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Effect of Citrate-Based Bath pH on Properties
of Electrodeposited Cu–Zn Coating on an Aluminum
Substrate

RAS_IM ÖZDEM_IR, ERS_IN ÜNAL, and _ISMA_IL HAKKI KARAHAN

In this study, Cu–Zn alloys were deposited in citrate-based electrolytes on aluminum substrate
by electrodeposition method. The effect of bath pH variation on the properties of the obtained
Cu–Zn alloy coatings was investigated. The electrochemical behavior of the citrate-based baths
and the crystalline structure, surface morphology and elemental content, electrical resistivity
and thermal behavior of the alloy coatings were analyzed. According to the results of cyclic
voltammetry (CV) analysis, increasing bath pH caused a negative shift in the cathodic
deposition potential. In addition, the anodic dissolution peaks first shifted to the positive side
with increasing pH and then shifted back to the negative direction. According to the results of
XRD analysis, the phase structure of Cu–Zn alloys generally consists of a and b¢ phases, but
according to differential scanning calorimeter (DSC) analysis, it is possible that there is a c phase
in the structure in addition to these phases. In addition, pH increase (4.5 to 6.5) caused a relative
increase in crystal grain size (~14 to ~ 25 nm). The Zn content of Cu–Zn coatings first increased
(~pct 15 to ~ pct 55) with pH increase, then followed a horizontal trend (~pct 55 to ~ pct 59)
with further pH increase and then exhibited a slight decreasing trend (~pct 59 to ~ pct 52). The
pH increase significantly affected the surface morphology of the coatings and denser coatings
were obtained with increasing pH. While the electrical resistivity of Cu–Zn coatings first
increased (0.0408 to 0.0696 lXcm for 297 K) with increasing pH, it tended to decrease (0.0696
to 0.0479 lXcm for 297 K) again at higher pH values. In addition, the electrical resistivity of the
coatings increased with increasing measurement temperature. According to DSC analysis of the
coatings, endothermic peaks were obtained, possibly representing the transformation from c to
b¢ phase.
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I. INTRODUCTION

THE outermost layer of a material is its surface, and
since material interactions with the environment take
place on the surface, it has an important place in the
durability and efficiency of engineering components.
Therefore, improving the properties of its surface is an
effective and preferred method to improve the perfor-
mance of industrial components.[1] One of the most
effective ways to improve the surface of materials is to
coat the outer surface with a suitable material.[2] There
are many methods for producing metal and alloy
coatings and among them electrochemical deposition

technique is one of the most widely used methods due to
its wide range of advantages. The electrodeposition
process is a unique technique that uses an electric field to
deposit metal or alloy coatings on conductive substrate
in an electrolyte. Coatings produced by electrodeposi-
tion are uniform, strong, and economical compared to
other manufacturing processes.[3,4] This method has
significant advantages such as simplicity and ease of use
and allows for effective control of production parame-
ters. Compared to pure metal coatings, electrochemi-
cally deposited alloys show better properties as their
chemical composition can be changed according to the
desired function. Since the various properties of alloys
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are significantly influenced by both their composition
and structure, reliable control of the composition and
structure of these engineering alloys is an important
factor for their wide application in industry. The
properties of an electrodeposited film are influenced by
many parameters such as current density, bath pH,
deposition potential, and electrolyte composition and
amounts.[5–9] It is obvious that a large number of
experimental studies are required to find the best values
for different combinations of these electroplating
parameters in order to obtain effective and applicable
alloy coatings.

As an important engineering material, aluminum and
its alloys are widely used in various industries such as
aerospace, automotive, household, defense, electronics,
and air conditioning due to their significant advantages
such as affordable cost, recyclability, excellent thermal
and electrical conductivity, low density, low specific
gravity, and high specific strength. However, in some
special and challenging cases, aluminum and its alloys
may need to be supported by coatings with various
properties to expand their industrial applications. Sur-
face modifications of aluminum and its alloys can offer a
wide range of electrical, chemical, mechanical, and
decorative properties.[10–14] Today, copper, zinc, and
their alloys find applications in a wide variety of
industrial fields, both in bulk and as coatings. Cu–Zn
alloys have a wide range of industrial applications
depending on their elemental content and the heat and
mechanical treatments applied. For this reason, it is
probably considered one of the most important alloys
after steel in engineering applications. In addition to
corrosion protection, they are also used in magnetic,
decorative, and electrical applications. Cu–Zn alloys,
also called brass, are still of great interest to researchers
due to their low cost, environmental compatibility,
mechanical durability, high hardness compared to pure
metal coatings, and beautiful color (golden yellow).
These properties make Cu–Zn alloys an indispensable
material in many critical areas such as the manufacture
of precision instruments, electronic products, and bat-
teries. For example, Cu–Zn alloys are widely used as
electrical contact materials in microelectronic devices,
automotive connectors, electrical machinery, and elec-
tronic instruments. The materials used in the electrical
contact application are usually Cu–Zn alloys, which are
of interest for their excellent electrical conductivity and
low material cost.[15–19] Another important feature of
the Cu–Zn alloy system is its shape memory capability,
which occurs when the material changes shape by
heating due to phase transformation (martensite to
austenite). Shape memory materials are characterized by
their ability to change shape by heating or cooling under
certain conditions and to make countless cycles between
different shapes. This important property allows Cu–Zn
materials to be used in critical application areas such as
actuators, sensors, micro-sized materials, and
micro-electromechanical systems.[3,20–24]

On a commercial scale, brass plating is a plating
process produced by zinc and copper deposition followed
by a thermal diffusion step. Direct electroplating can be
challenging due to the more than 1 V difference between

the reduction potentials of zinc and copper, and for a
successful co-deposition bath, complexing agents such as
cyanide are added to the electrolyte to reduce the
difference between the reduction potential values. How-
ever, there is a need for satisfactory alternative elec-
trolytes due to many concerns about the biological
toxicity and environmental damage of cyanide-based
baths. Among the alternative electrolytes suggested in the
literature, citrate baths seem more likely. Citrates, which
are non-toxic, have low molecular mass, and can form
stable complexes with a variety of metals, cause waste
that is easier to deal with.[25] Citrates are a strong
complexing agent for manymetals such as copper, nickel,
zinc, iron, tungsten, and cobalt making them one of the
most commonly used additives in electroplating. Citrates
can also improve deposition efficiency by inhibiting the
hydrogen formation reaction, which partially blocks the
electrode surface.[26] Citrate electrolytes can be used for
electrodeposition with good quality, low cost, and high
current efficiency. Citrates can also act as buffering,
polishing, and leveling agents, thus eliminating the need
for other electrolyte additives.[27] Dridi et al.[25] studied
the effect of different Cu/Citrate concentrations and bath
pH on the electrochemical deposition mechanism of
Cu–Zn alloys and stated that the bath pH value is a
significantly effective parameter on the Cu-citrate species
in the electrolyte. The authors stated that the citrate
species formed at pH values higher than 5 played a
relatively inhibitory role in Cu deposition, while the
citrate species formed at pH values lower than 5
supported Cu reduction. In another study, Karahan[28]

investigated the effect of pH on the electrodeposition of
Zn–Co alloys and stated that the pH value of the bath is
closely related to the homogeneity and density of the
coating. The author also stated that pH value is a
parameter that directly affects the corrosion resistance of
Zn–Co coating. Dulal et al.[29] investigated the effect of
bath pH (3 to 8) on the electrodeposition of Co–W–P
ternary alloy and reported that the pH change greatly
affected the elemental content of the alloy films obtained.
The authors stated that the content of Co, the main
element of the alloy, in the coating increased from 48 to
70 pct when the pH value increased from 3 to 5 and
followed a horizontal course until pH 7. At higher pH
values, they stated that the Co content started to
decrease. Kazimierczak ve Ozga,[30] in their study on
Sn-Zn alloy in citrate-based baths, stated that electrolytes
with pH 6.5 and above are unstable, while electrolytes in
the pH 1-4 range have low tin solubility. For these
reasons, the authors recommended a pH value of 5.
Green et al.[27] reported in their study on the deposition of
Cu–Ni alloys in citrate electrolytes that citrate elec-
trolytes at pH 4were unstable. The authors stated that the
electrolyte with pH 6 was stable for several weeks and
that Cu–Ni alloy electrodeposition with high current
efficiency could be performed in these electrolytes.
Kazimierczak et al.[31] used citrate-based baths for
electrodeposition of Zn–Mo alloys. The authors reported
that theMo content in the alloy decreased with increasing
citrate bath concentration and amaximumMo content of
around 50 pct was obtained. The authors also stated that
the optimal conditions for the electrodeposition of
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Zn–Mo alloys from citrate baths are in a narrow pH
range between 4 and 6. Kahoul et al.,[26] in their study on
the deposition of Zn–Co alloys in citrate-based baths,
reported that they obtained Co content around 15 pct at
pH 5.6. According to the CV results, the authors stated
that increasing bath pH caused a decrease in cathodic
current density, and the deposition potential also shifted
to negative values with increasing pH.

It is possible to say that the studies on the deposition
of Cu–Zn alloys in citrate-based baths are not yet
sufficient level. First of all, pH is a very effective and
important production parameter for electrodeposition
and complexing additives used in this process. In
addition, in citrate-based baths, the pH effect on the
activity of metal/citrate species is extremely high. There
are a few studies in the literature on the variation of pH
values of the electrolytes used in the deposition of
citrate-based Cu–Zn alloys. However, it is seen that
these studies focused on electrodeposition mechanisms.
We have not come across any studies on the effect of
electrolyte pH variation on the properties of the final
product Cu–Zn coatings. In this study, for the first time
in the literature to the best of our knowledge, the effect
of the electrolyte pH value on the properties such as
crystal structure, surface morphology, elemental con-
tent, electrical resistivity of the thin films produced by
keeping the citrate bath concentration constant in the
deposition of Cu–Zn alloys was investigated and ther-
mal analysis of the coatings was also performed.

II. EXPERIMENTAL DETAILS

Cu–Zn alloys were produced by electrochemical
plating method on aluminum substrate in electrolytes
adjusted to different pH values. The bath content
consisted of CuSO4Æ5H2O (0.6 M/lt), ZnSO4Æ7H2O
(0.2 M/lt) and sodium citrate (Na3C6H5O7, 0.5 M/lt)
as complexing agent. All chemicals are of high purity
and were obtained from Merck company. The pure
aluminum substrates were first sanded (grades
1000-1800-2400) for polishing and remove various
undesirable substances such as dirt, oil, and oxide layer
on the surface. The substrate was then activated in 1 M
sodium hydroxide (NaOH) solution with surfactant
heated to 70 �C for 5 seconds, rinsed in double distilled
water, and allowed to dry in the open air. The substrate
surface for deposition was set to 3.8 cm2. A three
electrode deposition system was used to produce Cu–Zn
coatings. An aluminum substrate was used as the
cathode, a platinum rod as the anode, and a saturated
calomel electrode (SCE) as the reference electrode. The
electrodeposition process was carried out in a conven-
tional glass cell in a non-ventilated environment. The
current density was set to 8 mA/cm2 and the deposition
time was 60 minutes. The bath temperature is 24 �C and
stirred at 400 rpm during deposition. The electrolyte
was prepared using double distilled purified water and
all chemicals used were of high purity. Bath pH values
were adjusted using NaOH or sulfuric acid (H2SO4).
The bath parameters and electrolyte components are
schematically shown in Figure 1.

CV curves were recorded in the range of + 0.5 V to
� 1.6 V and at a scan rate of 10 mV/s. CV curves were
obtained in a freshly prepared bath using a Parstat 2273
electrochemical instrument. X-ray patterns (XRD) were
obtained with a Rigaku diffraction device to examine
the crystal structures of the coatings. XRD was per-
formed at 30 mA and 30 kV, with a 2h range of 20 to
90 deg using CuKa radiation at a rate of 0.05 deg, 2h/
0.5 seconds. The crystal grain size (D) of the samples
was calculated by the Debye–Scherrer Eq. [1] given
below. Micro strain values were calculated by the
following Eq. [2].[32,33]

D ¼ 0:9xk
bxcosh

½1�

e ¼ bxcosh
4

½2�

In Eqs. [1] and [2], b is the width at half height in
radians (FWHM) of the corresponding XRD peak, h is
the Bragg reflex angle of the peak, and k is the
wavelength of the X-ray used. Grain size and micros-
train values were also calculated using the Wil-
liamson–Hall (W–H) method. According to
Williamson and Hall, the broadening of the diffraction
line is due to the contribution of crystallite size (bD) and
strain (be).

bT ¼ bD þ be ½3�

bT ¼ Kk
Dcosh

þ e4tanh ½4�

If Eq. [4] is rearranged,

bTcosh ¼ e4sinhþ Kk
D

½5�

In Eq. [5], the values of bTcosh on the y-axis are
plotted as a function of 4sinh on the x-axis and linear
fitting is performed. With the linear fitting process, a line
equation is obtained in the form y = mÆx + c. While
the microstrain value is obtained by using the slope
(m = e) of this line drawn by the W–H method, the
crystallite size is calculated from the y-intercept value
c ¼ Kk

D

� �
.[34–36]

The following equations were used to calculate the
relative texture coefficient (RTC(hkl)) values of Cu–Zn
alloy coatings.[37–39]

RTC hklð Þ ¼ 100�
TC hklð ÞP
TC hklð Þ

½6�

TC hklð Þ ¼
I hklð ÞP
I hklð Þ

�
P

I0 hklð Þ
I0 hklð Þ

½7�

In Eq. [6], TC(hkl) is the texture coefficient of the
corresponding (hkl) plane and

P
TC(hkl) is the sum of
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the texture coefficients of all planes in the XRD pattern.
In Eq. [7], I(hkl) is the intensity value of corresponding
peak and

P
I(hkl) is the sum of the intensities of all peaks

in the pattern. I0(hkl) and
P

I0(hkl) are the intensity of the
corresponding peak and the sum of the intensities of all
peaks in the pattern, respectively, obtained from the
reference card. XRD pattern data of the b phase of
Cu1Zn1 alloy with reference code 98-062-9462 were used
for RTC calculations.

The surface structure of Cu–Zn coatings was inves-
tigated by scanning electron microscopy (SEM). The
chemical composition of Cu–Zn coatings was deter-
mined by energy-dispersive X-ray spectrometry (EDS)
analysis. Measurements were taken from three different
regions of each sample to verify that the results were
compatible with each other. JEOL JSM-5500LV (Japan)
brand and model device was used for SEM and EDS
analysis. Differential Scanning Calorimetry (DSC) mea-
surements were performed with a Perkin Elmer brand,
Pyris-6 model DSC device in the range of 0 �C to
400 �C. Measurements were made in vacuum
environment.

Four-point probe method was used for resistance
measurements of Cu–Zn coatings. For the measure-
ment, electrodes were attached to the contact points
with silver paint. The thermal stress effect was elimi-
nated by averaging the voltage values obtained with
current in both directions at each temperature. The
ohmic behavior of the contacts in the studied temper-
ature region was verified by linear variations of the I–V
characteristics, which are independent of changing the
direction of the applied currents. To ensure that the
resistance values obtained from the samples are reliable,
each sample was measured several times. The samples
were placed on the cold finger of a Janis liquid nitrogen
cryostat and the temperature was accurately monitored
with a Lake-Shore 320 temperature controller. Temper-
ature-dependent conductivity measurements (in the
temperature range 100 K to 350 K) were made with a
Keithley 2400 source measurement unit.

III. RESULTS AND DISCUSSION

The baths were adjusted to different pH electrolyte
values and Cu–Zn alloy thin films were deposited at
current density values of 16 and 8 mA/cm2. Most of the
thin films produced at 16 mA/cm2 were found to have
excessive brittleness and a problem of adhesion to the
substrate, which is an obstacle for resistivity measure-
ment. Therefore, Cu–Zn deposition was carried out at
8 mA/cm2. The amounts of CuSO4, ZnSO4, and sodium
citrate in the electrolyte were kept constant and the pH
value was changed between 3.5 and 8 to produce thin
films on aluminum substrates. In the studies, it was
observed that thin films were not formed at pH 3.5 and
4. Thin films were formed at pH values of 7, 7.5, and 8,
but extremely brittle films were obtained. Moreover, due
to the adhesion problem of these films on aluminum
substrates, spills occurred during production. Therefore,
Cu–Zn thin films were deposited at bath pH values of
4.5, 5.0, 5.5, 6.0, and 6.5. Szczygiel and Laszczynska[40]

investigated the effect of pH on the electrodeposition of
Zn–Ni–Mo alloy in a citrate bath. The authors reported
that the thickness of the films produced at pH 7.5 was
much thinner (from 10.4 to 0.8 lm) compared to the
films produced at pH 5.7 and 4.5 due to very low current
efficiency and intense crack formation was observed in
the coatings due to large internal stress.

A. Deposition Bath, Potential, and CV Analysis

Figure 2 shows the appearance of citrate-based
Cu–Zn deposition baths at pH 4.5 and pH 6.5. The
natural pH value of the prepared untreated bath is
measured as 4.66. As can be seen from the figure, the
color of the bath is a different shade of blue and it is
noticed that the color of the bath starts to darken with
the increase in pH. The pH change has an effect on the
metal citrate species in the bath and different pH values
lead to the formation of different citrate species. This
also changes the activity of Cu and Zn ions.[25] Probably
these changes in the bath cause the color of the bath to
change. Another important point is that the bath can
remain stable for a long time in terms of industrial use.
It is possible to say that the baths obtained are extremely
stable even though they are kept for more than a month.
During this period, no precipitation etc. was observed in
the baths. Moreover, Cu–Zn deposition process could
be carried out without any problems in these aged baths.
It is useful to consider the chemical reactions related

to the deposition of Cu and Zn metals in citrate baths
separately. Because different types of citrate are effective
for Cu and Zn metals under different conditions. The
formation of copper-citrate complexes is represented by
the following general reaction equation.[25,41]

pCu2þ þ qCit3� þ rHþ $ CupCitqH
2p�3qþrð Þþ
r ½8�

At pH values greater than 4, the ðCu2Cit2H�1Þ3� and

ðCu2Cit2H�2Þ4� copper-citrate species become active
and the chemical reactions according to these species are
as follows. As the pH value increases after 4, the effect of

the ðCu2Cit2H�1Þ3� species decreases and the effect of

the ðCu2Cit2H�2Þ4� species increases.[25,41]

2Cu2þ þ 2Cit3� ¼ Cu2Cit2H
3�
�1 þHþ ½9�

2Cu2þ þ 2Cit3� ¼ Cu2Cit2H
4�
�2 þ 2Hþ ½10�

For example, in reaction (10), the discharge of

Cu2Cit2H
4�
�2 species occurs in two stages as follows.[42]

Cu2Cit2H
4�
�2 þ 2e� ¼ Cu2Cit2H

6�
�2 adsð Þ ½11�

Cu2Cit2H
6�
�2 adsð Þ þ 2e� þ 2H2O ¼ 2Cuþ 2Cit3� þOH�

½12�

In terms of zinc-citrate complexes, ZnðHCitÞ�,
ðZnH2Cit2Þ4� , and ðZnH2CitÞ0 species are active after
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pH 4. However, since ðZnH2Cit2Þ4� species is not
electroactive, Zn deposition is probably realized through
the other two types of Zn-citrate complexes. The
electrode reactions related to Zn deposition are as
follows.[43]

Zn(HCitÞ� þH2Oþ 2e� ¼ Zn0 þH2Cit
2� þOH�

½13�

ðZnH2CitÞ0 þ 2e� ¼ Zn0 þH2Cit
2� ½14�

In addition, hydrogen evolution reactions can also
take place in citrate-based baths. The reactions that can
take place are given below. Of the following reactions,
reaction (18) is expected to occur only at high
potentials.[43]

H4Cit
0 þ 2e� ¼ H2 þ 2H2Cit

2� ½15�

H3Cit
� þ 2e� ¼ H2 þHCit3� ½16�

2H2Cit
2� þ 2e� ¼ H2 þ 2HCit3� ½17�

2H2Oþ 2e� ¼ H2 þ 2OH� ½18�

The behavior of the baths in which Cu–Zn alloys were
electrodeposited at different pH values was investigated
on CV curves and is given in Figure 3. From Figure 3, it
is seen that the Cu–Zn bath with a pH value of 4.5
proceeds around zero current density in a very short
voltage range after a broad peak corresponding to
possible outgassing in the range of + 0.5 V to � 0.7 V
at the beginning of the cathodic scanning direction.

Then, around � 0.9 V, the current density started to
increase due to the reduction reactions accompanied by
H2 outgassing as well as Cu–Zn alloy deposition and the
current density increase accelerated especially after
� 1.3 V. When the anodic scanning direction is exam-
ined, two different dissolution peaks of the Cu–Zn alloy
around � 0.65 V (peak A) and just after 0 V (peak B)
stand out. These peaks correspond to the dissolution of
the different phases of the Cu–Zn alloy formed during
scanning in the cathodic direction.[44] Moving further in
the anodic scanning direction, a current increase is
observed after + 0.2 V, again indicating possible out-
gassing. A similar situation is noticed in the CV curves
of Ni–B alloy coatings made by Ünal et al.[2] and
recorded at pH 4, and current increases are observed
both at the beginning of the anodic direction and at the
end of the cathodic direction. It can be stated that these
current increases tend to occur around pH 4. When the
CV curves obtained in Cu–Zn alloy electrolytes with pH
5 and higher are examined, it is understood that the
current increases indicating possible outgassing seen in
the bath with pH 4.5 are not observed. In the bath with
a pH value of 5, it is noticed that the current value
proceeds at zero level until � 1.0 V in the cathodic
scanning direction. After this value, current increase
started and accelerated after � 1.3 V. In this bath, the
current increase, which started around � 0.7 V repre-
senting dissolution in the anodic direction, decreased to
zero level by forming a peak (B) around + 0.15 V. In
the bath with a pH value of 5.5, it is seen that the
potential to start deposition in the cathodic scanning
direction shifted to the negative side and started around
� 1.25 V. In the anodic scanning direction, although a
slight increase in current passage was observed up to
around 0 V, a clear dissolution peak appeared only
around 0.1 V (B). In the CV curve of the bath with pH

Fig. 1—Production process, bath components, and production parameters of Cu–Zn coatings.
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6, the deposition potential in the cathodic direction also
started around � 1.25 V, but the rate of current increase
was higher compared to pH 5.5. In the anodic direction
of the pH 6 bath, a broad and flattened dissolution peak
is observed around � 0.4 V (A), as well as a sharper
dissolution peak around + 0.05 V (B). It can be stated
that the CV curve of the bath at pH 6.5 is similar to pH
6. In general, it appears that increasing pH shifts the
potential of the Cu–Zn alloy to start deposition to the
negative side. In fact, the coating contents in terms of
pH variation also support this conclusion (see Table I
and Figure 5), the Zn content in the coating increased
with increasing pH up to pH 5.5 and showed a slight
decrease at higher pH values. Since the deposition
potential of Zn metal alone (� 1.2 V) is on the more
negative side compared to Cu metal, a negative shift in
the deposition potential seems to be quite normal.
Moreover, since there was no significant change in Zn
content after pH 5.5, the deposition potential did not
shift more negatively. An increase in the pH of the bath
leads to a decrease in the amount of H+ (protons) in the
electrolyte, which in turn leads to a decrease in the
hydrogen evolution reaction accompanying the deposi-
tion of Cu–Zn metal.[29,45,46] Despite this, the increase in
the deposition potential supports our theory about the
Zn content. It can be said that the CV curves obtained
are consistent with the CV curves of Cu–Zn alloys in the
literature.[15] When the CV curves were evaluated in
terms of pH change, the rate of current increase in the
cathodic direction increased up to pH 5.5 and decreased
again at higher values. A similar trend is observed in the
dissolution peaks in the anodic scanning direction (B) in
the CV curves. With increasing pH, the height of the
peaks first increased (up to pH 5.5) and then started to
decrease. In addition, the dissolution peaks first shifted
to the positive side with increasing pH and then shifted

back to the negative direction. This can also be related
to the Cu and Zn content values in the coating (see
Table I and Figure 5). The Zn content increased up to
pH 5.5 and tended to decrease at higher pH values. It is
possible to express the opposite situation for Cu
content. A dissolution peak occurred only at pH 4.5
and 5, and no A dissolution peak was observed at higher
pH values. In addition, crossover between forward and
backward scanning in CV curves characterizes the
formation of new phases.[15] These crossovers are
defined as indicators of nuclei formation and are caused
by the voltage difference between the deposition and
dissolution processes.[47,48] Shin et al.[49] investigated the
effect of citrate complexing agent and pH on Cu and Zn
electrodeposition. The authors reported that the pres-
ence of citrate complexing agent in the electrolyte,
especially at pH 4.7, reduced the difference between Cu
(� 0.2 V to � 0.5 V) and Zn (� 1.2 V to � 0.7 V)
deposition potentials and thus facilitated the deposition
of these two metals together as alloys. Winiarski et al.[50]

reported that in the electrodeposition of Zn–Fe–Mo
alloys, the cathodic deposition potential shifted to more
negative sides and the cathodic current density
decreased with the effect of increasing bath pH. The
authors stated that if the oxide formation rate on the
cathode surface exceeds the reduction rate at a later
stage, the cathode surface may be blocked and these
changes in the cathodic direction may be due to this.
Kazimierczak ve Ozga[30] in their study on Sn–Zn alloy
in citrate-based baths investigated the effect of different
pH values on hydrogen formation in citrate-only elec-
trolytes. The authors reported that hydrogen evolution
at pH 2–6 is the result of reduction of protonated forms
of citrate ions, while at higher pH values (6–9), it is the
result of water dissociation.

Fig. 2—Appearance of Cu–Zn electrodeposition baths at different pH values.
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Figure 4 shows the effect of electrolyte pH on the
average deposition potentials of Cu–Zn coatings depos-
ited at a constant current value of 8 mA/cm2. It is seen
that the deposition potentials of Cu–Zn films vary
between 2.4 and 2.9 V. It was revealed that with the
increase in electrolyte pH value, there is an increase in
the deposition potential in order to keep the constant
current value in equilibrium. Especially up to pH 5.5,
the deposition potential increased rapidly, but after pH
5.5, the potential continued to increase but followed a
more horizontal course. In addition to the decreasing
H+ ions with increasing pH value, the nature of the
electrolyte changes with the effect of increasing OH�
ions, which is reflected in the storage potential. The
increase in Zn deposition rate up to pH 5.5 seems to
contribute to the faster increase in the deposition
potential. At values above pH 5.5, a slight decrease in
Zn content slows down the increase in deposition
potential. Winiarski et al.[50] investigated the effect of
pH increase on the deposition potential of Zn–Fe–Mo
alloy coatings at constant current (20 mA/cm2). Accord-
ing to the authors, pH increase caused an increase in the
deposition potential (from around � 1.13 V to around
� 1.32 V). The authors stated that this increase may be
due to the blockage of the cathode surface by metal
oxides or hydroxides resulting from the strong alkaliza-
tion of the electrolyte near the cathode surface.

B. XRD Analysis

XRD patterns were obtained to evaluate the effect of
electrolyte pH on the crystal structures of electrode-
posited Cu–Zn coatings and are presented in Figures 4
and 5. Figure 6 shows the graphs drawn by

Williamson–Hall (W–H) method according to the infor-
mation obtained from XRD patterns. The parameters
calculated from the XRD patterns and the contents of
the coatings for easier comparison are given in Table I.
In addition, grain size and microstrain values calculated
from the graphs obtained by W–H method are also
given in Table I. In the XRD patterns shown in
Figure 5, it is understood that the (111) and (110) peaks
specific to Cu–Zn alloys are around 43 deg, the (200)
peak is around 63 deg, and the (200) peak is around 79
deg. Apart from these peaks, only the (220) peak around
75 deg in the sample with a pH value of 4.5 is reflected in
the XRD pattern, albeit weakly. The sample with a pH
value of 4.5 has a face-centered cubic (FCC) structure
and is in a phase.[17,51,52] According to the equilibrium
diagram of Cu–Zn alloys, the a phase is formed when
the zinc content is less than 30 pct and the Zn content
given in Table I supports this situation.[53–55] Li et al.,[56]

in their study on Cu–Zn alloy plating, similarly obtained
the (111) peak around 43 deg and stated that this peak
belongs to Cu0.7Zn0.3 alloy indexed to reference pdf card
03-065-9062. They reported that the presence of this
peak indicates the co-deposition of Cu–Zn atoms and
the formation of substitution solid solution due to Cu
and Zn elements with similar diameter and atomic
number. It is understood that the samples produced at
other pH values (5, 5.5, 6, 6.5) have body-centered cubic
(BCC) structure and b¢ phase. According to the Cu–Zn
equilibrium diagram, when the Zn content is around 50
pct, the b¢ phase is formed and with the increase in zinc
content, this phase can be accompanied by the c
phase.[53–55,57] The Cu–Zn alloy deposits we obtained
are in general agreement with the diffraction peaks in
the XRD pattern of the b¢ phase (Cu1Zn1) with reference

Fig. 3—CV curves of Cu–Zn coatings obtained from electrolytes adjusted to different pH values.
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pdf card number 98-062-9462. The crystal structure of
pure copper is FCC and that of pure zinc is hexagonal.
When the XRD patterns are evaluated in terms of pH
change, it is seen that the diffraction peaks in the XRD
patterns tend to increase with increasing pH value,
although this trend seems to be broken in the sample
produced at pH 5.5. The pH change affects the activity
of citrate complexes which play a critical role in the
reduction of Cu and Zn in the electrolyte. While some of
the metal citrate species in the bath support the
reduction, others may play an inhibitory role during
the reduction.[25] It can be stated that metal citrate
complexes, which play an effective role in the deposition
of Zn content until pH 5.5, gradually increase their
effect, but after pH 5.5, this effect starts to disappear.
Especially pH 5.5 is a turning point in terms of Zn
content. The change in peak height from pH 4.5 to 5 and
the change in peak height from pH 5 to 5.5 are
considered to be completely different situations. There
is a phase change in the rise from pH 4.5 to 5, but the
rise from pH 5 to 5.5 appears to be a change within the
same phase type. The metal citrate complex activities
affected by the pH change seem to have caused such a
change in both elemental content and crystal orienta-
tion. The increasing trend in the peaks with increasing
pH is also reflected in the increase in grain size (Table I).
When the coating contents, which is one of the most
important factors affecting the XRD patterns, are
examined, it is understood that the increase in Zn
changes direction and tends to decrease after pH 5.5 and
this is also reflected in the patterns. At pH higher than
5.5, it can be stated that the increase in Zn content in the
coating is restrained in terms of bath kinetics. The
complexity of the electrodeposition baths does not
always allow a linear change in the experimental results
obtained. For example, a small change in an important
parameter such as pH can have very important reper-
cussions on the results. Furthermore, since the produc-
tion of electrochemical alloys is not a balanced
deposition process, they do not follow the phase
diagram in an absolute way, but it is possible to say
that there is a general compliance with the relevant
phase diagram.[58] Another point is that an increase in
the pH of the electrolyte can increase the grain size of
the deposit by decreasing the nucleation rate. In
addition, an increase in pH may cause an increase in
current efficiency up to a certain value depending on the
content of the electrolyte.[29,59,60] Pawar et al.[45]

reported that pH increase in the electrodeposition of
Cd-Se thin films increases the film thickness, but after a
certain pH value, the film thickness tends to decrease
again. The grain size increasing effect of pH increase
seems to be generally consistent with XRD results.
Table I shows that the crystalline grain size values
calculated from the most intense peaks of the alloy films
tend to increase with increasing pH. It is seen that the
crystal grain size values of Cu–Zn alloys vary between ~
14 and 25 nm. When the crystal grain size values are
analyzed according to the pH change, the striking point
is the sudden increase in the crystal grain size, especially
in the transition from pH 4.5 to pH 5.0, and it seems
possible to explain this situation with the transition
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from a phase to b¢ phase. With this pH increase, the
nature of the electrolyte is affected and the properties of
the resulting Cu–Zn alloy, such as crystal and phase
structure, elemental content, etc., may change; more-
over, this change seems to have affected the nucleation
mechanism during deposition and caused a sudden
change in grain size. With the further increase in pH
value, the crystal grain size first decreased and then
showed an increasing trend with the increase in pH. It is
noticeable that the effect of the change in Zn content on
the change in crystal grain size seen after pH 5.0 is great.
In Table I, there is an inverse relationship between the
change in Zn content and the change in crystal grain
size. It is seen in Table I that while the crystal grain size
decreases with the increase in Zn content, the crystal
grain size increases again with the decrease in Zn
content. In addition, when the microstrain values
(belongs to the highhest peak) given in Table I are
examined, it is noticed that there is a sudden decrease
with the transition of the phase structure from a to b¢
phase with the increase in pH, and then follows a
parallel change course with the Zn content affected by
the pH change. When the grain size values calculated
from the W–H graphs given in Table I and shown in
Figure 6 are compared with the grain size values
calculated by the Debye–Scherrer equation, it can be
stated that the values are in general agreement. There is
a slight difference between the microstrain values
calculated from W–H plot and those calculated from
Eq. [1], which are also shown in Table I. It is seen that
the microstrain values calculated by the W–H plot
method are lower than those obtained from Eq. [1].
Similarly in the literature, it is seen that there are similar
differences in the microstrain values calculated by these
two methods.[35,61]

Table II shows the effect of pH variation on the
relative texture coefficient (RTC) values of Cu–Zn alloy
coatings. XRD pattern of the b¢ phase of Cu1–Zn1 alloys
with reference code 98-062-9462 was used to calculate
the RTC values. The Cu–Zn coating sample produced at
pH 4.5 could not be included in the RTC calculations
because it was in the a phase due to its low Zn content.
From the RTC values in the table, it is observed that
although there is a random orientation in general, the
preferential orientation tends to be slightly concentrated
in the (110) plane. It is found that with the increase in
pH, the RTC values of the (110) plane decrease and the
orientation in this plane shifts to the (200) and (211)
planes. At pH 5.5, the orientation of the (200) plane is
completely reflected in the (110) and (211) planes. At pH
5.5, the Zn content reached its maximum value and
started to decrease at higher pH values and this turning
point seems to have affected the crystal orientation of
the phase structure. With the further increase in pH, the
RTC values of the (200) plane reappeared and increased,
while the RTC values in the (110) and (211) planes
decreased with this effect. The contribution to the
preferred orientation of the formation of the lowest
overall energy conditions between the surface and strain
energies of electrodeposited films can be expressed in
terms of the principle of satisfying thermodynamic
requirements. The film will tend to grow in whichever

preferred orientation has the lowest surface or strain
energy. From the RTC values, it is possible to state that
the energy barrier level of this plane increases due to the
relative decrease in orientation in the (110) plane with
increasing pH. In addition, although pH increase
decreases the energy level in the (200) plane, the
situation in the (211) plane seems to be more compli-
cated. With the increase in pH (5 to 5.5), the energy
barrier level decreased with the effect of the phase
change and the orientation in this plane increased
significantly, but at higher pH values, the changing
crystal structure conditions with the effect of complex
electrodeposition kinetics seem to increase the energy
level required for orientation in this plane. Changes in
pH, an important electrochemical parameter, affect the
bath conditions, thus causing changes in the elemental
content of the coating. Basically, these content changes
can have effects on properties such as phase structure,
crystal structure, and preferred orientation. These effects
can change the thermodynamic energy barrier values of
the crystal orientation planes.[62–65]

C. Morphology and Content Analysis

In Figure 7, Cu and Zn contents in Cu–Zn thin films
deposited at different electrolyte pH values are presented
comparatively. Figure 8 shows the surface morphology
and EDS graphs of Cu–Zn thin films produced at
different bath pH values. The thicknesses of the Cu–Zn
coatings produced were measured with a micrometer by
peeling from the substrate and thickness values ranging
between 6 and 10 lm were obtained. It was observed
that there was no meaningful change between pH
variation and coating thicknesses. The pH change can
decrease the deposition rate of one of the elements that
make up the alloy, while increasing the deposition rate
of the other element.[25] Probably due to this reason,
there may not be a significant change in coating
thicknesses. It was also found that the coatings adhered
very well to the substrates during stripping. Processes
such as polishing and sanding performed before depo-
sition are critical for the adhesion of the coatings to the
substrate. It has been observed that the processes
applied meticulously before deposition are effective in
the adhesion of Cu–Zn coatings to the substrate. From
Figure 7, it is evident that the bath pH values signifi-
cantly affect the coating content. The Zn content first
increased with increasing pH, but showed a decreasing
trend after pH 5.5. Bedir et al.[66] investigated the effect
of bath pH on the properties of Zn-Mn electroplatings
and similarly reported that the Mn content in the alloy
coating first increased with increasing pH, but after pH
5, the Mn content tended to decrease. The lowest Zn
content was obtained in the film deposited at pH 4.5. It
appears that the increased H+ ions due to the relatively
low pH value significantly inhibit the rate of incorpo-
ration of Zn ions into the coating. Since the pH scale is
logarithmic, even small increases can significantly affect
the nature of the electrolyte. In CV analyses, it was
stated that the addition of sodium citrate brought the
deposition potentials of Cu and Zn elements closer to
each other and contributed to alloy deposition.[49]
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However, it can be stated that the low pH value plays an
inhibitory role in this effect of sodium citrate. Özdemir
and Karahan[67] investigated the effect of sodium citrate
on Cu–Zn alloys (deposited at pH 5.8) and found a
similar situation in their study. According to the results
obtained by the authors, it was observed that almost
only Cu was deposited in the bath where sodium citrate
was not added. It is clear from this that sodium citrate is
critical for the deposition of Cu and Zn together and
that the pH value must be appropriate for this effect to
occur. Chassaing and Quang[68] stated that the pH value

increased gradually with increasing citrate concentra-
tions in the bath and this increase was due to the gradual
neutralization of hydrogenated citrate ions. In our
study, citrate concentration is constant, but changing
pH values affect citrate ions. From the SEM images of
Cu–Zn films in Figure 8, it can be stated that increasing
the pH value greatly affects the surface appearance and
structure. First of all, it can be easily noticed that the
SEM image of the film produced at pH 4.5 with high Cu
content has a darker color tone than the films produced
at other pH values. It is understood that a dark color is

Fig. 4—Effect of electrolyte pH on the deposition potential of Cu–Zn coatings.

Fig. 5—XRD patterns of Cu–Zn films deposited at different electrolyte pH values.
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obtained in this way due to the high Cu content. With
the increase in the pH ratio and the increase in the Zn
content, the color tone in the SEM images of the
coatings changed toward white. This situation stands
out as a determination compatible with the increase in
the Zn content in the film content. Another noteworthy
point in the SEM images is the decrease in the lateral
gaps between the Cu–Zn layers that grow during the
electrodeposition process with increasing pH value.
Moreover, this seems to be more related to the pH
value than the Zn content. Because, although the Zn
content decreased after pH 6, the lateral gaps between
the growing layers were completely closed and a denser
and tighter Cu–Zn film was obtained at pH 6.5. The pH
increase played an active role in the closure of the gaps
by affecting the lateral growth capacity as well as the
vertical growth of the Cu–Zn layers growing on the
substrate. It can be stated that the effect of pH increase
on increasing the grain size by decreasing the nucleation
rate and the decrease of these lateral voids are mutually
supportive.[29,59,60] Ibrahim and Bakdash[17] used gluta-
mate as a complexing agent in their study on Cu–Zn
alloy electrodeposition and investigated the effect of pH
(in the range of 0–2.5) on the surface morphology of the
coatings. The authors reported that at low pH values (0
and 1), Cu–Zn deposits were in the form of needles
scattered on the substrate surface. In addition, they
reported that as the pH value increased, Cu–Zn deposits
started to cover the entire substrate surface and started
to turn into cauliflower morphology to a great extent. In
another study on Zn–Fe–Mo alloy deposition,
Winiarski et al.[50] investigated the pH effect (4.8 to 6)

on the surface morphology of the coatings. The authors
reported that Zn–Fe–Mo coatings became more homo-
geneous, smooth and dense with increasing pH, but
crack formation was observed with further increase in
pH.
In the electrochemical deposition of polycrystalline

metallic alloys, the process consists of nucleation and
growth of these nuclei. The course of this process affects
the morphology of the films and the size and shape of
the grains. With the applied current, a certain number of
nuclei are formed, which act as accumulation centers for
atoms, and the nucleation and growth mechanisms
occur simultaneously. The number of nuclei formed
during the electrodeposition process and the deposition
rate significantly influence each other. Depending on the
rate of diffusion of atoms and electrodeposition pro-
duction variables, new nuclei are formed, while already
formed nuclei expand and continue to grow until
equilibrium is reached. As conditions change, the
structure of the film changes to adapt to the new
conditions.[69,70]

D. Electrical Resistivity Analysis

In metals, electrical conduction is carried out by free
electrons, which must be excited to free energy levels
above the Fermi energy level to contribute to conduc-
tion. Metals have high electrical conductivity because a
large number of electrons can fulfill this condition. Free
electrons in metals move on average in the direction
opposite to the current direction during scattering. The
average distance over which free electrons can move in a

Fig. 6—W–H plot of Cu–Zn films deposited at different electrolyte pH values (a) 4.5, (b) 5, (c) 5.5, (d) 6, (e) 6.5.
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straight line without scattering is called the mean free
path, and a lower mean free path results in higher
electrical resistance. Resistance to the applied electric
current can be explained by the presence of an effect
called frictional forces. These frictional forces are due to
factors such as the type and amount of impurity atoms,
lattice stresses and vacancies, intermediate atoms, dis-
location density, texture structure, the phase composi-
tion and type of alloy, and even the scattering of
electrons caused by the thermal vibrations of the atom
itself. Each scattering event causes the kinetic energy of
the electron to decrease and the direction of motion to
change. The scattering of electrons can be expressed as
resistance to the passing electric current. When an
impurity atom dissolves in a metal, it causes a redistri-
bution of conduction electrons around the impurity
atom. In addition, the crystal structure and grain size
also affect the electrical resistivity of the material. In a
given volume of material, the smaller the grain size, the
greater the amount of intergranular boundary in that
volume. Since grain boundaries act as scattering centers
for electrical charge carriers, they contribute to the
increase in electrical resistance.[53,69,71–73]

Figure 9 shows the effect of temperature change
between 149 K and 395 K (� 122 �C to 122 �C) on the
electrical resistivity values of Cu–Zn alloys deposited at
different electrolyte pH values. Figure 10 shows the
effect of the pH change of the electrolytes in which the
deposition process was carried out on the electrical
resistivity values of Cu–Zn alloys at different tempera-
tures. From the data obtained, it is concluded that the
electrical resistivity values of Cu–Zn alloy films vary
between 0.0305 and 0.0828 lXcm. When the graphs
given in Figures 9 and 10 are evaluated together, first of
all, it is seen that the electrical resistivity values of all
Cu–Zn alloys increase steadily with the increase in
temperature. In pure metals and most Cu alloys,
resistivity increases linearly with temperature. In metal-
lic materials, the thermal energy increase in the crystal
structure with increasing temperature leads to an
increase in lattice vibrations. This effect leads to an
increase in the scattering of charge carriers (phonon
scattering of conduction electrons) and thus to an
increase in the electrical resistivity of the metallic
material.[53,69] Miyajima et al.[73] performed electrical
resistance measurements of Cu–Zn alloys with approx-
imately 31 pct Zn content at temperatures of 77 K and
293 K. According to the results obtained by the authors,
the electrical resistance of Cu–Zn alloy increased more
than 5 times with increasing temperature.

When the effect of electrolyte pH change on electrical
resistivity is examined from Figures 9 and 10, it is
apparent that the resistivity first increases with pH
increase and then decreases again after pH 5.5. pH 5.5
appears to be a turning point in electrical resistivity
values, as well as a turning point in terms of Cu and Zn
content in the coating, crystal grain size, and change in
RTC values (see Tables I and II, Figure 7). These three
factors are potential properties that can affect the
electrical resistivity and all of them were affected by
the electrolyte pH change. While the electrical resistivity
increased with decreasing Cu content and increasing Zn
content in Cu–Zn films, the decrease in Zn content after
pH 5.5 had an effect on the decrease in resistance value.
This can be explained by the contribution of empurite
atoms to the electrical resistivity. Fairbank[74] studied
the electrical resistivity properties of Cu–Zn alloys from
14 K to room temperature and reported that the
resistivity of the material increases with the increase in
Zn content in the alloy. The change in crystal grain size
also seems to be effective on resistivity, especially after
pH 5.5, the crystal grain size tends to increase, which
may play a role in the decrease in resistivity. The change
in the RTC values calculated from the XRD patterns of
Cu–Zn alloys is also one of the factors that may be
effective on the resistivity, and it should not be ignored
that the fact that there is no XRD reflection at pH 5.5,
especially in the (200) plane, and the maximum value of
the RTC value in the (211) plane may be an effective
factor in obtaining the maximum resistivity value.
Because crystal lattice orientation is one of the highly
influential factors in terms of the movement of
charge-carrying electrons. It is visible that RTC values
belonging to the (200) plane are present at values lower
and higher than pH 5.5 (Table II). Lakshya et al.[75]

investigated the relationship between the relative texture
coefficient of a ceramic material and its electrical
resistance. According to the authors, the electrical
resistance increased up to 40 times with a 200 pct
increase in the texture coefficient. Another important
issue that can affect the electrical resistance of Cu–Zn
alloys is the phase structure. In particular, Cu–Zn
coatings produced at pH 4.5 were in the a phase, while
at higher pH values there was a transition to the b¢
phase. It is revealed from Figures 9 and 10 that the
lowest resistivity value is in the a phase sample produced
at pH 4.5. It is clearly understood from the graphs that
the resistivity values of the other samples in the b¢ phase
are relatively higher. Ayers and Massalski[76] investi-
gated the electrical resistivity values of a and b phases of
Cu–Zn alloys and reported that the b phase exhibited
higher resistivity values than the a phase. In another
study, Miyajima et al.[73] investigated the effect of rolling
process on the electrical resistance of Cu–Zn alloys with
Cu content around 70 pct. The authors stated that as a
result of this process, the electrical resistance also
increased due to the heterogeneous nanostructure due
to the increased grain boundary and dislocation density.
The authors also noted that the electrical resistivity
increases as a result of a decrease in the mean free path
of electrons with increasing density of lattice defects
caused by rolling.

Table II. Effect of pH on RTC Values of Cu–Zn Coatings

Sample RTC (110) RTC (200) RTC (211)

pH 5 59.85 22 18.15
pH 5.5 56.11 0 43.9
pH 6 42.22 23.5 34.24
pH 6.5 46.41 28.57 25.02
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E. DSC Analysis

The DSC curves of Cu–Zn alloys deposited at
different electrolyte pH values in the range of 0 �C to
400 �C are presented together in Figure 11. The fig-
ure shows that the endothermic energy flow is more
pronounced up to around 250 �C, while the energy flow
decreases much more after 250 �C. Particularly in the
range 150 �C to 250 �C, pronounced endothermic peaks
are observed. These energy transitions up to around
250 �C are thought to be related to possible phase
formation and transformations. In addition, it should be
taken into consideration that the processes of phase
irregularity elimination with thermal energy input to the
material may also take place in this range.[77,78] First of
all, it should be noted that since electrodeposition of
Cu–Zn alloys is not a balanced deposition process, the
phase diagrams may not be in complete agreement.[58]

Cu–Zn alloys with less than 60 pct Zn content can have
a, b¢ and c phases at room temperature at different rates
according to their content values. However, since there
may not be sufficient conditions for the diffusion of
atoms during the electrodeposition process, a complete
phase formation may not occur according to the element
content. When electrodeposited Cu–Zn alloys are
heated, the Cu and Zn elements that make up the alloy
can undergo phase formation or transformations in
order to reach equilibrium. In this case, when Cu–Zn
alloys are exposed to heat, the structure of the alloy can
be rearranged by diffusion of Zn atoms. In Cu–Zn
alloys, the transformation from the c phase to the b¢
phase can take place at temperatures around 200 �C to
300 �C.[79,80] The endothermic peaks seen in Figure 11
are likely to involve the transformation of the c or a
phases in the structure into the b¢ phase as well as the
diffusive rearrangement of atoms to reach equilib-
rium.[77–79] Hu et al.,[77] performed DSC analyses of
Ni–Mo alloys on electrodeposited samples and annealed
samples at different temperatures for 1 hours (700 �C,

1000 �C, 1200 �C). The authors reported that the peaks
in the DSC curves of the electrodeposited samples are
depressed peaks that spread over a wider temperature
range compared to the annealed samples. The authors
also noted that more energy release occurs in the DSC
curves of electrodeposited Ni–Mo alloys compared to
annealed ones. In another study, Kapoor et al.[78]

performed DSC analysis on the amount of energy
stored in crystallographic defects of nanocrystalline
Ni–Mo coatings produced by electrodeposition method.
The authors state that most of the heat released in DSC
analysis is due to grain coarsening and the elimination
of dislocations and twin faults. The authors also stated
that the energy stored doubled with the increase in Mo
content from 0.4 to 5.3 pct in the alloy coating, which is
caused by higher crystal defect density and finer grain
structure. The heights of the endothermic peaks at pH
4.5, 5, and 5.5 appear to be the same, but at pH 5 and
5.5, the possible phase formation and transformations
started at lower temperatures; and moreover, at pH 5
the peak ended at lower temperatures. The height of the
peak at pH 6 has increased and the starting and ending
temperatures of the peak appear wider. In this case, it is
thought that more phase transformation or formation
processes occur in the sample produced at pH 6. At pH
6.5, no significant endothermic peak is observed, but it is
clear from the DSC curve that a certain level of heat
transfer occurs up to around 250 �C. Due to the
deposition conditions at this value, it is understood that
the amount of possible phase transformation or forma-
tion is relatively reduced in this temperature range. Due
to the relatively low Zn content in this sample deposited
at pH 6.5, it is thought that the c phase is not present at
all or not in an amount that could cause an endothermic
peak. Pan et al.[79] reported that in their DSC analysis of
Cu–Zn alloy with 40 pct Zn content, the endothermic
peak in the transformation from c phase to b¢ phase
starts around 250 �C and lasts until around 400 �C. The

Fig. 7—Variation of copper and zinc content in Cu–Zn thin films according to bath pH effect.
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Fig. 8—Surface structure and EDS graphs of Cu–Zn thin films obtained at different bath pH values (a) pH 4.5, (b) pH 5, (c) pH 5.5, (d) pH 6,
(e) pH 6.5.
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authors also reported that at temperatures above
400 �C, the transformation from the b¢ phase to the b
phase begins. In another study, Mannan et al.[81] stated
that the transformation temperature from b¢ phase to a
and c phases in Cu–25 pctZn–6 pct Al alloys starts at
around 430 �C and ends at around 330 �C.

IV. CONCLUSION

Cu–Zn alloys were coated on aluminum substrate for
60 minutes at a current density of 8 mA/cm2 by

electrodeposition method. The effect of different bath
pH values (4.5 to 6.5) on various properties of the
obtained coatings was investigated. In addition, the
behavior of the electrolytes at different pH values was
analyzed by CV method. The results obtained are listed
below.

– From the CV analysis, it is seen that pH increase
causes a negative shift in the deposition potential of
Cu–Zn alloys up to pH 5.5, while there is no further
negative shift at higher pH values. The rate of
increase in current density in the cathodic direction
increased up to pH 5.5 and started to decrease again
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Fig. 9—Effect of temperature variation on electrical resistivity values of Cu–Zn alloys at different electrolyte pH values.

Fig. 10—The effect of the pH change of the electrolytes in which the deposition process is carried out on the electrical resistivity values of
Cu–Zn alloys at different temperatures.
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at higher values. Similar situation is observed in the
dissolution peak heights in the anodic direction. In
addition, the pH increase caused an increase in the
deposition potential of Cu–Zn alloys.

– The Cu–Zn film produced at pH 4.5 was found to be
a phase, while the alloy films produced at pH 5, 5.5,
6, 6.5 were generally composed of b¢ phase. The
crystal grain size values of the films increased
relatively with increasing pH and the microstrain
values first decreased and then followed a horizontal
course.

– With increasing pH, the Zn content in Cu–Zn alloys
first increased and then showed a slight decreasing
trend after a horizontal course. In addition, the pH
increase contributed positively to the lateral growth
processes of the Cu–Zn alloy layers growing on the
cathode surface, resulting in a denser coating.

– The electrical resistivity values of Cu–Zn alloy films
ranged from 0.0305 to 0.0828 lXcm. The electrical
resistivity values first increased with increasing pH
and then showed a decreasing trend. In addition, the
resistivity values of Cu–Zn alloys also increased with
increasing temperature.

– The endothermic peaks observed between 150 �C and
250 �C in DSC analyses are thought to cover the
transformation of c phases in the structure into b¢ phase
as well as the diffusive rearrangement of atoms and
phase formation processes to reach equilibrium. With
the pH change, the heights of the endothermic peaks
and the starting and ending temperatures also changed.
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2. E. Ünal, A. Yaşar, and _IH. Karahan: Metall. Mater. Trans. A,

2023, vol. 54A, pp. 2340–61. https://doi.org/10.1007/s11661-023-
07020-0.

3. M.K. Kolle, S. Shajahan, and A. Basu: Metall. Mater. Trans. A,
2020, vol. 51A, pp. 3721–31. https://doi.org/10.1007/s11661-020-
05787-0.

4. S.I. Ghazanlou, A.H.S. Farhood, S. Ahmadiyeh, E. Ziyaei, A.
Rasooli, and S. Hosseinpour: Metall. Mater. Trans. A, 2019, vol.
50A, pp. 1922–35. https://doi.org/10.1007/s11661-019-05118-y.

5. J. Chen, C. Ruffert, H.H. Gatzen, R. Bandorf, and G. Brauer:
Design and Manufacturing of Active Microsystems

Fig. 11—DSC curves of Cu–Zn alloys deposited at different electrolyte pH values.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 55A, OCTOBER 2024—3953

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jmrt.2023.12.014
https://doi.org/10.1007/s11661-023-07020-0
https://doi.org/10.1007/s11661-023-07020-0
https://doi.org/10.1007/s11661-020-05787-0
https://doi.org/10.1007/s11661-020-05787-0
https://doi.org/10.1007/s11661-019-05118-y


Microtechnology and MEMS, Springer, Berlin, 2011, pp. 167–88. h
ttps://doi.org/10.1007/978-3-642-12903-2_10.
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19. S. Staroń, P. Ledwig, and B. Dubiel: Metall. Mater. Trans. A,
2022, vol. 53A, pp. 2071–85. https://doi.org/10.1007/s11661-022-
06649-7.

20. S.U. Rehman, M. Khan, A.N. Khan, L. Ali, and S.H.I. Jaffery:
Acta Phys. Pol. A, 2015, vol. 128, pp. 125–27. https://doi.org/10.
12693/APhysPolA.128.B-125.

21. Y. Fu, H. Du, W. Huang, S. Zhang, and M. Hu: Sens. Actuators
A, 2004, vol. 112, pp. 395–408. https://doi.org/10.1016/j.sna.2004.
02.019.

22. X. Ren and K. Otsuka: MRS Bull., 2002, vol. 27, pp. 115–20. h
ttps://doi.org/10.1557/mrs2002.47.

23. K. Yurdal and _IH. Karahan: Acta Phys. Pol. A, 2017, vol. 132, pp.
1091–94. https://doi.org/10.12693/APhysPolA.132.1091.

24. S.M.A. Mousavi and R. Pitchumani: Corros. Sci., 2021, vol. 186,
p. 109420. https://doi.org/10.1016/j.corsci.2021.109420.

25. A. Dridi, L. Dhouibi, J. Hihn, P. Berçot, W. Sassi, and M.
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