Composition, Structure and Corrosion Resistance of Iron-Cobalt-Tungsten Coatings deposited by pulse current
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Abstract. Principles of Fe-Co-W alloys electrodeposition from complex Fe (III) based citrate electrolytes are discussed. It is shown, that deposition of ternary alloys proceeds through competitive reduction of cobalt and tungsten with iron. With increasing ligand concentration coatings are enriched with a refractory component; however, increasing current density favors a reverse trend. The effect of both current density and pulse on/off time on the quality, composition and surface morphology of the electrolytic alloys were determined. The application of pulsed electrolysis provides increasing tungsten content up to 13 at.%, at current efficiency of 70–75 %. Globular surface of Fe-Co-W coatings is caused by refractory metals incorporation, and crystalline and amorphous parts of structure are visualized by X-ray spectroscopy, including inter-metallic phases Co7W6, Fe7W6 along with α-Fe and Fe3C. The crystallite size of the amorphous part is near 7–8 nm. Corrosion resistance of the coatings is 1.3–2.0 orders of magnitude higher than the substrate parameters as follows from data of polarization resistance method and electrode impedance spectroscopy. 

Key words: electrodeposition, corrosion resistance, citrate electrolyte, iron-cobalt-tungsten alloys, impedance spectroscopy, amorphous phase. 

Solving the applied problems in extending a range of functional materials predetermines interest in the electrolytic multi-component alloys. Special attention is paid to the co-deposition of iron triad metals with refractory elements [1 – 3]. Such coatings are interesting by the possibility of combining functional properties that exceed alloying metals. Spheres of multi-component coatings application are replacement of electrolytic toxic chromium and hardening of the surface [4-9], corrosion protection [10, 11], magnetic films with increased microhardness [12, 13], catalytic materials for heterogeneous red-ox processes [14, 15] and for electrodes in fuel cells (FC) and various red-ox flow batteries (RFB) [16–21]. 

Utilization of the electrochemical methods for thin alloy coatings synthesis displays interactions in the chain “process parameters – composition and structure of the material – properties – functions – application”. Of course, the advantage of above techniques for deposition thin-film multi-component systems is the possibility to flexibly control the content of components, rate of deposition, surface condition through the variation of the composition of electrolytes and regimes of polarization (static or pulse, reverse current or a decrease in potential) [22–26]. 

It should be noted that publications mainly reflect the binary Fe(Ni, Co)-Mo(W) alloys deposition and properties, but there are some positive results of the multi-component alloys deposition from the gluconate-chloride [4], citrate and citrate-ammonia [27], pyrophosphate [28], sulfate-citrate [29] electrolytes in galvanostatic and non-stationary mode. However, the main problem of the presented technologies remains the low content of refractory components and current efficiency [30, 31].
Given this, a study of electrolyte composition and pulse electrolysis parameters influence on the composition, morphology and, consequently, properties of Fe-Co-W alloys is required.

Experimental 
Ternary coatings were deposited onto planar samples out of two metals: copper and mild steel. Pretreatment of copper samples surface included mechanical polishing, degreasing, chemical etching in a mixture of the 50% nitric and 50% sulfuric acids, thorough washing with distilled water and drying. Pretreatment of steel samples included grinding, degreasing in a solution of sodium carbonate at 50 °C, and washing, etching in a mixture of hydrochloric acid and sulfuric acid at a temperature of 20 (C, and thoroughly washing in flowing water. 

Coatings Fe-Co-W were formed from electrolytes of the composition provided in table 1; the pH value was adjusted within the range 3.8–4.6 by addition of sulfuric acid or sodium hydroxide. 

Table  1 Electrolytes for deposition Fe-Co-W coating
	Components
concentration,
mol/dm 3
	The ratio
с(Fe3+) : с(Со2+) : с(WO42–) : с(Cit3–)

	
	1
	2

	
	1 : 1.3 : 0.6 : 2.7
	1 : 1.3 : 0.6 : 3.3

	Fe2(SO4)3∙9H2O
	0.075
	0.075

	CoSO4∙7H2O
	0.2
	0.2

	Na2WO4∙2H2O
	0.06
	0.06

	Na3Cit∙2H2O
	0.4
	0.5

	Na2SO4
	0.15
	0.15

	H3BO3
	0.1
	0.1

	рН
	4.3
	4.55


All electrolytes were prepared from analytically pure reagents, dissolved in a small amount of distilled water following by solution mixture in a certain sequence, based on the ionic equilibrium study results [32–34]. The acidity of solutions was controlled by pH-meter pH-150M with the glass electrode ESL-6307. Electrolyte temperature during deposition was varied in the range of 25–35 (C.
The Fe-Co-W coatings were formed in two modes: (i) galvanostatic with the current density i 2–7 A/dm2 and (ii) unipolar pulsed with current amplitude i of 2–6 A/dm2 at an on-time (pulse duration) ton = 1∙10–2–2∙10–2 s and off-time (pause duration) toff = 1∙10–2–5∙10–2 s. As anode served plates of AISI 304 steel; the cathode-to-anode area ratio was 1 : 5, volume current density was kept at the level 2 A/dm3. 
Both the galvanostatic and pulse electrolysis were performed using dc and pulse current supply unit (ZY-100±12). 

The electrode potentials were measured relative to an EVL-1M1 silver chloride reference electrode connected to the working cell via a salt bridge filled with saturated potassium chloride solution jellied with Ceylon gelatin. The potentials presented in the paper are given relative to the standard hydrogen electrode (SHE).

The electrodeposition current efficiency Ce (%) was determined from the weight and chemical composition of the deposited alloys and the charge passed using the electrochemical equivalent of the alloy. The thickness of the deposits was calculated from a sample actual weight increase after the electrolysis. 

The chemical composition of the coatings was determined by energy dispersive X-ray spectroscopy (EDS) on an Oxford INCA Energy 350 electron probe microanalysis integrated into the system of the SEM. The X-rays were excited by exposure of the samples to a beam of 15 keV electrons. The surface morphology of the deposits was studied with a Zeiss EVO 40XVP scanning electron microscope (SEM). Images were recorded by the registration of secondary electrons (SEs) via scanning with an electron beam; this mode made it possible to study the topography with a high resolution and contrast ratio. 

The surface morphology of thin films was studied by an atomic force microscopy AFM using a NT–206 scanning probe microscope. The tapping mode was conducted to measure samples surface morphologies. Scanning was performed by using the contact probe CSC-37 with a cantilever lateral resolution of 3 nm [35]. The scan area sizes were fixed at different scopes namely 39.9 × 39.9 μm, 20.0 × 20.0 μm, 10.0 × 10.0 μm and 5.0 × 5.0 μm and the height of the surface relief was recorded at the resolution of 256 × 256 pixels. For each sample, a variety of scans were obtained at random locations on the surface of thin films. In order to analysis the AFM images, all image data were converted into Surface Explorer software. 

The structure of the deposits was examined by X-ray diffraction analysis using a diffractometer (DRON-2.0) in the emission of iron (cobalt) anode and CuKα radiation. X-ray patterns were recorded in discrete mode with a step 2θ = 0.1 ° with the exposure at each point for 20 sec; operating voltage was 35 kV, and current 20 mA.

Corrosion tests of coated samples were carried out in a model media of 1 M sodium sulfate with the addition of sulfuric acid to pH 3 or potassium hydroxide to pH 11 and in 3 % potassium chloride (pH 7). The corrosion current was determined by the polarization resistance technique using digital analysis of anodic and cathodic plots in Tafel coordinates within the range 200−300 mV from open circuit potential [36]. The potentiostat IPC-Pro controlled by PC was used for voltammetry measurements with scan rate 1 mV/sec. Corrosion depth index kh (mm per year) was converted from corrosion current: 

kh = (8.76keicor)/ρ,
where ke − the electrochemical equivalent of alloy, kg·C−1; icor − corrosion current density, A/m2; ρ − density of the alloy, kg/m3. Electrochemical equivalent ke and density ρ of the alloys were determined considering their quantitative composition [37]. 
The results were verified by spectroscopy of electrode impedance SEI in solution 2% NaCl. SEI was recorded in a two-electrode cell on electrodes of 1 cm2, located planar at a distance of 1 cm apart using module Autolab-30 (model PGSTAT301N Metrohm Autolab) with module FRA-2 (Frequency Response Analyzer) in frequency range 10−2 – 106 Hz. Module management was performed using Autolab 4.9 under the standard procedure, followed by processing of the data in the Zview 2.0 package. The modeling of the structure and the state of the phase boundary was performed by the method of equivalent substitution schemes. Parameters with an error in simulating an equivalent circuit of not more than 10% are taken into consideration. Measurements are carried out at temperature 18(1 ºС. 

Increasing concentration of citrate ions in solution at fixed Fe3+ content that's what expectedly increases the electrolyte pH (Table  1). The protonation of citrate anions decreases with pH, as well as degree of Fe3+ hydrolysis increasing, therefore ionic forms of complexing agents and ligand in the electrolytes are different. Consequently, the composition of particles discharged at the electrode varies, which effect the composition of coatings. 
Fe-Co-W alloy deposition occurs by competitive reduction of iron, cobalt and tungsten [27, 32, 34]. The form of competition depends on the ratio of electrolyte components and electrolysis parameters (Fig. 1). We observed a decrease in the cobalt and tungsten content in favor the iron portion in the alloy at all current densities (Fig. 1a), if the ratio of electrolyte components concentration с(Fe3+) : с(Со2+) : с(WO42–) : с(Cit3–) is 1 : 1.3 : 0.6 : 2.7 (electrolyte 1, Table 1). This occurs as a result of competitive reduction of alloying components from hetero-nuclear complexes. The cobalt content exceeds the iron portion in coatings deposited at current densities of 3(7 A/dm2. A trend to gradually decreasing the cobalt content is observed with increasing current density (Fig. 1a). Iron and cobalt are co-deposited in the alloy in the ratio 1 : 1 at a current density of 6 A/dm2. Further rising ic promotes a significant increase in iron content at the expense of cobalt and tungsten. The refractory component content in the alloy varies within 8(10 at.% with tendency to decrease at rising current density. It should be noted that iron, cobalt and tungsten are co-deposited at the alloy in proportion to 4.5 : 5 : 1 respectively, if alloying metals ratio in the electrolyte is с(Fe3+) : с(Со2+) : с(WO42–) = 2.5 : 3 : 1. 
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	Fig. 1 Current density effect on Fe-Co-W coatings composition deposited from electrolytes: 
1 (a) and 2 (b)


Tungsten content increases slightly (9(11 at.%) if the citrate concentration in the solution is 0.5 mol/dm3 other things being equal (Fig. 1b). However, the trend to tungsten content decreasing with rising current density is maintained. At the same time, the competitive reduction of iron and cobalt becomes more significant. The iron content in the coating increases to 59 at.% with a simultaneous decreasing in cobalt portion to 30 at.% when rising current density from 3 A/dm2 to 7 A/dm2 as we can see from Fig 1b. 
The efficiency of galvanostatic deposition does not exceed 45%, regardless of the electrolyte concentration. Increasing іc to 7 A/dm2 reduces the current efficiency to 27% due to side reaction of hydrogen evolution. Deposited in stationary mode Fe-Co-W coatings have globular morphology of surface with a grain sizes of 2(6 μm (Fig. 2a). Coatings deposited in pulse mode contain expand amount of refractory metals, and are more uniform (Fig. 2b). The tungsten content in the coatings deposited by pulse current from electrolyte W2 (Table 1) is of 12.5 at.%. On more developed surface of enriched with tungsten coatings, we can see agglomerates of spheroids (Fig. 2c). 
Time parameters of pulsed electrolysis are an effective tool for controlling the composition and nature of the coating surface. Prolong pulse at a fixed pause time contributes an increasing of cobalt and tungsten content in the alloy at studied current densities (Fig. 3). At the same time, observed for the galvanostatic regime rising trend of iron content at the expense of cobalt and tungsten with increasing current density is preserved, as one can see on Fig. 3a, b.
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	Fig. 2 The morphology and composition (at%) of Fe-Co-W coatings deposited from electrolytes: 1 (a, b), 2 (c) in galvanostatic (a) and pulse (b, c) modes.
a –  i=3 A/dm2; b –  i=3 A/dm2, ton/toff=50/50 ms; c –  i=5 A/dm2, ton/toff=20/20 ms
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	Fig. 3 Pulse duration effect on the composition Fe-Co-W alloy deposited from electrolyte W2 at toff = 10 ms; current density і, A/dm2: a – 5, b – 6.


The deposition efficiency increases almost twice when applying pulse current as compared with galvanostatic regime: at a current density of 3 A/dm2 the current efficiency is 70(75 %, and at 4 A/dm2 Ce decreases to 63(68 %, due to site hydrogen evolution reaction. 

The roughness of galvanic coatings is the result of the alloy deposition and may serve as an additional indicator of the surface development as well as topography. The coating samples Fe-Co-W containing refractory components of 10–12 at.% deposited on mild steel were studied by AFM analysis. The substrate of mild steel is characterized by evenly surface (Fig. 4) with roughness Ra = 0.008 and Rq = 0.011. However, the structure of surface is not ordered. The cross section profile between markers 1 and 2 indicates that the grain sizes are in the range of 2–3 μm as one can see from Fig. 4. 
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Fig. 4 2D- and 3D maps of the surface and cross section profile between markers 1 and 2 for mild steel substrate. Scan area AFM 5.0×5.0 μm. 
The data of the AFM analysis demonstrate the globular surface of the Fe-Co-W coatings. Wherein larger spheroids of size of 2.5–3.5 µm is formed with a smaller grains of sizes of 0.2(0.5 µm as one can see from Fig. 5. It was found earlier [3, 7, 11] that globular structure of the surface is caused by the refractory metals incorporation into alloy. Such composition and character of the surface are favorable for increasing microhardness, corrosion resistance, and catalytic activity of the material [4, 15, 21]. Surface roughness parameters at scanning area 5×5 μm are defined as Ra=0.06 and Rq=0.07 that much higher than those for the substrate and shows substantial development of the surface. 
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Fig.5 2D-, 3D-map and cross section profile between markers 1–2 for Fe-Co-W deposited in pulse mode at current density 4 A/dm2; ton/toff = 10/10 ms; T = 25 °C; рН 3.8; plated time 30 min. Scan area 5.0x5.0 μm
Figure 6 shows the results of X-ray diffraction analysis and phase structure for Fe-Co-W coatings of composition (in terms of metal) at.%: Fe – 54, Co – 36, W – 10, which deposited on a copper substrate, a thickness of coating is of 30 μm. The X-ray diffraction pattern indicates an amorphous-crystalline structure of the Fe-Co-W alloy (Fig. 6). We can see some lines of copper substrate, and lines corresponding to inter-metallic phases Co7W6 and Fe7W6, as well as α-Fe and cementite Fe3C at diffraction patterns. Besides, a low halo with width about 10º is detected at angles 2θ 50–55º (Fig. 6), that corresponds to amorphous structure. The crystallite size of the amorphous part is 8 nm. 
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	Fig. 6 X-ray diffraction patterns for deposit Fe-Co-W, the composition is similar to Fig. 2b 


Phases Co7W6, Fe7W6, α-Fe and Fe3C found in Fe-Co-W deposits, reflect the competition of alloying metals reduction from hetero-nuclear complexes, and confirm mechanism of co-deposition proposed in [23, 34].
Corrosion of cobalt based electrolytic coatings as it follows from the nature of alloying components proceeds predominantly with hydrogen depolarization in an acidic medium (Fig. 7), and oxygen is a depolarizer in neutral and alkaline media. The open circuit potential of Fe-Co-W coatings shifts to the negative side compared with the steel substrate at all solution pH, indicating cathodic control of the corrosion process. 
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	Fig. 7 The cathodic (1, 2, 3) and anodic (1', 2', 3') polarization dependences of the coatings in corrosive environment with 
pH 3 (1, 1'), pH 5 (2, 2') and pH 9.5 (3, 3').


The cathode reaction is inhibited due to the depolarizer (oxygen) transport deceleration caused by acidic non-stoichiometric tungsten oxides. Thus, the coatings enrichment with tungsten, which occurs predominantly at the expense of iron content, contributes increasing corrosion resistance in acidic media. Corrosion current decreasing in a neutral media indicates the formation and stability of alloying components passive oxide film, even in the presence of activating Cl– ions. In the alkaline media, on the contrary, the cathode reaction inhibition is ensured by insoluble iron hydroxides formed on the alloy surface, which prevent depolarizer transport to the substrate. The highest corrosion resistance in alkaline medium is observed for Fe-Co-W coatings with iron content 59 at. % and tungsten 8 at. % (Table 2). 
Table 2 Corrosion indexes of steel substrate and Fe-Co-W coatings 

	Composition 

of alloy,
ω, at.%
	рН 3
	рН 5
	рН 9.5

	
	Ecor, V
	lg icor, 
A/cm2
	Ecor, V
	lg icor, 
A/cm2
	Еcor, V
	lg icor, 
A/cm2

	Steel
	–0.34
	–2.8
	–0.35
	–3.0
	–0.32
	–2.8

	Fe54Co36W10
	–0.54
	–4.7
	–0.36
	–5.1
	–0.53
	–5.2

	Fe59Co33W8
	–0.35
	–4.1
	–0.39
	–4.8
	–0.36
	–5.5


The Nyquist plots for Fe-Co-W alloy is a connection of two conjugate semicircles with different time constants τ = RC (Fig. 8a), that reflects the presence of two phases and, respectively, two boundaries, which can be attributed as: 1 – electrolyte / oxide on the surface of the electrode; 2 –electrolyte / metal.
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	Fig. 8 The Nyquist plots (a) and substitution equivalent circuit (b) for steel electrode and Fe-Co-W alloys in a neutral chloride-containing environment


The equivalent scheme (Fig. 8b) contains the elements: R1 is the resistance of the electrolyte, L1 is the inductive component of the impedance, CPE1 is the capacity of the inter-phase boundary electrolyte / oxide on the electrode surface, R2 is the resistance of the oxide layer, CPE2 is the capacity of inter-phase boundary electrolyte / metal and R3 is resistance, equivalent to corrosion resistance Rcor. The resistance of inductance L1 is due to the appearance of galvano-magnetic Hall effects at high frequencies and associated with the magnetic properties of the coatings, as well as forming metals oxide films, which differ in specific resistance and capacity and cause several conduction paths. Parameter Rcor for tested materials decreases in the range: Rcor(Fe-Co-W10) > Rcor(Fe-Co-W8) >> Rcor(steel).
The relatively near values of the corrosion current density, calculated from data of polarization resistance technique and EIS, are also evidence of correctness both the parameters of corrosion process determination, and the validity of the electrochemical systems equivalent circuit. 
Conclusions
(i) Thus ternary Fe-Co-W alloys with micro-globular surface of different composition were deposited by direct and pulse current from citrate Fe(III) based electrolyte. Current density and time parameters of pulse electrolysis are shown to be affective tools to control the refractory metals content and electrolysis efficiency.
(ii) Micro-globular surface of Fe-Co-W alloys is caused by tungsten incorporation. It was found the amorphous-crystalline structure of deposits with crystallite sizes of the amorphous part 8 nm.
(iii) Deposited coatings are characterized by increased corrosion resistance in acidic environment due to the acidic nature of refractory oxide components, in neutral resistance to pitting corrosion, which generally exceeds the chemical resistance of substrates and binary coatings.
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