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ELECTRODEPOSITION BATHS, SYSTEMS 
AND METHODS 

FIELD OF INVENTION 

[0001] This invention relates generally to electrodeposition 
baths, systems and methods. In some embodiments, the baths, 
systems and methods are used to deposit metal alloy coatings. 

BACKGROUND OF INVENTION 

[0002] Electrodeposition is a common technique for depos 
iting material on a substrate. Electrodeposition generally 
involves applying a voltage to a substrate placed in an elec 
trodeposition bath to reduce metal ionic species Within the 
bath Which deposit on the substrate in the form of a metal, or 
metal alloy, coating. The voltage may be applied betWeen an 
anode and a cathode using a poWer supply. At least one of the 
anode or cathode may serve as the substrate to be coated. In 
some electrodeposition processes, the voltage may be applied 
as a complex Waveform such as in pulse plating, alternating 
current plating, or reverse-pulse plating. 
[0003] A variety of metal and metal alloy coatings may be 
deposited using electrodeposition. For example, metal alloy 
coatings can be based on tWo or more transition metals. 
Tungsten-based coatings are one example of an electrodepos 
ited coating. Such coatings may be tungsten alloys including 
one or more of the elements Ni, Fe, Co, B, S and P. These 
coatings often exhibit desirable properties, including high 
hardness, abrasion resistance, good luster, Wear properties, 
coe?icient of friction in sliding applications, amongst others. 
[0004] Generally, the electrodeposition baths include one 
or more metal sources as Well as additives that may improve 

the deposition process and/ or the resulting coating. The metal 
source(s) may be selected based on the desired composition 
of the metallic coating on the article. Typical additives 
include Wetting agent(s), brightening agent(s), leveling agent 
(s), carrier(s), ductility agent(s), and others. 
[0005] There is ongoing need for developments of neW 
additives and/or neW additive combinations to further 
improve the deposition process and/or the resulting coating. 
In particular, there is a need for neW additives and/or neW 
additive blends that are effective in electrodeposition pro 
cesses that use complex Waveforms such as in pulse plating, 
alternating current plating, or reverse-pulse plating. 

SUMMARY OF INVENTION 

[0006] Electrodeposition baths and methods are described. 
[0007] In one aspect, an electrodeposition bath is provided. 
The electrodeposition bath comprises tungsten and/ or molyb 
denum ionic species and ionic species of a second metal. The 
electrodeposition bath further comprises a brightening agent 
comprising an alkynyl alkoxy alkane compound. 
[0008] In another aspect, an electrodeposition bath is pro 
vided. The electrodeposition bath comprises tungsten and/or 
molybdenum ionic species and ionic species of a second 
metal. The electrodeposition bath further comprises a Wetting 
agent comprising a sulfopropylated polyalkoxy napthol com 
pound. 
[0009] In another aspect, an electrodeposition bath is pro 
vided. The electrodeposition bath comprises tungsten and/or 
molybdenum ionic species and ionic species of a second 
metal. The electrodeposition bath further comprises a Wetting 
agent comprising an anionic, non-ionic, or amphoteric ?uo 
rocarbon compound. 
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[0010] In another aspect, a method for electrodepositing a 
tungsten- and/or molybdenum-based coating is provided. The 
method comprises providing an anode, a cathode, an elec 
trodeposition bath associated With the anode and the cathode, 
and a poWer supply connected to the anode and the cathode, 
the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second metal 
and a brightening agent comprising an alkynyl alkoxy alkane 
compound. The method further comprises driving the poWer 
supply to generate a Waveform to electrodeposit a coating on 
a substrate. 

[0011] In another aspect, a method for electrodepositing a 
tungsten- and/or molybdenum-based coating is provided. The 
method comprises providing an anode, a cathode, an elec 
trodeposition bath associated With the anode and the cathode, 
and a poWer supply connected to the anode and the cathode, 
the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second metal 
and a Wetting agent comprising a sulfopropylated polyalkoxy 
napthol. The method further comprises driving the poWer 
supply to generate a Waveform to electrodeposit a coating on 
a substrate. 

[0012] In another aspect, a method for electrodepositing a 
tungsten- and/or molybdenum-based coating is provided. The 
method comprises providing an anode, a cathode, an elec 
trodeposition bath associated With the anode and the cathode, 
and a poWer supply connected to the anode and the cathode, 
the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second metal 
and a Wetting agent comprising an anionic, non-ionic, or 
amphoteric ?uorocarbon compound. The method further 
comprises driving the poWer supply to generate a Waveform 
to electrodeposit a coating on a substrate. 

[0013] In another aspect, a method for electrodepositing a 
tungsten- and/or molybdenum-based coating is provided. The 
method comprises providing an anode, a cathode, an elec 
trodeposition bath associated With the anode and the cathode, 
and a poWer supply connected to the anode and the cathode, 
the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second metal 
and a brightening agent comprising an alkyne compound. The 
method further comprises driving the poWer supply to gener 
ate a Waveform to electrodeposit a coating on a substrate, the 
Waveform comprising at least one forWard pulse and at least 
one reverse pulse. 

[0014] In another aspect, a method of analyZing an alkynyl 
alkoxy alkane compound in an electroplating bath is pro 
vided. The method comprises removing a sample from an 
electroplating bath comprising a tungsten and/or molybde 
num ionic species, an ionic species of a second metal, and a 
brightening agent comprising an alkynyl alkoxy alkane com 
pound and adding a metal compound to the sample to form a 
metal-bound species by reaction of the alkynyl alkoxy alkane 
compound With the metal compound. The method further 
comprises analyZing the metal-bound species. 
[0015] In another aspect, a method for analyZing an alkyne 
compound in an electroplating bath is provided. The method 
comprises removing a sample from an electroplating bath 
comprising a tungsten and/or molybdenum ionic species, an 
ionic species of a second metal, a brightening agent compris 
ing an alkynyl alkoxy alkane compound, and a secondary 
brightening agent comprising an alkyne compound. The 
method further comprises extracting the alkyne compound 
from the sample by addition of an organic solvent to the 
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sample, reacting the alkyne With an oxidizing agent to pro 
duce a reacted alkyne, and analyzing the reacted alkyne. 
[0016] Other aspects, embodiments and features of the 
invention Will become apparent from the following detailed 
description When considered in conjunction With the accom 
panying draWings. The accompanying ?gures are schematic 
and are not intended to be draWn to scale. For purposes of 
clarity, not every component is labeled in every ?gure, nor is 
every component of each embodiment of the invention shoWn 
Where illustration is not necessary to alloW those of ordinary 
skill in the art to understand the invention. All patent appli 
cations and patents incorporated herein by reference are 
incorporated by reference in their entirety. In case of con?ict, 
the present speci?cation, including de?nitions, Will control. 

BRIEF DESCRIPTION OF DRAWINGS 

[0017] FIG. 1 shoWs an electrodeposition system according 
to an embodiment. 

[0018] FIG. 2 shoWs an example of a Waveform comprising 
a reverse pulse sequence according to an embodiment. 

[0019] FIG. 3 shoWs an example of a Waveform comprising 
(i) a ?rst segment including a single, forWard pulse and (ii) a 
second segment including a reverse pulse sequence. 

DETAILED DESCRIPTION 

[0020] Electrodeposition baths and methods are described. 
The baths include one or more additives that promote depo 
sition of coatings that exhibit desirable properties and char 
acteristics Which can include brightness, surface levelness, 
re?ectivity, hardness and ductility. The coatings, for example, 
may comprise a tungsten alloy such as a nickel-tungsten alloy. 
In some cases, the coatings may comprise molybdenum 
instead of or in addition to tungsten. As described further 
beloW, the additives can include a brightening agent compris 
ing an alkynyl alkoxy alkane compound and/ or a Wetting 
agent comprising a sulfopropylated polyalkoxy napthol com 
pound. In some embodiments, a brightening agent compris 
ing an alkyne compound is used. The additives have been 
found to be particularly effective When used in combination 
With an electrodeposition process that utiliZes a complex 
Waveform such as reverse pulse. 

[0021] FIG. 1 shoWs an electrodeposition system 10 
according to an embodiment. System 10 includes a elec 
trodeposition bath 12. As described further beloW, the bath 
includes the metal sources used to form the coating and one or 
more additives. An anode 14 and cathode 16 are provided in 
the bath. A poWer supply 18 is connected to the anode and the 
cathode. During use, the poWer supply generates a Waveform 
Which creates a voltage difference betWeen the anode and 
cathode. The voltage difference leads to reduction of metal 
ionic species in the bath Which deposit in the form of a coating 
on the cathode, in this embodiment, Which also functions as 
the substrate. 

[0022] It should be understood that the illustrated system is 
not intended to be limiting and may include a variety of 
modi?cations as knoWn to those of skill in the art. 

[0023] The electrodeposition baths comprise a ?uid carrier 
for the metal source(s) and additive(s). In some embodiments, 
the ?uid carrier is Water. HoWever, it should be understood 
that other ?uid carriers may also be used such as molten salts, 
cryogenic solvents, alcohol baths, amongst others. Those of 
ordinary skill in the art are able to select suitable ?uid carriers. 
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[0024] The pH of the electrodeposition bath can be from 
about 2.0 to 12.0. In some cases, the electrodeposition bath 
may have a pH from about 7.0- to 9.0, or, in some cases, from 
about 7.6 to 8.4, or, in some cases, from about 7.9 to 8.1. 
HoWever, it should be understood that the pH may be outside 
the above-noted ranges. 

[0025] In some cases, the operating range for the elec 
trodeposition baths described herein is 30-100o C., 40-900 C., 
50-80° C., or, in some cases, 50-700 C. HoWever, is should be 
understood that other temperature ranges may also be suit 
able. 

[0026] The baths include suitable metal sources for depos 
iting a coating With the desired composition. When deposit 
ing a metal alloy, it should be understood that all of the metal 
constituents in the alloy have sources in the bath. The metal 
sources are generally ionic species that are dissolved in the 
?uid carrier. As described further beloW, during the elec 
trodeposition process, the ionic species are deposited in the 
form of a metal, or metal alloy, to form the coating. In general, 
any suitable ionic species can be used. The ionic species may 
be metal salts. For example, sodium tungstate, ammonium 
tungstate, tungstic acid, etc. may be used as the tungsten 
source When depositing a coating comprising tungsten; and, 
nickel sulfate, nickel hydroxy carbonate, nickel carbonate, 
nickel hydroxide, etc. may be used as the nickel source to 
deposit a coating comprising tungsten. In some cases, the 
ionic species may comprise molybdenum. It should be under 
stood that these ionic species are provided as examples and 
that many other sources are possible. 

[0027] As described herein, the electrodeposition baths 
may include one or more components (e.g., additives) that 
may enhance the performance of the baths in producing 
coated articles. 

[0028] In some embodiments, the baths may include at least 
one brightening agent. The brightening agent may be any 
species that, When included in the baths described herein, 
improves the brightness and/ or smoothness of the metal coat 
ing produced. In some cases, the brightening agent is a neutral 
species. In some cases, the brightening agent comprises a 
charged species (e.g., a positively charged ion, a negatively 
charged ion). In one set of embodiments, the brightening 
agent may comprise an alkyl group, optionally substituted. In 
some embodiments, the brightening agent may comprise a 
heteroalkyl group, optionally substituted. 
[0029] In some cases, the brightening agent may be an 
alkynyl alkoxy alkane. For example, the brightening agent 
may comprise a compound having the folloWing formula, 

Wherein n is an integer betWeen 1 and 100, and R1 is alkyl or 
heteroalkyl, optionally substituted. In some cases, the R1 is an 
alkyl group, optionally substituted With OH or SO3. In some 
embodiments, Rl comprises a group having the formula (R2) 
m, Wherein R2 is alkyl or heteroalkyl, optionally substituted, 
and m is an integer betWeen 3 and 103, such that n is less than 
or equal to (m-2). In some embodiments, n is an integer 
betWeen 1 and 5. In some embodiments, m is an integer 
betWeen 3 and 7. Some speci?c examples of brightening 
agents include, but are not limited to, propargyl-oxo-pro 
pane-2,3-dihydroxy (POPDH) and propargyl-3-sulfopropyl 
ether Na salt (POPS). It should be understood that other 
alkynyl alkoxy alkanes may also be useful as brightening 
agents. 
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[0030] In some cases, the brightening agent may comprise 
an alkyne. For example, the alkyne may be a hydroxy alkyne. 
In some embodiments, the brightening agent may comprise a 
compound having the following formula, 

Wherein R3 and R4 can be the same or different and each is H, 
alkyl, hydroxyalkyl, or amino optionally substituted, and x 
and y can the be same or different and each is an integer 
betWeen 1 and 100. In some cases, at least one of R3 or R4 
comprises a hydroxyalkyl group. In some instances, at least 
one of R3 or R4 comprises an amino functional group. In some 
embodiments, x and y can be the same or different and are 
integers betWeen 1-5, and at least one of R3 and R4 comprises 
a hydroxyalkyl group. In an illustrative embodiment, the 
alkyne is 2-butyne-1,4-diol. In another illustrative embodi 
ment, the alkyne is 1-diethylamino-2-propyne. It should be 
understood that other alkynes may also be useful as bright 
ening agents Within the context of the invention. 
[0031] In some cases, the brightening agent may be chosen 
from those molecules falling Within the betain family, Where 
a betain is a neutrally charged compound comprised of a 
positively charged cationic functional group and a negatively 
charged anionic functional group. Here examples of the cat 
ionic side of the betain couldbe ammonium, phosphonium, or 
pyridinium groups optionally substituted, and examples of 
the anionic side could be carboxylic, sulfonic, or sulfate 
groups. It should be understood that these functional groups 
are for illustration and are not intended to be limiting. 

[0032] In some cases, the electrodeposition baths may 
include a combination of at least tWo brightening agents. For 
example, a bath may comprise both a brightening agent com 
prising an alkynyl alkoxy alkane and a second brightening 
agent comprising an alkyne. 
[0033] The baths may comprise the brightening agent in a 
concentration of from 0.05 g/L to 5 g/L, from 0.05 g/L to 3 
g/L, from 0.05 g/L to 1 g/L, or, in some cases, from 0.01 g/L 
to 1 g/L. In some cases, the baths may comprise the bright 
ening agent in a concentration of from 0.05 g/L to 1 g/ L, from 
0.05 g/L to 0.50 g/L, from 0.05 g/L to 0.25 g/L, or, in some 
cases, from 0.05 g/L to 0.15 g/L. Those ofordinary skill in the 
art Would be able to select the concentration of brightening 
agent, or mixture of brightening agents, suitable for use in a 
particular application. 
[0034] Those of ordinary skill in the art Would be able to 
select the appropriate brightening agent, or combination of 
brightening agents, suitable for use in a particular invention. 
In some embodiments, the alkynyl alkoxy alkane, alkyne, or 
other brightening agent may be selected to exhibit compat 
ibility (e.g,. solubility) With the eletroplating bath and com 
ponents thereof. For example, the brightening agent may be 
selected to include one or more hydrophilic species to provide 
greater hydrophilicity to the brightening agent. The hydro 
philic species can be, for example, amines, thiols, alcohols, 
carboxylic acids and carboxylates, sulfates, phosphates, 
polyethylene glycols (PEGs), or derivatives of polyethylene 
glycol. The presence of a hydrophilic species can impart 
enhanced Water solubility to the brightening agent. For 
example, R1, R2, and/or R3 as described above may be 
selected to comprise a hydroxyl group or a sulfate group. 

[0035] In some cases, the baths may include at least one 
Wetting agent. A Wetting agent refers to any species capable of 
increasing the Wetting ability of the electrodeposition bath 
With the surface of the article to be coated. For example, the 
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substrate may comprise a hydrophilic surface, and the Wetting 
agent may enhance the compatibility (e.g., Wettability) of the 
bath relative to the substrate. In some cases, the Wetting agent 
may also reduce the number of defects Within the metal coat 
ing that is produced. The Wetting agent may comprise an 
organic species, an inorganic species, an organometallic spe 
cies, or combinations thereof. In some embodiments, the 
Wetting agent may be selected to exhibit compatibility (e.g,. 
solubility) With the eletroplating bath and components 
thereof. For example, the Wetting agent may be selected to 
include one or more hydrophilic species, including amines, 
thiols, alcohols, carboxylic acids and carboxylates, sulfates, 
phosphates, polyethylene glycols (PEGs), or derivatives of 
polyethylene glycol, to enhance the Water solubility of the 
Wetting agent. 
[0036] In one set of embodiments, the Wetting agent may 
comprise an aromatic group, optionally substituted. For 
example, the Wetting agent may comprise a naphthyl group 
substituted With one or more an alkyl or heteroalkyl group, 
optionally substituted. 
[0037] In some cases, the Wetting agent may comprise a 
sulfopropylated polyalkoxy napthol having the folloWing for 
mula, 

Wherein R5 comprises an alkyl or heteroalkyl group. In some 
cases, R5 comprises a charged group, such as S03. For 
example, the Wetting agent may comprise the group, i(CH2) 
3S03. In some embodiments, R5 may comprise a group hav 
ing the formula (R6)q, Wherein R6 is alkyl or heteroalkyl, 
optionally substituted, and q is an integer betWeen 1-100. In 
an illustrative embodiment, the Wetting agent may be Ralufon 
NAPE 14-90 (Raschig GmbH). 
[0038] In another set of embodiments, the Wetting agent 
may comprise a ?uorocarbon, optionally substituted. The 
?uorocarbon could be fully or partially ?uorinated. The Wet 
ting agent could be chosen from the groups of anionic, non 
ionic and amphoteric ?uorocarbons. For example, an anionic 
Wetting agent may comprise a ?uorocarbon substituted With 
an anionic moiety such as a carboxylate, sulfonate, sulfate, 
phosphate, etc. An example of an anionic ?uorinated Wetting 
agent is CSFI7SO3Na. Non-ionic Wetting agents are substan 
tially non-dissociated in an electroplating bath, for example 
CSFl7iCH2iCH2iOi(CH2%H2A))niH. Amphot 
eric Wetting agents have at least one anionic and cationic 
moiety. An example of an amphoteric ?uorinated Wetting 
agent is C61313i(CH2)2iSO2iHNi(CH2)3iN(CH3)Zi 
CHziCOOH. 
[0039] Additives described herein can be used both indi 
vidually and/or in any combinations thereof to provide 
improved coating quality through brightening, leveling and 
reduction in propensity for surface pitting. 
[0040] In some embodiments, the electrodeposition bath 
may include additional additives. For example, the elec 
trodeposition bath may comprise one or more complexing 
agents. A complexing agent refers to any species Which can 
coordinate With the metallic ions contained in the solution. 
The complexing agent may be an organic species, such as a 
citrate ion, or an inorganic species, such as an ammonium ion. 
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In some cases, the complexing agent is a neutral species. In 
some cases, the complexing agent is a charged species (e.g., 
negatively charged ion, positively charged ion). Examples of 
complexing agents include citrates, gluconates, tartrates, and 
other alkyl hydroxyl carboxylic acids. Generally, a complex 
ing agent, or mixture of complexing agents, may be included 
in the electrodeposition bath Within a concentration range of 
10-200 g/L, and, in some cases, Within the range of40-80 g/L. 
In one embodiment, the complexing agent is a citrate ion. In 
some embodiments, ammonium ions may be incorporated 
into the electrolyte bath as complexing agents and to adjust 
solution pH. For example, the electrodeposition bath may 
comprise ammonium ions in the range of 1-50 g/ L, and 
betWeen 10-30 g/L. 
[0041] Those of ordinary skill in the art Would be able to 
select the appropriate combination of brightening agent, Wet 
ting agent, and/or other additives suitable for use in a particu 
lar application. For example, a screening test for selection of 
a bath component may include electroplating a coating using 
a particular bath composition as described herein, or series of 
bath compositions, and comparing the resulting coating(s) 
formed to determine the bath composition that produces the 
desired coating or coating characteristic. In one set of 
embodiments, a series of bath compositions, each including a 
different brightening agent, may be used to electroplate a 
series of coatings. The characteristics (e.g., appearance, sta 
bility, etc.) of the resulting coatings may then be evaluated to 
select the appropriate brightening agent. Similar screening 
tests may also be employed for other bath components, 
including Wetting agent and/or other additives. 
[0042] As used herein, the term “alkyl” refers to the radical 
of saturated aliphatic groups, including straight-chain alkyl 
groups, branched-chain alkyl groups, cycloalkyl(alicyclic) 
groups, alkyl substituted cycloalkyl groups, and cycloalkyl 
substituted alkyl groups. The alkyl groups may be optionally 
substituted, as described more fully beloW. Examples of alkyl 
groups include, but are not limited to, methyl, ethyl, propyl, 
isopropyl, butyl, isobutyl, tert-butyl, 2-ethylhexyl, cyclopro 
pyl, cyclobutyl, cyclopentyl, cyclohexyl, and the like. “Het 
eroalkyl” groups are alkyl groups Wherein at least one atom is 
a heteroatom (e.g., oxygen, sulfur, nitrogen, phosphorus, 
etc.), With the remainder of the atoms being carbon atoms. 
Examples of heteroalkyl groups include, but are not limited 
to, alkoxy, poly(ethylene glycol)-, alkyl-substituted amino, 
tetrahydrofuranyl, piperidinyl, morpholinyl, etc. 
[0043] The terms “alkenyl” and “alkynyl” refer to unsatur 
ated aliphatic groups analogous to the alkyl groups described 
above, but containing at least one double or triple bond 
respectively. The “heteroalkenyl” and “heteroalkynyl” refer 
to alkenyl and alkynyl groups as described herein in Which 
one or more atoms is a heteroatom (e.g., oxygen, nitrogen, 

sulfur, and the like). 
[0044] As used herein, the term “substituted” is contem 
plated to include all permissible substituents of organic com 
pounds, “permissible” being in the context of the chemical 
rules of valence knoWn to those of ordinary skill in the art. In 
some cases, “substituted” may generally refer to replacement 
of a hydrogen With a substituent as described herein. HoW 

ever, “substituted,” as used herein, does not encompass 
replacement and/or alteration of a key functional group by 
Which a molecule is identi?ed, e.g., such that the “substi 
tuted” functional group becomes, through substitution, a dif 
ferent functional group. For example, a “substituted het 
eroalkyl” must still comprise the heteroalkyl moiety and can 
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not be modi?ed by substitution, in this de?nition, to become, 
e.g., an alkyl group. In a broad aspect, the permissible sub 
stituents include acyclic and cyclic, branched and 
unbranched, carbocyclic and heterocyclic, aromatic and non 
aromatic substituents of organic compounds. Illustrative sub 
stituents include, for example, those described herein. The 
permissible substituents can be one or more and the same or 

different for appropriate organic compounds. For purposes of 
this invention, the heteroatoms such as nitrogen may have 
hydrogen substituents and/or any permissible substituents of 
organic compounds described herein Which satisfy the valen 
cies of the heteroatoms. This invention is not intended to be 
limited in any manner by the permissible substituents of 
organic compounds. 
[0045] Examples of substituents include, but are not limited 
to, alkyl, aryl, aralkyl, cyclic alkyl, heterocycloalkyl, 
hydroxy, alkoxy, aryloxy, perhaloalkoxy, aralkoxy, het 
eroaryl, heteroaryloxy, heteroarylalkyl, heteroaralkoxy, 
aZido, amino, halogen, alkylthio, oxo, acylalkyl, carboxy 
esters, carboxyl, -carboxamido, nitro, acyloxy, aminoalkyl, 
alkylaminoaryl, alkylaryl, alkylaminoalkyl, alkoxyaryl, ary 
lamino, aralkylamino, alkylsulfonyl, carboxamidoalkylaryl, 
carboxamidoaryl, hydroxyalkyl, haloalkyl, alkylaminoalkyl 
carboxy, aminocarboxamidoalkyl, alkoxyalkyl, perhaloalkyl, 
arylalkyloxyalkyl, and the like. 
[0046] In some aspects, various techniques can be used to 
monitor the contents of the electrodeposition baths. For 
example, the techniques may determine the concentration of 
one or more of the additives in the bath such as the brightening 
agent(s), Wetting agent(s), complexing agent(s), etc. If the 
concentration of the additive(s) is beloW or above a desired 
concentration, the bath composition may be adjusted so that 
the concentration lies Within the desired range. 

[0047] In some embodiments, techniques for determining 
the concentration of a brightening agent comprising an 
alkyne (eg a hydroxy alkyne) compound, are provided. In 
some cases, the compound may be a diol, such a 2-butyne-1, 
4-diol. The techniques generally involve removing a sample 
from the electroplating bath. In some instances, an oxidiZing 
agent is reacted With the alkyne to produce a reacted alkyne. 
As described beloW, the reacted alkyne may be analyZed. In 
some methods, the alkyne is extracted from a sample taken 
from the electrodeposition bath using a solvent (e.g., an 
organic solvent, such as butyl acetate). The solvent containing 
the alkyne, in some cases, is treated With an aqueous solution 
containing an oxidiZing agent (e.g. potassium permanganate, 
a chromium compound, etc.) to produce a reacted alkyne and 
a distinguishable color change. In some instances, using colo 
rimetry, the solution having a distinguishable color can be 
compared to a set of colored solutions generated using a 
knoWn quantity of alkyne to determine the concentration of 
alkyne in the electrodeposition bath. By determining the con 
centration of alkyne in the electrodeposition bath, adjust 
ments can be made to the electrodeposition bath to produce a 
desired concentration of alkyne. 
[0048] In other embodiments, the invention provides tech 
niques for determining the concentration of a brightening 
agent comprising an alkynyl alkoxy alkane compound. In 
some embodiments, the alkynyl alkoxy alkane compound can 
be a terminal alkyne, such as POPS and/or POPDH. The 
techniques generally involve removing a sample from the 
electroplating bath. In some methods, a metal compound is 
added to the sample Which reacts With the alkynyl alkoxy 
alkane compound to form a metal-bound species. As 
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described further below, the metal-bound species may be 
analyzed. In some methods, the pH of the sample is adjusted 
to a value above pH 7 (e. g., about pH 8) by the addition of an 
alkaline solution (e.g., aqueous sodium hydroxide) prior to 
adding the metal compound. In some methods, the alkynyl 
alkoxy alkane can be precipitated When the metal compound 
is added to form the metal-bound species, Which may be in the 
form of a suspension of particles in solution. Some examples 
of suitable metal compounds for precipitation of the alkynyl 
alkoxy alkane are silver compounds (eg silver nitrate) and/or 
copper compounds [eg copper(I) chloride]. The turbidity of 
the metal-bound species, Which may be in the form of a 
suspension of particles, can be measured using, for example, 
a turbidity meter. A standard curve for alkynyl alkoxy alkane 
concentration versus turbidity can be generated, for example, 
using the turbidity values of a set of solutions containing a 
range of knoWn concentrations of the alkynyl alkoxy alkane 
and plotting the turbidity values against the knoWn concen 
trations of the alkynyl alkoxy alkane. Fitting a curve to the 
resultant plot, using a method such as a linear regression, can 
alloW the derivation of a general mathematical formula for 
calculating the concentration of the alkynyl alkoxy alkane in 
a sample having an unknown concentration of the alkynyl 
alkoxy alkane by inputting the turbidity value of the sample 
into the formula. 

[0049] In other instances, potentiometry can be used to 
analyZe the metal-bound species. In some methods, the 
amount of unreacted metal compound in the sample is deter 
mined by potentiometric titration and is used to calculate the 
amount of metal-bound species formed by the reaction of the 
metal compound With the alkynyl alkoxy alkane. In some 
embodiments, a thiocyanate (e. g. potassium thiocyanate) 
solution is used to titrate the sample containing the unreacted 
metal compound and determine the amount of metal com 
pound remaining after reaction of the metal compound With 
the alkynyl alkoxy alkane. Generally, the amount of metal 
bound species formed by reaction of the metal compound 
With the alkynyl alkoxy alkane is proportional to the amount 
of the metal compound consumed during the reaction and can 
be calculated by subtracting the amount of metal compound 
remaining after reaction of the metal compound With the 
alkynyl alkoxy alkane from the initial amount of metal com 
pound added to the sample. As described above for analyZing 
the metal-bound species by measuring turbidity, an analo 
gous standard curve for alkynyl alkoxy alkane concentration 
versus amount of titrant consumed can be generated, thereby 
alloWing a mathematical formula for calculating the concen 
tration of the alkynyl alkoxy alkane in a sample having an 
unknoWn concentration of the alkynyl alkoxy alkane to be 
derived. By determining the concentration of alkynyl alkoxy 
alkane in the electrodeposition bath, adjustments can be made 
to the electrodeposition bath to produce a desired concentra 
tion of alkynyl alkoxy alkane. 
[0050] In additional embodiments, a method is provided for 
determining the concentration of a Wetting agent. In some 
instances, the Wetting agent comprises a sulfopropylated 
polyalkoxy napthol such as Ralufon NAPE 14-90. An elec 
trodeposition bath sample can be combined With a solvent 
(e.g. chloroform) and an indicator solution. In one example, 
the indicator solution comprises tWo indicator dyes such as 
dimidium bromide and patent blue. The mixture containing 
the sample, solvent, and indicator solution can be titrated With 
a titrating agent until a distinguishable color change can be 
observed. In some instances, the solvent in the mixture is pink 
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in color, and benZethonium chloride (a titrating agent) is 
added to the mixture until the solvent is blue in color. A 
standard curve for Wetting agent concentration versus amount 
of benZethonium chloride titrated can be generated, for 
example, using the amount of benZethonium chloride titrated 
in a set of solutions containing a range of knoWn concentra 
tions of the Wetting agent and plotting the amount of heme 
thonium chloride titrated against the knoWn concentrations of 
the Wetting agent. Fitting a curve to the resultant plot, using a 
method such as a linear regression, can alloW the derivation of 
a general mathematical formula for calculating the concen 
tration of the Wetting agent in a sample having an unknoWn 
concentration of the Wetting agent by inputting the amount of 
benZethonium chloride titrated in the mixture of sample, sol 
vent, and indicator solution into the formula. By determining 
the concentration of Wetting agent in the electrodeposition 
bath, adjustments can be made to the electrodeposition bath to 
produce a desired concentration of Wetting agent. 

[0051] In general, the electrodeposition baths can be used 
in connection With any electrodeposition process. Elec 
trodeposition generally involves the deposition of a coating 
on a substrate by contacting the substrate With an elec 
trodeposition bath and ?oWing electrical current betWeen tWo 
electrodes through the electrodeposition bath, i.e., due to a 
difference in electrical potential betWeen the tWo electrodes. 
For example, methods described herein may involve provid 
ing an anode, a cathode, an electrodeposition bath associated 
With (e.g., in contact With) the anode and cathode, and a 
poWer supply connected to the anode and cathode. In some 
cases, the poWer supply may be driven to generate a Wave 
form for producing a coating, as described more fully beloW. 
In some embodiments, at least one electrode may serve as the 
substrate to be coated. 

[0052] The electrodeposition may be modulated by varying 
the potential that is applied betWeen the electrodes (e.g., 
potential control or voltage control), or by varying the current 
or current density that is alloWed to How (e.g., current or 
current density control). In some embodiments, the coating 
may be formed (e.g., electrodeposited) using direct current 
(DC) plating, pulsed current plating, reverse pulse current 
plating, or combinations thereof. Pulses, oscillations, and/or 
other variations in voltage, potential, current, and/or current 
density, may also be incorporated during the electrodeposi 
tion process, as described more fully beloW. For example, 
pulses of controlled voltage may be alternated With pulses of 
controlled current or current density. In general, during an 
electrodeposition process an electrical potential may exist on 
the substrate to be coated, and changes in applied voltage, 
current, or current density may result in changes to the elec 
trical potential on the substrate. In some cases, the elec 
trodeposition process may include the use of Waveforms com 
prising one or more segments, Wherein each segment involves 
a particular set of electrodeposition conditions (e.g., current 
density, current duration, electrodeposition bath temperature, 
etc.), as described more fully beloW. 

[0053] In some embodiments, a coating, or portion thereof, 
may be electrodeposited using direct current (DC) plating. 
For example, a substrate (e. g., electrode) may be positioned in 
contact With (e.g., immersed Within) a electrodeposition bath 
comprising one or more species to be deposited on the sub 
strate. A constant, steady electrical current may be passed 
through the electrodeposition bath to produce a coating, or 
portion thereof, on the substrate. 
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[0054] In some cases, the electrodeposition method 
involves driving a power supply to generate a Waveform to 
electrodeposit a coating. The Waveform may have any shape, 
including square Waveforms, non-square Waveforms of arbi 
trary shape, and the like. As described further below, in some 
methods such as When forming coatings having different 
portions, the Waveform may have different segments used to 
form the different portions. HoWever, it should be understood 
that not all methods use Waveforms having different seg 
ments. 

[0055] In some cases, a bipolar Waveform may be used, 
comprising at least one forWard pulse and at least one reverse 
pulse, i.e., a “reverse pulse sequence.” As noted above, the 
electrodeposition baths described herein are particularly Well 
suited for depositing coatings using complex Waveforms such 
as reverse pulse sequences. In some embodiments, the at least 
one reverse pulse immediately folloWs the at least one for 
Ward pulse. In some embodiments, the at least one forWard 
pulse immediately folloWs the at least one reverse pulse. In 
some cases, the bipolar Waveform includes multiple forWard 
pulses and reverse pulses. Some embodiments may include a 
bipolar Waveform comprising multiple forWard pulses and 
reverse pulses, each pulse having a speci?c current density 
and duration. In some cases, the use of a reverse pulse 
sequence may alloW for modulation of composition and/or 
grain siZe of the coating that is produced. 
[0056] In some embodiments, a reverse pulse sequence 
may be applied such that the forWard (e.g., positive) current 
density, When integrated over the duration of the forWard 
current pulse(s), is of a similar magnitude to the reverse (e.g., 
negative) current density integrated over the duration of the 
reverse current segment. FIG. 2 shoWs an example of a 
reverse pulse sequence, Wherein portions A represent the 
reverse current density integrated over the duration of the 
reverse current pulse(s) and portions B represent the forWard 
current density integrated over the duration of the forWard 
current pulse(s). 
[0057] As noted above, some embodiments may include a 
Waveform having more than one segment, each segment 
including a particular set of electrodeposition conditions. 
That is, the Waveform is different in different segments. For 
example, the Waveform may include one segment comprising 
at least one forWard pulse and at least one reverse pulse (e.g., 
a bipolar Waveform or a reverse pulse sequence), and another 
segment comprising a single forWard, or reverse, pulse. In 
some cases, the segment having the single pulse may be 
arranged prior to the segment having the reverse pulse 
sequence. For example, FIG. 3 shoWs an example of a Wave 
form comprising (i) a ?rst segment including a single, for 
Ward pulse and (ii) a second segment including a reverse pulse 
sequence, according to one embodiment of the invention. In 
some cases, the second segment is similar to the Waveform 
shoWn in FIG. 2. It also should be understood that the Wave 
form may have more segments in addition to the ?rst and 
second segments. 
[0058] The methods of the invention may utiliZe certain 
aspects of methods described in US. Patent Publication No. 
2006/02722949, entitled “Method for Producing Alloy 
Deposits and Controlling the Nanostructure Thereof using 
Negative Current Pulsing Electro-deposition, and Articles 
Incorporating Such Deposits,” Which is incorporated herein 
by reference in its entirety. Aspects of other electrodeposition 
methods may also be suitable including those described in 
US. Patent Publication No. 2006/0154084 and US. applica 
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tion Ser. No. 1 1/ 985,569, entitled “Methods for Tailoring the 
Surface Topography of a Nanocrystalline or Amorphous 
Metal or Alloy and Articles Formed by Such Methods”, ?led 
Nov. 11, 2007, and US. patent application Ser. No. 12/120, 
564, ?led May 14, 2008 Which are incorporated herein by 
reference in their entireties. 
[0059] The coating comprises one or more metals. For 
example, the coating may comprise an alloy (e.g., a nickel 
tungsten alloy). Examples of suitable alloys may include tWo 
or more of the folloWing elements: Ni, W, Fe, B, S, Co, Mo, 
Cu, Cr, Zn and Sn, amongst others. In some cases, alloys that 
comprises tungsten (e. g., nickel-tungsten alloys) are particu 
larly preferred. Some speci?c examples of alloys include 
NiiW, NiiFeiW, NiiBiW, NiiSiW, CoiW, 
NiiMo, CoiMo and Ni4CiW. 
[0060] In some cases, the coating may be combined With 
additional phases. For example, hard particulates of metal, 
ceramic, intermetallic, or other material might be incorpo 
rated into the coating. Other potential phases Which may be 
incorporated Will also be recogniZed by those skilled in the 
art, such as solid lubricant particles of graphite or MoS2. 
[0061] In some embodiments, it may be advantageous for 
the coating to be substantially free of elements or compounds 
having a high toxicity or other disadvantages. In some 
embodiments, it may be advantageous for the coating to be 
substantially free of elements or compounds that are depos 
ited using species that have a high toxicity or other disadvan 
tages. For example, in some cases, the coating may be free of 
chromium (e.g., chromium oxide) since it is often deposited 
using chromium ionic species (e.g., Cr6+) Which are toxic. 
Such coatings may provide various processing, health, and 
environmental advantages over previous coatings. 
[0062] The coating may have any thickness suitable for a 
particular application. For example, the total coating thick 
ness may be betWeen 10 nm and 1 mm; in some cases, 
betWeen 100 nm and 200 micron; and, in some cases, betWeen 
100 nm and 100 micron. 

[0063] It should be understood, hoWever, that the coating 
may also have other thicknesses outside the above-noted 
ranges. 
[0064] In some cases, the coatings may have a particular 
microstructure. For example, at least a portion of the coating 
may have a nanocrystalline microstructure. As used herein, a 
“nanocrystalline” structure refers to a structure in Which the 
number-average siZe of crystalline grains is less than one 
micron. The number-average siZe of the crystalline grains 
provides equal statistical Weight to each grain and is calcu 
lated as the sum of all spherical equivalent grain diameters 
divided by the total number of grains in a representative 
volume of the body. In some embodiments, at least a portion 
of the coating may have an amorphous structure. As knoWn in 
the art, an amorphous structure is a non-crystalline structure 
characterized by having no long range symmetry in the 
atomic positions. Examples of amorphous structures include 
glass, or glass-like structures. Some embodiments may pro 
vide coatings having a nanocrystalline structure throughout 
essentially the entire coating. Some embodiments may pro 
vide coatings having an amorphous structure throughout 
essentially the entire coating. 
[0065] Various substrates may be coated to form coated 
articles, as described herein. In some cases, the substrate may 
comprise an electrically conductive material, such as a metal, 
metal alloy, intermetallic material, or the like. Suitable sub 
strates include steel, copper, aluminum, brass, bronZe, nickel, 
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polymers With conductive surfaces and/ or surface treatments, 
transparent conductive oxides, amongst others. 
[0066] The following examples are provided for illustra 
tion purposes and are not intended to be limiting. 

EXAMPLES 

[0067] Several experiments Were conducted to illustrate 
some embodiments of the present inventions. The experi 
ments involved coatings of NiiW alloys produced by aque 
ous electrodeposition. 

Example 1 

[0068] This example demonstrates the use of alkynyl 
alkoxy alkanes, as brightening agents in the deposition of 
NiiW alloy coatings. Brushed steel articles Were coated 
With NiiW alloys by electrodeposition from an aqueous 
electrodeposition bath. Each article Was immersed in an elec 
trodeposition bath, and a DC current Was applied using stain 
less steel counter electrodes. A 267 mL Hull Cell operating at 
3 amperes and 60° C. for 10 minutes With air agitation of the 
electrodeposition bath Was used to produce the coated 
articles. Coated articles formed using this method provided a 
current density evaluation range of about 0 amperes per 
square foot (ASF) to 225 ASF. Articles Were chemically pre 
pared prior to plating as is Well knoWn in the art. 

TABLE 1 

Solution A composition. 

Nickel metal (from nickel sulfate) 6.5 g/L 
Tungsten metal (from sodium tungstate) 32.5 g/L 
Citric acid 64 g/L 
Ammonium hydroxide to pH ~8.0 ~20 g/L 
Suf?cient Water to produce 
1 L ofsolution 

[0069] SolutionA Was used as the basic electrolyte solution 
for the electrodeposition baths demonstrated in this example, 
and brightening agents from the family of alkynyl alkoxy 
alkanes Were added to this solution in concentrations from 0 
to ~05 g/L. A hull cell test panel Was prepared as described 
above from Solution A With no additives, and the resulting 
NiiW alloy coating produced from this solution Was matte/ 
semi -bri ght beloW a current density of 20ASF and haZy/matte 
greater than a current density of 20 ASE. Article 1A served as 
the reference sample for comparison to articles coated using 
electrodeposition baths containing additives. 
[0070] Articles lB-F Were produced from electrodeposi 
tion baths containing Solution A and alkynyl alkoxy alkane 
additives at concentrations ranging from ~0.05 to ~05 g/L. 
The surface ?nishes of the coated articles varied as a function 
of the additive concentration and the current density, and each 
coated article in this example produced using electrodeposi 
tion baths containing an additive demonstrated improved 
brightening/leveling in the deposited coating as compared to 
the reference sample (Article 1A). Here bright coatings Were 
produced across a 200ASF current density range. Increases in 
concentration produced brighter coatings at higher current 
densities than loWer concentrations. 

Example 2 

[0071] This example demonstrates the use of hydroxy 
alkynes as brightening agents in the deposition of NiiW 
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alloy coatings. Articles in this example Were produced in the 
same fashion as those in Example 1 described above. 

[0072] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0073] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and brightening agents Were added to 
this solution in concentrations from ~0.02 to ~01 g/L. 
[0074] Articles 2B-D Were produced from electrodeposi 
tion baths containing SolutionA and a hydroxy alkyne addi 
tive at concentrations ranging from ~0.02 g/ L to ~01 g/ L. The 
surface ?nish of the coated articles varied as a function of the 
additive concentration and the current density, and each 
coated article in Example 2 produced using electrodeposition 
baths containing an additive demonstrated improved bright 
ening/leveling in the deposited coating as compared to the 
reference sample (Article 1A). Increases in concentration 
increased the brightness of the coatings at loW to medium 
current densities. 

Example 3 

[0075] This example demonstrates the use of betains as 
brightening agents in the deposition of NiiW alloy coatings. 
Articles in this example Were produced in the same fashion as 
those in Example 1 described above. 
[0076] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0077] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and brightening agents Were added to 
this solution in concentrations from ~01 to ~10 g/L. 
[0078] Articles 3B-E Were produced from electrodeposi 
tion baths containing Solution A and a betain additive at 
concentrations ranging from ~0.1 g/L to ~10 g/L. The surface 
?nish of the coated articles varied as a function of the additive 
concentration and the current density, and each coated article 
in Example 3 produced using electrodeposition baths con 
taining an additive demonstrated improved brightening/lev 
eling in the deposited coating as compared to the reference 
sample (Article 1A). Increases in concentration increased the 
brightness of the coatings at loW to medium current densities. 

Example 4 

[0079] This example demonstrates the use of polyalkoxy 
lated naphthols as Wetting agents in the deposition of NiiW 
alloy coatings. Articles in this example Were produced in the 
same fashion as those in Example 1 described above. 

[0080] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0081] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and Wetting agents Were added to this 
solution in concentrations from 0.1-1 g/L. 
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[0082] Articles 4B-F Were produced from electrodeposi 
tion baths containing Solution A and Wetting agents chosen 
from the polyalkoxylated naphthol and anionic ?uorocarbon 
families at concentrations of 0.1-1.0 g/L. A small degree of 
brightening Was observed at all concentrations of Wetting 
agents relative to the reference (Article 1A). Coating condi 
tions shoWn to produce pitting in the deposit With SolutionA 
Were evaluated using the Wetting agents in conjunction With 
SolutionA. Incorporation of the Wetting agents demonstrated 
reduced, and in some cases completely eliminated, pitting 
defects from the coatings. 

Example 5 

[0083] This example demonstrates the combined use of tWo 
brightening agents in the deposition of NiiW alloy coatings. 
Articles in this example Were produced in the same fashion as 
those in Example 1 described above. 
[0084] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0085] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and combinations of the brightening 
agents used in Examples 1 (0.12, 0.5 g/L), 2 (0.05 g/L), and 3 
(2 g/L) Were added. 
[0086] Articles 5B-E Were produced from electrodeposi 
tion baths containing Solution A and combinations of the 
alkynyl alkoxy alkane, hydroxy alkyne, and betain additives. 
Complementary brightening/leveling Was observed on 
coated articles in all examples, and each article in Example 5 
produced using electrodeposition baths containing a combi 
nation of additives demonstrated improved brightening/lev 
eling in the deposited coating as compared to the reference 
sample (Article 1A) and coated articles produced using elec 
trodeposition baths containing only one brightening agent, as 
described in Examples 1, 2, and 3. 

Example 6 

[0087] This example demonstrates the combined use of a 
brightening agent and a Wetting agent in the deposition of 
NiiW alloy coatings. Articles in this example Were pro 
duced in the same fashion as those in Example 1 described 
above. 
[0088] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0089] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and brightening (Example 1:0.12 g/L, 
0.24 g/L) and Wetting (Example 4: 0.4 g/L) agents Were 
added. 
[0090] Articles 6B-C Were produced from electrodeposi 
tion baths containing Solution A and the combination of a 
alkynyl alkoxy alkane and polyalkoxylated naphthol addi 
tives. Complementary coating quality, as evidenced by 
reduced propensity to surface pitting, Was observed on coated 
articles produced from both electrodeposition baths as com 
pared to coated articles produced using electrodeposition 
baths containing only one brightening agent, as shoWn in 
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Examples 1 and 4. Each article in Example 6 demonstrated 
improved brightening/leveling in the deposited coating as 
compared to the reference sample (Article 1A). 

Example 7 

[0091] This example demonstrates the combined use of tWo 
brightening agents and a Wetting agent in NiiW alloy coat 
ings. Articles in this example Were produced in the same 
fashion as those in Example 1 described above. 
[0092] Article 1A from Example 1 served as a reference for 
this example. As described above, the resulting NiiW alloy 
coating produced from this solution Was matte/semi-bright at 
a current density beloW 20 ASP and haZy/matte at a current 
density greater than 20 ASE. 
[0093] Solution A from Example 1 Was used as the basic 
electrolyte solution for the electrodeposition baths demon 
strated in this example, and brightening agents (Example 1: 
0.12 g/L, 0.24 g/L, 0.48 g/L; Example 2: 0.075 g/L) and a 
Wetting agent (Example 4: 0.4 g/L) Were added. 
[0094] Articles 7B-D Were produced from electrodeposi 
tion baths containing SolutionA and combinations of a alky 
nyl alkoxy alkane, a hydroxy alkyne, and a polyalkoxylated 
naphthol. Complementary brightening/leveling and reduced 
propensity to surface pitting Were observed on coated articles 
produced using each electrodeposition bath as compared to 
coated articles produced using electrodeposition baths con 
taining only one brightening or Wetting agent, as described in 
Examples 1, 2, 4, and as compared to coated articles produced 
using electrodeposition baths containing tWo additives, as 
described in Examples 5 and 6. Each article in Example 7 
demonstrated improved brightening/ leveling in the deposited 
coating as compared the reference sample (Article 1A). 
[0095] Having thus described several aspects of at least one 
embodiment of this invention, it is to be appreciated various 
alterations, modi?cations, and improvements Will readily 
occur to those skilled in the art. Such alterations, modi?ca 
tions, and improvements are intended to be part of this dis 
closure, and are intended to be Within the spirit and scope of 
the invention. Accordingly, the foregoing description and 
draWings are by Way of example only. 

What is claimed is: 
1. A electrodeposition bath comprising: 
tungsten and/or molybdenum ionic species; 
ionic species of a second metal; and 
a brightening agent comprising an alkynyl alkoxy alkane 

compound. 
2. The bath of claim 1, Wherein the second metal is nickel. 
3. The bath of claim 1, Wherein the brightening agent 

comprises a compound having the formula H4CECi 
[CH2]n4Oi[R1], Whereinn is an integerbetWeen 1 and 100, 
and R1 is alkyl or heteroalkyl, optionally substituted. 

4. The bath of claim 3, wherein R1 is an alkyl group, 
optionally substituted With OH or S03. 

5. The bath of claim 3, wherein R1 comprises a group 
having the formula (R2)m, Wherein R2 is alkyl or heteroalkyl, 
optionally substituted, andm is an integer betWeen 3 and 103, 
such that n is less than or equal to (m-2). 

6. The bath of claim 3, Wherein n is an integer betWeen 1 
and 5. 

7. The bath of claim 5, Wherein m is an integer betWeen 3 
and 7. 

8. The bath of claim 1, Wherein the brightening agent 
comprises POPDH. 
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9. The bath of claim 1, wherein the brightening agent 
comprises POPS. 

10. The bath of claim 1, Wherein the bath comprises 
betWeen 0.05 g/L and 0.15 g/L of the brightening agent. 

11. The bath of claim 1, further comprising a secondary 
brightening agent. 

12. The bath of claim 11, Wherein the secondary brighten 
ing agent comprises a hydroxy alkyne compound. 

13. The bath of claim 11, Wherein the secondary brighten 
ing agent comprises a compound having the formula [R3]xi 
CECi[R4]y, Wherein R3 and R4 can the be same or different 
and each is H, alkyl, hydroxyalkyl or amino, optionally sub 
stituted, and X and y can the be same or different and each is 
an integer betWeen 1 and 100. 

14. The bath of claim 13, Wherein at least one of R3 or R4 
comprises a hydroxyalkyl group. 

15. The bath of claim 13, Wherein X and y can be the same 
or different and are integers betWeen 1-5, and at least one of 
R3 and R4 comprises a hydroxyalkyl group. 

16. The bath of claim 13, Wherein the bath comprises 
betWeen 0.02 g/ L and 0.1 g/L of a secondary brightening 
agent. 

17. The bath of claim 11, Wherein the secondary brighten 
ing agent comprises a betain compound. 

18. The bath of claim 17, Wherein the bath comprises 
betWeen 0.1 g/L and 10 g/ L of a secondary brightening agent. 

19. The bath of claim 13, Wherein the alkyne is 2-butyne 
1,4-diol. 

20. The bath of claim 1, further comprising a Wetting agent. 
21. The bath of claim 20, Wherein the Wetting agent com 

prises a sulfopropylated polyalkoxy napthol compound. 
22. The bath of claim 20, Wherein the Wetting agent com 

prises an anionic, non-ionic, or amphoteric ?uorocarbon 
compound. 

23. The bath of claim 1, Wherein the pH of the bath is 
betWeen 7 and 9. 

24. The bath of claim 1, further comprising Water. 
25. The bath of claim 1, further comprising a complexing 

agent. 
26. An electrodeposition bath comprising: 
tungsten and/or molybdenum ionic species; 
ionic species of a second metal; and 
a Wetting agent comprising a sulfopropylated polyalkoxy 

napthol compound. 
27. The bath of claim 26, Wherein the Wetting agent has the 

general formula SO34C3H6i[Oi(R5 )]Z4C 1 OH8O, 
Wherein R5 is an alkyl group and Z is an integer betWeen 1 and 
100. 

28. The bath of claim 26, further comprising a brightening 
agent comprising an alkynyl alkoxy alkane compound. 

29. The bath of claim 28, Wherein the brightening agent 
comprises a compound having the formula H4CECi 
[CH2]niOi[R1], Wherein n is an integerbetWeen 1 and 100, 
and R1 is alkyl or heteroalkyl, optionally substituted. 

30. The bath of claim 29, wherein R1 is an alkyl group, 
optionally substituted With OH or S03. 

31. The bath of claim 29, wherein R1 comprises a group 
having the formula (R2)m, Wherein R2 is alkyl or heteroalkyl, 
optionally substituted, and m is an integer betWeen 3 and 103, 
such that n is less than or equal to (m-2). 

32. The bath of claim 29, Wherein n is betWeen 1 and 5. 
33. The bath of claim 31, Wherein m is betWeen 3 and 7. 
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34. An electrodeposition bath comprising: 
tungsten and/or molybdenum ionic species; 
ionic species of a second metal; and 
a Wetting agent comprising an anionic, non-ionic, or 

amphoteric ?uorocarbon compound. 
35. The bath of claim 34, Wherein the Wetting agent has the 

general formula SO34C3H6i[Oi(R5 )]Z4C 1OH8O, 
Wherein R5 is an alkyl group and Z is an integer betWeen 1 and 
100. 

36. The bath of claim 34, further comprising a brightening 
agent comprising an alkynyl alkoxy alkane compound. 

37. The bath of claim 36, Wherein the brightening agent 
comprises a compound having the formula H4CECi 
[CH2]n4Oi[R1], Whereinn is an integerbetWeen 1 and 100, 
and R1 is alkyl or heteroalkyl, optionally substituted. 

38. The bath of claim 37, wherein R1 is an alkyl group, 
optionally substituted With OH or S03. 

39. The bath of claim 37, wherein R1 comprises a group 
having the formula (R2)m, Wherein R2 is alkyl or heteroalkyl, 
optionally substituted, and m is an integer betWeen 3 and 103, 
such that n is less than or equal to (m-2). 

40. The bath of claim 37, Wherein n is betWeen 1 and 5. 

41. The bath of claim 39, Wherein m is betWeen 3 and 7. 

42. A method for electrodepositing a tungsten- and/or 
molybdenum-based coating, comprising: 

providing an anode, a cathode, an electrodeposition bath 
associated With the anode and the cathode, and a poWer 
supply connected to the anode and the cathode, 

the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second 
metal and a brightening agent comprising an alkynyl 
alkoxy alkane compound; and 

driving the poWer supply to generate a Waveform to elec 
trodeposit a coating on a substrate. 

43. The method of claim 42, Wherein the Waveform com 
prises at least one forWard pulse and at least one reverse pulse. 

44. A method for electrodepositing a tungsten- and/or 
molybdenum-based coating, comprising: 

providing an anode, a cathode, an electrodeposition bath 
associated With the anode and the cathode, and a poWer 
supply connected to the anode and the cathode, 

the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second 
metal and a Wetting agent comprising a sulfopropylated 
polyalkoxy napthol; and 

driving the poWer supply to generate a Waveform to elec 
trodeposit a coating on a substrate. 

45. The method of claim 44, Wherein the Waveform com 
prises at least one forWard pulse and at least one reverse pulse. 

46. A method for electrodepositing a tungsten- and/or 
molybdenum-based coating, comprising: 

providing an anode, a cathode, an electrodeposition bath 
associated With the anode and the cathode, and a poWer 
supply connected to the anode and the cathode, 

the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second 
metal and a Wetting agent comprising an anionic, non 
ionic, or amphoteric ?uorocarbon compound; and 

driving the poWer supply to generate a Waveform to elec 
trodeposit a coating on a substrate. 
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47. A method for electrodepositing a tungsten- and/or 
molybdenum-based coating, comprising: 

providing an anode, a cathode, an electrodeposition bath 
associated With the anode and the cathode, and a poWer 
supply connected to the anode and the cathode, 

the electrodeposition bath comprising tungsten and/or 
molybdenum ionic species, ionic species of a second 
metal and a brightening agent comprising an alkyne 
compound; and 
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driving the poWer supply to generate a Waveform to elec 
trodeposit a coating on a substrate, the Waveform com 
prising at least one forward pulse and at least one reverse 
pulse. 

48. The method of claim 47, Wherein the alkyne is a 
hydroxy alkyne. 

49. The method of claim 47, Wherein the alkyne is an amino 
alkyne. 


