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This work investigates the effect of the addition of glycerol on the microstructure, corrosion
resistance, and efficiency of the electrodeposition process of Cu coating in an acid sulphate solution.
The morphology and microstructures of electrodeposits were analyzed using Scanning Electron
Microscopy (SEM), Spectrometry X-Ray Diffraction (XRD) and laser scanning confocal microscopy
(LSCM). Evaluation of the corrosion resistance was performed in 2.0 mol-L ™! NaCl by means of weight
loss tests and electrochemical techniques. The addition of glycerol resulted in a decrease in grain
and crystallite sizes, a decrease in roughness and an increase in the tensile strain of the coating. The
deposition efficiency and the corrosion resistance increased with the addition of glycerol exhibiting a
maximum value at the concentration of 0.42 mol-L !, increasing the efficiency of electrodeposition by
approximately 96%. This is related to the roughness of the coating, which is minimal at this concentration.
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1. Introduction

Copper coatings obtained through electrodeposition
have been widely used given their high conductivity, which
is useful for several industrial sectors such as electronics,
automotive, and aerospace industries'. Various types of
electrolyte solutions including alkaline cyanide? and non-
cyanide (acid sulfate and pyrophosphate)®* bath can be used
for electrodeposition. Copper electrodeposition using cyanide
solutions is an industrial practice that obtains deposits with
excellent brightness and adhesion. However, the high toxicity
of cyanide solutions generates considerable costs with the
treatment of effluents and poses safety risks for workers®.

Deposition of copper from aqueous sulphuric acid containing
copper sulfate is widespread in industry due to the speed of
the electrodeposition process, the relatively low cost, and
the ease of control and maintaining the electrondeposition®.
Furthermore, it is possible to obtain uniform, ductile, and
strong coatings®. Copper coatings obtained from an acid
sulphate solution have been used in various devices and
equipment such as printed circuit boards and semiconductors®,
musical instruments, heat exchangers, reflectors’, and in a
permanent mold with 15 pm of electrodeposited copper for
closing cavities, pores or cracks in steel surfaces®.

A good quality copper coating must be smooth and
dense, and no nodules and dendrite formation should occur’,
favoring the coating’s resistance to corrosion. The effect
of adding various additives to the copper bath has been
investigated to obtain coatings with these characteristics
and to increase the efficiency of the electroplating process.
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Regarding sulphuric plating baths, the effect of additives
such as thiourea”!’, gelatin®, benzotriazole>''2, DPS (3-N,N-
dimethylaminodithiocarbamoyl-1-propanesulphonic acid)
and PEG (polyethylene glycol)'® have been studied.

Thiuorea and bezotriazole are among the most studied
additives in relation to Cu deposition through a sulfate
plating bath. These additives are adsorbed on the Cu coating
resulting in a refining of grains and in a smoother coating,
favorable to corrosion resistance. Thiourea adsorption occurs
by bonding the sulphur atoms of this molecule and copper'”,
while benzotriazole adsorption occurs through the interaction
of the nitrogen atoms of this molecule with the substrate
and copper ions'!. It has been reported’ that thiourea has a
synergetic effect with gelatin, and the joint addition of these
additives results in a deposit with less roughness and an
absence of pores and nodules. A joint effect of additives in
decreasing the roughness of the copper coating is also found
with the addition of DPS and PEG, and also a decrease in
the resistivity of the coating has been reported'>.

About organic compounds added to the electrodeposition
bath, it has been reported that glycerol, which is environmentally
friendly, when added to the electrodeposition of various metals
and alloys results in a beneficial effect'*!°. Regarding Cu
deposition, it has been found'® that the addition of glycerol
to an alkaline copper deposition bath complexed with
pyrophosphate decreases the porosity and micro-strain of
the coating. Furthermore, the addition of glycerol inhibits
hydrogen evolution in copper electrodeposition processes,
improving the allowable current density, but decreasing the
current efficiency.
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The complexation of copper ions with glycerol results in a
uniform smooth coating with body centered cubic structure'”.
It has been suggested that in an alkaline bath in the presence
of glycerol, the complex Cu,(OH)(glyc)*" is formed, which
is dissolved with NaOH resulting in the formation of the
complexes Cu(glyc) and [Cu(glyc),]*” which are thermally
more stable than the Cu?>"/OH- complex'®.

Unlike the Cu coating obtained through alkaline bath,
it is not clear how the addition of glycerol affects the
characteristics and the corrosion resistance of the coating
obtained through acid sulfate bath. In the present paper, the
electrodeposition of copper on AISI 1020 steel substrates
was evaluated from acid sulphate solution in the presence
and absence of glycerol. The effect of anions of glycerate
and sulfate on the morphology of the copper electrodeposits
and their corrosion resistance were assessed. The findings
contribute to a better understanding of Cu-coatings by
electron deposition to protect the surface of carbon steel
against corrosion in a sustainable way.

2. Experimental Procedure

We present the best electrodeposition conditions for a
deposition bath as well as other experimental procedures
regarding copper morphology and structure, deposition
efficiency and evaluation of corrosion resistance.

2.1. Deposition bath and electrodeposition
conditions

The composition of the copper electroplating bath is listed
in Table 1. The following concentrations of glycerol were added
to the bath: 0.14, 0.28, 0.42 and 0.56 mol-L". The addition
of amounts of glycerol greater than 0.856 mol-L™" resulted
in a non-adherent coating to the substrate.

Before each galvanostatic electrodeposition, the pH and
conductivity of the copper deposition baths were measured
in the absence and presence of glycerol, at room temperature
(~25°C), as shown in Table 2. The pH and conductivity values
of the Cu coating electrodeposition baths were obtained in
the absence and presence of different glycerol concentrations

Cu coatings were electrodeposited onto a carbon
steel AISI 1020 substrate embedded in a polymeric resin.
The parameters used in the galvanostatic deposition were:
room temperature (25 °C), without agitation, current density
10 mA-cm2, graphite bar used as anode, electrodeposition
time 22 min and 30 s, to reach a 5 pm thick coating determined
by Faraday’s law.

2.2. Morphology and structure

The morphology of Cu coatings were studied using a
scanning electron microscope (SEM, JSM - 6610LV, brand
JEOL) equipped with energy dispersive X—ray spectrometer
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(EDS) with 500x and 3,000 magnification. Through SEM
micrographs, the mean size and density of the grains were
determined'. These measurements were obtained using
ImageJ software, version 1.53e, with 3,000x magnification
micrographs. An example of using the software can be seen
in the Supplementary material.

The surface roughness of the Cu film was measured
by laser scanning confocal microscopy (LSCM) using the
Olympus model LEXT OLS4100 equipment. The measurement
observation field was 256 pm x 256 pm. Through roughness
measurements, the following parameters were obtained: S,
(arithmetic mean of the absolute value of roughness within
a defined area), S, (mean squared deviation of roughness,
corresponding to the standard deviation of heights), Sp
(Maximum height between the peaks highest and midplane)
and S (Maximum depth between midplane and deepest valley).

The parameter S, was determined through the following
Equation 1%

Sa:%J’I‘z(x,y)‘dxdy (1)
A

where A represents the defined scanning (or observation)
area, and x, y, and z correspond to the coordinates of length,
width, and height, respectively.

The structure of Cu coatings was analyzed using
X-ray diffraction (XRD) in a SHIMADZU model XRD-
6000 diffractometer, with Cu-Ko radiation (40 kV and
40 mA). From the XRD diffractograms, the relative texture
coefficient (T ), the crystallite size, and the microstrain of
Cu coating were determined.

The texture coefficient (7,) was obtained through the
following Equation 22!

1 /1
Te (ki) = (hkt) " *o(nkt) @)
2 k) 2 o)
where 7, is the reflection intensity of an experimentally

(hki) . . " ’
measured crystal plane, 7, - is the reflection intensity for

a crystal plane of a standard copper sample (International
Center for Diffraction Data - ICDD), and 7 is the number
of peaks present in the diffractogram.

The crystallites size of the Cu coating were obtained
using the Scherrer Equation 32

kA

d= (,Bt cos 9) ®)
where d is the crystallite size; is the wavelength of the
element used for the diffraction, g, is a full width at half
maximum (FWHM), and 0 is the corresponding angle.

The microstrain of Cu coating was determined using
the method of Williamson and Hall* using the following
Equation 4:

Table 1. Summary of concentrations and function in the electrolytic bath.

Chemicals Concentrations Function
Sulfuric acid (H,SO,) 0.5 mol-L™! Supporting electrolyte
Sodium sulfate (Na,SO,) 1.0 mol-L! Background electrolyte
Copper (1) sulfate (CuSO,-5H,0) 0.8 mol-L! Source of Cu*? ions

Sodium chloride (NaCl)

40 mg-L™!

Source of CI™ ions
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Table 2. Lists of pH and conductivity values of the Cu coating
electrodeposition baths obtained in the absence and presence of
different concentrations of glycerol.

Glycero? Conductivity
Sample concentration pH o

(mol.L™) (mS.cm)

1 0 0.50 364.5

2 0.14 0.60 359.5

3 0.28 0.68 357.5

4 0.42 0.74 354.7

5 0.56 0.80 351.8

PBhia €os 0=K7ﬂ“+4gsin0 “)

where ¢ is the microstrain, d is the interplanar distance, K
is the shape parameter which is 0.94 for spherical shape.

The nature of the microstrain of Cu coating was determined
by obtaining the Williamson-Hall plot (Bycos0vs.4sind).
The lattice strain has a positive slope when the crystal lattice
experiences tensile forces whereas lattice shrinkage due
to the compressive strain was indicated by the negative
slope, but the horizontal slope indicates a crystal free of
any microstrain®*%,

2.3. Deposition efficiency

The galvanostatic deposition efficiency percentage (E)* was
evaluated by the ratio between the copper electroplated mass
and the theoretical mass (Equation 5):

me—my)]-100

m

£ (o)< L 5)

C

where m_is the measured Cu mass gain, and m, is thetheoretical

mass gain, calculated by Equation 6:
_ tl 'Ml M I

6
mc niCiF ( )

where ¢, is the deposition times (second), / is the total current
passed (amperes), 7, is the number of electrons transferred
per atom of metal, C, is the weight fraction (1 to Cu coating),
M, is the atomic mass of that element (g-mol™"), ad F"is the
Faraday’s constant.

Using Faraday’s law, m_is related with the thickness of
the coating by Equation 7%":

m
t, =—¢€ 7
h=ps, 0

where ¢, is the film thickness, (5 um); D, is the Cu density
(g'em™) and S, is the electrodeposition surface (2.01 cm?).

Energy consumption (kwh/ton), E_, was calculated by
using the Equation 8%:

¥, 84x10°

R TT (3)

where Vs the average potential (in V) and C, the current
efficiency percentage (in %).

2.4. Evaluation of corrosion resistance

Corrosion resistance was evaluated in 2.0 mol-L™! NaCl
solution, through measurements of mass loss and electrochemical

techniques. In the measurements of mass loss, the deposits
obtained in the absence and in the presence of different
concentrations of glycerol were considered. All values were
obtained in triplicate submitted to a 24 h immersion time
with substrate area of 2 cm? fully exposed to the corrosive
solution. The cleaning of the surface of the Cu coating after
immersion in a corrosive solution was done with a solution of
glycine (aminoacetic acid - C,H,O,N) 1.36 mol-L™" at room
temperature. Through mass loss measurements the corrosion
rate (C,), expressed in mm per year, was calculated using
the following Equation 9%
KW

Cr= 9
R= D, (€))

where K . is a constant (for C, mm/year, K= 8.76 x 10);
W is the mass loss (g); 4 is the exposed area (cm?); ¢, is
the duration of exposure (h); D, is the Cu density (g-cm™).

Electrochemistry test system (AUTOLAB potentiostat/
galvanostat model PGSTAT100, controlled by NOVA
1.11 software) containing a conventional three-electrode cell
was applied to carry out potentiodynamic polarization tests.
A saturated calomel electrode (SCE) as a reference electrode
and graphite as counter electrode were used. Samples were kept
in the electrolyte for 30s before performing electrochemical
experiments. The potentiodynamic polarization curves were
recorded at a scan rate of 10 mV-s™!, and from these curves,
polarization resistance, Rp, and corrosion current density,
i, Were obtained.

The polarization resistance was obtained through the
potentiodynamic comparison curve of £ (potential) vs
i (current density) and corresponds to the inverse of the
slope of the tangent line to the overpotential of 10 mV vs.
SCE. The i__ values were obtained through the £ vs. log i
polarization curve (Taffel curve) using the linear polarization
method based on the Stern-Geary Equation 10,

babc

feor = 32R, (b, +b,) (o

wherei__is the corrosion current density, R, is the polarization
resistance (in Q), b, is the anodic Tafel slope, and b, is the
cathodic Tafel slope.

3. Results and Discussion

3.1. Effect of the addition of glycerol on the
morphology and size grain of the Cu coating

Figure 1 shows the SEM micrographs of Cu coating obtained
in the absence (Figure 1a) and the presence (Figure 1b, ¢, d, €)
of different amounts of glycerol. Table 3 shows the mean
grain size and grain population density values obtained
from SEM micrographs. These micrographs revealed the
presence of evenly distributed nodular grains. The addition
of glycerol did not change the shape of the grains, however,
it caused a decrease in the average grain size. Furthermore,
the addition of glycerol made the coating more uniform
causing an increase in the population density of copper
grains. The reduction in grain size is related to the effect of
adding glycerol on the size of the crystalite, and this effect is
discussed in item 3.2. The effect of grain refining caused by
the addition of glycerol in bath deposition was also verified



KT
Wil 1y E:!i-u_,f
AF; urak

Barbosa et al. Materials Research

! Weowh,
"l;';u;fm—'.'l iF 1 L

Figure 1. SEM micrographs of Cu coating obtained in the presence (b, ¢, d, ) and absence (a) of different glycerol contents. (b) 0.14 mol-L™',
(¢) 0.28 mol-L", (d) 0.42 mol-L !, (e) 0.56 mol-L".

Table 3. Effect of glycerol addition on average grain size and
population density of grains of Cu coating in the absence and
presence of different glycerol concentrations.

Mean value of the

Glycero.l Mean value of the  population density
concentration . .
B rain size (Lm) of the grains
(mol-L) g 2 g

(grains/pum?)
0 3.2+0.07 0.32 +0.008
0.14 2.9+0.07 0.37+£0.008
0.28 2.7+0.07 0.45 +0.008
0.42 2.4+0.07 0.55+0.008
0.56 2.3+0.07 0.61 +0.008

in Zn coating'* and Zn-Ni coating', in addition to Cu-Zn-Sn
coating®!, and Cu coating'’, obtained from alkaline baths.

3.2. Evaluation of the addition of glycerol on the
physical structure of the copper coating

Figure 2 shows the diffractograms obtained for Cu
coatings obtained in the absence and presence of varying
concentrations of glycerol. The XRD pattern of Cu coatings
in Figure 2 exhibits the planes (111), (200), and (220), which
correspond to Cu, and the plane (110) that corresponds to
Fe from the steel substrate!’. In these diffractograms, the
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presence of diffraction peaks characteristic of the crystalline
structure can be observed. Even after the addition of glycerol
in the bath deposition, the peaks indicate that the crystalline
structure of the copper coating was maintained. This shows
that the increase in the carbon content in the coating resulting
from the addition of glycerol was not enough to cause the
amorphization of the structure of the copper coating.

In order to evaluate the effect of glycerol addition on the
oriention of the Cu coating planes, the texture coefficient
was determined from the XRD pattern. The orientation with
maximum texture coefficient is the preferential orientation
of the coatings. Therefore, the texture coeficiente (7,)
values, shown in Table 4, indicate that the copper coating
deposited both in the absence and in the presence of glycerol
has as preferential orientation the plane (220). However,
Hu et al.'® found that the addition of 0.04 mol-L™! of glycerol
to the alkaline pyrophosphate-based copper deposition bath
changed the preferential orientation from the plane (220)
to the plane (111). In an alkaline copper bath complexed
with glycerol, it was found' that the deposited coating
has plane (111) as the preferred orientation, which was
not changed with the addition of additives such as gelatin,
anisaldehyde, imidazole and peptone. These results therefore
show that the crystallographic texture of the copper coating,
as well as the effect of the additive on the texture, depend
on the composition of the bath and on the conditions of the
electrodeposition.

The fact that the texture coefficient of the preferred
orientation plane is greater than 1 (7, (220) > 1) indicates
a high crystallinity of the copper film*2. The decrease in the
T, of the plane (220) with the addition of 0.56 mol-L™" of
glycerol may be related to a decrease in the crystallinity of
the deposit caused by the increase in the carbon content.

Cu (220)
Cu =
111) Fe
(1) (110)  Cu(200) )
- 0.56 mol.L"
Cu (220)
Cu (111) Cu (200)
— 0.42 mol.L”"
o e Cu (220)
(1) (110  Cu (200)
[R— 0.28 mol.L”
Cu Fe Cu (220)
(111) (110)  Cu (200) )
i e Ca @20 0.14 mol.L
(111) (110)  Cu (200) h .
0 mol.L
T T T
40 50 60 70 80

2 0 (Degree)

Figure 2. XRD pattern for Cu coatings obtained in the absence and
presence of different glycerol concentrations related to JCPDS 89-2838.

However, as can be seen from Table 2, there is no clear trend
as to how the addition of glycerol affects 7.

From the XRD pattern shown in Figure 2, the mean
crystallite size values were also obtained, using the Scherrer
equation??, as well as the microstrain values, determined
by the Williamson-Hall formula®, which are described in
Table 3. The crystallite size values are consistent with the
values found by Sekar et al.!” in a Cu coating obtained using
an alkaline bath and values between 25.59 and 32.06 nm
were found.

The results listed in Table 5 show that the size of the
copper crystallites decreases, while the microstrain increases
with the addition of glycerol. This inverse relationship
between the average crystallite size and microstrain has also
been noted in the literature®'. In Table 5 nanometer copper
crystallites with an average of 30 nm can be seen.

The observed reduction in crystalite sizes due to
additives generally implies a decrease in grain sizes, which
was observed in the present work considering glycerol
(Table 5). It is possible that this addition has the effect of
shifting the deposition potential in the cathodic direction,
which reduces the energy of nucleus formation, resulting in
an increase in the nucleation rate, and consequently in the
refining of the grains®.

Figure 3 shows the Williamson-Hall plot, which is
used to determine the nature of the coating’s microstrain.
The positive slope of this graph indicates a network traction,
while the negative slope indicates a network compression,
but the horizontal slope indicates a crystal free from any
microdeformation®?*. Therefore, Figure 3 indicates that
the nature of the deformation present in copper deposits is
tensile. Thus, by increasing the microstrain, the addition
of glycerol favors the increase in the Cu coating’s tensile

0.0055

=-0.581 + 0.2427x
0.0050+

0.0045 1

B, CoOse

0.00404

0.00354

2409 2410 2.411 2412 2.413 2414 2.415 2416
4Sino

Figure 3. Williamson-Hall plot used to analyze the microstrain
nature of copper coating in the absence and presence of glycerol.

Table 4. Copper coating texture coefficient, in the absence and presence of different concentrations of glycerol.

T, with T, with T with T with
Plan (hkl) T, without glycerol 0.14 mol-L™! 0.28 mol-L™! 0.42 mol-L™! 0.56 mol-L™!
glycerol glycerol glycerol glycerol
111 0.18 0.13 0.18 0.15 0.25
200 0.27 0.23 0.27 0.21 0.31
220 8.17 8.59 8.06 8.62 7.69
311 0.39 0.36 0.53 0.29 0.35
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Table 5. Average size of copper crystallites and microstrain in
the absence and presence of different concentrations of glycerol.
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Table 6. Energy consumption average values in the absence and
presence of different glycerol concentrations.

Glycerol Average size of ~ Microstrain values Glycerol Energy consumption (kWh-ton™")
concentration copper crystallites of crystalline concentration .
(mol-L™") (nm) copper (%) (mol-L™") Max. Min. Aver.
0 35.3 0.16 0 21906 21552 21720
0.14 32.6 0.17 0.14 21459 21142 21343
0.28 29.8 0.19 0.28 21413 21053 21191
0.42 27.3 0.21 0.42 21231 20921 21044
0.56 25.3 0.22 0.56 21858 21529 21697
stress. However, the effect of glycerol on the microstrain 96.0
of the copper coating depends on the composition of the & 955
plating bath. Hu et al.'® found that in a pyrophosphate-based & . |
alkaline bath, the addition of glycerol resulted in an increase -3
in the size of the crystalline grains and a decrease in the % %51
microstrain values of the copper coating. g 94.0+
The effect of microstrain on coating characteristics 3 935
depends on the nature of the microstrain. The introductionof ~ § 45
stress of a compressive nature should increase the corrosion @
resistance of the coating due to the removal of micro-cavities §' %251
or pores with the application of compressive stress®. Itwas & 9207
found** that the addition of saccharin to the deposition bath & 91.5-
increased the corrosion resistance of a Ni coating, this effect 91.0 . . i : :
was attributed to the increase in the compression strain 0.00 0.14 0.28 0.42 0.56

caused by the addition of this additive. On the other hand,
it has been found that the increase in tensile strain results in
a decrease in the coating corrosion resistance. The increase
in tensile strain can cause microcracks that damage the
coating as the roughness increases and corrosion resistance
decreases®. However, it is not clear how the increase in
tensile microstrain can affect the corrosion resistance of the
copper deposit analyzed in the present work. It is necessary
to carry out additional measures in future work, such as
porosity measurements.

3.3. Effect of glycerol addition on deposition
current efficiency of Cu coating

Figure 4 shows the current efficiency values of the Cu
coating electrodeposition process obtained in the absence
and presence of different glycerol contents. Table 6 lists the
average values of energy consumed during the electrodeposition
process.

The results reported in Figure 4 show that the
current efficiency of the Cu coating electrodeposition
process increases with the addition of glycerol up to a
concentration of 0.42 mol-L™!, reaching a maximum value
at this concentration. Higher current efficiency results in a
lower energy consumption of the electroplating process.
Table 6 shows that the lowest energy consumption occurs
with the addition of 0.42 mol-L™" of glycerol.

The increased efficiency of the deposition current caused
by the addition of glycerol has also been observed in the
deposition of Zn-Ni's and Ni* coatings. However, it has been
found that in the deposition of Zn from an acid bath' and
copper from a pyrophosphate-based bath'?, the addition of
glycerol reduces the deposition efficiency. These results
therefore show that the effect of glycerol on the deposition
current efficiency depends on the nature of the deposition bath.

Glycerol concentration (mol.L™)

Figure 4. Effect of glycerol addition on current efficiency of Cu
coating.

The effect of the addition of an additive on the efficiency
of galvanostatic deposition has been related to several factors
including the hydrogen evolution reaction, the viscosity of
the deposition bath, the complexation of metal ions, the
potential at which the deposition occurs, and the adsorption
of glycerol on the surface of the cathode. The decrease in
the electrical conductivity of the deposition bath with the
addition of glycerol, as observed in Table 1, tends to inhibit
the mass transport of Cu®* ions, which favors the decrease
in the efficiency of the deposition current. Therefore, in the
present work, the increase in current efficiency caused by the
addition of glycerol indicates that another factor predominated
in the effect of glycerol on decreasing electrical conductivity.

The hydrogen evolution reaction occurs simultaneously
with the Cu reduction reaction and therefore the inhibition
of the hydrogen evolution reaction favors the increase in
the deposition current efficiency. Oliveira et al.” reported
that the addition of glycerol in the nickel deposition bath
increased the deposition efficiency through the inhibition
of the hydrogen evolution in the platinum substrate. This is
attributed to the reaction of glycerol with boric acid forming
a boric-polyalcohol complex on the surface of the platinum
(Pt) substrate, thus decreasing the active area of hydrogen
adsorption and consequently its evolution. However, as
observed by Sekar et al.'’, the addition of glycerol in an
alkaline bath based on pyrophosphate inhibits the evolution
of hydrogen, but does not increase the current efficiency
of copper deposition. This is related to the high current
efficiency of the Cu deposition in this solution, and the
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inhibition of hydrogen evolution was not enough to increase
the deposition efficiency.

In the present work, it is possible that the presence of
glycerol led to a level of inhibition of hydrogen evolution
sufficient to increase the efficiency of the deposition current.
The inhibition of the hydrogen evolution reaction caused by
the addition of glycerol may be related to the reduction of
defects present in the coating, such as grooves and cavities®®.
Therefore, as H" ions are likely to lodge in these defects,
the presence of glycerol may result in the inhibition of the
hydrogen evolution reaction.

The decrease in current efficiency with the increase in
the glycerol content from 0.42 mol-L™" to 0.56 mol-L™! may
be related to the possible presence of cracks in the coating
obtained at this concentration, which act as adsorption sites
for H*, thus favoring the hydrogen evolution reaction.

3.3. Effect of glycerol addition on the corrosion
resistance of Cu coating

Figure 5 shows the corrosion rate obtained through mass
loss tests in the 2 M NaCl solution of Cu coating obtained
in the absence and presence of different concentrations of
glycerol. These results show that corrosion rate decreases
with the addition of glycerol. The corrosion rate decreases
with increasing glycerol concentration up to 0.42 g/L.
Therefore, these results indicate that there is an optimal
concentration of glycerol, at which the corrosion resistance
of the Cu coating is maximized.

The potentiodynamic polarization curves, E vs. log i,
are shown in Figure 6. From these curves we obtained the
corrosion potential, £_, listed in Table 7, and the corrosion
current density, i shown in Figure 7. Figure 8 shows the
resistance R, values from potentiodynamic polarization
curves, E vs. i.

The polarization curves in Figure 6 show that with the
addition of glycerol there is a decrease in the current density
in the anode region. This indicates a lower dissolution of
the Cu coating with the addition of glycerol, which is less
intense with the addition of 0.42 mol-L™! of glycerol.

Table 7 shows that the coating obtained in the absence of
glycerol is not the one with the lowest £, despite having a
higher corrosion resistance than a coating containing glycerol
according to the mass loss tests. In several works involving
metallic coatings, it has been observed that a deposit with
the highest £ _exhibits a lower rate of corrosion in NaCl
solution. This was observed, for example, in a study® on
Zn-Ni coatings obtained using baths of different compositions
and in a study on the effect of the addition of different
concentrations of AL O, on the corrosion resistance of the
Zn-Ni coating®. On the other hand, it has also been found
that the addition of nanoparticles, such as SiO, and CeOZY
decreases the corrosion rate of Zn-Ni coating, however,
slightly decreases the E,_*. In fact, the £_, which is a
dynamic value, can show the corrosion tendency, but it is
not possible to say that a higher £ necessarily indicates a
lower corrosion rate, which is a kinetic value*'. For example,
the corrosion potential does not reflect the actual effect of
the presence of the corrosion product on the corrosion rate.

Figures 7 and 8 show, respectively, that the i, _decreases
and the R increases with glycerol addition. These figures
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2.7 4
2.4 4

214

Corrosion Rate (mm.year")

0.9
0.6

0.3

T T T T T
0.00 0.14 0.28 0.42 0.56

Glycerol concentration (mol.L™)
Figure 5. Corrosion rate in the 2M NaCl solution of Cu coatings

obtained without and in the presence of different concentrations
of glycerol.
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Figure 6. Potentiodynamic polarization curves in the 2 M NaCl
solution of copper coatings obtained in the absence and presence
of different concentrations of glycerol.

Table 7. Corrosion potential in the 2 M NaCl solution of copper
coatings obtained in the absence and presence of different
concentrations of glycerol.

Glycerol E,_ (mV.,)
concentration -
(mol-L ") Min. Max. Med.
0 - 880.97 - 706.05 -799.34
0.14 -798.43 -796.69 -797.45
0.28 -815.12 -795.95 - 804.78
0.42 -900.46 -652.42 -772.07
0.56 -964.38 -949.34 -957.42

show that the i is minimal and the Rp is maximum at the
concentration of 0.42 mol/L of glycerol. Therefore, considering
that a lower i _and a higher R, indicate a higher corrosion
resistance, the results shown in Figures 7 and 8 show that
the addition of glycerol increases the corrosion resistance
of'the Cu coating. These results are consistent with the mass
loss tests indicating that there is an optimal concentration of
glycerol, around 0.42 mol/L, at which the corrosion resistance
of the Cu coating is maximized. However, the evaluation
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Figure 7. Corrosion current variation of copper deposits with
glycerol variation, obtained from a 2 M NaCl solution.
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Figure 8. Polarization resistance variation of copper deposits with
glycerol variation, obtained from a 2 M NaCl solution.

of corrosion resistance through the mass loss test indicates
that the corrosion resistance of the coating obtained in the
presence of 0.56 mol-L™! of glycerol is close to the coating
obtained in the presence of 0.42 mol-L ™! of glycerol, while
the measurements of 7 and R, show that the coating obtained
in the presence of this concentration has a significantly
higher corrosion resistance than the coating obtained in
the presence of 0.56 mol-L™". This is probably related to
a limitation of the mass loss test, which demonstrates the
difficulty of completely eliminating the corrosion product
from the sample after immersion in the corrosive solution.
This difficulty occurs mainly in samples that undergo more
intense corrosion, such as the sample obtained in the presence
0f 0.56 mol-L™" of glycerol, which presents a greater amount
of corrosion products.

The increase in corrosion resistance of the copper coating
in the NaCl solution due to the addition of glycerol in the
deposition acid bath is related to changes in the morphology
and structure of the deposit. The formation of smoother and
more compact deposits with the addition of glycerol reduces
the surface area in contact with the aggressive solution, which
favored the increase in corrosion resistance.

Materials Research

The grain refining caused by the addition of glycerol, in
addition to favoring the presence of a smoother surface, also
promotes a more homogeneous current distribution in the
coating, which favors corrosion resistance. As the grain size
decreases, the grain boundary area and the number of triple
points of intersection of the boundaries increase. Therefore,
considering that these sites act as preferential corrosion sites,
it has been proposed* that the increased presence of these
sites implies a greater dispersion of the corrosion current
density. Increased corrosion resistance due to a more evenly
distributed corrosion currrent is attributed to the occurrence
of a smaller cathode/anode surface ratio against localized
corrosion®. However, when the fraction of triple junction
volume is very high, which occurs in nanocrystalline grains
below a certain size, the increase of this defect favored the
corrosion. A possible explanation for this behavior is that
atomic movement is facilitated, as it is mainly related to
the triple junction and not to the grain boundary, which
favors corrosion™.

It has been found* for Ni and Ni-W coatings that with the
refining of the nanometric grains below 10 nm, an increase
in the corrosion rate in the NaCl solution begins to occur,
which is attributed to the presence of a fraction of triple
junction. However, in the present work it is not clear that
the decrease in corrosion resistance with the increase of the
glycerol content to 0.56 mol-L™! is related to the increase
in the triple junction because the average dimension of the
crystallites of the coating containing this is 25.3 nm.

The increase in the corrosion resistance of Cu coating with
the increase of glycerol concentration up to 0.42 mol-L™" is
related to the occurrence of a smoother coating with smaller
grains. On the other hand, the decrease in corrosion resistance
caused by the addition of 0.56 mol-L™! of glycerol may be
related to the occurrence of a higher roughness, as observed
in Table 4. This higher roughness, probably caused by the
higher level of coating tension, increases the surface area
resulting in less corrosion resistance.

The higher corrosion resistance in the Cu coating obtained
in the presence of 0.42 mol-L™! is consistent with the results
that indicate a higher current efficiency at this concentration.
This is due to the presence of a smoother and more compact
coating that occurs at this concentration which implies
fewer defects that absorb H*, with a consequent decrease
in hydrogen evolution.

4. Conclusion

In the present work Cu coatings were obtained using an
acid sulphate solution in the absence and in the presence of
diferentes amounts of glycerol. Measurements from SEM
and X-ray diffraction show that the addition of glycerol to
the bath deposition decreases the grain and crystallite sizes,
and this effect is more accentuated with certain amounts of
glycerol. The addition of glycerol reduced the grain size of
copper electrodeposites by 28%, promoting more compact
phases of copper deposits. With the addition of 0.56 mol-L ™' of
glycerol the population density of the grains (grains/um?)
increased from 0.3195 grains/um? to 0.6082 grains/pum?,
and it was observed that there were around one hundred
crystallites in each grain. Nanometer copper crystallites
with an average of 30 nm were obtained.
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The nature of the deformation present in the copper
coatings analyzed in this work is tensile and the addition of
glycerol increases this tension. The texture coefficient (7))
values indicate that the copper coating deposited both in the
absence and in the presence of glycerol has as preferential
orientation: the plane (220). However, there is no clear trend
as to how the addition of glycerol affects 7.

The addition of glycerol makes the Cu coating more
compact and reduces its roughness, with a minimum roughness
corresponding to a concentration of 0.42 mol-L™! of glycerol.
The increase in roughness with the increase in the glycerol
content to 0.56 mol-L™! may be related to the higher level
of tension of the coating obtained at this concentration.

Furthermore, the current efficiency of the Cu coating
electrodeposition process increased with the addition of
glycerol up to a concentration of 0.42 mol-L™!, reaching a
maximum value at this concentration.

Electrochemical and mass loss tests showed that the
addition of glycerol increased the corrosion resistance of
the Cu coating by approximately 96%, and that there is an
optimal concentration of glycerol, around 0.42 mol-L™!, in
which the corrosion resistance of the Cu coating is maximized.
This is related to the effect of glycerol on the roughness and
refining of grains in the Cu coating.

Traditional solutions in industry mostly involve the use of
cyanides, however, the use of glycerol in the electrodeposition
bath can be considered a promising sustainable alternative
to mitigate environmental damage and promote safety.
A Brazilian patent has been granted with such a purpose®.
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