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Abstract 

As a new trial to improve the corrosion resistance of the Fe-W alloy platings, Fe-W alloys 

incorporating a small amount of Zn, namely novel ternary Fe-W-Zn alloy platings, are 

prepared by constant-current electrolysis using citrate-ammonia baths. In this study, the 

effect of bath pH on elemental composition, morphology, plating structure and corrosion 

resistance of the electrodeposited ternary alloy platings are investigated. The W content of 

the electrodeposited alloys showed a maximum of 31.5 at.% at pH 8.0 and an inverse 

correlation was observed between the W content and current efficiency in the investigated 

pH range. The Zn content tended to decrease with increasing bath pH, and the structure of 

alloy platings gradually refined along with the increase in the amount of Zn incorporated 

into the Fe-W alloy. Potentiodynamic polarization test results reveal fine granular structured 

ternary Fe-W-Zn alloy prepared at pH 8.0, containing approximately 1.6 at.% of Zn, showed 
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distinctly enhanced corrosion resistance in a 1M H2SO4 solution compared to binary Fe-W 

alloy and ternary alloys prepared at pH 6.0, 7.0 and 9.0. It has been found that the bath pH 

has a great influence on the elemental composition of the ternary alloys, which significantly 

effects the plating structure and corrosion resistance of the alloy platings. 

Keywords: Ternary alloy plating, Fe-W-Zn alloy, Zn content, Plating structure, Corrosion 

resistance 

1. Introduction 

Recently, interest in electrodeposited W alloy plating has increased. Iron group element-W 

alloy platings, such as Ni-W, Co-W and Fe-W, are attracting great attention as promising 

alternatives for chromium (Cr) platings which use toxic hexavalent chromium, owing to 

their high hardness, wear resistance, corrosion resistance and thermal stability[1–7]. Further, 

W alloy platings are also gradually expanding its application to various industrial fields such 

as electrode materials for Li ion batteries[8] and fuel cells[9], micro-electronical systems 

(MEMS)[10] and magnetic materials[11]. 

Generally, electrodeposition of metal W from aqueous solution is difficult because tungstate 

ion predominantly exists as oxyanions such as paratungstates, [HW6O21]5-, metatungstates 

[H2W21O40]6- and tungstate [WO4
2-] ion, but the existence of iron-group elements enable W 

to be co-deposited as alloys based on the principle of induced co-deposition presented by 

Brenner[12]. 

Numerous studies have been carried out on the electrodeposition process and properties of 

alloy platings made from iron-group elements and W, especially on the Ni-W alloys from 

citrate-ammonia bath [13–17]. Despite the superior properties of the Ni-W alloys, the use of 

Ni is gradually being avoided due to environmental impact and toxicity to the human body 
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[18]. Eluted Ni ion from elemental Ni and Ni alloys has been reported as the one of the major 

cause in triggering skin inflammation or nickel-itch for human skin [19–20]. From this point 

of view, electrodeposited Fe-W alloys, which use harmless and abundant Fe is gaining 

considerable interest. Fe-W alloy platings have the advantages of high hardness and high 

thermal stability compared to Cr and Ni-W platings even at elevated temperatures[21–23]. 

However, their corrosion resistances are still insufficient to apply for coatings used in harsh 

industrial environments. Therefore, we propose the incorporation of a third element, Zn, into 

Fe-W alloys as a solution to improve the corrosion properties of Fe-W alloys based on 

previous our report [24]. 

Fundamentally, the electrodeposition mechanisms of Fe-W alloys and the Ni-W alloys are 

expected to be similar[25]. However, it should be considered that the difference between the 

electrodeposition of Fe-W and Ni-W alloy system is that Fe has two oxidation states, which 

may make the bath chemistry more unstable.  

Moreover, the electrodeposition mechanisms of ternary alloys are more complicated, 

especially for those containing elements with distinct deposition potentials. Though various 

research on binary Fe-W alloy have been reported, details in electrodeposition mechanism 

of Fe-W alloy, especially on the effects of bath pH, are not well known. Moreover, 

electrodeposition of ternary Fe-W-Zn platings is a new system proposed by our group. Here, 

the effects of the bath pH on the elemental compositions, plating structures and corrosion 

resistances of the electrodeposited ternary Fe-W-Zn alloys are reported for the first time. 

The electrodeposition mechanism of the ternary alloy is discussed considering knowledge 

from previous reports on electrodeposition of the binary W alloy. In addition, the corrosion 

properties of the ternary alloys were evaluated by potentiodynamic polarization test in 1M 

H2SO4 solution. 
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2. Experimental 

2.1 Electrodeposition of ternary Fe-W-Zn alloy platings 

Ternary Fe-W-Zn alloys were deposited on commercial steel plates (B-60-P01, Yamamoto-

MS Co., Ltd) from citrate-ammonia baths. The plating bath for ternary Fe-W-Zn alloys were 

prepared by mixing Na3C6H5O7∙2H2O, (NH4)2SO4, FeSO4∙7H2O, Na2WO4∙2H2O and 

ZnSO4∙7H2O. The bath composition of ternary Fe-W-Zn alloys are presented in Table 1. 

Plating bath of binary Fe-W alloys were also prepared by excluding ZnSO4∙7H2O from the 

aforementioned bath recipe for comparison. The total volume of the baths was adjusted to 

200 ml by supplementing Ar gas purged distilled water and their temperatures were 

maintained at 80 °C using a water bath because the overvoltage required for the induced co-

deposition of the Fe-W alloy was reduced at higher bath temperatures [24]. The bath pH was 

adjusted to 6.0, 7.0, 8.0 and 9.0 by using 10 wt.% NaOH solution. Dissolved oxygen was 

removed from the bath by Ar purging for 30 min prior to electrodeposition.  

The steel plates (cathode) were degreased and cleaned with ethanol and 10 wt.% H2SO4 

solution, respectively, before use. The deposition area was adjusted to 2 × 2 cm2 by masking 

the extra area with an insulation tape. An anode chamber with a cation permeable diaphragm 

(Nafion® NRE-212, DuPont), filled with dilute H2SO4 solution, was adopted to prevent 

oxidation of Fe2+ and decomposition of organic complexing agents by the anodic reaction. 

A Pt coil (anode) was set in the anode chamber and Ag/AgCl electrode in saturated KCl 

solution was used as the reference electrode. A schematic illustration of the electrodeposition 

system used in this study is shown in Fig. 1. 

A potentio/galvanostat (HZ-7000, Hokuto denko) was used for electrodeposition. Linear 

sweep voltammetry was performed with a scan rate of 50 mV∙s-1 in each bath pH to verify 
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the electrodeposition behaviors of ternary alloys. Constant current electrolysis was carried 

out by applying a fixed current density of -20 mA∙cm-2 to prepare the ternary Fe-W-Zn and 

binary Fe-W alloys. The total amount of applied electric charge, Q, was set to 35 C∙cm-2. 

The baths were continuous stirred at 500 rpm using a magnetic stirrer during the plating 

process. Electrodeposition of each plating specimens were repeated at least 3 times per each 

bath pH condition to confirm the certainty of the data. The cathodic current efficiency (Ceff) 

was calculated based on the mass gain of the cathode and the elemental compositions of the 

deposited alloy platings using Faraday’s Law as follows: 

  Ceff = 
୫ୟୱୱ ୭୤ ୲୦ୣ ୢୣ୮୭ୱ୧୲ୱ

୲୦ୣ୭୰ୣ୲୧ୡୟ୪ ୫ୟୱୱ ୥ୟ୧୬
× 100 = 

௪⋅ி

ொ
∑

஼ೣ⋅௓ೣ

ெೣ
× 100        (1) 

where w is the mass of the electrodeposited alloys (g), F is Faraday’s constant (96,485 

C∙mol−1), Q is the passed amount of electric charge (C), Cx (x = Zn, Fe, and W) is the weight 

fraction of each element in the alloy, Zx is the ionic valence of each element, and Mx is the 

atomic weight of each element (g∙mol−3). 

2.2 Characterization of alloys 

Surface morphologies and cross-sectional structure of alloy platings were observed by field-

emission scanning electron microscope (FE-SEM, JSM-6330, JEOL). The elemental 

compositions of alloys were analyzed by energy-dispersive spectroscopy (EDS, SEM-EDX 

Type N, Hitachi). The composition analysis of the alloy plating using EDS was measured 

three different parts for the same sample about the metal elements (Fe, W and Zn) excluding 

or including the oxygen (O) content, separately. Phase analysis of electrodeposited alloys 

was conducted using X-ray diffractometer (XRD, RINT 2500TTR, Rigaku) equipped with 

Cu-Kα (λ = 0.15456 nm) radiation. The chemical state of metals constituting ternary alloy 

plating was studied using X-ray photoelectron spectroscope (XPS, ESCALAB 250Xi, 
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Thermo scientific) equipped with Al-kα (1486 eV) source. Individual high-resolution scans 

for W 4f, Fe 2p and Zn LMM were taken at pass energy of 20 eV, in step of 0.05 eV and 50 

msec dwell time. Ar etching was carried out in each sample for 300 sec with 4,000 eV Ar 

ion beam for comparing the oxidation state of metals at plating surface and inner plating 

layer.  

2.3 Corrosion tests 

Potentiodynamic polarization measurements were carried out in 1M H2SO4 solution at room 

temperature. The test solution was deaerated with high purity Ar gas for 30 min to remove 

the dissolved oxygen. The exposed area of the plating specimens was fixed to 1 × 1 cm2. 

Polarization measurements were carried out from -0.3 V (vs. OCP) to +2.5 V (vs. Ag/AgCl) 

with a scan rate of 1 mV∙s-1. The open circuit potential (OCP) was stabilized for least 30 min 

before the polarization measurement, except for the Zn plate. Considering that the corrosion 

rate of Zn is very high in 1M H2SO4 solution, the polarization test for Zn plate was measured 

immediately after immersion in the solution. The polarization parameters, such as corrosion 

potential (Ecorr) and corrosion current density (Icorr) were calculated from the intersection of 

the anodic and cathodic Tafel curves employing the Tafel extrapolation methods. And critical 

current density (Icrit) and passive current density (Ipass) were determined from the 

polarization curves. Polarization measurement was performed at least 2 times for each 

condition for different samples to confirm reproducibility. 

3. Results and discussion 

3.1 Electrodeposition 

Figure. 2 shows a series of linear sweep voltammograms measured at bath pH of 6.0 to 9.0. 

The gradient of the curves decreased and the deposition potential shifted to more cathodic 
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direction as the bath pH increased. At pH of 8.0 and 9.0, the current started to increase 

drastically from approximately -1.05 V (vs. Ag/AgCl). This indicates the electrodeposition 

of the ternary alloys occurs at this potential. This showed the similar results with our 

previous reports about the electrodeposition of ternary Fe-W-Zn alloy plating, which the 

deposition potential of binary Fe-W alloy was about -1.0 V at bath of pH 8.0, and the addition 

of Zn into Fe-W bath slightly shifts the deposition potential to more base potential direction 

[24]. At the pH of 6.0 and 7.0, the current largely increased from around -1.00 V, but an 

gradual increase in current was also observed from -0.8 V. Considering the speciation 

diagram of the citric acid[26], the predominant species at pH range of 7.0 to 9.0 is the triply-

charged anion C6H5O7
3- (Cit3-) that can form complex ions with other metal ions[27]. 

However, in the plating bath below pH 7.0, the fraction of Cit3- drastically decreases, and 

only about 60 % of citrate ions exists as Cit3- at pH 6.0. Considering the amounts of 

Na3C6H5O7∙2H2O, FeSO4∙7H2O and Na2WO4∙2H2O used in this experiment, the amount of 

Cit3- is insufficient for all metal ions to form metal ion-citrate complex at pH 6.0 and 7.0. 

Therefore, the reduction of metal Fe from the free Fe ions may also accompany with those 

from the Fe-citrate complexes. 

3.2 Characterizations 

The XPS analysis was conducted for verifying the chemical state of electrodeposited ternary 

alloy plating. Fig. 3 presents the XPS W 4f core level spectra for ternary alloy plating 

deposited at bath pH range of 6.0 to 9.0. The standard binding energy for W 4f7/2 is 36.1 eV 

(WO3), 33.1 eV (WO2) and 31.6 eV (metal W), respectively. The XPS W 4f spectra of plating 

specimens before Ar etching shows W exists mainly as W6+ (WO3) at plating surface. This 

suggest a thick oxide layer including WO3 is present on the top surface. However, W 4f 

spectra obtained after Ar etching for 5 min shows W mainly exists as W0 (metal W) at the 
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inside of the plating layer, unlike the plating surface. The fraction of WO3 at the inside of 

the plating layer was relatively high in the alloy deposited at pH 6.0, which may originate 

from the incomplete reduction of tungstate ion (WO4
2-) to metal W owing to insufficient 

Cit3- concentration at this pH. Fig. 4 presents XPS Fe 2p and Zn LMM spectra of ternary 

alloy plating. The XPS Fe 2p spectra of the plating specimen before Ar etching presented in 

Fig. 4(a) shows Fe mainly exists as oxidized state (Fe2O3, binding energy: 710.8 eV) at the 

plating surface. However, Fig. 4(b) suggest Fe also exists as a metal Fe (Fe0, binding energy 

of 706.7 eV) after Ar etching for 5 min. Because Zn shows only a small binding energy shift 

in the Zn 2p region, Zn LMM Auger peaks were measured instead of Zn 2p spectra [28]. As 

shown in Fig. 4(c), it was difficult to distinguish the peaks due to various oxidation states, 

but after Ar etching for 5 min (Fig. 4(d)), the peaks were confirmed around 992 and 995.6 

eV as with the peaks of metal Zn confirmed from the reference sample (bulk Zn plate) 

presented in Fig 4(e). From the XPS analysis results, it was confirmed that the top surface 

of ternary alloy plating was present in an oxide state, and inner layer was present mostly as 

a metallic state. 

The elemental compositions of metal elements (Fe, W and Zn) of the ternary alloy plating 

measured by EDS and current efficiencies of ternary alloys are presented in Fig. 5. The 

reason for measuring only the composition of metal elements excluding the oxygen content 

of the plating was for analyzing the composition excluding the influence from the oxide 

layer present on the plating surface confirmed by XPS results. The Zn content of the alloys 

and current efficiencies were the highest at pH 6.0 while the W content became the lowest 

value of approximately 17 at.%. Considering the ionization of ammonia shown in Fig. 5(c), 

almost ammonia in plating bath exists as NH4
+ at pH 6.0 and 7.0, which does not form 

complex ions with Zn. Thus, Zn may exist as a citrate complex ions such as [Zn(Cit)]− (log 
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β = 5.02) and [Zn(Cit)2]4− (log β = 6.76)[29], or a ternary complex ions with other co-existing 

metal ions, such as Cit-Zn-Fe or Cit-Zn-WO4 complexes. On the other hand, Zn-ammonia 

complex ions are expected to form above pH 7.0 as the fraction of NH3 increases because 

[Zn(NH3)4]2+ (log β = 9.06) has a higher stability constant than the aforementioned Cit-Zn 

complex ions [30]. Zn ions are expected to exist as almost [Zn(NH3)4]2+ at above pH 8.0. In 

this pH region, metallic Zn can be electrodeposited from the ammonia complex by the 

following reaction.  

[Zn(NH3)4]2+ + 4H+ + 2e− → Zn + 4NH4
+

       (2) 

However, when the pH is increased to 9.0, Zn content in the alloy plating drastically 

decreased. This may be attributed to the excess NH3 in plating bath . Accounting to Fig. 5(c), 

the fraction of NH3 rapidly increases to about 40 % at pH 9.0 and greatly exceeds the amount 

necessary to form Zn-ammonia complex ions. The excess NH3 may stabilize [Zn(NH3)4]2+ 

and suppress the reduction of [Zn(NH3)4]2+ to metallic Zn. Meanwhile, W content showed 

no clear correlation between the Zn content, implying an independent deposition process of 

W and Zn. The W content of the alloy was found to be inversely proportional to the current 

efficiency. According to previous reports on the iron group element-W alloy platings[26, 31], 

the deposition precursor of the Fe-W alloy is reported to be the quaternary complex ion 

[(Fe)(WO4)(Cit)(H)]2−, which is formed when [(Fe)(Cit)]− and [(WO4)(Cit)(H)]4− exists 

according to the following equation. 

[(Fe)(Cit)]− + [(WO4)(Cit)(H)]4− → [(Fe)(WO4)(Cit)(H)]2− + Cit3−    (3) 

[(Fe)(WO4)(Cit)(H)]2− + 8e− + 3H2O → FeW + 7(OH)− + Cit3−     (4) 

The W content of the ternary alloy obtained in this study showed close relationship with the 

fraction of [(WO4)(Cit)(H)]4- at each pH as shown in Fig. 5(d). The relative abundance of 
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this specie was the highest at pH 8.0, and this corresponded to the W content of the alloy, 

which was also the highest at this pH value. Decrease in W content at pH 9.0 implies that 

the metal W precipitates from the mixed-metal complex, [(Fe)(WO4)(Cit)(H)]2− and not 

WO4
2-. The inverse relationship between current efficiency and W content is considered to 

be due to higher hydrogen evolution reaction (HER) rate at cathode surface during 

electrodeposition. Because W has a low hydrogen evolution overvoltage, metallic W 

electrodeposited on the cathode surface can activate the HER. Current efficiency of alloy 

deposition may have decreased due to consumption of electrons by HER. 

Figure. 6 shows the X-ray diffractograms for ternary Fe-W-Zn alloy platings and the binary 

Fe-W alloy plating. All alloys exhibited a single broad peak between 42.70 to 43.88°. At the 

binary Fe-W alloy, this broad peak represents the incorporation of W into BCC structured 

Fe lattice, especially at Fe (110) plane (2θ = 44.74°). Considering the fact that the solubility 

limit of W in bcc Fe is about 14 at.%[32], alloys which contain W content above this value 

become a typical "amorphous-like" nanocrystalline[6] or amorphous structure[22]. This 

incorporation enlarged inter-planar spacing of d (110) and can transform the crystallographic 

structure of electrodeposited Fe[33], which can shift the peak position to lower diffraction 

angle. 

In the XRD patterns of the ternary alloys, the peak intensity was gradually decreased as bath 

pH decreased from 9.0 to 6.0. This can be attributed to the increase in the Zn content in the 

ternary alloys, which decrease the crystallinity of the Fe-W alloy structure. However, the 

tendency of peak position and full wide at half maximum (FWHM) were not coincident with 

Zn content of alloys. In case of ternary alloy deposited at pH 8.0, the peak position was 

confirmed at the lowest angle (2θ = 42.70°), and FWHM was the largest (7.11°). This can 
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be assumed that the peak position and FWHM of ternary alloys are affected by both W and 

Zn content of the alloy. 

Figure. 7 shows the surface FE-SEM images of alloy platings electrodeposited at various 

bath pH. All alloy platings obtained in this pH ranges showed a rather smooth surface even 

though no additives were added into the plating bath. Some small particles were found to be 

irregularly distributed on the surface of the platings obtained at pH 6.0 and 7.0. Meanwhile, 

the plating obtained at pH 8.0 exhibited the smoothest surface and the particles observed at 

pH of 6.0 and 7.0 were hardly recognized. There were also no particles on the surface 

obtained at pH 9.0; however, the morphology became coarse and the surface irregularity 

increased. 

The FE-SEM images of the fractured cross-sections of the alloy platings are presented in 

Fig. 8. No clear grains could be obviously observed for the alloy obtained at pH 6.0, which 

seems reasonable from the weak and broad XRD peak, implying an amorphous-like 

structure. As the bath pH increased, the cross-sectional structure of plating gradually 

changed, and fine granular structure was observed at pH 8.0, and a columnar structure was 

observed at pH 9.0. Considering the relationship between the surface, cross-sectional 

structure and the elemental composition of the alloys obtained at each pH, it seems that the 

Zn content has a greater influence on the structural change of the alloys than the W content. 

Namely, an amorphous-like plating structure is obtained as the Zn content of the alloy 

approaches approximately 3 at.% (pH 6.0), a fine granular structure when the Zn content is 

between 1 to 2 at.% (pH 7.0 and 8.0), and a coarse columnar structure similar to that of the 

binary Fe-W alloy[24] was obtained when the Zn content became less than 1 at.% (pH 9.0), 

regardless of their W content. 
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Figure. 9 shows the SEM image and EDS mapping results for the particles irregularly 

distributed on the surface of the alloy platings prepared from the bath of pH 6.0. These 

particles were also observed on the platings prepared at pH 7.0. High content of carbon was 

detected from these particles and metal elements were hardly identified. Considering the 

starting materials of the plating bath, the only carbon source is the complexing agent; 

Na3C6H5O7∙2H2O. The decomposition of citric acid at the anode should not be the cause of 

the carbon product because the anode chamber was applied in this study. Therefore, it is 

anticipated that the particles originated from the cathodic reaction of citric acid. The 

incomplete reduction of metals from the metal-citrate complex ions at cathode surface may 

have generated these particles having a high carbon content. In contrast, from bath pH of 8.0 

or higher, where Zn can form stable complex ions with ammonia, such particles were hardly 

found. Therefore, it was presumed that the particles were generated by the incomplete 

reduction of citrate-Zn-X ternary complex ions (X= Fe or WO4
2-), which are not deposition 

precursors for metal Zn or Fe-W alloy. The increase in abundance ratio of NH3 in the plating 

bath by the pH change shall promote the formation of Zn-ammonia complex ions in place 

of ternary citrate-Zn-X complex ions and thus prevent the carbon generation from 

incomplete reduction of the citrate-Zn-X complex ions. 

3.3 Corrosion tests 

Figure. 10 shows the potentiodynamic polarization curves of the ternary alloy platings and 

reference materials, namely binary Fe-W plating, W plate, Fe plate and Zn plate, in 1M 

H2SO4 solution. In Fig. 10(a), the ternary alloys exhibited an Ecorr around -0.294 to -0.331 

V and showed similar value as that of the binary Fe-W alloy (W content: 33.5 at.%) of -

0.335 V. Increase in Zn content of the alloys may decrease the Ecorr due to the lower redox 

potential of Zn (-0.76 V /vs. SHE) than those of Fe (-0.44 V /vs. SHE) and W (+0.1 V /vs. 
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SHE); however, the trend of Ecorr and the Zn content of the ternary alloy did not match. The 

W content seemed to be mainly responsible for the Ecorr of the alloys. Generally, W has a 

more noble potential than Fe, but W-base alloys showed more base (lower) potential as the 

W content of the alloy increases, caused by WO3 formation on the surface in an acidic 

environment[34]. Therefore, the Ecorr of the ternary alloy obtained at pH 8.0 containing the 

highest W content (31.5 at.%) must have shown the lowest Ecorr of -0.331 V among the 

ternary alloys. 

While the Ecorr was mainly determined by the W content of the alloys, the Icorr of the alloys 

seemed to be greatly affected by the Zn content. The ternary alloy obtained at pH 9.0, which 

had the lowest Zn content and relatively high W content of 0.59 at.% and 30.15 at.%, 

respectively, exhibited a lower Icorr (2.46×103 μA∙cm-2) than the binary Fe-W alloy (6.69×103 

μA∙cm-2) with a higher W content of 33.5 at.%. Moreover, the ternary alloys obtained at pH 

7.0 and 8.0 having a moderate Zn content of around 1.7 at.% showed further lower Icorr 

(9.27×101 and 2.96×101 μA∙cm-2) and significantly improved passivation properties. This 

implies that the W content does not determining the Icorr value and that a small incorporation 

of Zn can significantly improve the corrosion property of the Fe-W alloy. On the other hand, 

the alloy obtained at pH 6.0, having the lowest W content (17.6 at.%) and highest Zn content 

(3.1 at.%), showed the largest Icorr (3.48×103 μA∙cm-2) among the alloys. This result well-

demonstrates that the corrosion resistance of the alloy is improved until the Zn content 

reaches around 1.5 to 2 at.% and deteriorates when further Zn is incorporated as shown in 

Fig. 11. The structural change of the platings by the Zn incorporation may be the possible 

reason for the change in corrosion properties of the alloys. The plating structures of the 

ternary alloys gradually changes from columnar structure to fine granular structure by the 

incorporation of Zn to the binary Fe-W alloy structure as presented in Fig. 8. The corrosion 
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resistance and passivation properties of the ternary alloys exhibited the best performance 

when its structure became fine granular structure. According to Ashassi-Sorkhabi et al.[35], 

since a long and straight plating structure can be an appropriate path for corrosion progress, 

corrosion resistance can be improved if such a corrosion path is shortened by changing in 

the microstructure of plating. 

The ternary alloys obtained at pH 7.0, 8.0 and 9.0 not only showed low Icorr values but also 

low Icrit values. These alloys showed a unique passivation behavior in the potential range of 

-0.16 to +0.58 V, which was not observed for the binary Fe-W alloy. It can be assumed that 

this passivation region was formed by incorporating Zn into a binary Fe-W alloy. However, 

polarization curve of Zn plate in Fig. 10(b) did not exhibit the passive region in this potential 

range. The corrosion rate of Zn plate in 1M H2SO4 solution was very fast. Despite this fact, 

the ternary Fe-W-Zn alloy with a small amount of Zn incorporation exhibited remarkably 

improved corrosion resistance compare to the binary Fe-W alloy. Thus, structural change of 

alloy platings by Zn addition to binary alloys seemed to be the important factor for 

improving passivation properties. After this first passivation, a second passivation region 

continuously appeared, showing similar behaviors to binary Fe-W alloy, but alloys prepared 

at pH 7.0 and 8.0 showed lower Ipass than binary alloy. Especially, the passivation proceeded 

immediately for the alloy obtained at pH 8.0, indicating its excellent corrosion property 

among all conditions. 

After the passivation regions, Fe plate, binary Fe-W and ternary Fe-W-Zn alloys showed 

rapidly increased current from near the +1.7 V. However, this was not appeared on W plate 

until +2.5 V, indicating the trans-passivation potential of Fe correspond to +1.7 V. Therefore, 

selective dissolution of Fe from Fe-W and Fe-W-Zn alloys start from this potential. In the 

region above this potential, the increase in current tends to be kept lower than that of the 
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binary alloy in the case of the ternary alloy obtained at pH 7.0 to 9.0. This means that ternary 

alloys have a lower Fe elution rate than binary alloys after the trans-passivation of Fe. In 

conclusion, the effect of improvement of the corrosion resistance was appeared when 

incorporation amount of Zn into Fe-W alloy increased until 2 at.% and showed the critical 

point when the Zn content is between 1.5 to 2 at.%. The parameters for polarization 

measurements are summarized in Table 2 and Fig. 11. 

Elemental composition of binary Fe-W and ternary Fe-W-Zn alloy before and after 

polarization test was analyzed by EDS, and the results are shown in the Table 3. After 

polarization measurement up to +2.5 V, Fe and Zn are expected to be gradually eluted from 

the corroding surface because +2.5 V is much higher potential region than that of trans-

passive region of these metals. However, W may exist as WO3 state at plating surface due 

to the wide passivation region of metal W, which can be supported by the polarization test 

results in Fig.10 (b). Therefore, it is anticipated that the high oxygen content after the 

polarization measurement is due to the formed WO3 film on the plating surface, and this can 

act as a protective layer from corrosive media. The optical photographs of both Fe-W and 

Fe-W-Zn alloy platings after polarization test are shown in Fig. 12. 

The surface FE-SEM images of ternary binary Fe-W alloy and Fe-W-Zn after polarization 

test until +2.5 V were presented in Fig. 13. In the low magnification SEM image of the Fe-

W alloy in Fig. 13 (a), there were several areas where cracks were seen on the surface. In 

area 1 shown in Fig. 13 (b), a number of fine cracks existed along with enlarged pin hole. 

Even in area 2, as shown in Fig. 13 (c), the destruction of the coating layer was extensively 

progressing. On the other hand, in the low magnification SEM image of the ternary alloy 

electrodeposited at pH 8.0 shown in Fig. 13 (d), the surface was relatively clean even after 

the polarization measurement. In area 3 of Fig. 13 (e), a small pin hole existed, but its size 
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was much smaller, and the surrounding cracks did not spread widely compared to binary Fe-

W plating. In addition, area 4 shown in Fig. 13 (f) exhibited a clean surface that was hardly 

damaged by corrosion. The ternary alloy proved to be superior corrosion resistance 

compared to the binary alloy in severe 1M H2SO4 solution. 

4. Conclusions 

In this study, the effect of bath pH on elemental composition, morphology, structure and 

corrosion resistance of electrodeposited Fe-W-Zn alloy platings were investigated. A clear 

relationship was found between the bath pH and the elemental composition of the ternary 

alloy. The Zn content of the alloys was anticipated to be dependent on the type of Zn complex, 

where a change from the Cit-Zn complex to the Zn-NH3 complex was expected above pH 

8.0. The alloy obtained at pH 8.0 with 1.6 at.% Zn exhibited a smooth surface morphology 

and fine granular structure, but further increase in pH to 9.0 induced excess amount of free 

NH3, making deposition of Zn more difficult, thereby reducing the Zn content in alloys. The 

W content of the ternary alloy showed direct relation to the fraction of [(WO4)(Cit)(H)]4− 

complex, which is the deposition precursor of W, not a tungstate ion (WO4
2-). The plating 

structure of the alloy gradually changed as the Zn content of the alloy increased, and Zn 

content was found to mainly contributed to crystal refinement than W content. Ternary alloys 

containing about 1.5 to 2 at.% Zn showed improved passivation properties and enhanced 

corrosion resistance, while ternary alloy with about 3 at.% Zn and binary Fe-W alloy showed 

inferior corrosion resistance. It was found that a critical value for Zn content existed to 

improve the corrosion property of Fe-W-Zn alloy platings. 
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Table 1 Bath compositions for ternary Fe-W-Zn alloy plating. 

Reagent Concentration (mol·dm-3) 

Na3C6H5O7 0.26 

(NH4)2SO4 0.8 

FeSO4 0.2 

Na2WO4 0.05 

ZnSO4 0.01 

 

Table 2 Polarization measurements parameters for the ternary Fe-W-Zn and binary Fe-W 

alloys in deaerated 1M H2SO4 solution. 

Specimen 
Ecorr 

[V] 

Icorr 

[μA∙cm-2] 

Icrit 

[μA∙cm-2] 

Ipass 

[μA∙cm-2] 

1st 2nd 

Fe–W–Zn (pH 6.0) -0.294 3.48×103 1.86×104 7.24×102 - 

Fe–W–Zn (pH 7.0) -0.295 9.27×101 3.58×102 9.77×101 2.47×102 

Fe–W–Zn (pH 8.0) -0.331 2.96×101 1.12×102 1.07×102 2.34×102 

Fe–W–Zn (pH 9.0) -0.308 2.46×102 4.48×102 3.20×102 6.62×102 

Fe-W -0.335 6.69×102 7.46×102 9.22×102 - 
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Table 3 Elemental composition of the binary and ternary alloys before and after 

polarization test. 

composition Binary Fe-W alloy Ternary Fe-W-Zn alloy 

[at.%] before after before after 

O 19.8 51.4 23.5 47.4 

Fe 52.1 28.1 49.7 32.6 

W 28.1 20.5 24.9 18.9 

Zn - - 1.9 1.1 
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Figure captions 

Fig. 1 Schematic diagram of plating system equipped with anode chamber used in this study 

Fig. 2 Linear sweep voltammograms for ternary Fe-W-Zn alloy plating bath with various 

pH range. 

Fig. 3 XPS W 4f spectra for ternary Fe-W-Zn alloy plating deposited at various bath pH: (a) 

pH 6.0, (b) pH 7.0, (c) pH 8.0 and (d) pH 9.0. 

Fig. 4 XPS Fe 2p and Zn LMM spectra for ternary Fe-W-Zn alloy plating deposited at pH 

range of 6.0 to 9.0: (a) Fe 2p spectra before Ar etching, (b) Fe 2p spectra after Ar etching for 

5 min, (c) Zn LMM spectra before Ar etching, (d) Zn LMM spectra after Ar etching for 5 

min and (e) Zn LMM spectra of reference sample (bulk Zn plate). 

Fig. 5 The pH dependence of ternary Fe-W-Zn alloy plating: (a) Zn content of alloys, (b) 

relation between current efficiency and W content of alloys, (c) ionization of ammonium ion 

(pKa = 9.27), (d) relative abundance for citrate-tungstate complexes at [WO4
2-]/[Cit3-]=1, 

according to Younes O. et al [26]. [1, 1, x]x-5 indicating the citrate-tungstate complexes; 

[(WO4)(Cit)(H)x]x-5 , and x indicating the number of protons. 

Fig. 6 XRD diffractograms, peak position, peak height and full width at half maximum 

(FWHM) for ternary Fe-W-Zn alloy plating deposited at various bath pH and binary Fe-W 

alloy plating deposited at pH 8.0.The intensity (y-axis) of each pattern was same as 400 cps. 

Fig. 7 Surface FE-SEM images and magnified images (inside) of ternary alloys obtained at 

various bath pH: (a) pH 6.0, (b) pH 7.0, (c) pH 8.0 and (d) pH 9.0. Equal amount of electric 

charge Q= 35 C∙cm-2 was applied for all deposits. 
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Fig. 8 Cross-sectional FE-SEM images of ternary Fe-W-Zn alloys obtained at (a) pH 6.0, (b) 

pH 7.0, (c) pH 8.0 and (d) pH 9.0. Equal amount of electric charge Q= 35 C∙cm-2 was applied 

for all deposits. 

Fig. 9 High magnification FE-SEM image and EDS elemental mapping of carbon (inside 

image) for Fe-W-Zn alloy surface deposited at bath pH 6.0. 

Fig. 10 Potentiodynamic polarization curves measured in deaerated 1M H2SO4 solution: (a) 

ternary Fe-W-Zn alloys with binary Fe-W alloy and (b) with comparative materials.  

Fig. 11 Corrosion current density (Icorr) and typical crystal structures of alloys according to 

the Zn content. 

Fig. 12 Photographs before and after polarization test until +2.5 V: (a) binary Fe-W alloy 

plating and (b) Ternary Fe-W-Zn alloy plating deposited at pH 8.0. Exposed area for 

polarization test: 1 × 1 cm2. 

Fig. 13 Surface FE-SEM images after potentiodynamic polarization until +2.5 V: (a) low 

magnification image of binary Fe-W alloy, (b) enlarged image of area 1, (c) enlarged image 

of area 2, (d) low magnification image of ternary Fe-W-Zn alloy deposited at pH 8.0, (e) 

enlarged image of area 3 and (f) enlarged image of area 4. 

  



 25

Figures 

 

Fig. 1 Schematic diagram of plating system equipped with anode chamber used in this 

study.  

 

Fig. 2 Linear sweep voltammograms for ternary Fe-W-Zn alloy plating bath with various 

pH range.  
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Fig. 3 XPS W 4f spectra for ternary Fe-W-Zn alloy plating deposited at various bath pH: (a) 

pH 6.0, (b) pH 7.0, (c) pH 8.0 and (d) pH 9.0. 
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Fig. 4 XPS Fe 2p and Zn LMM spectra for ternary Fe-W-Zn alloy plating deposited at pH 

range of 6.0 to 9.0: (a) Fe 2p spectra before Ar etching, (b) Fe 2p spectra after Ar etching for 

5 min, (c) Zn LMM spectra before Ar etching, (d) Zn LMM spectra after Ar etching for 5 

min and (e) Zn LMM spectra of reference sample (bulk Zn plate). 
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Fig. 5 The pH dependence of ternary Fe-W-Zn alloy plating: (a) Zn content of alloys, (b) 

relation between current efficiency and W content of alloys, (c) ionization of ammonium ion 

(pKa = 9.27), (d) relative abundance for citrate-tungstate complexes at [WO4
2-]/[Cit3-]=1, 

according to Younes O. et al [26]. [1, 1, x]x-5 indicating the citrate-tungstate complexes; 

[(WO4)(Cit)(H)x]x-5 , and x indicating the number of protons. 
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Fig. 6 XRD diffractograms, peak position, peak height and full width at half maximum 

(FWHM) for ternary Fe-W-Zn alloy plating deposited at various bath pH and binary Fe-W 

alloy plating deposited at pH 8.0.The intensity (y-axis) of each pattern was same as 400 cps. 
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Fig. 7 Surface FE-SEM images and magnified images (inside) of ternary alloys obtained at 

various bath pH: (a) pH 6.0, (b) pH 7.0, (c) pH 8.0 and (d) pH 9.0. Equal amount of electric 

charge Q= 35 C∙cm-2 was applied for all deposits. 
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Fig. 8 Cross-sectional FE-SEM images of ternary Fe-W-Zn alloys obtained at (a) pH 6.0, (b) 

pH 7.0, (c) pH 8.0 and (d) pH 9.0. Equal amount of electric charge Q= 35 C∙cm-2 was applied 

for all deposits. 
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Fig. 9 High magnification FE-SEM image and EDS elemental mapping of carbon (inside 

image) for Fe-W-Zn alloy surface deposited at bath pH 6.0. 
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Fig. 10 Potentiodynamic polarization curves measured in deaerated 1M H2SO4 solution: (a) 

ternary Fe-W-Zn alloys with binary Fe-W alloy and (b) with comparative materials. 
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Fig. 11 Corrosion current density (Icorr) of binary Fe-W and ternary Fe-W-Zn alloys in 1M 

H2SO4 solution according to the Zn content. 
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Fig. 12 Photographs before and after polarization test until +2.5 V: (a) binary Fe-W alloy 

plating and (b) Ternary Fe-W-Zn alloy plating deposited at pH 8.0. Exposed area for 

polarization test: 1 × 1 cm2. 

 

 

Fig. 13 Surface FE-SEM images after potentiodynamic polarization until +2.5 V: (a) low 

magnification image of binary Fe-W alloy, (b) enlarged image of area 1, (c) enlarged image 

of area 2, (d) low magnification image of ternary Fe-W-Zn alloy deposited at pH 8.0, (e) 

enlarged image of area 3 and (f) enlarged image of area 4. 

 


