley can have a
height or depth between O miwrons and 20 nucrons. In some examples, a depth of a valley
corresponds to a distance that the valley extends nto the surface of the metal substrate and a
height of an asperity or peak corresponds to a distance that the asperity or peak protrudes, or
projects, from the surface of the metal substrate. As an example, each aspenty, peak, or valley
can have a height or depth between O microns and 10 microns. As another example, each
asperity, peak, or valley can have a height or depth between 1 micron and 8 microns. As still
another example, each asperity, peak, or valley can have a height or depth between 5 microns
and 7 microns. In some examples, a valley caused by the first texture can have a depth that 1s
different from a height of an aspertty or peak caused by the second texture. In some examples,
each asperity, peak, or valley can have any suitable height, depth, shape, or size. In such
examples, the height, depth, shape, or size of the surface texture features applied on the metal
substrate can vary depending on a desired application or use of the metal substrate. While in this
example, the first pair of work rolls causes a negatively skewed area on the metal substrate and
the second pair of work rolls causes a positively skewed area on the metal substrate, the preseat
disclosure 1s not limited to such configurations. Rather, in other examples, the first or second pair

of work rolls can apply any texture to the surface of the metal substrate.
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(06371 In some examples, the second texiure 18 applied on the surface of the metal substrate such
that the second texture at least partially overlaps the first texture. In another example, the second
texture is applied at a location on the surface of the metal substrate that 1s adjacent to a location
of the first texture. In this manner, a single pass of the metal substrate between muitiple pairs of
work rolls during rolling operations can cause the metal substrate to have a duplex or triplex
surface {e.g, a surface that includes two or three textures, features, or patterns) as the metal
substrate passes between each pair of work rolls. In some examples, the metal substrate makes
multiple passes through the multiple pairs of work rolls.

[0038] If desired, each paur of work rolls can apply varying work roll pressures to the metal
substrate as the metal substrate passes between each pair of work rolls. In some examples, the
work roll pressure imparted on the metal substrate by each pair of work rolls i1s an amount of
pressure that allows a thickness of the metal substrate to remain substantially constant {e.g, there
is subsiantially no reduction in the thickness of the metal substrate} as the metal substrate passes
betwesn the pars of work solls. More specifically, cach paie of wark rolls can apply a fixed or
predetermimed amount of force that generates a work roll pressure below a yield strength of the
metal substrate, which can prevent the thickness of the metal substrate from being reduced as the
metal substrate passes between each pair of work rolls. In some examples. as described above,
each pair of work rolls can mclude at least a work roll baving a texture that, in combination with
the load that generates a work roll pressure less than the vield strength of the metal substrate,
creates areas where the localized pressure on the surface of the metal substrate 15 greater than the
yield strength of the metal substrate to cause localized partial plastic deformation at the localized
areas on the surface of the metal substrate. In this manner, the work rolls can be used to cause
localized plastic deformation on the surface of the metal substrate to impress various localized
textures on the surface of the metal subsirate without changing the thickness of the metal
substrate.

[003%] In some examples, 1mpressing different textures, patterns, or features on the surface of
the metal substrate causes the metal substrate to have enhanced charactenstics, mcluding, for
example, increased lubricant retention, increased de-stacking capability, increased resistance spot
weldability, increased adhesion, reduced galling, enhanced optical properties, frictional

uniformity, ete. Further, applying a work roll pressure to the metal substrate that 15 below the
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yield strength of the metal substrate to mmpress various textures on the surface of the metal
substrate can mainiain a deswed thickness of the metal substrate as the various textures are
applied.

[8848] These iflustrative examples are given to iniroduce the reader to the general subject matter
discussed herein and are not intended to limit the scope of the disclosed concepts. The following
sections describe various additional features and examples with reference to the drawings in
which like numerals indicate hike elements, and directional descriptions are used to describe the
Hustrative examples but, like the illustrative examples, should not be used to limut the present
disclosure.

[0041] FIG. | 15 a schematic cross-sectional view of an exemplary mill stand 102 that includes a
pair of work rolls 104a-b for applying a texture on a surface 108, 110 of a metal substrate 106,
The mull stand 102 can be any structure supporting various componenis used for rolling 4 metal
substrate 106, The metal substrate 106 can be a metal sheet or metal alloy sheet mcloding, for
examiple, an alumioum sheet o an aluounum alloy shest. I other examples, a substratle may be
various other metal or non-metal substrates.

[0842] In the example depicted in FIG. 1, the mull stand 102 ncludes work rolls 104a-b. Each
work roll 104a-b 15 a cvlindrical work roll made of any suitable material for rolling a metal
substrate {¢.g., the metal substrate 106). For example, cach work roll 104a-b can be a cyhndrical
steel work roll, or a work roll of any gther suitable matenial. Each work roll 104a-b can be any
size. As an example, each work roll 104a-b can have a diameter between approximately 30 mm
and approximately 60 mm. In another example, each work roll 104a-b can be of any suitable size
{e.g., any suitable diameter) The work rolls 104a-b can be driven by a motor or other device for
driving the work rolls 104a-b and causing them to rotate. The mill stand 102 can have various
other configurations.

{0043} The work rolls 104a-b receive the metal substrate 106, which is drawn through a space
(1e, roll gap) between the work rolis 104a-b as the work rolls 104a-b rotate. The work rolis
104a-b may be supported by one or more support or backup rolls, such as backup rolls 105a-b. In
some examples, a diameter of each backup roll 105a-b may he larger than a diameter of each
work roll 104a-b, although each backup roll 105a-b and each work roll 104a-b can be of any

size. Bach backup roll 105a-b may be a hard metallic roll or any other suitable roll. The hackup
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rofls 105a-b may be coupled to the respective work rolls 104a- for preventing vertical deflection
i1 the work rolls 104a-b. In some cases, the backup rolls 105a-b help prevent the work rolls
104a-b from separating as the metal substrate 106 passes between the work rolls 104a-b. In other
examples, the backup rolls 105a-b may be composed of multiple sections along the length of the
work rolls, or may be supported by sectioned backup bearings.

[0844] In some examples, one or both of work rolls 104a-b are textured using a texturing
technique including, for example, electro-discharge texturing (“EDT), electrodeposition
texturing, electron beam texturing (“EBT”), laser beam texturing, electrofusion coating, etc.
Texturing each work roll 104a-b modifies a topography {(e.g., a natural or artificial physical
feature) of a surface of the work roll 104a-b. In some cases, texturing each work roll 104a-b
causes each work roll 104a-b to have a texture on a surface of the work roll 104a-b. In one
example, the work rolls 104a-b each have the same texture {e.g., are textured using the same
texturing technique). In another example, each work voll 104a-b has a different texture. 1o still
another example, only one of the work rolls 104a-b has a texturs. For example, work roll 104a
miay be a textured work roll {e.g, a textured steel work roll} and work roll 104b may not have a
texture or may be a soft or smooth work roll {e.g, a polyurethane work roll), or vice versa.

[0845] In some examples, the raill stand 102 mncludes hydrauie cvlinders 107a-b that apply a
load or force to the work rolls 104a-b and cause the work rolls 104a-b to apply a work roll
pressure to the metal substrate 106. For example, the hydraulic cylinders 107a-b mav be
communicatively coupled to a processing device, which may receive signals for controlling the
hydraulic ¢vlinders 107a-b to cause the hydraulic cylinders 107a-b to apply the load or force to
the work rolls 104a-b 1o cause the work rolls 104a-b 1o apply the work rolf pressure to the metal
substrate 106. As an example, the processing device may receive signals for controlling the
hydraelic cylinders 107a-b to cause the hydraulic cylinders 1072-b to move in a vertical direction
if the metal substrate 106 being processed is passing through the work rolls 104a-b in a
substantially horizontal direction. For example, the processing device may cause the hydraulic
cylimder 107a to move down to apply a load on the work roll 104a, which causes the work roll
104a to apply a work roll pressure on the metal substrate 106 In some examples, the processing
device may cause each hydraulic evlinder 107a-b to move in a vertical direction for reducing a

gap between the work rolls 104a-b, which may cause the work rolls 104a-b to apply the work roll
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pressure on the metal substrate 106. For example, the processing device may cause the hydraulic
cyvlinder 107a to move down and cause the hydraulic cylinder 1070 to move up, which may
cause the work rolls 104a-b to move n a corresponding manner to reduce a gap between the
work rolls 104a-b. In some examples, the work rolls 104a-b mayv apply a work roll pressure on
the metal substrate 106 as the gap between the work rolls 104a-b 15 reduced. In some examples,
the load applied by the hydraulic cylinders 107a-b on the work rolls 104a-b 15 a predetermined or
fixed load (e.g., a predetermined or fixed amount of force). As an example, the processing device
may receive signals indicating the predetermined or fixed load and the processing device can
control the hydraulic cvlinders 107a-b to cause the hydraulic cvlinders 107a-b to apply the
predetermined or fixed load to the work rolls 104a-b.

[0046] In some examples, the work roll pressure applied by the work rolls 104a-b on the metal
substrate 106 18 below a vield strength of the metal substrate 106, The vield strength of the metal
substrate 100 corresponds 10 an amount of stress or pressure at which plastic deformation occurs
through a porton of the thickness or gauge of the metal substrale 106 {eg., an amount of
strength or pressure that can cause a permanent change in a substantial portion of the thickness or
gauge of the metal substrate 106}, In this example, because the work roll pressure applied by the
work rolls 104a-b on the metal substrate 106 15 below the vield strength of the metal substrate
106, the thickness of the metal substrate 106 can remain substantially constant {(e.g., there 13
substantially 5o reduction in the thickness of the metal substrate} as the metal subsirate passes
between the work rolis 104s-b.

10847} The work rolls 104a-b apply the work roll pressure to the metal substrate 106 to apply or
impress a texture, pattern, or feature on one or both surfaces 108, 110 of the metal substrate 106,
For example, the work rolls 104a-b can apply the work roil pressure to the metai substrate 106 1o
transfer a texture of one or both work rolls 104a-b to one or both surfaces 108,110 of the metal
substrate 106. As an example, the work rolls 104a-b can apply the work roll pressure 1o the metal
substrate 106 such that a texture of work roll 104a can be transferred or apphied to a surface 108
of the metal substrate 106. As another example, the work rolls 104a-b can apply the work roll
pressure to the metal substrate 106 such that a texture of work roll 104b can be transferred or
applied to a surface 110 of the metal substrate 106. In some examples, one or both of the work

rolls 104a-h may apply a texture to a surface of the metal subsirate 106 As a non-limiting
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exaniple, the work roll 104a may be a textured roll {e.g., an EDT steel work roll) for transferning
a texture to the surface 108 and the work roll 104b may not be textured or may be a soft or
smooth work roll (e g, a polyurethane work roll}. The work roll 104a may apply a texture to the
surface 108 and the work roll 104b may not alter the surface 110 of the metal substrate 106. In
another non-lmiting example, each of work rolls 104a-b may be a textured roll {e.g., an EDT-
textured steel work roll) for transferring a texture to the surfaces 108, 110 of the metal substrate
106.

[0048] In some examples, while a work roll pressure applied by the work rolls 104a-b to the
metal substrate 106 15 below the vield strength of the metal substrate, a texture of one or both
work roils 104a-b can have a topography that creates localized areas on the surface 108,110 of
the metal substrate 106 where a localized pressure applied to the metal substrate 106 is above the
yield strength of the metal substrate 106. For example, a surface profile of the texture on one or
both work rolls 104a-b, in combination with the work roll pressure applied by the work rolls
104a-b that 1s less than the yield strengih of the metal substrate 100, can creale argas on the
surface 108, 110 where a localized pressure on the surface 108,110 15 greater than the yield
strength of the metal substrate 106, In some examples, because the localized pressure created at
the localized areas by the texture on the work rolis 104a-b 1s greater than the vield strength of the
metal substrate 106, the texture can cause the work rolls 104a-b to create localized areas of
plastic deformation on the surface 108,110 and mpress a texture, pattern, or feature to the one or
both surfaces 108, 110 of the metal substrate 106. In this example, the localized pressure created
at the localized areas on the surfaces 108, 110 by the texture on the work rolls 1043-b is greater
than vield strength of the metal substrate 106, while the work roll pressure applied bv the work
rolls 104a-b 1s below the vield strength of the metal substrate. Thus, in some examples, the work
rolls 104a-b can be used to cause localized areas of plastic deformation on the one or both
surfaces 108, 110 of the metal substrate 106 {e.g., to transfer textures from the work rolls 104a-b
to the surfaces 108, 110 of the metal substrate} without substantially changing the overall
thickness of the metal substiate.

[0049] The one or both work rolls 104a-b are configured to apply a texture, pattern, or feature to
the one or hoth surfaces 108, 110 of the metal substrate 106 to cover a percentage or an amount

of a surface area of the metal substrate 106. For example, the work rolls 104a-b can apply a work
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rofl pressure that is below the yvield strength of the metal substrate 106 and a topography of a
texcture on one or both work rolls 104a-b can create a localized pressure that is above the yield
strength of the metal substrate 106 at particular areas on the metal substrate such that a
percentage of the surface area of the metal subsirate 106 is covered with the texiure applied by
the one or both work rolls 104a-b. In this example, the localized pressure created by the
topography of the texiure on one or both work rolls is above the vield strength of the metal
substrate 1006 at the particular areas on the metal substrate 106 to cause localized areas of plastic
deformation to apply the texture on a percentage of the surface area of the metal substrate 106
while the work roll pressure at other areas of the metal substrate 106 is below the vield strength
of the metal substrate such that the other areas of the metal subsirate are not subject to plastic
deformation (e.g., remain un-deformed).

[0838] As a von-limiting example, the work roll 104da may apply a work roll pressure that 13
below the yield strength of the metal subsirate 106, and the work roll pressare, along with a
wpograply of a texture on the wark roll 104a, create localized pressures above the yield strength
that cause the work rolt 104a to create localized plastic deformation on approximately half of a
surface area of the surface 108 of the substrate 106 and transfer the texture from the work roll
104a to cover approximately halt of the surface area of the surface 108 of the substrate 106 ma
single pass of the metal substrate 106 between the work rolls 104a-b. In this example, the texture
on the work roll 104a does not create a pressure above the yield strength on the remaining half of
the surface area of the surface 108 of the substrate 106, which can leave the remaining half un-
deformed (i, un-textured). Similarly, the work roll 104b may apply a work roll pressure that is
below the vield strength of the metal substrate 106; and the work roll pressure, along with a
texture on the work roll 104b, create a localized pressuse above the yield strength that causes the
work roll 104b to create localized plastic deformation on approximately half of a surface area of
the surface 110 and transfer the texture from the work roll 104b to cover approximately half of
the surface area of the surface 110 in a single pass of the metal substrate 106 between the work
rolls 104a-b.

[0051] As another example, the work roll 104a may apply a work roll pressure that is below the
yield strength of the metal substrate 106; and the work roll pressure, along with a texture on the

work roll 104a, create a localized pressure above the vield strength that causes the work roll 104a
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to create lovalized plastic deformation on less than approximately half of a surface area of the
surface 108 and transfer the texture from the work roll 104a to cover less than approximately half
of the surface area of the surface 108 in a single pass of the metal substrate 106 between the
work rolls 104a-b. As another example, the work roll 104b may apply a work roll pressure that is
below the yield strength of the metal substrate 106; and the work roll pressure, along with a
texture on the work roll 104h, create a localized pressure above the vield strength that causes the
work roll 104b to create localized plastic deformation on less than approximately half of a
surface area of the surface 110 and transfer the texture from the work roll 104b to cover less than
approxtmately half of the surface area of the surface 108 in a single pass of the metal substrate
106 between the work rolls 104a-b.

[0052] As another example, the work roll 104a may apply a work roll pressure that is below the
yield strength of the metal substrate 106; and the work roll pressure, along with a fexture on the
work roll 104a, create a localized pressure above the vield strenpth that causes the work roll 1044
iy create localiced plastic deformation on less than approximately one-thad of a swface arca of
the surface 108 and transfer the texture from the work roll 104a to cover less than approximately
one-third of the surface area of the surface 108 in a single pass of the metal substrate 106
between the work rolls 104a-b. As another example, the work roll 104b may apply a work roll
pressure that 1s below the yield strength of the metal substrate 106; and the work roll pressure,
along with a texture on the work roll 164b, create a localized pressure above the vield strength
that causes the work roll 104b 1o create localized plastic deformation on less than approximately
one-third of a surface area of the surface 110 and transfer the texture from the work roll 104b to
cover less than approximately one-third of the surface area of the surface 108 in a single pass of
the metal substrate 106 between the work rolls 104a-b,

[0853] As another example, the work roll 104a may apply a work roll pressure that is below the
yield strength of the metal substrate 106; and the work roll pressure, along with a texture on the
work roll 104a, create a localized pressure above the vield strength that causes the work roll 104a
to create lovalized plastic deformation on less than approximately one-fifith of a surface area of
the surface 108 and transfer the texture from the work roll 104a to cover less than approximately
one-fifth of the surface area of the surface 108 in a single pass of the metal substrate 106

between the work rolls 104a-b. As another example, the work roll 104b may apply a work roll
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pressure that 1s below the yield strength of the metal substrate 106; and the work roll pressure,
along with a texture on the work roll 104b, create a localized pressure above the yield strength
that causes the work roll 104b to create localized plastic deformation on less than approximately
one-fifth of a surface area of the surface 110 and transfer the texture from the work roll 104b to
cover less than approximately one-fifth of the surface area of the surface 108 in a single pass of
the metal substrate 106 between the work rolls 104a-b.

[0054] In some examples, the percentage or amount of the surface area of the metal substrate
106 that 1s coversd by a texture during a single pass of the metal substrate 106 between work
rolls 104a-b may depend on one or more factors, including, for example, a8 work roll pressure
apphied by the work rolls 104a-b on the metal substrate 106, a matenial of the metal substrate
106, a size of the metal substrate 106, a size of each work roll 104a-b, etc.

[0838] As described above, i some examples, the work roll pressure apphied to the metal
substrate 106, along with a topography of a texture on the work rolls 104a-b, creates localized
arcas on the surface of the metal substiate 106 where the localized pressure on the areas s
greater than the vield strength of the metal substrate 106 to cause localized partial plastic
deformation at the areas on the surface. In this example, pressure at other areas on the surface of
the metal substrate 106 1s below the yield strength of the metal substrate 106 such that the other
arcas of the metal substrate are not subject to plastic deformation (e.g., remain un-deformed). For
example, the work rolls 104s-b can apply a work roll pressure below the yigld strength of the
metal substrate 106 and the work roll pressure, along with a texture on the work rolls 104a-b,
create a localized pressure above the vield strength that causes the work rolls 104a-b to creaie
localized plastic deformation on first portions or locations on the suiface of the metal substrate
106 to cause the surface of the metal substrate 106 to have an asperity, peak, or valley at the first
locations. In this example, the remaining locations or portions of the surface are not subject to
plastic deformation and therefore remain substantially un-deformed.

[0056] In some examples, because the localized pressure on the surface of the metal substrate
106 15 only above the yield strength at particular locations on the sutface of the metal substrate
100, while the waork roll pressure applied by the work rolls 104a-b is below the yield strength of
the metal subsirate, the work rolls 104a-b can be used to cause localized areas of plastic

deformation on the one or both surfaces 108, 110 the metal substrate 106 {e.g., to transfer
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textures from the work rolls 104a-b to the surfaces 108, 110 of the metal subsirate) without
changing the overall thickness of the metal substrate 106 as the metal substrate 106 passes
between the pair of work rolls 104a-b. In addition, because the localized pressure created by a
texture of one or both work rolls 104a-b at the localized areas on the surfaces 108,110 of the
metal substrate 106 does not cause a substantial reduction in a thickness of the metal substrate
1006 at the localized areas on the surface 108 110 of the metal substrate 106 or across a width or
along a length of the metal substrate 106, the work rolls 104a-b can be used to cause localized
areas of plastic deformation on the one or both surfaces 108, 110 of the metal substrate 106
without changing the overall thickness of the metal substrate 106 as the metal substrate 106
passes between the pair of work rolls 104a-b.

[0057] As an example, the work rolls 104a-b can apply a work roll pressure to the metal
substrate 106 that 15 between approxmmately 5% and 95% of a pressure that may cause a
measurable reduction m the thickness of the metal substrate 106, As another example, the work
rolls 104a-1 can apply a work roll presswe 1o the melal substrale 106 that 5 between
approximately 50% and 80% of a pressure that may cause a measurable reduction in the
thickness of the metal substrate 106, In some examples, applving a low work roll pressure to the
metal substrate 106 (e.g.. a pressure below the vield strength of the metal substrate 106} allows
for the use of a support structure that 1s lighter than a conventional mail stand to support the work
rolls 104a-b applying the work roll pressure to the metal substrate 106,

[0G58] In some examples, the work rolls 104a-b apply a work roll pressure on the metal substrate
106 such that a length of the metal substrate 106 remains substantially constant {e.g., there 1
substantially no elongation or increase in the length of the metal subsirate 106} as the metal
substrate 106 passes between the work rolls 104a-b. As an example, the work roll pressure
applied by the work rolls 104a-b to the metal substrate 106 may cause the length of the metal
substrate 106 to increase between approximately 0% and approvimastely 1%. As another
example, the length of the metal substrate 106 may increase by less than approximately 0.5% as
the metal substrate 100 passes between the work rolls 104a-b. More specifically, the work rolls
104a-b apply a work roll pressure that 15 below a vield strength of the metal substrate 106, which
can prevent the thickness of the metal substrate 106 from bemng substantially reduced (e.g,

reduced by more than 1%) as the metal substrate 106 passes between the work rolis 104a-h.
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During texturing, to prevent the thickness of the metal substrate from being reduced, a load 1s
imparted to the work rolls 104a-b such that the work rolls 104a-b mmpart a work roll pressure on
the metal substrate 106 that 1s below the yield strength of the metal substrate 108 as the metal
substrate 106 passes between the work rolls 104a-b. Because the work roll pressure imparted by
the work rolls 104a-b on the metal substrate 106 is below the yield strength of the metal substrate
106, the thickness of the metal substrate 106 remains substantially constant {e.g., the thickness of
the metal substrate 106 remains substantially constant and there is substantially no reduction in
the thickness of the metal substrate 166).

[0089] In various examples, a variation 1n thickness across the width of the metal substrate 106
as a result of the texturing process is less than approximately 1% after the texture has been
applied. In various examples, a vanation m thickness across the width of the metal substrate 106
as a result of both the texturing process and rolling during coil-to-coil processing is less than
approximately 2%.

[0060] As described above, muluple pairs of work rolls are used lo apply varwous textures,
features, or patterns on a surface of the metal substrate. FIG. 2 s a schematic cross-sectional
view of multiple null stands 102a-1 that each nclude pairs of work rolls 200a-b, 202a-b, 204a-b,
206a-b, 208a-b, 210a-b for applving multiple textures on a surface of a metal substrate. In the
example depicted n FIG. 2, each mull stand 102a-f can be configured in substantially the same
manner as mill stand 102 of FIG. 1 and each work roll in the pairs of work rolls 200a-b, 202a-b,
204a-b, 206a-b, 208a-b, 210a-b can be configured in substantially the same manner as the work
rolls 104a-b of FIG. 1. Although FIG. 2 illustrates six mill stands, any suitable number of stands
may be used.

10861} In some examples, each pair of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-
b applies a work roll pressure to a metal substrate 106 to apply a texture on a surface of the metal
substrate 106 (e.g., the surface 108 of FIG. 1) as the metal substrate 100 passes between each
pair of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b In some examples, any
suitable textuning technique is applied to at least one work roll 1n each pair of work rolls 200a-b,
202a-b, Z04da-b, 206a-b, 208a-b, 210a-b to cause the work roll in each pair of work rolls 200a-b,
202a-b, 204a-b, 206a-b, 208a-b, 210a-b to have a texture. In some cases, at least one of the
textures of at least one work roll of work rolls 200a-b, 202a-h, 204a-b, 206a-b, 208a-b, 210a-b is

~
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different from a texture of another work roll 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b. In
this way, the texture on the work roll of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b,
210a-b can be applied on the surface of the metal substrate 106 to apply different textures on the
surface of the metal substrate 106,

{0962} As an example, one or both of work rolls 200a-b can have a first texture, which can be
apphied to the surface of the metal substrate 106 as the metal substrate 106 passes between the
pair of work rolls 200a-b. One or both of work rolls 202a-b may have a second texture that 1s
different from the first texture and which can be applied to the surface of the metal substrate 106
as the metal substrate 106 passes between the pair of work rolls 202a-b. In some examples, the
first texture transferred or applied to the surface of the metal substrate 106 by the work rolls
200a-b can be different from the second texture applied or transferred to the surface of the metal
substrate 100 by the work rolls 202a-b. For example, the first texture can have a size, shape,
depth, height, coarseness, and/or concentiation that 15 different from a size, shape, depth, height,
coarseness, and/or concentation of the second exture. As an iflustrative example, the fust
texture applied by the work rolls 200a-b can cause a first portion of the surface of the metal
substrate 106 to be a negatively skewed area that can include a valley and the second texture
applied by the work rolls 202a-b can cause a second portion of the surface of the metal substrate
106 t0 be a posutively skewed arsa that can include an asperity or a peak. In this example, each
asperity, peak, or valley can be of any shape or size. For example, each asperity, peak, or valley
can have a depth or height between 0 microns and 20 microns. As another example, each
asperity, peak, or valley can have a depth or height between ¢ mucrons and 10 microns. As
another example, each aspeiity, peak, or valley can have a height or depth between 1 micron and
8 microns, As still another example, each asperity, peak, or valley can have a depth or height
between 5 and 7 microns. In some examples, each aspernity, peak, or valley can have any suitable
hetght, depth, shape, or size. In such examples, the height, depth, shape, or size of the aspenty,
peak, or valley or texture applied on the metal substrate 106 can vary depending on a desired
application or use of the metal substrate 106, In some examples, a negatively skewed area caused
by the first texture can include valleyvs with a depth that 1s different from a height of aspernities or
peaks within a positively skewed area caused by the second texture. As another illustrative

example, the first texture can cause the first portion of the metal substrate 106 to have a
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conceniration of valleys and the second texture can cause the second portion of the metal
substrate to have a different concentration of aspertties or peaks. While in this example, the paw
of work rolls 200a-b causes a negatively skewed area on the metal substrate 106 and the pair of
work rolls 202a-b causes a positively skewed area on the metal subsirate 106, the present
disclosure 15 not limited to such configurations. Rather, in other examples, the pair of work rolls
200a-b, 202a-b can apply any texture to the surface of the metal substrate 106,

[8663] If desired, one or both of work rolls 204a-b can have a third texture, which can be applied
to the surface of the metal substrate 106 as the metal substrate 106 passes between the pawr of
work rolls 204a-b. Any one of work rolls 206a-b, 208a-b, 210a-b can have the same or different
textures as the first, second and third textures.

[0064] In some examples, one or more work rolls of the pair of work rolls 200a-b, 202a-b, 204a-
b, 206a-b, 208a-b, 210a-b may apply the same texture io the surface of the metal substrate 106 as
other paws of work rolls. As one non-luniting example, one or both of work rolls 200a-b may
apply a lust teature o the surface of the melal substrate 106, ane or both of work rolls 202a-b
may apply a second texture to the surface of the metal substrate 106, and one or both of work
rolls 204a-b may apply a third fexture to the surface of the metal substrate 106. Une or both of
work rolls 206a-b may have the same texture as the work rolis 200a-b (e .. the first texture) and
may apply the first texture on the surface of the metal substrate 106, or one or both of work rolls
206a-b may have the same texture as the work rolls 202a-b (e g, the second texture). One or
both of work rolls 208a-b may have the same texture as the work reoils 202a-b {e g, the second
texture) and may apply the second texture on the surface of the metal substrate 106, or one or
both of work rolls 208a-b may have the same texture as the work rolls 200a-b {e. g, the first
texture). One or both of work rolls 2102-b may have the same textuie as the work rolls 204a-b
(e.g., the third texture} and may apply the third texture on the surface of the metal substrate 106,
or one or both of work rolis 210a-b may have the same texture as the work rolls 200a-b or 202a-
b {e.g., the first or the second texture). In some cases, the work rolls are configured so that only
two textures are applied to the metal substrate 106; in others, the work rolls are configured so
that more than three textures are applied.

{0065} As another non-limiting example, one or both work rolls 200a-b may apply a first texture

to the surface of the metal substrate 106 and one or both work rolls 202a-b and/or 204a-b may
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apply the same texture {e.g, the first texture) to the surface of the metal substrate 106. One or
more work rolls 206 a-b may apply a second texture to the surface of the metal substrate 106 and
one or both work rolls 208a-b and/or 210a-b may apply the same texture {(e.g., the second
texcture) to the surface of the metal substrate 106.

[0066] The metal substrate 106 can make one or more passes between each pair of work rolls
200a-b, 202a-h, 204a-b, 200s-b, 208a-b and/or 210a-b. As one non-himiting example, one or both
of work rolls 200a-b may apply a first texture to the surface of the metal substrate 106, one or
both of work rolls 202a-b mav apply a second texture o the surface of the metal substrate 106,
and/or one or both work rolls 204a-b may apply a third texture to the surface of the metal
substrate 106, The metal substrate 106 may make ancther pass between work rolls 200a-b, 202a-
b and/or 204a-b, which can re-apply the first, second, and third textures on the surface of the
metal substrate 106, If desired, work rolls 206a-b, 208a-b and/or 210a-b may apply any desired
combination of the first, second, and/or third textures, or may apply different textures. Other
combinations and varations are envisioned.

[0867] In various examples, one or more of the work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-
b, 210a-b can have a relatively smooth outer surface such that the work roll can provide a desired
flatness profile {e.g.. substantially flat, curved, wavy. etc.) on the metal substrate 106 and can
smooth the topography of the metal substrate 106, In this example, one or more of the other work
rolls 200a-b, 202a-b, 204a-b, 2006a-b, 208a-b, 210a-b can have a textured surface such that the
work roll can impress various textures, features, or patterns on the surface of the metal substrate
106 without reducing the overall thickness of the metal substrate 106. For example, the work
rolls 200a-b can each have a relatively smooth outer surface such that the work rolls 200a-b can
provide a desired flatness profile on the metal substrate 106 and can smoocth the topography of
the metal subsirate 106 {e.g., 1o have a suwiface roughness lower than about 0.4 - 0.6 pm). In this
exaimple, the work roll 210a can have a surface texture such that the work roll 210a can impress
a texture, feature, or paltem on the surface of the metal subsirate 106 without reducing the
overall thickness of the metal substrate 106, While 11 thus example, the work rolls 200a-b can
each have a relatively smoocth surface to provide a desired flatness profile on the metal substrate
106 and to smooth the topography of the metal substrate 106 and the work roll 210a can have a

surface texture for impressing a texture, feature, or pattern on the surface of the metal substrate
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106, the present disclosure 18 not limited to such configurations. Rather, in other examples, any
of the work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b can have a relatively smooth
surface to provide a desired flatness profile on the metal substrate 106 and to smooth the
topography of the metal substrate 106 and any of the work rolls 200a-b, 202a-b, 204a-b, 206a-b,
208a-b, 210a-b can have a surface texture for impressing a texture, feature, or patiern on the
surface of the metal substrate 106,

[0068] In this maoner, the work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b mayv apply
any combination of textures, patterns, or features on the surface of the metal substrate 106 as the
metal substrate passes between the pairs of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b,
210a-h.

[0069] In some examples, the various textures may be applied on the surface of the metal
substrate 106 m an overlapping or adjacent manner. As an example, one or both work rolls 200a-
b may apply the first texture at a first location on the surface of the metal substrate 106, one or
both wark rolls 202a-b may apply the second texture on the swlace of the metal subsirate 106 to
overlap the first texiure, and one or both work rolls 204a-b may apply the third texture at a
second location on the surface of the metal substrate 106 adjacent to the first location {(e.g.,
adiacent to the focation of the first and second textures). Various other patterns are contemplated.
[0870] In some examples, passing the metal substrate 106 between the pairs of work rolls 200a-
b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b can cause the metal substrate 106 to have a duplex or
triptex surface after a single pass of the metal substrate 106 between the pairs of work rolls 200a-
b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b. A duplex surface refers to a surface having two
textures, features, or patterns. A tnplex surface refers to a surface having three textures, features,
or patterns. The metal substrate 106 may have any number of textures, features, or patterns on a
surface of the metal substrate 106 after a single pass of the metal substrate between the pairs of
work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b.

{00671} Each pair of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b can apply a
texture, pattern, or feature to the surface of the metal substrate 106 to cover a percentage or an
amount of a surface area of the metal substrate 106. For example, each pair of work rolls 200a-k,
202a-b, 204a-b, 206a-b, 208a-b, 210a-b may apply a different texture to the surface of the metal

substraie 106 that covers less than approuimately half of the surface area of the metal substrate
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106 1 a single pass of the metal substrate 106 between the pair of work rolls 200a-b, 202a-b,
204a-b, 206a-b, 208a-b, 210a-b. In some cases, each pair of work rolls 200a-b, 202a-b, 204a-b,
206a-b, 208a-b, 210a-b may apply a different texture to the surface of the metal substrate 106
that covers less than approximately one third of the surface area of the metal subsirate 106 1 a
single pass of the metal substrate 106 between the parr of work rolls 200a-b, 20Za-b, 204a-b,
206a-b, 208a-b, 210a-b. As an example, the pair of work rolls 200a-b may apply a first texture
on the surface of the metal substrate 106 that covers approximately 20% of the surface in a single
pass of the metal substrate 106 between the pair of work rolls 200a-b. The pair of work rolls
202a-b wmay apply a second texture on the surface of the metal substrate 106 that covers
approximately 6% of the surface of the metal substrate 106 in a single pass of the metal substrate
106 between the pair of work rolls 202a-b. The pair of work rolls 204a-b may apply a third
texture on the surface of the metal substrate 106 that covers approximately 15% of the surface
a single pass of the metal substrate 106 between the pair of work rolls 204a-b. Other vaniations
and combinations are possible.

[0672] In some examples, each pair of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-
b applies a work roll pressure on the metal substrate 106, The work roll pressure, along with a
pressure created by a texture, pattern, or feature on the work rolls 200a-b, 202a-b, 204a-b. 206a-
b, 208a-b, Z10a-b, creates localized plastic deformation on the surface of the metal substrate 106
for applying the texture, pattern, or feature on the surface of the metal substrate 106. The work
roll pressure applied by each pair of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b
can be the same or different. As a non-lmmiting example, the pair of work rolls 200a-b mayv apply
a first work roll pressure on the metal substrate 106 for applying a first texture on the surface of
the metal substrate. The pair of work rolls 202a-b may apply a second work roll pressure on the
metal substrate 106 for applying another texture on the surface of the metal substrate. As
described above, the work roll pressure applied by each pair of work rolls 200a-b, 202a-b, 204a-
b, 206a-b, 208a-b, 210a-b on the metal substrate 106 1s below a vield strength of the metal
substrate, which may allow a thickness of the metal substrate to remain substanually constaat
(e g., not be reduced) as the metal substrate 106 passes betweean each pair of work rolls. In this
manner, the pairs of work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-b can apply

various textures on the surface of the metal substrate with substantially no reduction 1n the
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thickness of the metal substrate 106 as the metal substrate 106 passes between the pawrs of work
rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, 210a-h.

[0073] Applving different textures, patterns, or features on the surface of the metal substrate 106
using more than one pair of work rolls {such as, but not limited to, work rolls 200a-b, 202a-b,
204a-b, 200a-b, 208a-b, and/or 210a-b) can cause the metal substrate 106 to have enhanced
characteristics. For example, a first texture applied on a portion of the surface of the metal
substrate 106 {e.g., by a first work roll such as work roll 200a) may cause a first portion of the
surface to be a positively skewed area that mcludes an asperity or peak {eg., have peaks
extending out of the surface of the metal substrate 106}, which can increase de-stacking
capabilities of the metal substrate 106 or reduce electrical constant resistance of the metal
substrate 106. A second texture applied on a second portion of the surface of the metal substrate
106 (e.g., by a second work roll such as work roll 202a) may cause the second portion of the
surface to be a negatively skewed area that includes a valleys {e.g., have valleys extending wmto
the sutface of the metal subsirale 100}, winch can wncrease a volume of lubricant stored and
retaimed on the metal substrate 106, For example, FIG. 3 1s an image of 4 metal substrate having
negatively skewed areas 302 within positively skewed areas 304,

[0674] FIG. 415 a graph depicting an example of microscopic asperities that can be included m a
postiively skewed are on a metal substrate surface. In the example depicted in FIG. 4, the graph
depicts peaks 402, 404 that extend out of the surface of a metal substrate, according to one
example of the present disclosure. In the example depicted in FIG. 4, the hine or axis 406
represents a mean or average value of heights of asperitiss on a surface of the metal substrate
along the length or width of the metal substrate.

[0075] FIG. 5 is a graph depicting an example of microscopic valleys that can be included in a
negatively skewed area on a metal substrate surface. In the example depicted in FIG. 5, the graph
depicts valleys 502, 504 that extend into the surface of 3 metal substrate, according to one
example of the present disclosure. In the example depicted in FIG. 5 the line or axis 506
represents a mean of average value of heights of asperities on a suiface of the metal substrate
along the length or width of the metal substrate

{0876} Retrming to FIG. 2, a third texture applied on another portion of the surface of the metal

substraie 106 {e.g., by a third work roll such as work roll 204a) may cause the portion of the
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surface to have mcreased optical properties {e.g., increased specularity). In other examples, the
various textures, patterns, or features applied on the surface of the metal substrate 106 may cause
the metal substrate 106 to have any other enhanced characteristic, including, but not limited to,
increased resistance spot weldability, improved adhesion, reduced ealling on forming tools, a
gloss finish on the surface of the metal substrate 106 (e.g., a relatively uniform glossiness with a
slightly matted appearance}, an isotropic finish on the surface {e.g., a surface that is substantially
identical in alf directions), frictional uniformity, etc.

[0677] In some examples, more than one pair of work rolls (such as, but not limited to, work
rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b, and/or 210a-b} can be used to apply different
textures, patterns, or features on a surface of a metal substrate 106 during any part of a metal
substrate rolling process. For example, the work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b,
210a-b can apply the different textures to the metal substrate 106 prior to a solution heat
treatment step in a continuous annealing line or surface finishing line, prior to cleaning and
rusiig stages, prior o applying a surface pre-treatinent, afler solution heat ueatment and
cleaning stages, etc. As another example, the work rolls 200a-b, 202a-b, 204a-b, 206a-b, 208a-b,
210a-b can apply the different textures to the metal substrate 106 at vanous temperatures,
mchuding, for example, ambient temperatures {e.g., 20-25 degrees Celsius), temperatures up 1o
100 degrees Celsiug or above, or any other temperature.

10678} Although FIG. 2 illustrates six stands and six pairs of work rolls, any number of stands,
work rolls, or pairs of work rolls can be used to apply different textures, patterns, or features on a
surface of a metal subsirate. Furthermore, while FIG. 2 iHustrates the work rolls 200a-b, 202a-b,
204a-b, 206a-b, 208a-b, 210a-b in a particular configuration {e.g., in a horizontal sequence or
linear arrangement), any configuration of multiple work rolls mayv be used to apply different
textures, patierns, or features on a surface of a metal substrate. Moreover, the number of passes
of a metal substrate (e.g., the metal substrate 106) between any number of work rolls or pairs of
work tolls can vary to achieve the desired properties or textures on a surface of the metal
substrate. In addition, a percentage or an amount of a surface area of the metal substrate covered
by a texture transferred from a work rolf can vary to achieve the desired properties or textures on
the surface of the metal substrate. Further, the number of different textures applied to the metal

substrate can vary to achieve the desired properties or textures on the surface of the metal
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substraie. In addition, the specific textures applied to the metal substrate can vary to achieve the
desired properties or textures on the surface of the metal substrate.

{0679} FIG. 6 13 an mage of a metal substrate having multiple micro-textures, features, or
patterns on a surface of the metal substrate. In the example depicted 1n FIG. 6, the image depicis
smooth textured areas 602 and coarse textured areas 604 on the surface of the metal substrate,
according to one example of the present disclosure. In this example, the metal substrate can have
a duplex or tuplex surface texture {e.g., a surface that mncludes a combination of two or three
different textures).

[0086] FIG. 7 s a graph depicting an example of a metal substrate including a negatively skewed
area, according to one exampie of the present disclosure. In the example depicted m FIG. 7, the
graph depicts an axis 702, which represents a surface profile of the metal substrate. In this
example, the graph depicts valleys 704, 706 that extend into the surface of the metal substrate,
which can create an overall negative skewness in the metal substrate, according to one example
of the presend disclosere. In Uus example, the giaph also depicts sinall peaks or asperities that
project or extend from the surface of the metal substrate,

[00681] In some examples, any number or type of work rolls, mull stands, work stands, etc. can be
used to apply a texture on a surface of a metal substrate. according to varicus examples of the
present disclosure. Referning to FIGs. 8-9, in some examples, a work stand 802 can mclude a pair
of vertically aligned work relis 804a-b. The work rolls 804a-b can be configured in substantially
the same manner as the work rolls 104a-bof FIG. 1. A gap 808 15 defined between the work rolls
804a-b that 1s configured to receive a metal substrate 806 during texturing of the metal substrate
806, Dhuring processing, the work rolls 804a-b are configured to contact and apply work roll
pressures to the upper suiface 810 and the lower surface 812 of the metal substrate 806,
respectively, as the metal substrate 806 passes through the gap 808 in 2 processing direction 801
{0082} The work rolls 804a-b can be generally cylindrical and can be made of varions materials,
such as, for example, steel, brass, and various other suitable materials. The work rolls 804a-b can
be driven by a motor or other suttable device for driving the work rolls 804a-b and causing the
work rolls 804a-b to rotate. Each work roll 804a-b has an outer surface 814 that contacts the
surfaces 810 and 812 of the metal substrate 806 during processing. In some examples, the outer

surface 814 of one of the work rolls 804a-b is of the same roughness or smoother than the
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wconung strip of metal substrate 806 {(e.g, having a surface roughness lower than about 0.4 - 0.6
umj}, such that during processing, the outer surface 814 of the work roll smooths a topography of
the surfaces 810 or 812 of the metal substrate 806, In this example, the other work roll of the
work rolls 804a-b can have a surface texture such that the work roll can 1mpress a texture,
feature, or pattern on the other surface 810 or 812 of the metal substrate 306 without reducing the
overall thickness of the metal substrate 806. As an example, the outer surface 814 of the work
roll 804a can be of the same roughness or smoother than the metal substrate 806 to smooth the
topography of the surface 810, In thus example, the outer surface 814 of the work roll 804b can
have a surface texture such that the work roli 804b can impress a texture, feature, or patiern on
the other surface 812 of the metal substrate 806 without reducing the overall thickness of the
metal substrate 806, While in this example, the work roll 804a has a surface to smooth the
surface 810 and the work soll 804b has a surface texture for mmpressing a texiure, feature, or
pattern on the surface 812, the present disclosure 18 not limited to such configurations. Rather, m
other examples, one or both of the work rolls 804a-1 can have a swilace teature for impressing a
texture, feature, or pattern on the surfaces 810 and/or 812, As still another example, one or both
of the work rolls may not have the roughness or be smoother than the mcoming strip of metal
substrate 806.

[0683] In other examples, the outer surface(s) 814 of the work rolls 804a-b imcludes one or more
textures that are at least partially transferred onto one or both of the surfaces 810 and 812 of the
metal substrate 806 as the metal substrate 806 passes through the gap 808, as described n detail
above. Surface roughness can be quantified using optical interferometry techniques or other
sutiable methods. In various examples, one or both work rolls 804a-b may be textured through
various texturing techniques including, but not limited fo, electro-discharge texturing {(EDT),
electrodeposition texturing, electron beam texturing (EBTY, laser beam texturing, electrofusion
coatings and various other suttable technigues.

[0084] In some examples, the work roll pressures applied by the work rolls 804a-b to the metal
substrate 806 aliow the thickness of the metal substrate 806 and the length of the metal substrate
806 to remain substantially constant {eg , there 5 substantially no reduction in the overail
thickness of the metal substrate 806 and substantially no increase in the length of the metal

substrate 806). As an example, the work roll pressures applied by the work rolls 804a-b may
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cause the thickness of the metal substrate 806 to decrease from about 0.0% and about 1.0%. For
example, the thickness of the metal substrate 806 may decrease by less than about 0.5% as the
metal substrate 806 passes through the gap 808, As an example, the thickness of the metal
substrate 806 may decrease by less than about 0.2% or about 0.1%. In varnious examples, the
work rolls 804a-b process the metal substrate 806 such that the work roll pressure is from about
2 to 45 MPa, which s typically less than {and often much less than} the vield point of the
material. As one non-limiting example, 10 some cases, the work roll pressure may be about 15
MPa,

[0085] In some examples, the work stand 802 can include one or more intermediate rolls §19a-b.
In some examples, the intermediate rolls §1%a-b can be generally cylindrical and made of various
materials, such as, for example, steel, brass, or various other suitable materials. The intermediate
rolls 819a-b can each have a diameter and stiffness equal to or greater than a dimmeter and
stiffness of the work rolls 804a-b, although they need not.

[0886] The work stand 802 can also unclude one or more of a plurality of actuators or bearings
816a-b. The actuators 816a-b can be made of vartous materials, such as, for example, steel
brass, or various other suitable materials. The actuators 8106a-b can each have a diameter that 1s
greater than a diameter and stiffness of the work rolls 804a-b, although they need not. The
number or location of the actuators 816a-b should not be considered limiting on the current
disclosure. For example, FIG. 8 illustrates an example of a configuration of two actuators 816a-b
at a corresponding region of the respective work roll 04a-b. However, in other examples, one
actuator 816a-b or more than two actuators 816a-b mav be provided for the particular region of
the respective work rolls 804a-b. In some examples where a plurality of actuators 816a-b are
provided, the actuators 816a-b may be amranged in one or more rows. However, the number or
configuration of actuators 8§16a-b should not be considered limiting on the current disclosure.
Referring to FIG. 9, within each row of actuators 816a-b, adjacent actuators 8106a-b can be
spaced apart by an actuator spacing, which is a distance between adjacent ends of adjacent
actuators 816a-b. In various examples, the actuator spacing is from about 1 mm to about the
width of each actuator,

[0087] In some examples, the plurality of actuators 816a-b are provided to mmpart localized

forces on the respective work rolls 804a-b through infermediate rolls 819a-b, respectively. For
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example, actuators 816a are provided aleng the mtermediate rolls 819a and are configured to
apply bearing loads on the intermediate rolls 819a, which then transfer the load to the work roll
804a such that the work roll 804a applies the work roll pressure to the surface 8190 of the metal
substrate 806. Similarly, actuators 816b are provided along the mntermediate rolls 819b and are
configured to apply bearing loads on the mtermediate rolis 819h, which then transfer the load to
the work roll 804b such that the work roll 804b applies the work roll pressure to the surface 812
of the metal substrate 806. For example, in various cases, the beanngs 8164-b apply vertical
bearing loads when the metal substrate 806 moves horizontally in the direction of movement
801. In some examples, the bearing load s from about 2 ket to about 20,000 kgf In some
examples, at least some of the bearings §16a-b are independently adjustable relative to the
respective work roll 804a-b such that the localized pressure at discrete locations along the waidth
of the work roll 804a-b can be independently controlled. In other examples, two or more
bearings B16a-b may be adjusted in unison.

[0888] As dlustrated 0 FIG 8§, the mtermediate rolls 81%9a support the work roll 804a and the
intermediate rolls 819b support the work roll 804b. Although two mtermediate rolls 8192 are
shown with the work roll 804a and two mtermediate rolls 819b are shown with the work rolil
804b, the number of intermediate rolls 819%a-b should not be considered as hmiting on the carrent
disclosure. Rather, in other examples, any number of mtermediate rolls 819%a-b can be used to
support any number of work rolls 804a-b. In some examples, the intermediate rolls 819a-b are
provided to help prevent the work rolls 804a-b from separating as the metal substrate 806 passes
through the gap 808, In some examples, the intermediate rolls 819a-b are further provided to
transfer the localized forces on the respective work rolls 804a-b from the respective actuators
816a-b.

[088%] While in the example depicted i FIG. 8, intermediate rolis 81%a-b are illustrated, in
some examples, the intermediate rolls 819a-b may be omitted and the actuators 816a-b may
directly or indirectly unpart forces on the work rolls 804a-b, respectively.

[089¢] In various examples, the actuators 816a are provided to rapart the forces on the work roll
804a and the actuators 816h are provided to impart the forces on the work roll 804h. The mumber
and configuration of the actuators 816a-b should not be considered hmiting on the cufrent

disclosure as the number and configuration of the actuators 816a-b may be varied as desired. In
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various examples, the actuators 816a-b are orented substantially perpendicular to the processing
direction 801, In some examples, each actuator 816a-b has a profile with a crown or chamfer
across a width of the respective actuator 816a-b, where crown generally refers to g difference in
diameter between a centerline and the edges of the actuator {e.g., the actuator is barrel-shaped).
The crown or chamfer may be from about O um to about 50 um in height. In one non-limiting
example, the crown is about 30 um. In another non-limiting example, the crown is about 20 pm.
In some examples, the crown of the actuators 816a-b may be controlled to further control the
forces imparted on the work rolls 804da-b, respectively. In some examples, the actuators §16a-b
are individually controlled through a controller {not shown) In other examples, two or more
sctuators 816a-b may be controlled together.

[0091] In some cases, during texturing, the upper work roll 80da may be actuated in the direction
generally indicated by arrow 803 and the lower work roll 804b may be actuated in the direction
generally ndicated by arrow 805, In such examples, the work rolls are actuated agamst both the
upper surface 810 and the lower sutface 812 of the metal substraie 806 However, ut other
examples, only one side of the stand 802 / only one of the work rolls 804a-b may be actuated,
and actuation indicated by the arrow 803 or actuation mdicated by the arrow 805 may be
ormtted. o such examples, duting texturing, the bearings on one side may be frozen and/or may
be omitted altogether such that one of the work rolls 804a-b is not actuated (1.¢, actuation on the
metal substrate 15 only from one side of the metal substrate}. For example, in some cases, the
lower actuaters 816b may be frozen such that the lower work roll 104b 15 frozen (and is not
actuated m the direction indicated by arrow 8035}, In other examples, the lower actuators 816b
may be omitted such that the lower work roll 104b is frozen.

[0092] In some examples where a plurality of actuators 816a-b are provided, the actuators 316a-
b may be arranged in one or more rows. However, the number or configuration of bearing
actuators 816a-b should not be considered linuting on the current disclosure. Within each row of
actuators 816a-b, adjacent actuators 816a-b are spaced apart by an actuator spacing, which s a
distance between adjacent ends of adjacent actuators 816a-b. In vanous examples, the actuator
spacing 1s from about 1 mm to about the width of each actuator. In certain aspects, a density of
the actuators §16a-b, or a number of actuators 816a-b acting on a particular portion of the work

rotls, may be varied along the work rolls. For example, in some cases, the number of actuators
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B1va-b at edge regions of the work rolls may be different from the number of actuators 816a-b at
a center region of the work olls.

{0693} In some examples, a characteristic of the actuators 816a-b may be adjusted or controlied
depending on desired location of the particular actuators 816a-b along the width of the work
rolls. As one non-limiting example, the crown or chamfer of the actuators 816a-b proximate to
edges of the work rolls may be different from the crown or chamfer of the actuators §16a-b
towards the center of the work rolls. In other aspects, the diameter, width, spacing, etc. may be
controlled or adjusted such that the particular charactenistic of the actuators 816a-b mav be the
same or different depending on location. In some aspects, bearmmgs having different
characteristics in the edge regions of the work rolls compared to bearings in the center regions of
the work rolls may further allow for uniform pressure or other desired pressure profiles during
texturing. For example, in some cases, the bearings may be controlled to intentionally change the
flatness and/or texture of the metal sobstrate. As some examples, the actuators 816a-b may be
controlled to mientionally create an edge wave, create a thnuwer edge, ete. Vactious other proliles
may be created.

[8094] In vanous examples, in addition to being vertically adjustable to control bearing load, the
actuators 816a-b may also be laterally adiustable relative to the respective work roll 804a-b,
meaning that a position of the actuators 816a-b along a width of the respective work roll 804a-b
may be adjusted. For example, in examples where the actuators 816a-b are arranged 1n at least
one row, the row includes two edge actuators 817, which are the outermost actuators 816a-b of
the row of actuators 816a-b. In some examples, at least the actuators 817 are laterally adjustable.
[0695] While in the example depicted in FIG. 8, a single pair of work rolls 804a-b 15 used to
apply a texture on a surface of the metal substrate 806, the present disclogure s not himited to
such configurations. Rather, in other examples, any number or configuration of work rolls, pairs
of work rolls, work stands, ete. can be used to apply a texture on a surface of a metal subsirate as
described above For example, FIG. 10 15 a schematic of one or more work stands 802a-b and
work rolls 804a-b for applying a texture on a surface of a metal substrate, according to one
example of the present disclosure. Compared to the example depicted in FIG. 8, FIG 10 depicts
an example that includes two work stands 802a-b. In this example, the work stand 802a mcludes

work rolls 804a-b that can have a smooth outer surface for simultaneous flattening and
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smoothmg of the metal substrate 806. The work stand 802b 1ncludes work rolls 804a-b, one or
both of which can have a texture on the outer surface that is applied to the metal substrate 806, In
this exarmple, the work stand 802a s upstream of the work stand 802b. As noted above, various
other implementations and configurations are possible.

[0996] In some examples, one side of the work stand may be frozen such that only one side of
the stand 1s actuated (i.e., the stand is actuated only 1n the direction 803 or only m the direction
80S). In such exarmples, the vertical position of the lower work roll 104b is constant, fixed,
and/or does not move vertically against the metal substrate.

[0097] In some aspects where actuators are included on hoth the upper and lower sides of the
stand, one side of the work stand may be frozen by controlling one set of actuators such that they
are not actuated. For example, in some cases, the lower actuators 816b may be frozen such that
the lower wark roll 804b not actuated n the direction 805, In other examples, the lower actuators
316b may be omitted such that the lower work roll 104b is frozen. In other examples, various
other mechasisms may be wtilized such that one side of the stand 13 frozen. For cxample, FiGs.
11 and 12 illustrate an additional example of a work stand where one side is frozen, and FIGs. 13
and 14 llustrate a further example of a work stand where one side 15 frozen. Various other
suitable mechanisms and/or roll configurations for freezing one side of the work stand while
providing the necessary support to the frozen side of the work stand may be utibzed.

10098} FI{s. 11 and 12 illustrate another example of a work stand 1102, The work stand 1102 1
substantially similar to the work stand 802 except that the work stand 1102 mcludes fixed
backup rolls 1121 in place of the lower actuators 816b. In this example, the fixed backup rolls
1121 are not vertically actuated, and as such the work stand 1102 1s ondy actuated in the direction
803, Optionally, the backup rolls 1121 are supported on a stand 1123 or other suitable support as
desired. Optionally, the stand 1123 supports each backup roll 1121 at one or more locations
along the backup roil 1121, 1n the example of FIGs. 11 and 12, three backup rolls 1121 are
provided; however, in other examples, any desired number of backup rolls 1121 may be
provided. In these examples, because the backup rolls 1121 are vertically fixed, the lower work
roll 804b is frozen, meaning that the lower work roll 804b is constant, fixed, and/or does not

move vertically against the metal substrate. In such examples, the actuation in the stand 1102

(W8]
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during texturing is only from one side of the stand 1102 (e, actuation s only from the upper
side of the stand with the upper work rolf 1043),

[0099] FiGs. 13 and 14 dllustrate another example of a work stand 1302, The work stand 1302 15
substantially similar to the work stand 802 except that the intermediate rolls and actuators are
omitted, and a diameter of the lower work roll 804b s greater than the diameter of the upper
work roll 804a. In this example, the work stand 1302 15 only actuated in the direction 803 In
some aspects, the larger diameter lower work roll 804b provides the needed support agamst the
actuation such that the desired profile of the metal substrate 806 15 created during texturing. It
wiil be appreciated that in other examples, intermediate rolls and/or various other support rolls
may be provided with the lower work roll 804b. Tn further examples, the lower work roll 804b
may have a similar diameter as the upper work roll 804a and the work stand further includes any
desired number of intermediate rolls and/or support rolls to provide the necessary support o the
lower work roll when one side 15 frozen,

[0100] A collection of exemiplary embodinwents, nciuding at least some explicitly enwneraied as
“BLs” (Example Combinations}, providing additional description of a variety of embodiment
types in accordance with the concepts described herem are provided below. These examples are
not meant to be mutually exclusive, exhaustive, or restrictive; and the mmvention 1s not himited to
these exarmnple embodiments but rather encompasses all possible modifications and variations
within the scope of the issued claims and their equivalents.

{0101 BEC 1. A method for applving textures on a substrate, the method comprising: applying,
by a first pair of work rolls, a first texture on a first surface of the substrate, wherein at least one
work roll in the first pair of work rolls has the first texture; and applying, by a second pair of
work rolls, a second texture on the first surface of the substrate after applying the first texture,
the second texture being different from the first texture and wherein at least one work roll in the
second pair of work rolls has the second texture and wherein appiving the first texture and the
second texture comprises. applying, by the first pair of work rolls, a first work roll pressure on
the first surface of the substrate and applying, by the second pair of work rolls, a second work
roll pressure on the first surface of the substrate, wherein applying the first work roll pressure
and the second work roll pressure creates localized areas of plastic deformation on the fust

surface of the substrate due to a first topography of the first texture and a second topography of
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the second texture and wherein the first texture and the second texture are applied to the
localized areas of the first surface while an overall thickness of the substrate remains
substantially constant.

[8102] EC 2. The method of any of the preceding or subsequent examples, wherein the first
texture has at least one of a size, shape, depth, height or coarseness that 1s different from at least
one of a size, shape, depth, height, or coarseness of the second texture.

[0103] EC 3. The method of any of the preceding or subsequent examples, wherein applying the
second texture comprises at least partially overlapping the first texture with the second texture on
the first surface of the substrate in a single pass of the substrate between the first pair of work
rolls and the second pair of work roils.

[0104] EC 4 The method of any of the preceding or subseguent examples, wherein applying the
first texture comprises applying the first texture at a first location on the first surface of the
substrate and applying the second texture comprises applying the second texture at a second
lowation on the Dest sucface of the substrale that is adjacent to the first location.

[0105] EC 5 The method of any of the preceding or subsequent examples, wherein the first
work roll pressure and the second work roll pressure apphed on the substrate are each below a
vield strength of the substrate,

[8106] EC 6. The method of any of the preceding or subsequent examples, wherein applying the
first texture on the first surface of the substrate comprises applying the first texture to less than
approximately half of a surface area of the first surface of the substrate.

[0807] EC 7. The method of any of the preceding or subsequent examples, wherein applying the
first texture on the first surface of the substrate comprises applying the first texture to less than
approximately one-third of a surface area of the first surface of the substrate.

{0108} EC 8. The method of any of the preceding or subsequent examples, wherein applying the
first texture on the first surface of the substrate comprises applying the first texture to less than
approximately one-~fifth of a surface area of the first surface of the substrate.

[010%9] EC 9. The method of any of the preceding or subsequent examples, wherein applying the
second texture on the first surface of the substrate comprises applying the second texture to less

than approximately half of a surface area of the first surface of the substrate.
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(0116} EC 10. The method of any of the preceding or subsequent examples, wheremn applyving
the second texture on the first surface of the substrate comprises applying the second texture to
less than approximately one-third of a surface area of the first surface of the substrate.

{8111] EC 11. The method of any of the preceding or subsequent examples, wherein applying
the second texture on the first surface of the substrate comprises applyving the second texture to
less than approximately one-fifth of a surface area of the first surface of the substrate.

[0112] EC 12, The method of any of the preceding or subsequent examples, wherein the
substrate 18 aluminum or an aluminum alloy sheet.

[0113] EC 13. The method of any of the preceding or subsequent examples, wherein the first
texture comprises a negatively skewed area on a first location of the first surface of the substrate
and the second texture comprises a positively skewed area on a second location of the first
surface of the substrate, or wherem the first texture comprises a positively skewed area on the
first location of the first surface of the substrate and the second texture comprises a negatively
shewed area on the second location of tw lirst surface of the substlaie,

[0114] EC 14 The method of any of the preceding or subsequent examples, wherein at least one
of the positively skewed area or the negatively skewed area has asperities or vallevs with an
average height or depth between 0 microns and 20 microns.

[0115] EC 1S The method of any of the preceding or subsequent examples, wherein at feast one
of the positively skewed area or the negatively skewed area has asperities or valleys with an
average height or depth between 1 micron and & microns.

[0816] EC 16, The method of any of the preceding or subsequent examples, wherein applying,
by the first pair of work rolls, the first texture on the first surface of the subsirate comprises
applying the first texture on the first surface of the substrate by a furst work roll of the first pair of
work rolls, and further comprising: applying a texture different from the first texture on a second
surface of the substrate by a second work roll of the first pair of work rolls.

{0137} EC 17. The method of anv of the preceding or subsequent examples, wherein applying,
by the first pair of work rolls, the first texture oa the first surface of the substrate or applying, by
the second pair of work rolls, the second texture on the first surface causes less than a one

percent reduction in the overall thickness of the substrate.
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(0118} EC 18 The method of any of the preceding or subsequent examples, wherein applying,
by the first pair of work rolls, the first texture on the first surface of the substrate or applving, by
the second pair of work rolls, the second texture on the first surface causes less than a one
percent mcrease in an overall length of the subsirate.

[0119] EC 19 A substrate prepared according to the method of any of the preceding or
subsequent examples.

[0120] EC 20. A substrate comprising: a first surface having a first texture and a second texture,
wherein the first texture 1s different from the second texture, wherein the first texture has at least
one of a size, shape, height, depth, or coarseness that is different from at least one of a size,
shape, height, depth, or coarseness of the second texiure.

[0121] EC 21. The substrate of any of the preceding or subsequent examples, wherein the first
texture comprises a negatively skewed area on a fust location of the first surface of the substrate
and the second texiure comprises a positively skewed area on a second location of the first
surface of the substrate, or wherein the {ust lexture comprises a posdively skewed arca oa the
first location of the first surface of the substrate and the second texture comprises a negatively
skewed area on the second location of the first surface of the substrate.

[0122} EC 22, The substrate of any of the preceding or subsequent examples. wheren at least
one of the positively skewed area or the negatively skewed area has asperities or valleys with an
average height or depth between 0 microns and 20 microns.

{0123} BC 23 The substrate of any of the preceding or subsequent examples, wheremn at least
one of the positively skewed area or the negatively skewed area has asperities or valleys with an
average height or depth between 1 micron and & microns.

[0124] EC 24 The substrate of any of the preceding or subsequent examples, wherein the first
texture covers less than approximately half of a surface area of the first surface of the substrate.
{81258} EC 25. The subsirate of any of the preceding or subsequent examples, wherein the second
texture covers less than approximately half of a surface area of the first surface of the substrate.
{0126} EC 26 The substrate of any of the preceding o subsequent examples, wherein the first
texture covers less than approximately one-third of a surface area of the first surface of the

substrate.
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(01271 EC 27 The substrate of any of the preceding or subsequent examples, wherein the second
texture covers less than approximately one-third of a surface area of the first surface of the
substrate.

[8128] EC 28. The substrate of any of the preceding or subsequent examples, wherein the first
texture covers less than approximately one-fifth of a surface area of the first surface of the
substrate.

[0129] EC 29 The substrate of any of the preceding or subsequent examples, wherein the second
texture covers less than approximately one-fifth of a surface area of the first surface of the
substrate.

[0138] EC 30, The substrate of any of the preceding or subsequent examples, wherein the
substrate 1s aluminum or an aluminum alloy sheet.

[0131] EC 31 The substrate of any of the preceding or subsequent examples, wherein a second
surface of the substrate has at least one of the first texture, the second texture and a third texturs,
wherenn the turd texture s &flerent from the first and second texlures.

[0132] BEC 32 The method of any of the preceding or subsequent examples, wherein applying
the first work roll pressure on the first surface of the substrate by the first pair of work rolls
comprises vertically actuating one work roll of the first pair of work rolls while freezing a
vertical position of the other work roll of the first pair of work rolis.

10133} Different arrangements of the components depicted 1n the drawings or described above,
as well as components and steps not shown or described are possible. Smularly, some features
and sub-combinations are useful and may be employed without reference to other features and
sub-combinations. Embodiments of the invention have been described for illustrative and not
restrictive purposes, and alternative embodiments will become apparent to readers of this patent.
Accordingly, the present invention is not imited to the embodiments described above or depicted
wy the drawings, and various embodiments and modifications can be made without departing

frorm the scope of the claims below.
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CLAIMS

That which is claimed is:

1.

A method for applying textures on a substrate, the method comprising:

applying, by a first pair of work rolls, a first texture on a first surface of the

substrate, wherein at least one work roll in the first pair of work rolls has the first texture;

and

applying, by a second pair of work rolls, a second texture on the first surface of

the substrate after applying the first texture, the second texture being different from the

first texture and wherein at least one work roll in the second pair of work rolls has the

second texture and wherein the applying the first texture and the second texture

comprises:

applying, by the first pair of work rolls, a first work roll pressure
on the first surface of the substrate; and

applying, by the second pair of work rolls, a second work roll
pressure on the first surface of the substrate,

wherein the applying the first work roll pressure and the second
work roll pressure creates localized areas of plastic deformation on the
first surface of the substrate due to a first topography of the first texture
and a second topography of the second texture, wherein the first texture
and the second texture are applied to the localized areas of the first
surface, and wherein the first work roll pressure and the second work roll
pressure applied on the substrate are each below a yield strength of the
substrate such that an overall thickness of the substrate remains
substantially constant with a reduction of the overall thickness of less than
1.0%,

wherein each pair of work rolls comprises an upper work roll and a lower

work roll,

wherein a set of intermediate rolls supports at least one of the upper work

roll or the lower work roll,

wherein a set of actuators are provided along the set of intermediate rolls

and are configured to impart bearing loads on the set of intermediate rolls such
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that the set of the intermediate rolls transfer the loads from the set of the actuators
to the upper work roll or the lower work roll and such that the first work roll
pressure and the second work roll pressure applied on the substrate are each below the
yield strength of the substrate, and
wherein at least one actuator of the set of actuators is vertically adjustable
to control bearing load and laterally adjustable such that a position of the at least
one actuator along a width of the upper work roll or the lower work roll is

adjustable.

2. The method of claim 1, wherein the first texture has at least one of a size, shape, depth,
height or coarseness that is different from at least one of a size, shape, depth, height, or

coarseness of the second texture.

3. The method of any one of claims 1 or 2, wherein the applying the second texture
comprises at least partially overlapping the first texture with the second texture on the
first surface of the substrate in a single pass of the substrate between the first pair of work

rolls and the second pair of work rolls.

4. The method of any one of claims 1 or 2, wherein the applying the first texture comprises
applying the first texture at a first location on the first surface of the substrate and the
applying the second texture comprises applying the second texture at a second location

on the first surface of the substrate that is adjacent to the first location.

5. The method of any one of claims 1-4, wherein the applying the first texture on the first
surface of the substrate comprises applying the first texture to less than or equal to half of
a surface area of the first surface of the substrate.

6. The method of any one of claims 1-4, wherein the applying the first texture on the first

surface of the substrate comprises applying the first texture to less than or equal to one-

third of a surface area of the first surface of the substrate.
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10.

11.

12.

13

The method of any one of claims 1-4, wherein the applying the first texture on the first
surface of the substrate comprises applying the first texture to less than or equal to one-

fifth of a surface area of the first surface of the substrate.

The method of any one of claims 1-4, wherein the applying the second texture on the first
surface of the substrate comprises applying the second texture to less than or equal to half

of a surface area of the first surface of the substrate.

The method of any one of claims 1-4, wherein the applying the second texture on the first
surface of the substrate comprises applying the second texture to less than or equal to

one-third of a surface area of the first surface of the substrate.

The method of any one of claims 1-4, wherein the applying the second texture on the first
surface of the substrate comprises applying the second texture to less than or equal to

one-fifth of a surface area of the first surface of the substrate.

The method of any one of claims 1-10, wherein the substrate is aluminum or an

aluminum alloy sheet.

The method of any one of claims 1-11, wherein the applying, by the first pair of work
rolls, the first texture on the first surface of the substrate comprises applying the first
texture on the first surface of the substrate by a first work roll of the first pair of work
rolls, and further comprising:

applying a texture different from the first texture on a second surface of the

substrate by a second work roll of the first pair of work rolls.

The method of any one of claims 1-12, wherein the applying, by the first pair of work
rolls, the first texture on the first surface of the substrate or the applying, by the second
pair of work rolls, the second texture on the first surface causes less than a one percent

reduction in an overall thickness of the substrate.

43

Date Regue/Date Received 2022-03-01



14.  The method of any one of claims 1-12, wherein the applying, by the first pair of work
rolls, the first texture on the first surface of the substrate or the applying, by the second
pair of work rolls, the second texture on the first surface causes less than a one percent

increase in an overall length of the substrate.

15. The method of any one of claims 1-14, wherein the applying the first work roll pressure
on the first surface of the substrate by the first pair of work rolls comprises vertically
actuating one work roll of the first pair of work rolls while freezing a vertical position of

the other work roll of the first pair of work rolls.

16. A method for applying textures on a substrate, the method comprising:
applying, by a first pair of work rolls, a first texture on a first surface of the
substrate, wherein at least one work roll in the first pair of work rolls has the first texture;
and
applying, by a second pair of work rolls, a second texture on the first surface of
the substrate after applying the first texture, the second texture being different from the
first texture and wherein at least one work roll in the second pair of work rolls has the
second texture and wherein applying the first texture and the second texture comprises:
applying, by the first pair of work rolls, a first work roll pressure on the
first surface of the substrate; and
applying, by the second pair of work rolls, a second work roll pressure on
the first surface of the substrate,
wherein applying the first work roll pressure and the second work roll
pressure creates localized areas of plastic deformation on the first surface of the
substrate due to a first topography of the first texture and a second topography of
the second texture, wherein the first texture and the second texture are applied to
the localized areas of the first surface and wherein the first work roll pressure and
the second work roll pressure applied on the substrate are each below a yield
strength of the substrate such that an overall thickness of the substrate remains

substantially constant with a reduction of the overall thickness of less than 1.0%,
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wherein each pair of work rolls comprises an upper work roll and a lower
work roll,

wherein a set of intermediate rolls supports at least one of the upper work
roll or the lower work roll,

wherein a set of actuators are provided along the set of intermediate rolls
and are configured to impart bearing loads on the set of intermediate rolls such
that the set of intermediate rolls transfer the loads from the set of actuators to the
upper work roll or the lower work roll and such that the first work roll pressure
and the second work roll pressure applied on the substrate are each below the
yield strength of the substrate,
wherein at least one actuator of the set of actuators is vertically adjustable to

control bearing load and laterally adjustable such that a position of the at

least one actuator along a width of the upper work roll or the lower work

roll is adjustable, and

wherein the first texture comprises a negatively skewed area on a first
location of the first surface of the substrate and the second texture comprises a
positively skewed area on a second location of the first surface of the substrate, or
wherein the first texture comprises a positively skewed area on the first location
of the first surface of the substrate and the second texture comprises a negatively

skewed area on the second location of the first surface of the substrate.

17.  The method of claim 16, wherein at least one of the positively skewed area or the
negatively skewed area of the first texture or the second texture has asperities or valleys
with an average height or depth between 0 microns and 20 microns.

18.  The method of claim 16, wherein at least one of the positively skewed area or the

negatively skewed area of the first texture or the second texture has asperities or valleys

with an average height or depth between 1 microns and 8 microns.

45

Date Regue/Date Received 2022-03-01



19.

20.

21.

22.

23.

24.

25.

The method of any one of claims 16-18, wherein the applying the first texture on the first
surface of the substrate comprises applying the first texture to less than or equal to half of

a surface area of the first surface of the substrate.

The method of any one of claims 16-18, wherein the applying the second texture on the
first surface of the substrate comprises applying the second texture to less than or equal to

half of a surface area of the first surface of the substrate.

The method of any one of claims 16-18, wherein the applying the first texture on the first
surface of the substrate comprises applying the first texture to less than or equal to one-

third of a surface area of the first surface of the substrate.

The method of any one of claims 16-18, wherein the applying the first texture on the first
surface of the substrate comprises applying the first texture to less than or equal to one-

fifth of a surface area of the first surface of the substrate.

The method of any one of claims 16-18, wherein the applying the second texture on the
first surface of the substrate comprises applying the second texture to less than or equal to

one-third of a surface area of the first surface of the substrate.
The method of any one of claims 16-18, wherein the applying the second texture on the
first surface of the substrate comprises applying the second texture to less than or equal to

one-fifth of a surface area of the first surface of the substrate.

The method of any one of claims 16-24, the substrate is aluminum or an aluminum alloy

sheet.
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