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The paper deals with the corrosion resistance and protective properties of chromium
coatings electrodeposited from an electrolyte based on deep eutectic solvent, a new genera-
tion of ionic liquids. The electroplating bath contained chromium (III) chloride, choline
chloride and some extra water. Chromium layers with a thickness of 2.5, 5, 10, 15 and
20 um were deposited on mild steel samples and their corrosion and electrochemical
behavior was determined by voltammetry method and electrochemical impedance spectros-
copy technique. It was stated that the highest resistance to corrosion damage of the Cr
layer and mild steel substrate is achieved when the thickness of deposit is about 5 um. At
smaller or greater thickness, the chromium electrodeposits become more defective, and a
larger number of microcracks and micropores appear; as a result, the corrosion stability
and protective characteristics diminish.

Keywords: deep eutectic solvents; electrodeposition; trivalent chromium; coating; cor-
rosion resistance; protective properties.

PaccvmarpuBamoTcss KOPPOSMOHHAS CTOMKOCTH M SAIUTHBLIE CBOMCTBA XPOMOBBIX IOKPBI-
TUH, DIEKTPOOCAKICHHBIX N3 2JEKTPOJHUTA HA OCHOBE HH3KOTEMIIEPATYPHOI'O IBTEKTUIECKO-
ro PACTBOPHUTENS — HOBOIO IIOKOJIEHHSA HOHHBIX KUIKOCTEH. JJIEKTPOJHUT COLEPIKAT XPOM
(IIT) xmopuyg, XOMUH XJOPUJ U ONPeAeJeHHOe KOJHNYECTBO IOMOJHUTEIBHO BBEIEHHOI BOIBI.
XpoMoBBIE HOKPBITHA ¢ ToammeOoM 2,5, 5, 10, 15 m 20 MKM ocaeHbl Ha 0o0pasibl 13
MAJOYIJAePOLUCTON CTalu, UX KOPPOSMOHHOE U JJEKTPOXHMMUUECKOE MMOBEIeHUEe OXapaKTepu-
30BAHO BOJBLTAMIIEPOMETPUUYECKUM METOLOM U METOJOM H3MEPEHHS 3JEeKTPOJHOTO MMIIeTaH-
ca. YCTaHOBJIEHO, UTO HAUBLICIIIAS YCTOMUYMBOCTL K KOPPO3HOHHOMY paspylleHun ciaoes Cr u
CTAJILHON OCHOBBI JOCTUTAETCHA, KOI/JA TOJIUHA ocaska 0amsKa K 5 MKM. I[Ipn MeHbIIeH nIn
GosbIieil TOJIUHE TaJbBAHNUYECKHE TOKPLITUS CTAHOBATCA 0ojiee MeeKTHLIMU U TIOABJISET-
¢ 0OJILINOe KOJUYECTBO MUKPOTPEIUH UM MHUKPOIOP, B Pe3yJbTAaTe 4Yero KOpPPO3MOHHAasd
CTOMKOCTDL M 3allUTHLIE CBOMCTBA 0CIABIAIOTCA.

KopogziitHa crifikicTs i 3aXUCHI BIaCTHMBOCTI XPOMOBHX NOKPHUTTIB, €JIEKTPOOCANKEHNX
i3 eJeKTPOIITY HA OCHOBi HH3LKOTEMIIEPATYPHOIrO eBTeKTHUHOTo po3unnnura. B.C.IIpoyen-
xo, JI.C.Bobposa, C.A.Kopuiii, AARimux, ®.H Januros.

Posrungpamorbea KopoaiiiHa crifikicTs Ta s3axucHI BJIACTHBOCTI XPOMOBUX HOKPHUTTIB,
€JIEKTPOOCAIIKEHIX 13 €JIEKTPOIITY Ha OCHOBI HMSBKOTEMIIEPATYPHOrO €BTEKTUYHOTO PO3UMH-
HUKa — HOBOrO NMOKOJiHHA iommux pizmu. Exerxtposit micrus xpom (III) xmopun, xoxim
XJIOPUJ Ta [IE€BHY KiJBKiCTH J0JaTKOBO BBEJEHOI BOAM. XPOMOBI IIOKPUTTA 3 TOBIUIMHOIO 2,5,

5, 10, 15 i 20 MKM ocamKeHO Ha 3pasKy 3 MAJOBYIVIENeBOI craji, iX KoposiiiHy i eyekT-
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pPoxiMiuHy MOBEJIHKY OXapaKTepM30BAHO BOJLTAMIEPOMETPHUYHUM METOJOM T4 MeTOIO0M
BUMIPIOBAHHA €JeKTPOAHOTO imMmenancy. BeramoBieHo, 1Mo HallBUINA CTiHKiCTH A0 KOpPO3iii-
Horo pyiinysanus Cr mapie Ta craseBoi OCHOBU JOCATAIOTHCH, KOJIU TOBIUHA ocamy GIU3bKA
mo 5 mrM. IIpu menmiit a6o GiabITiil TOBIIMHI rafbBaHIUHI TOKPUTTA CTAIOTEH OiIbIT TedeKT-
HUMU i 3’ ABIAETHLCA BeIMKAa KiJNBKicTh MiKpoTpimuua Ta MiKpomop, y pe3yJabTari yoro Ko-
posiiina cTifikicTh Ta 3aXMCHI BAACTHUBOCTI TOCIA0IIOIOTHCA.

1. Introduction

Electrochemical systems based on deep
eutectic solvents (DESs) attract nowadays
close attention due to such their advantages
as high conductivity, wide electrochemical
windows, low-toxicity, mnegligible wvapor
pressure, non-flammability, compatibility
with water, easy preparation and mainte-
nance, biodegradability and biocompatibility
[1-5]. DESs are considered as a new and
very promising type of ionic liquids [1].
DESs constitute a powerful tool in the
preparation of innovative materials with
well-defined and appropriate functional
properties, by safe and efficient procedures
[6]. The replacement of water and organic
solvents as well as conventional ionic lig-
uids by these unique mixtures in different
fields of research and industry, especially in
electrochemistry and electroplating, is defi-
nitely expected to become an increasingly
common practice.

Among a large number of different met-
als which can be electrodeposited from DESs
based electrolytes, chromium occupy a spe-
cial place due to its wide application as a
unique decorative, hard, anti-wear and pro-
tective coating [6—8].

The development of eco-friendly Cr(III)
electroplating baths as an alternative to
highly toxic industrial Cr(VI) electroplating
is a key problem in modern surface engi-
neering [9-12]. Chromium is not easy to
deposit from aqueous solutions based on tri-
valent chromium salts due to the complex
aqueous solution chemistry of Cr(III) ions
compounds [7]. In this regard, DESs based
Cr(III) plating baths look very promisingly.

Thus, DESs based Cr(IIT) electroplating
electrolyte can be prepared by mixing
choline chloride and hydrated chromium
(I1I) chloride in the molar ratio of 1 to 2,
respectively [3]. This mixture is a viscous
liquid at ambient temperature (its freezing
point is 286.9 K [3] while choline chloride
and chromium (III) chloride melt at 573 K
and 856 K, respectively).

Although a number of papers have been
published that reported Cr electrodeposition
using DESs [3, 13-20], the corrosion resis-
tance and protective properties of Cr coat-
ings obtained from DESs based plating
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baths remain practically unexplored. Only
two papers [15, 19] characterized the corro-
sion behavior of the Cr layers electrodepo-
sited from non-aqueous deep eutectic sol-
vent-based electrolytes. However, the influ-
ence of the thickness of deposits on the
corrosion and protective properties was not
investigated, although the thickness of Cr
deposits is known to be a crucial factor de-
termining the rate of electrochemical corro-
sion of coatings and substrate in a corrosive
environment.

Therefore, this work was aimed to inves-
tigate these important characteristies of
chromium electrodeposits by means of vol-
tammetry method and electrochemical im-
pedance spectroscopy (EIS) technique. We
studied the effect of the thickness of Cr
coatings deposited on steel substrate on
their corrosion stability and protective per-
formance in a chloride acidic corrosive me-
dium.

2. Experimental

Although the eutectic mixture is formed
at a composition of 1:2 (mol.) choline chlo-
ride/CrCl3-6H,0 [3, 18], we electrodeposited
chromium films from a liquid mixture con-
taining choline chloride, chromium (III)
chloride and water in 2.5:1:12 molar ratios,
respectively (an optimized bath composition
suggested in previous report [16]). The pro-
cedure of bath preparation was described in
detail elsewhere [21, 22]. Water was added
to the DES to increase the conductivity and
decrease the viscosity of fluid. It should be
emphasised that the specified amount of
water indicates the total amount of H,O in
the system, both originating from hexahy-
drate salt CrCl;3-6H,0 and extra water added
to the mixture.

Chromium was deposited on a disk-
shaped sample of mild steel (S =1.77 em?)
fixed in a plastic holder. Prior to each ex-
periment, the surface of mild steel sub-
strate was polished by 0.05 pum aluminia
slurry, then treated by HCI aqueous solution
(1:1 vol.) and thoroughly rinsed with distil-
late water. The electrodeposition was per-
formed at a constant current density of
5 A-dm~2 and a temperature of 40°C. Plati-
num gauze was used in all experiments as
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an anode without separation of anodic and
cathodic compartments. The current effi-
ciency of chromium deposition reaction and
the thickness of deposits were calculated
based on gravimetric measurements.

The surface morphology of Cr coatings
was investigated by scanning electron mi-
croscopy (Zeiss EVO 40XVP) in secondary
electron regime. The chemical composition
of the surface layers was controlled by en-
ergy dispersive X-ray spectroscopy (EDX)
coupled with SEM microscope (Oxford INCA
Energy 350).

The corrosion resistance and protective
properties of the electrodeposited chromium
coatings were studied by means of voltam-
metry and electrochemical impedance spec-
troscopy using 0.1 N Na,SO, aqueous solu-
tion (its pH value was adjusted to 8 by the
addition of H,SO,) as a corrosive medium.
The temperature was maintained at 25°C.
Electrochemical experiments were carried
out using a Potentiostat/Galvanostat Refer-
ence 3000 (Gamry, USA). The ohmic poten-
tial drop was automatically compensated by
the built-in iR-compensator of the poten-
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Fig. 1. SEM images of the surface of chro-
mium coatings with a thickness of 2.5 um
(a), 5 um (b), and 20 um (c).

tiostat. A common thermostatted glass
three-electrode cell was used in which the
electrode compartments were separated by a
glass porous diaphragm. Dissolved atmos-
pheric oxygen was removed by purging pu-
rified electrolytic hydrogen. The counter
electrode was porous graphite, its surface
area considerably exceeded the overall sur-
face area of the working electrode. The
working electrode was immersed in a test
solution for approximately 20 min prior to
each electrochemical test in order to estab-

lish a stable open circuit potential (OCP).
The potential sweep rate in voltammo-

grams was 50 mV-s 1.

Electrochemical im-
pedance spectra were recorded at open cir-
cuit potentials in the frequency range of
0.01 Hz to 100 kHz with constant AC volt-
age amplitude of 5 mV. The data of EIS
were treated (the development of electrical
equivalent circuits and the determination of
quantitative parameters of their elements)

using Gamry Elchem Analyst software.
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3. Results and discussion

The typical SEM images of the surface of
electrodeposited chromium are presented in
Fig. 1. It is seen that the surface morphol-
ogy of a 2.5 um thick coating is charac-
terized by a number of imperfections: there
are micropores and microcracks on the sur-
face. EDX analysis of this electrodeposit
shows the presence of such elements as Cr,
O and Fe (Fig. 2a). The detection of Cr and
O on oxidized chromium surface is natu-
rally expected. A weak peak of Fe (ca.
2.25 at.%) indicates that there are through
pores in coatings which partly expose steel
substrate. It should be noted that a signal
of Fe in EDX spectrum vanishes when the
deposits become thicker (Fig. 2b). That
means that through pores disappear with
increasing thickness of coatings. However,
some crater-like defects (cavities) can be ob-
served on the surface (see Fig. 1b, c). The
formation of craters may be due to hydro-
gen evolution occurring together with metal
electrodeposition. Since the viscosity of the
plating electrolyte is still high [21, 22], the
withdrawal of hydrogen gas bubbles evolved
on the cathode is impeded; they remain on
the electrode surface for some time and par-
tially block it. When a Cr layer is growing
around hydrogen bubbles, cavities are
formed on the coating surface. It is clear
that increasing average deposits thickness
(i.e. increasing electrolysis duration) leads
to the expansion of the cavities on the sur-
face and makes the surface more heteroge-
neous. In addition, the quantity of mi-
crocracks seems to become larger with in-
creasing the deposits thickness.

Evidently, the presence of microcracks,
micropores and craters as well as the
changes in their quantity and size should
affect the corrosion resistance and protec-
tive properties of chromium coatings.

As follows from data shown in Fig. 3,
anodic dissolution of steel in a corrosive
environment used in this work proceeds in a
relatively wide range of potentials and the
current peak corresponds to the electrode
potentials of about 0+0.4 V. The presence of
Cr electrodeposits suppresses the current of
anodic dissolution of steel substrate. At the
same time, it is known that no current
peaks of anodic dissolution of chromium are
observed in voltammograms in solutions
with the used pH value [23]. Thus, the cor-
rosion degradation of chromium occurs in
passive state, whereas steel dissolves
through pores in active state. Hence, one
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Fig. 2. EDX spectra of the surfaces showed
in Fig. 1 corresponding to the coatings with a
thickness of 2.5 um (a) and 5 um (b).

can neglect the rate of Cr dissolution as
compared with that of a steel substrate.
Then the degree of protection (DP) can be
determined using the following equation:

I
DP=-"—""100%, (1)
IS

where I, is the maximum current of anodic
dissolution of a steel sample without any
coating and I is the maximum current of
anodic dissolution of a steel sample with a
chromium coating (dissolution in the pores
of the coating).

The calculated degree of protection as a
function of deposits thickness is given in
Table 1. It is seen that the DP wvalue is
about 56 % at a Cr deposit thickness of
2.5 um, such a relatively low value may be
explained by a large amount of uncovered
area of steel (in micropores and microck-
racks) subjected to the influence of corro-
sive medium. The degree of protection
grows approaching ca. 98 % at a Cr thick-
ness of 5 um, this is obviously due to de-
creasing the porosity of protective chro-
mium deposits. However, a further increase
in coatings thickness results in gradual deg-
radation of protective properties which can
be associated with the deterioration of sur-
face morphology and structure of Cr depos-
its (that means increasing quantity of
through microckracks and micropores).

Functional materials, 25, 3, 2018
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Table 1. The degree of protection as a
function of deposits thickness

Chromium deposits DP (%)
thickness (um)
2.5 55.8
5 97.5
10 94.1
15 86.4
20 78.3

Although voltammetry technique pro-
vides simple and intuitive way to evaluate
the degree of protection, it is not perfect
enough. The maximum currents of the an-
odic dissolution of steel are measured at
potentials which are far from actual corro-
sion potentials (OCP). In addition, voltam-
metric method is a destructive test and the
coatings and substrate can undergo changes
during electrode potential sweep which may
somewhat distort the measured results.

In order to obtain comprehensive data on
the kinetics of corrosion process, the elec-
trochemical impedance spectroscopy method
was used. It is known that EIS is a very
sensitive, informative and non-destructive
tool which allows obtaining reliable and de-
tailed data on the kinetics of various kinds
of electrochemical processes, including cor-
rosion processes.

The Nyquist diagrams of deposits plated
from DES based chromium plating bath are
shown in Fig. 4. For the sake of compari-
son, the impedance spectrum of the steel
substrate without any coatings is also
given. The impedance plot of steel exhibits
depressed semicircle which implies that the
rate of the electrochemical process is deter-
mined by the charge transfer step and oc-
curs on inhomogeneous surface [23]. A close
inspection of the Nyquist diagrams of Cr
deposits reveals that the impedance spectra
consist of two depressed semicircles for
each sample electrodeposit, although they
are not well resolved. Similar impedance
spectra were previously observed in case of
Cr coatings subjected to corrosion in sulfu-
ric acid solution [24]. We think that this
behavior is associated with two simultane-
ous corrosion reactions and both of them
are controlled by the charge transfer and
proceed on inhomogeneous electrode sur-
face. The first reaction is the anodic disso-
lution of chromium deposit, the second one
is the reaction of steel substrate dissolution
through pores in the coatings.

Functional materials, 25, 3, 2018
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Fig. 3. Voltammograms of a steel sample (1)
and steel samples coated with chromium lay-
ers with a thickness of 2.5 um (2), 5 um (3),
10 um (4), 15 um (5) and 20 um (6).
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Fig. 4. Nyquist diagrams recorded for mild
steel sample (1) and Cr coatings on mild steel
substrate (2—-6) in 0.1 N Na,SO, (pH 3) at
OCP. The thickness of chromium coatings
was 2.5 pm (2), 5 um (3), 10 um (4), 15 pm
(5) and 20 um (6). In the inset: Electrical
equivalent circuit modeling impedance of
electrode/solution interface.

To interpret the obtained results, we de-
veloped an electrical equivalent circuit
showed in the inset in Fig. 4. This equiva-
lent circuit includes the following elements:
ohmic resistance of solution (R,); polariza-
tion resistances of the reactions of chro-
mium dissolution (R,) and steel substrate
dissolution through pores (R) constant
phase elements characterising the interface
of "chromium deposit/solution™ (CPE,) and
"steel substrate in the deposit pores/solu-
tion™ (CPE,). It should be noted that the
elements, r Il)ated to the reactions of corrosion
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Table 2. The calculated electrochemical impedance parameters of the corrosion of chromium

coatings and steel substrate

Chromium R, (Q Characteristics of corrosion of Cr Characteristics of corrosion of steel
deposits deposits substrate through pores
thick
1eeness R (Q-cm?) Q x106 n, | R (Qecm?) Q x103 n
(um) ¢ -1 -2 P -1% -2 P
(Q7*-s™-ecm™=) (Q7*-s"cem™4)
(steel 10.5 - - - 748 2010 0.650
substrate)
2.5 10.5 940 1180 0.675 2199 4.09 0.700
5 10.0 5050 39 0.959 3595 0.73 0.998
10 10.3 2310 200 0.807 3100 2.5 0.997
15 10.4 1010 680 0.795 2500 2.9 0.800
20 10.2 950 780 0.755 2200 3.9 0.500

dissolution of the coating and substrate, are
connected in the equivalent circuit in paral-
lel but not in series that conforms to the
principle of independent occurrence of con-
current electrode processes.

The introduction of constant phase ele-
ments into the electrical equivalent circuits
is associated with the energy and geometric
heterogeneity of the electrode surface [25].
The impedance of the constant phase ele-
ment is given by the following formula:

ZopE = [QGw)"T L, )

in which @ is a constant, j = V-1 is the
imaginary unit, o = 2nf is the angular fre-
quency in rad-s~l (f is the frequency in
hertz), and n is the dimensionless empirical
exponent corresponding to phase deviation.
The experimental data in Fig. 4 are dis-
played as symbols and the continuous lines
are obtained by curves fitting using the
adapted equivalent circuit. The calculated ki-
netic parameters are summarized in Table 2.
As follows from the data given in Table
2, the maximum polarization resistance of
chromium electrochemical dissolution is ob-
served at the deposit thickness of 5 um in-
dicating the highest corrosion resistance. At
a smaller thickness (2.5 um) or at increas-

ing the thickness (10 um and more), the po-
larization resistance appreciably diminishes.
The changes in R, values well correlate with
the proper changes in n value. It is known
that the exponent n assumes its values in
the range of from 0.5 (porous electrode) to
1 (ideally planar electrode) [25]. The higher
the parameter n, the greater is the extent
of energy and geometric heterogeneity and
roughness of the electrode. In addition, @,
values in Eq. (1) are often associated with
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the surface area available for the electro-
chemical reaction [26]. It is clear from the
obtained data that the smallest surface area
is related to the Cr coatings with the thick-
ness of 5 um. Thus, the most uniform and
the least developed Cr electrode surface cor-
responds to the highest corrosion stability.
All these conclusions well agree with the
estimation of the effect of the deposits
thickness on the heterogeneity of surface
morphology (see above).

The polarization resistance of the elec-
trochemical corrosion of steel substrate (R,)
increases if a chromium layer has been de-
posited which can be explained by the re-
duction of “"free" steel surface exposed to
the action of the corrosive medium. This
correlates with the changes in values of Q..
Evidently, the electrochemical dissolution of
a steel substrate occurs only in through
pores and cracks in the electrodeposits. As
was stated by SEM observations and is con-
firmed by EIS measurements, the least
quantity of micropores and microcracks is
typical of the coatings with the thickness of
5 um. This thickness of deposits is corre-
lated to the highest degree of protection
(that means the highest value of R,)). At
smaller and greater thickness the number of
microdefects in deposits increases and the
degree of protection is expectedly reduced.

4. Conclusions

In conclusion, it should be noted that the
use of DES-based chromium plating baths
allows avoiding the numerous problems of
aqueous solutions of Cr(III) ions [4, 7, 16].
As a result of wider electrochemical win-
dow, such systems ensure higher current ef-
ficiency (i.e. higher deposition rates) that
"common" aqueous chromium electrolytes

Functional materials, 25, 3, 2018
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[21, 27]. In addition, DES-based Cr(III) plat-
ing baths provide electrodepositing not only
thin "decorative” Cr films but also thicker
layers (industrial "hard” chromium elec-
trodeposition).

The influence of the thickness of Cr coat-
ings electrodeposited from DES-based Cr(III)
plating bath on their corrosion resistance
and protective characteristics has been in-
vestigated for the first time in this work. It
was established that the best results (i.e.
the highest resistance to corrosion damages
of the Cr layer and mild steel substrate) are
achieved if the thickness of deposits is
closed to some intermediate value (the de-
gree of protection of ca. 98 % at a 5 um
thick coating). At lower or greater thick-
ness, the chromium electrodeposits become
more defective, and a larger number of mi-
crocracks and micropores appear resulting
in a decrease in corrosion stability and pro-
tective performance. These findings should
be taken into consideration in the further
development of chromium electroplating
processes based on deep eutectic solvents.
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