











Fig. 1. Corrosion failures of 3 um thick chromium coatings (accelerated SO, test) deposited with

increasing number of four types of interruptions:

A. COFF2M, B. RC, C. WISCON, D. WIMCOFF. Number of interruptions: I. None, Il. One, after 6 min (1.5 um), Ilil. Two, every 4 min
(1 um), IV. Three, every 3 min (0.75 um), V. Five, every 2 min (0.5 um), VI. Eleven, every min (0.25 um). All platings ot 45°C and 2200 A/m?
on bare smooth steel from a bath containing 250 g/I of CrO, and 2.5 g/! of H,S0..

(d) COFF2M—Current interruption for a period of 2
min as in (a).

(e) WISCON—In this plating interruption the cathode
was lifted from the plating bath until it cleared the sur-
face of the solution. The cathode was then reintroduced
into the bath after about 1 sec while the circuit breaking
switch remained in the ON position throughout the
operation.

(f) W5SCON—The plating was interrupted as in (e)
while keeping the cathode in the air above the solution
for 5 sec.

(g) WIMCON —As in (e) but extending the withdrawal
time to 1 min.

(h) WISCOFF —In this operation the current was first
turned off by opening the circuit breaking switch. The
cathode was then lifted up from the bath into the air and
was subsequently reintroduced into the bath after about
1 sec. The circuit breaking switch was then turned on.

(i) WIMCOFF —As in (h) but the cathode remained in
the air above the bath for 1 min.

(j) RC—The current circuit was rendered open, and the
polarities were reversed immediately, thus making the
working electrode anodic and the counter electrodes (lead
anodes) cathodic for a fraction of a sec. The plating po-
larities were then immediately restored. The current den-
sity of the working electrode during reversal of polarities
was 4400 A/m? (anodic).

(k) ANSOMA —Working electrode was made anodic
at a nominal C.D. of 500 A/m? In this case the plating
interruption was of the same type as in (j) except that
the working electrode was rendered anodic at a much
lower current density. In order to accomplish such an
operation an auxiliary independent d-c circuit was in-
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stalled using a d-c battery and a platinum anode. The
main plating current was first turned off by opening the
circuit breaking switch. The low C.D. anodic circuit was
then turned on for a fraction of a sec. The plating was
then resumed by turning on the main (cathodic) circuit.

RESULTS
Chromium on Steel

Frequency of Plating Interruptions

For reasons of experimental expediency, the effects
of -only four plating interruptions, COFF2M, W1SCON,
WIMCOFF and RC were examined in relation to their
frequency of application.

The tests show 1) that the incidence of crack formation
is markedly reduced when the frequency of plating inter-
ruptions approaches the value equivalent to the deposi-
tion of 0.5 uym thickness of chromium and 2) that the
above effect varies with the type of interruptions.

These conclusions can be drawn from an inspection
of Figs. 1A to 1D which represent the visual appearance
of the corroded sets of specimens.

Figure 1A shows a comparison of the effect of COFF2M
interruptions on the corrosion performance of 3 um
thick deposits. Specimens (I), (II) and (III) are equally
heavily corroded which demonstrates that one interrup-
tion at 1.5 um and two interruptions at 1.0 ym levels do
not effectively reduce the incidence of crack formation.
A marked decrease in the density of cracks is observed
with specimen (IV) which was plated with three inter-
ruptions, each made at the thickness level of about 0.75
um. Specimen (V) is completely free of any visible cor-
rosion failures which indicates that five interruptions at
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The results of a SO, test with 25 ym of nickel and 3
um of chromium are seen in Fig. 6B. As in the case of the
thinner nickel deposit, the improvement of corrosion
performance with the increased number of interruptions
of chromium plating is quite evident. The attack on
nickel through the pores in the cracked chromium
(specimens I, IT and III) was of similar intensity. Pene-
tration to the basis metal was almost nil which indicates
increased protection by thicker nickel deposits. Some
penetration to the steel substrate occurred with speci-
mens IV and V, while there was an unambiguous decrease
of visible green nickel salts. Apparently, as the number
of cracks in the chromium decreased, the attack on the
nickel intensified in depth at the reduced number of
pores, thus increasing the rate of penetration through the
nickel coating. When the chromium became completely
pore-free (specimen VI) there was no evidence of any
attack on the nickel (no green nickel salts or any pene-
tration through to the steel substrate (no dark-brown
stains).

As in the case of buffed steel, there was a loss of
the overall result was less severe because of higher ini-
tial luster of the nickel undercoating.

! DISCUSSION
Significance of Plating Interruptions

Study of the experimental results clearly shows that
effective interruptions of the chromium plating process
reduce the incidence of crack formation and the lustrous
appearance of the deposit. Simple interruptions of
the process (COFF1S, WISCON, W1SCOFF) do not affect
the formation of cracks or the appearance of the deposit.
Apparently, an interruption is effective only when it
disrupts the continuity of the growth of the chromium
plate. The growth continuity is disrupted with longer
current interruptions (Fig. 3A) which indicates the need
for dissipation of the plating conditions in the liquid
layer adjoining the cathode surface. These conditions do
not dissipate even when the cathode is withdrawn com-
pletely from the bath for a brief period of time (Fig. 3C),
which suggests that the liquid layer adjoining the cathode
.surface is adsorbed at the electrode and can be lifted
out from the solution. If the electrode remains in the air
for a brief period of time (WISCON, WISCOFF), the
changes in the liquid layer are not drastic enough to
affect the continuity of the plating process on reintroduc-
tion of the electrode into the bath. Longer withdrawals
(WIMCON, WIMCOFF) produce such changes, and this
is indicated by lower incidence of the crack formation
(Fig. 3C). The conditions in the liquid layer adjoining
the cathode surface are drastically altered by a brief
anodic pulse at high or low current densities (RC,
AN50OMA) (Figs. 3A and 3C).

All the above observations can be plausibly explained
by assuming the existence of an adsorbed cathode film.
The formation of such a film prior to the beginning of
chromium deposition has been discussed in earlier
reports®?.  Its existence is essential for the process
Cr® o Cr° to continue. Any plating technique that will
cause deactivation or destruction of the adsorbed cathode
film will effectively interrupt the plating process. Partial
dissipation of the film, for instance, during COFFS3S,
COFF30S, COFF2M does not produce as effective a
plating interruption as RC, presumably because dis-
sipation of the film by simple dissolution is a slow proc-
ess compared to dissipation produced by an anodic pulse.
The effectiveness of the anodic pulse is consistent with
the dependence of the film's existence on the more nega-
tive potentials. Anodic pulses which shift the electrode
potential toward noble (more positive) values either de-
activate or destroy the nature of the film. Thus, on
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resumption of the cathodic polarity the film must be re-
established and re-adsorbed, following which the
deposition of chromium is re-initiated. The method of
withdrawal of the cathode from the plating bath is simi-
lar in principle to the current interruptions except that
when the withdrawal is made for longer periods of time
(WIMCON, WIMCOFF) the constituents of the film ad-
hering to the surface are not diluted by the plating
solution. Thus, on introduction into the bath the re-
establishment of the cathode film is facilitated by their
presence, and the interruption is not quite as effective
(compare Figs. 1A and 1D).

Frequency of Plating Interruptions

Plating interruptions effectively reduce the formation
of cracks if they are applied with sufficient frequency to
prevent the incremental increase of the deposit thick-
ness which, under conventional plating conditions, is
related to deposition of chromium < 0.75 ym thick. This
principle is experimentally demonstrated in Figs. 1A and
IB. Figures 1C and 1D show that the principle is not
workable if the plating interruptions are not fully effec-
tive.

With an effective interruption, such as RC, the absence
of cracks was observed to be related to the deposition
of 0.5 ym of chromium, which under the conventional
plating operation (C.D. 2200 A/m?, temp 45°C) required
2 min of electrolysis. At lower C.D. (1100 A/m?) and
lower temperature (40°C), when the plating rate is
much lower, the optimum frequency of interruptions was
every 5 min, which also corresponds to ‘the deposition
of 0.5 ym of chromium.

Plating interruptions more frequent than the above
optimum will also produce crack-free deposits but their
appearance deteriorates rapidly as the number of the
interruptions increases.

It is obvious from the foregoing that modification of
the current flow involving plating interruptions will
produce partially or totally crack-free chromium. This
principle is the basis of many reports or patents which
claim improvements of chromium coatings within some
very narrow ranges of empirical data'3-?.

Using the technique described, thick (up to 25 um)
crack-free coatings have been plated employing RC
interruptions every 0.5 pym. The spacing of interrup-
tions does not have to be precisely every 0.5 um. Coatings
with substantially reduced cracks were produced by us-
ing alternative spacings of 0.5 and 0.75 um. It is im-
portant, however, to remember that some cracks may
form at 0.6 ym level and interruption every 0.75 um
thickness will not eliminate them. Thus we observe for
instance an interesting phenomenon of zoning in Fig. 1D
where there are areas free of cracks and separate distinct
areas heavily cracked. A similar phenomenon is also
seen distinctly in specimen III Fig. 4B, plated with in-
terruptions spaced somewhat more closely. Apparently,
in concentrated baths the critical thickness at which
formation of cracks occurs is somewhat lower than in
the standard bath, and adjustment in this respect is
necessary.

Question of Stresses, Layers, Current Efficiency
and '[hmwing Power

A major concern regarding the interrupted method of
chromium deposition is whether such coatings develop
latent stresses that would eventually bring about delayed
fractures. The answer to this question is that we do not
know for sure. Examination of 12.5 um thick coatings
plated with RC interruptions every 0.5 um did not reveal
the presence of any cracks after 6 months of aging at
room temperature. These observations, however, were
not considered conclusive.
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