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(57) Abregeé/Abstract:
Described herein are methods of preparing nanolaminated brass coatings and components having desirable and useful properties.

Also described are nanolamined brass components and plastic and polymeric substrates coated with nanolaminated brass
coatings having desirable and useful properties.
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MATERIAL AND PROCESS FOR ELECTROCHEMICAL DEPOSITION
OF NANOLAMINATED BRASS ALLOYS

TECHNICAL FIELD

[0001] This disclosure relates generally to electrodeposition processes, including
electrodeposition processes that are suitable for use in the fabrication of coatings and claddings

made of brass alloys that exhibit high stiffness and tensile strength.

SUMMARY

[0002] Embodiments of this disclosure provide an electrodeposition process for forming
an article, or a coating or cladding that 1s non-toxic or less toxic than coatings or claddings
formed with toxic materials such as nickel, chromium, and alloys thereof.

[0003] Other embodiments of this disclosure provide an electrodeposition process that
forms a deposited layered brass alloy having high stiffness and a high modulus of elasticity.
[0004] Other embodiments of this disclosure provide nanolaminated brass coatings on a
plastic or polymeric substrate that have an ultimate tensile strength, flexural modulus, modulus
of elasticity, and/or stiffness ratio that i1s greater than the ultimate tensile strength, flexural
modulus, modulus of elasticity, and/or stittness ratio of said conductive plastic or polymeric
substrate upon which has been electrodeposited a homogenous brass coating having a thickness
and composition substantially equivalent to the thickness and composition of the nanolaminated
brass coating. Other embodiments describe methods for the preparation of those coatings.
[0005] Other embodiments provide an electrodeposition process that 1s useful for
depositing a nanolaminated brass alloy coating onto a plastic or polymeric substrate at about 100

microns thick. Such coatings are usetul for reintorcing plastic or polymeric substrates.
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[0006] Other embodiments provide a layered brass alloy (coating) formed using an
electrodeposition layering process. Where the layered brass alloy 1s formed on a mandrel from
which 1t can be separated, the layered brass alloy or coating can be an article or a component of
an article independent of the mandrel upon which 1t was formed.

[0007] Other embodiments provide an article (e.g., part) having a coating or cladding
made of an electrodeposited layered brass alloy, including a coating or cladding deposited onto a
plastic or polymeric substrate.

[0008] Other embodiments provide a coating or cladding that provides a protective
barrier between an underlying substrate or object and an external environment or a person,
serving to protect the person or environment from potential damage caused by, or a toxic
property of, the substrate or object.

[0009] Other embodiments provide a coating or cladding that provides a protective
barrier between an underlying substrate or object and an external environment or a person,
serving to protect the substrate or object from damage, a toxic property of the external
environment, wear and tear, or misuse.

[00010] Yet other embodiments of this disclosure provide electrodeposition processes that
may be carried out at or near ambient temperatures. Such electrodeposition processes produce
articles comprising nanolaminated brass components and/or substrates with nanolaminated brass
coatings that have an increase 1n ultimate tensile strength, modulus of elasticity, and/or flexural
modulus compared with the same component or coated substrate prepared with a homogeneous

brass alloy having the same composition as the nanolaminated brass component or coating.



[0010a] In yet another aspect, the present invention provides a method for preparing
an article comprising a nanolaminated brass coating, the method comprising: (a) providing a
mandrel or a conductive polymeric substrate; (b) contacting at least a portion of the mandrel
or at least a portion of the conductive polymeric substrate with an electrolyte containing zinc
ions and copper 1ons, and optionally containing additional metal 1ons, wherein the electrolyte
1s in contact with an anode; and (¢) depositing the nanolaminated brass coating by applying
an electric current across the mandrel or the conductive polymeric substrate and the anode

and varying in time one or more of: the amplitude of the electrical current, frequency of the
electric current, the average electrical current, the offset of an alternating current, the ratio of
positive current and negative current, and combinations thereof, electrolyte temperature,
electrolyte additive concentration, or electrolyte agitation, wherein the nanolaminated brass
coating has a desired thickness and comprises at least 50 periodic layers of electrodeposited
species and/or at least 50 periodic layers of electrodeposited species microstructures, wherein

each layer of the periodic layers has a thickness ranging from 2nm to 200 nm.

[0010Db] In yet another aspect, the present invention provides an article comprising a
nanolaminated brass coating having a desired thickness, the nanolaminated brass coating
comprising more than 50 periodic layers that comprise: (a) periodic layers of
clectrodeposited species; and/or (b) periodic layers of electrodeposited species
microstructures; wherein each periodic layer has a thickness ranging from 2nm to 200 nm,

and wherein the periodic layers optionally contain additional metals or metalloids.

BRIEF DESCRIPTION OF THE DRAWINGS

|00011] Figure 1 shows a strength ratio versus thickness correlation for a nanolaminated

brass coating on a plastic substrate compared to an uncoated plastic substrate.

[00012] Figure 2, Panel A, shows a histogram of the increase in flexural modulus
observed for 1/8 inch and 1/16 inch thick ABS (acrylonitrile butadiene styrene) samples
coated with a nanolaminated brass coating relative to uncoated ABS samples. Panel B shows
a scatter plot of Flexural modulus versus the percent of metal based on the fraction of sample

cross-sectional area occupied by the nanolaminate brass coating.

3.
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[00013] Figure 3, Panel A, shows a histogram of the increase in elastic modulus
observed for 1/8, 1/16, and 1/20 inch thick ABS samples coated with a 100 micron thick
nanolaminated brass coating. The increase 1s shown relative to uncoated ABS samples. Panel
B of Figure 3 shows the increase in elastic modulus for coated ABS samples (relative to
uncoated ABS sample) as a function of the fraction of cross-sectional area of the coated ABS
sample that 1s occupied by the nanolaminated brass coating applied to ABS samples. Figure
3, Panel C, shows a cross section (in this case shown for a rectangular substrate) indicating
the location of the polymer substrate and nanolaminated coating from which the fraction of

the total cross-sectional area occupied by the coating can be calculated (not to scale).

[00014] Figure 4 show a show a histogram of the increase 1n stitiness ratio for ABS
samples coated with a nanolaminated brass coating relative to uncoated ABS samples. The
increase in stiffness ratio is shown for samples having 10%, 15%, or 20% of their cross-

sectional area occupied by the nanolaminated brass coating.

-39~
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DESCRIPTION OF EMBODIMENTS

[00015] Electrodeposition provides a process tor forming a thin coating or cladding that
can reinforce or protect an underlying substrate or base component, and for forming a part or
component with a coating or cladding. It has been found that an electrodeposited brass coating
or cladding provides satistactory reinforcement and protective properties, and that those
properties are further enhanced when the electrodeposition forms a layered structure having
multiple nanoscale layers that periodically vary in electrodeposited species or electrodeposited
species microstructures. Electrodeposition also provides a process for forming (e.g..
electroforming) an article comprising a component or electroforming a component, such as on a
mandrel, from which 1t can be removed.

[00016] As a process, the use of electrodeposition to form articles/components and/or
coatings having multiple laminated layers or multiple laminated "nanolayers” (1.e.,
nanolamination) offers a variety of advantages. Nanolamination processes enhance the overall
material properties ot the bulk material by providing alternating layers of differing compositions
on a nano-scale that significantly increases the material properties. The material can be
strengthened by controlling grain size within each laminate and by also pinning nano-layers
between interfaces of dissimilar compositions. Cracks or faults that arise are forced to propagate
across hundreds or thousands of interfaces, which hardens and toughens the material by
hindering dislocation motion.

[00017] In an embodiment of an electrodeposition process, the electrodeposition process
involves (a) placing at least a portion of a mandrel or a substrate to be coated 1n a first electrolyte
containing metal 1ons of zinc and copper, and other metals as desired, (b) applying electric
current and varying in time one or more of: the amplitude of the electrical current, the electrolyte

temperature, an electrolyte additive concentration, or agitation of the electrolyte to produce

-
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periodic layers of electrodeposited species or periodic layers of electrodeposited species
microstructures, (¢) growing a nanolaminated (multilayer) coating under such conditions, and (d)
optionally selectively etching the nanolaminated coating, until the desired thickness and finish of
the nanolaminated coating 1s achieved. That process can further involve (e) removing the
mandrel or the substrate from the bath and rinsing.

[00018] Electrodeposition can be conducted on a plastic or polymeric substrate that has
been rendered conductive. In one embodiment, a plastic or polymeric substrate 1s rendered
conductive by electroless metal deposition. Thus, for example, electroless copper can be applied
to a plastic such as a polyamide plastic substrate in order to render the polyamide substrate
conductive for subsequent electrodeposition processes. In one embodiment, electroless copper
can be applied as a 2-3 micron layer onto a polymer frame. In other embodiments, non-
conductive substrates such as plastic or polymeric substrates can be made conductive by
application of any suitable metal by electroless processes including, but not limited to,
electroless application of: nickel (see, e.g., U.S. Patent 6,800,121), platinum, silver, zinc or tin.
[00019] In other embodiments a substrate formed from a non-conductive plastic or
polymeric substance can be rendered conductive by the incorporation of conductive materials,
such as graphite, into the plastic or polymeric composition (see, e.g., US 4,392 808 for graphite
reinforced epoxy composiies).

[00020] Where necessary or desirable, substrates, and particularly plastic substrates, may
be roughened to increase the adherence and/or peel resistance. Roughening may be
accomplished by any relevant means including abrading the surface by sanding or sandblasting.

Alternatively, surfaces, and particularly plastic surfaces, may be etched with various acids, or
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bases. In addition, etching processes using ozone (see e.g., US 4,422,907), or vapor-phase
sulphonation processes may be employed.

100021} In one embodiment, where electrodeposition is to be conducted on a plastic or
polymeric substrate, the plastic or polymeric substrate may comprise one or more of: ABS,
ABS/polyamide blend, ABS/polycarbonate blend, a polyamide, a polyethyleneimine, a poly
ether ketone, a polyether ether ketone, a poly aryl ether ketone, an epoxy, an epoxy blend, a
polyethylene, a polycarbonate or mixtures thereof. In an embodiment, the process involves the
electrodeposition of a layered zinc and copper alloy (brass alloy) onto a plastic substrate. The
process 1nvolves first providing a basic electrolyte containing a copper salt and a zinc salt. The
electrolyte can be a cyanide-containing electrochemical deposition bath. Next, a conductive
polymeric substrate, upon which zinc, copper, and alloys thereof may be electrodeposited 1s
provided, and at least a portion of the substrate 1s immersed 1n the electrolyte. A varying electric
current 1s then passed through the immersed portion of the substrate. The electric current 1s
controlled between a first electrical current that 1s effective to electrodeposit an alloy that has a
specific concentration of zinc and copper and another electrical current that 1s effective to
electrodeposit another alloy of zinc and copper. This varying electrical current may be repeated
or additional electrical currents that are effective to electrodeposit other alloys of zinc and copper
may be applied. The varying electric currents thereby produce a layered alloy having adjacent
layers of different brass alloys on the immersed surface of the substrate or mandrel. A finishing
waveform, which may include a reverse pulse, may be introduced 1n order to improve the surface
finish as well as change the relative alloy composition at the surface.

[00022] In another embodiment, the electric current may be controlled between a first

sequence of electrical pulses that 1s effective to electrodeposit an alloy that has a specific
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concentration of zinc and copper and a specific roughness, and another series of electrical pulses
that 1s effective to electrodeposit another alloy of zinc and copper and a specific roughness.
These distinct pulse sequences may be repeated to produce an electrodeposit with overall
thickness that 1s greater than 5 microns. Any of the distinct sequences of electric pulses may
include a reverse pulse that serves to reduce the surface roughness, to reactivate the surtace of
the electrodeposit or to permit the deposition of a brass laminate with thickness greater than 3
microns and with a substantially smooth surface.

[00023] In another embodiment, a process of electrodepositing multiple layers of brass as
an article or component of an article (e.g., formed on a mandrel) or as a coating comprises: (a)
providing a mandrel or a plastic or polymeric substrate treated to render 1t a conductive plastic or
polymeric substrate; (b) contacting at least a portion of the mandrel or the conductive plastic or
polymeric substrate with an electrolyte containing metal 1ons of zinc and copper, and optionally
containing additional metal 1ons , wherein said conductive media 1s 1n contact with an anode; and
(c) applying an electric current across the mandrel or the plastic or polymeric substrate and the
anode and varying in time one or more of: the amplitude of the electrical current, electrolyte
temperature, electrolyte additive concentration, or electrolyte agitation, in order to produce the
nanolaminated brass coating having a desired thickness and periodic layers of electrodeposited
species and/or periodic layers of electrodeposited species microstructures on the mandrel or as a
coating on the plastic or polymeric substrate.

[00024] The electrodeposition can be controlled by, among other things, the application of
current 1n the electrodeposition process. The current may be applied continuously or,
alternatively, according to a predetermined pattern such as a waveform. In particular, the

waveform (€.g., sine waves, square waves, sawtooth waves, or triangle waves) may be applied



CA 02806328 2013-01-21
WO 2012/012789 PCT/US2011/045128

intermittently to promote the electrodeposition process, to intermittently reverse the
electrodeposition process, to increase or decrease the rate of deposition, to alter the composition
of the material being deposited, and/or to provide tor a combination of such techniques to
achieve a specific layer thickness or a specific pattern of differing layers. The current density (or
the voltage use for plating) and the period of the wavetorms may be varied independently and
need not remain constant during the plating of different layers, but may be increased or
decreased tor the deposition of different layers. For example, current density may be
continuously or discretely varied within the range between 0.5 and 2000 mA/cm”. Other ranges
for current densities are also possible, for example, a current density may be varied within the
range between: about 1 and 20 mA/cm”, about 5 and 50 mA/cm?®, about 30 and 70 mA/cm?, 1
and 25 mA/cm”, 25 and 50 mA/cm”, 50 and 75 mA/cm”, 75 and 100 mA/cm®, 100 and 150
mA/cm®, 150 and 200 mA/cm?, 200 and 300 mA/cm”, 300 and 400 mA/cm?, 400 and 500
mA/cm”, 500 and 750 mA/cm”, 750 and 1000 mA/cm”, 1000 and 1250 mA/cm~, 1250 and 1500
mA/cm”, 1500 and 1750 mA/cm?, 1750 and 2000 mA/cm®, 0.5 and 500 mA/cm®, 100 and 2000
mA/cmz, ereater than about 500 mA/cmz, and about 15 and 40 mA/cm” based on the surface area
of the substrate or mandrel to be coated. In another example, the frequency of the wavetforms
may be from about 0.01 Hz to about 50 Hz. In yet other examples, the frequency can be from:
about 0.5 to about 10 Hz, 0.5 to 10 Hz, 10 to 20 Hz, 20 to 30 Hz, 30 to 40 Hz, 40 to 50 Hz, 0.02
to about 1 Hz, about 2 to 20Hz, or about 1 to about 5 Hz. In one embodiment the method used to
prepare the nanolaminated brass coatings on a mandrel or plastic or polymeric substrate
comprises (i) applying a first cathodic current density of about 35 to about 47 mA/cm” for a time
from about 1 to 3 sec followed by (11) a rest period of about 0.1 to about 5 seconds; and repeating

(1) and (11) for a total time from about 2 minutes to 20 minutes. Following the application of the
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first cathodic current, the method continues with the steps of (111) applying a second cathodic
current from about 5 to 40 mA/cm” for about 3 to about 18 seconds, followed by (iv) applying a
third cathodic current of about 75 to about 300 mA/cm-” for about 0.2 to about 2 second, which 1s
followed by (v) an anodic current about -75 to about -300 mA/cm” for about 0.1 to about 1
second; and repeating (i11) to (v) for time from about 3 to about 9 hours. The process may be
repeated to obtain multiple layers of nanolaminatd brass coatings. For example by repeating
steps (1) —(v) as described above.

[00025] The electrical potential may also be varied to control layering and the composition
of individual layers. For example, an electrical potential employed to prepare the coatings may
be in the range of 0.5 V and 20 V. In another example, the electrical potential may be within a
range selected from 1 Vto 20 V,0.50to S V,5t0 10V, 10t0o IS5V, 15t020V,2t03V,3t0 5
V.4Vto6 V,25Vto7.5V,075to5 V.1 VtodV,and2to S V.

[00026] In an embodiment, of the coating or cladding, an electrodeposited, layered brass
alloy 1s formed to have multiple nanoscale layers that periodically vary in electrodeposited
species or electrodeposited microstructures, with variations in the layers of electrodeposited
species or electrodeposited species microstructure providing a material with high modulus of
elasticity. Another embodiment provides an electrodeposition process that forms a laminated
brass alloy that varies in the concentration of alloying elements from layer-to-layer. Yet another
embodiment 1s an electrodeposited, nanolaminated brass alloy coating or bulk material having
multiple nanoscale layers that vary 1n electrodeposited species microstructure with layer
variations resulting 1n a material with a high modulus of elasticity.

[00027] In another embodiment, a nanolaminated component or coating having a plurality

of layers of brass alloys 1s provided. The layers are of the same thickness or of different
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thicknesses. Each of the layers, referred to herein as nanoscale layers and/or periodic layers, has
a thickness of from approximately 2 nm to approximately 2,000 nm.

[00028] In one embodiment, a brass component comprised of nanolaminated brass
exhibits an ultimate tensile strength that is at least 10%, 20% or 30% greater than a brass
component formed from a homogeneous brass alloy that has a composition substantially
equivalent to the composition of said nanolaminated brass coating.

100029] In another embodiment, a plastic or polymeric substrate, or a portion thereof, can
be coated with a nanolaminated brass coating. The coated substrate 1s stronger than the uncoated
substrate or the substrate when coated with a homogeneous brass alloy that has a thickness and
composition substantially equivalent to (or equivalent to) the thickness and composition of the
nanolaminated brass coating. In some embodiments the ultimate tensile strength of the coated
plastic or polymeric substrate 1s increased by greater than 10, 20, or 30% relative to the
homogeneously coated plastic or polymeric substrate. In other embodiments the ultimate tensile
strength of the coated plastic or polymeric substrate is increased by greater than 100%, 200%,
300%, 400% or S00% relative to the uncoated plastic or polymeric substrate.

[00030] In one embodiment, a nanolaminated brass coating present on a plastic or
polymeric substrate exhibit more than a three fold increase in flexural modulus relative to said
plastic or polymeric substrate without said coating, when the nanolaminated brass coating has a
cross-sectional area of 5% of the total cross-sectional area of the coated substrate. In another
embodiment, a nanolaminated brass coating present on a plastic or polymeric substrate provides
more than a four fold increase in flexural modulus relative to the plastic or polymeric substrate

without the coating, when the nanolaminated brass coating has a cross-sectional area of 10%.

-10-
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[00031] In other embodiments, components comprised of nanolaminated brass have a
modulus of elasticity greater than about 60, 65, 70, 73, 80, 90, 100, 110, 120, 130, 140, 150, 160,
180, 200, 220, 240, 250, or 300 GPa. In another embodiment, the nanolaminated brass coating
has a modulus of elasticity greater than60, 65, 70, 75, 80, 90, 100, 110, 120, 130, 140, 150, 160,
180, 200, 220, 240, 250, or 300 GPa. In another embodiment, the nanolaminated brass
component or the nanolaminated brass coating has a modulus of elasticity expressed in giga
Pascals(GPa) from about 60 to about 100, or from about 80 to about 120, or from about 100 to
about 140, or from about 120 to about 140, or from about 130 to about 170, or from about 140 to
about 200, or from about 150 to about 2235, or from about 175 to about 250, or from about 200 to
about 300 GPa.

100032] In one embodiment, the coating increases the stittness of a plastic or polymeric
substrate. In such an embodiment, relative to an uncoated substrate, a nanolaminated brass
coated plastic or polymeric substrate exhibits more than about a 2.8 fold increase in stiffness
when the nanolaminated brass coating has a cross-sectional area of about 10% of the total cross-
sectional area of the coated substrate. In another embodiment, a more than 4 fold increase in
stiffness 1s observed when said coating has a cross-sectional area of about 15% of the total cross-
sectional area of the coated substrate. In another embodiment, a more than 7 fold increase 1n
stiffness 1s observed when said coating has a cross-sectional area of about 20% of the total cross-
sectional area of the coated substrate.

[00033] In one embodiment, where a nanolaminated brass coating is present on at least a
portion of a surface of a plastic or polymeric substrate, the article, or the portion of the article
bearing the coating, exhibits an ultimate tensile strength that 1s at least 267% greater than the

uncoated substrate. In another embodiment, the article 1s a nanolaminated brass coated plastic or

-11-



CA 02806328 2013-01-21
WO 2012/012789 PCT/US2011/045128

polymeric substrate that exhibits an ultimate tensile strength that is at least 30% greater than the
ultimate tensile strength of the plastic or polymeric substrate coated with a homogeneous brass
alloy that has a thickness and composition substantially equivalent to the thickness and
composition of said nanolaminated brass coating.

[00034] As used herein a thickness is substantially equivalent to one or more other
thickness(es) 1f 1t 1s with the range from 95% to 105% of the one or more other thickness(es).
[00035] As used herein, a composition 1s substantially equivalent to a nanolaminated brass
coating composition when (1) 1t contains all of the components of the nanolaminate brass coating
that are present at more than 0.05 weight percent (i.e. 0.5% based on the weight of the
nanolaminate coating) and (i1) each said component 1s present in an amount that 1s from 95% to
105% of the weight percent appearing in the nanolaminate brass coating. For example, if a
component of a nanolaminate coating 1s present at about 2% by weight (based on the weight and
composition of all layers of the nanolaminate coating) then in an equivalent composition (e.g., a
homogeneous coating) the component would be required to be present in an amount from 1.9%
to 2.1% by weight.

[00036] The electrodeposition process can be controlled to selectively apply coating to
only portions of the substrate. For example, a masking product can be applied with a brush or
application technique to cover portions of the substrate to prevent coating during a subsequent
electrodeposition process.

[00037] Embodiments of the method can be conducted at or near ambient temperatures,
1.€., temperatures of approximately 20 degrees C, to temperatures of approximately 155 degrees

C. Conducting the electrodeposition of the nanolaminated coating at or near ambient
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temperatures reduces the likelihood of introducing flaws as a result of temperature-related
deformation of a polymeric substrate or mandrel onto which the alloy 1s deposited.

[00038] As used herein, “metal” means any metal, metal alloy or other composite
containing a metal. In an example, these metals may comprise one or more of Ni, Zn, Fe, Cu,
Au, Ag, Pt, Pd, Sn, Mn, Co, Pb, Al, T1, Mg, and Cr. When metals are deposited, the percentage
of each metal may independently be selected. Individual metals may be present at about 0.001,
0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 15, 20, 25, 30, 30, 35, 40, 45, 50, 55, 60, 635, 70, 75, 80, 835,
90, 93, 98, 99, 99.9, 99.99, 99.999, or 100 percent of the electrodeposited species/composition.
[00039] The nanolaminated brass described herein comprises layers (periodic layers) with
a zinc content that varies between 1% and 90% and a copper content that varies between 10 and
90% on a weight basis. In one embodiment, at least one of the period layers comprises a brass
alloy with a zinc concentration that varies between 1% and 90%. In another embodiment, at
least half of the period layers comprise a brass alloy with a zinc concentration that varies
between 1% and 90%. In another embodiment, all of the period layers comprise a brass alloy

with a zinc concentration that varies between 1% and 90%. In one embodiment, the zinc content

1s about 50% to about 68%. about 72% to about 80%. about 60% to about 80%, about 65% to
about 75%, about 66% to about 74%, about 68% to about 72%, about 60%, about 65%, about

70%, about 75% or about 80% by weight. Where additional metals or metalloids (such as

articles/components or coatings, the additional metals will typically comprise between 0.01%

and 15% of the layer composition by weight. In one embodiment, the total amount of additional

metals and/or metalloids 1s less than 15%, 12%, 10%., 8%, 6%, 5%, 4%, 3%, 2%, 1%, 0.5%,

0.2%, 0.1%, 0.05, or 0.02% but 1n each instance greater than about 0.01% by weight.
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[00040] In an embodiment, the coating can have a coating thickness that varies according
to properties of the material that 1s to be protected by the coating, or according to the
environment to which the coating 1s subjected. In one embodiment the overall thickness of the
nanolaminated brass coating (e.g., the desired thickness) 1s be between 10 nanometers and
100,000 nanometers (100 microns), 10 nanometers and 400 nanometers, 50 nanometers and 500
nanometers, 100 nanometers and 1,000 nanometers, 1 micron to 10 microns, 5 microns to 50
microns, 20 microns to 200 microns, 40 microns to 100 microns, 50 microns to 100 microns, 50
microns to 150 microns, 60 microns to 160 microns, 70 microns to 170 microns, 80 microns to
180 microns, 200 microns to 2 millimeters (mm), 400 microns to 4 mm, 200 microns to 5 mm, 1
mm to 6.5 mm, 5 mm to 12.5 mm, 10 mm to 20 mm, and 15 mm to 30 mm.

100041} In an embodiment, the coating 1s sufficiently thick to provide a surface finish. In
one embodiment, the overall thickness of a nanolaminated brass coating on a plastic substrate 1s
between 50 and 90 microns. In another embodiment, the overall thickness of a nanolaminated
brass coating on a plastic substrate 1s between 40 and 100 microns or 40 and 200 microns. The
surtface finish can be modified by polishing methods, such as mechanical polishing,
electropolishing, and acid exposure. The polishing can be mechanical and remove less than
approximately 20 microns from the coating thickness. In one embodiment, the thickness of the
brass coating on a plastic or polymeric substrate is less than 100 microns, for example, ranging
between 45 and 80 microns across the layers of the coating and, for example, providing an
average thickness of 70-80 microns. In one embodiment, the nanolaminated brass coating 1s
polished or electropolished to a surface having an arithmetic average roughness (Ra) less than
about 25, 12, 10, 8,6,4,2,1,0.5,0.2,0.1, 0.05, 0.025, or 0.01 microns. In another embodiment,

the average surface roughness 1s less than about 4, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.025, or 0.01
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microns. In another embodiment, the average surface roughness is less than about 2, 1, 0.5, 0.2,
0.1, or 0.05 microns

[00042] Nanolaminated brass coatings, article or components of articles may contain any
number of desired layers (e.g., 2 to 100,000 layers) of suitable thickness. In some embodiments
the coatings will comprise 2, 3,4,5,6,7,8,9, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 335, 40,
45, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1,000,
1,500, 2,000, 2,500, 3,000, 4,000, 5,000, 7,500, 1,000, 2,000, 4,000, 6,000, 8,000, 10,000,
20,000, 40,000, 60,000, 80,000, or 100,000 or more layers of electrodeposited materials, where
each layer may be from about 2 nm-2,000nm (2 microns). In some embodiments, the individual
layers have a thickness from about 2 nm-10 nm, 5 nm — 15 nm, 10 nm -20 nm, 15 nm-30 nm, 20
nm- 40 nm, 30 nm-50 nm. 40 nm-60 nm, 50 nm-70 nm, 50 nm-75nm, 75 nm-100 nm, 5 nm -30
nm, 15 nm - 50 nm, 25 nm - 75 nm, or 5 nm-100 nm. In other embodiments, the individual
layers have a thickness of about 2 nm to 1,000 nm, or S nm to 200 nm, or 10 nm to 200 nm, or 20
nm to 200 nm, 30 nm to 200 nm, or 40 nm to 200 nm, or 50 nm to 200 nm.

100043] Nanolaminated brass coatings, articles, or components of articles, may containing
a series of layers that may be organized in a variety of ways. In some embodiments, layers that
differ from each other 1n the electrodeposited species (metal and/or metalloid composition)
and/or the microstructure of the electrodeposited species are deposited in repeated patterns.
Although a type of layer may recur more than once 1n a coating or article, the thickness of that
type of layer may or may not be the same in each instance where 1t appears. Nanolaminated
brass coatings, articles, or components of articles may comprise two, three, four, five or more

types of layers that may or may not repeat 1n a specific pattern.
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[00044 ] By way of non-limiting example, layers designated a, b, ¢, d, and e that differ in
the electrodeposited species (metal and/or metalloid composition) and/or the microstructure of
the electrodeposited species may be organized in an alternating pattern such as a binary
(a,b,a,b,a,b,a,b,...), ternary (a,b,c,a,b,c,a,b,c,a,b,c,...), quaternary
(a,b,c,d,a,b,c,d,a,b,c,d,a,b,cd...), quinary (a,b,c,d,e,a,b,c,d,e,a,b,c,d,e,a,b,c,d,e...) and so on.
Other arrangements are also possible such as (c,a,b,a,b,c,a,b,a,b,c...), (c,a,b,a,b,e,c,a,b,a,b,e...)
ctc.

[00045] In some embodiments the nanolaminated brass prepared by the methods of
electrodeposition described herein comprises 2, 3, 4, 5, or 6 or more layers of different
composition having different electrodeposited species and/or different amounts of
clectrodeposited species. In some embodiments the nanolaminated brass prepared by the
methods of electrodeposition described herein comprises 2, 3, 4, 5, 6 or more layers with
different microstructures.

[00046] In other embodiments, the nanolaminated brass comprises a combination of
different layers that have difterent compositions and ditferent microstructures. Thus, for
example, in some embodiments, the nanolaminated brass coatings and components prepared as
described herein have a first layer and contain (1) at least one layer that differs from the first layer
in the amounts/types of electrodeposited species, and (11) at least one layer that differs from the
first layer in microstructure, where the layers differing in electrodeposited species and
microstructure may be the same or different layers.

[00047] In some embodiments, the nanolaminated brass has a first layer and contains (i) at
least two layers that differ from the first layer and each other in the amounts and/or types of

electrodeposited species, and (11) at least one layer that differs from the first layer in
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microstructure. In some embodiments, the nanolaminated brass has a first layer and contains at
least (1) one layer that differs from the first layer in the amounts and/or types of electrodeposited
species, and (11) at least two layers that differ from the first layer and each other in
microstructure. In other embodiments, the nanolaminated brass has a first layer and contains (1)
at least two layers that differ from the first layer, and each other in the amounts and/or types of
electrodeposited species, and (11) at least two layers that differ from the first layer and each other
in microstructure. In each instance, the layers diftering in electrodeposited species and/or
microstructure may be the same or different layers.

[00048] In other embodiments, the nanolaminated brass has a first layer and contains (1) at
least three layers that differ from the first layer and each other in the amounts and/or types of
clectrodeposited species, and (11) at least two layers that ditfer from the first layer and each other
in microstructure. In other embodiments, the nanolaminated brass has a first layer and contains
(1) at least two layers that differ from the first layer and each other in the amounts and/or types of
electrodeposited species, and (11) at least three layers that differ from the first layer and each
other 1in microstructure. In other embodiments, the nanolaminated brass has a first layer and
contains (1) at least three layers that differ from the first layer and each other in the amounts
and/or types of electrodeposited species, and (11) at least three layers that differ from the first
layer and each other in microstructure. In each instance, the layers differing in electrodeposited
species and/or microstructure may be the same or different layers

[00049] In other embodiments, the nanolaminated brass has a first layer and contains (1) at
least four layers that differ from the first layer and each other in the amounts and/or types of
electrodeposited species, and (11) at least four layers that differ from the first layer and each other

in the first layer in microstructure. In other embodiments, the nanolaminated brass has a first
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layer and contains (1) at least five layers that differ from the first layer and each other 1n the
amounts and/or types of electrodeposited species, and (11) at least five layers that differ from the
first layer and each other in the first layer in microstructure. In each instance, the layers diftering
in electrodeposited species and/or microstructure may be the same or different layers
EXAMPLES

Example 1. Nanolaminated Brass Deposition
[00050] The following example describes a method for the preparation of an
electrodeposited nanolaminated brass coating or cladding that can be deposited on a plastic or
polymeric substrate.
[00051] Prior to the electrolytic deposition of any metals on the surface of a plastic or
polymeric substrate the substrate 1s electrolessly plated with a commercial electroless nickel (or
electroless copper) solution to form a conductive coating typically 2-3 microns thick. The e-
nickel coated substrate 1s then immersed 1n 50% aqueous saturated HCI (approximately 10.1%
HC) for two minutes or until bubble formation 1s noted. The substrate 1s then washed with
walter.

[00052] The substrate 1s immersed 1n a commercial cyanide copper - zinc electroplating

bath (E-Brite B-150 Bath from Electrochemical Products Inc. (EPI)) comprising CuCN
(29.95¢/1), ZnCN (12.733 g/1), free cyanide (14.98 g/1), NaOH (1.498¢g/1), Na,CO3 (59.92¢/1) E-
Brite™ B-150 1% by volume, Electrosolv™ 5% by volume, E-Wet™ (.1% by volume. The pH
of the bath ranged from 10.2 to 10.4, temperature for plating was from 90-120 degrees F. The
anode to cathode ratio was from 2:1 to 2.6 to 1 with an anode of alloy 260 or Rolled or extruded
70/30 (copper/zinc) brass. Agitation was provided either by cathode movement at 15ft/minute or

by air sparging using a flow rate of 2 cubic feet per minute of air per foot of sparging pipe.
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[00053] Electrodeposition 1s commenced using by applying a wavetorm consisting of a
42.2 mA/cm” pulse held for 1.9 seconds, followed by a 0 mA/cm” pulse (rest period) applied for
0.25 sec. for a total of 10 minutes. Immediately following the ten minute period where the
preceding waveform is applied, a second wavetorm is applied for 6 hours and 40 minutes,
consisting of a 20 mA/cm” pulse applied for 9 seconds, followed by a 155 mA/cm” pulse applied
for 1 sec, followed by a -155 mA/cm” stripping (reverse) pulse applied for 0.4 seconds. During
clectrodeposition the anodes were cleaned as necessary to prevent the passivization of the
anodes. Where necessary, anodes were cleaned at two hour intervals, which required pausing the
electrodeposition process.
[00054] The process applies a nanolaminated brass coating to the substrate having a
periodic layers with a thickness of 40 to 50 nm (about 44 nm). The total thickness of the coating
was about 100 microns.

Example 2. Tensile properties of ABS specimens with and without nanolaminated
brass reinforcement
[00055] Nanolaminated brass-coated polymeric dog bone specimens were tested using
ASTM D638. Tensile specimens were prepared by laser-cutting dog bones from acrylonitrile
butadiene styrene (ABS) sheet to the geometry specified in the ASTM standard. These
substrates were subsequently coated using the method described in Example 1. An Instron Model
4202 test frame was used to conduct the tensile testing.
[00056] The resulting ultimate tensile strength results are depicted in Figure 1, which
provides a comparison of ultimate tensile strength increase ratio to coating thickness, and shows
that the ultimate tensile strength 1s directly proportional to coating thickness. In particular, the

ultimate tensile strength of the nanolaminated brass coated part 1s shown to increase linearly with
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thickness, at a strong correlation of R* = 0.9632. The testing demonstrated that the
nanolaminated coating provided a 500% increase in ultimate tensile strength at a 95 micron
thickness as compared to the non-coated substrate.

[00057] Tensile testing also produced elastic modulus (stiffness) data. Figure 4 presents
the improvement in stiffness as a function of coating thickness (expressed as % of metal 1n cross-
section). As illustrated, the nanolaminated coating increases the elastic modulus from
approximately 3 to 7-fold when the nanolaminated brass accounts for ~10 to 20% (respectively)
of the cross-sectional area of the tensile specimen.

Figure 3B presents the improvement in elastic modulus expressed as a “stiffness ratio™, that 1s,
the ratio of the nanolaminate-coated specimen stiffness to that of an uncoated specimen, again
illustrating the 3 to 7-fold increase 1n stiftness with an increase in nanolaminate cross-section
fraction from 10 to 20%.

[00053] Figure 3, Panel A, 1llustrates the effect of nanolaminated brass on ABS specimens
of different thicknesses relative to uncoated ABS specimens. ABS specimens to which a 100
micron nanolaminated brass coating has been applied show at least a 10 % increase 1in the
flexural modulus for each 1% of cross-sectional area occupied by the nanolaminated brass
coating. The average increases 1n elastic modulus 1s greater than about 20% for each 1% of
cross-sectional area occupied by the nanolaminated brass coating.

[00059] Example 3. Flexural properties of ABS specimens with and without
nanolaminated brass reinforcement

[00060] Specimen substrates were cut from ABS sheets of differing thickness (1/8 and
1/16 of an inch) and coated as described in Example 1 with a nanolaminated brass coating 100

microns thick. The flexural modulus was tested according to ASTM D3023. The results are
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shown in Figure 2, Panel A, relative to control ABS sheets for which data 1s provided below.
While the elastic modulus of 1/8 inch ABS improved 300%, the flexural modulus was increased
by 400%. Similarly, instead of a 400% improvement for 1/16 inch ABS, the flexural modulus
increased by over 600%.

Example 4. Fabrication and Bend Testing of Homogeneous, Nanolaminated, and
Uncoated Structural Frames
100061 ] To quantify the difference between nanolaminated brass coating and
homogeneous brass alloy coating, a control sample, 1n this case a plastic frame part, was
electroplated using a direct current (DC) at a specified average current density. At the
completion of a plating period that was sufficient to produce an 80-micron thick nanolaminated
brass coating on a part produced in accordance with an embodiment, the DC control plastic
frame was coated with only 30 microns of non-laminated brass. This lesser thickness of the
control was due to the fact that a DC plating of brass proceeds at a significantly slower plating
rate that slows and becomes thickness-limited over the time the plating proceeds. Theretore, a
DC-plated homogeneous brass part could not be created at the desired thickness for comparison.
Accordingly, a homogeneous (not laminated) brass coated part was fabricated using a pulse
plating technique to achieve the desired thickness of 80 microns, and to provide a homogeneous-
coated part for comparison to the part with the 80-micron nanolaminated brass coating.
[00062] The homogeneous-coated part having a coating thickness of 80 microns, the part
having a nanolaminated brass coating with a thickness of 80 microns, and an uncoated plastic
part were evaluated and compared using ASTM D5023, modified to accommodate the unique
part geometry. The load results show that, for a constant 0.10 inch deflection, the part coated

with nanolaminated brass had an increase of about 270% 1n ultimate tensile strength relative to
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the uncoated part, and a 20% increase 1n ultimate tensile strength relative to the part with the

homogenous brass coating. The test results are shown 1n the following table:

Sample LLoad | Percent improvement over | Percent improvement over
(Ibs) | uncoated part homogeneous-coated part
Uncoated part 2.0 -- --
Homogeneous brass coated 0.1 206% --
- part
Nanolaminated brass coated | 7.3 267% 20%
part
100063] The load results demonstrate that layer modulation of the nanolaminated coating

significantly increases the strength as compared to a homogeneous coating.

.




We Claim:

1. A method for preparing an article comprising a nanolaminated brass coating, the
method comprising:

(a) providing a mandrel or a conductive polymeric substrate;

(b) contacting at lcast a portion of the mandrel or at least a portion ot the
conductive polymeric substrate with an electrolyte containing zinc 1ons and copper 1ons,

and optionally containing additional metal ions, wherein the electrolyte 1s in contact with

an anode; and

(¢) depositing the nanolaminated brass coating by applying an electric current
across the mandrel or the conductive polymeric substrate and the anode and varying in
time one or more of: the amplitude of the electrical current, frequency of the electric
current, the average electrical current, the offset of an alternating current, the ratio of
positive current and negative current, and combinations thereof, clectrolyte temperature,

electrolyte additive concentration, or electrolyte agitation,

wherein the nanolaminated brass coating has a desired thickness and comprises at
least 50 periodic layers of electrodeposited species and/or at least 50 periodic layers of

electrodeposited species microstructures, wherein each layer of the periodic layers has a

thickness ranging from 2 nm to 200 nm.

2. The method of claim 1, wherein the mandrel 1s provided, and the method further

comprises: (d) separating the nanolaminated brass coating from the mandrel.

3. The method of claim 1 or claim 2 wherein the concentration of the copper 10ns 1n

the electrolyte ranges from 0.1 g/L to 100 g/L.

1, The method of any one of claims 1 to 3, wherein step (c) 1s conducted at a

temperature ranging from 20 degrees C to 155 degrees C.

293
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J. The method of any one of claims 1 to 4, wherein the conductive polymeric
substrate has been rendered conductive by electroless deposition ot a conductive material
or wherein the conductive polymeric substrate 1s conductive due to incorporation of

conductive materials into a polymeric material of the conductive polymeric substrate.

6. The method of any one of claims 1 to 5, wherein the article comprising the
nanolaminated brass coating has an ultimate tensile strength, flexural modulus, modulus
of elasticity, and/or stiffness ratio that is greater than ultimate tensile strength, flexural
modulus, modulus of elasticity, and/or stiftness ratio of an article comprising a
homogenous brass coating having a thickness substantially equivalent to the desired
thickness and a composition substantially equivalent to the composition of the

nanolaminated brass coating.

7. The method of claim 6, wherein the thickness of the homogenous brass coating 1s

cqual to the desired thickness.

8. The method of claim 6, wherein the thickness of the homogenous brass coating 1s

a thickness from about 95% to 105% of the desired thickness.

9. The method of any one of claims 1 to 8, further comprising:
(d) selectively etching the nanolaminated brass coating, until a second desired

thickness and finish of the nanolaminated brass coating 1s achieved.

10. The method of claim 1 or claim 9, further comprising rinsing the mandrel or the

conductive polymeric substrate.

11.  The method of any one of claims 1 to 10, wherein the conductive polymeric

substrate comprises a plastic.

204
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12.  The method of any one of claims 1 to 11, wherein the conductive polymeric
substrate comprises one or more of: ABS, ABS/polyamide blend, ABS/polycarbonate
blend, a polyamide, a polyethylene imine, a poly ether ketone, a poly ether ether ketone, a

poly aryl ether ketone, an epoxy, an epoxy blend, a polyethylene, and a polycarbonate.

13. The method of any one of claims 1 to 12, wherein the conductive polymeric

substrate comprises glass or mineral fillers.

14.  The method of any one of claims 1 to 12, wherein the conductive polymeric

substrate is reinforced by carbon fiber and/or glass fiber.

15.  The method of any one of claims 1 to 14, wherein the nanolaminated brass

coating compriscs more than 100 periodic layers.

16. The method of claim 1, wherein at least two of the periodic layers have different
thicknesses.
17.  The method of any one of claims 1 to 16, wherein at least one of the periodic

layers comprises a brass alloy with a zinc concentration that varies between 1% and 90%,

by weight.

18. The method of claim 17, wherein the zinc concentration varies between 60% and

80%, by weight.

19, The method of claim 17, wherein the zinc concentration 1s about 70%, by weight.

20.  The method of any one of claims 1 to 19, wherein the electrolyte further
comprises one or more of: platinum, palladium, gold, silver, tin, lead, aluminum, silicon,

manganese, nickel, and arsenic.
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21.  The method of any one of claims 1 to 20, wherein one or more of the periodic
layers comprises one or more of: platinum, palladium, gold, silver, tin, lead, aluminum,

silicon, manganese, nickel, and arsenic.

22.  An article prepared by the method of any one of claims 1 to 21.

23.  An article comprising a nanolaminated brass coating having a desired thickness,
the nanolaminated brass coating comprising more than 50 periodic layers that comprise:
(a) periodic layers of electrodepostted species; and/or
(b) periodic layers of electrodeposited species microstructures;
wherein each periodic layer has a thickness ranging from 2 nm to 200 nm, and

wherein the periodic layers optionally contain additional metals or metalloids.

24, The article of claim 23, further comprising a polymeric substrate, wherein the
nanolaminated brass coating 1s present on at least a portion of a surface of the polymeric

substrate.

25.  The article of claim 24, wherein the polymeric substrate has been rendered
conductive by electroless deposition of a conductive material or wherein the polymeric
substrate 1s conductive due to incorporation of conductive materials into the polymeric

material of the polymeric substrate.

26. The article of any one of claims 23 to 25, wherein the article comprising the

nanolaminated brass coating has an ultimatc tenstle strength, tlexural modulus, modulus

of elasticity, and/or stiffness ratio that 1s greater than the ultimate tensile strength,

flexural modulus, modulus of elasticity, and/or stiffness ratio of an article comprising a

homogenous brass coating having a thickness substantially equivalent to the desired
thickness and a composition substantially equivalent to the composition of the

nanolaminated brass coating.
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27.  The article of claim 26, wherein the thickness of the homogenous brass coating 1s

equal to the desired thickness.

28.  The article of claim 26, wherein the thickness of the homogenous brass coating 1s

from about 95% to 105% of the desired thickness.

29.  The article of any one of claims 23 to 28, wherein the nanolaminated brass

coating has a surface having an arithmetic average roughness (Ra) less than about 4

mICrons.

30.  The article of any one of claims 23 to 29, wherein the polymeric substrate

comprises a plastic.

31.  The article of any one of claims 23 to 30, wherein the polymeric substrate
comprises one or more of: ABS, ABS/polyamide blend, ABS/polycarbonatc blend, a
polyamide, a polyethylene imine, a poly ether ketone, a poly ether ether ketone, a poly

aryl ether ketone, an epoxy, an epoxy blend, a polyethylene, and a polycarbonate.

32. The article of any one of claims 23 to 31, wherein the polymeric substrate

comprises glass or mineral fillers.

33. The article of any one of claims 23 to 32, wherein the polymeric substrate 1s

reinforced by carbon fiber and/or glass fiber.

34. The article of any one of claims 23 to 33, wherein the nanolaminated brass

coating comprises more than 100 periodic layers.

35.  The article of any one of claims 23 to 34, wherein at least two of the periodic

layers differ in thickness by more than 5%.
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36.  The article of any one of claims 23 to 35, wherein at least one of the periodic

layers comprises a brass alloy with a zinc concentration that varies between 1% and 90%,

by weight.

37. The article of claim 36, wherein at least half of the periodic layers comprise the

brass alloy with the zinc concentration that varies between 1% and 90%, by weight.

38.  The article of claim 36, wherein all of the periodic layers comprise the brass alloy

with the zinc concentration that varies between 1% and 90%, by weight.

39, The article of any one of claims 36 to 38, wherein the zinc concentration varles

between 60% and 80%, by weight.

40.  The article of claim 39, wherein the zinc concentration is about 70%, by weight.

41.  The article of any one of claims 23 to 38, wherein at least one of the periodic
layers comprise one or more metals or metalloids selected from the group consisting ot
platinum, palladium, gold, silver, tin, lead, aluminum, stlicon, manganese, nickel, and

arsenic.

47. The article of any one of claims 23 to 41, comprising an outermost layer

comprising a metal or alloy that is more noble than the periodic layers.

43 The article of claim 42, wherein the outermost layer comprises one or more

metals selected from the group consisting of: Au, Ag, Cr, Ni, Pt, Ir, Pd, Re, and Rh.

44, The article of claim 23, wherein the nanolaminated brass coating exhibits an

ultimate tensile strength that is at least 10% greater than the homogeneous brass coating.
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45.  The article of any one of claims 24 to 41, wherein the nanolaminated brass
coating on the polymeric substrate exhibits about a three fold increase in flexural
modulus relative to the polymeric substrate without the nanolaminated brass coating,

when the nanolaminated brass coating has a cross-sectional area of 5%.

46.  The article of any one of claims 24 to 41, wherein the nanolaminated brass
coating on the polymeric substrate exhibits about a four fold increase 1n flexural modulus

relative to the polymeric substrate without the nanolaminated brass coating, when the

nanolaminated brass coating has a cross-sectional area of 10%.

47. The article of any one of claims 23 to 41, wherein the nanolaminated brass

coating has a modulus of elasticity greater than 60 GPa.

48.  The article of any one of claims 23 to 41, wherein the nanolaminated brass

coating has a modulus of elasticity from about 60 GPa to about 300 GPa.

49.  The article of claim 48, wherein the nanolaminated brass coating has a modulus of

elasticity from about 140 GPa to about 300 GPa.

50. The article of any one of claims 24 to 41, wherein the nanolaminated brass
coating on the polymeric substrate exhibits more than about a 2.8 told increase in

stiffness when the nanolaminated brass coating has a cross-sectional area of about 10%

relative to the polymeric substrate without the nanolaminated brass coating.

-~

51.  The article of any one of claims 24 to 41, wherein the nanolaminated brass

coating on the polymeric substrate exhibits more than a 4 fold increase in stiffness when

the coating has a cross-sectional area of about 15% relative to the polymeric substrate
£ polty

without the nanolaminated brass coating.

00.
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52. The article of any one of claims 24 to 41, wherein the nanolaminated brass
coating on the polymeric substrate exhibits more than a 7 fold increase in stiftness when

the coating has a cross-sectional area of about 20% relative to the polymeric substrate

without the nanolaminated brass coating.

53. The article of any one of claims 24 to 41, wherein the nanolaminated brass
coating on the polymeric substrate exhibits an ultimate tensile strength that 1s at least

267% greater than the ultimate tensile strength of the polymeric substrate without the

nanolaminated brass coating.

S4.  The article of any one of claims 25 to 42, wherein the nanolaminated brass

coating on the polymeric substrate exhibits an ultimate tensile strength that is at least

homogeneous brass alloy that has a thickness and composition substantially equivalent to

the thickness and composition of the nanolaminated brass coating.

55.  The method of any one of claims 1 to 21, wherein the desired thickness 1s from 4(

to 200 microns.

56. The method of claim 55, wherein the desired thickness is 45 to 100 microns.

57.  The method of any one of claims 1 to 21, S5 and 56, wherein applying the electric
current across the mandrel or the conductive polymeric substrate comprises (1) applying a
first cathodic current density of about 35 to about 47 mA/cm® for a time from about 1 to 3
sec followed by (ii) a rest period of about 0.1 to about 5 seconds; and repeating (1) and

(i1) for a total time from about 2 minutes to 20 minutes.

58.  The method of claim 57, further comprising (ii1) applying a second cathodic
current from about 5 to 40 mA/cm” for about 3 to about 18 seconds, followed by (iv)

applying a third cathodic current of about 75 to about 300 mA/cm® for about 0.2 to about

_3()-
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2 second, which is followed by (v) an anodic current about -75 to about -300 mA/cm? for
about 0.1 to about | second; and repeating (111) to (v) for time from about 3 to about 9

hours.

59.  The method of claim 15, wherein the nanolaminated brass coating comprises

more than 250 periodic layers.

60.  The method of claim 15, wherein the nanolaminated brass coating comprises

more than 500 periodic layers.

61.  The method of claim 15, wherein the nanolaminated brass coating comprises

more than 1,000 periodic layers.

62. The method of claim 15, wherein the nanolaminated brass coating comprises

more than 5,000 periodic layers.

63.  The method of claim 15, wherein the nanolaminated brass coating comprises

more than 10,000 periodic layers.

64.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 2 microns.

63. The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 1 micron.

66.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 0.5 microns.

67.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 0.1 microns.
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68.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 0.05 microns.

69.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about 0.025 microns.

70.  The article of claim 29, wherein the nanolaminated brass coating has a surface

having an arithmetic average roughness (Ra) less than about (.01 microns.

71.  The article of claim 34, wherein the nanolaminated brass coating comprises more

than 250 periodic layers.

72. The article of claim 34, wherein the nanolaminated brass coating comprises more

than 500 periodic layers.

73.  The article of claim 34, wherein the nanolaminated brass coating comprises more

than 1,000 periodic layers.

74.  The article of claim 34, wherein the nanolaminated brass coating comprises more

than 5,000 periodic layers.

75. The article of claim 34, wherein the nanolaminated brass coating comprises more

than 10,000 periodic layers.

76. The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 75 GPa.

77.  The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 100 GPa.
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78. The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 150 GPa.

79.  The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 200 GPa.

80.  The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 250 GPa.

81.  The article of claim 47, wherein the nanolaminated brass coating has a modulus of

elasticity greater than 300 GPa.

82.  The method of claim 20, wherein the electrolyte tfurther comprises two or more
of: platinum, palladium, gold, silver, tin, lead, aluminum, silicon, manganese, nickel, and

arsenic.

83.  The method of claim 20, wherein the electrolyte further comprises three or more
of: platinum, palladium, gold, silver, tin, lead, aluminum, silicon, manganese, nickel, and

arsenic.

84. The method of claim 21, wherein two or more of the periodic layers comprises
one or more of: platinum, palladium, gold, silver, tin, lead, aluminum, silicon,

manganese, nickel, and arsenic.

85. The method of claim 21, wherein three or more of the periodic layers comprises

one or more of: platinum, palladium, gold, silver, tin, lead, aluminum, silicon,

manganese, nickel, and arsenic.
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86.  The article of claim 41, wherein two or more of the periodic layers comprise one
or more metals or metalloids selected from the group consisting of platinum, palladium,

oold, silver, tin, lead, aluminum, silicon, manganese, nickel, and arsenic.
87. The article of claim 41, wherein three or more of the periodic layers comprise one
or more metals or metalloids selected from the group consisting of platinum, palladium,

gold, silver, tin, lead, aluminum, silicon, manganese, nickel, and arsenic.

88.  The article of claim 44, wherein the nanolaminated brass coating exhibits an

ultimate tensile strength that is at least 20% greater than the homogeneous brass coating.

89.  The article of claim 44, wherein the nanolaminated brass coating exhibits an

ultimate tensile strength that 1s at least 30% greater than the homogeneous brass coating.
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