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ELECTROPLATING OF METALS USING PULSED 
REVERSE CURRENT FOR CONTROL OF 

HYDROGEN EVOLUTION 

ORIGIN OF THE INVENTION 

[0001] The experimental Work leading to this invention 
Was funded in part by the US. Government Environmental 
Protection Agency Contract No. 68D40033. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to methods of electroplating 
metals onto a substrate and more particularly to electrodepo 
sition of metals using pulsed reverse current for controlling 
evolution of hydrogen. 

[0004] 2. Brief Description of the Prior Art 

[0005] Electrodeposition of metal coatings onto a sub 
strate is a process that is Widely used in modern industry. 
Such electrodeposited coatings are usually applied to metal 
lic substrates and are generally intended to provide enhanced 
surface properties to the base metal. For example, metal 
coating layers are applied to a base metal to prevent corro 
sion, enhance surface hardness, provide a smooth surface 
having a relatively loW coefficient of friction, and the like. 

[0006] Metal coatings are ordinarily deposited by provid 
ing a plating bath Which is an aqueous solution of metal 
bearing ions, typically simple ions such as Cr3+, Zn2+, Au3+, 
Cd2+, Which are generally present as aquo complexes, or 
complex ion containing the metal, such as CrzO7i. The 
metals are present in these ions in a positive oxidation state, 
eg Cr(III) or Cr(VI). The substrate to be plated is immersed 
in the plating bath and made the cathode of an electrolytic 
cell. The metal ions are reduced at the surface of the cathode 
and deposited thereon as a layer of metal. 

[0007] The actual mechanism of the cathodic reduction 
and deposition can be complex, and is not Well understood 
for many practical systems. Because the plating baths are 
aqueous solutions, electrolysis of Water With evolution of 
hydrogen is usually a competing reaction at the cathode. The 
hydrogen formed may itself present problems, such as 
hydrogen embrittlement of the deposited metal coating or 
interference With the metal deposition caused by bubbles. 
The removal of hydrogen, With concomitant formation of 
OH“ ions, also increases the pH of the plating solution 
adjacent to the surface of the cathode. A high pH in the 
plating layer may also produce problems such as formation 
of insoluble metal hydroxide layers on the cathode surface 
Which also interfere With the transportation of the metal 
bearing ions and the deposition of metal atoms on the 
surface. 

[0008] In order to prevent the problems associated With 
hydrogen evolution at cathodic plating surfaces, the plating 
industry has adopted a number of expedients. The metal 
bearing ions that are commonly used in industrial electro 
plating have been found to minimiZe the effects of hydrogen 
evolution. For example, chromium is conventionally plated 
from a chromate bath in Which the metal is present in the 
hexavalent state (Cr(VI)), and gold is generally plated as the 
cyanide salt. 
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[0009] Moreover, certain metals present problems in 
depositing layers having satisfactory properties such as 
uniformity, luster and hardness, especially at useful plating 
rates. To overcome these problems the plating industry has 
developed plating baths that contain various additives that 
enhance the rate or ease of electrodeposition and the prop 
erties of the coatings. 

[0010] Some of these expedients have resulted in the use 
of plating baths that are haZardous to use and dif?cult to 
dispose of by environmentally benign procedures. For 
example, it is has been found that the best results in gold 
electroplating are achieved using cyanide solutions Which 
are evidently haZardous to use and difficult to remediate for 
disposal. Similarly, it is customary to plate chromium layers, 
particularly functional chromium layers, from solutions 
Wherein the chromium is in the hexavalent state, typically as 
chromate or dichromate ions, a haZardous and carcinogenic 
form of the metal. 

[0011] The Workplace and environmental problems expe 
rienced With chromium plating are especially pressing 
because of the very extensive use of electroplated chromium 
coatings in industry. 

[0012] Chromium coatings on a base metal are Widely 
used in automotive, aerospace and other industries to pro 
vide a ?nished article With surface properties that are not 
inherent in the base metal itself or are attainable only by 
using expensive alloys. Such coatings are usually deposited 
on the base metal by electroplating. TWo types of chromium 
coatings are used, conventionally identi?ed as functional 
coatings and decorative coatings. Functional coatings con 
sist of a relatively thick layer of chromium (typically 1.3 to 
760 micrometers thick) to provide a surface With functional 
properties such as hardness, corrosion resistance, Wear resis 
tance, and loW coef?cient of friction. Such functional coat 
ings are used on automotive strut and shock absorber rods, 
hydraulic cylinders, crankshafts, and industrial rolls. Carbon 
steel, cast iron, stainless steel, copper, aluminum, and Zinc 
are substrates commonly used With functional chromium 
layers. 

[0013] Decorative coatings consist of a thin layer of 
chromium (typically 0.003 to 2.5 micrometers, plated over 
a nickel layer) to provide a bright surface With Wear and 
tarnish resistance. Such coatings are used on automobile 
bumpers and trim, bath ?xtures, and small appliances. 

[0014] Chromium is generally plated from an aqueous 
solution containing soluble chromium species Wherein the 
chromium is in the hexavalent state (Cr(VI)). Such a hexava 
lent chromium plating bath is a chromic acid solution 
containing various chromate ions, dichromate ions, dichro 
mate and trichromate. Sulfuric acid has been recogniZed as 
an essential ingredient of Cr(VI) plating baths. 

[0015] Although plating from Cr(VI) baths has been the 
dominant commercial procedure for a long time, the process 
has certain disadvantages. A Cr(VI) plating bath is typically 
operated at a temperature signi?cantly above room tempera 
ture and produces a mist of chromic acid. Consequently, 
measures to protect the Workers from exposure to the toxic 
fumes are required by safety rules and by laW. Exhaust/ 
scrubber systems must be installed to keep the chromium 
concentration in the Workplace atmosphere no greater than 
the prescribed limit of 0.01 mg/m3. The amount of chro 
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mium that can be emitted to the air and Water of the 
environment is also strictly regulated by federal and local 
laW. Some deposition of decorative chromium plating is 
done from trivalent chromium (Cr(III)) baths. Plating from 
Cr(III) baths instead of Cr(VI) baths has several environ 
mental advantages. 

[0016] 1.) Cr(III) is non-toxic, non-haZardous and is not 
an oxidiZing agent. Therefore, meeting air quality regu 
lations is easier and Working conditions are greatly 
improved. The exposure limit for Cr(III) is an order of 
magnitude higher than for Cr(VI). 

[0017] 2.) Waste disposal costs for Cr(III) plating are 
signi?cantly less than for Cr(VI) plating. Hydroxide 
sludge generation is reduced ten to tWenty times 
because a Cr(III) bath generally contains only about 
4-20 g/liter of chromium, as opposed to 150-300 g/liter 
for a Cr(VI) bath. 

[0018] 3.) A Cr(III) bath may be used Without additives, 
Which permits the rinse Water from the plating opera 
tion to be recycled readily. 

[0019] Plating from a Cr(III) bath also has certain techni 
cal advantages. 

[0020] 1.) Current interruptions have little effect on the 
plating. 

[0021] 2.) A Cr(III) bath is not affected by drag-in of 
chloride and sulfate from any previous nickel plating 
operations. In contract, chloride and sulfate drag-in 
upset the catalyst balance in Cr(VI) baths. 

[0022] 3.) The throWing poWer of a Cr(III) bath, i.e., is 
ability to provide a uniform coating of chromium to 
recesses on the surface of the object to be plated, is 
greater than that of a Cr(VII) bath. 

[0023] The effect of the plating bath chemistry, i.e., the 
composition of the solution, on the plating thickness, bright 
ness, hardness, and corrosion resistance of chromium layers 
deposited from a Cr(III) bath have been studied by several 
authors. The effect of the Waveform of the plating current on 
the structure of the chromium deposit, and its distribution, 
brightness and hardness have also been studied. Commercial 
Cr(III) baths are available that incorporate certain propri 
etary organic compounds as additives in order to provide 
baths for decorative chromium coating applications. HoW 
ever, the concentration of the additives is dif?cult to control 
because they are present in very small amounts. Further 
more, the additives react and break doWn With the passage 
of time to form contaminants. Consequently, the used Cr(III) 
bath and the rinse Water from such plating operations cannot 
be replenished and/or recycled because the concentration of 
the contaminants Would build up to unsatisfactory levels. 
Finally, decorative plating from a Cr(III) bath suffers from 
loW current ef?ciency. 

[0024] Currently, functional chromium coating from a 
Cr(III) bath is not commercially practical because it is 
dif?cult to plate thick chromium coatings With appropriate 
properties. Furthermore, the loW current ef?ciency and loW 
plating rate of Cr(III) baths lead to unfavorable economics. 

[0025] Attempts to plate gold from non-cyanide solutions 
have also experienced dif?culties. Gold plating baths that do 
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not employ cyanide usually contain sul?te. Gold is depos 
ited from the sul?te complex according to the equation 

[0026] Where M is an alkali metal or ammonium ion. The 
sul?te ion is itself in equilibrium With sulfur dioxide accord 
ing to the equation 

[0027] Because this reaction forms hydroxyl ions, the 
equilibrium is pH-dependent, and the sul?te ion is ordinarily 
stable only at alkaline pH. Because the plating reaction 
generates OH“, the pH near the plated surface (cathode) is 
usually very high. At alkaline pH, sul?te ions accumulate as 
gold is consumed and the speci?c gravity of the solution 
tends to increase continuously as the bath is operated. This 
is undesirable for high speed operation, or for applications 
requiring selectivity. It Would clearly be desirable to operate 
a sul?te gold plating bath under conditions such that sulfur 
dioxide is volatiliZed at approximately the same rate at 
Which gold is plated out. In such a case, the process tends to 
be self-regulating, and Would operate in a fashion analogous 
to that of the cyanide gold plating solutions. 

[0028] Another electroplating application Wherein it is 
desirable to control hydrogen evolution and the local pH in 
the region of the cathode is the developing attempts to 
substitute Zinc-nickel or Zinc-tin plating for anti-corrosion 
coatings of cadmium in order to eliminate the use of that 
toxic metal. Zinc-based alloys, such as Zn—Ni and Zn—Sn 
are strong candidates to replace cadmium. HoWever the 
current electroplating process for Zinc alloy coatings suffers 
from tWo main dif?culties: 

[0029] 1) It requires a hydrogen-relief bake post-treat 
ment to eliminate hydrogen embrittlement. 

[0030] 2) It is difficult to control the composition of the 
alloy as deposited. 

[0031] Zinc alloy plating suffers from What is knoWn in the 
plating industry as anomalous deposition. The anomaly 
involved is the tendency in such systems for the less noble 
metal to be deposited preferentially. In the case of the 
Zinc-based alloys the result is a coating that contains more 
Zinc and less nickel or tin than desired. According to one of 
the leading proposed mechanisms the problem is caused by 
the formation of a Zinc hydroxide ?lm Within the double 
layer adjacent to the cathode surface that inhibits the elec 
trodeposition of the more noble metal. Attempts have been 
made to correct the anomalous deposition by adjusting the 
composition of the plating bath, but the results have not 
permitted Zinc alloys to replace cadmium extensively. 

[0032] Still another industrial use of hexavalent chromium 
compounds in coating applications is the formation of 
anti-corrosive chromate conversion coatings on aluminum. 
A recent process developed for replacing chromium in such 
coatings is the formation of a cerium-molybdenum alloy 
coating on aluminum. This “Ce+Mo” process involves a 
chemical treatment of an aluminum alloy surface With 
Ce(NO3)3 solution for several hours, folloWed by an elec 
trochemical treatment (anodic polariZation) in NazMoO4 
solution and ?nally a chemical treatment in CeCl3 solution. 
The treatment process requires about six hours to complete 
and it is dif?cult to control the chemical treatment step. In 
addition it is difficult to control the Ce—Mo composition 
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and coating distribution due to the chemical treatment 
process. A cerium coating can be electrodeposited on alu 
minum. HoWever the conventional electrolytic method, 
Which uses direct current (DC), involves a large amount of 
hydrogen evolution due to the very negative reduction 
potential of Ce3+ (—2.335 V vs Standard Hydrogen Electrode 

The evolved hydrogen produces hydrogen 
embrittlement of the aluminum, stress corrosion cracking 
(SCC) and corrosion fatigue of aluminum alloys. 

[0033] Accordingly, a need has continued to exist for a 
method of controlling the deleterious effects of hydrogen 
evolution in electroplating processes and, in particular, for 
plating functional chromium coatings from a Cr(III) plating 
bath that does not suffer from the disadvantages of current 
processes. 

SUMMARY OF THE INVENTION 

[0034] The problems of controlling evolution of hydrogen 
and its direct and indirect effects on the properties of the 
electroplated coatings and the adverse interaction of hydrox 
ide ion With metal-bearing ions in the plating solution have 
noW been alleviated by the process of the present invention 
Wherein metal layers are deposited from a plating bath onto 
a cathode substrate using a pulsed reverse current (PRC). 
The process is especially applicable to electrodeposition of 
functional chromium coatings from a Cr(III) plating bath. 

[0035] Accordingly, it is an object of the invention to 
provide a method of controlling the evolution of hydrogen in 
electrodeposition of metals at a cathode. 

[0036] A further object is to control the pH in the vicinity 
of a cathode at Which metals are being deposited electro 
lytically. 

[0037] A further object is to provide a functional chro 
mium layer on a substrate. 

[0038] A further object is to provide a method for depos 
iting a functional chromium layer on a substrate using a 
Cr(III) plating bath. 

[0039] A further object is to provide a method of depos 
iting a functional chromium layer using a pulsed reverse 
current Waveform. 

[0040] A further object is to provide a method for depos 
iting gold on a substrate. 

[0041] A further object is to provide a method for depos 
iting gold on a substrate from a plating bath containing 
sul?te. 

[0042] A further object is to provide a method for depos 
iting Zn—Ni and Zn—Sn alloy layers on a substrate. 

[0043] A further object is to provide a method of depos 
iting a cerium-molybdenum anticorrosive layer on alumi 
num and aluminum alloys. 

[0044] Further objects of the invention Will become appar 
ent from the description of the invention that folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] The sole FIGURE illustrates a pulsed reverse cur 
rent Waveform of the type used in the process of this 
invention. 

Dec. 27, 2001 

DETAILED DESCRIPTION OF THE 
INVENTION AND PREFERRED 

EMBODIMENTS 

[0046] The method of the invention for controlling hydro 
gen evolution and the deleterious effects thereof in elec 
trodeposition of metals at a cathodic substrate Will be 
discussed in detail in connection With the application of the 
process to electrodeposition of a functional chromium metal 
layer on a substrate using a plating bath containing trivalent 
chromium (Cr(III)) and using pulsed reverse current. 

[0047] In electroplating from aqueous solutions, the elec 
tric current flowing to the cathode is carried by the metal 
bearing ions and the hydrogen ions. The hydrogen ions 
frequently carry a substantial fraction, often more than half, 
of the current. When the hydrogen ions are discharged at the 
cathode to form hydrogen gas Which is evolved, the con 
centration of hydroxide (OH') ions in the vicinity of the 
cathode is proportionately increased according to the Well 
knoWn equilibrium reaction of Water, and the pH increases. 
Thus the discharge of hydrogen ions at the cathode effec 
tively generates hydroxide ions at the cathode. The exact 
distance from the cathode surface to Which the increased 
hydroxide ion concentration, i.e., higher pH, exists Will vary 
depending on the conditions of the particular electroplating 
process such as total current, agitation of the bath and the 
like. In any case the increased hydroxide concentration 
occurs in the vicinity of the cathode Where the hydroxide 
ions can interact With any metal-bearing ions approaching 
the cathode if such ions are susceptible to reaction With 
hydroxide ions, the skilled practitioner Will recogniZe that 
certain metal-bearing ions do not interact directly With 
hydroxide ions. For example, the dichromate ions (Cr2O72_) 
that are commonly used in plating With Cr(VI) bear a 
negative charge, and do not react With hydroxide ions. 
Similarly, gold cyanide ions are not affected by hydroxide 
ions at the concentrations usually produced in electroplating 
because of the great stability of the gold-cyanide complex. 
HoWever, other ions, e.g., Cr3+, Zn2+, and the like, are 
capable of reacting With hydroxide ions to form insoluble 
precipitates at the cathode surface. When such ions are used 
for electroplating the deposition of the metal is inhibited by 
formation of reaction products With hydroxide ion, such as 
precipitates. 

[0048] According to the process of this invention, the use 
of pulsed reverse current greatly reduces the evolution of 
hydrogen at the cathode and thereby prevents the large 
increase in hydroxide ion concentration in the vicinity of the 
cathode that occurs When DC current is used. 

[0049] Chromium (III) ions are typical of those ions that 
can react With hydroxide ions produced in the vicinity of the 
cathode as a result of the discharge of the complementary 
hydrogen ions and their removal from the solution by 
evolution of hydrogen gas. 

[0050] According to the invention, chromium plating of 
sufficient thickness to provide the properties of a functional 
chromium layer can be efficiently and rapidly deposited on 
a substrate from a Cr(III) plating bath using a pulsed reverse 
current Waveform. It Will be understood by those skilled in 
the art that the pulsed reversed current through the plating 
bath Will be produced by a pulsed reverse voltage applied to 
the electrodes of the electrolytic cell. Accordingly, the 
process of the invention may be described in terms of pulsed 
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reverse current or pulsed reverse voltage. Hereinafter the 
process of the invention Will be discussed in terms of pulsed 
reverse current. 

[0051] Plating of functional chromium layers from Cr(III) 
baths using the conventional direct-current procedure is not 
practical because the current ef?ciency is loW and the rate of 
electrodeposition is relatively sloW. Due to the rapid drop in 
current efficiency, the practical limit for plating from a 
Cr(III) bath is about 2.5 micrometers. Although the plating 
thickness increases rapidly When the current is ?rst applied, 
the deposition rate soon diminishes and eventually becomes 
very small. The reason for this behavior may be seen from 
a consideration of the chemistry involved in the electroplat 
ing process. 

[0052] The object to be plated is made the cathode of the 
electrolytic cell. At the cathode, chromium is deposited and 
hydrogen is evolved as represented in the folloWing reac 
tions, Which include their standard potentials relative to the 
standard hydrogen electrode (SHE): 

[0053] Because the evolution of hydrogen at the cathode 
removes H+ ions from the solution, the pH near the cathode 
surfaces increases dramatically and chromic hydroxide 
(solubility product Ksp=5.4><l0_3l) precipitates in the high 
pH layer at the cathode. The sedimentation of chromic 
hydroxide covers the cathode surface and its thickness 
increases as the plating time and pH increase. This promotes 
an increase of cathode polariZation, a further decrease of 
chromium plating ef?ciency (i.e., an increase in the amount 
of hydrogen evolution reaction), and the increase of impu 
rities in the plating ?lm. All these factors retard the normal 
groWth of crystals in the plating ?lm, leading to the preven 
tion of further plating of chromium. Finally, the evolution of 
hydrogen continues as the only reaction. The precipitation of 
chromic hydroxide at the cathode also results in surface 
cracks in the plated layer and reduces the hardness and 
brightness of the chromium coating. 

[0054] These deleterious effects are reduced by the use of 
a pulsed reverse current in the electrolytic cell. 

[0055] A schematic diagram of a pulse reverse current 
(PRC) Waveform is shoWn in FIG. 1. Each cycle of the 
Waveform comprises a cathodic (forWard) current pulse 
folloWed by an anodic (reverse) pulse and, optionally, a 
relaxation period. As Will be understood from the folloWing 
discussion, a reverse pulse need not be present in every cycle 
to achieve the bene?ts of the invention, but it is preferred 
that there be one reverse pulse in each cycle. The cathodic 
peak current is represented as i1, and the cathodic on-time is 
t1. The anodic current is represented as i2, and the anodic 
on-time is t2. The relaxation time is to. The sum of the 
cathodic on-time, anodic on-time, and relaxation time is the 
period of the pulse (T=tO+t1+t2), and the inverse of the 
period is de?ned as the frequency of the pulsed current. The 
ratio of the cathodic on-time to the period (tl/T) is the 
cathodic duty cycle (D1), and the ratio of the anodic on time 
to the period (t2/T) is the anodic duty cycle (D2). The current 
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density during the cathodic on-time and anodic on-time is 
knoWn as the cathodic peak pulse current density and anodic 
peak pulse current density, respectively. The average current 
density (iave) is the average cathodic current density (Dlil) 
minus the average anodic current density (D2i2). 

[0056] Once the average current density (iave), pulse fre 
quency (f), cathodic duty cycle (D 1), anodic duty cycle (D2), 
and the cathodic to anodic charge ratio (Q1/Q2) are given, 
the cathodic and anodic on-time and relaxation time (t1, t2, 
and to) and cathodic and anodic peak current density (i1 and 
i2) are determined from the folloWing equations: 

iave = iiDi — i2D2 

[0057] Another condition is: 

D1+D2§1 

[0058] It should be noted that the cathodic on-time, anodic 
on-time, and relaxation time, and the cathodic and anodic 
peak pulse current density are additional parameters avail 
able to control the electroplating process compared to con 
ventionally used DC plating Wherein the cathodic current 
?oWs for the entire duration of the plating process. Further 
more, the higher peak current in the forWard cathodic phase 
of the pulsed reverse current cycle produces a ?ner grained 
deposit than that produced by DC of the same average 
current, thereby yielding a harder chromium layer. The 
reverse current portion of the cycle consumes nascent hydro 
gen, thereby keeping the local pH relatively loW and pre 
vents the formation of chromium hydroxide Which adversely 
affects the hardness of the deposit. The consumption of 
nascent hydrogen also helps to avoid hydrogen embrittle 
ment of the deposit. The relaxation period of the current 
cycle contributes to enhanced current ef?ciency and plating 
rate by alloWing time for the chromium ions to diffuse to the 
cathode surface, thereby increasing the local concentration 
of chromium ions during the forWard, plating portion of the 
cycle. 

[0059] For chromium plating from a Cr(III) bath, a 
cathodic pulse is used having either a long duty cycle or a 
large pulse current to deposit chromium, folloWed by an 
anodic pulse With either a short duty cycle or a small pulse 
current to convert the nascent hydrogen gas formed during 
the cathodic cycle to H", and a relaxation period to alloW the 
Cr(III) ions to diffuse to the cathode surface and be available 
for subsequent deposition. During the cathodic portion of 
the pulse, chromium is deposited and hydrogen is evolved, 
analogous to the conventional chromium plating. During the 
anodic portion of the pulse the nascent hydrogen is con 
sumed according to the folloWing reaction: 
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[0060] In this manner, a loW pH is maintained and chromic 
hydroxide precipitation is avoided. By properly adjusting 
the anodic and cathodic peak currents, the anodic and 
cathodic duty cycles, and the PRC frequency, nascent hydro 
gen can be consumed. Furthermore, the parameters can also 
be adjusted to provide that the net plating rate from the 
Cr(III) plating bath is equivalent to that achieved in current 
practice using Cr(VI) baths. 

[0061] In DC plating, chemical additives are used to 
produce the desired properties of metal coatings. The addi 
tives in?uence a number of properties of deposits, including 
1) brightness, 2) hardness, 3) corrosion resistance, and 4) 
mechanical characteristics, such as strength and ductility. In 
PRC plating the grain siZe and coating morphology can be 
adjusted by modifying the PRC Wave forms. Therefore, 
desired coating properties can be obtained With PRC plating 
from an additive-free plating bath. If the bath is additive 
free, the used solution can be replenished and recycled to the 
plating tank Without contaminated drag-in and Zero dis 
charge Will be obtained. This Will eliminate the disposal of 
toXic chromium compounds and reduce the environmental 
impact. 

[0062] The trivalent chromium bath used for functional 
chromium plating according to the process of the invention 
may contain any salt of trivalent chromium that is suffi 
ciently soluble to achieve a practical concentration of triva 
lent chromium ions in the solution. Suitable bath formula 
tions containing trivalent chromium are disclosed in US. 
Pat. No. 5,415,763, the entire disclosure of Which is incor 
porated herein by reference. Preferred salts are CrCl3 and 
KCr(SO4)2. The bath may contain one or more suitable salts. 
The amount of trivalent chromium salt in the plating bath 
may range from about 0.6 g/L to about 40 g/L, preferably 
from about 22 g/L to about 28 g/L, calculated as the Weight 
of trivalent chromium ions in the solution, that is from about 
0.01 moles/liter to about 0.77 moles/liter, preferably from 
about 0.42 moles/L to about 0.54 moles/L of trivalent 
chromium. The pH of the plating bath may range from about 
1.5 to about 3.5, preferably from about 1.9 to 2.6. 

[0063] The plating bath may contain other materials to 
assist in the plating process and improve the properties of the 
plated deposit. Preferred bath compositions are those given 
in the eXample beloW. 

[0064] The frequency of the pulsed reverse current may be 
from about 5 HZ to about 700 HZ, preferably from about 10 
HZ to about 200 HZ. The duty cycle of the forWard pulses 
may range from about 50% to about 90%, preferably from 
about 80% to about 90%. The duty cycle of the reverse 
pulses may range from about 5% to about 30%, preferably 
from about 5% to about 15%. The cathodic to anodic charge 
ratio, i.e., the ratio of current carried by the forWard pulses 
to that carried by the reverse pulses may range from about 
5: to about 80:1. The reverse pulses may be interposed 
betWeen some or all of the forWard pulses or a plurality of 
reverse pulses may be interposed betWeen some or all of the 
forWard pulses. It is preferred that the forWard and reverse 
pulses alternate so that one reverse pulse is interposed 
betWeen each pair of forWard pulses, providing a pulse cycle 
as shoWn in FIG. 1. It Will also be recogniZed by those 
skilled in the art that the pulses need not have the square 
Waveform shoWn in FIG. 1. Any Waveform that provides a 
forWard pulse of current and a reverse pulse of current is 
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suitable. Thus the Wave forms may be, for eXample, square, 
trapeZoidal sinusoidal, or even irregular or the like, so long 
as they provide for a forWard cathodic duty cycle and a 
reverse anodic duty cycle. An asymmetrical sine Wave 
Would also be a suitable Wave form. The actual shape of the 
Waveform used in a particular application Will be determined 
by practical considerations of electrical current supply 
equipment. 

[0065] The invention Will be illustrated by the folloWing 
eXample, Which is intended to be illustrative and not limit 
ing. 

EXAMPLE 

[0066] This eXample illustrates deposition of a functional 
chromium layer on a steel substrate. 

[0067] A steel rod 1.2 cm in diameter by 28 cm in length, 
of the type generally used in automotive shock absorbers, 
Was measured With a micrometer and then prepared for 
electroplating by a conventional three-step treatment com 
prising an alkaline soak cleaning, electrocleaning, and an 
acid etch. BetWeen each step of the preparation process the 
rod Was thoroughly rinsed With Water. 

[0068] The rod Was then mounted in a laboratory-scale 
electrolytic cell holding about 3 liters of electrolyte. The rod 
Was con?gured as the cathode and the anode Was an inert 

electrode. 

[0069] Experiments Were conducted using tWo different 
plating bath solutions. The ?rst plating bath (bath A) Was an 
aqueous solution containing the folloWing ingredients in the 
listed concentrations. 

[0070] The pH of plating bath AWas adjusted With potas 
sium hydroxide to a value of 2.5. The speci?c gravity of the 
solution Was 1.2. In bath B, the amount of formic acid Was 

decreased to 30 mL/L, and the bath Was used at its unad 
justed pH of 2.0, as prepared. The electroplating Was con 
ducted at a temperature in the range of 20-60° C. to simulate 
commercial plating conditions in Which the bath temperature 
is not closely controlled. 

[0071] Test samples Were plated using direct current and 
pulse reverse current (PRC) at various frequencies, average 
currents (iave), cathodic and anodic duty cycles (Dc and D8) 
and charge transfer ratios (QC/Q8). 

[0072] After plating the rods Were rinsed and dried and 
their diameters Were measured With a micrometer to deter 
mine the thickness of the plating. The results are summa 
riZed in Table 1 beloW. 
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TABLE 1 

Plating Plating Plating Current 
Iave f DC Da Thickness Time Rate E?iciency 

Test (A) (%) (%) QC/Qa Bath (,um) (min) (,um/ min) (%) 

1 30 DC A 15.7 30 0.76 18.5 
2 30 100 80 5 10:1 A 40.6 30 1.35 33 
3 30 100 90 8 10:1 A 40.6 30 1.35 33 
4 30 100 90 5 20:1 A 43.2 30 1.44 35 
5 30 100 50 25 10:1 A 25.4 20 1.27 31 
6 30 100 50 5 10:1 A 25.4 25 1.01 24.6 
7 30 10 20 10 10:1 A 25.4 25 1.01 24.6 
8 30 100 20 5 10:1 A 25.4 25 1.01 24.6 
9 30 500 50 10 10:1 A 25.4 25 1.01 24.6 

10 40 10 80 8 20:1 A 55.9 30 1.86 34 
11 40 100 50 10 10:1 A 25.4 20 1.27 23.1 
12 30 100 80 5 40:1 B 18.5 10 1.85 34 
13 94 100 80 5 40:1 B 35 10 3.5 20.5 

[0073] For comparison purposes, a similar rod plated With 
a functional chromium layer from a conventional Cr(VI) 
bath exhibited a plating thickness of 8.9 -12.7 pm, at a 
plating time of 10 min, a plating rate of 0.76-1.27 pm/min, 
and a current ef?ciency of 24%. 

[0074] The best results With the process of the invention 
using bath A Were those of tests 2 and 3 Which achieved a 
plating rate of 1.35 pm/min and a current ef?ciency of 33%. 
The best overall result Was achieved in test 12 Wherein the 
plating rate Was 1.85 pm/min and the current ef?ciency Was 
34%. This sample also had the best hardness and loWest 
porosity of the test samples. In test 13 a higher average 
current produced a greater plating rate. However, the coating 
had a greater porosity and loWer hardness that the sample of 
test 12. 

[0075] The test results also shoW that the process of the 
invention is superior to the conventional process for elec 
troplating decorative chromium layers from a Cr(III) bath 
using direct current Wherein the deposition of chromium 
metal essentially ceases after a layer about 2.5 pm thick has 
been plated because of the precipitation of a layer of 
chromium hydroxide. 

[0076] The data establish that functional chromium layers 
can be deposited from a Cr(III) bath With plating rate and 
current ef?ciency comparable to those achieved With a 
conventional hexavalent chromium bath. Furthermore, the 
plating rate data shoW that pulsed reverse current can 
achieve a plating rate substantially greater than that obtained 
using direct current. The current efficiency of plating With 
pulsed reverse current is signi?cantly greater than that of DC 
plating and comparable With that of conventional chromium 
plating. The hardness of the chromium layer deposited using 
pulsed reverse current under optimum conditions Was 
equivalent to that of chromium coatings prepared by con 
ventional plating from a hexavalent chromium bath. 

[0077] The invention having noW been fully described, it 
should be understood that it may be embodied in other 
speci?c forms or variations Without departing from its spirit 
or essential characteristics. Accordingly, the embodiments 
described above are to be considered in all respects as 
illustrative and not restrictive, the scope of the invention 
being indicated by the appended claims rather than the 
foregoing description, and all changes Which come Within 

the meaning and range of equivalency of the claims are 
intended to be embraced therein. 

We claim: 
1. A method for electrolytic deposition of metals on a 

cathode substrate comprising 

immersing an electrically conductive anode and an elec 
trically conductive cathode in an aqueous plating bath 
containing metal-bearing ions, hydrogen ions, and 
hydroxide ions, 
said metal-bearing ions being capable of migrating to 

said cathode and being discharged at said cathode 
and depositing metal thereon, 

said hydrogen ions being capable of migrating to said 
cathode and being discharged at said cathode to form 
hydrogen gas, Whereby the concentration of said 
hydroxide ions in the vicinity of said cathode is 
increased, 

said metal-bearing ions being capable of reacting With 
said hydroxide ions in the vicinity of said cathode 
Whereby deposition of said metal on said cathode is 
inhibited; 

passing an electric current from said anode to said cathode 
through said plating bath, Whereby said metal-bearing 
ions carry a ?rst fraction of said current by migrating to 
said cathode and being discharged at said cathode, and 
said hydrogen ions carry a second fraction of said 
current by migrating to said cathode and being dis 
charged at said cathode, said ?rst fraction and said 
second fraction together constituting said electric cur 
rent, 

Wherein said electric current is a pulsed reverse current 
having forWard pulses and reverse pulses. 

2. The method of claim 1 Wherein said pulsed reverse 
current has a frequency of about 5 HZ to about 700 HZ. 

3. The method of claim 1 Wherein said pulsed reverse 
current has a frequency of about 10 HZ to about 200 HZ. 

4. The method of claim 1 Wherein said forWard pulses of 
said pulsed reverse current have a duty cycle of from about 
50% to about 90%. 

5. The method of claim 6 Wherein said forWard pulses of 
said pulsed reverse current have a duty cycle of from about 
80% to about 90%. 
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6. The method of claim 1 wherein said reverse pulses of 
said pulsed reverse current have a duty cycle of from about 
5% to about 30%. 

7. The method of claim 1 Wherein said reverse pulses of 
said pulsed reverse current have a duty cycle of from about 
5% to about 15%. 

8. The method of claim 1 Wherein a reverse pulse is 
interposed betWeen at least some of said forWard pulses. 

9. The method of claim 1 Wherein a reverse pulse is 
interposed betWeen each pair of forWard pulses. 

10. The method of claim 1 Wherein the ratio of electric 
charge carried by said forWard pulses to electric charge 
carried by said reverse pulses is from about 5:1 to about 
80:1. 

11. The method of claim 1 Wherein a relaxation period of 
no current flow is interposed betWeen a reverse pulse and a 
following forWard pulse. 

12. The method of claim 1 Wherein said metal-bearing 
ions contain trivalent chromium. 

13. The method of claim 1 Wherein said metal-bearing 
ions contain gold. 

14. The method of claim 1 Wherein said metal-bearing 
ions comprise ions containing Zinc and ions containing 
nickel. 

15. The method of claim 1 Wherein said metal-bearing 
ions comprise ions containing Zinc and ions containing tin. 

16. The method of claim 1 Wherein said metal-bearing 
ions comprise ions containing cerium and ions containing 
cobalt. 

17. In a method for electrolytic deposition of metals on a 
cathode substrate by immersing an anode and a cathode in 
an aqueous plating bath containing metal-bearing ions and 
passing an electric current betWeen said anode and said 
cathode, Wherein said metal-bearing ions are capable of 
migrating to said cathode and being discharged at said 
cathode, and are capable of reacting With hydroxide ions 
generated in the vicinity of said cathode by evolution of 
hydrogen at said cathode, the improvement comprising 
controlling excessive evolution of hydrogen at said cathode 
by using as said electric current a pulsed reverse current. 

18. Amethod of depositing a layer of chromium metal on 
a substrate comprising 

providing an aqueous plating bath containing a Water 
soluble salt of trivalent chromium; 

immersing in said plating bath a cathode comprising an 
electrically conducting substrate and an anode; 

passing an electric current betWeen said anode and said 
cathode Wherein said current is a pulsed reverse current 
having a frequency of from about 5 HZ to about 700 HZ, 
said pulsed current comprising forWard pulses having a 
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duty cycle of from about 25% to about 95%, and 
reverse pulses having a duty cycle of from about 50% 
to about 5%, said reverse pulses being interposed 
betWeen at least some of said forWard pulses. 

19. The method of claim 18 Wherein said bath contains 
one or more Water-soluble salts of trivalent chromium and 
the total concentration of trivalent chromium in said bath is 
from about 3 g/L to about 200 g/L. 

20. The method of claim 18 Wherein said bath contains 
one or more Water-soluble salts of trivalent chromium and 
the total concentration of trivalent chromium in said bath is 
from about 3 g/L to about 200 g/L. 

21. The method of claim 18 Wherein said total concen 
tration of trivalent chromium salt in said bath is from about 
110 g/L to about 140 g/L. 

22. The method of claim 18 Wherein said plating bath has 
a pH of from about 1.5 to about 3.5. 

23. The method of claim 22 Wherein said plating bath has 
a pH of from about 1.9 to about 2.6. 

24. The method of claim 23 Wherein said plating bath has 
a pH of about 2.5. 

25. The method of claim 18 Wherein said Water-soluble 
salt of trivalent chromium is selected from the group con 
sisting of CrCl3 and KCr(SO4)2. 

26. The method of claim 18 Wherein said pulsed current 
has a frequency of about 10 HZ to about 200 HZ. 

27. The method of claim 18 Wherein said forWard pulses 
of said pulsed current have a duty cycle of from about 50% 
to about 90%. 

28. The method of claim 18 Wherein said forWard pulses 
of said pulsed current have a duty cycle of from about 80% 
to about 90%. 

29. The method of claim 18 Wherein said reverse pulses 
of said pulsed reverse current have a duty cycle of from 
about 30% to about 5%. 

30. The method of claim 18 Wherein said reverse pulses 
of said pulsed reverse current have a duty cycle of from 
about 15% to about 5%. 

31. The method of claim 18 Wherein the ratio of electric 
charge carried by said forWard pulses to electric charge 
carried by said reverse pulses is from about 5:1 to about 
80:1. 

32. The method of claim 18 Wherein a reverse pulses is 
interposed betWeen at least some of said forWard pulses. 

33. The method of claim 18 Wherein a reverse pulse is 
interposed betWeen each pair of forWard pulses. 

34. The method of claim 18 Wherein a relaxation period 
of no current flow is interposed betWeen a reverse pulse and 
a folloWing forWard pulse. 

* * * * * 


