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ABSTRACT 
 
When nickel electroplate is coupled with chromium, a high current density and corrosion rate at the anode, usually nickel, are 
favored by a high electrolyte concentration, a high temperature and a low nickel-to-chromium area ratio.  The passivity of the 
chromium, which is dependent upon aging conditions, has a profound influence on the corrosion current.  The information in this 
paper, based on research conducted for the American Zinc Institute, resolves some anomalies that obscured factors bearing on 
the corrosion of electroplated zinc die castings. 
 
Introduction 
 
Discontinuities in decorative chromium are recognized as the principal sites at which corrosion begins on electroplated zinc die 
castings exposed to outdoor weathering.  Corrosion of bright nickel is accelerated by plating chromium over it.1  The rate of 
nickel corrosion under pores and cracks in the chromium plate is affected by several factors and cannot be precisely predicted 
for a specific system in a given environment. 
 
Electrode-potential and current data for nickel-chromium couples in some recent papers and reports2-4 pose some anomalies that 
obscure an interpretation of corrosion phenomena for copper-nickel-chromium composites.  Specifically, some of these data 
indicated that chromium electrodes were more active than electrodeposited nickel under conditions that should show a greater 
activity for the nickel.  In other cases, chromium was slightly passive to nickel, but the currents reported for nickel-chromium 
couples were insufficient to explain the much greater nickel corrosion rates observed when nickel- and chromium-plated parts 
are exposed outdoors. 
 
One objective of the research program conducted for the American Zinc Institute was to develop electrode-potential and 
corrosion-current data that would resolve the anomalies, provide a better understanding of the mechanism of corrosion, and 
create a reliable basis for devising improved plating procedures.  This study began with the development of electrode-potential 
data for eleven different nickel deposits. 
 
The electrochemical activity of electrodeposited nickel 
 
Open-circuit, electrode potentials of seven bright-nickel deposits, three semi-bright-nickel plates and Watts-type nickel spanned 
broad ranges in each of five electrolytes.  Figure 1 shows the steady-state potentials in acidified, sodium chloride solutions.  
Broad ranges were reported previously for nickel potentials in Corrodkote slurry2 and a solution of sodium chloride and hydrogen 
peroxide.4 
 
The relative activities of eight representative nickel deposits in CASS solution correlated with their sulfide and total sulfur 
contents, are shown in Fig. 2.  This correlation confirms, in a quantitative fashion, the distinction observed previously for "sulfur-
free" and "sulfur-containing" nickel deposits.2  In Fig. 2, the same correlation exists for total sulfur as for sulfide sulfur. 
 
Mechanical polishing and mechanical buffing increased the activity of bright-nickel and Watts-type nickel electrodes.  The shift to 
a more active condition caused by mechanical working was 40 or 50 mV.  As a result, nickel anodes corroded at a faster rate 
when coupled with passive chromium after their surfaces were mechanically worked.  Thus, buffed Watts-type nickel was similar 
in electrochemical behavior to the less-active bright-nickel deposits. 
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Figure 1 - Electrode potentials for Watts-type nickel (W), semi-bright nickel (S), bright nickel (B) and copper (C) in acidified 

sodium chloride solutions. C1 and C2 refer to copper electrodeposited in a Rochelle strike bath and a high-efficiency 
cyanide solution, respectively. 

 

 
Figure 2 - Correlation of sulfide and total sulfur contents of eight nickel deposits with potentials in CASS electrolyte. 

 
An increase in the temperature of CASS electrolyte shifted the nickel potentials towards an active condition, as shown in Fig. 3, 
but only minor changes occurred in their order.  The temperature coefficient of the potential of S3 was -2 1 mV/°F, and the 
coefficient for other nickel deposits was about -1.7 mV/°F.  The copper potential had a lower coefficient of only -0.88 mV/°F.  An 
extrapolation of the data in Fig. 3 indicates that copper would be more active than any of the bright-nickel plates at low 
temperatures. 
 
Figure 4 shows potential data for nickel deposits in neutral salt solution and in dilute electrolytes simulating the compositions of 
rain waters.  These simulated rain-water compositions are given in Table 1.  Their pH and that of nearly all of the rain waters 
reported in the literature5-9 was less than 7.0.  Thus, potential and current data for neutral solutions are not so pertinent as they 
are for acid solutions. 
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Figure 3 - Variation of electrode potential in CASS solution with temperature for copper (C), Watts nickel (W); semi-bright-nickel 

(S1 and S3), and bright-nickel (B4 and B7) deposits. 
 

 
Figure 4 - Electrode potentials for Watts-type nickel (W), semi-bright nickel (S), bright nickel (B) and copper (C) in neutral salt 

and simulated-rain-water solutions. 
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Table 1 - Composition and conductivities of simulated rain waters. 

Composition 

Simulated 
marine 

rain 
water 

Simulated 
industrial 

rain 
water 

Potassium chloride, mg/L 0.22 0.30 
Sodium chloride, mg/L 10.1 None 
Ammonium nitrate, mg/L 0.16 None 
Calcium sulfate, CaSO4·2H2O, mg/L 1.63 4.30 
Magnesium sulfate, MgSO4·7H2O, mg/L 0.86 5.15 
Sodium sulfate, mg/L None 0.92 
Ammonium sulfate, mg/L None 1.19 
Hydrochloric acid, mg/L 2.15 None 
Nitric acid, mg/L None 30.5 
Sulfuric acid, mg/L None 147.0 
Total chlorides, meq/L 0.236 0.004 
Total nitrates, meq/L 0.002 0.484 
Total sulfates, meq/L 0.026 3.123 
Total cations, meq/L 0.264 3.611 
pH 4.30 2.53 
Conductivity, ohm-1 cm-1 × 10-6 45 590 

 
The difference in the potentials of the most active and the most passive nickel plates was about 0.3 V in the simulated marine 
rain water (SMR).  The electromotive force series for these nickel deposits spanned a range of 0.12 V in the simulated industrial 
rain water (SIR). 
 
The potentials for the individual nickel plates were ordered in about the same manner in each of the salt and simulated rain-water 
solutions. The semi-bright and Watts-type nickel plates were passive to all of the bright nickel plates, as would be expected from 
the results of accelerated-corrosion and outdoor-weathering studies.  In the selection of a duplex nickel system, a random 
combination of a semi-bright and a bright-nickel plate might be inappropriate for achieving the benefits recognized for specific 
duplex nickel systems.  A combination of Semi-bright Nickel 2 and Bright Nickel 7, for example, was less efficacious than duplex 
systems S2B3 and S3B4.  The small potential difference between S2 and B7 evidently is insufficient to inhibit corrosion pitting 
effectively in the semi-bright-nickel plate.  Data on outdoor corrosion resistance for these duplex systems are given in Table 2. 
 
Table 2 - Correlation of electrode potential and corrosion current data with outdoor corrosion performance ratings for composites 

of copper, duplex nickel and chromium on zinc die-cast panels.a 

Duplex 
Nickel 

System 

Open circuit potential between semi-
bright and bright nickel deposits 

Anode current density for 
bright nickel coupled with 
semi-bright nickel in SIR 
solution at 77°F,b μA/in.2 

Average corrosion 
resistance rating after 
one year of exposure 

In CASS 
solution 

In acid salt 
solution In SIR 

Coupled with 
0.01 in.2 of 
semi-bright 

nickel 

Coupled with 
0.001 in.2 of 
semi-bright 

nickel At Detroit 
At Kure 
Beach 

S2B7 40 40 10 0.2 0.6 8.2 7.6 
S2B3 100 130 50 0.23 1.6 9.0 8.1 
S3B4 100 110 80 0.31 2.0 8.9 7.9 

(a) Each composite consisted of 0.4 mil of copper, 0.55 mil of semi-bright nickel, 0.25 mil of bright nickel and 0.01 mil of chromium. 
(b) Current data for 1.0 in.2 areas of electroformed, ¼-inch diameter, bright nickel tubing coupled externally with smaller areas of electroformed 
semi-bright nickel tubing. 
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Replacing one-half of the sulfate ions in the SIR solution with sulfite ions had activating and equalizing effects on the potentials of 
the nickel plates.  They spanned a range of only 0.035 V, and their average potential was -170 mVSHE.  A 0.1% solution of sulfur 
dioxide at 120°F also had an equalizing effect; the most active and the most passive nickel plates exhibited potentials of -110 
and -80 mVSHE, respectively, differing by only 30 mV.  These potential relationships indicate that the sulfur dioxide-accelerated 
corrosion test would fail to distinguish an efficacious duplex nickel system from a single bright-nickel layer.  This disadvantage of 
the sulfur dioxide corrosion test was recognized previously.10 
 
The potential of copper was midway in the range of the nickel potentials in the salt solutions.  Copper assumed a potential in the 
sulfur dioxide solutions that was 0.3 to 0.4 V more passive than the most passive nickel deposits.  This relationship shows why 
copper corrodes slowly in the sulfur dioxide test and why copper-nickel-chromium composites appear superior to nickel-
chromium composites when subjected to this test.11 
 
Potential data for chromium electrodeposits 
 
The electrodes employed for measuring the potentials of nickel plate were 1-in.2 areas of electronickel foil or a 1-inch-long by ¼-
inch-diameter, thin-walled electroformed tube.  Because it was considered impractical to electroform chromium foil or thin-walled 
tubing, chromium deposits on nickel and other substrates were investigated.  When 1-in.2 areas of steel, stainless steel, nickel or 
platinum sheet were plated with about 0.1 mil of either low-temperature, low-ratio or high-temperature, high-ratio chromium, 
immersed in an electrolyte, and referenced to a saturated calomel half cell, they exhibited potentials that equaled or approached 
the potentials of the bare substrate.  Such readings were unreliable as a basis for comparing the electrochemical activities of 
nickel and chromium deposits. 
 
An electroformed chromium half cylinder with a wall thickness of about 0.1 inch was consistently anodic to the hydrogen 
electrode and to the most active nickel deposit, when a 1-in.2 or larger area was immersed in each of the electrolytes employed 
during this program.  Coupons of vapor-deposited and hot-worked chromium, which exhibited a potential that was at least 350 
mV passive to a Watts-type nickel plate, became anodic to the active nickel plates when they were plated with chromium.  In 
CASS electrolyte, for example, the equilibrium potential of chromium-plated coupons of vapor-deposited chromium was -120 mV 
(100 mV anodic to the most active bright nickel). 
 
To check the reliability of these measurements, potential data were derived for smaller areas covered with a single drop of 
electrolyte, into which a small calomel electrode was suspended.  Potential readings with a calomel probe generally spanned a 
broad range, depending on the locations of different drops of electrolyte.  Representative readings for several chromium 
electrodes are shown in Table 3. 
 
Many very passive spots were located on the electroformed chromium electrode with the calomel electrode probe.  Other spots 
displayed a more active condition approximating the potential readings for larger, 1-in.2 areas.  Microscopic examination of the 
surface indicated that the passive spots contained fewer and wider cracks than the active areas.  Passivity also was detected at 
some areas of the chromium-plated electrodes.  For example, a potential of 240 mV (passive to the hydrogen electrode) was 
determined for several spots on a Watts-type nickel foil plated with bright nickel and high-temperature, high-ratio chromium.  Yet, 
other spots were even more active than the bright nickel under the chromium.  These observations indicated that conditions were 
not satisfied for maintaining chromium in a passive condition at areas containing a relatively large proportion of discontinuities.  
On the other hand, areas approaching a pore-free and crack-free condition were consistently passive. 
 
When one end of a sliver sheared from electroformed nickel was suspended in a drop of CASS electrolyte on the surface of the 
electroformed chromium specimen and coupled with the specimen, a current of about ½ μA was detected at one of the active 
sites.  This current corresponded to an anode current density for the chromium of about 50 μA /in.2, which is equivalent to a 
corrosion rate of about 0.25 μ-in./hr, assuming chromium dissolution at 100% efficiency in the trivalent state.  With a nickel sliver 
suspended in another drop covering passive chromium, a current of about 1 μA was detected; this corresponded to an anode 
current density of 20 mA/in.2 and a nickel-corrosion rate of approximately 0.15 mil/hr.  The temperature of the solution was about 
120°F in each experiment.  The exposed nickel and chromium areas were approximately 0.00005 and 0.01 in.2, respectively. 
 
Application of the available information to nickel-chromium composites indicates that the active sites in the chromium coinciding 
with discontinuities become the anodes in corrosion cells including adjacent passive areas, probably because they do not receive 
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sufficient oxygen to depolarize the side walls of the discontinuities.  After pores and cracks are enlarged by chromium corrosion, 
nickel is exposed and oxygen diffuses more readily to the side walls of the discontinuities, thereby satisfying conditions for 
chromium passivity.  After this transition occurs, the exposed nickel becomes anodic and begins to corrode in preference to the 
chromium.  This situation applies to any active sites in thicker-than-normal (0.05 mil or thicker) chromium, and helps to explain 
the enlargement of pores and cracks that is observed when chromium-plated parts are weathered.  Most of the pores in thinner, 
0.01 to 0.02-mil-thick chromium are relatively large to begin with and probably require no enlargement to satisfy conditions for 
passivity at their side-wall surfaces. 
 

Table 3 - Equilibrium potentials for chromium electrodes in CASS electrolyte. 

Electrode 

Potential in CASS solution at 77°F, mVSHE 

Chromium, 
1.0 in.2 area 

Chromium, 
0.01 in.2 area 

Substrate, 
1.0 in.2 area 

Most active 
reading 

Most passive 
reading 

Electroformed chromium1' 
 

-80 -100 460c ----- 

LTLR chromium on vapor-deposited chromiumd 120 -20 290 630 
HTHR chromium on vapor-deposited 
chromiumd 320 160 420 590 

HTHR chromium on 18-8 stainless steeld 150 260 300 50 
HTHR chromium on active bright nickeld -10 -190 240 70 
HTHR chromium on platinumb 

 550 500 580 530 

(a) The area of the tip of the calomel electrode immersed in a single drop of electrolyte was 0.006 in.2 
(b) Aged indoors for about 3 months and scrubbed with magnesium oxide. 
(c) The passive readings corresponded to areas where width of the cracks had been enlarged by some undetermined etchant. 
(d) Exposed to a laboratory atmosphere for about 3 weeks; these chromium deposits were about 0.1 mil thick. 

 
Aging effects for chromium plate 
 
Freshly deposited chromium on nickel is consistently anodic to nickel, according to potential data derived with a calomel 
electrode probe.  Steady-state potentials for chromium deposited in high-temperature, high-ratio and in low-temperature, low-
ratio solutions were -50 to -150 mV (anodic to the hydrogen electrode) in CASS solution.  No passive spots were located.  On the 
other hand, the chromium on panels exposed outdoors for 15 months was consistently passive, except for spots where pores or 
cracks were obvious.  The passive readings were 620 to 680 mV.  Potential measurements at spots coinciding with obvious 
discontinuities ranged from 20 to 80 mV, which approximates the potential of the bright nickel under the chromium.  The potential 
of chromium on copper and nickel-plated zinc-alloy panels exposed outdoors for 10 days ranged from 240 to 390 mV.  After six 
weeks outdoors, the potentials were between 400 and 540 mV. 
 
Freshly deposited chromium was passivated by color buffing.  After two light passes, potential readings ranged up to 400 mV, 
relative to the normal hydrogen electrode. 
 
Exposure to CASS fog had a distinct passivating influence.  After 16 hr, representative potential readings were 430 to 540 mV, 
excluding areas containing obvious discontinuities.  After 90 hr of CASS, representative readings ranged from 470 to 530 mV.  
Even the magnesium oxide scrubbing step that is customary for cleaning plated parts prior to CASS testing had a passivating 
influence that appeared to be almost as effective as the 16-hr CASS test which includes such a cleaning step.  Representative 
readings after magnesium oxide scrubbing were between 200 and 420 mV.  The potentials for passive chromium areas ranged 
from 150 to 250 mV on panels subjected to 16 hr of CASS with no prior cleaning.  The greater degree of passivity for the 
scrubbed chromium accounts for the greater amount of corrosion observed for plated parts cleaned with magnesium oxide 
before exposure to CASS.12  Any exposed nickel, which is anodic to passive chromium, corrodes at a higher rate as the passivity 
of the chromium is increased. 
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Potential readings for several sets of nickel and chromium panels aged 18 months indoors under a protective-paper wrapping 
showed only active chromium (-10 to -80 mV) on most of the panels.  An intermediate degree of passivity ranging from 110 to 
140 mV was detected on the other panels aged indoors.  No reading was greater than 140 mV.  Electrode potentials for 
chromium on panels exposed three weeks in the laboratory were between 90 and 240 mV.  These aging effects are shown 
graphically in Fig. 5. 
 
After heating freshly deposited chromium on nickel and vapor-deposited chromium to 400°F in a reducing atmosphere, a high 
level of passivity was detected with a calomel probe.  Potential measurements were in the range of 390 to 600 mV after a two-
hour heat treatment.  This result indicated that the hydrogen content of freshly deposited chromium prevented the chromium from 
becoming passive.  After a substantial amount of hydrogen was outgassed from the chromium-plated electrodes, the chromium 
surfaces became passive. 
 

 
Figure 5 - Electrode potentials of chromium deposits on nickel, derived with a calomel probe in CASS solution at 77°F.  The 

ranges shown here exclude readings at areas containing obvious discontinuities. 
 
Effect of hydrogen in chromium plate 
 
The heat-treated, chromium-plated, nickel electrodes were restored to an active state by subjecting them to cathodic treatment in 
an alkaline solution.  For the passive chromium which exhibited potentials in the range of 390 to 600 mV after heating, potentials 
of 20 to -170 mV were obtained after cathodic charging with hydrogen.  D. A. Vaughan, Battelle physicist, reported x-ray 
diffraction data showing that electrolytic chromium was partially converted to hexagonal chromium hydride by this procedure for 
charging with hydrogen.  The results of these experiments confirmed that the electrochemical activity of chromium was 
profoundly affected by its hydrogen content. 
 
A chromium-plated platinum electrode that exhibited a potential of 550 mV in CASS solution at 80°F was activated by cathodic 
charging with hydrogen.  The initial reading after charging was about 20 mV.  However, hydrogen egressed too rapidly to detect 
a steady-state condition, and the electrode potential gradually increased to about 400 mV.  The potential of an unplated platinum 
electrode was unchanged after a similar cathodic treatment. 
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Chromium deposited on nickel in high-temperature baths usually was more active initially than chromium deposited in low-
temperature baths.  Furthermore, the transition at room temperature from an active towards a passive condition was slower for 
high-temperature chromium than it was for chromium produced at low temperatures.  After passivation and reactivation by 
cathodic charging, high-temperature chromium was more active than low-temperature chromium.  These differences in behavior 
are related to the number of discontinuities in the deposit.  The egress of hydrogen evidently was faster from low-temperature 
chromium, which contained a larger number of discontinuities. 
 
An attempt was unsuccessful in extending these observations to chromium with a microscopic system of cracks numbering more 
than 1000 per linear inch.  Reliable potential data for microcracked chromium could not be obtained by suspending a calomel 
probe in a drop of electrolyte, because a single drop spanned more than 100 cracks.  The crack patterns of microcracked 
systems have been described in several publications.4,13-15 
 
Corrosion currents for nickel-chromium couples 
 
Current measurements between nickel and chromium electrodes shorted externally revealed greatly different values, depending 
on (1) the composition and pH of the electrolyte, (2) its temperature, (3) the activity of the chromium deposit, (4) the activity of the 
nickel deposit and (5) the nickel-to-chromium area ratio. 
 
Current-density values for a bright-nickel anode coupled with passive chromium were considerably greater in CASS solution than 
they were in a simulated rain water (SIR), as shown in Figs. 6 and 7.  The same bright-nickel and chromium electrodes were 
employed to develop both sets of data.  Their areas were 0.012 and 1.0 in.2, respectively.  The chromium-plated, platinum 
electrode exhibited open-circuit potentials of 480 mV in SIR solution and 550 mV in CASS electrolyte, at 77 and 120°F, 
respectively. 
 
Corrosion current densities for nickel coupled with chromium decreased with an increase in the pH of simulated industrial rain 
water from 2.5 to 3.4, but leveled off above a pH of 3.4.  Table IV and Fig. 8 show the pH dependency of corrosion current 
densities.  As shown in Table 4, the electromotive force series for active and passive nickel plates was increased in breadth as 
pH was increased. 
 
 

 
Figure 6 - Corrosion-current density on a bright-nickel anode (B4) coupled with passive chromium as a function of the 

temperature of CASS solution.  The nickel-to-chromium area ratio was 0.012. 



                          Surface Technology White Papers                           
                                                                99 (4), 43-58 (April 2012)                                                             
 

Page 51 
 

 

 
Figure 7 - Corrosion-current density on a bright-nickel anode (B4) coupled with passive chromium as a function of the 

temperature of a simulated industrial-rainwater electrolyte.  The nickel-to-chromium area ratio was 0.012. 
 

 
Figure 8 - Corrosion current density as a function of the pH of simulated industrial rain water.  The pH was raised by the addition 

of sodium hydroxide. 
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Table 4 - Effect of the pH of simulated industrial rain water on the open circuit electrode potentials and corrosion current 
densities of nickel and on the open circuit electrode potential of chromium. 

Electrodeposit 

Open-circuit electrode potentials, 
mVSHEa 

Corrosion current density for Ni 
anode coupled with Cr, mA/in.2 b 

pH 2.5 pH 3.4 pH 4.7 pH 2.5 pH 3.4 pH 4.7 
Bright nickel 1 -80 -80 -110 0.65 0.22 0.24 
Bright nickel 4 -30 -50 -70 0.55 0.15 0.15 
Bright nickel 7 -10 10 -50 0.21 0.10 0.10 
Semi-bright nickel 3 40 110 150 0.23 0.05 0.02 
HTHR Cr on Pt 480 480 340 ----- ----- ----- 
(a) The negative sign signifies active nickel, relative to hydrogen electrode.  A calomel electrode was employed as the reference 
electrode.  The chromium was scrubbed with magnesium oxide prior to use. 
(b) The area of each nickel specimen was 0.01 in.2  The nickel-to-chromium area ratio was 0.01. 

 
An increase in the temperature caused very large increases in the current and in the nickel anode current density for the nickel-
chromium couple.  The nickel corrosion rate corresponding to the anode current density in CASS at 120°F was 0.08 mil/hr, which 
compares favorably with the observed corrosion perforation rate of 0.06 to 0.12 mil/hr in CASS fog for 0.8 and 1.6-mil-thick nickel 
under pores in 0.01-mil-thick chromium.  Fig. 6 shows that an increase in the temperature of the CASS solution from 120 to 
160°F approximately doubled the nickel corrosion rate. 
 
The activity of the chromium electrode has considerable influence on the magnitude of the corrosion current for a nickel-
chromium couple.  The pertinent data shown in Fig. 9 were derived by immersing a sliver sheared from a bright-nickel foil into 
single drops of electrolyte on a chromium surface.  One of the curves corresponds to current measurements for a 0.004-in.2 area 
of nickel and the other to measurements for a 0.00006-in.2 area.  In each case, active chromium was anodic to nickel, but 
corrosion currents were very low.  When the same nickel electrodes were coupled with passive chromium, the nickel anode 
current densities varied considerably, depending on the degree of chromium passivity and the nickel-to-chromium area ratio. 

 
Figure 9 - Corrosion current density on the anode of a nickel (B6)-chromium couple as a function of the open-circuit potential for 

the chromium in a single drop of CASS solution at 140°F. 
 

The activity of the nickel electrodeposit had less influence than that of the chromium on the magnitude of the corrosion current 
for nickel-chromium couples.  However, the current values for couples including active bright nickel were slightly greater than the 
corrosion currents observed for the relatively passive nickel deposits.  Figures 10 and 11 show corrosion currents for nickel-
chromium couples as a function of the open-circuit potentials of the nickel electrodeposits in simulated industrial rain water and 
CASS solution, respectively. 
 
Two curves appear in Figs. 10 and 11.  One curve in each figure corresponds to values obtained for couples including a passive 
chromium electrode stored in the laboratory for about 2 months.  The values in CASS at 120°F (Fig. 11) are lower than those 
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shown at the same temperature in Fig. 6.  The high corrosion-current values shown by the other set of data in Fig. 11 were 
obtained after the chromium electrode was cleaned by scrubbing it with magnesium oxide.  Although this cleaning caused no 
change in the open-circuit potential of the chromium, corrosion currents for nickel-chromium couples in CASS solution were 
increased about sevenfold.  This increase is attributed to a rate increase associated with the removal of a relatively thick oxide 
film that has a high resistance to current flow.  The electron conductance characteristics of oxygen-containing films on chromium 
have been described by Weidinger and Lange.16 

 

 
Figure 10 - Corrosion current density of the nickel electrode of a nickel-chromium couple as a function of the open circuit 

potential of the nickel in simulated industrial rain water at 77°F.  The chromium electrode consisted of HTHR, crack-
free chromium deposited on platinum.  The nickel-to-chromium area ratio was 0.01. 

 
Figure 11 - Corrosion current density of the nickel electrode of a nickel-chromium couple as a function of the open-circuit 

potential of the nickel in CASS solution at 120°F.  The chromium electrode consisted of HTHR, crack-free chromium 
deposited on platinum.  The nickel-to-chromium area ratio was 0.01. 
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The effect of changes in the nickel-to-chromium ratio 
 
The anode current density for nickel-chromium couples was greatly increased by decreasing the nickel-anode area and the 
nickel-to-chromium area ratio.  Representative data for chromium couples with three nickel deposits in simulated rain water are 
shown in Fig. 12.  The same passive chromium electrode was employed to develop all of the data. 
 

 
Figure 12 - Current density on a nickel anode coupled with a chromium-plated platinum cathode, as a function of the nickel-to-

chromium area ratio in simulated industrial rain water at 120°F. 
 
Differences in the corrosion rates for active and passive nickel electrodeposits were almost insignificant, by comparison with the 
very much larger differences resulting from changes in the nickel-to-chromium area ratio.  The calculated corrosion rate 
corresponding to the maximum observed corrosion current was about 750 μ-in./hr (0.75 mil/hr), for a nickel-to-chromium area 
ratio of 0.00005.  This corrosion rate is almost ten times the corrosion perforation rate observed in CASS fog at the same 
temperature (120°F) for bright nickel under the pores in 0.01 inch of chromium.  Yet, a nickel-to-chromium area ratio of 0.00005 
is larger than the ratio that is calculated by assuming 50, 0.05-mil-diameter pores in a square inch of chromium surface.  Thus, it 
appears that not all of the chromium area on plated nickel is an effective cathode area and that only a relatively small chromium 
area adjacent to a pore is affecting the corrosion current between the chromium and the exposed nickel. 
 
Sources for corrosive electrolyte during exterior service 
 
Sources for corrosive electrolyte on electroplated surfaces exposed on motor cars include: (1) washout of atmospheric gases 
and aerosols (rain), (2) direct condensation of atmospheric gases (dew), (3) fall out of aerosols and (4) splash from road 
surfaces.  Indirectly, gases sometimes condense into aerosols, which contribute to (1) and (3).  Although (1) and (2) are 
intermittent, (3) is relatively constant and is especially pronounced in seacoast and industrial areas.  The nuclei of aerosols are 
surrounded by water.  Thus, electrolyte may exist continually on electroplated surfaces under conditions where water is 
evaporated slowly.  Low temperatures and high humidities favor a slow evaporation rate. 
 
The concentration of corrosive anions (sulfate, chloride, and nitrate) in the electrolyte covering plated parts is increased when the 
rate of evaporation exceeds the rate of fall out or washout.  Mud films containing hygroscopic soils retard evaporation and 
encourage high anionic concentrations and high rates of nickel corrosion.  Automobile owners should be encouraged to remove 
mud films frequently, but no abrasive should be employed during washing, or the electrically resistant chromium oxide films 
which retard the corrosion rate of the nickel would be removed. 
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Washout in seacoast and industrial atmospheres contains relatively high concentrations of chloride and sulfate ions, respectively, 
and lesser amounts of other anions.  Sulfur dioxide gas in the atmosphere is the principal source for sulfate ions.  In the water 
droplets that dissolve the gas, SO2 is quickly oxidized.5  The popular belief that SO2 causes corrosion is inaccurate, because 
clouds and high humidity in atmospheres with high SO2 contents favor the formation of corrosive, sulfate smogs. 
 
Some authorities consider the combustion products of sulfur-containing fuels and the smelting products of ores as the principal 
sources for SO2, whereas others believe that airborne soil particles contribute an equal share of SO2 to the atmosphere.  
Decomposition of organic matter in soils contributes sulfides that are subsequently oxidized to SO2. 
 
Sea-salt aerosols originating from air bubbles bursting in ocean waves are another source for sulfate ions.  The sulfate ion 
concentration in ocean water is 14% of the chloride concentration.  Of course, sea-salt aerosols account for nearly all of the 
chloride ions in aerosols over land and sea.  The chloride concentration decreases rapidly from the coastlines to the interior, 
reaching a concentration of about 3 mg/L in a few miles.  At this point, chloride and sulfate ion concentrations in rain water are 
nearly equal, except for industrial areas, where washout containing 20 mg/L or more of sulfate has been collected.  The sulfate 
ion concentration in the washout from polluted air is one to two orders of magnitude higher than the average concentration over 
land.5  A sulfate ion concentration as high as 125 mg/L has been detected in sulfate fogs. 
 
The corrosivity of mud and water splash from road surfaces is popularly believed to be increased in the winter when salt is 
employed for deicing.  Data on the chloride ion concentrations of storm sewer collections in Buffalo, New York, support this 
view.17  Collections in February 1957, averaged more than 6 g/L of chloride and ranged up to 40 g/L.  In October 1957 and 1958, 
chloride concentrations averaged about 1 g/L and ranged up to 12 g/L.  Buffalo began to spread twice as much salt during the 
winter season of 1958 and 1959 as the amount used previously, so it is reasonable to assume that chloride concentrations are 
now doubled.  Practice in other northern cities is not greatly different from that in Buffalo.  With such a high chloride 
concentration, high nickel corrosion rates are understandable. 
 
The high cost of corrosion caused by salt for deicing purposes has prompted consideration of corrosion inhibitors.  Several 
inhibitors were screened by adding them to CASS electrolyte into which bright nickel and passive chromium electrodes were 
immersed.  Corrosion-current data for the couple indicated that sodium dichromate was the most effective inhibitor.  A 0.1% 
addition, based on the anionic concentration, reduced the corrosion current to only five% of that detected when no inhibitor was 
added.  In a dilute copper-free salt solution, a sodium dichromate addition reduced the corrosion current to 25% of the base-line 
figure with no inhibitor added.  Based on salt consumption figures and corrosion cost estimates for Toronto,18 it appears that an 
annual investment of less than $15,000 for sodium dichromate might save motor car owners in Toronto from $30,000,000 to 
$38,000,000 annually. 
 
Conclusions 
 
From the research data reported in this paper, the following conclusions were reached: 
 

1. The electrochemical activity of chromium is dependent on its age and hydrogen content.  Except for active sites 
coinciding with discontinuities, aged chromium is passive in solutions simulating rain waters and in CASS electrolyte. 

 
2. When passive chromium is coupled with nickel, the nickel-anode current density and corrosion rate are greatly affected 

by the composition of the electrolyte, its temperature and the nickel-to-chromium area ratio.  High chloride concentrations, 
high temperatures, and low nickel-to-chromium area ratios favor high corrosion rates for nickel-anode sites. 

 
3. Bright-nickel deposits containing relatively high sulfide and total sulfur contents are more active than semi-bright nickel 

containing very little sulfur.  When passive chromium is coupled with an active nickel deposit, the nickel-anode current 
density and corresponding corrosion rate are greater than they are for a relatively passive nickel deposit.  However, the 
increase in corrosion rate resulting from an increase in the temperature of the electrolyte or a decrease in the nickel-to-
chromium area ratio is far more significant. 
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4. Potential and current measurements with large chromium areas containing large numbers of discontinuities are unreliable 
for interpreting corrosion phenomenon for electroplated nickel-chromium composites.  Chromium areas exposed to the 
electrolyte should ideally contain no discontinuities for developing reliable information on chromium passivity. 
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Discussion following the presentation by Mr. Safranek: 
 
Session Chairman M. Beckwith: Gentlemen, this paper is now open for discussion. 
I think we have had a very fine paper here. I am sure it gives us something to think about. 
 
Dr. J.V. Petrocelli (The International Nickel Company, Inc., Bayonne, N.J.): I certainly would like to agree with Dr. Beckwith that 
this is a very fine paper and it has some very interesting information.  I believe Mr. Safranek is using the term "passive" in a 
relative sense here, if I am not mistaken.  Actually, I believe that chromium is passive in most of the electrolytes used in your 
study.  The passive potential is about minus 0.7 V on your scale.  I thought for purposes of clarity you ought to keep in mind this 
is always passive chromium. 
 
Mr. Safranek: Chromium is passive after it has aged.  Are you saying, Dr. Petrocelli, that on my scale showing minus quantities 
for freshly deposited chromium, it is still passive? 
 
Dr. Petrocelli: Yes. 
 
Mr. Safranek: Relative to nickel it is active; relative to the normal hydrogen electrode it is active.  The activity always has to be 
related to something, does it not? 
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Dr. Petrocelli: Sorry, now that you put it that way, yes, they are related to something, but as you know in recent years we 
appreciate that if you use, for example, potentiostatic techniques, you will find that chromium is very active at probably minus 0.8 
V on your scale, but after you have got down to minus 0.7 V, it goes down into the passive region.  In other words, there is a 
corrosion current, as you say, of about 5 or 10 μA/cm2, but it is in the passive state. 
 
Mr. Safranek: The potential values we observed are passive, relative to readings that have been previously reported for active 
chromium.  Relative to nickel which is the base or the benchmark that I was referring to during most of this discussion, freshly 
deposited chromium is active. 
 
Dr. George Dubpernell (Metal & Thermit Corporation, Detroit, Mich.): I think in connection with Dr. Petrocelli's remarks, it would 
be better to get away from active and passive potentials and refer to whether or not the metal is corroding and losing weight, put 
it in terms of grams loss of weight of metal.  I think what Dr. Petrocelli is saying is that the chromium, even though it is at -0.5 V, 
is not dissolving, it is not corroding, it is not losing weight.  That is what he means by saying the chromium is passive.  It may 
have a relatively active potential on your scale, but that is just a potential, and Dr. Petrocelli is saying that the chromium is not 
dissolving at that point. 
 
Mr. Safranek: This is not in accordance with the information we have observed.  When the potential of chromium was minus on 
our scale (minus 0.1 V relative to the normal hydrogen electrode), this chromium did dissolve when coupled with nickel.  All 
freshly deposited chromium we observed was in this category.  With an open circuit potential for the chromium of about -160 mV, 
the chromium was active to the nickel and when coupled with the nickel it dissolved as the anode.  Is this situation clarified? 
 
Dr. Harold J. Read (Pennsylvania State University, University Park, Pa.): This matter of nomenclature in connection with 
passivity and activity has always been a very difficult one.  It is particularly difficult in teaching, because when one sends 
students to the literature they find the words used in all kinds of meanings, particularly the term "passive."  I think it would help a 
great deal if we could use this word in the sense defined by The Electrochemical Society and a number of other groups as 
presented in a glossary of corrosion terms that may be found in the "Corrosion Handbook" and elsewhere. 
Actually, those who compiled this glossary were not able to agree among themselves upon the meaning of the term "passive," 
and you will find two definitions.  The one which I think is applicable in the present instance pertains to the potentials of metals in 
electrolytes and 
there the term is defined as - well, I cannot remember the definition exactly, but it goes in the sense that "if a metal exhibits a 
potential which is more noble than its single electrode potential, it is then passive." 
It is, therefore, not exactly proper to define passivity in a given instance on the basis of a comparison of the behavior of one 
metal against some other metal.  The comparison should be made against the single electrode of the potential of the particular 
metal involved. 
 
Mr. Safranek: If that is so, then I must plead guilty. 
 
Chairman Beckwith: If there are no further questions, thank you, Mr. Safranek. 
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