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TERNARY ZINC-NICKEL-IRON ALLOYS
AND ALKALINE ELECTROLYTES OR
PLATING SUCH ALLOYS

RELATED APPLICATION

[0001] This application claims priority from U.S. Provi-
sional Application No. 62/340,759, filed May 24, 2016, the
subject matter of which is incorporated herein by reference
in its entirety.

BACKGROUND

[0002] Corrosion resistance of metal parts has been sought
since man developed metal implements. It has been well
known that steel parts corrode (rust). To prevent such
corrosion, metal coatings have been developed that protect
the substrate both by 1) being more corrosion resistant than
the iron and 2) being sacrificially corroded preferentially to
the substrate.

[0003] One such coating is zinc plating. Electroplated zinc
yields a sacrificial coating that protects the iron substrate.
Corrosion resistance of the zinc deposit has been improved
through the use of chromate and other passivation films as
well as organic and silicone based sealers. However, while
these secondary coatings do improve corrosion resistance as
a whole, they do not improve the zinc corrosion resistance.
To that end, electrodeposited zinc binary alloys, such as
Zn—Ni, Zn—Co, and Zn—Fe, have been developed. These
alloys have a dual function in that they are inherently more
corrosion resistant than Zn alone and they promote more
effective conversion coatings, further enhancing corrosion
resistance.

[0004] JP 1298192A discloses an alkaline cyanide-free
zinc nickel plating solution having a pH greater than 13. The
plating solution contains zinc ions, nickel ions, and one or
more amine chelating agents selected from N-aminoethyl-
ethanolamine, ethylenediamine, diethylenetriamine, trieth-
ylenetetramine, tetraethylenepentamine, and pentaethylene-
hexamine, and an effective amount of a brightener, such as
a quaternary pyridine compound.

[0005] U.S. Pat. No. 5,405,523 discloses a zinc alloy
electroplating bath comprising a ureylene quaternary ammo-
nium polymer as a brightening agent. The bath can also
contain a supplemental brightener. One suitable supplemen-
tal brightener which is listed is n-benzyl nicotinic acid
(sodium salt). Nickel is listed as a metal which can be
alloyed with the zinc.

[0006] U.S. Pat. No. 4,889,602 discloses an alkaline zinc-
nickel electroplating bath which comprises an aliphatic
amine or polymer of an aliphatic amine in combination with
an hydroxyaliphatic carboxylic acid.

[0007] U.S. Pat. Nos. 4,071,418 and 4,071,419 disclose
the combination of amines with substituted pyridines, such
as nicotinic acid or nicotinamide for a zinc bath.

[0008] U.S. Pat. No. 5,417,840 discloses an alkaline zinc-
nickel plating bath comprising a polyamine, such as poly-
ethyleneimine, in combination with an aromatic heterocyclic
nitrogen containing compound, such as a sulfo-betaine, e.g.,
pyridinium-N-propane-3-sulfonic acid; or a pyridinium
chloride such as N-carboxymethyl pyridinium chloride.
[0009] U.S. Pat. Nos. 4,730,022 and 4,210,500 disclose
the use of an aromatic carboxyl compound such as 1-benzyl-
pyridinium-3-carboxylate or 3-pyridine carboxylic acid
(nicotinic acid) as a supplementary brightener in an alkaline
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zinc bath. The carboxyl compounds are used in combination
with a primary brightener, such as the reaction product of a
polyamine and a sulfonate.

[0010] U.S. Pat. No. 6,468,411 discloses an alkaline zinc-
nickel electroplating bath that includes zinc ions, nickel
ions, a primary brightener, which is an N-methylpyridinium
compound, and a secondary brightener, which is an aliphatic
amine

[0011] U.S. Pat. No. 6,652,728 discloses an aqueous alka-
line cyanide-free bath for the galvanic deposition of zinc or
zinc alloy coatings on substrate surfaces. The bath includes
a source of zinc ions, hydroxide ions, optionally a source of
further metal ions, a quaternary ammonium polymer, and a
quaternary derivative of a pyridine-3-carboxylic acid.
[0012] U.S. Pat. No. 7,442,286 discloses an electroplating
bath for depositing a zinc-nickel ternary or higher alloy. The
electroplating bath includes zinc ions, nickel ions, and one
or more ionic species selected from ions of Te**, Bi*® and
Sb*3, and in some embodiments one or more additional ionic
species selected from ions of Bi*?, Sb*3, Ag*!, Co*?, Cr*?,
Cu*?, Fe*?, In*?, Mn™?, Mo*®, P**, Sn*? and W%, one or
more non-ionogenic surface active polyoxyalkylene com-
pounds, ethylenediamine, propylenediamine, diethylenetri-
amine, or a polymer of an aliphatic amine.

SUMMARY

[0013] Embodiments described herein relate to a ternary
zinc-nickel-iron alloy plating system that includes an aque-
ous alkaline zinc-nickel-iron electroplating bath. The aque-
ous alkaline zinc-nickel-iron electroplating bath can be used
to electroplate or electrodeposit ternary zinc-nickel-iron
alloy coatings on electrically conductive substrates, which
are contacted with or provided in the alkaline zinc-nickel-
iron electroplating bath. The zinc-nickel-iron ternary alloy
can include, for example, by weight, about 7% to about 16%
nickel, about 0.5% to about 8% iron, and balance zinc. The
ternary zinc-nickel-iron alloy coatings are aesthetically
appealing, form shiny, bright surfaces, and have improved
corrosion resistance and receptivity of passivation films
compared to zinc or zinc-nickel electroplates.

[0014] In some embodiments, the aqueous alkaline elec-
troplating bath can include zinc ions, nickel ions, and iron
ions. The iron ions are provided in the aqueous alkaline
electroplating bath as a complex of a water soluble iron salt
and an iron complexing agent.

[0015] In some embodiments, the iron complexing agent
includes one or more of hydroxyl, amine, or carboxylate
functionality. In other embodiments, the iron complexing
agent is a hydroxycarboxylate, such as sodium gluconate,
sodium tartrate, sodium citrate, sodium hydroxybutyrate,
potassium gluconate, potassium tartrate, potassium citrate,
and/or potassium hydroxybutyrate.

[0016] In other embodiments, the bath can include an
amount of a nickel complexing agent effective to keep the
nickel ions soluble in the bath. The nickel complexing agent
can be, for example, at least one of an aliphatic amine,
alkyleneimine, polyalkyleneimine, polyamine, amino alco-
hol, carboxylic acid, or sodium or potassium salt thereof.
[0017] In some embodiments, the aqueous alkaline elec-
troplating bath is free of a polyoxyalkylene compound and
a quaternary polymer.

[0018] In other embodiments, the aqueous alkaline elec-
troplating bath includes a brightener. The brightener can be,
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for example, at least one of N-methylpyridinium-3-carboxy-
late or salt thereof (trigonelline), 1-benzylnicotinate, or
sulfopropylpyridinium.

[0019] In still other embodiments, the aqueous alkaline
zinc-nickel-iron electroplating bath, can include about 4
grams per liter to about 50 grams per liter of zinc; about 0.1
grams per liter to about 10 grams per liter nickel; about 0.1
gram per liter to about 10 grams per liter iron; and about 50
grams per liter to about 220 grams per liter of an alkaline
compound effective to provide the bath with a pH more than
about 13; and about 2 g/l to about 200 g/l of a nickel
complexing agent. The iron can be provided in the aqueous
alkaline electroplating bath as a complex of a water soluble
iron salt and an iron complexing agent.

[0020] Still other embodiments relates to a method for
obtaining a ternary zinc-nickel-iron electroplate. In the
method, an aqueous alkaline zinc nickel electroplating bath
comprising zinc ions, nickel ions, and a nickel complexing
agent is prepared. A complex of a water soluble iron salt and
an iron complexing agent is also prepared. The complex is
added to the aqueous alkaline zinc nickel electroplating bath
to form an aqueous alkaline zinc-nickel-iron electroplating
bath. A substrate to be electroplated is positioned in the
aqueous alkaline zinc-nickel-iron electroplating bath and
electroplated to provide a ternary zinc-nickel-iron electro-
plate on the substrate.

[0021] In some embodiments, a passivate can be provided
over the zinc-nickel-iron electroplated substrate to enhance
the corrosion resistance of the electroplate. The passivate
can be clear or black and include, for example, a trivalent
chromium passivate that is free of hexavalent chromium.
[0022] In other embodiments, the substrate can be an
aluminum substrate or steel substrate, such as an aluminum
electrical connector.

[0023] Other embodiments described herein relate to an
electrical connector. The electrical connector includes an
aluminum substrate, a zinc-nickel-iron ternary alloy elec-
troplated on the substrate and a passivate provided on the
zinc-nickel-iron ternary alloy electroplate. The zinc-nickel-
iron ternary alloy can include, by weight, about 7% to about
16% nickel, about 0.5% to about 8% iron, and balance zinc.
The passivate can include a chromium coating, such as a
trivalent chromium coating that is free of hexavalent chro-
mium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIGS. 1(A-B) illustrate images showing panels
plated with a zinc-nickel-iron alloy plating system in accor-
dance with one embodiment and a comparative zinc-nickel-
iron alloy plating system.

[0025] FIGS. 2(A-D) illustrate images showing a control
panel and panels plated with a zinc-nickel-iron alloy plating
system in accordance at various thickness prior to acceler-
ated corrosion testing per ASTM B117.

[0026] FIGS. 3(A-D) illustrate images showing the control
panel and panels plated with a zinc-nickel-iron alloy plating
system of FIG. 2 after 312 hours of accelerated corrosion
testing per ASTM B117.

[0027] FIGS. 4(A-B) illustrate images showing bolt heads
plated with a zinc-nickel-iron alloy plating system in accor-
dance with one embodiment and a comparative zinc-nickel-
iron alloy plating system.

Mar. 5, 2020

DETAILED DESCRIPTION

[0028] Embodiments described herein relate to a ternary
zinc-nickel-iron alloy plating system that includes an aque-
ous alkaline zinc-nickel-iron electroplating bath. The aque-
ous alkaline zinc-nickel-iron electroplating bath can be used
to electroplate or electrodeposit ternary zinc-nickel-iron
alloy coatings on electrically conductive substrates, which
are contacted with or provided in the alkaline zinc-nickel-
iron electroplating bath. The ternary zinc-nickel-iron alloy
coatings are aesthetically appealing, form shiny, bright sur-
faces, and have improved corrosion resistance and receptiv-
ity of passivation films compared to zinc or zinc-nickel
electroplates.

[0029] The ternary zinc-nickel-iron alloy can be electro-
plated or electrodeposited by passing an electrical current
from an anode through the alkaline zinc-nickel-iron electro-
plating bath or conductive medium containing zinc ions,
nickel ions, and iron ions while the bath or conductive
medium is in contact with the electrically conductive sub-
strate, which functions as a cathode. In some embodiments,
the electrically conductive substrate can include iron, fer-
rous based substrates (e.g., iron alloys and steel), aluminum,
aluminum alloys, magnesium, magnesium alloys, copper,
copper alloys, nickel, nickel alloys, zinc, and zinc alloys.
[0030] The alkaline zinc-nickel-iron electroplating bath
includes a controlled amount of zinc ions, nickel ions, and
iron ions in an alkaline aqueous solution. The pH of the
alkaline plating bath can be from about 9 to about 13 or
higher, such as above about 14. The bath contains an alkaline
component or base that is provided in an aqueous solution at
an effective amount to achieve this pH. Amounts of from
about 50 grams of base per liter of electroplating bath to
about 220 grams per liter, or about 110 grams per liter to
about 160 grams per liter, can be used. Examples of bases
that can be used are alkali metal derivatives, such as sodium
hydroxide, potassium hydroxide, sodium carbonate, potas-
sium carbonate, sodium bicarbonate, and potassium bicar-
bonate.

[0031] The source for the zinc ions for the electroplating
bath can be any zinc compound, which is soluble in an
alkaline aqueous medium. Examples of zinc compounds that
can be used as a source of the zinc ions in the electroplating
bath are zinc oxide, zinc sulfate, zinc sulfamate, zinc
hydroxide, zinc carbonate, zinc acetate, and zinc tartrate,
although other zinc compounds can be provided in the bath.
The concentration of zinc ions in the electroplating bath can
be from about 1 gram per liter to about 100 grams per liter,
preferably about 4 grams per liter to about 50 grams per liter
(about 4,000 to about 50,000 ppm).

[0032] The source for the nickel ions for the electroplating
bath can be any nickel compound, which can be made
soluble in an aqueous alkaline solution. Examples of suit-
able nickel compounds are an inorganic or organic acid salt
of nickel, such as nickel sulfate, nickel carbonate, nickel
acetate, nickel sulfamate and nickel formate. The concen-
tration of nickel ions in the electroplating bath can be from
about 0.1 gram per liter to about 10 grams per liter, (about
100 to about 10,000 ppm), more preferably in the range from
about 0.1 gram per liter to about 3 grams per liter (about 100
ppm to about 3,000 ppm).

[0033] Atleast one complexing agent can also be provided
in the electroplating bath with the nickel compound to
maintain nickel solubility and to bring deposition potentials
of the deposited metals closer so as to provide common
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reduction of deposited metal and form metal alloyed depos-
its. In some embodiments, the complexing agent may be any
complexing agent known in the art. In other embodiments,
the complexing agent is a complexing agent suitable for
nickel ion.

[0034] In some embodiments, the at least on complexing
agent can include an aliphatic amine, such as monoetha-
nolamine (MEA), diethanolamine (DEA), triethanolamine
(TEA), ethylenediamine, diethylenetriamine (DETA),
imino-bis-propylamine, polyethyleneimine, triethylenete-
tramine, tetracthylenepentamine (TEPA), hexamethylenedi-
amine, and combinations thereof. Alkyleneimines and poly
(alkyleneimines) can also be used, along with polyamines,
such as ethylenediamine, triethylenetetramine; amino alco-
hols, such as N-(2-aminoethyl) ethanolamine, 2-hydroxy-
ethylaminopropylamine, N-(2-hydroxyethyl)ethylenedi-
amine, etc. The poly(alkyleneimines) may have molecular
weights of from about 100 to about 100,000 or more
although the higher molecular weight polymers are not
generally as useful since they have a tendency to be
insoluble in the electroplating baths.

[0035] Other examples of complexing agents include
N-(2-hydroxyethyl)-N,N',N'-triethylethylenediamine; N,N'-
di(2-hydroxyethyl)N,N'-diethyl ethylenediamine; N,N-di(2-
hydroxyethyl)-N',N'-diethyl ethylenediamine; N,N,N'N'-
tetrakis(2-hydroxyethyl)ethylenediamine; N,N,N',N'-
tetrakis(2-hydroxyethyl)propylenediamine; and N,N,N'.N'-
tetrakis(2,3-dihydroxypropyl)ethylenediamine; N,N,N'.N'-
tetrakis(2,3-dihydroxypropyl)propylenediamine; N,N,N',N'-
tetrakis(2-hydroxypropyl)ethylenediamine; N,N,N',N'-
tetrakis(2-hydroxyethyl)1,4-diaminobutane. An example of
a commercially available metal complexing agent is Quadrol
from BASF. Quadrol is N,N,N'N'-tetrakis(2-hydroxypro-
pyDethylenediamine.

[0036] Carboxylic acids can also be used in combination
with the amines. For example, citric acid, tartaric acid,
gluconic acid, alpha-hydroxybutyric acid, and sodium and/
or potassium salts of the carboxylic acids can be used.
[0037] Insome embodiments, the at least one complexing
agent can include one or more polymer of an aliphatic amine
Examples of polymers of aliphatic amines that can be used
as a complexing agent include poly(alkyleneimines)
obtained from ethyleneimine, 1,2-propyleneimine, 1,2-bu-
tyleneimine, and 1,1-dimethylethyleneimine

[0038] The at least on complexing agent may be contained
individually or as a mixture in the bath. The total amount of
the at least one complexing agent provided in the electro-
plating bath can be about 2 g/l to about 200 g/1.

[0039] The source for the iron ions can be a complex of a
water soluble iron salt and an iron complexing agent. It was
found that the addition of iron salts, such as ferrous sulfate,
to an alkaline electroplating solution comprising the zinc
ions and nickel ions in the presence of a variety of com-
plexing agents, does not yield a substantial amount of iron
in the ternary zinc-nickel-iron alloy deposit upon electrode-
position. However, addition of a water soluble iron salt, such
as ferrous sulfate, as a complex with an iron complexing
agent, such as sodium gluconate, to the alkaline electroplat-
ing solution containing the zinc ions, nickel ions, and the one
or more complexing agents, enhanced the amount or percent
of iron in the ternary zinc-nickel-iron alloy deposit upon
electrodeposition, essentially as a ratio of the iron in solu-
tion. Advantageously, the complex of the iron salt and the
iron complexing agent is set up or formed prior to addition
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to the alkaline electroplating bath containing the zinc ions,
nickel ions, and the one or more complexing agents to
inhibit the iron salt from forming hydroxides and other
undesirable salts with other components of the alkaline
electroplating bath that are either marginally soluble or do
not allow for incorporation into the deposit.

[0040] In some embodiments the iron salt used in the
formation of the carboxylate complex can include ferrous or
ferric salts of iron, such as Fe,(SO,),.7H,0, FeSO,.7H,0,
Fe(OH);, FeCl;.6H,0, and FeCl,.4H,0. The iron complex-
ing agent used in the formation of the complex can include
one or more of hydroxyl, amine, or carboxylate functional-
ity.

[0041] In some embodiments, the iron complexing agent
can be a hydroxycarboxylate, such as sodium gluconate,
sodium tartrate, sodium citrate, sodium hydroxybutyrate,
potassium gluconate, potassium tartrate, potassium citrate,
and/or potassium hydroxybutyrate.

[0042] In other embodiments, the iron complexing agent
can be an aliphatic amine, such as monoethanolamine
(MEA), diethanolamine (DEA), triethanolamine (TEA), eth-
ylenediamine, diethylenetriamine (DETA), imino-bis-pro-
pylamine, polyethyleneimine, triethylenetetramine, tetraeth-
ylenepentamine (TEPA), hexamethylenediamine, and
combinations  thereof, alkyleneimines, poly(alkyle-
neimines), and/or amino alcohol.

[0043] The ratio of iron salt to iron complexing agent used
to form the complex is that amount effective to form the
carboxylate complex and can be about 0.1:10 to about 10:1.
[0044] The concentration of iron ions in the electroplating
bath provided by the complex can be from about 0.1 gram
per liter to about 25 grams per liter, (about 100 to about
25,000 ppm), more preferably, in the range from about 0.1
gram per liter to about 10 grams per liter (about 100 ppm to
about 10,000 ppm).

[0045] The alkaline electroplating bath can contain in
addition to the zinc ions, nickel ions, iron ions, and com-
plexing agents, one or more additives commonly used in a
zinc or zinc-alloy electroplating bath that improves an aspect
of the electroplating process. Examples of aspects of the
electroplating process that can be improved include the
physical properties of the electroplate and the metal com-
plexing properties of the bath.

[0046] In some embodiments, a brightening agent or
brightener can be added to the electroplating bath. Examples
of brighteners that can be potentially added to the electro-
plating bath include the condensation product of piperazine,
guanidine, formalin, and epichlorohydrin, as defined in U.S.
Pat. No. 4,188,271; pyridinium propyl sulfonate; N-benzyl-
3-carboxy pyridinium chloride; trigonelline; Golpanol PS
(sodium propargyl sulphonate); propargyl alcohol; ethyl-
eneglycolpropargylalcohol ether; BEO (ethoxylated butyne
diol); Aerosol AY65 (sodium diamylsulfosuccinate); N,N'-
bis[3-(dimethylamino)propyl]urea, polymer with 1,3-di-
chloropropane—see U.S. Pat. No. 6,652,726 B1; carboxy-
ethylisothiuronium betaine; Rewopol EHS (ethyl hexyl
sulfate); benzothiazole; Lutensit A-PS (a proprietary anionic
surfactant from BASF); Lugalvan BPC 34 (a 34 wt %
aqueous solution of N-benzyl nicotinate); benzyl-2-methyl-
imidiazole; Tamol NN (a formaldehyde condensate of
2-naphthalene sulfonate); methyl naphthyl ketone; benzal-
acetone; Lutensit CS40 (40% cumene sulfonate); Golpanol
VS (sodium vinyl sulfonate); benzothiazolium-2-[4-(dim-
ethylamino)phenyl]-3,6-dimethyl chloride; DPS(N,N-dim-
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ethyl-dithiocarbamyl propyl sulfonic acid sodium salt);
MPS (3-mercapto-1-proanesulfonic acid, sodium salt); OPS
(O-ethyldithiocarbonato-S-(3-sulfopropyl)-ester, potassium
salt); SPS (bis-(3-sulfopropyl)-disulfide, disodium salt);
UPS (3-S-iosthiouronium propyl sulfonate); ZPS (3-(ben-
zothiazolyl-2-mercapto)-propyl-sulfonic acid, sodium salt)
(DPS, MPS, OPS, SPS, UPS and ZPS are available from
Raschig GmbH); N-(polyacrylamide); safranin; crystal vio-
let and derivatives thereof; phenazonium dyes and deriva-
tives thereof; Lugalvan. HT (thiodiglycol ethoxylate);
sodium lauryl sulfate; Dequest (1-hydroxyethylen-1,1-
diphosphonic acid); Lugalvan BNO (ethoxylated beta naph-
thol); Lugalvan NES (sodium salt of a sulphonated alkyl-
phenol ethoxylate); sulfurized benzene sulfonic acid;
butynediol dihydroxypropyl sulfonate; sodium saccharin;
MPSA (3-mercapto-1-propanesulfonic acid, sodium salt);
the formaldehyde condensate of 1-naphthalene sulfonic
acid; benzotriazole; tartaric acid; EDTA (ethylenediamine
tetraacetic acid); sodium benzoate; the aqueous reaction
product of 2-aminopyridine with epichlorohydrin; Mirapol
A15 (ureylene quaternary ammonium polymer); the aqueous
reaction product of imidazole and epichlorohydrin; vanillin;
anisaldehyde; Heliotropin (piperonal); thiourea; polyvinyl
alcohol; reduced polyvinyl alcohol; o-chlorobenzaldehyde;
a-napthaldehyde; condensed naphthalene sulfonate; niacin;
pyridine; 3-hydroxypropane sulfonate; allyl pyridinium
chloride; dibenzenesulfonamide; pyridinium butane sul-
fonate; sodium allyl sulfonate; sodium vinyl sulfonate;
naphthalene trisulfonic acid; cumene sulfonate; CMP (car-
boxymethylpyridinium chloride); Golpanol 9531 (propargyl
hydroxypropyl ether sulfonate); o-sulfobenzaldehyde;
Lugalvan ES-9571 (aqueous reaction product of imidazole
and epichlorohydrin); mercaptothio ether; PVP (polyvi-
nylpyrrolidone); sodium adipate; chloral hydrate; sodium
gluconate; sodium salicylate; manganese sulfate; cadmium
sulfate; sodium tellurite; and glycine. The foregoing list is
not exhaustive and is exemplary only. Any other known
brightener useful in electroplating zinc, nickel, and/or iron
may be useful herein.

[0047] The amount of brightener provided in the bath can
range from about 0.01 g/1 to about 10 g/l (about 10 ppm to
about 10,000 ppm).

[0048] The electroplating baths may further contain
known leveling agents, such as 3-mercapto-1,2,4-triazole
and/or thiourea, the latter being preferred. The concentration
of the leveling agent is the normal concentration for use in
zinc baths, and ranges, for example, from 0.01 to 0.50 g/1.
Further additives for the baths described herein include
aromatic aldehydes or their bisulfite adducts.

[0049] The baths described herein may also contain a
water-softener, since the sensitivity of the bath to foreign
metal ions, in particular calcium and magnesium ions from
tap water, is reduced by the use of such additives. Examples
of such water-softeners are EDTA, sodium silicates, and
tartaric acid.

[0050] In some embodiments, the electroplating bath can
be free of or does not contain a polyloxyalkylene compound
and a quaternary polymer. By omitting polyloxyalkylene
compounds and a quaternary polymers from the electroplat-
ing baths, the simplicity of the plating system can be
enhanced as well as waste treatment can be reduced.
Examples of polyalkylene compounds include non-iono-
genic surface active polyoxyalkylene compounds described
in U.S. Pat. No. 7,442,286. Examples of quaternary poly-
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mers include quaternary ammonium polymers described in
U.S. Pat. Nos. 5,405,523, 5,435,898, 6,652,728, and 7,964,
083.

[0051] The aqueous alkaline electroplating bath can pre-
pared by dissolving the zinc compound, nickel compound,
one or more nickel complexing agents and optionally other
additives, such as a brightener, in a commercially available
caustic solution and then adjusting the concentration of the
solution to that desired by adding water to the solution. For
instance, about 10 grams of zinc oxide, about 5.4 grams of
nickel sulfate, 0.5 grams of trigonelline solution, about 24.4
grams of tetraethylenepentamine (TEPA), about 0.65 grams
of diethylenetriamine (DETA), and about 13 grams of tri-
ethanolamine can be dissolved or mixed in 75 ml of a 50%
caustic solution, which is then diluted to the desired volume
percent by the addition of water. If desired, the pH of the
bath can be adjusted by adding to the bath the parent base of
the caustic solution, or another base, such as sodium or
potassium carbonate.

[0052] The complex of a water soluble iron salt and an
iron complexing agent can be prepared by dissolving, for
example, about 125 grams the iron salt (e.g., FeSO,.7H,0)
and about 100 grams of the complexing agent (e.g., sodium
gluconate) in about one liter of water and allowing the iron
salt and hydrocarboxylate complexing agent sufficient time
to complex. The solution of complex can then be added to
the alkaline zinc-nickel electroplating bath at amount suffi-
cient to provide iron ions in the bath at an iron ion concen-
tration of about 0.1 gram per liter to about 25 grams per liter.

[0053] The aqueous alkaline electroplating baths can be
used at conventional current densities, for example, about 1
to 100 amps per square foot, as determined by Hull Cell
evaluation. In some embodiments, the bath can be operated
with an average cathode current density in the range of about
3 amps per square foot to about 25 amps per square foot,
typically about 20 amps per square foot. The cathode current
density is dependent upon the particular type of deposit
desired. Bright deposits can be obtained at conventional
temperatures, for instance about 20° C. to about 40° C.

[0054] The electrodeposition using the electroplating bath
may, for example, be carried out as a drum galvanizing
process when used for mass parts, and as a frame galvaniz-
ing process for deposition on larger workpieces. Anodes can
be used that are soluble, such as zinc anodes, and that at the
same time can serve as a source of zinc ions so that the zinc
deposited on the cathode is recovered by dissolution of zinc
at the anode. Alternatively, insoluble anodes such as nickel
and/or iron anodes, may also be used, wherein the zinc ions
removed from the electrolyte have to be replenished in
another way, for example, by using a zinc dissolving tank.

[0055] The electroplating baths described herein may be
operated on a continuous or intermittent basis and, from time
to time, the components of the bath may have to be replen-
ished. The various components may be added singularly as
required or may be added in combination. The amounts of
the various components to be added may be added on either
a continuous basis or on an intermittent bases. The concen-
trations may be determined at appropriate intervals based on
experience, or may be continuously determined, for
example, by automated analytical instrumentation. The
amounts of the various components to be added to the
electroplating bath may be varied over a wide range depend-
ing on the nature and the performance of the electroplating
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baths to which the components are added. Such amounts can
be determined readily by one of ordinary skill in the art.

[0056] The ternary zinc-nickel-iron alloy electrodeposited
on the substrate can include or consist essentially of, for
example, about 7 wt. % to about 16 wt. % nickel, about 0.5
wt. % to about 8 wt. % iron, and the balance Zn, preferably,
about 70 wt. % to about 86 wt. % zinc, about 10 wt. % to
about 15 wt. % nickel, and about 1 wt. % to about 8 wt. %
iron, and more preferably, about 75 wt. % to about 85 wt. %
zinc, about 12.5 wt. % to about 13.5 wt. % nickel, and about
1 wt. % to about 8 wt. % iron. Advantageously, the weight
percent of iron provided within the deposit is uniform and
predictable. Essentially, every 250 ppm of Fe** added to a
standard aqueous alkalkine zinc-nickel electroplating solu-
tion increases the iron contribution within the deposit by
about 1% wt/wt. Surprisingly, increasing the iron wt. %
within the alloy does not impact the nickel percentage, but
rather, comes at the expense of zinc. In a commercial
environment, this is important because controlling the alloy
becomes a fairly simple paradigm where if the nickel and
zinc values are held static, the alloy can be manipulated
simply by changing the iron value to yield the desired alloy.

[0057] In some embodiments, to improve corrosion resis-
tance of substrates electroplated with the ternary zinc-
nickel-iron alloy, the surfaces of the electroplated substrates
can be treated with a corrosion resistance passivate or
passivation formulation. A variety of corrosion resistance
passivation formulations are available. For example, U.S.
Pat. No. 7,314,671 describes chromium (VI)-free conver-
sion layer and method for producing it. U.S. Pat. Nos.
6,375,726 and 4,384,902 discloses trivalent chromium pas-
sivate composition and process. Other corrosion resistant
passivation formulation for zinc electrodeposits can include
a coat of organic, inorganic or hybrid polymer. Such poly-
mer formulations are referred as Sealers, Fixers or Topcoats
in the industrial practice.

[0058] Advantageously, the zinc-nickel-iron ternary alloy
described herein can be electrodeposited on an aluminum
substrate, such as an aluminum electrical connector, to
enhance corrosion resistance of the aluminum connector and
improve electrical conductivity of the connector when mated
to a similar connector. Traditionally, aluminum connectors
undergo a plating process that includes a standard aluminum
pre-plate, including cleaning and electrodeposition of zin-
cate, followed by an electroless nickel coating. The connec-
tor can then be plated with cadmium, followed by a hexva-
lent passivate. This traditional process is environmentally
unfriendly. To facilitate the elimination of both the cadmium
and hexavalent chromium, the traditional process was
replaced with zinc-nickel electroplate and a trivalent passi-
vate. Over time, the corrosion products from the zinc-nickel/
passivate are manifest on the connector. These corrosion
salts hinder the conductivity of the connector and their
reduction is desired to improve both the function and the life
of the connector. To that end, a further improvement is
achieved to the connector by the replacement of the zinc-
nickel alloy with the zinc-nickel-iron ternary alloy described
herein. The increased corrosion resistance of the Zn—Ni—
Fe alloy reduces the preponderance of corrosion locations on
the connector, improving its overall electrical conductivity
when mating. Further, the use of the ternary Zn—Ni—Fe
alloy produces a more aesthetically desired black passivate,
again with improved corrosion protection. This further
improved corrosion protection yet again minimizes the
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proliferation of corrosion salts on the surface, continuing to
improve the conductivity of the connector.

[0059] The following examples are included to demon-
strate various aspects of the invention. Those of skill in the
art should, in light of the present disclosure, appreciate that
many changes can be made in the specific aspects which are
disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention.

EXAMPLES

[0060] A commercially aviable zinc-nickel solution was
constructed that contained:

Zinc Oxide 10 g/L
Sodium hydroxide 155 g/L.
Nickel Sulfate Hexahydrate 5.4 g/L
Trigonelline solution 0.52 g/L,
TEPA 24.4 g/
DETA 0.65 g/l
Triethanolamine 13.0 g/l

[0061] The bath was then augmented with soluble iron
(ferrous sulfate) to form a ternary Zn—Ni—Fe alloy. The
addition of just Ferrous sulfate to the solution, even in the
presence of a variety of complexing agents, did not yield a
substantial amount of Fe in the deposit. However, when the
ferrous sulfate was introduced as a carboxylate complex
with gluconate (or alternatively, tartrate), then iron in the
deposit substantially increased, essentially as a ratio of the
iron in solution. The iron was capable of depositing from
either the ferrous or ferric state as long as it was complexed
first with gluconate. In practice, it took about 50% more
ferric ion in solution to get the same amount of iron in the
deposit.

[0062] In the Examples described below, the complexed
Fe** was added to the alkaline Zn—Ni bath using the
following solution. The solution yields an iron content of
25,000 ppm as Fe?*.

[0063] 125 g/I. FeSO,.7H,O
[0064] 100.8 g/l Sodium Gluconate
[0065] Performance testing of the bath was done using a

standard 2 Ax30 minute, 267 mL Hull Cell, so that a range
of current densities (<1 to >100 Amps per square foot) could
be interpreted. All plating performance testing described
was done at room temperature (20-26° C.). As illustrated in
FIG. 1A, the basic solution, with no Fe produced a deposit
with slight low current density brightness, as evidenced by
the reflected stripes seen on the right side of the panel.
However, as shown in FIG. 1B when the Fe was introduced
and incorporated into the deposit, the entirety of the panel
appearance was improved and the striped reflection can be
seen over the entire range of the of the panel.

[0066] One can also note that the Fe in deposit, by XRF
analysis, was around 4% wt/wt, yielding a Zn—Ni—Fe
ternary alloy of essentially 83-13-4%, respectively. Such a
visual improvement has heretofore not been observed with
no other changes to the bath parameters outside of increased
iron concentration from an alkaline electrolyte.

[0067] Also of note, within these bath plating parameters,
the iron increase within the deposit was uniform and pre-
dictable. Essentially, every 250 ppm of Fe** added to the
solution increases the Fe contribution within the deposit by
about 1% wt/wt. Of further interest, increasing the Fe within
the alloy does not impact the Ni percentage, but rather,
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comes at the expense of Zn. In a commercial environment,
this is important because controlling the alloy becomes a
fairly simple paradigm where if the nickel and zinc values
are held static, the alloy can be manipulated simply by
changing the iron value to yield the desired alloy. By way of
example, holding the zinc concentration constant at 8 g/L.
and the nickel at 1200 ppm, the ternary alloy yields were as
follows at a plating current density of 20 amps/ft>. Again,
note how stable and predictable the Ni content is:

Composition

Deposit of Alloy as a
Fe concentration Thickness weight percent
(ppm) (microns) Zn Ni Fe
0 10.7 87.1 12.9 0.0
250 9 85.1 13.2 1.7
500 104 84.2 13.4 2.4
1000 9.9 82.5 13.1 4.4
2000 10.3 79.1 13.0 7.9

[0068] While improvement in the deposit specularity with
the incorporation of Fe is surprising, it is not the only
unanticipated improvement with the invention. Corrosion
resistance was also enhanced with the ternary alloy. Further,
corrosion resistance of the zinc and zinc plated alloys is
itself enhanced through the use of passivates. Passivates
serve two purposes. 1) as well as the alloy itself, the
passivate also enhances corrosion resistance: and 2) passi-
vates allow for changing the color of the final product. There
is a commercial desire within the industry to yield parts that
are not only in some cases “metallic” looking, but also parts
to be uniformly black in color. Colored with improved
corrosion resistance is the ultimate goal.

[0069] To demonstrate the enhanced corrosion resistance
of the alloy, a series of panels were produced using a
duplicell so that more uniform thickness could be achieved
on the panels. Plating solutions were maintain constant at 8
g/L zinc, 1100 ppm nickel, and the iron content was varied
at essentially 1000, 1500 and 2000 ppm as Fe**. Panels were
then all plated to essentially 10 micron thickness at a
nominal 15 Amps/ft*, yielding nickel alloys of 13+/-2% and
iron contents of 4, 6 and 8% respectively for the 1000, 1500
and 2000 ppm contents. Each panel set was then exposed to
the same commercial black trivalent passivate, applied
under like conditions. A standard zinc-nickel plated panel
set, containing no iron and plated under like conditions was
used as a control.

[0070] FIGS. 3(A-D) illustrate the panels prior to accel-
erated corrosion testing. What is not overly apparent from
the pictures is how significantly more reflective the panels
are that contain the iron and the passivate film, while
perhaps not as dark as the control, the ternary alloy panels
appear to have a more substantial passivate film.

[0071] The panels were then exposed to neutral salt spray
for accelerated corrosion testing per ASTM B117. FIGS.
4(A-D) illustrate the panels after 312 hours salt spray
exposure. A vast difference in the corrosion protection was
afforded by the ternary alloy. On the control, not only was
red rust visible, indicating attack on the steel substrate, but
the white corrosion products, which were more pronounced
were indicative of attack on the zinc-nickel alloy. The
ternary alloy showed just a hint of white corrosion on the
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very high Fe alloy panel and no signs of red rust, which
means the substrate was completely protected.

[0072] To verify the profound difference, a second test was
done using panels produced in essentially a like manner The
differences of this panel set were the use of a clear passivate,
post plating and a lower Fe percentage, between zero and
4%.

[0073] The matrix was set up as follows:

[0074] Set A: 8 microns standard alkaline zinc nickel as
previously presented (12.5% nickel in Deposit);

[0075] Set B: Standard with 250 ppm of Fe** complexed
with gluconate (=1% iron in deposit);

[0076] Set C Standard with 500 ppm of Fe** complexed
with gluconate (=2% iron in deposit);

[0077] Set D: Standard with 1000 ppm of Fe** complexed
with gluconate (=4% iron in deposit).

[0078] All panels were passivated with a commercial,
trivalent chromium clear/blue passivate prior testing.
[0079] Panels were then exposed to neutral salt spray for
accelerated corrosion testing per ASTM B117.

[0080] Results were as followed:
Iron as Appearance
Iron wt % in @ O hrs @48 hrs @ 72 hrs @ 168 hrs
Cone. In bath deposit NSST NSST NSST NSST
0 ppm Fe?* 0% 0% 100% ~5% red  ~20% red
Panel Set A white white corrosion  corrosion
corrosion  corrosion
250 ppm Fe?* 1.50% 0% ~90% ~5% red  ~20% red
Panel Set B white white corrosion  corrosion
corrosion  corrosion
500 ppm Fe?* 2.00% 0% ~70% ~90% ~3% red
Panel Set C white white white corrosion
corrosion  corrosion  corrosion
1000 ppm Fe?*  4.00% 0% ~10% ~10% ~10%
Panel Set D white white white white

corrosion  corrosion  corrosion  corrosion

[0081] This testing shows a modest improvement in the
corrosion properties with 250 ppm of iron in solution (~1.5
Fe in the alloy) and as the iron content goes up, so too the
corrosion resistance. Incorporation of 4% Fe into the as
deposited Zn—Ni—Fe alloy, resulted in no red corrosion
being encountered during the testing, indicating complete
protection of the substrate. This is more than double the
corrosion resistance of just a Zn—Ni deposit.

[0082] In another example, bolt heads were plated with a
zinc-nickel-iron alloy plating system in accordance with one
embodiment and a comparative zinc-nickel alloy plating
system. The zinc-nickel-iron alloy plating system employed
an alkaline zinc-nickel-iron plating bathing having the fol-
lowing formulation and plating conditions:

[0083] 8 g/L zinc;
[0084] 1100 ppm nickel;
[0085] 131 g/L caustic.
[0086] 4% Iron/gluconate additive (1000 ppm ferrous
iron)
[0087] Barrel plate 10 ASF for 30 minutes.

[0088] Bolt heads have 6 microns thickness zinc-nickel-
iron with approximately 13% nickel and 4% iron in the
deposit

[0089] The comparative zinc-nickel alloy plating system
employed an alkaline zinc-nickel plating bathing having the
following formulation and plating conditions:
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[0090] 8 g/L zinc;
[0091] 1100 ppm nickel;
[0092] 131 g/L caustic.
[0093] Barrel plate 10 ASF for 30 minutes.

[0094] Bolt heads have 6 microns thickness zinc-nickel
with approximately 13% nickel in the deposit.

[0095] The bolt heads were subjected to accelerated cor-
rosion testing per ASTM B117 corrosion resistance for 72
hours. FIGS. 4(A-B) show the improvement of the alloy
when compared to standard Zn—Ni, deposited on steel,
without any passivate. Or, more simply, the alloy alone in
direct comparison to Zn—Ni. The lesser preponderance of
red rust location on the ternary alloy indicates superior
corrosion resistance.

[0096] From the above description of the invention, those
skilled in the art will perceive improvements, changes and
modifications Such improvements, changes and modifica-
tions are within the skill of the art and are intended to be
covered by the appended claims. All publications, patents,
and patent applications cited in the present application are
herein incorporated by reference in their entirety.

1. An aqueous alkaline electroplating bath for depositing
a ternary zinc-nickel-iron alloy on a substrate, the aqueous
alkaline electroplating bath comprising zinc ions, nickel
ions, and iron ions, wherein the iron ions are provided in the
aqueous alkaline electroplating bath as a complex of a water
soluble iron salt and an iron complexing agent.

2. The aqueous alkaline electroplating bath of claim 1,
wherein the iron complexing agent includes one or more of
hydroxyl, amine, or carboxylate functionality.

3. The aqueous alkaline electroplating bath of claim 1,
wherein the iron complexing agent comprises sodium glu-
conate, sodium tartrate, sodium citrate, sodium hydroxybu-
tyrate, potassium gluconate, potassium tartrate, potassium
citrate, and/or potassium hydroxybutyrate.

4. The aqueous alkaline electroplating bath of claim 1,
further comprising an amount of a nickel complexing agent
effective to keep the nickel ions soluble in the bath.

5. The aqueous alkaline electroplating bath of claim 1,
wherein the aqueous alkaline electroplating bath wherein the
nickel complexing agent comprises at least one of an ali-
phatic  amine, alkyleneimine, poly(alkyleneimine),
polyamine, amino alcohol, carboxylic acids, or sodium or
potassium salts thereof.

6. The aqueous alkaline electroplating bath of claim 1,
wherein the zinc-nickel-iron ternary alloy comprises, by
weight, about 7% to about 16% nickel, about 0.5% to about
8% iron, and balance zinc.

7. The aqueous alkaline electroplating bath of claim 1,
being free of a polyoxyalkylene compound and a quaternary
polymer.

8. The aqueous alkaline electroplating bath of claim 1,
further comprising a brightener.

9. The aqueous alkaline electroplating bath of claim 8,
wherein the brightener comprises at least one of N-methyl-
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pyridinium-3-carboxylate or salt thereof (trigonelline),
1-benzylnicotinate, or sulfopropylpyridinium.

10. An aqueous alkaline zinc-nickel-iron electroplating
bath, comprising:

about 4 grams per liter to about 50 grams per liter of zinc;

about 0.1 grams per liter to about 10 grams per liter
nickel;

about 0.1 gram per liter to about 10 grams per liter iron;

about 50 grams per liter to about 220 grams per liter of an
alkaline compound effective to provide the bath with a
pH more than about 13; and

about 2 g/ to about 200 g/l of a nickel complexing agent;

wherein the iron is provided in the aqueous alkaline
electroplating bath as a complex of a water soluble iron
salt and an iron complexing agent.

11. The aqueous alkaline electroplating bath of claim 1,
wherein the iron complexing agent includes one or more of
hydroxyl, amine, or carboxylate functionality.

12. The aqueous alkaline electroplating bath of claim 10,
wherein the iron complexing agent comprises sodium glu-
conate, sodium tartrate, sodium citrate, sodium hydroxybu-
tyrate, potassium gluconate, potassium tartrate, potassium
citrate, and/or potassium hydroxybutyrate.

13. The aqueous alkaline electroplating bath of claim 10,
wherein the aqueous alkaline electroplating bath wherein the
nickel complexing agent comprises at least one of an ali-
phatic  amine, alkyleneimine, poly(alkyleneimine),
polyamine, amino alcohol, carboxylic acids, or sodium or
potassium salts thereof.

14. The aqueous alkaline electroplating bath of claim 10,
being free of a polyoxyalkylene compound and a quaternary
polymer.

15. The aqueous alkaline electroplating bath of claim 10,
further comprising a brightener.

16. The aqueous alkaline electroplating bath of claim 15,
wherein the brightener comprises at least one of N-methyl-
pyridinium-3-carboxylate or salt thereof (trigonelline),
1-benzylnicotinate, or sulfopropylpyridinium. Claims 17-28
(Cancelled)

29. An electrical connector comprising:

an aluminum substrate,

a zinc-nickel-iron ternary alloy electroplated on the sub-
strate, the zinc-nickel-iron ternary alloy including, by
weight, about 7% to about 16% nickel, about 0.5% to
about 8% iron, and balance zinc, and

a passivate provided on the zinc-nickel-iron ternary alloy
electroplate.

30. The electrical connector of claim 29, wherein the

passivate comprises a chromium coating.

31. The electrical connector of claim 29, wherein the
chromium coating is a trivalent chromium coating that is
free of hexavalent chromium.
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