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Abstract Zn,_Fe, alloys were electrochemically deposited
on AISI 4140 steel substrates from sulfate bath. The bath
was consisted of 40 g dm™ ZnSO,-7H,0, 2040 g dm™
FeSO47H,0. 25 g dm™ NasCeHsO;, and 16 g dm™
H3;BO;. The effect of bath composition on the electrical
resistivity, the phase structure, and the corrosion behavior
were investigated by the current-voltage measurements
versus temperature, the X-ray diffraction (XRD) analysis,
the atomic absorption spectrometry analysis, and the
polarization measurements, respectively. Iron content was
shown to strongly affect the structure, the electrical resis-
tivity and the corrosion stability of Zn—Fe alloys.

Introduction

Electrodeposited zinc-alloy coatings and those especially
containing one of the ‘iron group metals’ (e.g., iron, nickel,
and cobalt) have found to be important end-uses in various
industrial sectors. One of their subgroups, zinc—iron elec-
trodeposited coatings on steel sheets comprise one of the
most promising groups of materials for the automotive
industry. The electrodeposited Zn—Fe alloy coatings posses
many excellent properties, such as excellent corrosion
resistance due to the nature of the zinc—iron phase, excel-
lent paintability and good welding properties of zinc—iron
phase in comparison to the pure zinc [1-4], and have been
considered to be an alternative for the pure zinc coatings of
iron and steel products. These are easily achieved by
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alloying Zn with more noble metals, mostly with metals of
the iron group (Ni, Co, and Fe) [5, 6]. Zinc—iron alloys
exist in various phases, and also their structure and mor-
phology [7] also determine the corrosion resistance of a
deposit. The electrodeposition of zinc alloys with the iron
group metals are to be anomalously codeposited, whereby
zinc—the less noble metal—is deposited preferentially.
Anomalous codeposition is therefore a very important
phenomenon in the electrodeposition of zinc alloys.
Therefore, many research groups have reported the prep-
aration of these alloys with high or low iron content,
respectively [8-10].

The first objective of this study is to prepare Zn—Fe alloy
coatings onto steel substrates in a useful form from a sul-
fate bath in the static-current conditions. The second
objective is to study the influence of bath composition on
electrical resistivity, corrosion resistance, composition and
structure properties of Zn—Fe alloys.

Experimental
Electrodeposition of Zn-Fe alloys

Zn,_/Fe, alloys were deposited from a sulfate plating bath
consisted of 40 g dm™ ZnSO,4-7H,0, 20-40 g dm™ FeSO,-
7TH,0, 25 g dm™ NasC¢HsO,, and 16 g dm™ H;BO;.
The pH value of the bath was adjusted to about 4 with
hydrochloric acid. The employed electrolyte was prepared
using p.a. chemicals (Merck) and double distilled water.
Depositions were carried out at a current density of 1 A
dm™. Experimental temperature was 50 °C. The working
electrodes (WE) used for electrodeposition were AISI 4140
steel disks and the chemical composition of AISI 4140
steel is given in Table 1. They were polished with silicon
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Table 1 Chemical composition of AISI 4140 low alloy steel (%)

Element C Mn Si Cr Mo v S Cu P
Wt.% 0.36 0.80 0.005 0914 0.30 0.85 0.075 0.07 0.143 0.034

carbide papers from 3 through 1 to 0.5 Am and velvet,
rinsed with the twice distilled water, washed in acetone,
rinsed with the twice distilled water again and then dried in
air. Counter electrode was a Pt gauze electrode. The ref-
erence electrode used in all experiments was a saturated
calomel electrode (SCE). The phases present in the
deposits and the preferred orientation of the deposits were
determined by X-ray diffraction (XRD) analysis, using a
Siemens D500 X-ray diffractometer with CuK-« radiation.
The 20 range of 10-60° was recorded at a rate of 0.02°
20/0.5 s. The crystal phases were identified comparing the
20 values and intensities. The compositions of the films
shown in Table 2 were determined using an atomic
absorption spectrophotometer.

Corrosion measurements

The electrochemical behaviors of the electrodeposited
Zn-Fe alloys were analyzed in 3 wt.% NaCl aqueous
solution at room temperature in a Pyrex glass cell. The
corrosion behaviors of the samples were investigated by a
potentiodynamic polarization technique. Polarization
measurements were performed with an electrochemical
analyzer/workstation (Model 1100, CH Instruments, USA)
with a three-electrode configuration. The exposed area of
the specimens were about 1 cm® The specimens were
covered with a cold setting resin and immersed into the
solution until a steady open circuit potential (ocp) was
reached. After equilibration, polarization was started at a
rate of 1 mV/s.

Electrical resistivity measurements

Zn,_Fe, alloys were prepared by the constant current
technique. The deposition was performed with a current of
1 A/dm? at 50 °C and pH = 4. The films were deposited
onto an aluminum substrate, which was subsequently
stripped from the films by using 10% NaOH solution for

Table 2 Chemical composition of bath and coatings

% at Electrolyte % at Electrodeposits

Zn Fe Zn Fe
77 333 78 22
57.1 429 69 31
50 50 61 39

electrical resistivity measurements. The resistivity mea-
surements were done using the traditional four-point probe
method. The thermal voltage effect was eliminated by
taking the average of voltage readings with two reverse
currents at each temperature. Each sample was measured
several times to make sure the obtained data was reliable.
A closed-cycle helium cryostat (Leybold RW2) was used
to control the sample temperature with a sensitivity of
+0.2 K. Sample dimensions for the resistivity measure-
ments were | mm x 4 mm X 4 x 10~ mm.

Results and discussion

Brenner [11] classified the electrodeposition of Zn—Fe
alloys as anomalous. Codeposition of Zn and Fe is, how-
ever, not always anomalous since at low current densities,
it is possible to obtain normal deposition, where Fe
deposits preferentially to Zn.

Figure 1 shows the dependence of Fe deposit content on
the bath FeSO,4 content (g dm™). It is clear from the figure
that the Fe deposit content is measured to be 22 wt.% for
the bath Fe concentration of 20 g dm™ while the Zn con-
tent is obtained to be 80 wt.%. The increase in the Fe
concentrations is caused by an increase of the Fe deposit
content. But the Zn*™* ions are preferentially deposited
more than the Fe* ions. This is obeyed to the phenomenon
called ‘anomalous codeposition’ which was described as
the preferential deposition of the element with less positive
standard electrode potential [12].

Cyclic voltammetry was used to define the major char-
acteristics of the zinc deposition process. Figure 2 shows
the typical voltammograms obtained in the three solutions.
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Fig. 1 Dependence of Fe content of the deposits on electrolyte Fe
concentrations
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Fig. 2 Cyclic voltammograms for the Zn—Fe alloys
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Fig. 3 The typical XRD pattern of the resulted Zn—Fe alloy coating

The scans were initiated at E = 400 mV. In solutions,
during the forward scan towards the negative direction, the
cathodic current increased sharply when the Zn-Fe depo-
sition begins. The sign of a nucleation and growth process
as current crossover is not observed [13].

Figure 3 demonstrates XRD patterns of the electrode-
posited Zn—Fe alloys. The Zn-Fe alloy coatings have the
same structure as zinc [2] but different crystallographic
orientation, which is the consequence of the small iron
amount. The phases of the electrodeposited Zn—Fe alloys
are very complicated depending on the chemical compo-
sitions [14, 15]. The reflections of zinc-rich phase (JCP:
4-0831) [16] and a { phase are present in all investigated
deposits. The electrodeposited Zn—Fe alloys have meta-
stable structures and many phases coexist over a wide
range of composition. Adaniya et al. [17] have reported
that the phases of electrodeposited Zn—Fe alloys include: #
phase (100-81% Zn), 6,/y phase (89-70% Zn), y phase
(87-48% Zn), and o phase (62-0% Zn). Only relative
intensities of the two phases change among the deposited
layers with different compositions. As the Zn content in the
deposits increases the signals belonging to the 5 phase
when it becomes more intense.

Figure 4 shows the temperature versus normalized
resistivity values of the alloys. A linear change in the
resistivity of Zn,Fe,_, films with the variation of the Fe
content from x = 22 to 39 could not be observed although
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Fig. 4 Normalized resistivity curves as a function of temperature

the change in the resistivity with the variation of temper-
ature is almost linear for all the three samples. The biggest
resistivity was detected in the Zn,gFe,, film while the
largest change in the resistivity with temperature was
observed in the ZngoFes; alloy. Zng Fesy alloy shows a
very sharp resistivity increase above 300 K. The temper-
ature dependent resistivity curves in the figure appear
not to obey Matthiessen’s rule which predicts parallel
temperature-dependent resistivity curves. However, the
Kondo effect predicts a departure from the Matthiessen’s
rule in the samples with small magnetic atom contamina-
tion, e.g., Fe, in a non-magnetic metallic matrix, e.g., Zn
and Cu. This anomalous behavior is due to an additional
scattering of electrons by magnetic moments on the
impurity centers [18]. The resistivity—temperature variation
with Co content may therefore be much more complex than
that implied by Matthiessen’s rule. However, the decrease
in the resistivity with decreasing temperature seems to be
due to the reduction of the numbers of both phonons and
magnons.

Zinc is a good anti-corrosive material and the funda-
mental function of iron in the coatings is to make the
corrosion potential more positive. In this case, the alloy
coatings become nobler than zinc coatings and the Zn—Fe
alloy coatings become more corrosion resistant. For this
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Fig. 5 Linear sweep voltammogram of electrodeposited Zn-Fe
alloys and AISI 4140 substrate
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purpose Zn—Fe coatings were investigated. Figure 5 shows
the linear sweep voltammogram corresponding to the
influence of iron content on the corrosion behavior of the
electrodeposited Zn—Fe alloys. It can be seen that the free
corrosion potentials of Zn—Fe alloys become more negative
as the Fe content increases but a little negative than that of
AISI 4140 steel substrate, which indicates that the Zn—Fe
coating is an ideal anodic protective coating for iron or
steel products, and can provide longer protection for iron or
steel products than pure zinc coatings due to the smaller
free corrosion potential difference between the Zn-Fe
coating and that of iron-base substrate.

Conclusions

The protective Zn—Fe coatings were obtained from the acid
sulfate bath. The corresponding electroplating behavior and
corrosion properties of Zn-Fe alloys were investigated
using cyclic voltammetry and linear sweep voltammetry
methods. The effect of iron content was investigated on the
electrical resistivity and the structure of Zn-Fe alloys, and
the corrosion behavior of AISI 4140 steel substrates. The
increase in the Fe content of plating bath enhanced the
electrical conductivity and an increase in the Fe content
promoted a decrease in the corrosion resistance of Zn—Fe
deposit.
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