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ABSTRACT

The corrosion resistance of nine plating systems with decoratively plated chromium was evaluated from the results of the CASS
and Corrodkote tests, and Detroit Roof and Kure Beach exposure compared with the results of actual mobile service
performance on cars used in Detroit. The plating systems compared included bright nickel with three different thicknesses of
crack-free chromium, dual nickel-chromium, copper-nickel-chromium, copper-nickel-dual (micro-cracked) chromium, bright
nickel-dual chromium, bright nickel-thick, finely-cracked chromium, and nickel-chromium-nickel-chromium. The CASS and Kure
Beach results and, with a few explainable exceptions, the Corrodkote test correlated quite well, in order of relative merit, with the
actual mobile service results. The Detroit roof exposure site had the least correlation with the mobile exposure. The mobile
results showed quite definitely that no increase in corrosion protection could be gained by increasing the thickness of the crack-
free chromium plate beyond about 0.01 mil. A substantial increase in corrosion protection was gained through the use of nickel-
chromium-nickel-chromium, copper-nickel-dual chromium, and dual nickel-chromium plating systems.

Introduction

The past five years, more than any previous time, have produced the greatest concerted effort to improve the corrosion
protection of decorative nickel and chromium deposits. The automotive industry, suppliers to the plating industry, technical
societies, trade associations and independent laboratories have engaged in research programs designed for a better
understanding of the mechanism of corrosion as well as improving the corrosion protection of decorative deposits. These efforts
have been spurred on by several important factors. A widespread dissatisfaction with premature failure of decorative deposits
was due in part to the thinner nickel deposits necessitated by the nickel shortage during the Korean war. This led to a decrease
in the use of decorative plated components in the automotive industry. Secondly, the adoption of the newly developed
accelerated corrosion tests, the CASS and Corrodkote, indicated that improvements in corrosion protection could be realized.

The majority of the papers published on the methods of securing improved corrosion protection from decorative deposits have
relied on static corrosion sites. Roof exposure in an industrial atmosphere or exposure racks placed near the sea, or the newly
developed accelerated tests have been utilized to predict actual service improvement.

The results of a preliminary mobile exposure test,! which we conducted during the winter months of 1958-1959, indicated that the
results of static exposure tests did not always agree with the results secured from actual service exposure. Accordingly, a
broader mobile exposure program was planned for the winter months of 1959-1960. A mobile exposure program involves plating
a considerable number of replicate parts and then securing enough cars in the same general area as exposure sites. It is far
simpler, and very important, if there are points of variance, to find them, so that accelerated corrosion tests or static sites may be
used to predict service improvement.

There are many important facets in the planning of a mobile exposure program which have a bearing on the value of such a
program. The severity of the particular winter, that is, how much and how many times salt is spread on the streets, is an
important factor in a mobile exposure program. If the winter is mild, or if the plate thickness, generally the nickel thickness, is too
great, corrosion is so slight that definite conclusions cannot be drawn and the parts must be exposed for another winter. Driving
habits and owner care are other variables which can influence the results of mobile exposure. Some drivers take meticulous
care of their automobiles and will wash them several times a week, and usually corrosion on these cars will be extremely light.
The driver whose car travels many miles a day over salted streets can expect more corrosion of decorative parts as compared to
the driver who drives a few miles per day and particularly those who frequent suburban areas where streets are rarely salted.
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Some of these objections are overcome if all of the plating systems under study are mounted on the same automobile.
Generally, however, the number of variables under study make this impractical and necessarily a sometimes misleading "grand
average" is taken. This difficulty can be overcome, in part, if a single system is arbitrarily made the control or standard and the
other systems on that particular car are compared to the control. Our program made use of a single system as a control.

Procedure

One thousand un-plated steel hub caps were purchased in the buffed condition from an automotive manufacturer and were of
the type used in the 1957, 1958 and 1959 model years. The use of this hub cap was fortunate in that a simple exchange of hub
caps was all that was required for exposure. Secondly, the design of the hub cap (Fig. 1) made possible two thickness ranges
commonly used in corrosion studies, in nickel and chromium on the same hub cap.

FRFCANEST
CMECH PORT-

Figure 1 - Cross section of hub cap used in corrosion studies.

All hub caps were plated back to back, two caps per rack, in tanks of the same size with the same anode arrangement and the
plating cycle followed commercial practice. The good correlation between individual caps of the same set at Kure Beach, Detroit
roof exposure and in the accelerated tests was an indication that replicate caps were as nearly alike as is possible to prepare
them.

Previous results from accelerated corrosion testing, as well as static exposure sites, had indicated that the following systems
should be included in a mobhile exposure program (Table I). One hundred cars were equipped with Set A hub caps which was
considered the control hub cap for each car. Twenty-five hub caps from each of the other sets were distributed at random
throughout the one hundred cars. Additional hub caps from other sets, not discussed here, were also tested to make a total of
four hundred hub caps on mabile exposure in and around the Detroit area.

Additional hub caps in each series were plated and exposed at Kure Beach, Detroit industrial roof atmosphere, as well as the
accelerated tests, CASS and Corrodkote.

Exposure sites

A. Corrodkote
Four hub caps from each set were given the standard 20-hour Corrodkote Test. The testing procedure conformed to ASTM
Designation B380-61T.2

B. Copper-Accelerated Acetic Acid Salt Spray (CASS)

Four hub caps from each set were given the standard 16-hour CASS Test. Prior to CASS testing, the hub caps were cleaned
with a slurry of magnesium oxide and all details of the test conformed with General Motors Specification GM-4476-P and ASTM
Designation B368-61T.2

C. Detroit Roof Exposure

The Detroit roof used as an exposure site was the roof of our two-story East Grand Boulevard plant, (Fig. 2). It may be
considered a severe exposure site with heavy industry to the northwest and railroads to the northeast. In addition, there is some
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air pollution from the discharge of fume hoods from the chemical laboratories located on the ground floor. It is not unusual for
1.5 mil coating of bright, dual or Watts nickel to be corroded to a low 4 or 5 rating after one winter's exposure on this roof.

Table 1 - Plating systems included in the exposure program.

Set Deposit on rim (Fig. 1) Deposit in recess (Fig. 1)
A 1.0 mil bright nickel 0.5 mil bright nickel
0.01 mil chromium HT-HR* 0.003 mil chromium HT-HR
B 1.0 mil bright nickel 0.5 mil bright nickel
0.03 mil chromium HT-HR 0.01 mil chromium HT-HR
C 1.0 mil bright nickel 0.5 mil bright nickel
0.09 mil chromium HT-HR 0.03 mil chromium HT-HR
D 0.8 mil semi-bright nickel (sulfur-free) 0.4 mil semi-bright nickel (sulfur-free)
0.2 mil bright nickel 0.1 mil bright nickel
0.01 mil chromium HT-HR 0.003 mil chromium HT-HR
E 0.4 mil cyanide copper 0.2 mil cyanide copper
0.6 mil bright nickel 0.3 mil bright nickel
0.01 mil chromium HT-HR 0.003 mil chromium HT-HR
F 0.4 mil cyanide copper 0.2 mil cyanide copper
0.6 mil bright nickel 0.3 mil bright nickel
0.1 mil dual chromium** 0.034 mil dual chromium
G 1.0 mil bright nickel 0.5 mil bright nickel
0.1 mil dual chromium 0.034 mil dual chromium
H 1.0 mil bright nickel 0.5 mil bright nickel
0.1 mil chromium (finely cracked)*** 0.03 mil chromium (finely cracked
I 0.3 mil bright nickel 0.15 mil bright nickel
0.05 mil chromium HT-HR 0.017 mil chromium HT-HR
J 0.7 mil bright nickel 0.35 mil bright nickel

0.03 mil chromium HT-HR

0.01 mil chromium HT-HR

*High temperature - high ratio (HT-HR) chromium was deposited from a solution containing 36.0 oz/gal chromic acid, 0.225 oz/gal sulfate,
160/1 Ratio at 130°F.
*Dual chromium consisted of equal thicknesses of chromium deposited from a 45 oz/gal chromic acid proprietary crack-free chromium
solution, operated at 125°F and from a 28 oz/gal chromic acid proprietary solution which produces a fine crack pattern, operated at a

temperature of 130°F.
*** The single finely cracked chromium in Set H was deposited from a 28 oz/gal chromic acid proprietary solution, operated at a temperature of

130°F.

Figure 2 - General view of roof used as the industrial exposure site.
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During the early part of the winter of 1959-1960, in the months of November, December and early January, we experienced a
number of unseasonably warm days. This type of weather results in heavy condensation in the morning and evening, producing
rapid corrosion.

Four hub caps of each series were placed on exposure racks at an angle of 30° facing south in the as-plated condition on
October 28, 1959, and were removed March 25, 1960. During this five-month exposure period, they were not intentionally
washed or cleaned.

D. Kure Beach Exposure

Kure Beach, North Carolina is the marine exposure site of the International Nickel Company and we gratefully acknowledge the
generosity and cooperation of the staff of the Kure Beach-Harbor Island testing station for exposing and rating these hub caps.
Four hub caps of each series were placed on exposure racks in the eight hundred foot lot on October 29, 1959.

Because Kure Beach is an extremely corrosive exposure site and as the recessed areas of the hub cap were plated with thin
deposits (0.5 mil), ratings by an ASTM method were made at the end of one, three, five, seven, nine and thirteen month
intervals. The rating method corresponds to that employed by ASTM Committee B-8 in evaluating the outdoor corrosion
resistance of nickel-chromium plated steel panels and is adopted from the procedure outlined in ASTM Designation D610-43. As
the correlation within individual sets of hub caps was excellent, one hub cap from each series was removed and returned at the
end of seven months' exposure and the remaining hub caps were removed at the end of thirteen months' exposure.

E. Mobile Exposure Site

One hundred automobiles belonging to employees of the Udylite Corporation were used as mobile exposure test cars. Each car
was equipped with one control hub cap (Set A) and one of the other series to fill the remaining three wheels. None of the cars
carried duplicate hub caps. The hub caps were placed on test during the period October 15 to November 1, 1959, and were
removed during the period March 15 to April 1, 1960, for a total exposure time of five months which can be considered one
winter. The driver of each car participating in this test was asked only to give the car his normal washing treatment and not
increase the frequency of washing. He was further asked not to polish or wax the test hub caps.

The returned hub caps (88% of the hub caps were returned after exposure) were washed with a soft sponge and a mild
detergent and rated in the manner described. While the winter of 1959-1960 was rather mild in the early months, it was still
classified as severe by the Street Maintenance Section of the Detroit Public Works. More than 46 inches of snow fell during the
winter and about 50,000 tons of salt were used to clear the streets. Salt was used about thirty-two times and, in addition, the salt
trucks were operating much later in the season than usual.

Rating method

Rating of plated decorative deposits, exposed to corrosive conditions, can be a complicated and rather controversial matter. Itis
not at all uncommon to have a greater variation within a given set of panels, rated by three different groups of experienced
"raters," than between the sets of panels under consideration. As a rating number is only a comparative figure, it is far better to
have one individual examine and assign a rating number to the corroded panels or parts under examination. All of the ratings in
the program were made by E. Romanowski.

The "weighted area" method of rating in corrosion studies was designed to eliminate a separate "appearance rating number."
There remains a great deal of controversy among workers in corrosion studies as to the relative weight factors assigned to
defects which detract from the overall decorative aspects of a deposit. The matter is further complicated if the parts or panels
have been subjected to actual mobile exposure. Small nicks caused by gravel are difficult to separate from surface pitting. Fine
scratch lines made in the process of removing road debris can be confused with micro-cracking or dulling associated with a dual
chromium system.

There is a generally accepted belief that as long as the part is still considered decorative, the consumer is concerned principally
with basis metal defects. For this reason only the degree of basis metal failure, which is red rust, was rated in this program.
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Results

Tables 2 through 10 list the averaged ratings for each series of hub caps at the various exposure sites, for the exposure times
listed, and may be segregated into categories as follows:

Effect of increasing crack-free chromium thickness

Tables 2, 3 and 4 compare the effect of an increasing crack-free chromium thickness, over the same nickel deposit, on the
resistance to corrosion.

Table 2 - Set A exposure results: 1 mil bright nickel, 0.01 mil chromium.

Average rating number

Exposure sites

Rim Recess
Corrodkote: 20 hours 8.0 5.0
CASS: 16 hours 8.0 6.5
Industrial roof; 5 months 7.0 45
Kure Beach: 5 months Overall rating: 7/VI
Mobile average: 5 months 8.6 7.1
Mobile maximum 10.0 9.9
Mobile minimum 5.0 2.0

Table 3 - Set B exposure results: 1 mil bright nickel, 0.03 mil chromium.

Average rating number

Exposure sites

Rim Recess
Corrodkote: 20 hours 8.5 6.0
CASS: 16 hours 8.0 7.0
Industrial roof: 5 months 7.5 6.5
Kure Beach: 5 months Overall rating: 7/VI
Mobile average: 5 months 8.8 6.8
Mohile Control 8.7 7.2
Mobile maximum 10.0 9.9
Mohile minimum 6.0 3.0

Table 4 - Set C exposure results: 1 mil bright nickel, 0.09 mil chromium.

Average rating number

Exposure sites

Rim Recess
Corrodkote: 20 hours 9.0 75
CASS: 16 hours 8.0 7.0
Industrial roof; 5 months 9.0 8.0
Kure Beach: 5 months Overall rating: 7/VI
Mobile average: 5 months 8.4 6.6
Mobile Control 7.9 6.4
Mobile maximum 10.0 8.7
Mobile minimum 6.0 5.0

The Corrodkote test indicated there would be a slight, but definite increase in corrosion protection as the crack-free chromium
thickness is increased from 0.01 mil to 0.09 mil over 1.0 mil of bright nickel. As the crack-free chromium thickness is increased
from 0.003 mil to 0.03 mil over 0.5 mil of bright nickel, the improvement in protection is even more pronounced, but still falls short
of what might be considered satisfactory.
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The CASS test indicated that there should be little or no improvement in corrosion resistance, due to an increasing crack-free
chromium thickness, on either the 0.5 mil thickness of bright nickel or the 1 mil thickness of bright nickel.

The Detroit roof results indicated a definite and significant increase in corrosion protection, due to increased crack-free chromium
thickness, and particularly where the nickel is only 0.5 mil thick.

The Kure Beach results indicated no improvements in corrosion protection due to increased crack-free chromium thickness for
the exposure time as reported. Longer exposure times (nine months) did indicate an improvement in corrosion resistance with
an increasing thickness of crack-free chromium. However, even the thicker crack-free chromium deposits had deteriorated to the
point where they could no longer be considered decorative or protective.

The mobile exposure sites confirmed our previous results,t and results of others,3 in that no significant increase in corrosion
protection could be gained by increasing the thickness of crack-free chromium. In fact, while the averages as reported do not so
indicate, a mid-winter inspection did show that perforation to the basis metal occurred faster on the hub caps with the thicker
crack-free chromium. This is not entirely unexpected because, while the porosity of the chromium has been markedly reduced,
the unfavorable condition of a large cathode area (chromium) with a small anode area (nickel) can lead to rapid penetration to
the basis metal.

The CASS tests and Kure Beach exposure site results alone correlate, in relative position, with the average mobile results in
predicting no significant increase in corrosion protection due to increasing the thickness of crack-free chromium. This is contrary
to the many reported resets and should be clarified. Most investigators, when comparing the effects of thicker crack-free
chromium deposits on corrosion resistance, use 0.01 mil of chromium, deposited from a conventional solution, as a control.
Startling increases in corrosion protection may be gained at Kure Beach by increasing the temperature and ratio of the chromium
solution while the chromium thickness remains at 0.01 mil. This was made quite clear by the results of the ASTM Program,*
which at the end of seven months showed the conventional chromium coating over 1.5 mil of bright nickel receiving a 3/3 rating
while a 0.01 mil coating of crack-free chromium over the same thickness of bright nickel received a 9/9 rating. Our own results at
Kure Beach, comparing 1.0 mil of bright nickel, plated with a 0.01 mil of LT-LR (low temperature-low ratio) chromium versus HT-
HR (high temperature-high ratio) chromium deposits at 0.01 mil, have been just as dramatic, showing a 0/0 rating at the end of
three months for LT-LR coating on the nickel as compared to a 9/9 rating for the HT-HR chromium coating. The same trend was
also apparent in CASS testing, but the provision of scrubbing the part with magnesium oxide, prior to testing, equalized the two
types of chromium.

Unless adequate controls are used, the results obtained at Kure Beach and to a slight extent in the CASS test can be misleading
when comparing deposits of thicker crack-free chromium. At Kure Beach, it is most important that the chromium plating
conditions, that is temperature, ratio and chromic acid concentration be kept constant, if duplication within lots, or valid
comparisons between lots, are to be expected. The Corrodkote results and those from our Detroit roof do not seem to show this
difference in types of chromium, and in these exposures it appears that only the thickness of the chromium plate has a bearing
on the degree of corrosion. The improvement in corrosion resistance due to the use of HT-HR chromium solutions at the Kure
Beach exposure site may be due to thin films of chromium chromate. These films appear to be excellent corrosion inhibitors in
neutral or (acetic acid) salt spray but are not as effective in an industrial atmosphere.

The presence, or absence, of films of other types also play a role in the corrosion resistance of nickel-chromium deposits
exposed to an industrial atmosphere. For example, a bright nickel deposit with a sulfide-sulfur content of about 0.1%, compared
to Watts nickel, will have a very active open circuit potential when immersed in a simulated rain water or the CASS or Corrodkote
solution. When this bright nickel is chromium plated and exposed to an industrial atmosphere, rapid penetration to the basis
metal can occur (Fig. 3). However, if the same bright nickel is made the cathode in dilute sulfuric acid, rinsed and then chromium
plated as before, the corrosion protection is greatly improved (Fig. 4).

This effect can also be demonstrated by adding dimethyl-glyoxime to the Corrodkote slurry. The first bright nickel-chromium
deposit, when treated with such a Corrodkote slurry will develop red spots, indicating nickel attack, in about 15 minutes. Several
hours will elapse before any red spots will appear on the plate on which the nickel has been cathodically treated in dilute sulfuric
acid before chromium plating.
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Related improvements in corrosion protection also occur at Kure Beach if the bright nickel is buffed, although the improvement
may be due only to cathodic cleaning, before chromium plating. The results of ASTM Program 44 shows a 1.5 mil deposit of
bright nickel, buffed and chromium plated, receiving an average rating of 8.5, as compared to an average rating of 3.5 for
unbuffed bright nickel chromium plated, after one year's exposure. The buffed bright nickel deposit provided more corrosion

protection after three years' exposure than did an equivalent thickness of Watts nickel.
-~ i Wy | _ . =T R

O el

o e — - —
Figure 3 - One mil bright nickel, 0.01 mil chromium: two Figure 4 - One mil bright nickel, cathodic sulfuric acid treated, 0.01
months’ roof exposure. mil chromium: two months’ roof exposure

5 . F
Figure 5 - One mil bright nickel, 0.01 mil chromium: one Figure 6 - One mil bright nickel, cathodic sulfuric acid treated, 0.01
month roof exposure. mil chromium: one month roof exposure.
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Quite an opposite effect can be produced if a cathodic treatment is performed after nickel and chromium plating in either a dilute
solution of sulfuric acid or sodium cyanide. The untreated nickel and chromium deposit exposed to a severe industrial
atmosphere during the winter for one month provides practically perfect protection (Fig. 5). The same bright nickel and
chromium deposit that had been cathodically treated, after chromium plating, showed rapid penetration to the basis metal at the
end of the same winter month (Fig. 6). This effect can also be demonstrated by adding dimethylglyoxime to the Corrodkote
slurry. The nickel-chromium plate that had been cathodically treated after chromium plating will instantly show a mass of red
spots, indicating rapid attack of the nickel, while the untreated nickel-chromium plate shows only a few spots after 15 minutes or
S0.

The use of dimethylglyoxime in the Corrodkote slurry can also be used to demonstrate an effect that is not predicted by potential
measurements. The potential of Watts nickel in the Corrodkote or CASS solution is more noble than bright nickel,> and when
plated with chromium should be attacked at a slower rate. However, if a chromium plated unbuffed Watts nickel deposit is
treated with the Corrodkote slurry that contains dimethylglyoxime, a mass of red spots indicating nickel attack, instantly appears
even before the Corrodkote slurry dries. A bright nickel and chromium deposit treated in the same fashion will not show any red
spots for about 15 minutes. Chromium plated unbuffed Watts nickel will also fail in the CASS test in less time than an equal
thickness of chromium plated bright nickel.

These effects all illustrate the importance of the presence or absence of films in corrosion protection and question the advisability
of predicting corrosion results on the basis of potential measurements made on nickel deposits, when we really are concerned
with chromium plated nickel deposits.

Dual Nickel

Tables 2 and 5 compare an all-bright nickel coating with an equivalent coating thickness composed of 80% sulfur-free nickel and
20% bright nickel. The chromium coatings in both sets are the same.

Table 5 - Set D exposure results: 1 mil bi-nickel (80% sulfur-free - 20% bright), 0.01 mil chromium.

. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 9.7 9.5
CASS: 16 hours 9.3 85
Industrial roof: 5 months 75 45
Kure Beach: 5 months Overall rating: 9/VIII
Mobile average: 5 months 9.9 9.1

Mobile Control 9.0 7.6

Mobile maximum 10.0 10.0

Mobile minimum 9.7 8.0

The Corrodkote, CASS and Kure Beach exposure tests indicated a significant increase in corrosion resistance due to dual or
duplex nickel deposits. The increased corrosion resistance was especially significant where the nickel deposit was only 0.5 mil
thick.

The Detroit industrial roof exposure site predicts little and, in some cases, no increase in corrosion resistance due to dual or
duplex nickel coatings.

The mobile exposure results indicate a very significant increase in corrosion resistance due to dual or duplex nickel coatings.
This was especially true in the recessed areas where the nickel thickness was only 0.5 mil.

The results of the mobile exposure sites confirm the indicated improvement in corrosion resistance noted in the CASS,

Corrodkote tests and Kure Beach exposure site and support the observed results from these stationary sites that corrosion does
preferentially occur in the bright nickel layer, thereby greatly retarding the rate of perforation to the basis metal.
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Surface pitting, which is so pronounced in the CASS and Corrodkote tests and at Kure Beach exposure site, almost to the point
of being unsightly, was so slight that it did not detract from the decorative aspects of the deposit in the mobile sites. The results
of Detroit roof exposure which show little, and in some cases no improvement, in corrosion resistance due to dual or duplex
nickel are consistent with previously reported results and agree with the results of others.® Potential measurementss6 have
indicated that in an atmosphere containing sulfur dioxide, there should be little or no improvement in corrosion resistance from a
dual nickel system. In these atmospheres the potential and polarization characteristics of sulfur-free and sulfur-containing nickel
are so similar that preferential corrosion can hardly be expected to occur. The early work of Brown,” which showed that the
chromium plated bright side of a Watts nickel foil corroded in an industrial atmosphere with essentially the same degree of
surface pitting and rate of penetration as a similarly chromium plated foil of bright nickel, makes it very clear that an industrial
atmosphere does not differentiate in corrosion resistance between a sulfur-free nickel or a bright nickel.

It is interesting, however, and worth reporting that some sulfur-free nickel deposits, those deposited from the newer type semi-
bright nickel solutions, when used in a dual or duplex nickel system, do show large improvements in corrosion resistance, as
compared to an all-bright nickel deposit in an industrial atmosphere. This unexpected improvement in corrosion resistance, due
to one type of sulfur-free nickel as compared to another type of sulfur-free nickel, does not seem to be explained by potential or
polarization measurements. The answer undoubtedly lies in some condition arising at the sulfur-free bright nickel interface
which, of course, is difficult to explore by potential or polarization measurements.

It would seem that in view of the fact that sulfur-free semi-bright nickel solutions are now easy to operate with a minimum of
operational problems, that dual or duplex nickel coatings should be considered for all decorative items subjected to corrosive
environments.

Copper-nickel-chromium

Tables 2 and 6 compare an all-bright nickel coating with an equivalent thickness of copper-nickel coating in which copper has
been substituted for 40% of the total thickness. The chromium thickness is the same in both sets.

Table 6 - Set E exposure results; 0.4 mil cyanide copper, 0.6 mil bright nickel, 0.01 mil chromium.

. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 7.0 5.0
CASS: 16 hours 6.0 5.0
Industrial roof: 5 months 6.0 5.0
Kure Beach: 5 months Overall rating: 0/0
Mobile average: 5 months 8.1 7.3

Mobile Control 8.5 7.2

Mobile maximum 10.0 10.0

Mobile minimum 5.0 3.0

The CASS and Corrodkote tests and Detroit roof exposure site all indicated a slight decrease in corrosion resistance where
copper had been substituted for a part of the total thickness of plate. The Kure Beach exposure site indicated rapid failure for the
copper-nickel coating as compared to an equal thickness of all-bright nickel.

The mobile exposure sites did not show a significant difference in corrosion resistance between the all-bright nickel coating and
the copper-nickel coating. This confirms previous results that copper, as an undercoating to nickel, is not harmful and in fact can
even be beneficial for a certain period of time. However, unpublished results for a second winter's exposure on mobile test sites
indicate that with the thin nickel over the copper, severe crater rusting, which is both unsightly and impossible to "clean up” will
occur.
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Copper-nickel-dual chromium

Tables 2 and 7 compare an all-bright nickel coating with an equivalent thickness of a coating consisting of copper and nickel.
Conventional thickness of chromium was used on the all-bright nickel coating and a dual layer of chromium, resulting in a fine
micro-cracked pattern, was applied to the copper-nickel coating. The resulting micro-crack pattern in the chromium plate had
825 crack lines per lineal inch. Table 6 may be utilized for a direct comparison of the effect of dual chromium at the stationary
sites and an indirect comparison on the mobile sites.

The CASS and Corrodkote tests indicated only slight corrosion of the deposit which, of course, indicates a very significant
increase in corrosion resistance due to dual chromium. Some dulling and staining was encountered but hardly enough to detract
from the decorative aspects of the deposit. The Detroit roof and Kure Beach exposure sites indicated a substantial increase in
corrosion resistance, particularly where the total plate thickness of copper, nickel and chromium was greater. Some basis metal
corrosion occurred in the extreme recess where the total plate thickness, and particularly the chromium thickness, was low.

Table 7 - Set F exposure results: 0.4 mil cyanide copper, 0.6 mil bright nickel, 0.1 mil dual chromium.

. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 10.0 10.0
CASS: 16 hours 10.0 9.9
Industrial roof; 5 months 10.0 7.0
Kure Beach: 5 months Overall rating: 9/VIII
Mobile average: 5 months 9.7 8.0

Mobile Control 8.7 6.9

Mobile maximum 10.0 10.0

Mobile minimum 9.5 6.0

The mobile exposure sites indicated a substantial increase in corrosion resistance due to the dual chromium. This was
particularly true where the thickness of the chromium plate was greatest but, even in the recessed areas, a significant increase in
corrosion protection was realized. There was a slight dulling on some of the hub caps returned but in no case was it considered
severe enough to detract from the decorative appeal of the hub cap.

The improvement in corrosion resistance of a dual chromium system depends upon achieving a microscopic crack pattern in the
chromium plate and apparently, as will be discussed later, there is help in this case from a copper layer under the nickel. The
attainment of the microscopic crack pattern in the chromium plate decreases the cathodic chromium area with respect to the
anodic nickel area,® and while actually more nickel surface is subjected to corrosion, the rate of penetration is decreased. An
interesting analysis of this effect, in terms of increasing the protective life of decorative coatings, has recently been discussed by
Saur.? There are two operational difficulties with this system which should be kept in mind. In order to achieve a fine micro-
crack pattern, a minimum of 0.03 mil of chromium is necessary, and on some parts this would necessitate the use of conforming
anodes. Secondly, there is the difficulty of consistently securing a uniformly fine crack pattern, especially on broad flat surfaces,
so that the object may still be considered decorative. If the parts are small and relatively simple to plate, this system may be
used to increase the corrosion resistance of decorative deposits without any of these problems.

Nickel-dual chromium
Tables 2 and 8 compare an all-bright nickel coating, with a normal thickness of chromium, to an all-bright nickel coating plated
with a dual coating of chromium, which results in a fine micro-cracked pattern in the chromium plate. The resulting micro-

cracked pattern in the chromium plate had 900 crack lines per lineal inch.

Table 7 may be used as a direct comparison at the stationary sites, and indirect comparison on the mobile sites of the influence
of copper as an undercoating on the corrosion resistance of the dual chromium system.
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The Corrodkote test indicated practically no corrosion of the nickel and more important, that copper as an undercoat in a nickel
dual chromium system is not necessary to achieve practically perfect corrosion resistance. Some dulling and staining was noted,
but again not enough to detract from the decorative aspects of the coating.

Table 8 - Set G exposure results: 1.0 mil bright nickel, 0.1 mil dual chromium.

. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 10.0 10.0
CASS: 16 hours 8.0 7.0
Industrial roof: 5 months 9.3 7.0
Kure Beach: 5 months Overall rating: 7/VI
Mobile average: 5 months 8.7 7.0

Mobile Control 8.3 7.3

Mobile maximum 10.0 10.0

Mobile minimum 7.5 5.0

The CASS test and Kure Beach exposure site indicated little or no improvement in corrosion resistance due to a dual chromium
coating over an all-bright nickel undercoat.

The Detroit roof exposure site indicated a substantial improvement in corrosion resistance due to the dual chromium system and
further, that only a slight gain in corrosion resistance could be realized by substituting some of the nickel with copper.

The mobile test sites indicated little or no improvement in corrosion resistance on all-bright nickel coatings, due to using a dual
chromium system. It appears, and confirms the statements of others,0 that if a dual chromium is to materially aid corrosion
resistance, then copper must constitute a part of the total plate. The reason for this is not entirely clear. It has been said that if
the chromium layer is micro-cracked, penetration to the basis metal is greatly retarded. In this case, the Corrodkote and Detroit
roof results indicated the presence of a micro-cracked chromium layer and also dispelled any suggestion of gross cracking
through the nickel to the basis metal.

Potential and polarization measurements01! show that copper is noble to bright nickel in sodium chloride solutions acidified with
acetic acid, and it has been suggested? that sacrificial corrosion of the bright nickel layer occurs before the copper layer is
appreciably attacked. It would therefore be logical to expect that copper as an undercoat to nickel should be beneficial in CASS
and possibly Kure Beach exposure. However (see Tables 2 and 6), copper substituted for some of the nickel thickness is
definitely harmful when tested at these exposure sites.

It is known that copper, substituted in part for bright nickel, has a definite bearing on the type and degree of craze cracking of
chromium at the 0.03 mil level when deposits from solutions that will produce cracked chromium. Perhaps this may be a factor
allowing a more uniformly cracked chromium which would be more free of localized corrosion cells, which lead to pitting.
Whatever the answer, it does seem certain that copper is definitely required as part of a dual chromium system.

Bright nickel with single finely-cracked chromium

Tables 2 and 9 compare the results of all-bright nickel coatings, one with a conventional thickness of chromium, the other with a
single thick layer of finely or micro-cracked chromium. The micro-cracked pattern in the chromium plate had 1100 crack lines per
lineal inch. Table 8 may be used as a direct comparison, at the stationary sites, and an indirect comparison on the mobile sites
of the same thickness of bright nickel with the same thickness of dual chromium.

There are objections to using one solution to achieve relatively thick layer (0.05 to 0.1 mil) of micro-cracked chromium. The
covering power of dilute chromic acid bath is not as good as the more concentrated chromium solution normally used in the first
stage of the dual chromium system and there is also a tendency to plate over or heal some of the micro-cracks thereby
promoting random located corrosion cells.
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. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 10.0 10.0
CASS: 16 hours 6.0 6.0
Industrial roof: 5 months 9.2 75
Kure Beach: 5 months Overall rating: 7/VI
Mobile average: 5 months 8.3 7.0

Mobile Control 8.7 7.2

Mobile maximum 10.0 95

Mobile minimum 5.0 3.0

The Corrodkote again indicated perfect corrosion resistance for the all-bright nickel and single layer of thick micro-cracked
chromium, whereas the CASS test indicated no improvement in corrosion resistance over that obtained by the conventional
thickness of chromium and not quite as good corrosion protection as that obtained by the dual layer of micro-cracked chromium.

The Detroit roof indicated a significant increase in corrosion protection obtained by using a single layer of thick micro-cracked

chromium with essentially the same degree of protection given by the dual layer of micro-cracked chromium.

The Kure Beach results indicated that no advantage in corrosion protection would be gained by using a single layer of thick
micro-cracked chromium over an all-bright nickel coating compared to either a conventional thickness of chromium or a dual

layer of micro-cracked chromium.

The mobile results confirmed the CASS and Kure Beach results in that there was no improvement in corrosion resistance due to
a single thick layer of micro-cracked chromium compared to a conventional thickness of chromium. Individual car results also
indicated that the dual layer of micro-cracked chromium provides slightly better corrosion protection than the single layer of

micro-cracked chromium.

Nickel-chromium-nickel-chromium

Tables 2 and 10 compare the results of all-bright nickel coatings, one with a conventional thickness of chromium, the other with a
layer of chromium plated between two layers of bright nickel. Table 3 may be used as a direct comparison at the stationary sites
and an indirect comparison on the mobile sites of the effect of the intermediate chromium layer, all other plating conditions being

equal.

Table 10 - Set | exposure results: 0.3 mil bright nickel, 0.05 mil chromium, 0.7 mil bright nickel, 0.03 mil chromium.

. Average rating number
Exposure sites -
Rim Recess

Corrodkote: 20 hours 10.0 8.5
CASS: 16 hours 9.7 9.6
Industrial roof: 5 months 9.8 9.0
Kure Beach: 5 months Overall rating: 9/VIII
Mobile average: 5 months 9.9 9.6

Mobile Control 8.8 7.3

Mobile maximum 10.0 10.0

Mobile minimum 9.8 8.5

The Corrodkote and CASS tests indicated a very significant increase in corrosion protection for the Ni-Cr-Ni-Cr system, with the
CASS test being less severe in the recessed areas than the Corrodkote.
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The Detroit roof exposure site indicated exceedingly good corrosion protection for this system, actually providing more corrosion
protection than any other system under test.

The Kure Beach results indicated a substantial increase in corrosion protection due to a layer of chromium between two layers of
bright nickel.

The mobile exposure site results were exceedingly good and did, in fact, provide the best corrosion protection of any system
under test based on an individual car evaluation. Especially significant was the corrosion protection afforded the recessed areas
where the total plate thickness was relatively low. This is most important because today's complicated designs make it very
difficult to secure an adequate plate thickness in recessed areas. It has been reported!2 that even a trace of chromium deposited
between layers of nickel will be exceedingly beneficial in securing large improvements in corrosion protection.

Certainly, if the operational difficulties are not too great, and there does not seem to be any reason why they should be, this
system of improving corrosion resistance would be outstanding.

Summary of results

1. The results of the Detroit roof exposure did not correspond with mobile exposure tests in Detroit with the systems
examined.

2. The CASS test and Kure Beach exposure for the systems examined did give the order of relative merit corresponding to
the mobile test results and, therefore, within limits, do predict the corrosion protection of these plating systems used on
cars on Detroit streets. In view of the present state of knowledge, it is not too accurate to use Kure Beach exposure
results (which might be called an accelerated test), or CASS testing cycles to predict the possible years of service on
Detroit streets for most decorative plating systems. Unfortunately, due to the variations in severity of winters and owner
care, this type of correlation can only be gained through years of actual statistical results on cars, and even this can be in
error if thicknesses of plate and positions of the parts on the car are not given due consideration.

3. The Corrodkote test failed to place some of the plating systems examined in the same relative order of merit as the
mobile test and, therefore, this test may be used to predict serviceability on Detroit streets only for certain plating
systems. Any chromium plating system that exposes relatively large areas of nickel, through the chromium, may give
misleading results in the Corrodkote test. The rapid exhaustion of the copper and ferric-iron depolarizers, as was recently
made clear by Petrocelli,:2 slows the penetration rate through the nickel to the basis metal to the point of being
misleading. These cases would include abnormally thin coatings of chromium as well as the finely-cracked or micro-
cracked chromium coatings.

4. No increase in corrosion protection may be gained by increasing the thickness of crack-free chromium beyond about 0.01
mil over bright nickel.

5. Dual micro-cracked chromium or a single layer of thick finely-cracked chromium does not offer any increase in corrosion
protection, as compared to 0.01 mil of conventional chromium, unless copper is used as an undercoat for the nickel.

6. Of the three plating systems studied which did provide improved corrosion protection compared to the conventional
copper-nickel-chromium or bright nickel-chromium coatings, the relative order of merit appears to be:

(@) Nickel-chromium-nickel-chromium

(b) Copper-nickel-dual chromium

(c) Dual nickel-chromium

This order of merit is, of course, based upon the particular thickness of coatings we applied. All coatings were plated on
articles having the same shape.

Each of these systems offers a substantial increase in corrosion protection and the choice of the system to use would have to be

individually weighed with regard to the complexity of the part to be plated, and the equipment available. The economics of each
of these systems, disregarding any major equipment modification, are relatively the same and it would appear that dual nickel
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does have an operational advantage from the standpoint of plating recessed articles as well as the general daily control of the
process. The use of dual nickel in the chromium-nickel-chromium system may actually be the best system devised so far for
maximum corrosion protection of parts having more complex shapes.
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Discussion following the presentation by Mr. Millage:

Session Chairman A. Logozzo: Would you take a moment to spell out the cycle on nickel chromium, and some of the pitfalls on
keeping the thing bright and yet getting the adhesion of the second layers over the original chromium.

Mr. Millage: Full details of this cycle have been published [Brown and Weinberg, Proc. Amer. Electroplaters' Soc., B, 128-132
(1959)] but briefly, standard pre-plating cycles are used prior to bright nickel or copper. There does not seem to be much to
choose from in using either copper or nickel as the undercoat to the first layer of crack-free chromium. While we would like as
much chromium as possible, our tests have indicated that if we have ten millionths there seems to be little advantage in
increasing the thickness of the first chromium layer.

The main problem in the cycle is the adequate rinsing of the first chromium plate to minimize drag-in of chromic acid into the
main nickel solution. This danger can be minimized by using alkaline reducing solutions prior to a low pH Woods nickel strike.
Also, the low pH Woods nickel strike, which is necessary to secure perfect adhesion to the first chromium plate, will fortunately
tolerate a considerable amount of hexavalent chromium without operational difficulty. We have contaminated a Woods strike
with one gram per liter of hexavalent chromium and ten grams per liter of trivalent chromium without operational problems. After
the Woods strike the part is bright nickel and chromium plated in the regular fashion.

Dr. F.A. Lowenheim (Metal & Thermit Corp., Rahway, N.J.): | have a comment first, and will follow it with a question. For the
past several years we have been hearing a series of very excellent papers on this general subject. | think maybe | have been
quilty of one or two myself. | should like to suggest that somebody who feels really ambitious do no testing, but take all these
papers that have been published and given in the last four or five years on the corrosion of copper, nickel, chromium deposits,
give them to a statistician and analyze the results.
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I should like to remind the audience of something that A. DuRose published some years ago, that we should not draw
conclusions about corrosion on the basis of a single series of tests but on the statistics, and | think that every one of the papers
that we have heard here tends to bear this out. | am thoroughly confused, and | am sure that most of the rest of you are, by the
various systems which have been proposed. It seems to me the plating industry cannot possibly use all of them and | think we
have enough data now to sit down and analyze them.

My question is, do you have any comment why the roof exposure did not seem to correlate with anything else? It certainly did
not correlate with your mobile exposure.

Mr. Millage: I think the reason our roof exposure does not correlate with anything else is that our roof is what we consider a very
severe site. In other words, we are getting exceedingly low ratings for a heavy thickness of nickel. Our roof will show rapid
penetration through practically any kind of nickel in five months, so actually all we are rating is the porosity of the chromium. We
are not rating the rate of penetration.

We did have some results on our roof several years ago that | think showed this quite nicely. We took the same thickness of
nickel, started with two 10 millionths of chromium and increased it in steps up to 90 millionths. We could draw a curve which
showed the thinner chromium deposit, while having the greatest porosity pattern, had actually less penetration to the basis metal
and as we got to approximately 10 millionths, it had the most penetration and then as the thickness of chromium increased to 90
millionths, we had only a few spots. So, | think the roof is only rating the actual porosity pattern of the chromium plate.

Dual nickel in an industrial atmosphere does not seem to develop the difference in potential that we get in a chloride atmosphere
so on our roof dual nickel behaves very much like bright nickel.

The Detroit streets, however, do have a lot of salt thrown on them every year, so the action there seems to correspond more to
the Kure Beach atmosphere, which is more of a marine atmosphere. The Detroit roof, however, did correlate very well with the
nickel chromium system, probably because chromium is passive and we did not get any real corrosion beyond the second
chromium layer.

John A. Henricks (=-Alcor Chemical Company, Inc., Chicago, Ill.): My question was along the same lines as Dr. Lowenheim's,
on the difference of the mobile road test versus the roof exposure test. Were the hub caps washed during that winter? Car
washes, which are loaded with synthetic detergents and buffered with polyphosphates, are capillary active, and would have
some bearing on the rather odd differences in the corrosion rate in the same atmosphere because of absorption of a detergent.
wondered what this factor could be, and suggest that you evaluate it in future tests.

Mr. Millage: I'm certain that some of the hub caps were washed because we had quite a rating spread. For example, among the
100 hub caps which constituted our control, we had ASTM ratings from 5 to perfect. We had instructed our employees who were
participating in this test not to give the hub caps any special treatment - just treat them normally; if they wanted to wash them
once or twice a week, go ahead. We did not consider this a deterrent to our program as each of the cars did have a control hub
cap. We would have preferred that they did not wash them as we wanted corrosion to occur, at least on some of the systems, so
we could readily see differences in the systems under test.

Very likely the difference in ratings observed could also be correlated with the driving habits of our employees. Those traveling
the expressways, which at times are very heavily salted, should expect more corrosion. Cars traveling daily through rural or
suburban areas, where streets are infrequently salted, should show little corrosion.

Dr. William Blum (Washington, D. C): Reference has already been made to a very minor detail. | suggest that the paper should
state whether these road tests were made for five months during the winter or the remainder of the year. If, as the speaker
indicated, they were made during the winter when large amounts of salt are used on the roads, we would expect correlation with
Kure Beach and the CASS Test. If they were made at other periods of the year, we would not expect such correlation. For the
same reason, since you do not put salt on your roofs, you should not expect the test on the roof and on the street to be
comparable.

Mr. Millage: | would certainly agree with that. Actually, most of the corrosion in and around the Detroit area seems to take place
in direct relationship to the amount of salt put on the streets to remove the ice. During the winter of 1959-60, we did have quite a
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lot of snow, consequently a good deal of salt was used and corrosion was severe. The winter of 1960-61 was what we consider
a mild winter. We also had some parts out on mobile exposure that year and, much to our dismay, the parts came back 100 per
cent perfect, so it does seem that most of the corrosion that occurred in the Detroit area is directly related to the amount of salt
that is thrown on the streets.

W.E. Lovell (Ternstedt Division, GMC, Detroit, Mich.): | have seen evidence where chromium cracks did not occur as the parts
were plated and then these cracks occurred during the exposure, during the corrosion tests. In some cases where they occurred
early in the test good results were obtained; in other cases where they were obtained later, poor results were obtained. My
question is, were crack-free samples examined for cracks after exposure in all cases?

Mr. Millage: The hub caps plated with 30 and 90 millionths of crack-free chromium were spot checked for cracking during the
course of plating and all crack-free chromium deposits were checked following mobile exposure.

None of the hub caps plated with crack-free chromium showed cracking after exposure to the accelerated or five-month mobile
tests. About a year later, however, we did notice cracking on some of the hub caps plated with 30 and 90 millionths of crack-free
chromium that had been exposed to the accelerated tests. We then rechecked the mobile exposed hub caps plated with 30 and
90 millionths of crack-free chromium and some of these did have slight cracks.

Actually, it is difficult to detect chromium cracking on the hub caps exposed to mobile test. The cracks are very slight and could
not be considered gross cracking with a definite pattern.

H.R. Hanley (Missouri School of Mines and Metallurgy, Rolla, Mo.): This question possibly is somewhat academic, but mention
has been made of dual chromium and | would like to ask if interrupted electrolysis between the primary and secondary deposit is
responsible for the non-permeable coatings? The second question is this: Is the merit of producing a non-permeable deposit
directly related to non-communication of the pores in the primary deposit with those of the secondary deposit?

Mr. Millage: Dual chromium is actually applied from two separate chromium plating solutions so there is an interruption of
electrolysis. A typical procedure is to plate six or seven minutes in a crack-free chromium solution followed by rinsing, or direct
transfer, to the second chromium plating tank. The second chromium solution must be formulated to produce a microscopic
crack pattern in the chromium plate.

The improvement in corrosion protection, achieved by the use of the dual chromium system, results only when the chromium is
finely micro-cracked to the nickel surface. This micro-cracking equalizes the anode and cathode area thereby slowing
penetration through the nickel to the basis metal.

This is our feeling, for the reason that copper is actually essential. There is a possibility that some stress may be communicated
through the nickel and chromium and provides a more uniform finely-cracked surface to the nickel over the whole significant
surface, thus equalizing the anode and cathode areas.
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