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INTRODUCTION

Obtaining thick chromium coatings from electro-
lytes based on trivalent chromium compounds is one
of the key problems in modern electroplating [1–11].
In recent decades, significant progress has been
achieved in this direction which is related both to
development of new effective electroplating technolo-
gies and to a deeper understanding of the kinetics and
mechanism of the processes occurring under chro-
mium plating. It has been shown that problems in syn-
thesis of thick Cr deposits from Cr(III) solutions are
primarily due to the processes of hydrolysis of the elec-
trolyte components in the near-electrode layer and
further inclusion of low-soluble hydroxy compounds
of chromium into the deposit [12, 13]. Therefore, a
correct choice of the nature and concentration of
organic additives (ligands, buffers, water–soluble
polymers) allowing providing the optimum state of the
near-electrode layer in the process of chromium plat-
ing and suppressing hydroxide formation is of funda-
mental importance [14–18].

A promising method for obtaining thick Cr depos-
its with satisfactory mechanical performance charac-
teristics can be electrodeposition using pulsed current
[19–21]. In [21], the possibility of thick-layer chro-
mium plating was shown in Cr(III) formate–sulfate
electrolyte using the pulsed electrolysis mode. At the

same time, a drawback of the electrolyte used consists
in low values of current efficiency (not more than 10–
15%) and deposition rate (about 0.1–0.2 µm/min).

Chromium-plating electrolytes based on Cr(III)
containing carbamide and formic acid as organic
additives have been proposed in recent years. Nanoc-
rystalline chromium–carbon alloys were deposited
from these electrolytes at a rather high current effi-
ciency, reaching 30% or more (at a deposition rate of
1–1.5 µm/min or more) [3, 4, 17, 18, 22–24].

The aim of this work consisted in studies of the
effect of pulsed electrolysis parameters on the current
efficiency of the process of electrodeposition of Cr–C
alloy of carbamide–formiate electrolyte based on
trivalent chromium salts, as well as on the most impor-
tant performance characteristics of Cr deposits: their
microhardness and tribotechnical properties.

EXPERIMENTAL

The electrolyte composition used (mol/dm3) for
chromium deposition was: 0.5 Cr2(SO4)3 ⋅ 6H2O (i.e.
1 M Cr+3), 0.5 HCOOH, 0.5 CO(NH2)2,
0.15 Al2(SO4)3 ⋅ 18H2O, 0.3 Na2SO4, 0.5 H3BO3, and
0.1 g/dm3 sodium laurilsulfate [22–24].

Electrodeposition was carried out in a thermo-
stated glass cell. A pulsed PI-50-1.1 potentiostat with
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a PR-8 programmer was used to set the pulsed current.
Deposition was carried out on the surface of a copper
plate (S = 1 cm2) that was degreased prior to electrol-
ysis using an aqueous MgO paste activated in a hydro-
chloric acid solution and thoroughly rinsed with dis-
tilled water.

The pulse ratio was calculated according to the fol-
lowing formula:

where τi is the pulse duration (s); τp is the pause dura-
tion (s).

Titanium dioxide–manganese (TMD) electrodes

were used as anodes [25]. The reaction of oxidation of

the Cr(III) ions to Cr(VI) on TMD occurs at a low

rate, which allows carrying out electrolysis without

separation of the cathodic and anodic compartments.

The chromium content in the coating was deter-

mined using the method of X-ray photoelectron spec-

troscopy (XPS) [24] and spectrophotometric analysis.

In the latter case, the deposited Cr–C coating was dis-

solved in hydrochloric acid and then optical density of

the solution was measured after formation of an inten-

sively colored Cr(III) complex with EDTA was mea-

sured at λ = 540 nm according to the standard tech-

nique [26] and the chromium content in the deposit

(Cr%) was calculated. The carbon content in the

deposit was found on the basis of the difference of

C % = 100%–Cr %. The results of determining the

coating composition using the XPS technique and

spectrophotometric technique coincide satisfactorily.

Current efficiency (CE) of chromium was calcu-

lated on the basis of the data of gravimetric measure-

ments per three-electron overall reaction of

 The overall amount of electric-

ity that passed through the electrolytic cell was deter-

mined using a copper coulometer. Let us note that CE

calculations were carried out taking into account the

experimentally determined chromium content in the

coating
1
.

The structure of the formed chromium coatings

was studied using the method of small–angle X-ray

scattering (a DRON-3 X-ray diffractometer coupled

with a KRM-1 low-angle camera in monochromatic

Cu-K
α
 radiation) [22].

Microhardness of chromium coatings was mea-

sured using a PMT3 microhardness meter with a

1 In our previous paper [21], the correction for the chromium
content in the coating was not introduced and it was assumed in
the calculations of the current efficiency that the whole elec-
trode weight gain was due to deposition of metallic chromium.
This was due to the fact that carbon content in chromium
deposits studied in [21] was at least 1% and could be neglected.

τ + τ

=

τ

,
i p

i

Q

Cr III Cr( ) 3 (0).e
−

+ →

charge of 100 g at the deposit thickness of at least

20 µm. At least three deposits were obtained in deter-

mination of microhardness for every set of specific

electrodeposition conditions, measurements were

carried out in at least five points of each sample, and

then the arithmetic mean value was calculated.

The tribotechnical characteristics of the deposits

were studied at an SMT-2 friction machine according

to the “disk–shoe” scheme. A “shoe” sample cut out

of a steel cylindrical ring with outer and inner diame-

ters of 68 and 50 mm, accordingly, and width of 10 mm

was used in the tests. A chromium coating with thick-

ness of ∼20 µm was applied on the inner “shoe” sur-

face. The counterbody was a disk of steel 45 tempered

to the depth of 2.5–3 mm at a hardness of HRC 45–

60. The tests were carried out at the sliding speed of

0.79 m/s (the counterbody rotation frequency was

300 rpm). The overall friction path length of each test

sample was 3140 m. The friction was carried out with-

out lubrication and under the boundary lubrication

conditions using M14 (Diesel). The average wear was

determined on the basis of gravimetric measurements.

EXPERIMENTAL RESULTS AND DISCUSSION

Chemical Composition of Deposits, Current Efficiency
of Chromium Deposition Reaction 

and Appearance of Coatings

As shown earlier [22], deposits obtained from elec-

trolyte based on Cr(III) with additives of carbamide

and formic acid contain a rather large amount of car-

bon in the form of carbide; i.e., chromium–carbon

alloy is actually deposited. The studied coatings con-

tain ~91 wt % of Cr and ~9 wt % of C, which approx-

imately corresponds to the stoichiometry of the

Cr7C3 carbide. As follows from the data obtained, the

pulse ratio in the range of its variation from 1 to 3 pro-

duces practically no effect on the carbon content in

the alloy. Thus, the transition from steady-state elec-

trolysis to the pulsed mode does not affect the carbon

content at the applied values of the deposition current

density (30, 35, and 40 A/dm2) within the experimen-

tal error.

As seen from the obtained data (Fig. 1), the CE

value depends in a rather complex way on the pulse

ratio. The character of this dependence is largely

determined by the current pulse duration and also by

the pulse current density.

An increase in the pulse ratio results in a decrease

in the CE value at a relatively low current pulse dura-

tion (τi = 0.5 s) as compared to the steady-state mode.

The character of the CE,Q-dependence changes

fundamentally, if the pulse duration is increased. As

seen in Fig. 1 (curves 2 and 3), a maximum corre-
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sponding to Q ≈ 1.05–1.1 appears in the discussed

dependence at τi = 1 and τi = 2 s. Herewith, current

efficiency obtained at τi = 1 s is generally higher than

at τi= 2 s. One should also note that current efficiency

at the Q values corresponding to the maximum in the

analyzed dependence exceeds noticeably the value

obtained in the steady–state current mode.

It is of interest that a similar extremal character of

the CE, Q-dependence was observed earlier [21] under

chromium electrodeposition from electrolyte based on

Cr(III). Its composition differs significantly from that

used in the present work.

The obtained CE and Q dependences can be inter-

preted on the basis of the modern concepts of the

mechanism of chromium electrodeposition from elec-

trolytes based on trivalent chromium compounds [13,

27–29], according to which this process occurs under

the conditions of formation of low-soluble hydroxy

Cr(III) compounds (“cathodic film”) in the near-

cathode electrolyte layer. Formation of this film is due

to an increase in pHS in the near-electrode layer due to

occurrence of the corresponding hydrogen electroevo-

lution reaction. The pHS value obviously decreases

approaching the bulk value under pulsed electrolysis in

the pause period. As a consequence, the amount of

low-soluble Cr(III) compounds in the near-electrode

layer decreases, which must result in a decrease in the

amount of adsorbed hydroxide compounds of trivalent

chromium blocking the electrochemical chromium

deposition process. Ultimately, the current efficiency

may increase at certain Q and τi values (the maximum

in the experimental CE, Q-curve).

One should note that discharge of the complex

Cr(III) ions to the metallic state occurs stagewise with

formation of intermediate Cr(II) compounds [11, 13,

27, 29]. Herewith, the limiting process stage is elec-

troreduction of bivalent chromium ions. Additional

convective–diffusive removal of Cr(II) ions into the

bulk of electrolyte occurs under pulsed electrolysis in

the period of the current pause. The concentration of

these ions near the cathode surface decreases, and the

rate of chromium electrodeposition decreases regu-

larly (the decreasing region in the CE,Q-dependence).

This effect becomes especially pronounced at low

pulse duration (see curves 1 in Figs. 1a, 1b, 1c).

The appearance of deposits obtained under pulsed

current does not differ from the appearance of coat-

ings deposited under the steady–state mode, all other

conditions being similar. The formed coatings are

smooth and bright.

Structure of Chromium–Carbon Deposits

It was shown earlier using the method of small-

angle X-ray scattering [22] that the chromium–carbon

alloy coatings have a nanocrystalline structure. It is

found in this study that an increase in the pulse ratio

leads to a certain decrease in the radii of inhomoge-

neities (regions of ordered atom arrangement)

R0 (Table 1). These data are similar to those obtained

in [21].
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Fig. 1. Dependence of current efficiency on the pulse ratio
for different duration of current pulses (s): (1) 0.5, (2) 1,
(3) 2. Pulsed current density (A/dm2): (a) 30, (b) 35, (c) 40.
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Deposit Microhardness

As follows from the data presented in Fig. 2, the

dependence of the coating microhardness on the rela-

tive pulse duration has an extremal character. Here-

with, the microhardness value somewhat grows in the

curve maximum at an increase in the pulse ratio. One

can also note that the maximum in the microhardness

Q-dependence shifts toward a lower pulse ratio at an

increase in the pulse duration (thus, the highest

microhardness is observed at Q = 3, 2, and 1.5, accor-

dingly, for τi = 0.5, 1, and 2 s).

It is known [30] that microhardness of chromium

deposits depends significantly on the size of crystal-

lites, residual stress, and inclusions into the structure

of various metallic and nonmetallic phases. When

pulsed current is used, the effect of partial chromium

passivation is observed in the pause period (as well-

known, metallic chromium rather tends to self-passi-

vation in aqueous solutions [31]), which assists forma-

tion of a large amount of new nanosize nuclei during

the following current pulse. This obviously explains

the decrease in the size of the formed nanocrystals

observed at an increase in Q resulting in an increase in

the coating microhardness. The further passivation of

the current pause duration and the obviously associ-

ated increasing surface passivation can cause deterio-

ration of the bond strength between the deposited

chromium layers and the deposit microhardness starts

decreasing (see Fig. 2).

Tribotechnical Characteristics 
of Chromium–Carbon Alloy Coatings

For tribotechnical studies, chromium–carbon

deposits were deposited using pulsed current at the

pulse and pause durations of 1 s (i.e., at Q = 2), as

rather hard deposits are formed in these modes

according to the above data. The test results are pre-

sented in Tables 2 and 3, whence it follows that the

friction coefficients and average wear of coatings

obtained under pulsed current are noticeably lower

than the corresponding values for coatings deposited

under the steady-state current mode both under dry

friction conditions and in the presence of boundary

lubrication.

We believe that improvement of the tribotechnical

characteristics of chromium–carbon coatings under

the pulsed electrodeposition mode is due to the above

size reduction of nanocrystals. This assumption agrees

well with the modern concepts as to the fact that the

friction coefficient and wear resistance (alongside with

hardness) belong to the properties of nanocrystalline

galvanic coatings strongly depending on the nanocrys-

tal size [32].
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Fig. 2. Dependence of coating microhardness on the pulse
ratio for different duration of current pulses (s): (a) 0.5,
(b) 1, (c) 2.

Table 1. Effect of the pulsed current on the heterogeneity
radius (regions of ordered atom arrangement) in the chro-
mium–carbon deposit structure

Deposition mode R0, nm

Steady–state electrolysis (Q = 1) 3.5

Pulsed electrolysis 3.2

τi = 1 s, τp = 0.5 s (Q = 1.5)

Pulsed electrolysis 3.0

τi = 1 s, τp = 1 s (Q = 2)

Note: Pulsed current density, 35 A/dm2. Temperature, 35°C
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CONCLUSIONS

It is found that transition from steady-state elec-
trolysis to the pulsed mode does not affect the carbon
content at the applied values of the deposition current
density (30, 35, and 40 A/dm2) within the experimen-
tal error. A decrease in the nanocrystal size is observed
at an increase in the relative pulse duration.

It is shown that the current efficiency of the chro-
mium electrodeposition process at the pulse ratio of
Q ≈ 1.05–1.1 significantly exceeds the value charac-
teristic for steady-state electrolysis. The microhard-
ness of the Cr–C deposits may increase to ∼1200–
1300 HV when pulsed electrolysis under certain
modes is used. It is found that application of pulsed
electrolysis allows significantly decreasing the friction
coefficient of the chromium–carbon coatings and
increasing the coatings wear resistance.

One should note that the possibility of obtaining
electrodeposited nanocrystalline Cr–C coatings with
extremely high antifriction characteristics and en-
hanced hardness after their additional thermal treat-
ment was shown earlier in [33]. In our paper, the possi-
bility of significant improvement of tribotechnical char-
acteristics and microhardness of chromium–carbon
electrodeposits was established for the first time using
pulsed electrolysis without application of a power-con-
suming procedure of their thermal treatment.
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