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Abstract: The aim of this study is to evaluate the effect of various molar ratios of glycine to chromium salt (Gly : Cr) and different current
densities on the corrosion and wear behaviors of Cr(I1I) electroplated coatings. The morphology and thickness of the coatings were investig-
ated by scanning electron microscopy. The wear properties of the coatings were studied using pin on disk and hardness tests, while corrosion
behavior of the coatings was identified using linear polarization, small amplitude cyclic voltammetry, and electrochemical impedance spectro-
scopy methods. By increasing the glycine concentration, a structure with low crack density was obtained. In all molar ratios, maximum thick-
ness and current efficiency was observed at a current density of 150 mA-cm . All the electrochemical methods had a consistent result, and
maximum corrosion resistance of approximately 16000 Q-cm?” was obtained in the case of Gly : Cr = 3:1 and current density of 200 mA-cm™.
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1. Introduction

Chromium coatings are typically used in the electroplat-
ing industry because of their special properties such as
bright appearance, good wear resistance, and satisfactory
corrosion behavior [1]. In common chromium electroplating
methods, hexavalent chromium (Cr(VI)) bath is used, which
has toxic and carcinogenic properties [2]. Therefore,
trivalent chromium (Cr(IIT)) bath has been introduced as an
alternative electrolyte because of its low toxicity [3—4].
However, several problems make the Cr(Ill) electroplating
process extremely complex [5]. For instance, hexa-aqua
complex [Cr(H,0),]*" is formed through the entry of Cr(III)
ion into water. In this case, Cr(Ill) in the center of the octa-
hedral complex is surrounded by H,O molecules, thereby
hindering its reduction on the cathode surface [5—6]. Fur-
thermore, during the Cr(IIl) electroreduction process, a con-
siderable volume of H, gas is evolved as a result of the more
negative reduction potential of Cr’* (E° = —0.74 V vs. SHE
(standard hydrogen electrode)) compared with that of H" (E°
=-0.15 V vs. SHE at pH = 2.5). Hydrogen evolution reac-
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tion can lead to the development of micro and/or macro
cracks in the chromium film and consequently reduce its
corrosion resistance [6—8]. Moreover, if the local pH value
on the cathode surface is increased to approximately 4 dur-
ing the electroplating process, then H,O molecules in the
[Cr(H,0)s]*" complex can release hydrogen gas. Con-
sequently, the chromium complexes are polymerized
through hydroxyl ions, and long chains with heavy molecu-
lar weights are produced. This process, called olation or ox-
olation, decreases the deposition rate [6,9—11]. One way to
overcome these problems is to introduce certain complexing
agents to the electroplating bath, which can replace the H,O
molecules in the hexa-aqua complex, leading to easy reduc-
tion of Cr(IIl) ions. Consequently, these additives affect the
current efficiency of the electroplating bath, surface struc-
ture, and corrosion behavior. Furthermore, bright appear-
ance of the coating obtained is influenced by these additives
[12]. Therefore, finding an appropriate material added to the
Cr(III) electroplating bath to reach a desired corrosion per-
formance and structure has been the focus of many studies
[13—15].
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Danilov et al. [16] examined the effect of a water-sol-
uble polymer on the electroplating of chromium coatings
from Cr(Ill)-based electrolytes; they reported a chromium
coating with good adhesion to the surface, without cracks,
and with a thickness of several tens of micrometer. Hoque
et al. [17] investigated the effect of different additives such
as polyethylene glycol and sodium sulfate on optical re-
flectivity of Cr(III) plated mild steel; their findings showed
that the former increases reflectivity while the latter results
in reduction of reflectivity. Protsenko et al. [18] reported a
mechanism of chromium electrodeposition from methanes-
ulfonate solutions of Cr(IIl) salts; they showed that elec-
troreduction of Cr(Ill) ions proceed in a stepwise manner
due to the formation of relatively stable Cr(Il) intermediate
compounds. Among various additives, glycine is reported to
bea promising complexing agent in electroplating pro-
cesses of various metals such as Ni and Co [19-22]. Gly-
cine is used effectively in the electroplating of metals and al-
loys because of its buffering feature and its ability to stabil-
ize pH value on the electrode surface during the electroplat-
ing process. Several reports also focus on the effect of gly-
cine on the electroplating of Cr(IIl). For instance, Zeng et al.
[14] studied the role of formic acid, oxalic acid, and glycine
as complexing agents in a Cr(IIl) electroplating bath. Their
results showed that glycine increases the distance between
Cr(IlT) and H,O molecules compared with the two others.
Using density functional theory (DFT), the researchers
demonstrated that glycine ions expand the distance between
Cr’" and H,0 from 0.199 nm in [Cr(H,0)s]** to 0.2066 nm in
[Cr(H,0)4,(H,NCH,COO)]". However, to the best of our
knowledge, no report is available on the corrosion behavior
of the Cr(III) layer deposited from glycine-containing bath.

Therefore, considering the positive effects reported for
glycine, this study aims to elucidate the effect of glycine ad-
ditive and current density on the cathodic current efficiency
of the chromium deposition, the thickness of the chromium
deposits formed, and the corrosion behavior of the coatings
obtained. Three independent electrochemical tests have been

used to measure the polarization resistance of the coatings,
i.e., linear polarization (LP), small amplitude cyclic voltam-
metry (SACV), and electrochemical impedance spectro-
scopy (EIS), to show the reliability of corrosion resistance
quantities obtained from these three methods.

2. Methodology
2.1. Electroplating process

In this study, copper plates with dimensions of 8 cm x
2.5 cm were selected as substrates. Electroplating baths were
prepared using analytical grade CrCl;-6H,O and glycine.
Sodium hydroxide and hydrochloric acids were used for de-
greasing and pickling, respectively. For the electroplating
process, the copper surface was polished mechanically by
#1000 SiC emery paper (particle size: 18.3 pum) degreased
with 1 mol-L™" NaOH, rinsed by distilled water, activated in
18vol% HCI, and finally dried with air stream. To prepare
the electroplating bath [19], the composition of which is giv-
en in Table 1, glycine and chromium salt with molar ratio of
1.5, 2, and 3 was used. The pH value of the electroplating
bath was adjusted to 2.5 by addition of an appropriate
amount of diluted NaOH and HCI. Then, solutions were
heated at 80°C for 2 h and then were kept at room temperat-
ure for at least 24 h to ensure that the chromium complexes
are formed. Electroplating was conducted at room temperat-
ure for 20 min at current densities of 100, 150, and 200
mA-cm™>. Two counter electrodes of Ti/IrO, with dimen-
sions of 10 cm x 3.5 cm were selected as anode while cop-
per plate was used as cathode (substrate). The reported res-
ults are related to the average of at least two electroplating
process runs. For ease of referring to the coatings synthes-
ized at different molar ratios of glycine to chromium salt
(Gly : Cr) and current densities in the rest of the paper, the
samples obtained are designated in the form of S (Gly : Cr
molar ratio, current density), i.e., S (1.5, 100), S (1.5, 150), S
(1.5, 200), S (2, 100), and so on.

Table 1. Chemical composition of electroplating solution mol-L™!
Solution CrCl;-6H,0 C,HsNO, NaCl NH,CI KBr AlCl;-6H,0 H;BO;
Gly:Cr=1.5 0.4 0.6 0.5 0.5 0.08 0.01 0.5
Gly:Cr=2 0.4 0.8 0.5 0.5 0.08 0.01 0.5
Gly:Cr=3 0.4 1.2 0.5 0.5 0.08 0.01 0.5

2.2. Surface characterization

A Lega/Tescan-LMU scanning electron microscope
(SEM) was used to study the surface morphology of the ob-
tained coating. The thickness of the coatings was measured

by Philips SEM with back-scattered electron beam. To pre-
pare the cross sections, a square plate was cut from the
corner of the electroplated samples by a mechanical cutter.

Two edges of the corner, not touched by the cutter, were
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available to be mounted and polished for subsequent SEM
characterization. Each reported thickness is the average of
three different points on the SEM micrograph. Wear proper-
ties was investigated by pin on disk test in which wear load
and wear distance were set as 5 N and 200 m, respectively.
Vickers microhardness was measured by a Micromet
Buehler 60044. A 0.1-N load was applied on the top surface
of the coatings for 15 s, and then hardness was reported as
an average of three points on each sample.

2.3. Corrosion evaluation

To evaluate the steady-state corrosion properties of the
coatings, the samples were immersed in 3.5wt% NaCl for
24 h before all the corrosion tests. Then, electrochemical
tests were conducted in air saturated 3.5wt% NaCl solution,
with an Autolab model PGSTAT 302N potentiostat/gal-
vanostat in a three-electrode electrochemical cell (Ag/AgCl
and Pt plates were used as reference and counter electrode,
respectively). For LP test, a potential of £100 mV vs. OCP
(open circuit potential) at a scan rate of 1 mV-s™' was ap-
plied, and the experimental data were fitted using OriginPro
8.6 software. EIS was conducted around the OCP in the fre-
quency range of 10 kHz to 100 mHz. The value of peak-to-
zero amplitude was £10 mV. The obtained Nyquist dia-
grams were fitted on appropriate equivalent circuit by
ZView software. SACV was carried out in a small potential
range of +£10 mV around the OCP. The reported results are
the average of two replicates.

3. Results and discussion
3.1. pH selection

The pH value is an important parameter in Cr(IlI) elec-
troplating solution. When the pH value becomes greater than
4.5, the olation process occurs, thereby limiting the depos-
ition of Cr(Ill) from aqueous solution. On the other hand,
chromium oxides and hydroxides are deposited in the bath
in high pH value. Thus, finding an optimum value for pH is
important [8—11]. In this regard, the chromium stability in
aqueous solution was plotted versus pH value by using Me-
dusa software, as shown in Fig. 1. According to this plot, the
Cr(III) ion is stable in the pH values lower than 2, so that
aqua complex of Cr(II) ([Cr (H,0)s]*") is stable. In pH val-
ues greater than 3, the chromium oxide and hydroxide are
stable. Therefore, the pH value of 2.5 was selected for the
electroplating bath.

3.2. Current efficiency and appearance

The current efficiency (#) of the electroplating process
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was measured using the following equation:
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Fig. 1.  Stability of Cr(III) contained complexes in aqueous

solution vs. pH value for Cr total concentration of 0.4 mol-L’,
plotted by Medusa software.

where m, is the mass gain of each sample after the electro-
plating process, while my, is the theoretical mass calculated
according to Faraday’s law expressed as follows:
I-M-t
2
7 F 2

my =

where [ is the applied current (A), M is chromium molar
mass (g'mol™), ¢ is electroplating time (s), Z is the number
of exchange electrons, and F' is Faraday’s constant (96485
C-mol™). Fig. 2 illustrates the results of estimated current
efficiencies for different current densities and different Gly :
Cr molar ratios. According to Fig. 2, by increasing the mol-
ar ratio of Gly : Cr in all current densities, the current effi-
ciency is increased considerably. In the molar ratio of Gly :
Cr=3:1, the current efficiency exceeds 50%, whereas in Gly :
Cr = 1.5:1, the current efficiency is less than 10%. It can be
concluded that by adding glycine to the solution, a greater
Cr—Gly complex is formed. In other words, in Gly : Cr =
1.5:1, the Cr(Ill) is more available in [Cr(H,O)]’" form
rather than Cr—Gly complex. As can be seen, in all cases,
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Fig. 2.  Cathodic current efficiency obtained for coatings
electroplated in different electroplating conditions.
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the highest current efficiency is achieved by applying the
current density of 150 mA-cm . By increasing the current
density to more than 150 mA-cm >, the hydrogen evolution
reaction becomes more favorable than the reduction of
Cr(IIT) ion so that the current efficiency is decreased. Anoth-

er important point to mention is the appearance of the coat-
ings, which have a reverse relation with glycine amount, i.e.,
the semi-bright coatings were obtained in baths with low
molar ratio of Gly : Cr. The coating appearance is demon-
strated in Fig. 3.

i -

Fig. 3. Appearance of coatings electroplated in different electroplating conditions: (a) S (1.5, 100); (b) S (1.5, 150); (c¢) S (1.5, 200);
(d) S (2,100); (e) S (2, 150); (F) S (2, 200); (2) S (3, 100); (h) S 3, 150); (@) S (3, 200).

3.3. Surface properties

Fig. 4 shows the SEM micrographs of chromium coat-
ing surface after electroplating in different current densities
and molar ratios of Gly : Cr. As the figure shows, a denser
surface layer is formed in samples with molar ratio of Gly :
Cr = 3:1 (Figs. 4(c), 4(f), and 4(i)) compared with that with
molar ratio of Gly : Cr = 2:1 (Figs. 4(b), 4(e) and 4(h)) and
1.5:1 (Figs. 4(a), 4(d) and 4(g)). This result again confirms
the effective role of glycine in the formation of Cr—glycine
complex, favoring the enhanced formation of chromium
film. With regard to current density, the degree of compact-
ness is increased by raising the current density so that the
structure in 100 mA-cm* is practically porous with some
macro cracks, whereas the number of grains is decreased in
200 mA-cm > and some micro cracks with almost no cavity
are formed in the coatings.

The cross-section structure and thickness of the coatings

were also studied by SEM, and the micrographs and values
of the coating thickness are reported in Fig. 5. As the figure
shows, several cracks occur in the cross section of the coat-
ings and some of these cracks have reached the substrate,
thereby reducing the corrosion resistance of the electro-
plated chromium coatings, as will be discussed in the next
section. By increasing the glycine concentration in the solu-
tion, the coating thickness increases and the maximum
thickness is obtained at current density of 150 mA-cm™ in
all the solutions. These results are in accordance with the
data obtained in the current efficiency section.

The wear behavior of the electroplated coatings with
highest thickness in the solution with different molar ratios
of Gly : Cr, ie., S (2, 150) and S (3, 150), were compared
using pin-on-disk test. The results are shown in Fig. 6 as
friction coefficient versus wear distance (S (1, 150) was not
tested because of low thickness). In both samples, the fric-
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Fig. 4. SEM images of coatings electroplated in different electroplating conditions: (a) S (1.5, 100); (b) S (1.5, 150); (c) S (1.5, 200);
(d) S (2, 100); (e) S (2, 150); () S (2, 200); (2) S (3, 100); (h) S (3, 150); (i) S (3, 200).

Thickness =1.2 £ 0.2 um

Thickness = 6.3 = 0.2 pm Thickness = 10.4 = 0.3 pm Thickness =4.2 £ 0.3 um

Thickness = 16.9 = 1.0 um Thickness = 26.7 £ 1.2 um Thickness = 9.8 * 0.4 um

A A
Fig. 5. SEM back-scattered micrographs of cross section of Cr(IIl) coatings electroplated in different electroplating conditions:
(a) S (1.5, 100); (b) S (1.5, 150); (¢) S (1.5, 200); (d) S (2, 100); (e) S (2, 150); (D) S (2, 200); () S (3, 100); (h) S (3, 150); (i) S (3, 200).

tion coefficient is first increased and becomes approxim- the coating electroplated in a solution with molar ratio of
ately constant after reaching a peak. In the graph related to Gly : Cr = 2:1, the friction coefficient is approximately 0.25,
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which increases to 0.4 and then approaches 0.3 until the end
of the wear distance. In the graph related to the molar ratio
of Gly : Cr = 3:1, the friction coefficient is approximately
0.2, which increases to the sharp peak equal to 0.5 and then
approaches 0.3. The cause of an initial increase in friction
coefficient is the rise of surface temperature during the
movement of the pin on the coat. Thereafter, the counterpart
matches the coat surface and the friction coefficient reaches
an approximately constant value. The data obtained from the
hardness test show that S (2, 150) and S (3, 150) have a
hardness of HV 794 and HV 864, respectively. These res-
ults are in line with the friction coefficient values obtained
because the real contact area between the samples and ball
decreases with the increase in hardness. Thus, the coeffi-
cient of friction is reduced. The specific wear rate of the two
coatings under wear test is reported in Fig. 6. The coating
obtained in molar ratio of Gly : Cr = 3:1 solution has lower
specific wear rate than the coating obtained in molar ratio of
Gly : Cr = 2:1. On the other hand, wear resistance has a dir-
ect relationship with hardness of material according to Arch-
ard theory [23]. Therefore, the lower specific wear rate of S
(3, 150) can be attributed to the higher hardness observed in
this sample.

0.6
(@) Specific wear rate = 1.06 x 10 mm*(N-m)!
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Fig. 6. Friction coefficient vs. wear distance and specific wear
rate obtained from pin on disk test with 5 N applied load con-
ducted on (a) S (2, 150) and (b) S (3, 150).

3.4. Corrosion behavior

3.4.1. Linear polarization (LP)
Fig. 7 shows the polarization curves obtained for elec-
troplated chromium coatings in air saturated 3.5wt% NaCl

solution. Although the Tafel extrapolation method is fre-
quently used for extracting the corrosion parameters includ-
ing E, (i.e. corrosion potential), i, (i.e. corrosion current
constant), 5, (i.e. anodic Tafel constant), and . (i.e. cathod-
ic Tafel constant), this method has certain limitations [24].
Therefore, the Butler—Volmer equation (Eq. (3)) [25] was
fitted non-linearly on i—F curves by using OriginPro 8.6
software and the corrosion parameters for all samples were
extracted using this fitting. The results are reported in Table
2 and a typical fitted plot is shown in Fig. 8 for S (3, 200).
To verify the accuracy of the fitting, polarization resistance
(R,) was calculated according to the Stern—Geary equation
(Eq. (4)) using the corrosion parameters obtained and was
compared with the R, estimated according to the slope of the
linear polarization curve around the corrosion potential (Eq.
(5)). A typical estimation is shown in Fig. 9 for S (3, 200).
As shown in the results reported in Table 2, good consist-
ency exists between the R, values calculated by the
Stern—Geary equation (R, (S—G)) and the R, values ob-
tained by the slope of the i—F curve (R, (LP)), which con-
firms the correctness of the non-linear fitting procedure on
experimental data and the corrosion parameters obtained.

2
S (1.5, 100
31 S (13150
=4t 3000
T 8150 :
§ 1 82200 —
2 61 —8(3100
ST 530150
= -7F—8 (3200
L gl
79,
0

1—0.40 -0.35 -0.30 -0.25 —0.20 —-0.15 -0.10 -0.05
E/V vs. Ag/AgCl
Fig. 7. Linear polarization curves of electroplated chromium
coatings in air saturated 3.5wt% NaCl solution. The applied
potential is £100 mV versus E,,,, the scan rate is 1 mV/s, and
the immersion time for each sample is 24 h.
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where E (V) is potential applied and i (A-cm?) is current
obtained during polarization test.

As shown in the Table 2, S (3, 200) has the greatest po-
larization resistance whereas S (1.5, 200) has the lowest res-
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istance. According to Fig. 5, the former has a thickness of
9.8 um, while the latter’s thickness is only 0.9 um. Both
samples have been electroplated with the same current dens-
ity but different amounts of glycine. Thus, it can be said that
a suitable amount of glycine within the electroplating bath
has been introduced into the [Cr(H,0)s]’" complex and re-
placed with H,O molecules, thereby resulting in
[Cr(H,0)s.,G,]>™" complex formation (G is glycine ligand).
This condition increases the distance between Cr(IIl) and
H,0O molecules within the complex, which facilitates the
electrochemical reduction of Cr(IIl) on the substrate; thus,
the thickness increases [5,14,26]. On the other hand, by

comparing the samples electroplated with the same amount

Table 2.
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of molar ratio of Gly : Cr = 3:1 but different current densit-
ies, it can be observed that the corrosion resistance in-
creases by raising the current density. According to the cur-
rent efficiency data, the amount of current allocated to the
Cr deposition in 100 or 150 mA-cm? current densities is
much higher than that at 200 mA-cm so that a thicker coat-
ing is deposited in S (3,100) and S (3,150) compared with S
(3, 200). However, in these cases, the deposited layer has a
high amount of porosities and cracks, which opens up the
path for corrosive ion attacks and leads to the reduction of
corrosion resistance. These cracks result from residual
tensile stress produced by grain boundary misfits, which are
intensified by the increment of allocated current [27].

Corrosion parameters obtained by non-linear fitting of Butler—Volmer equation on the experimental data, R, values ob-

tained according to Stern—Geary equation (R, (S—G)), slope of linear region of i—E plot (R, (LP)) and SACYV test (R, (SACV)), and

corrosion rate (C.R.) calculated by Faraday’s law

Sample oo /72 Eeon Bl . R (LP)Z/ R, (sfci)/ R, (SAcy)/ CR. fl
(LA-cm™) Vs, Ag/AgCl (V-dec™) (V-dec) (Q-cm’) (Q-ecm’) (Q-cm”) (um-a™)
S (1.5, 100) 2.75 -0.205 0.0861 0.1083 7466 7572 5920 21.8
S (1.5, 150) 2.48 —0.191 0.0786 0.0968 7567 7592 7622 19.7
S (1.5,200) 6.15 —0.191 0.0432 0.0500 1525 1637 5857 48.8
S (2, 100) 15.70 —0.247 04134  0.5796 5386 6692 5709 124.7
S (2, 150) 8.93 -0.227 0.2014 0.5340 7060 7110 7716 70.9
S (2,200) 3.45 —0.206 0.1269 0.3898 11868 11934 9171 27.4
S (3, 100) 5.16 -0.194 0.0565 0.1562 3359 3489 3162 41.0
S (3, 150) 4.18 -0.173 0.1538 0.4998 11994 12227 10952 332
S (3, 200) 0.73 —0.160 0.0487 0.0599 15909 15956 14284 5.8
=35 Another important parameter is the corrosion potential,
4.5 E.., which has the least negative value for the sample with
“; -5.5 lowest corrosion rate and the most negative value for that
2 65 with the highest corrosion rate. The least negative value of
s EXper?mental the corrosion potential is due to the reduction in the rate of
o 7.5 ——Non-linear fit . . .
= s anodic reaction due to the formation of a homogeneous
passive chromium film on the substrate [28].
79;50_23 T 019 015 -0 —007 Furthermore, all the polarization curves are similar in the
E/Vvs. Ag/AgCl shape of the anodic and cathodic branches, showing a simil-
Fig. 8. Non-linear fitted polarization curve based on ar mechanism for corrosion reactions. As shown in Table 2,
Butler—Volmer equation around Ec,.- for S (3, 200). S (3,200) has the lowest S, and S, besides E.,,. Tafel con-
0.15 stants are indicators of the share of cathodic and anodic re-
0.10 y= 61:24175‘; ‘1) 0.032 o0 ’ actions. The homogenous passive film formed on the men-
o 005 ’ o° ° tioned sample can hinder cathodic and anodic reactions on
5 OF e ’ the sample to a great extent.
3’0-05 I o0 a Furthermore, the corrosion rate of the coatings in terms
™~ ~0.10F o® : of pm-a™' unit is calculated according to Faraday’s law (Eq.
~0.15¢ - 6) and is reported in Table 2.
-0.20 : : : : :
0.159 —0.158 0.1155/7V V(s)‘. ngg%llss 0.154 —0.153 CR = 3.27 ; XMZx Icorr ©)
Fig. 9. Typical i—E plot in the range of £15 mV around OCP

for S (3, 200) to calculate R, from the slope of the curve.

where p is the density of chromium (g-cm ), M is the molar
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weight of chromium (g-mol ), and i, is the corrosion cur-
rent density (uA-cm ).

All of the calculated corrosion rates are lower than 125
um-a ', categorizing these coatings as excellent according to
Fontana’s classification [24].

3.4.2. Small amplitude cyclic voltammetry (SACV)

Another test used for independent measurement of the
polarization resistance (R,), was SACV. According to the
analysis by Macdonald [29], a new parameter called Ry can
be calculated as follows:

| . 2R§C(e(l%n - 1)v

(7

= +
Ra Rot R po(Ry+R) (e%" + 1)
where R, is diagonal resistance (Q-cm?), R, is solution res-
istance (Q-cm’), R, is polarization resistance (Q-cm’), v is
potential scan rate (V-s™'), C is interfacial capacitance
(F~cm’2), a=R,+ R, and b = R,R,C. A potentiostatic cyclic
voltammetry technique is selected for plotting the i—F curve
in a conventional three-electrode electrochemical cell con-
tained air saturated 3.5wt% NaCl solution. The i—F curves
are plotted in the range of £10 mV around the OCP. The test
is repeated in different scan rates changed from 10 to 5, 1,
0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 mV-s'. These
cyclic curves are shown in Fig. 10 for S (3, 200). For each
cycle, the slope of the line between maximum and minim-

y=77.95x+12.19 o

1.6

141 (@

1.2 rP=1 -°®
[ J

i/ (pA-em?)
(=)
S
9
0
%

02} %
=

E/V vs. Ag/AgCl

6 : : : : :
=0.165 —-0.16 —0.155 —0.15 -0.145 —0.14 —0.135

um potential is recorded as in Fig. 11(a), which is equal to
Rgl. At the end, Rgl vs. v is plotted and extrapolated to zero
scan rate (Fig. 11(b)) [24]. According to Eq. (7), Ry ap-
proaches R, + R, when v approaches zero; thus, the inter-
cept of Rgl —v plot equals to (R, + R,)™". On the other hand,
R, can be measured by using a conductivity meter. Special
conductivity (I) of air saturated 3.5wt% NaCl was meas-
ured at 45 mS-cm ' and in the three-electrode cell, the dis-
tance between reference and working electrode (/) was 0.5
cm. Thus, according to Eq. (8), R, can be estimated at
approximately 11 Q-cm’.
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Fig. 10. A typical polarization curve plotted as SACYV for S (3,

200) in air saturated 3.5wt% NaCl in the potential range of 10

mV with respect to OCP at different scan rates. S.R means

scan rate.
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Fig. 11. (a) Calculation of Ry from SACV; (b) 1/R; as a function of scan rate and logarithmic trend for extrapolating to zero scan
rate. The marker points and solid lines correspond to the experimental data and extrapolation results.

Ry=— (3

These steps are repeated for all the coatings and the re-
corded R, is demonstrated in Table 2. In the SACYV test, the
maximum polarization resistance corresponds to S (3, 200)
and the minimum value belongs to this bath with plating
current density of 100 mA-cm 2, which is in line with previ-
ous results. This result means that the morphology of the
coatings becomes less cracked as the current density in-
creases. In the bath with molar ratio of Gly : Cr = 3:1 com-

pared with molar ratio of Gly : Cr = 2:1 and 1.5:1 at current
density of 150 mA-cm % the polarization resistance of the
coatings increased because a larger amount of Cr(IlI)—gly-
cine complex is available and the coating with a compact
structure is formed. These results are in accordance with
those obtained from the previous test.
3.4.3. Electrochemical impedance spectroscopy (EIS)

The results of EIS test for Cr(IIl) coatings are displayed
as Nyquist and Bode diagrams in Fig. 12. From the Bode
phase diagram, only one peak and therefore, only one time
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pond to the experimental data and fitted results, respectively.
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constant can be observed. In other words, only one elec-
trode/electrolyte interface exists in the corroding system.
This behavior was also observed by other researchers
[3,5,30—31]. The diameter of the semi-circle of the Nyquist

diagram indicates the charge transfer resistance that can be
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considered as R, when no pseudo-inductive behavior is
present in the system [32]. As shown in Fig.12(a), S (3, 200)
has the largest while S (3, 100) has the smallest diameter.
Furthermore, the Nyquist plot obtained is a depressed circle
rather than a perfect one in some cases. The reason is that in
most corrosion phenomena, a constant phase element is
present in the system instead of a capacitor due to the fre-
quency dispersion effect caused by several factors, such as
roughness and surface inhomogeneities [5]. Accordingly, the
equivalent circuit used for fitting the data is a one-time con-
stant Randles circuit shown in Fig. 13 and the extracted data
are reported in Table 3. In this equivalent circuit, R, is the
resistance of air saturated with 3.5wt% NaCl, R, is the po-
larization resistance, and CPE is the constant phase element,
the impedance of which (Z¢pg) is given as follows:

CPR

P
\
s
R,

R,
AA

Fig. 13.  Electrical equivalent circuit for fitting the Nyquist
diagram.
Zcpe = 1/ (Yo(jw)") ©

where w is angular frequency (rad-s™') and Y, (admittance)
is constant of CPE (s"-Q"-cm™"), which has a direct relation
with the active surface area exposed to the electrolyte and n
is power number of CPE.

According to the proposed circuit, the impedance of the
system (Z) can be calculated as follows:

1
Z=R+—— (10)

— + Yo(jw)"
R, 0(jw)

At high frequency range (high w), the obtained imped-
ance is equal to R,. From the Bode plots (Fig. 12(b)), it can
be observed that 1g|Z] at high frequency has the same value
for all the coatings. R, depends on the distance between the

Table 3. Estimated parameters obtained from impedance plots of different samples exposed to 3.5wt% NaCl solution at room
temperature
Sample R,/ (Q-cm?) Yo/ (s"Q"-em™) n R,/ (Q-cm?)

S (1.5, 100) 11.8 2.59%x10°° 1 7467

S (1.5, 150) 10.3 2.97x107° 1 7624

S (1.5, 200) 10.2 1.22 x 107 0.99 4612

S (2, 100) 10.8 438x107° 1 5140

S (2, 150) 9.8 2.41x107° 0.99 7339

S (2,200) 11.2 6.74 x 107 1 10907

S (3, 100) 10.8 143 x 107 1 3759

S (3, 150) 11.3 1.87x 107 1 11626

S (3, 200) 10.5 1.34x10° 0.99 13714
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reference and working electrodes. This distance was kept
approximately constant during all the tests. Therefore, the
values obtained for R, is approximately constant and around
11 Q-cm?, as shown in Table 3.

At low frequency, however, the impedance of the CPE
tends to zero and circuit impedance becomes equal to R +
R,. As shown by the Bode plot, S (3, 200) has the highest
R,. Furthermore, according to Table 3, this coating has the
lowest Y, value of 1.34 x 10°°, which indicates minimum
cracks and active surface area within the coating for corro-
sion reactions to take place. These results confirm superior
barrier and corrosion performance of the sample synthes-
ized at 200 mA-cm > using glycine-to-chromium molar ra-
tio of 3.

Most of the R, values obtained by EIS test are in accord-
ance with the LP and SACYV test as reported in Fig. 14. In
most cases, an acceptable consistency can be observed
among the results obtained from the LP, SACV, and EIS
tests, which indicates the acceptable accuracy of the corro-
sion tests performed.

16000 n
oLP 8SACV oEIS

12000

8000 -

MR

S D OO D OO SO
TP R LS
NN oY

R,/ (Q-cm™)

yn
%K

Electroplating condition

Fig. 14. Comparison among corrosion resistance (R,) ob-
tained by three independent tests, including linear polarization
test (LP), small amplitude cyclic voltammetry (SACV), and
electrochemical impedance spectroscopy (EIS).

4. Conclusions

(1) The coating with favorable appearance was obtained
by using glycine as a complexing agent in Cr(III) bath and
pH equal to 2.5.

(2) The best wear behavior was observed in the case of
molar ratio of Gly : Cr = 3:1 and current density of 150
mA-cm > In the mentioned condition, a thickness of 26.7
pum, chathodic current efficiency of 55.06%, and a hardness
of HV 864 was obtained. The lowest weight loss belonged
to the coatings electroplated by this solution.

(3) The corrosion resistance of chromium coatings was
measured by three independent tests (LP, SACV, and EIS).

The maximum R, was approximately equal to 16000 Q-cm?,
which was related to coatings electroplated in a solution
with the molar ratio of Gly : Cr = 3:1 and current density of
200 mA-cm . This result demonstrates that the corrosion
resistance is affected by morphology and cracks continued
to the substrate. The values of polarization resistance ob-
tained from three independent tests showed good consist-
ency, which ensures the accuracy of the corrosion tests.
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