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Effect of pulsed electrodepostion on the nanocrystal size, composition, hardness, coefficient of friction and
wear resistance was investigated for the Cr–C electrodeposits obtained from a trivalent chromium bath.
The electrodeposits were shown to contain about 9% of carbon. Pulsed electrodeposition does not virtually
affect the carbon content. At the same time, an increase in the off time duration leads to a decrease in the
nanocrystals size. The hardness and wear parameters of the electrodeposits may be sufficiently improved
when using pulsed current. For instance, at ton= toff=1 s, the hardness reaches the values of ~1200÷1300
HV (meanwhile, it is close to 850÷950 HV at a steady-state electrolysis).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hard chromium electroplating is widely used in modern industry
for improving hardness, wear and corrosion resistance, decorative ap-
pearance of different tools and machines. Usually, chromium is de-
posited from solutions containing highly toxic compounds of Cr(VI).
Because of the great toxicity and carcinogenicity, the Cr(VI) baths
are now under pressure and numerous efforts have been made in
order to develop eco-friendly processes based on Cr(III) compounds.

In recent years, a number of publications were devoted to Cr–C
electrodeposition from Cr(III) baths [1–11]. Such chromium–carbon
coatings were shown to distinguish by their valuable physicochemi-
cal and mechanical properties. It was established in our works
[12,13] that the nanocrystalline Cr-C deposits may be obtained from
sulfate trivalent chromium bath containing carbamide and formic
acid. The hardness of these coatings does not differ substantially
from the hardness of electrodeposits which are obtained in a Cr(VI)-
based bath. Their wear characteristics are somewhat better than
those obtained from the common Cr(VI)-bath. It is clear that further
improvement of hardness and wear parameters of deposits under
consideration is desirable.

Recently, the authors of study [14] showed that nanocrystalline
Cr–C layers with excellent anti-wear performance can be prepared
by electrodeposition in Cr(III) bath with subsequent annealing. How-
ever, annealing is a rather power-consuming procedure.

Improvement of different properties of Cr electrodeposits has also
been reported using pulsed electrolysis [15–18]. Therefore, the aim of
the present work was to study effect of pulsed current deposition on
hardness and wear characteristics of Cr–C coatings from Cr(III) bath
containing carbamide and formic acid.

2. Material and methods

A sulfate trivalent chromium bath with the following composi-
tion was applied (mol L−1): 1 Cr(III), 0.5 HCOOH, 0.5 CO(NH2)2,
0.15 Al2(SO4)3⋅18H2O, 0.3 Na2SO4, 0.5 H3BO3 and 0.1 g L−1 of sodium
dodecyl sulfate [12,13]. Chromium was deposited at current densities
of 30, 35, and 40 A dm−2; the temperature of the chromium bath was
equal to 35 °C; the bath pH was 1.5.

Chromium electrodeposition was carried out both at a steady
value of current density and at pulsed current with square wave in
a usual thermostated glass cell. Prior to each experiment, the cathode
surface was treated with magnesium oxide, etched for several mi-
nutes in 1:1 (vol) hydrochloric acid solution and then thoroughly
rinsed with distillate water. The electrolysis was performed with
titanium-manganese dioxide anodes without separation of anodic
and cathodic compartments.

Small-angle X-ray scattering (SAXS) experiments were carried out by
means of an X-ray diffractometer DRON-3.0–IBM with a small-angle X-
ray camera KRM-1 in the monochromatized Mo-Kα radiation [12].

The surface morphology of deposits was investigated by scanning
electron microscopy (SEM) utilizing scanning electron microscope
EVO 40XVP (Carl Zeiss AG).

Vicker's microhardness (HV) was determined using a PMT-3 appa-
ratus (manufactured in Russia) at a 100 g load, the coating thickness
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being not less than 20 μm. The average value of deposits microhardness
was calculated from more than 10 separate measurements.

The wear tests were conducted on the SMC-2 wear tester (pro-
duced in Russia) under unlubricated conditions. The 20 μm Cr–C
alloy films were deposited on a steel block with inner diameter of
50 mm. The counterpart was a tempered steel disk. The wear and fric-
tion tests were carried out at a rubbing speed of 0.79 m s−1 over a
total sliding distance of 3140 m. The sample wear weight losses
from four identical test conditions were measured gravimetrically.

The chemical composition of the coatings under study was deter-
mined by XPS investigations which were described in detail in Ref.
[12]. In addition, chemical composition of electrodeposits was estab-
lished by means of a usual spectrophotometric analysis. For this pur-
pose, coatings obtained were dissolved in hot solution of hydrochloric
acid. After formation of intensively colored complex of Cr(III) with
EDTA, absorbance of solution was measured at λ=540 nm using
standardized procedure [19]; and then chromium content in electro-
deposit (Cr %) was calculated. The content of carbon in coatings was
determined as the difference

C% ¼ 100%−Cr%

The results of Cr content determination by means of XPS study, on
the one hand, and by spectrophotometric technique, on the other
hand, coincide entirely.

3. Results and discussion

It was stated that the electrodeposits obtained from the bath
under study contain about 9% of carbon. Varying off time duration
from 0 to 2 s (at a constant pulse duration time of 1 s) does not prac-
tically affect the carbon content at current densities of 30, 35 and 40 A
dm−2. Thus, one can assert that using pulsed electrodeposition virtu-
ally has no effect on the composition of Cr–C deposits obtained from
the plating chromium bath under study.

The radius of gyration in nanocrystalline structure (R0) can be
expressed from SAXS experiment results via Guinier function [20]:

I sð Þ≈ I 0ð Þ exp − s2R2
0

3

 !

where I(s) is the scattered intensity, I(0) is the scattered intensity at
zero scattering angle, 2θ is the angle between the incident X-ray
beam and the detector measuring the scattered intensity, λ is the

wavelength of the X-rays and S ¼ 4π sin θð Þ
λ

is the magnitude of the
scattering vector.

The size of the regions with atomic ordered arrangement in bulk
material (R0) was calculated using Guinier equation by linearizing ex-
perimental dependences in coordinates ln I vs. s2.

The effect of the off time duration on the radii of gyration (as a
rough approximation, the sizes of nanocrystals [12]) is given in
Table 1. As seen, an increase in the off time duration leads to a de-
crease in the R0 value. It seems probable that the pulsed electrolysis
during off time results in the partial passivation of a freshly formed
chromium surface in plating electrolyte, since metallic chromium is
well kwon to tend to self-passivation in aqueous solutions. A

consequence of passivation may be formation of a large number of
nanosize nuclei with smaller radius in the following current pulse.

Fig. 1 is the surface morphology of Cr–C deposits observed by SEM.
As can be seen, the surface of coatings obtained under pulsed current
condition becomes smoother and more uniform in comparison with
coatings deposited under steady-state electrolysis. Additionally, uti-
lizing pulsed electrodeposition reduces the number of cracks per

Table 1
Influence of off time duration on the radius of gyration.

Electrodeposition mode R0 (nm)

toff=0 s (direct current) 3.5
toff=0.5 s (pulsed current) 3.2
toff=1.0 s (pulsed current) 3.0

Pulse duration time 1 s; current density 35 A dm−2; bath temperature 35 °C.

Fig. 1. SEM images of Cr–C electrodeposits obtained (a) under steady-state electrolysis
and (b) under pulsed electrolysis (ton= toff=1 s). Current density 40 A dm−2.

Fig. 2. Dependence of hardness of Cr–C deposits on off time duration (pulse duration
time 1 s).
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unit area. Improving surface morphology under pulsed electrodeposi-
tion was also detected earlier in case of Cr electroplating from another
trivalent chromium bath when the carbon content in coatings was
rather low [21].

Fig. 2 shows the effect of the off time duration on the hardness of
coatings. The hardness is considerably enhanced at an increase in the
off time duration in the range from 0 to 1 s at any value of current
density. The observed values of coatings hardness come up to
1200÷1300 HV; generally speaking, they are rather large. It should
be noted that such high values of the hardness for Cr–C electrode-
posits were earlier reported only after their annealing [14].

For tribological tests,we used Cr–Cdeposits obtained at ton=toff=1 s
as these conditions correspond to the largest values of HV. Using pulsed
electrodeposition proved to improve the wear characteristics (Tables 2
and 3)— bothweight losses and friction coefficient decrease in compar-
ison with the deposition at direct current.

The hardness of the chromium deposits is known to be significant-
ly dependent upon grain size [17]. It is reasonable to assume that the
above-mentioned decrease in the size of the nanocrystals when uti-
lizing pulsed current results in the observed enhancement of the
hardness of deposits [21]. Simultaneously, wear parameters of coat-
ings improve. Indeed, hardness, coefficient of friction and wear resis-
tance are the properties which exhibit strong grain size dependence
[22]. Relatively little changes in the grain size may lead to significant
changes in such properties.

4. Conclusions

Thus, the application of pulsed electrolysis leads to the decrease in
the nanocrystals size when Cr–C coatings are deposited from the tri-
valent chromium bath. The hardness and tribological parameters of
the electrodeposits under consideration may be sufficiently improved
when using pulsed current.
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Table 2
Influence of pulsed current on friction coefficient of Cr–C deposits (at a load of 1 MPa).

Current density,
A dm−2

Friction coefficient

Direct current Pulsed current

30 0.14 0.12
35 0.14 0.11
40 0.14 0.13

Table 3
Influence of pulsed current on weight losses of Cr–C deposits.

Load, MPa Weight losses, g km−1

Direct current Pulsed current

1 0.00270 0.00230
2 0.00495 0.00445
3 0.00662 0.00615
4 0.00762 0.00708

Current density 35 A dm−2.

283V.S. Protsenko et al. / Int. Journal of Refractory Metals and Hard Materials 31 (2012) 281–283


