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Abstract: The electroplating of brass alloy coatings onto a steel substrate was established using a lactic
acid solution under diverse practical conditions. CuSO..5H,0, ZnSQ,4.7H,0, CH;CHOHCOOH, and
anhydrous Na,SO4 were used to make the deposition bath. The impact of bath components, deposition
current, as well as temperature on the current efficiency (CE) and alloy microstructure was examined.
The deposition of the alloy is of the normal type. The CE is good, and it improves when the [Zn?*] /
[Cu?1] ratio in the bath increases. On the other hand, the efficacy declines when the current density,
temperature, and lactic acid concentration increase. By elevating the applied current density, or raising
the concentration of the Zn?* ions in the tub, the amount of Zn metal in the plated alloy is increased.
SEM, energy dispersion X-ray, and X-ray diffraction techniques are being used to investigate the
coating’s morphology and crystal texture. The presence of copper and zinc metals in the deposit was
confirmed by EDX analysis. The new bath’s deposits are well-crystalline and contain a Cus Zngphase.
The bath’s throwing power and throwing index are determined, and it is found that the alkaline lactate
tub has satisfactory throwing power and throwing index.
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1. Introduction

The term “brass” refers to a group of copper-zinc alloys. Brass comes in various
qualities, but they are all strong, robust, conductive, and corrosion-resistant. Due to this, brass
is one of the most widely used alloys, along with its attractive look and ease of manufacture.
For centuries, brass has always been the metal of choice for many musical instruments. It is a
great metal for carrying water through pipes and fittings. It is suitable for marine engines and
pump components. One of the early commercial uses of brass was aboard naval ships, which
IS unsurprising. Because of its non-magnetic nature, the alloy is used in various ways.
Components for clocks and watches, electrical terminals, and explosives require a metal that
won’t corrode [1].

Zinc is a very valued alloying element when combined with copper. It improves both
the strength and the ductility of the material. Furthermore, zinc is less expensive than copper,
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adding zinc to copper reduces material costs. Zinc may indeed reduce corrosion resistance a
little, with brasses going to fall just under copper in the galvanic series.

Brass plating is primarily used for ornamental purposes, steel protection, and increasing
the bonding of rubber to steel and other metals [2]. To give the impression of solid brass,
decorative coatings are applied to cheap steel hardware and electrical appliances [3].
Commercially, different forms of brass are electrodeposited: yellow brass, which includes 70%
Cu; white brass, which contains 30% Cu; and a rich-Cu alloy, which contains 90% Cu.

A cyanide bath is used to commercially plate brass [4]. There are various advantages to
plating brass with cyanide electrolytes over other bath compositions [5]: The deposits are quite
adherently. The deposit thickness is rather uniform, and the deposit morphology is fine-grained
[6,7]. These baths are easy to control, resulting in thin deposits with consistent thicknesses.
They have the best macro-throwing power on all surfaces [8].

The demand for a less hazardous and more stable plating bath than cyanide plating baths
prompted the creation of non-cyanide brass plating baths. There are numerous scientific papers
[9-36] describe the electrodeposition of brass alloys from cyanide-free baths, including
pyrophosphate [9,10], citrate [11], oxalate [12], tartrate [13], EDTA [14], triethanolamine [15],
ammonia [16], glucoheptonate [17], glutamate [18], and glycinate [19] baths. The
electrodeposited brass could be employed as a matrix in brass composite coatings. These
materials exhibit better qualities than their non-composite equivalents, such as improved
tribological capabilities in the case of graphitic-brass coating [20] and increased scratch and
corrosion resistance in the case of CusZngbrass intermetallic composite coating [21].

This work attempts to develop a new cyanide-free electrolyte for brass electroplating
that contains lactic acid as a complexing agent. This study aims to use an electrodeposition
method to deposit brass alloy onto a steel substrate from a novel alkaline lactate bath under
various operational parameters, including bath constituents, temperature, and the applied
current density. The parameters impacting polarization, cathodic efficiency, throwing power
(TP), throwing index (T1), and deposit structure were studied. The shape and crystal texture of
the deposits have been investigated.

2. Materials and Methods

The deposition tests have been conducted in baths containing 0.02-0.12 M
CuS04.5H20, 0.08-0.18 M ZnS04.7H.0, 0.2 M NaxSO4, and 0.6-2 M lactic acid
(CH3CHOHCOOH). Metal sulfates were kept at a total concentration of 0.20 M. The solutions
were made with bi-distilled H20 and analytical grade chemicals just before the experiments
began. The pH was measured and fixed at 10 using a Fisher apparatus and was regulated by
NH4OH.

The plating cell was reported earlier [37]. It’s built of Perspex and includes a steel
cathode and a stainless steel (type 304) anode. The electrodes were 3 cm long and 3 cm wide.
The polishing paper was used to polish the cathode abrasively. After that, it was rinsed in bi-
distilled water, ethanol, and weighed. The plating process is carried out using agitated
solutions. After a 30-minute plating period, the steel cathode was removed, rinsed with bi-
distilled water, exsiccated, and weighed.

After digesting the coatings in 32 % HCI and diluting with bi-distilled water, the alloy
compositions are determined using an atomic absorption spectrometer (Thermo, model,
SOLAAR). The alloy deposition cathodic current efficacy, CE, equals the total of the parent
metals’ cathodic current efficacy.
https://biointerfaceresearch.com/ 20f14
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CE = CEzn+ CEcy 1)
The following equation was used to calculate the percentage of copper metal in the
alloy:

mass of Cu (alloy)

CU (alioy) % = ( ) x100 (2)

(mass of Cu (alloy)+ mass of Zn (alloy))

The percentage of zinc metal in the bath is calculated by the formula [38]:

0h = mass of Zn (bath) )
Zn (bath) % ((mass of Cu (bath)+ mass of Zn (bath)) = 100 (3)

The polarization tests were performed in a classic glass cell, with a steel desk with a 1
cm? area serving as the working electrode. Pt gauze was used as a counter electrode, and
Ag/AgCl was used as a reference electrode. The electrodes were attached to a computer-
controlled model 273 potentiostat/galvanostat system. At a scan rate 20 mV s2, all of the tests
were conducted. A circuit previously described [39] was used to determine the bath’s throwing
force and throwing index. The plating cell was constructed of Perspex and had internal
dimensions of 20 x 3 x 2.5 cm. A single stainless steel anode was sandwiched between two
parallel steel cathodes with various spacing ratios (1:1-1:3). Field’s equation [40] was used to
calculate the throwing power.

TP % = ——" x 100 (4)

Where L represents the linear ratio (L = 1, 2, or 3), and M represents the metal distribution
ratio (M near / M 1ar). The magnitudes of M as a function of L were measured over a range of
linear ratios ranging from 1:1 to 1:3. A straight line can be constructed by graphing L vs. M.
The throwing index is calculated as the line’s reciprocal. It’s a quick indicator of bath throwing
power. SEM scanning (QUANTA FEG 250) was used to examine the surface of the deposited
alloy. An X-ray apparatus (Xpert Pro P analytical, operated at 40 kV and 35 mA with Cu- K)
was used to investigate the phases and crystal texture of the deposits.

3. Results and Discussion
3.1. Potentiodynamic polarization tests.

The character of the entire electrodeposition process is influenced by cathodic
polarization. It impacts the cathodic current efficacy, plating bath throwing power, and deposit
quality. As a result, under various experimental conditions, cathodic potential against current
density (E/i) curves for alloy deposition was recorded potentiodynamically. Figs. 1-5 illustrates
cathodic polarization curves of Zn — Cu alloy deposition on steel specimens from various baths.

The relationship between current density and cathodic potentials for the deposition of
Zn, Cu, and Zn-Cu alloy under identical conditions is depicted in Fig. 1. Due to the
complexation with lactate anions, the polarization of the copper and zinc reduction processes
moved to greater cathodic overpotentials values. The data in the graph show that the
polarization curve for individual Cu metal deposition is nobler than that of Zn. The alloy’s
deposition curve is significantly more positive than the parent metals, zinc, and copper. This
position suggests that a significant decrease in free energy accompanies the co-deposition. Zinc
exists in solution as [Zn (C3Hs03)2] complex (log K = 2.70). Copper is present as [Cu
(C3Hs03)2] complex (log Kt = 4.66) [41].
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Figure 1. Cathodic polarization curves obtained at a temperature of 25 °C and pH 10 for the electrodeposition of
copper, zinc, and Cu-Zn. Each solution contains 0.6 M lactic acid and 0.2 M Na;SOa.

Concentration polarization is often prevalent in the current complex solution as Zn, and
Cu is available in these solutions as a lactate complex. The electro-reduction reactions listed
below are feasible, with hydrogen evolution occurring due to a separate side reaction [42].

[Zn (C3Hs03)2] +2e 2 Zng) + 2 C3Hs03% (5)
[Cu (C3H503)2] +2e 2 Cug) + 2 C3Hs05% (6)

The concentration of the lactate ligand at the cathode surface grows as Zn?* and Cu?*
are discharged, shifting the cathodic polarization towards more negative values.

The partial polarization curves for instantaneous discharge of Zn?*, Cu?*, and H*
throughout alloy deposition were calculated utilizing the alloy composition / current curves.
The results are shown in Fig. 2. The partial current for hydrogen release is modest, indicating
that an alloy with high cathodic current efficacy has been deposited. The partial polarization
curve of copper shifts somewhat in the negative direction and approaches that of an alloy,
whereas the partial polarization curve of zinc shifts substantially to the negative potential.

These findings suggest that copper is a metal that can be easily deposited. This is consistent
with the obtained results in the present work.
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Figure 2. Partial current densities for Cu, Zn, and H» during the electrodeposition of Cu-Zn alloy.

The effect of the [Zn?*1/ [Cu?"] molar ratio on the overvoltage of Zn-Cu alloy deposition
is shown in Fig. 3. As the [Zn?*1 / [Cu?*] ratio declines in the bath, the curves of polarization
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shift to increasingly positive values. The concentration of Cu?* ions in the tub rises as the molar
ratio reduces. Increasing the concentration of Cu?* ions at the diffusion layer causes a decrease
in the value of cathodic polarization [39].
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Figure 3. Cathodic polarization curves for the deposition of Cu-Zn alloy on steel from a solution with different
molar ratios of [Zn?*] / [Cu?*]: (a) 9, (b) 4, and (c) 0.67.

40 -

w
o
1

[u
o
1

Current density/(mA/cmz)
. & .
1

o
1

10 . ; .
-1.0 15 2.0

Potential (V vs Ag/AgCl)
Figure 4. Cathodic polarization curves for the deposition of Cu-Zn alloy on steel from a solution containing
different concentrations of lactic acid: (a) 0, (b) 1 & (c) 2 M.

Fig. 4 depicts the impact of lactic acid concentration on alloy plating overvoltage. The
discharge potential of the alloy shifts to pronounced nobler values as the acid quantity in the
bath increases. This behavior might be clarified by adding acid boosts Zn-Cu alloy formation.
Furthermore, the addition of lactic acid promotes Zn deposition by complexation and creating
a homogeneous catalyst. Abd EI-Rehim et al. [43,44] reported similar findings with citrate ions.
Moreover, lactate ions can act as a catalyst for Zn-Cu alloy discharge across the steel cathode
while not preventing alloy discharge over active sites on the steel surface [45].

Fig. 5 shows how the bath temperature affects the polarization of Zn — Cu alloy plating.
The deposition potential of ionic species (Zn?*, Cu?*, and H*) becomes nobler with increasing
temperature because polarization decreases. The higher the elevation in temperature, the
greater the decrease in cathodic polarization. Because the diffusion rate increases with
temperature, the rising temperature will increase the concentration of reducible species in the
cathodic diffusion layer. In addition, increasing temperature decreases the activation type of
polarization. As the polarization of hydrogen discharge decreases, the evolution of hydrogen
becomes more favorable.
https://biointerfaceresearch.com/ 5 of 14
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Figure 5. Cathodic polarization curves for the deposition of Cu-Zn alloy on steel at different temperatures: (a)
25, () 35, and (c) 55 °C.

3.2. Zn — Cu electrodeposited alloy composition.

Under different testing conditions, the cathodic current efficacy of the alloy plating
(CE), and the zinc % in the alloy are calculated, and the findings are shown in Figs. 6 — 9. The
composition reference line (CRL) in these graphs reflects the % of Zn in the tub. For baths with
large concentrations of Cu?*, the current efficacy of alloy deposition is shown to be high.
Depending on the operational parameters and the bath ingredients, current efficiency ranged
from 57 to 96 %. Deposition from cyanide baths was reported to be 75%, and from citrate baths
to be 70-80% [46]. On the other hand, the deposit has a Zn concentration of 8 to 70%. The
deposits’ Zn concentration is always lower than the CRL, indicating normal deposition with
preferential deposition of copper.

The influence of the [Zn?*] / [Cu®*] molar ratio on the % of Zn in the coating and co-
deposition efficacy is shown in Fig. 6. Since the potentials in these conditions are insufficiently
negative to reduce Zn?* ions, increasing the Cu?* amount in the bath significantly diminishes
the Zn percent in the deposit. As the [Zn?"] / [Cu?"] molar ratio in the bath rises, so does the
co-deposition efficacy.
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Figure 6. The effect of [Zn?*] / [Cu?*] molar ratios on CE of alloy deposition and percentage of Zn in the
deposit. CRL represents the percentage of Zn in the bath.

Fig. 7 shows that when the lactic acid concentration rises, the zinc percent in the deposit
rises as well, until leveling out. The CE of alloy deposition increases when the concentration
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of lactic acid increases from 0.6 to 1.2 M. The CE of alloy deposition diminishes after this
value because the deposit falls from the steel’s surface.
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Figure 7. Effect of lactic acid concentration on CE of alloy deposition and percentage of Zn in the deposit. CRL
represents the percentage of Zn in the bath.

Fig. 8 shows how the depositing current density affects the CE of alloy plating and alloy
structure. The figure’s data demonstrates that the influence of current density is more
complicated. By raising the plating current density from 0.55 to 1.66 mA cm?, the efficacy of
co-deposition improves, although the percent of Zn in the coating reduces marginally. When
the current density rises, so does the proportion of Zn in the coating. However, cathodic
efficacy decreases.

The current density’s influence methodology can be examined from two perspectives:
diffusion management and cathode potential. In the latter case, as current density rises, the
cathode potential shifts to less noble values, and the depositing conditions resemble those
depicted by the current—potential curve of the more active metal. This condition should, a
priori, raise the fraction of the less noble metal in the deposit. According to conventional
diffusion theory, the rate of metal plating has a topmost limit that is dictated by the rate at
which its ions may flow across the diffusion layer. The plating rate of a nobler metal is
substantially near to its limiting value (I_) than the less noble metal for a given current density.
As a result, an increment in current density must have been carried primarily by a faster
deposition rate of the less noble metal. It is clear from the data of Fig. 8 and the previous
mechanism that the 1, for Cu plating is primarily 1.66 mA cm™.
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Figure 8. Effect of current density on the CE of alloy deposition and percentage of Zn in the deposit. CRL
represents the percentage of Zn in the bath.
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Increases in c.d. below this value result in a considerable increase in Cu deposition
efficiency and a modest drop in Zn deposition efficiency. As a result, one can anticipate an
improvement in co-deposition efficiency and a modest drop in the proportion of Zn in the
deposit. When the applied current attains the limiting value of Cu deposition, copper ions are
depleted in the diffusion layer, causing the deposition rate of Zn to increase (the less noble
metal). As a result of a big fall in Cu efficiency and a smaller increase in Zn efficiency, the Zn
percent in the deposit increases, but the co-deposition efficiency declines.

An increment in the temperature from 10 to 55 °C reduces the Zn % in the coating and
enhances the CE of alloy plating, as shown in Fig. 9. The efficacy of co-deposition reduces
dramatically as the temperature rises. As the rates of both diffusion and convection rise with
temperature, elevating bath temperature increases the number of reducible species in the
cathodic diffusion layer. Increased deposition of copper (nobler metal), which deposits
preferentially under these conditions, is favored by an increment in reducible species amount
at the solution—cathode boundary. As a result, as the temperature rises, the Zn % in the deposit
falls. Because of the substantial rise in Cu efficiency and the smaller reduction in Zn efficiency,
the CE of alloy deposition increases.
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Figure 9. Effect of temperature on the CE of alloy deposition and percentage of Zn in the deposit. CRL
represents the percentage of Zn in the bath.

3.3. Throwing power (TP) and throwing index (T1) tests.

The variation of the throwing power and throwing index of the alkaline lactate baths
for electroplating of Zn — Cu with the bath composition and different operating variables were
examined. The experimental data is shown in Table 1. According to the results, the lactate bath
for Zn — Cu electroplating does have a high TP.

As shown in Table 1, increasing the [Zn?*]/ [Cu?*] molar ratio in the bath improves T.P
and T.I significantly by decreasing cathodic polarization. On the other hand, increased lactic
acid concentration reduces both TP & TI.

Increasing the deposition current density reduces both the TP & T1I. Increasing the tub's
temperature from 25 to 55 °C slightly decreases the throwing power, as shown in Table 1. This
impact could be thought to be due to the depolarizing impact of higher temperatures, even
though rising temperatures increase electrolyte conductivity. This result indicates that the
depolarization effect is more effective.

https://biointerfaceresearch.com/ 8 of 14


https://doi.org/10.33263/BRIAC131.057
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC131.057

Table 1. The influence of bath constituents and plating parameters on the throwing power and throwing index of
a copper-zinc alloy electroplating.

Bath composition Plating variables
Copper Zinc Lactic Sodium c.d. Time Temp T T.P
sulfate sulfate acid sulfate (mA cm?) (min) (°C) (%)
(M) (M) (M) (M)
0.18 0.02 0.6 0.2 2.22 20 25 64.5 96.9
0.16 0.04 0.6 0.2 2.22 20 25 2.9 49.3
0.18 0.02 2 0.2 2.22 20 25 3.8 58.1
0.18 0.02 0.6 0.2 4.44 20 25 11.7 84.2
0.18 0.02 0.6 0.2 2.22 20 55 7.8 77.1

3.4. Structure and morphology of the depositing alloy.

Visual observations illustrate that the Zn — Cu deposits obtained from the alkaline
lactate bath are compact, bright, and grey to reddish-brown in appearance with good adhesion
to the steel substrate. The luminance of the deposit increases as the plating current density or
Cu?* content of the bath increases. The deposit becomes darker as the temperature or Zn%*
content of the bath rises.

XRD was conducted out on a few Zn —Cu alloy plates electroplated from tubs under
varying deposition conditions. The results are depicted in Figs. 10 and 11. The experimentally
obtained crystal planes (hkl) were matched to the predicted values for the phases outlined in
JCPDS. Regardless of the bath constituents or electroplating parameters, all deposits are
crystalline and composed of face-centered cubic (FCC) CusZng phase [47]. These copper-rich
alloys can be thought of as having a copper lattice with some copper atoms replaced by zinc
atoms. The diffractograms also revealed that the alloy deposits have a favored orientation of
(330). The finding of a fixed angle for the (330) planes is believed to be because copper and
zinc share identical lattice parameters and coherent interfaces between Cu and Zn phases [48].

Fig. 10 depicts the impact of current density on the XRD spectra of electroplated Zn
— Cu alloy. At reduced current density, 2.22 mA cm, the electroplated alloy exemplifies a
(330) strong intensity diffraction peak and a (102) relatively weak intensity diffraction peak,
in addition to the diffraction peak (444), Fig. 10 a. At 4.44 mA cm, the intensity of the (330)
plane increases significantly, while the intensity of the (102) plane decreases slightly, as shown
in Fig. 10 b. It is worth noting that a new diffraction (200) plane for Cu metal has been
identified.

b
602 (2n-Cu) 80 (Zn-Cu)
(330) (330)
50 1 Cu (200)
60
40 3
5 g
8 2
2 o 2
g 3
% 204 (Zn-Cu) = (Zn-Cu)
= Zn02)  (aga) 2- @y (44
10 u
0- 04
T T T
20 2 60 80 2 0 o0 2
20 (degrees) 20 (degrees)

Figure 10. X-ray diffraction patterns of electrodeposited Cu-Zn alloy obtained at different current densities: (a)
2.22, and (b) 4.44 mAcm?2,
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The intensity of the plane (330) increases as the bath temperature rises from 25 to 55°C,
whereas the intensity of the Cu peak (200) decreases; additionally, the intensity of the peak
(444) is unaffected, Fig. 11.

w0l a Cu (200) 8- b (zn-Cu)
704 (330)
50
60
40 3
T T
S s (200)
5 304 c
c (Zn-Cu) g
2 (330) =
=
= 201 Zn (102) (i:“;f)“)
10 1
0
T T T T T T T T T
20 40 60 80 20 40 60 80
20 (degrees) ZG(degrees)

Figure 11. X-ray diffraction patterns of electrodeposited Cu-Zn alloy obtained at different temperatures: (a) 5,
and (b) 55 °C.

As shown in Fig. 12, EDX analysis confirmed the existence of both copper and zinc
metals in the deposit. The presence of iron metal in the pattern indicates that the deposited layer
has a small thickness.

SEM was used to examine the microstructural and morphological growth
characteristics of an as-deposited Zn - Cu alloy, developed under varied plating and running
conditions. Figs. 13&14 show some of the SEM images. The deposits formed at low current
density are compact and smooth, as shown in Fig. 13 a. The surface seemed to be made of
tightly packed spheres. Upping the current density causes the forming of fine-grained and
leveled deposits, Fig. 13 b. An increment could cause the structural change in cathodic
polarization that speeds up nucleation and facilitates the forming of fine-grained coatings [49].

Fig. 14 depicts the impact of temperature on the morphological features of an
electroplated Zn—Cu alloy. Low temperatures encourage the forming of uniform, soft, leveled,
and compact coatings, Fig. 14 a. However, higher temperatures enhance the forming of limited
spherical grains that cover the whole substrate and have left some empty spaces, Fig. 14 b. This
sort of behavior could be related to the limited cathodic efficacy of Zn—Cu plating at elevated
temperatures and the rapid evolution of H gas [50].

¢ A
600 -

Figure 12. EDX patterns of electrodeposited Cu-Zn alloy obtained from a bath containing 0.16 M ZnS04.7H,0,
0.04 M CuS04.5H;0, 0.6 M lactic acid, and 0.2 M NaSOq, at pH10, time 20 min, c.d. 2.22 mA cm and 55 °C.
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Figure 13. Scanning electron micrographs of electrodeposited Cu-Zn alloy obtained at different current
densities: (a) 2.22 and (b) 4.44 mA cm™.

Figure 14. Scanning electron micrographs of electrodeposited Cu-Zn alloy obtained at different temperatures:
(a) 25 and (b) 55 °C.

4. Conclusions

The electrodeposition of brass alloy onto steel coupons from aqueous solutions
comprising lactate ions was studied under different operational parameters. The deposition was
done in a bath that contained CuSO4.5H,0, ZnS04.7H,0, and CH3CHOHCOOH & NazSOs.
An increment in the lactic acid concentration in the plating bath shifts the deposition potential
of brass alloy to more positive values. In addition, increasing the bath temperature or
decreasing the [Zn?"] / [Cu?"] molar ratio in the bath facilitates the deposition of brass alloy.
The Zn-Cu alloy deposition has a high current efficacy. The deposition of Zn-Cu alloy belongs
to the normal category. The efficacy of alloy deposition increases as the [Zn?*] / [Cu?*] molar
ratio increases in solution. The CE of alloy deposition increases when the lactic acid
concentration is increased from 0.6 to 1.2 M. The deposited brass alloys are rich in copper. The
Zn % of the alloy increases with applied current density, [Zn?] / [Cu?*] molar ratio, and lactic
acid concentration; however, it tends to decrease with rising temperature. The brightness of the
deposits increases as the plating current density or Cu?* content of the bath increments. The
deposits have a Cus Zng phase structure with a small thickness. The alkaline lactate bath for
brass electroplating possesses good throwing power and throwing index.
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