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The current efficiency of chromium deposition was investigated under conditions of periodic current
reversal. It has been demonstrated that the relationship between the anodic and the cathodic charges,
Q./Q., has a strong influence on the current efficiency and the structure of the deposit. A plausible
model for the crystallization mechanism during periodic current reversal has been suggested. Accord-
ing to the model, an advantageous chromium structure is maintained during the deposition process
because interstitial hydrogen in the chromium lattice is oxidized during the anodic period.

Notation

F Faraday constant

i, anodic current density

i, cathodic current density
m, mass of dissolved chromium
m, mass of deposited chromium
M  molecular weight of chromium
Q. anodic charge
Q. cathodic charge

T cycle time (T, + T,)

1. Introduction

Electrolytic deposition of hard chromium is charac-
terized by a low current efficiency (c.e.). In a tradi-
tional sulphate catalysed chromium bath the c.e. is
typically 12-20%, while in modern special catalytic
based baths it can exceed 30%. In general c.e.
increases with current density (c.d.) and decreases
with temperature. However, it has been observed
that the ce. in the sulphate catalysed chromium
bath can be increased considerably by the use of low
frequency periodic current reversal (p.r.) of short
duration during the deposition process [1]. The effect
of p.r. on the c.e. in modern baths has only recently
been investigated [2].

The dependence of the c.e. on the pulse parameters
has recently been investigated by Leisner ez al. [1] who
found that the most important parameter for the c.e.
is the ratio between the electrical charges in the anodic
and in the cathodic pulse, Q./Q. (Fig. 1), where

g Ll (1)

Qc I Tc
It has been demonstrated that the c.e. has a maximum
at a Q,/Q. value of approximately 0.007. Below this
ratio the c.e. falls to that obtained under d.c. condi-
tions, while the c.e. falls to even lower values when
Q./0c > (Qa/Qc)optimai- There are broad bound-
aries for the variation of the pulse parameters, with-
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T, anodic pulse duration
T, cathodic pulse duration

Greek symbols
8 current efficiency
f, current efficiency of chromium disolution in
anodic period
8. current efficiency of chromium deposition in
cathodic period

Onax maximum current efficiency

out influencing the c.e., as long as Q,/Q. remains
constant. Leisner et a/. performed the following varia-
tions without affecting the c.e.:

Anodic c.d.: i, = 4-1000 A dm >
Anodic pulse duration: T, = 40-300 ms
Cycle time: 7= 5-30s

It was observed that, just as with d.c. plating, the
c.e. increases with cathodic c.d. and decreases with
temperature.

In the present work a thorough investigation has
been performed of c.e. as a function of Q,/Q, at vary-
ing temperatures and cathodic c.d. On the basis of the
results it is possible to present a model for the crystal-
lization mechanism under conditions of p.r. plating of
hard chromium.

2. Experimental details

Deposition took place at the base of steel cylinders
0.2 cm?) following mechanical polishing and pick-
ling in hydrochloric acid—ethanol-water with a
volume ratio 2:2:1. Chromium was deposited
from a sulphate catalysed chromium bath (CrO;
250gdm 3, H,SO, 2.5gdm™) during stirring. In
each experiment a charge of approximately 90 C was
passed. The c.e. was determined by measuring the
layer thickness using an X-ray technique (Fischerscope
X-ray 1550).
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Fig. 1. Periodic current reversal.

Table 1. Experimental results

3. Results

Results are collected in Table 1. C.e. as a function of
0./0. at various temperatures and cathodic c.d. is
shown in Figs 2 and 3. The c.e. is calculated entirely
on the basis of the amount of cathodic charge, Q..
In Fig. 3 results of Clauberg [2] are also included. In
these figures the d.c. results are shown at
Q./0. = 0. Experiments 11, 12 and 15 were repeated
twice in order to check the reproducibility of the
results.

At temperatures below 60°C the maximum c.c.
was found at Q,/Q. values between 0.0020 and
0.0085, while at 60° C there was no clear maximum.

Experiment Temperature/° C i,/A dm™? i,/A am™ T,/ms T/s 0./0. % 1000 CE/%
1 40 30 0 0 - 0.0 14.8
2 40 30 16 30 15 1.1 33.8
3 40 30 16 60 15 2.1 35.0
4 40 30 16 110 15 39 34.3
5 40 30 24 120 15 6.5 314
6 40 30 16 240 15 8.6 30.6
7 40 30 160 10 5 10.7 27.9
8 40 30 16 350 15 12.7 28.0
9 40 30 30 350 15 23.9 24.7

10 40 50 0 0 - 0.0 21.1

lla 40 50 40 10 5 1.6 26.9

11b 40 50 40 10 5 1.6 22.2

12a 40 50 40 20 5 33 333

12b 40 50 40 20 5 33 32.8

13 40 50 20 40 5 33 31.5

14 40 50 32 300 30 6.4 33.5

15a 40 50 40 40 5 6.6 38.3

15b 40 50 40 40 5 6.6 37.6

16 40 50 80 20 5 6.6 34.5

17 40 50 20 80 5 6.6 34.3

18 40 50 26 240 15 8.5 35.6

19 40 50 40 30 5 13.2 30.7

20 40 50 50 350 15 239 30.2

21 50 30 0 0 - 0.0 14.0

22 50 30 16 30 15 1.1 20.2

23 50 30 16 60 15 2.1 21.9

24 50 30 16 110 15 3.9 22.6

25 50 30 4 300 5 8.5 16.3

26 50 30 80 40 5 21.3 11.7

27 50 50 0 0 - 0.0 15.5

28 50 50 26 30 15 1.0 24.2

29 50 50 26 60 15 2.1 28.1

30 50 50 26 110 15 3.8 28.6

31 50 50 82 60 15 6.5 26.8

32 50 50 160 20 5 13.2 25.0

33 50 50 50 350 15 23.9 24.6

34 60 30 0 0 - 0.0 11.4

35 60 30 16 110 15 3.9 9.9

36 60 30 100 60 30 6.8 9.9

37 60 30 16 300 15 10.8 8.9

38 60 30 30 350 15 239 9.6

39 60 50 0 0 - 0.0 13.1

40 60 50 26 60 15 2.1 12.6

41 60 50 26 110 15 3.8 11.9

42 60 50 14 120 5 6.8 16.2

43 60 50 26 300 15 10.6 13.6

44 60 50 50 350 15 239 10.1
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Fig. 3. Current efficiency against Q,/Q..

With regard to c.e. the optimal Q,/Q. value
depended on temperature and cathodic c.d. in such
a way that the optimal Q,/Q,. value increased with
falling temperature for cathodic c.d. of 50 Adm 2,
while the temperature dependence was modest at
30Adm™.

The number of cracks in the chromium coatings
decreased markedly with increasing Q,/Q.. Coatings
deposited with optimal or higher Q,/Q,. values were
without cracks (Fig. 4).

4. Discussion

Before describing crystallization under p.r. con-
ditions, it is relevant to. describe crystallization
under d.c. conditions [3—5]. D.c. deposition of hard
chromium is accompanied by a considerable codepo-
sition of hydrogen. A small part of the hydrogen is
incorporated in the coating resulting in hexagonal
chromium hydride (G-chromium), which is a
metastable chromium structure, stabilized by hydro-
gen. S-chromium has a tendency to decompose into
hydrogen gas and cubic space-centred chromium
(o-chromium) containing a residue of dissolved
hydrogen. Decomposition results in tensile stress,
which leads to the formation of cracks in the coat-
ing. Under conditions of higher Cr(IIT) concentra-
tions and lower temperatures than normal operating
conditions it is possible to deposit relatively durable
coatings consisting of 3-chromium or a combination
of a- and S-chromium. On the other hand deposition

Fig. 4. Scanning electron micrographs of etched coatings produced
at ipc = i, =i, = 30Adm™2, 50°C. (a) d.c., Q,/Q. = 0.0000; (b)
T,=15s, T, = 10ms, Q,/Q. = 0.0007; (c) T, = 15s, T, = 60 ms,
0./0Q. = 0.0040.

of so-called crack-free chromium at temperatures
above approximately 70° C and low c.d. produces a
crack-free coating of a-chromium. This is apparently
caused by direct deposition of a-chromium, or such a
rapid decomposition of chromium hydride, that no
inner tensions are produced, to the extent of pro-
ducing cracks. In accordance with this conclusion
Eilender et al. [6] have determined the hydrogen con-
tent in the chromium deposited at different tempera-
tures and c.d. and found that the hydrogen content
decreases with increasing temperature and to a lesser
degree with decreasing c.d.

Christov and Pangarov [7] have investigated hydro-
gen evolution on a- and S-chromium, respectively, in
weakly acid and weakly basic solutions. They found
that both mechanisms and hydrogen overvoltage are
different for the two modifications of chromium.
Hydrogen overvoltage is greater for o-chromium
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than for g-chromium. The difference in hydrogen
overvoltage is 0.146V at pH2.7 and 0.227V at
pH 11.48.

On the basis of knowledge of d.c. deposition of
chromium and the results obtained in the present
work it is possible to suggest a plausible model for
the crystallization mechanism under p.r. conditions.

Under p.r. conditions the structurally incorporated
hydrogen is oxidized during the anodic period. By
applying a sufficiently large value of Q, /Q, the hydro-
gen content in the coating is minimized, so that
B-chromium is not formed. Therefore, during the
cathodic period chromium deposits as a-chromium.
This means that the phase alteration S-chromium
—— a-chromium and the resulting production of
cracks is avoided. Furthermore the high hydrogen
overvoltage is maintained and the observed increase
in c.e. is obtained.

If the anodic amount of charge is insufficient, the
desired effect is only partially achieved, and the c.e.
is at a level between d.c. plating and optimal p.r. plat-
ing, and at the same time cracks will develop in the
coating.

The fact that c.e. also decreases at 0,/Q, values
above the optimal value is explained by anodic redis-
solution of chromium as Cr(II), which is oxidized
further to Cr(IIl) in solution. This dissolution reac-
tion is described by the following. The c.e., 6., for
the reduction of Cr(VI) to Cr(O) in the cathodic
period is given by

0 — m.6F

o= o)

M

< me = Qc0c6_F

(3)
Correspondingly the c.c. 8,, for the oxidation of Cr(O)
to Cr(II) in the anodic period is given by the following
equation:

_ my2F
OuM

When it is assumed that chromium oxidation pro-
ceeds with a c.e. of 100% after completion of hydro-
gen oxidation in the anodic period, the following
equation can be added

02 (4)

Q. (Qa)
f,=1 for == > {=— 5
: Qc Qc optimal ( )
The mass of dissolved chromium for Q,/Q. >
(Qa/ Qc) optimal is thus gin)l’l by
Q. (Qa) ] M
m= |22 (22 = 6
* I:Qc Qc optimal Qc 2F ( )

The total c.e. (the metal efficiency), 6, for Q,/Q. =
(Qa/Qc)optimai calculated on the basis of the cathodic
amount of charge is thus given by

m,—m, 6F

=T M %

M

Current efficiency / %
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Charge ratio, 10°x Q,/ Q.

Fig. 5. Current efficiency against Q,/Q.. The slope of the dotted
lines is —3.

Inserting Equations 3 and 6 in Equation 7, one

obtains
_ Q. <Qa> ]
0=0,, 3|22~ (%2 8
|:Qc Qc optimal ( )

A plot of 8 against Q,/Q. will thus be linear with a
slope of —3 for Q,/Q; = (Qa/Qc)optimar. Since the
results of the present work conform to this model
(Figs 5 and 6) it is highly probable that an anodic
charge exceeding the optimum with respect to c.e.,
will cause oxidation of Cr(O) to Cr(Il) at a c.e. of
100% with the c.d. used here.

The preceding considerations are in agreement with
work by Kakoykina and Sysoev [8] who were unable
to deposit chromium at Q,/Q. = 0.100, but obtained
chromium deposits in low yield with Q,/Q. values
between 0.025 and 0.033.

5. Conclusion

The dependence of c.e. on bath temperature, cathodic
c.d. and Q,/Q, have been investigated under p.r. con-
ditions. A report by Colombini [9] stating that the c.e.
increases with decreasing cathodic pulse time and
increasing anodic c.d. (that is to say, inceasing
0./0.), is only correct within a narrow boundary of
0./0Q. values, since a continued reduction of the
cathodic pulse time, or an increase of the anodic
c.d., will lead to falling c.e. because of the redissolu-
tion of chromium. The optimal c.¢. is obtained with

40 "'
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Charge ratio, 10° x Q,/Q,

Fig. 6. Current efficiency against @,/Q.. The slope of the dotted
lines is —3.
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0./0. values between 0.0020 and 0.0085. Increase of
the c.e. is greatest at relatively low temperatures.

On the basis of the present work and other litera-
ture a crystallization mechanism for the deposition
of chromium under p.r. conditions has been proposed.

With industrial production one should be aware of
the fact that the use of relatively high Q,/Q. values
will result in increased production of Cr(IIl) in the
bath. In order to avoid this, Q,/Q. should be care-
fully chosen on the basis of the other process param-
eters. In addition, it is desirable to increase the anode
area. Furthermore, with industrial use of p.r. hard
chromium it is noted that, even though it is possible
to deposit crack free coatings, cracks can arise later
as a consequence of mechanical or thermal loading.
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