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ABSTRACT 

Interest in W alloys with Fe-group metals (Fe, Co, Ni) has grown 

continuously in recent decades because of functional properties of such 

alloys. These coatings exhibit a unique combination of mechanical, 

magnetic, and corrosion-resistance properties even at elevated temperatures. 

Electrochemical studies have concentrated more on Ni and Co alloys in the 

past, while investigation into Fe-W alloys is rather scarce. However, 

presently, the use of both Ni and Co is being discouraged due to 

environmental and health issues. Therefore, the development of new 

procedures for electrodeposition of Fe-based alloys as alternatives to Co and 

Ni ones is of particular concern. The research presented here focuses on the 

design of a new environmentally friendly Fe-W plating bath and the 

establishment of the interrelationships between the internal composition and 

structure of the electrodeposited alloys. Furthermore, perspectives on the 

sustainable application of these coatings are discussed.  

In this study, particular attention is given to the development of a new 

glycolate-citrate Fe-W plating bath with enhanced current efficiency, based 

on Fe(III)-salt. The electrodeposition of Fe-W alloys is more often carried 

out using Fe(II)-based baths due to the higher solubility of Fe
2+

 compounds. 

However, the rapid oxidation of Fe
2+

 to Fe
3+

 reduces the bath lifetime and 

the reproducibility of the results because the electrolyte composition is 

changing within a short period. In addition, the electrodeposition of Fe-W 

alloys occurs at higher cathodic polarization than is the case with Co and Ni-

W alloys, which results in a low current efficiency of the process. Several 

studies have aimed to synthesize Fe-W deposits from citrate-ammonia, 

citrate-borate, or nitrilotriacetate Fe(III)-based electrolytes. Nevertheless, the 

low current efficiency of the deposition remains an important issue. 

The simulation of complexes distribution has been used in order to grow 

better understanding of the Fe-W bath chemistry and estimate the stability of 

the newly developed glycolate-citrate Fe(III)-based electrolyte. The bath 

allows Fe-W alloy coatings to be obtained with various W content, which 

ranges from a few percent to a maximum 25 at.% of W by changing the 

deposition conditions (current density, pH, temperature, and the 

concentration of components in electrolyte). The cathodic current efficiency 

increases up to 60–70 %, which is higher than that of any other previously 

reported Fe-W plating bath. According to Glow Discharge Optical Emission 

Spectroscopy analysis, the distribution of Fe and W is uniform along the 

coating thickness; however, a layer of oxygen-containing compounds is 

formed on top of the coatings. 
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It is commonly known that composition and structure are the key 

parameters determining the properties of designed materials. Therefore, in 

order to assess the functional properties of Fe-W alloys, samples with 

various tungsten contents were electrodeposited in a controlled environment. 

The structural changes that resulted from increasing the W content were 

investigated by X-ray diffraction and Mössbauer spectroscopy analyses. X-

ray diffraction demonstrated that the structure of Fe-W coatings transforms 

from nanocrystalline to “amorphous-like” when the content of W increases 

from 10 at.% to 18 at.%. Moreover, due to different mobility of Fe and W 

atoms at 20 °C and 65 °C the structural transformations also depend on the 

deposition temperature, which affects the activation energy of alloy 

crystallization. As the W content exceeds the solubility limit in Fe at 

approximately 14 at.% W, the structural transition from a mixture of Fe(W) 

solid solution and α-Fe (nanocrystalline coatings) to a mixture of Fe2W 

intermetallic phase and W(Fe) solid solution (“amorphous-like” coatings) 

occurs, as proven by Mössbauer spectroscopy.  

These structural changes influence the magnetic and mechanical properties 

of Fe-W alloys. Accordingly, increasing the W content leads to a reduction 

of the saturation magnetization due to phase transformation; although, both 

nanocrystalline and “amorphous-like” Fe-W alloys exhibit a soft magnetic 

behavior. Furthermore, this study demonstrates that “amorphous-like” 

coatings containing >18% W have a rather high hardness of approximately 

10 GPa (comparable to electrodeposited Co-W alloys and chromium), which 

is governed by direct Hall–Petch relation, that is, smaller crystallite size 

creates a higher volume of grain boundaries able to impede the dislocation 

motion, thus resulting in higher hardness values. The combination of high 

saturation magnetization and enhanced hardness of Fe-W alloys is suitable, 

for example, for high-density recording media.  

Nevertheless, in some engineering applications, high hardness should be 

coupled with satisfactory wear and corrosion resistance, which are the major 

drawbacks of Fe-W alloys. To overcome these issues, Fe-W/Al2O3 

composites were electrodeposited from the same glycolate-citrate electrolyte 

by adding sub-micron alumina particles. The new composite coatings have 

shown a superior wear resistance compared to Fe-W alloy matrix. However, 

the corrosion resistance of Fe-W based materials remains unenhanced due to 

the preferential Fe dissolution. 
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INTRODUCTION 

Electrodeposition has been widely used since 19
th
 century, for the 

fabrication of silver- and gold -plated jewelry, and consequently the initial 

application of this technique was limited to decorative purposes. Later, 

procedures for electrodepositing transition metals were developed, and 

electrodeposition was applied to the production of the surfaces with 

improved hardness, electrical and thermal conductivity, and enhanced wear 

and corrosion resistance. The consumption of electroplated nickel, 

chromium, gold, silver, zinc, and copper layers for electronics production 

and automotive and aerospace industry constitute the main branches that 

dominate in the global electroplating market [1,2]. Presently, 

electrodeposition remains an area of extensive research and innovation. 

Particular attention focuses on the electrodeposition of binary and ternary 

alloys and their composites, which enables the production of new materials 

with unique characteristics that are different from those of the individual 

metals [3]. Valuable applications of new electrodeposited materials continue 

to be developed, particularly in the fields of optimization and miniaturization 

of microelectronic devices, energy conversion, and applied bio-

electrochemistry [4–7].  

Among the various film deposition methods, electrodeposition offers 

several distinctive advantages in contrast to physical methods such as 

vacuum deposition techniques. Electrodeposition can be carried out at 

ambient pressure and low temperatures (below 100 °C), thus leading to 

simple implementation of deposition set-up, its cost-effectiveness and 

versatility. Moreover, the properties of deposits can be fine-tuned by the 

smart control of electrodeposition parameters, thus generating high demand 

for this technique in the fabrication of multifunctional materials at micro- 

and nano-scales.   

Nevertheless, one of the drawbacks of electroplating is the high risks 

associated with the electrolytic bath composition. In fact, the metal plating 

industry is one of the largest consumers of toxic chemicals in the world. For 

instance, electrodeposition of hard chromium coatings, which are commonly 

used as protective coatings, involves highly carcinogenic hexavalent 

chromium compounds. Furthermore, a significant amount of the 

electroplating industry products ends up in wastewater [8]. Ni, Cd, Pb and 

other metal compounds have high solubility in aquatic environments, and 

they can thus be easily absorbed and accumulated by living organisms, 

leading to serious health disorders. Currently, the European Union (EU) is 
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the primary supervisory and legislative body that provides precise 

information on waste management and risks associated with electroplating, 

particularly in relation to hazardous chemicals. The use of hexavalent 

chromium, as well as lead, mercury, and cadmium, in materials and 

components placed on the market has been prohibited since 2003 according 

to EU directive 2000/53/EC. To address these issues, many research studies 

have aimed to identify environmentally friendly alternatives to established 

electrodeposition processes. In particular, electrodeposited Co and Ni alloys 

with P and W were considered as potential candidates to replace hard 

chromium coating due to their outstanding mechanical and corrosion 

properties [9,10]. Nevertheless, the production of materials containing large 

amounts of Co and Ni is already targeted as hazardous by recent 

environmental legislation. Thus, Co(II) salts has appeared in the list of 

“substances of high concern” since 2008 (EC 233-334-2, EC 231-589-4) due 

to  possible carcinogenic effect (observed in animal testing). In addition, the 

use of metallic Ni for products that might be intended to come into direct 

and prolonged contact with skin is currently restricted by directives EN 

1811:2011 and EN 16128:2011, since it can result in severe allergic reaction. 

Notably, while the electrochemical studies in the past concentrated 

mainly on Ni- and Co- binary alloys, the literature available on 

electrodeposition of Fe-containing coatings (in particular, with W) as 

alternative environmentally friendly materials remains comparatively scarce. 

Nevertheless, iron is one of the most abundant elements in earth’s crust, and 

the production of its compounds could meet most sustainability concerns. 

Currently, Fe-based alloys with Ni, Co, Pt, Nb, and Si are primarily used to 

produce materials for magnetic recording systems and micro-magnetic 

components due to the unique combination of a high saturation 

magnetization, high permeability, and a low coercive force [11]. However, 

electrodeposited iron alloys with tungsten can also possess tunable magnetic 

properties, as well as high hardness and remarkable thermal stability, that 

empower the application of these deposits as protective coatings or materials 

with outstanding magnetic properties free from Ni, Co, rare-earths, and 

noble-metals.  

Despite the fact that the electrodeposition of Fe-W alloys has been 

studied since the 1940s and their attractive properties reported by many 

authors, the coatings have not attained large-scale production, primarily due 

to bath maintenance issues. Indeed, the electrodeposition of Fe-W alloys is 

more often carried out from Fe(II)-plating baths due to the higher solubility 

of Fe
2+

 compounds. However, the rapid oxidation of Fe
2+

 to Fe
3+

 eventually 

reduces the bath lifetime and reproducibility of the results because the 
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electrolyte composition is changing within a short period. Hence, the 

complicated maintenance of baths increases the costs associated with the 

personnel workload, chemicals consumption, and disposal of the waste 

solution. In addition, the  electrodeposition of Fe-W alloys occurs at higher 

cathodic polarization as compared to Co- and Ni-W alloys, which results in a 

current efficiency of approximately 50% (in the systems with insoluble 

anode) [12,13]. Several studies have aimed to synthesize Fe-W deposits 

from citrate-ammonia, citrate-borate, or nitrilotriacetate Fe(III)-based 

electrolytes [14–17]. Nevertheless, the low current efficiency of Fe-W 

deposition remains an important issue. Furthermore, ammonia and its salts 

are commonly used in the bath formulation in order to increase the solubility 

of complexes and the buffer capacity of the plating solution. During long-

term operation at elevated temperatures (60 – 80 °C), a significant portion of 

the ammonia can easily evaporate from the bath, thus changing the pH and 

alloy deposition rate. By contrast, due to improper utilization, ammonia can 

pollute air, soil, and water at hazardous waste sites. 

The integration of sustainability into the technological progress remains 

an important challenge, among others, addressed to modern electrochemical 

society. The development and optimization of new environmentally friendly 

and minimally invasive electrolytic baths for production of advanced 

materials is necessary. Moreover, better control of the metallic growth 

process during electrodeposition and understanding of the fundamental 

phenomena involved is essential. Thus, environmentally friendly 

electrodeposition of Fe-W based materials presents an area of 

interdisciplinary research that can help to address several existing challenges 

and fill the gap between materials science and sustainable development. 

 

Objectives of the study 

This research focuses on the electrodeposition and assessment of 

nanocrystalline and amorphous-like Fe-W alloys and new Fe-W/Al2O3 

composite coatings obtained from the environmentally friendly glycolate-

citrate bath. The main research objectives are as follows: 

1. To design a new aqueous plating bath for the electrodeposition of Fe-W 

alloys and Fe-W/Al2O3 composites in accordance with sustainable 

development, that is, avoiding the use of hazardous chemicals in the bath, 

increasing the electrolyte’s life-time by using the thermodynamically 

stable Fe(III) precursor rather than Fe(II), and maximizing the current 

efficiency of the electrodeposition process; 

2. To achieve reliable control over the composition and structure of 

electrodeposited Fe-W alloys and Fe-W/Al2O3 composite coatings by 
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variation of electrochemical conditions (pH, current density, temperature, 

stirring rate, and bath composition) in order to obtain alloys of various W 

contents and structure ranging from nanocrystalline to “amorphous-like”; 

3. To map the interdependencies between intrinsic (composition, structure, 

grain size, phase composition, and saturation magnetization) and extrinsic 

characteristics (hardness, wear, corrosion, and thermal resistance) of 

obtained coatings and unveil the perspectives on sustainable application 

of electrodeposited Fe-W alloys and Fe-W/Al2O3 composites. 

 

Statements to be defended: 

1. Elaborated environmentally friendly glycolate-citrate Fe(III)-based 

electrolyte is an alternative bath for electrodeposition of Fe-W alloys and 

Fe-W/Al2O3 composite coatings compared to conventional Fe(II)-based 

baths.  

2. Designed control over the intrinsic properties (composition and structure) 

of electrodeposited Fe-W alloys and Fe-W/Al2O3 composites is a way of 

reasonable reorientation of their extrinsic characteristics such as hardness, 

wear, corrosion, and thermal resistance. 

3. Fabricated materials based on Fe-W alloys possess a unique combination 

of structural, magnetic, mechanical, and thermal properties due to the 

interplay between W content, crystallite size, and crystalline structure. 

Thus, they can be of particular interest for the fabrication of 

microelectromechanical systems and hard temperature-resistant 

components in many applications, including the processes in which dry 

friction or lubrication conditions are applicable. 

 

Organization of the text 

This manuscript consists of three chapters and five appended 

publications. The main concepts of electrodeposition, research aims, major 

objectives and statements for defense were presented. The current state of 

knowledge on electrodeposited W alloys with Fe group metals is 

summarized in chapter 1. In chapter 2, the research methodology is provided 

along with the short description of experimental techniques used in this 

study and their basic principles. The experimental results of this work are 

discussed in chapter 3 of this manuscript. The results are presented in a 

concise manner that emphasizes the most important findings of this research, 

while the detailed discussions are provided in appended articles. The general 

conclusions of the thesis followed by recommendations for future research 

are given. 
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1. STATE OF ART 

This chapter provides a current state of knowledge on W alloys with Fe 

group metals, their synthesis, properties and applications. The attention is 

given to the fundamental concepts of the electrolytic bath formulation, 

mechanisms of induced co-deposition and evaluation of electrodeposited 

alloys properties in relation to their composition and structure.  

 

1.1 W alloys with iron group metals 

It is well known, that metallic tungsten is characterized by a set of unique 

characteristics. It has the highest melting point  (Tm = 3411 °C), the highest 

modulus of elasticity (E = 400 GPa) and the highest hardness among the 

metals; it has the highest tensile strength at temperatures above 1650 °C, the 

lowest thermal expansion coefficient (4.4·10
-6

 /°C), as well as it exhibits 

excellent corrosion resistance against sulfuric, nitric, and hydrofluoric acid 

solutions [18,19]. Today, some of W compounds cannot be substituted in 

many important applications in different fields of technology. For instance, 

tungsten carbide is one of the most widespread W compounds, which is 

extensively used in cutting devices being one of the toughest, most reliable 

and extremely durable materials.  

Iron, cobalt and nickel have proven to be excellent alloying elements for 

tungsten. The alloys produced by powder metallurgy and having tungsten 

more than ≥90 wt. % exhibit a particularly high density (~18 g/cm
3
), 

therefore they are also known as “tungsten heavy alloys” [20]. Due to their 

high density the main use of sintered W alloys with Fe and Ni is fabrication 

of X-ray and γ-radiation shields, rigid tools for machining and fusion 

reactors (Fig. 1a) [19–22]. The role of alloying elements (Ni, Fe or Co) is to 

form a binder matrix to hold the brittle tungsten grains together and prevent 

fracture propagation, thus making the alloy tough and ductile even at 

elevated temperature. The electrodeposited W alloys with these metals 

present a considerable difference from those produced by physical methods. 

Firstly, the W content is lower (usually does not exceed 50 wt. %), the layers 

are thinner (up to 100 µm) and the properties are strongly depended on the 

deposition conditions applied. Secondly, the electrodeposition of W alloys 

with Fe, Co and Ni is a fascinating phenomenon by itself and many studies 

are conducting worldwide to understand the nature of the process.  

Pure metallic tungsten cannot be electrodeposited from aqueous solutions 

alone due to the formation of an oxide layer on the cathode, which has a very 

low overvoltage for hydrogen evolution, thereby hindering the growth of the 
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tungsten layer. Nevertheless, tungsten can be easily co-deposited with iron 

group metal forming an alloy. Such phenomena Brenner in the 1940s called 

“induced co-deposition” [23], although the first studies dealing with 

electrodeposition of W alloys with Fe and Co date back to 1930s. The 

induced co-deposition of tungsten with iron group metals is still discussed in 

modern electrochemical society [24–26]. The possible mechanisms 

explaining this phenomenon were previously reviewed in [9,24] and are 

briefly introduced in  the following section of this thesis. 

The W content in electrodeposited binary alloys usually reaches an upper 

limit: 30-32 at. % with Fe and Co, and 20-25 at. % with Ni [9]. The 

elemental composition of an electrodeposited alloy depends on the ratio of 

the partial current densities of the alloy's constituents. In turn, the 

distribution of partial currents is influenced by a number of factors such as 

chemistry of the solution, total current density or applied potential, 

temperature, hydrodynamics and interdependencies of the rate of one metal 

electrodeposition to another, among others. Noticeably, the structure of W 

alloys with iron group metals (M-W) is very sensitive to the W content. An 

increase in W content leads to the gradual transition from nanocrystalline to 

“amorphous-like” structure, due to significant decreasing of the grain size. 

Thus, nanocrystalline M-W coatings have grains with few hundred 

nanometers size, while when the grain size falls down below 10-5 nm the 

structure is transformed to “amorphous-like” [27].   

The alloying of iron group metals with tungsten improves their chemical, 

physical, and mechanical properties at both room and elevated temperatures 

[16,28,29]. Besides, it is possible to combine the useful properties of Fe, Ni 

and Co with those of the elemental W. Nanocrystalline M-W coatings with 

fine grains exhibit outstanding thermal stability, good mechanical properties 

(hardness, strength and plasticity), favorable corrosion and wear resistance, 

tunable magnetic characteristics. These properties make them extremely 

appealing materials for different industrial branches: for the fabrication of 

microelectromechanical systems (micro-transformers, micro-gears), sensors 

and recording heads for magnetic systems (Fig. 1b and d) [14,27,30–33] or 

other applications  where aggressive conditions can exist [9]. Moreover, the 

possible use of M-W alloys was currently extended to the field of energy 

related applications. They can be applied as effective anode material for 

methanol oxidation [34,35] or as catalysts for hydrogen generation from 

water [36,37].  

In addition, some of W alloys with iron group metals have the perspective 

to be used in some biomedical applications. The study on Fe/W composite 

prepared by powder metallurgy has shown that this material has good 
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hemocompatibility and can be used for fabrication of biodegradable 

coronary stent with better mechanical properties and faster degradation rate 

than pure iron [38]. Also, in vivo corrosion and tumor outcome has been 

tested using muscle-implanted tungsten heavy alloys, that is, the W-Ni-Co 

and W-Ni-Fe [39,40]. Implantation of W-Ni-Co pellet into the leg muscle of 

rat resulted in the formation of a rhabdomyosarcoma (a malignant form of 

cancer) around the pellet. In opposite, W-Ni-Fe alloy (as well as pure W 

pellet) was not cancerogenic and did not influence on the bodyweight, 

clinical chemistry, hematology, or urinalysis parameters of test animals at 6 

months post-implantation. Recently, a novel porous Fe/Fe-W alloy scaffold 

resembled the structure of cancellous bone was fabricated by 

electrodeposition with a perspective to be used for the reparation of damaged 

bone tissues (Fig. 1c) [41]. In vitro cytotoxicity tests have shown that the cell 

viability was closely correlated with the corrosion rate of the scaffold. In 

addition, the pore size of the scaffold and its degradation rate could be easily 

controlled by electrodeposition conditions. 

 
Fig. 1. Illustration of various W containing materials and their products appeared 

in publications since 2016: plasma-facing W-Fe-Ni composite for fusion reactors 

prepared by vacuum diffusion bonding [21] (a); Ni-Fe-W core micro-transformer 

for high frequency applications obtained by using electroplating and 

photolithography techniques [33] (b); electrodeposited porous Fe/Fe-W scaffold for 

bone tissue engineering [41] (c); and electrodeposited Fe-W magnetic nanowires 

[14] (d).  

1 pav. Įvairios W turinčios medžiagos ir gaminiai iš jų, aprašyti nuo 2016 m.: su 

plazma kontaktuojantis W-Fe-Ni kompozitas lydymo reaktoriams, gautas 

vakuuminio difuzinio virinimo būdu [21] (a); Ni-Fe-W lydinio 

mikrotransformatoriaus šerdis aukšto dažnio įrenginiams, gauta elektrochemiškai 

nusodinant fotolitografiniame šablone [33] (b); elektrochemiškai nusodintas 

poringas Fe/Fe-W rėmelis kaulų audinių inžinerijai [41] (c); elektrochemiškai 

suformuotos Fe-W nanovielos [14] (d). 
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1.2 Induced co-deposition 

In previous section it was mentioned that electrodeposition of W with 

iron-group elements (Ni, Co, Fe) was coined as induced co-deposition, since 

W cannot be reduced alone from aqueous solution, but only with iron group 

elements. In fact, certain other elements such as Mo, P and Ge exhibit 

similar electrochemical behavior. Therefore, in many cases, proposed 

mechanism for W (or Mo) alloy can be generalized to other co-depositing 

iron group metals and vice versa. It must be pointed out, that the published 

mechanisms are derived from the experimental observations, but none of 

them can be claimed as undisputed. Moreover, the reports of different 

authors are sometimes inconsistent to each other, due to different 

experimental conditions (bath composition, concentration of bath 

constituents, high – low current density/overvoltage, hydrodynamic 

conditions, etc.). 

One of the earliest theoretical works on induced codeposition of W with 

iron, cobalt and nickel performed by Holt and Vaaller suggests the catalytic 

reduction of WO4
2-

 ion by iron group metal in zero valence state, which is 

reduced first [42]. Thus, electrodeposition leads to the formation of laminar 

structured coating with thin alternating layers of W and iron group metal. 

This model has lacked popularity, because non-laminated W alloys can be 

readily deposited, as well as inactive metals (Mn, Cu, Sn) could also catalyze 

the W deposition.  

Not surprisingly that many attempts to establish the role of the hydrogen 

on induced co-deposition of W have been made, because in aqueous baths 

hydrogen evolution occurs as a side reaction resulting in a current efficiency 

less than 100 %. Nearly all of the proposed mechanisms consider tungsten 

oxide intermediate species absorbed on the cathode surface. Thus, Clark and 

Lietzke suggested that the deposition of a thin film of partly reduced 

tungstate on the cathode is followed by the catalytic reduction of this film by 

hydrogen in the presence of freshly deposited Fe, Co and Ni [43]. This 

suggestion has been expanded by Fukushima et al., who studied induced co-

deposition of binary and ternary Mo alloys, assuming that the iron group 

metal can adsorb the hydrogen onto its surface and thus induce the reduction 

of molybdenum (or tungsten) oxide intermediate [44]. These concepts were 

developed from the observation that generally the current efficiency of 

deposition tends to be lower as the content of co-deposited Mo (W) is 

increasing [45]. The absorption and polarographic study on complex 

formation in citrate Co-W plating bath performed by Clark and Lietzke 

predicted the existence of the following types of complex species: (i) metal-
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stability in the presence of tungstate ions over the pH range should be 

realized in a wise manner.  

One of the most studied complexing agents is citric acid, which has been 

used for electrodeposition of Fe-W [16,17,28], Co-W [27,34], Ni-W [29,47], 

Ni-Fe-W [31] alloys, etc. The protonation of citric acid is well-studied and 

has been reported by several authors [16,46]. It has been shown, that in the 

pH range of 7-8 the acid is completely dissociated giving the HCit
3- 

ion, 

which is assumed to be the main ligand in all the complexes [46]. An 

addition of complexing agent significantly shifts the equilibria due to the 

formation of metal complexes compounds with ligands and concomitant 

redistribution of various metal poly- and hydroxo-species which are formed 

in aqueous solution [9,63]. The complexation of tungstate with citrate ions is 

reported elsewhere [63]. However, the distribution of W species in the 

presence of induced metals has been provided only for a few systems, that is, 

the Co-W [27], Ni-W [46], and Ag-W [25].  

Other complexing agents, such as gluconate [26,64,65], glycolate [66], 

nitrilotriacetate [14], tartrate [67] and pyrophosphate [68] have been also 

used for W alloys electrodeposition, but they are studied in a significantly 

smaller extent as compared to citrate based electrolytes.  

Ammonia (and ammonium salts) is frequently used in bath formulation in 

order to increase the solubility of metal complexes compounds and provide a 

buffer capacity. The maximum buffer capacity of ammonia in citrate 

solutions has a maximum at pH 7-9 [69,70]. This is also one of the reasons 

why most of citrate-ammonia electrolytes operate at this pH range (in 

addition to formation of HCit
3-

 ions). However, commonly the 

electrodeposition of W alloys is carried out at elevated temperatures (60-80 

°C) and during long-term operation a significant amount of ammonia can be 

easily evaporated, thus changing the alloy deposition rate and pH. Several 

attempts to develop ammonia-free electrolytes for W alloys deposition were 

reported [17,71,72]. Interestingly, deposition of Ni-W from ammonia-free 

plating bath, resulted in an increased W content in the alloy [72]; however, 

there are no similar data reported for Fe- and Co-W alloys. Boric and 

phosphoric acids, are often used as buffering agents in ammonia-free 

solutions [27,35,73–75]. Furthermore, various organic additives, such as 

brighteners, leveling agent, grain refiners, stress relievers (saccharin, 

Rokafenol, butindiol, glycerol, etc.) [32,76–81] can be also used in bath 

formulation in order to achieve a desired performance of the electrolyte.  

The estimation of species distribution is of particular importance for the 

evaluation of the bath stability and other processes occurring during 

electroplating. It gives the possibility to get further insight onto the 
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deposition mechanism and correlate the theoretical data with the 

experimental ones.  For instance, the increase in W content in Co-W alloy at 

pH >5 was correlated with the rapid rise in concentration of a W-citrate 

complex, (WO4)(HCit)H
4-

 [27]. In addition, the species distribution can help 

to understand the origin of the compositional variation within the coating 

thickness and increase (or decrease) in cathodic current efficiency during 

electrodeposition [66]. Nevertheless, the straightforward and accurate 

prediction of alloys composition as a function of pH and other bath 

constituents is limited, because the electrolyte may contain also compounds 

with enhanced molecular mass [50], heterometallic species, and other 

species those stability constants are not know and, therefore, cannot be 

considered in calculation.  

 

1.4 Properties of W alloys with iron group metals  

and their composites 

Electrodeposition technique is an extremely powerful tool in materials 

design. While the chemical composition and structure are the key factors 

determining the properties of material, electroplating gives the possibility to 

produce alloys with specific composition, nano- or amorphous internal 

ordering and specific texture and, therefore, different characteristics.  

The data on mechanical properties of electrodeposited binary and ternary 

W alloys with iron group metals were summarized in [9]. Different 

compositions and coatings obtained under different conditions were 

compiled. Generally, the mechanical properties (hardness and strength) 

improve as the W content is increased due to reduction of the crystallite size, 

as it is predicted by the Hall–Petch relation, that is, the strength is increasing 

as the inverse square root of the grain size: 

0
y

y

k
H

D
 (12) 

where H is a hardness, σy is a material strength, σ0 is a material constant for 

resistance of the lattice to dislocation motion, ky is a strengthening coefficient 

(unique to each material) and D is the grain size.  

The smaller grains increase the number of grain boundaries, which are 

able to stop the dislocation motion and thus the hardness increases. In 

addition, solid solution strengthening and nanostructurization processes can 

be involved. Nevertheless, it has been shown that for W contents higher than 

10 at.% in Ni-W [81] and 25 at.% in Co-W alloys [27], the crystallite size 

reduces below a critical value and the Hall–Petch breakdown occurs, which 
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is about 10 nm and 5 nm for Ni- and Co-W alloys, respectively. This critical 

grain size value sometimes can be correlated to the transitional state between 

nanocrystalline and amorphous/amorphous-like structure. The amorphous 

structure promotes branching of the shear bands and thus the hardness 

decreases. Remarkably, the hardness of Fe-W alloy with 30 at.% of W can 

reach values as high as 13 GPa (at 2 mN), which is higher than that reported 

for Co- and Ni-W alloys and even comparable to the hardness of electrolytic 

chromium [82]. The measured hardness of Fe-, Co- and Ni-W alloys can 

vary significantly dependently on the alloys composition (W content) and 

applied experimental conditions. Considering the tests carried out at the 

same conditions on M-W alloys with similar W content, the highest hardness 

has been reported for Fe-W coatings, followed by Co-W and Ni-W in a 

descending order.   

Nevertheless, amorphous materials are often brittle [83] due to high 

internal stress originated from the hydrogen evolution during M-W alloys 

electrodeposition. Thermal treatment can reduce imbedded stress of the 

coatings and further improve their mechanical properties. Most of the studies 

concerning the effect of heat treatment on hardness of electrodeposited W 

alloys have been performed on Ni-W [84–87] and Ni-Fe-W systems [32,83]. 

Only a few studies have assessed the thermal stability and phase 

transformations occurring upon annealing of Fe-W [28,71,88] and Co-W 

alloys [13,89]. When subjected to thermal treatment electrodeposited 

nanocrystalline and amorphous alloys recrystallize with the formation of 

more coarse grains and new phases (intermetallic phases, oxides, carbides, 

etc.). Typically amorphous-like W alloys (W-rich alloys) have enhanced 

thermal stability perhaps due to a thermodynamic phenomenon, where grain 

boundary energy is reduced upon solute segregation to the intercrystalline 

regions [90]. In fact, amorphous Fe-W alloys are characterized with 

outstanding thermal stability keeping the partially amorphous structure up to 

600 °C [71]. At elevated temperatures above 800°C the recrystallization 

occurs with the formation of α-Fe, Fe2W and FeWO4 phases [71]. The 

formation of intermetallic phases at elevated temperatures such as Ni4W, 

NiW and Co3W is expected from binary phase diagrams and was also 

observed after annealing treatment of electrodeposited Ni-W and Co-W 

alloys, respectively [13,85]. However, the origin of precipitated oxide (and 

carbide) phases during annealing is still under debate. Some authors report 

on the crucial role of co-deposited impurities (mainly O and C) and 

demonstrate that impurity particles can alter grain growth and influence the 

microstructure development during the thermal treatment [87,91]. Others 
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suggest that oxygen impurity originates from some residual air in argon 

atmosphere, where annealing tests were performed [13].  

Many researches address the importance of mechanical characteristics of 

coatings for their tribological properties giving the relationships between 

hardness (or plasticity) and wear [81,92,93]. The general idea is that the 

materials with higher ratio between hardness and elastic modulus, so-called 

elastic strain to failure, will better resist the permanent plastic defamation, 

hence, minimize wear resulted from the plastic deformation [93]. The studies 

performed on Ni-W coatings, which typically undergo sliding wear, have 

shown that, indeed, elastic-plastic behavior is the controlling factor [81,94]. 

In addition, it was demonstrated that Co-W layers have better resistance to 

high loads under friction conditions due to the formation of stable hexagonal 

close-packed (hcp) structure, which impedes the plastic flow [95]. 

Nonetheless, the tribological behavior of Fe-W alloys is primary determined 

by chemical stability of Fe and not only by mechanical characteristics. At 

dry friction conditions Fe-W alloys undergo severe tribooxidation [82]. 

Formed iron oxides act as abrasive third body particles, which increase the 

asperity contact between two sliding solids, thus resulting in a high 

coefficient of friction and larger wear volume.  

The map provided in [9] assesses the wear rate of different W alloys in 

similar tribo-systems. According to that, the Co-W alloys undergo the lowest 

wear, as compared to Co-W-P, Fe-W, TiN and electrolytic Cr. Similar data 

were reported in [26] (despite different test configuration was used), 

suggesting that Co-W alloys are one of the best candidates to replace hard 

chromium coatings. Nevertheless, it is worth notice, that the comparison of 

tribological properties based on the published data is quite complicated 

because of the different electrodeposition and testing conditions used, that is, 

the load, amplitude, speed, displacement, relative humidity, temperature, etc. 

Moreover, a common unit to express the degree of wear is lucking. Hence, 

the wear is often expressed in terms of specific wear rate (mm
3
/Nm), wear 

loss (µg, kg/Nm, etc.), wear depth (µm) or dissipated energy (µm
3
/J). Some 

of the wear characteristics of M-W alloys and their composites are provided 

in Table 1. 
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Fabrication of composite materials is one of the common approaches, 

which enable to combine alloys properties with significantly different 

physical or chemical properties of second phase particles that produce a 

material with unique characteristics different from the individual 

components. Many studies have been concerned the electrodeposition of Ni 

and Ni-W matrix composites with  oxide and carbide particles (Al2O3, SiC, 

TiO2), because of their high hardness, oxidation and thermal resistance that 

may improve the strength and corrosion resistance of the resulting composite 

coatings [96–100]. It must be point out that the presence of particles by 

themselves cannot ensure the desired performance of the coating. Often, the 

incorporation of particles causes porosity, bad adhesion and weak interface 

bonding with the matrix. All these effects can eventually reduce the overall 

performance of the surface, particularly, corrosion resistance [99]. 

Therefore, the appropriate design of the composite system is essential.  

At optimized conditions, the hardness of the composite coatings increases 

due to the grain refining and dispersion strengthening effects provided by 

particles [100]. In addition, even naturally soft WS2 particles (~3 GPa) 

incorporated in Ni matrix resulted in an increased hardness of the coating 

due to pronounced texturing effect [101]. Also, micro- and nano- second 

phase particles typically improve the wear resistance of composites, as they 

can provide self-lubricating effect, serve as spacers between two bodies in 

contact and increase the elasticity of the coating [100,101,105,107]. 

However, the corrosion behavior of the composites is rather more 

complicated. Well-dispersed Ni-W composites with Al2O3 particles have 

shown good corrosion resistance in sulfides and chlorides medium due to the 

partial blocking of corrosion pits by inert alumina particles [108]. 

Nonetheless, the presence of alumina particles in Ni-Fe/Al2O3 had a 

detrimental effect on corrosion resistance of the composite coating, because 

the increase of co-deposited Al2O3 lead to an increase in Fe content in Ni-Fe 

matrix and as a consequence corrosion preceded through the selective 

dissolution of iron-rich areas [99]. 

W alloys and composites with iron group metals possess tunable 

magnetic properties and are of great interest for a variety of magnetic 

applications. Among investigated films are: binary Co-W [27] and Fe-W 

alloys [14,109], ternary Co-Ni-W [73] and Ni-Fe-W  [31,33,110] alloys and 

also Ni/W and Fe/W composite coatings [111]. Both hard and soft magnetic 

properties have been reported for Co-W deposits depending on the W 

content [27]. Otherwise, these M-W alloys are generally characterized by 

low coercive field, that is, the soft or semi-soft magnetic properties (Hc<200 

Oe) within all W concentration range and are suitable for read/write heads in 
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hard disc, sensors and microelectromechanical systems. The common feature 

is that the saturation magnetization tends to decrease monotonically, as the 

amount of W increases, due to the gradual dilution of non-magnetic tungsten 

atoms. It must be pointed out that the magnetic properties of W alloys 

(coercivity, saturation magnetization, anisotropy easy axes direction, 

remanent-to-saturation ratio, etc.) are strongly dependent on the 

microstructure of electrodeposited films, and not only on the W content [9]. 

1.5 Summation 

It is important to achieve a deep understanding of the phenomena 

involved in electroplating of W alloys with iron group metals. The 

deposition conditions applied (current density, current mode), bath 

formulation (concentration of metal species, complexing agents, additives, 

pH), and experimental set-up (agitation, heating, position of the electrodes, 

etc.) have direct influence on the composition, structure and properties of 

resulted coatings. Fe-, Co- and Ni-W alloys have many similarities, but also 

several specific features can be distinguished. Ni-W coatings possess 

outstanding corrosion resistance, electric and magnetic properties, what 

makes them appealing for the fabrication of micro-electronic devices. Co-W 

alloys have high potential to be applied for the fabrication of interconnects 

and protective coatings alternative to hard chromium, due to their attractive 

mechanical properties and remarkable resistance to wear and elevated 

temperatures. In contrast, Fe-W system is not such well-studied and the 

comprehensive investigation on interrelationship between electrodeposition 

conditions, composition, structure and properties is lucking. Currently, the 

main attention toward fabrication of these alloys is targeted to the production 

of magnetic devices, due to excellent soft magnetic properties of Fe. In 

addition, electrodeposition of Fe-based composites remains poorly explored, 

as compared to other M-W matrix composites.  
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2. EXPERIMENTAL METHODS 

Different techniques were used to obtain and characterize Fe-W alloys 

and composite coatings. The specific bath composition, electrodeposition 

conditions, and procedures for mechanical, magnetic, wear and corrosion 

properties measurement are described in detail in appended articles for each 

specific case. The general research methodology is shown in Fig. 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The research methodology for investigation of Fe-W alloys and composite 

coatings. 

2 pav. Fe-W lydinių bei kompozitų tyrimų metodologija. 
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In order to obtain Fe-W composites, the base Fe(III) glycolate-citrate 

electrolyte was used: 1 M glycolic acid, 0.3 M citric acid, 0.1 M Fe2(SO4)3 

and 0.3 M Na2WO4. Before adding the particles, the bath pH was adjusted to 

7.0 with NaOH at room temperature. Sub-microsized alumina particles 

(purchased from Alfa Aesar) with the concentration of 25 g L
-1

, 50 g L
-1

 and 

100 g L
-1

 were added to the base electrolyte and the suspensions were 

intensively stirred at 300 rpm for 24 hours prior to first electrodeposition in 

order to hydrate the particles. Before starting the electroplating, the 

electrolytes were placed in an ultrasonic bath for 10 min to prevent 

agglomeration. The electrodeposition set-up was similar to that used for Fe-

W alloys electrodeposition. 

2.3 Characterization of coatings 

Scanning Electron Microscopy (SEM) is one of the most commonly used 

imaging techniques to obtain the high–resolution images of a solid sample 

surface in micro- and nanometer scale. SEM analysis was used for 

characterization of Fe-W alloys and Fe-W/Al2O3 composite coatings in 

Papers 1-5. 

Confocal microscopy is an optical imaging technique, which allows to 

obtain micrographs with increasing contrast and optical resolution as 

compared to classical light microscopy, what is achieved by means of using 

a spatial pinhole to block out-of-focus light in image formation. The 3D 

images of Fe-W surfaces were obtained by Leica DCM confocal system as 

described in Paper 2. 

Energy-dispersive X-ray Spectroscopy (EDS) is an analytical technique 

commonly used for qualitative and quantitative determination of elemental 

composition of a sample. Nevertheless, EDS analysis has several limitations 

with respect to quantification of light elements and low concentrations due to 

two main issues: (i) elements with Z < 11 emit low energy X-rays which are 

subject to strong absorption by the specimen; and (ii) the yield of 

fluorescence increases with the atomic number and de-excitation of light 

elements occurs mainly by the emission of Auger electrons. The specific 

experimental details on EDS analysis are provided in Papers 1-5. 

Glow Discharge Optical Emission Spectroscopy (GD-OES) has been 

recognized as a powerful tool for reliable in-depth elemental analysis of 

solids. The principle of GD-OES is the analysis of the light emitted by 

excited atoms after ejection from a sample by bombardment with Ar
+ 

created 

in a glow discharge. The spectroscope operates over the wave length ranging 

from 110 nm to 800 nm. Thus, GD-OES can be used for accurate 

quantification of light elements such as hydrogen, oxygen, carbon and 
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sodium. This method has been employed for in-depth elemental analysis of 

Fe-W layers as described in Paper 3. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

is an analytical technique, which gives the elemental composition of a 

sample. The spectrometer analyses the solution, where the material has been 

previously dissolved. In this study ICP-OES technique was used to obtain a 

composition of the calibration samples for GD-OES analysis and also for 

normalization of magnetic hysteresis loops by mass of the material (Paper 2 

and 3). 

X-ray Diffraction analysis (XRD) is a structural analysis technique. It 

provides information on crystal structure, phase, preferred crystal orientation 

(texture), and other structural parameters, such as average grain size, 

crystallinity, strain, and crystal defects. However, the application of XRD 

analysis for investigation of the phase composition in 

amorphous/amorphous-like materials is limited. The characterization of 

various as-deposited and annealed Fe-W coatings by XRD has been 

performed in Papers 1-4. 

Mössbauer spectroscopy is a versatile technique that can give very 

precise information about the chemical, structural and magnetic properties of 

material. The most commonly studied isotope which has a probability to 

absorb the photon is 
57

Fe, what makes Mössbauer spectroscopy analysis 

appealing for the investigation of nanocrystalline and amorphous Fe-W 

alloys, as it was discussed in Paper 2. 

Vibrating Sample Magnetometry (VSM) is a method to estimate magnetic 

properties of a material. The sample is mechanically vibrated within a 

uniform magnetic field, and the change in the magnetic field of the sample 

induces an electrical field in the sensing coils that is proportional to the 

magnetization of the sample. The software converts the signal change to 

values and gives the graphical relationship between the saturation 

magnetization and the magnetic field strength, known as hysteresis loops. 

The specific experimental conditions are provided in Paper 2. 

Nanoindentation is one of the most common and versatile technique used 

for investigation of mechanical behavior of the materials at very small length 

scales, such as hardness, elastic modulus, plasticity, strain, stress, etc. During 

the nanoindentation the sample is loaded by an indenter (usually made of 

diamond) in a control mode. While indenting, the dependence of the load 

applied on the penetration depth of the tip is recorded by the software. Using 

obtained load-displacement curves and known geometry of the indentation 

tip, one can express a variety of mechanical characteristic of material, based, 
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for example, on the Oliver-Phar method [120]. Fe-W coatings have been 

subjected to nanoindentation tests as described in Papers 2 and 4. 

Wear tests were used to estimate the resistance of the surface to wear in a 

specific environment under well-defined conditions. In this study, ball-on-

flat configuration was employed for the evaluation of the tribological 

behavior of electrodeposited Fe-W alloys under dry and lubricating 

conditions, and ball-on-disc configuration test was used for the investigation 

of Fe-W/Al2O3 composite coatings under dry friction. All the tribological 

tests were performed in ambient air at 20 ± 2 °C and 48-55% relative 

humidity and corundum ball with 6 mm diameter was the counter body. The 

experimental details on the investigation of tribological behavior of Fe-W 

alloys are given in Paper 5. The evaluation of wear resistance of Fe-W/Al2O3 

composite coatings was carried out under dry friction conditions by applying 

2 N load for 500 m with a rotation speed of 4 cm s
-1

 (rotation diameter 3 

mm). The specific wear rate was calculated according to the equation (15): 

A lK
L D

  (15) 

where K is the specific wear rate (mm
3
/N m), A is the cross-section area of wear 

track (mm
2
), l is the length of the wear track (mm), L is the applied load and D is the 

sliding distance.  

Electrochemical Impedance Spectroscopy (EIS) is an electrochemical 

method, which is widely applied to study the kinetics of corrosion or 

deposition of metals and alloys. The method is based on the sinusoidal 

potential perturbation at different frequencies and registration of the 

electrode response to these perturbations. The interpretation of EIS data is 

traditionally relied on fitting the experimental data to the equivalent 

electrical circuit elements. The elements are then attributed to physical 

processes in the system (e.g. double layer capacitance, charge transfer 

resistance, etc.). In this study, the corrosion measurements were conducted 

in 0.1 M NaCl medium by applying the sinusoidal voltage with 5 mV 

amplitude in the frequency range of 10 kHz - 0.01 Hz, and the fitting of EIS 

data has been performed using Z-View software.  

Potentiodynamic polarization is the characterization of a metal or alloy 

by its current-potential relationship, which can be used to determine various 

corrosion characteristics of metallic specimens in aqueous environments 

such as tendency to passivation, corrosion current density, corrosion rate, 

etc. The measurements were conducted in 0.1 M NaCl medium in the 

potential range from -1 to 1 V at a sweep rate of 1 mV/s. 
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2.4 Summation 

Different physical, chemical and electrochemical methods and theoretical 

approaches have been used for bath development and characterization of  

Fe-W alloys, which allowed obtaining a clear picture of the overall coating 

performance and map the composition-properties interrelation. 
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lowering the concentration of “free” Fe
3+ 

ions (more details are given in 

Paper 1). The suggested glycolate-citrate bath was studied by simulation of 

complexes distribution in order to unveil the factors controlling the bath 

performance.  
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Fig. 3. Calculated complexes distribution: for glycolic acid solution at the following 

total concentrations of constituents [H2Gly]tot=1.0M (a); iron species in water 

solution [Fe(III)]tot=0.2M (b); iron species in glycolate-citrate solution, 

[Fe(III)]tot=0.2M, [H2Gly]tot=1.0M, [H4Cit]tot=0.3M (c); and Fe and W species in 

glycolate-citrate solution [Fe(III)]tot=0.2M, [W(VI)]tot=0.3M, [H2Gly]tot=1.0M, 

[H4Cit]tot=0.3M (d). 

3 pav. Apskaičiuotas kompleksų pasiskirstymas glikolio rūgšties tirpaluose esant 

šioms bendroms pradinių medžiagų koncentracijoms: [H2Gly]tot=1.0M (a); Fe(III) 

junginiai vandeniniame tirpale [Fe(III)] tot=0,2M (b); Fe(III) junginiai 

glikoliatiniame-citratiniame tirpale: [Fe(III)]tot=0,2 M, [H2Gly]tot=1.0M, 

[H4Cit]tot=0,3M (c); Fe(III) ir W(VI) junginiai glikoliatiniame-citratiniame tirpale: 

[Fe(III)]tot=0,2M, [W(VI)] tot=0,3M, [H2Gly]tot=1.0M, [H4Cit]tot = 0,3M (d). 
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Citric acid is one of the most extensively studied complexing agents for 

W alloys electrodeposition and the distribution of citrate species was 

previously evaluated in [16,46]. In contrast, the use of glycolic acid as a 

complexing agent for alloys deposition was not broadly explored yet. The 

Fig. 3a shows the distribution of mono-protonated glycolic acid species. As 

it is seen, the glycolic acid is 50 % deprotonated at pH ~ 4, and completely 

protonated at pH > 6.  

Many studies report the importance of metal hydroxyl species in the 

mechanism of iron-group metals and alloys electrochemical formation. 

Therefore, the distribution of Fe
3+

 species in aqueous solution was studied 

prior to the formulation of a final equation set. According to the Fig. 3b, the 

Fe(OH)2
+
 specie predominates at pH range from 2 to 7, while above pH 7 the 

predominant specie is Fe(OH)4
-
. The addition of complexing agents (glycolic 

and citric acids) shifts the equilibria in solution toward the formation of 

complexes compounds. In fact, different Fe(III)-citrate complexes dominate 

over the pH range: FeHCit at pH 1-3, FeH2Cit2
3-

 at pH 3-5, FeH(Cit)2
4-

 at pH 

5-6 and FeCit2
5-

 specie dominates at pH above 7 (Fig. 3c). The maximum 

fraction of complex compound of Fe(III) with glycolic acid is observed at 

pH 4-7; approximately 20% of all iron ions are in Fe(HGly)2Gly complex.  

Fig. 3d shows the calculated distribution of Fe and W species in a new 

glycolate-citrate electrolyte, which was used in this research for 

electrodeposition of Fe-W alloys. An addition of tungstate WO4
2-

 ions 

modifies the distribution of iron complexes due to the concomitant formation 

of W(VI) and Fe(III) complexes with citric and glycolic acid. Remarkably, 

99 % of tungsten in solution is present in the form of glycolate complex up 

to pH 7. The reduction of WO2(Gly)2
2-

 concentration  at pH > 7 is 

accompanied with an increase in concentration of “free” WO4
2-

 ions. Citric 

acid bonds only ~ 5 % of tungsten ions at this pH. In contrast, the major part 

of iron is complexed by citrate ligands within the whole pH range, 

suggesting that namely the formation of Fe-citrate complexes stabilizes the 

glycolate-citrate electrolyte. Noticeably, almost 25 % of iron is present in 

form of hydroxo-complex Fe(OH)4
-
 at pH > 7. The formation of W-glycolate 

complex over the W-citrate is expected to have a significant influence on the 

electrodeposition process of Fe-W alloys, similarly to Ni-W 

electrodeposition [66].  

Indeed, the distribution of Fe(III) and W(VI) complexes compounds 

significantly influence the deposition rate of Fe, W, as well as the rate of 

side reaction (mainly hydrogen evolution), hence resulting in a variation of 

W content in alloy with pH. The calculated partial currents of Fe, W 

deposition and side reaction as a function of pH reveal the correlation 
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between the fraction of predominant specie in the bath, W content in alloy 

and deposition current efficiency. The Fig. 4 illustrates the variation of the 

W content and alloy deposition current efficiency as a function of pH (the 

graphical dependences of partial currents are published in Paper 2). The 

results show, that an increase of W content in alloy is accompanied with the 

increase in current efficiency, which can reach up to 60-70 % when 

deposition is carried out at pH nearly 7, at 65 °C.  
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Fig. 4. Influence of pH on: W content in the alloy (a); current efficiency at the 

cathodic current density of -15 mA cm
-2

(b). Electrodeposition bath contained 1.0 M 

glycolic acid, 0.3 M citric acid, 0.1 M Fe2(SO4)3 and 0.3 M Na2WO4. 

Electrodeposition temperature is indicated next to the corresponding curve. 

4 pav. pH įtaka: W kiekiui lydinyje (a); srovinei išeigai esant katodinės srovės 

tankiui 15 mA cm
-2

(b). Elektrolito sudėtis: 1,0M glikolio rūgštis, 0,3M citrinų 

rūgštis, 0,1M Fe2(SO4)3, 0,3M Na2WO4. Elektrolito temperatūra nurodyta šalia 

kreivių. 

Remarkably, the CE of Fe-W alloys electrodeposited from glycolate-

citrate bath is considerably higher than for other Fe-W alloys deposited from 

Fe(II)- or Fe(III)-based electrolytes achieved by using an insoluble anode 

[82,121]. As depicted in Fig. 5, W-glycolate complex is a molecule with 

small volume which can move faster to the cathode and thus benefit the 

electricity transportation and discharge easier as compared to complex W-

citrate molecules: 

 
Fig. 5. The structure of W(VI) complexes: glycolate complex [117] (a); one of the 

W(VI)-citrate complexes [63] (b) . 

5 pav. W(VI) kompleksų struktūros: glikoliatinio komplekso [117] (a); viena iš 

W(VI) citratinių kompleksų [63] (b). 
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At higher pH the current efficiency drops significantly, as well as the W 

content in alloy (Fig. 4b). This correlates well with the calculated complexes 

distribution. The decrease in concentration of predominant specie 

WO2Gly2
2−

 and significant increase in the concentration of WO4
2−

 ions at 

pH>7. Furthermore, the electrodeposition of Fe-rich alloys from weakly 

alkaline glycolate-citrate solution can be correlated with increase in 

concentration of FeCit2
5-

 and hydroxo-complex Fe(OH)4
-
 (Fig. 3d); both can 

form a parallel path for Fe(III) discharge and thus result in an increased Fe 

content in the alloy.  

It is worth notice, that Fe-W alloys containing > 16 at.% of W can be 

produced only at elevated temperatures. Therefore, the alloys deposited at  

65 °C and having > 16 at.% of W are considered in this study as W-rich, 

while Fe-W alloys deposited at room temperature and having < 10 at.% of W 

are considered W-low (or Fe-rich). Accordingly, 10-15 at.% of W is 

considered as a moderate W content.  

3.2 Composition and structure of electrodeposited Fe-W alloys 

Electrodeposited Fe-W alloys are typically gray in appearance. Fig. 6 

shows the representative SEM images of the surface morphology of Fe-W 

deposits with different W contents.  

It can be seen, that the surface morphology is strongly influenced by W 

content in the alloys. The surface of Fe-W coatings with up to 10 at.% of W 

is porous and shows a micro-globular structure with high inter-granular 

distances between globules resembling a cauliflower structure. The cross-

section analysis of W-low samples depicts the presence of internal cracks, 

which appear most probably due to abundant hydrogen evolution when 

depositing at room temperature. Further increase in W content leads to a 

disappearance of pores and substantial surface refining. The cross-section 

area of W-rich samples appears to be cracks-free (cross-sectional images are 

shown in Paper 3). As shown by confocal microscopy analysis, the average 

roughness of the electrodeposited samples decreases linearly from ~ 62 nm 

to ~ 13 nm as the W content in the alloys increases from 6 to 25 at.%, and 

thus Fe-W alloys with 15-25 at.% of W generally exhibit a mirror-like 

appearance. It is worth notice that all the coatings were well-adhered to the 

substrate. 
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Fig. 6. SEM images of the surface of Fe-W alloys with different W content: 6 at.% 

(a); 12 at.% (b); 25 at.% (c); and their corresponding confocal microscopy images 

(d-f).  

6 pav. Fe-W lydinių, turinčių skirtingą W kiekį, SEM atvaizdai: 6 at.% (a); 12 at.% 

(b); 25 at.% (c); jų atitinkami atvaizdai, gauti konfokaliniu mikroskopu (d-f). 

 

The presence of high amount of oxygen and carbon was detected by EDS 

analysis on the Fe-W alloys surface. Previous studies on electrodeposited 

Co-W and Ni-W alloys also addressed the question whether the tungsten 

alloys contain significant amounts of co-deposited oxygen or it is mainly 

present in the top surface layer [13,122]. In order to investigate the 

distribution of non-metallic elements within the thickness of Fe-W layers, 

the samples with different W content were subjected to GD-OES analysis.  

 

(d) 

(e) 

(f) 
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Fig. 7: Compositional depth profiles obtained by GD-OES on Fe-W samples with 

different composition: 4 at.% of W, pH 6.5, 20 °C (a); 16 at.% of W, pH 5, 65 °C 

(b); 20 at.% of W, pH 8, 65 °C (c); and 25 at.% of W, pH 6.5, 65 °C (d). 

7 pav. Fe-W lydinių, turinčių skirtingą W kiekį, sudėties profiliai, nustatyti GD-OES 

metodu: W 4 at.%, pH 6.5, 20 °C (a); W 16 at.%, pH 5, 65 °C (b); W 20 at.%, pH 8, 

65 °C (c); W 25 at.%, pH 6.5, 65 °C (d). 

Indeed, the characteristic compositional depth profiles reveal the presence 

of a strongly oxidized top surface layer of ~1-2 µm thickness, while only 

traces of O and C were observed in the bulk of the coatings (Fig. 7). The 

surface layer consists mainly of O and Fe and contains relatively high 

amounts of C and H as compared to the concentration deeper down in the 

material. In fact, the formation of strongly bonded O-rich chemisorbed layer 

on the top of W containing alloy is expected because the O activation energy 

for desorption from the surface is high, 269-480 kJ/mol [13]. The presence 

of carbon and hydrogen contaminations on the surface of electrodeposited 

coatings can be explained by absorption of some citrate/glycolate species 
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Fig. 8. X-ray diffraction patterns recorded for Fe (a) and Fe–W electrodeposits 

having various W content: 6 at.% (b), 17 at.% (c), 21 at.% (d), and 25 at.% of W (e). 

Peaks were identified based on ASTM Cards 06-0696 (Fe).  

8 pav. Fe (a) bei Fe-W lydinių, turinčių skirtingą W kiekį,  rentgeno spindulių 

difrakcijos spektrai: 6 at.% (b); 17 at.% (c); 21 at.% (d); 25 at.% (e). Smailės 

identifikuotos pagal kortelę ASTM Cards 06-0696 (Fe). 

 

The shift in corresponding 2Θhkl values can be explained according to 

Bragg’s law, which states that the values of Θhkl depend on the lattice 

parameter, α0, and average closest distance, dhkl, between atoms in the lattice 

in a following way: 
2

2 2 2 2
2

0

sin ( )
4hkl h k l  (18) 

and for bcc crystals: 

0
2 2 2hkld

h k l
 (19) 

where λ - the wavelength of X-rays (in Å), Θhkl - the Bragg angle for (hkl) plane (in 

radians), hkl – Miller indexes. 

The α and d110 values calculated from the strongest peak position are 

shown in Table 3. An increase in lattice parameter and interplanar distance is 

proportional to the atomic fraction of W and it is most likely due to the 
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partial replacement of some Fe atoms by bigger W atoms in the lattice and 

formation of tungsten solid solution in iron. Formation of solid solution is 

rather typical for electrodeposited alloys and for Fe-W it is supported by the 

fact that Fe and W have homotypic lattices differing by not more than 15 % 

[3] (αbcc,Fe=2.8665 Å, αbccW=3.1652 Å [124]). 
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Fig. 9. Relative amount of phases identified by Mössbauer spectroscopy. 1, 2 and 3 

correspond to the compounds where 1, 2 or 3 Fe atoms are replaced by W, 

respectively. 

9 pav. Santykiniai fazių kiekiai identifikuoti iš Mosbauerio spektroskopijos 

duomenų. 1, 2 ir 3 atitinka junginius, kuriuose 1, 2 arba 3 Fe atomai pakeisti W 

atomais. 

 

In order to validate this hypothesis the Mössbauer spectroscopy analysis 

was performed on electrodeposited Fe and Fe-W samples with increasing W 

content. Indeed, it is found that with the increase in W content, the relative 

amount of α-Fe phase decreases, while the amount of Fe(W) solid solution 

increases, that is, the observed sub-spectra having smaller hyperfine fields 

correspond to some iron atoms being replaced by W atoms in α-Fe lattice. 

Based on hyperfine parameters there are up to 3 iron atoms replaced by W 

atoms (1, 2 and 3 in Fig. 9). All spectra of W-rich samples (16–25 at.%) 

have almost the same shape, which can be ascribed to the Fe2W intermetallic 

compound and Fe solid solution in W. The detailed discussion on Mössbauer 

spectroscopy analysis and its utility for evaluation of amorphous-like Fe-W 

alloys is provided in Paper 2. 

Electrodeposited Fe-W alloys undergo phase transformation when 

subjected to elevated temperatures. Annealing tests coupled with XRD 
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analysis show that Fe-W alloys with maximum W content (25 at.%) exhibit 

outstanding thermal stability retaining a fully amorphous-like structure up to 

400 °C. The recrystallization starts at 600 °C, however, a partially 

amorphous structure is kept even after annealing at 800 °C. In fact, the 

amount of nanocrystalline phase consisted of α-Fe, Fe2W and Fe6W6C was 

estimated to be around 24 %. Moreover, the presence of light elements, O 

and C detected in composition of as-deposited coatings by EDS and GD-

OES analyses, lead to precipitation of Fe3W3C and Fe6W6C phases in W-rich 

alloys after annealing at 800 °C, and to precipitation of FeWO4 phase in 

nanocrystalline W-low coatings annealed at 600 °C. The thorough discussion 

on the annealing treatment effects is given in Paper 3 and 4. 

3.3 Mechanical and magnetic properties of Fe-W alloys  

Mechanical and magnetic properties of Fe-W alloys were evaluated as a 

function of their composition and internal structure in order to unveil the 

perspectives on their sustainable application. The values of hardness and 

elastic modulus (reduced Young’s modulus) extracted from the load-

displacement curves using the method of Oliver and Pharr are presented in 

Fig. 10. The increase of tungsten leads to an increase in both hardness and 

elastic modulus. Hardness increases from 4.1 GPa for the alloy with 6 at.% 

W to 10.4 GPa for the alloy with 25 at.%. of W. Accordingly, the elastic 

modulus increases from 83 to 216 GPa. Among various strengthening 

mechanisms observed on nanocrystalline materials, the increase in hardness 

of electrodeposited Fe-W alloys is most likely due to the reduction of the 

grain size. Indeed, a linear dependence of the hardness as a function of the 

crystallite is obtained, as typical for Hall-Petch plots (Fig. 11
*
). Small 

crystallites create a large number of the gain boundaries able to impede the 

dislocation motion. Consequently, the plastic deformation is mainly 

governed by the lattice dislocation within individual grains, resulting in a 

higher strength. Moreover, the formation of stable intermetallic phase Fe2W 

(as proven by Mössbauer spectroscopy) can contribute to the increased 

hardness for the samples having >16 at.% of W. 

A comparison of mechanical properties of obtained electrodeposited Fe-

W coatings with previously published data on W alloys with iron group 

metals revealed that alloys having similar W content exhibit higher hardness 

than Co- and Ni-W alloys and even the hardness is comparable to that of 

                                                      

 
*Corrigendum to “Mapping of mechanical and magnetic properties of Fe-W alloys 

electrodeposited from Fe(III)-based glycolate-citrate bath”, Mater. Des. 139 (2018) 429–438 
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electrodeposited chromium (under similar measurement conditions). In 

addition, the hardness of Fe-W alloy having 25 at.% of W electrodeposited 

from glycolate-citrate electrolyte agrees with the data obtained for the same 

alloy composition produced from citrate-ammonia electrolyte. Thus, the new 

electrolyte can be considered as more advantageous for electrodeposition of 

hard Fe-W coatings in light of its environmental sustainability (Paper 2).  
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Fig. 10. Hardness and elastic modulus of Fe-W alloys plotted as a function of the W 

content, at applied load of 20 mN. The SEM image of indented area of Fe-W alloy 

with 23 at.% of W after corresponding test is shown in insert. 

10 pav. Fe-W lydinių kietumo bei elastinio modulio priklausomybės nuo W kiekio 

lydinyje esant 20 mN apkrovai. Įklijoje – Fe-23 at.% W lydinio indentavimo vieta po 

testavimo. 
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Fig. 11. Hall-Petch plot for Fe-W alloys (hardness vs. square-root of the crystallite 

size). 
11 pav. Fe-W lydinių Hall-Petch grafikas (kietumas nuo kvadratinės šaknies iš 

kristalito dydžio priklausomybė).  
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Remarkably, that the mechanical properties of electrodeposited Fe-W 

alloys were enhanced through the controlled heat treatment. In fact, the 

hardness of Fe-W alloy with 25 at.% of W increased up to ~16 GPa after 

annealing at 600 °C due to the precipitation of fine α-Fe crystallites. At 

higher annealing temperatures, that is, the 800 °C, the hardness was reduced 

due to formation of coarse grains. The detailed discussion of the effect of 

annealing treatment on mechanical properties of Fe-W alloys is given in 

Paper 4. 

Magnetic measurements were performed on as-deposited Fe-W alloys 

covering the overall composition range in order to assess the nature of these 

coatings (hard, semi-hard or soft) and the eventual changes in saturation 

magnetization. As expected, the gradual increase in W content in Fe-W 

alloys leads to a reduction of the saturation magnetization as due to the non-

magnetic properties of W (Fig. 12). Nevertheless, alloys produced at room 

temperature exhibit much sharper reduction in saturation magnetization at 

around 12 at.% of W, while deposits produced at 65 °C and having 16 at.% 

of W still maintain relatively high magnetization. This can be attributed to 

the structural differences among the coatings obtained at different 

temperatures. In fact, at room temperature the formation of amorphous-like 

structure is achieved at 12-14 at.% of W. Meanwhile Fe-W alloys with 16-18 

at.% of W deposited at higher temperature probably contain some Fe(W) 

crystals embedded in amorphous-like matrix, as some of the nanocrystalline 

peaks appear on the top of amorphous shoulder in corresponding XRD 

patterns (see Fig. 8c). Moreover, the high value of the saturation 

magnetization obtained for the nanocrystalline materials is due to the 

contribution of α-Fe phase, whereas the reduced values for amorphous-like 

coatings are due to the phase transformation to intermetallic Fe2W and 

W(Fe).  

While the saturation magnetization is an intrinsic property and depends 

on the composition of alloy, the coercivity depends on many parameters 

such as microstructure, grain size and shape, texture and internal stress. The 

coercivity values of the investigated Fe-W alloys are in the range from 20 to 

90 Oe when applying the magnetic field in-plane, and from 10 to 190 Oe for 

the perpendicular-to-plane direction. Thus, a semi-soft magnetic character is 

obtained for all the samples (Paper 2). 
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Fig. 12. Dependence of the saturation magnetization (MS) of Fe-W coatings as a 

function of their composition. The deposition temperature is indicated in the legend 

of graph. The saturation magnetization of bulk iron is taken from [125]. 

12 pav. Fe-W lydinių dangų magnetinio įsotinimo (MS) priklausomybė nuo jų 

sudėties. Elektronusodinimo temperatūra pažymėta legendoje. Tūrinės Fe 

magnetinio įsotinimo vertė paimta iš [125]. 

 

3.4 Corrosion and wear of Fe-W alloys 

Corrosion behavior of electrodeposited Fe and Fe-W coatings having 

various W contents was investigated using voltammetry and electrochemical 

impedance spectroscopy techniques in 0.1 M NaCl solution at room 

temperature. Noticeably, cathodic and anodic branches of recorded 

voltammograms are asymmetric, probably due to the peculiarities of 

cathodic hydrogen evolution and active anodic metal dissolution (Fig. 13). 

Therefore, the polarization curves were evaluated in terms of corrosion 

potential Ecorr and corrosion current density jcorr calculated using Tafel fit 

and Allen-Hickling equation (Table 4). 

 With increasing in W content in alloy the surface shows lower corrosion 

current density (jcorr), but the less noble corrosion potential (Ecorr). Usually, 

the lowering of corrosion potential indicates the higher tendency of the 

electrode to be dissolved in an electrolyte. Nevertheless, the different 

hydrogen overvoltage on Fe-W surface with different W content may vary 

without a direct correlation with the corrosion rate. Moreover, accumulation 

of corrosion products on surface could cause the lower values of Ecorr, thus a 

clear indication of corrosion resistance can be obtained by jcorr. The lowest 

corrosion current density of 6.4·10
-6

 A/cm
2 is obtained for the sample with 
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Fig. 14. Nyquist plots for Fe-7at.%W and Fe-25at.%W alloys coatings in 0.1M 

NaCl solution at OCP. In insert the equivalent circuit used for data fitting is shown. 

Rs is a solution resistance (uncompensated resistance), Rct is a charge transfer 

resistance having meaning of corrosion resistance; Cdl is a constant phase element 

having meaning of double layer capacitance; Rad and Cad are resistance and 

capacitance, respectively, which simulate the charge transfer on adsorbed 

intermediates. 

14 pav. Fe-7at.%W bei Fe-25at.%W lydinių Nyquist diagramos gautos 0,1M NaCl 

esant atviros grandinės potencialui. Įklijoje pavaizduota elektrinė ekvivalentinė 

schema, panaudota duomenų apdorojimui. Rs – tirpalo varža (nekompensuojama 

varža), Rct – krūvio pernašos varža, turinti korozijos varžos fizikinę prasmę, Cdl – 

dvigubojo elektrinio sluoksnio talpa, Rad ir Cad – atitinkamai varža ir talpa, 

modeliuojanti krūvio pernašą į adsorbuotą tarpinį junginį. 

 

The used equivalent circuit for fitting of EIS data supposes the 

complicated mechanism of alloy corrosion, which perhaps involves 

intermediate stages with the adsorption of Fe and W oxygen containing 

compounds. The equivalent circuit used to simulate the EIS consisted of Rs - 

solution resistance (uncompensated resistance); Rct - charge transfer 

resistance; Cdl - a constant phase element having meaning of double layer 

capacitance of the electrolyte at alloy surface; Rad and Cad are adsorption-

related resistance and capacitance of intermediates, respectively. 

Accordingly, circuit RctCdl describes the Faraday process, that is, the 

resistance and capacities of the layer against electrochemical reaction, and 

RadCad represents intermediate stage involving the process of blocking the 

coating’s surface by adsorbed species. It is supposed that during corrosion 

Rs Cdl

Rct Cad

Rad

Element Freedom Value Error Error %
Rs Fixed(X) 0 N/A N/A
Cdl-T Fixed(X) 0 N/A N/A
Cdl-P Fixed(X) 1 N/A N/A
Rct Fixed(X) 0 N/A N/A
Cad-T Fixed(X) 0 N/A N/A
Cad-P Fixed(X) 1 N/A N/A
Rad Fixed(X) 0 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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plasticity and etc. [81,92,93,95]. The general idea is that the materials with 

smaller grain size should better resist to plastic deformation; hence, the wear 

should be minimized. However, despite the fact that among all W alloy 

coatings W-rich Fe-W deposits possess the highest hardness and the grain 

size is below 10 nm, one of the specific tribological features of these 

coatings is rather high wear rate, which exceeds the wear rate of Co-W, Ni-

W and electrolytic chromium coatings tested under similar conditions [82].  

The tribological behavior of electrodeposited amorphous-like Fe-W 

coatings (25 at.% of W) was investigated under dry and lubricating 

conditions using ball-on-flat configuration by applying 1, 2 and 5 N load. It 

is observed that at dry friction conditions the coefficient of friction (COF) 

increases sharply at first 50-100 cycles independently of the applied load, 

then reaches the maximum and remains constant (Fig. 15). The mean of 

COF decreases with the increase in applied load. However, the depth profile 

analysis of Fe-W worn surface indicates the wear propagation at higher loads 

(Fig. 16). The profiles of Fe-W worn surface after dry friction are rather 

sharp, denoting the abrasive type of wear. Indeed, SEM and EDS analyses 

reveal the groove-like morphology of worn surface, but also the presence of 

well-adhered particles and increased oxygen content inside the wear track. 

According to EDS data, the oxygen content in debris particles, which tend to 

accumulate in piles at the edge of the track, can attain 50 at.% after dry 

friction, which corresponds to the atomic fraction of oxygen in mixed Fe3O4 

oxide (Fig. 17). Therefore, slightly increased oxygen content inside the wear 

tack can be attributed to the presence of some iron oxide particles adhered to 

the worn surface after the test. 

These observations imply that Fe-W undergo severe tribooxidation 

during fretting tests. The tribooxidation phenomenon can be explained as 

follows: when two surfaces slide together, the friction work is turned into 

thermal energy, which tends to maximize the potential energy at the 

interface. Since the maximized thermal energy is naturally an unstable state, 

the oxidation itself is a form of intrinsic response of material to recover the 

system equilibrium under friction conditions [129]. Thus, formed iron oxides 

act as third body particles, which form deep grove-like surface when sliding 

against corundum counter body increasing the asperity contact and resulting 

in high values of COF and wear depth.  
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Fig. 15. Evolution of the coefficient of friction of Fe-25at.%W alloy during dry 

friction at 1 N, 2N and 5 N load and in the presence of rapeseed oil film (RO). 

15 pav. Fe-25at.%W lydinio trinties koeficiento kitimas sausos trinties sąlygomis 

esant 1N, 2N bei 3N apkrovoms, o taip pat ir esant rapsų aliejaus (RO) plėvelei. 
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Fig. 16. Depth profiles of Fe-25at.%W alloy worn surface after dry friction at 1 N, 2 

N and 5 N loads and in the presence of rapeseed oil (RO) film. 

16 pav. Fe-25at.%W lydinio esant sausai trinčiai arba rapsų aliejaus (RO) plėvelei 

naudojant 1N, 2N bei 5N apkrovas nusidėvėjimo paviršiaus gylio profiliai. 
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The decrease in COF with the applied load (Fig. 15) could be linked to 

the different behavior of iron oxides: at 1 N the particles must be 

agglomerated on the surface causing high COF, and at higher loads they 

could partially embed into the coatings thus leading to the decrease in COF, 

but propagation of the cracks (Fig. 18a-c). Moreover, the presence of 

adhered iron oxide particles indicates the abrasive-adhesive wear mechanism 

of Fe-W surface.  

Considering the tribooxidation as a driving factor of the wear 

propagation, the lubrication conditions were applied. In this study, rapeseed 

oil was used as a lubricant in order to increase the environment sustainability 

of the process. Indeed, rapeseed oil film of approximately 1 µm of thickness 

reduces COF by approximately five times as compared to dry friction 

conditions (Fig. 15). In addition, the roughness of the wear track after 

friction with lubricant is at the range of initial surface roughness, about few 

hundred nanometers. Moreover, no oxide particles were observed after 

sliding tests neither inside the wear track, nor at the counter-body (Fig. 18c). 

Hence, it can be suggested that at lubricating conditions the wear mechanism 

of Fe-W alloys changes from abrasive-adhesive to abrasive, where debris 

generated during the test act as “in-situ” polishing agent.  

The minimal thickness of oil film when COF starts to decrease is 0.2 µm, 

but the lubricant layer could not resist more than 50 cycles and therefore, 0.5 

µm should be applied in order to retain the experiment for 2.000 cycles. 

Moreover, the optimal thickness of rapeseed oil film that provides the lowest 

COF is 1 µm. That could be due to the better adherence of such film to the 

metallic surface of Fe–W coating (Paper 5). 

 

3.5 Electrodeposited Fe-W/Al2O3 composite coatings 

The tribological performance of Fe-W coatings can be significantly 

improved under lubricating conditions, as it was discussed previously. 

However, in order to extend the lifetime of the coating, the liquid lubricant 

must be injected regularly, what is not always reasonable in practice. 

Therefore, Fe-W/Al2O3 composite coatings were electrodeposited in order to 

improve the wear resistance of Fe-W alloys under dry friction conditions and 

possibly increase their corrosion resistance. Hence, sub-microsized alumina 

particles with various concentrations (25 g/L, 50 g/L and 100 g/L) were 

suspended in the base glycolate-citrate electrolyte. Fe-W alloys and  

Fe-W/Al2O3 composites were electrodeposited at the same conditions in 

order to track the changes caused by particles inclusion.  
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Fig. 20. SEM images of the distribution of Al2O3 particles on the surface (a-d) and 

in the cross-section (e-h) of composite coatings obtained with various concentration 

of alumina in electrolyte: 0 g/L (a,e); 25 g/L (b,f); 50 g/L (c,g); and 100 g/L (d,h). 

Average surface roughness is indicated on the SEM image of corresponding surface. 

Electrodeposition conditions are the same as indicated in Fig. 19. 

20 pav. Al2O3 dalelių pasiskirstymo kompozituose SEM atvaizdai: paviršiuje (a-d); 

skerspjūvyje (e-h). Dangos nusodintos esant įvairioms Al2O3 dalelių 

koncentracijoms: 0 g/l (a,e); 25 g/l (b,f); 50 g/l (c,g); 100 g/l (d,h).  

 

Ra = 80 nm 

Ra = 100 nm 

Ra = 195 nm 

Ra = 300 nm 
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asperity contact between the sliding surfaces, thus lowering the 

tribooxidation and reducing the wear during friction.  
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Fig. 22. Specific wear rate of Fe-W alloys and Fe-W/Al2O3 composite coatings 

under dry friction conditions as indicated in Fig. 21. 

22 pav. Fe-W lydinio ir Fe-W/Al2O3 kompozitų savitasis nusidėvėjimo greitis sausos 

trinties sąlygomis, kurios nurodytos 21 pav. aprašyme.  

   

  
Fig. 23. SEM images of the worn surface of the Fe-W/Al2O3 coatings deposited from 

the bath containing 25 g/L of alumina (a) and 100 g/l (b), after 500 m sliding under 

conditions indicated in Fig. 21.  

23 pav. Fe-W/Al2O3 kompozito po 500 m trynimo (sąlygos nurodytos 21 pav. 

aprašyme) nusidėvėjimo paviršiaus SEM atvaizdai. Kompozitas nusodintas iš 

elektrolito, turinčio 25 g/l Al2O3 dalelių (a) ir 100 g/l Al2O3 dalelių. 

 

The cracks depicted on the worn surface of Fe-W/Al2O3 coatings having 

small particles concentration (Fig. 23a) could be attributed to their excessive 

brittleness; although, there are no cracks noticed inside the wear track of the 

composite coating with the highest particles concentration (Fig. 23b).  

Corrosion resistance of Fe-W/Al2O3 composite coatings was investigated 

by EIS in 0.1 M NaCl medium at room temperature. The obtained Nyquist 

(a)

a 

(b)

a 
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obtain a better understanding of the way how the bath composition and 

solution pH affect the W content, current efficiency and partial currents in 

the bath. The structural, mechanical, magnetic properties and thermal, wear 

and corrosion resistance of Fe-W layers were investigated as a function of W 

content in alloy. Moreover, novel Fe-W/Al2O3 composite coatings were 

electrodeposited from the same glycolate-citrate electrolyte with the addition 

of alumina particles in order to improve the performance of the coatings. The 

resulting functional properties of obtained coatings are determined by 

interrelation between several factors, such as elemental and phase 

composition, surface morphology and crystallite size. High W content 

promotes the smoothening of the surface, reduction of the crystallite size and 

phase transformation from solid solution to intermetallic phase leading to an 

increase in hardness and reduction of the saturation magnetization. 

Nevertheless, the wear and corrosion resistance of Fe-W deposits remain 

rather poor as compared to electrodeposited Co-W and Ni-W alloys. The co-

deposition of submicrosized alumina particles helps to reduce the 

tribooxidation of Fe-W coatings; however, the corrosion resistance is not 

affected significantly and the increase in corrosion resistance observed by 

EIS measurements is rather due to the blocking of Fe-W surface by 

chemically resistant alumina particles, but not due to the impeding of Fe-W 

corrosion by itself. 

The summary of investigated characteristics of electrodeposited Fe-W 

alloy and Fe-W/Al2O3 composite coatings is provided in Table 6, which can 

be used as a map for materials selection when aiming for a certain properties 

of interest.  
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CONCLUSIONS 

1) Fe-W alloys and Fe-W/Al2O3 composite coatings were electrodeposited 

from the newly developed environmentally friendly glycolate-citrate 

electrolyte based on Fe(III)-salt. The electrodeposition current efficiency 

of approximately 70 % was achieved, which can be attributed to the 

formation of Fe(III) and W(VI) glycolate complex species. 

2) The designed control over the composition and structure by variation of 

electrochemical conditions of the intrinsic properties of Fe-W alloys and 

Fe-W/Al2O3 composite coatings was achieved. In particular, the increase 

in W content from a few at.% to 25 at.% led to a structural transition from 

nanocrystalline coatings (α-Fe phase + Fe(W) solid solution) to 

amorphous-like alloys (Fe2W intermetallic phase + W(Fe) solid solution).  

3) Tailored extrinsic properties of the Fe-W based materials were 

thoroughly investigated:  

- nanocrystalline Fe-W alloys have a combination of high saturation 

magnetization (100-190 emu/g) and relatively high hardness (up to 8 

GPa), which is suitable for the fabrication of various 

microelectromechanical systems.  

- amorphous-like Fe-W alloys and Fe-W/Al2O3 composite coatings with 

enhanced hardness (10-16 GPa) and outstanding thermal stability (up to 

600 °C) are promising candidates for high-temperature applications.  

4) One of the major drawbacks of Fe-W alloys is the high wear rate caused 

by tribooxidation (1.5·10
-6

 mm
3
/N m,) which can be overcome under 

lubricating conditions (1 µm of rapeseed oil decreases the coefficient of 

friction by five times). Deposited (Fe-24at.%W + 9at.%Al2O3) composite 

can be considered an appropriate coating (specific wear rate at dry 

friction 1.8·10
-7

 mm
3
/N m) for cases wherein lubrication is not 

compatible.  

5) Both Fe-W alloys and Fe-W/Al2O3 composite coatings were 

characterized by low corrosion resistance (≤ 850 Ω cm
2
), thus limiting 

their application for corrosion protection. By contrast, the low corrosion 

resistance of Fe-W alloys in combination with low saturation 

magnetization and high hardness is suitable for the fabrication of 

biodegradable metallic implants. 
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FUTURE OUTLOOK 

The results presented in this study reveal that the functional properties of 

Fe-W alloys can be easily controlled by changing the electrodeposition 

condition, thus making these coatings appealing alternative environmentally-

friendly material for multiscale technologies, including fabrication of 

MEMS, protective coatings and even biomedicine application. However, a 

number of important aspects need to be studied in the future considering the 

implementation of Fe-W alloys for a real-world application.  

Among the main perspectives is further optimization of the Fe(III)-

glycolate-citrate bath, study on the effect of organic additives and stress 

relievers, which seems to be necessary for the up-scaling of the Fe-W 

electrodeposition process. Also, the newly developed bath may be 

considered for studies on electrodeposition of other Fe-based alloys 

alternatively to conventional Fe(II)-based ones.  

Moreover, annealing treatment of Fe-W/Al2O3 composite coatings is of 

particular interest. The phase transformations of both metallic matrix and 

ceramic particles at elevated temperature may result a new material with 

advanced mechanical characteristics, such as extremely high hardness, 

ductility and toughness.  
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Kompozitų dangos buvo gaunamos į minėtą elektrolitą pridedant 5 g/l, 50 

g/l arba 100 g/l submikroninių Al2O3 dalelių.  

Elektronusodinimas atliktas 65 °C temperatūroje, naudojant 40 mA/cm
2
 

srovės tankį ir 200 rpm apsisukimų greitį. 

Paviršiaus morfologija, sudėtis ir struktūra. Paviršiaus morfologija buvo 

tiriama skenuojančiais elektroniniais mikroskopais, o elementinė sudėtis 

buvo nustatyta EDX detektoriumi, prijungtu prie SEM. Sudėties kitimo 

profiliai nustatyti rusenančio išlydžio optinės emisijos spektroskopijos (GD-

OES) metodu. Gautų dangų struktūra buvo tiriama naudojant rentgeno 

spindulių difrakciją (XRD), o volframo įtaka fazių virsmams buvo tiriama 

Mössbauer spektroskopijos metodu. 

Mechaninės savybės. Fe-W lydinių mechaninės savybės buvo tiriamos 

nanoidentavimo metodu esant 20 mN apkrovai. Identavimas buvo atliekamas 

gauto lydinio dangos skersinio pjūvio vietose. Kietumo ir elastinio modulio 

vertės buvo apskaičiuojamos Oliver ir Pharr metodu, o visi pateikti rezultatai 

yra statistiškai apdoroti. 

Magnetinės savybės. Fe-W lydinių magnetinės savybės buvo nustatomos 

kambario temperatūroje naudojant vibruojančio pavyzdžio magnetometrą 

MicroSense (LOT-Quantum Design). Histerezės kilpos gautos lygriagrečiai 

ir statmenai pavyzdžiui naudojant maksimalų lauko stiprį ±20 kOe.  

Tribologinės savybės. Gautų elektrocheminių Fe-W dangų tribologinės 

savybės buvo įvertinamos testuojant „rutulys ant plokštumos“ metodu, kai 

danga buvo sausa arba esant reikiamo storio alyvos plėvelei – rapso aliejaus 

kontroliuojamo storio plėvelė (0,2÷5,0 µm), uždedama prieš testą. Visuose 

eksperimentuose naudotas 6 mm skersmens korundo rutuliukas. Fe-W 

lydiniai buvo tiriami esant 1N, 2N ir 5N apkrovai; atliekami 2000 ciklų 

(visas slydimo atstumas 4 m) esant 2 Hz dažniui ir 1 mm poslinkiui. 

Fe-W/Al2O3 dangos buvo tiriamos „rutulys ant disko“ metodu esant 2N 

apkrovai ir 4 cm s
-1

 sukimosi greičiui (sukimosi skersmuo 3 mm).  

Visi tribologiniai testai atlikti esant 20 ± 2 °C temperatūrai ir 48-55 % 

santykinei drėgmei. 

Korozinės savybės. Gautų dangų korozinės savybės 0,1M NaCl tirpale 

buvo tiriamos elektrocheminio impedanso spektroskopijos (EIS) metodu: 

amplitudė 5 mV, dažnis nuo 10 kHz iki 0,01 Hz. EIS parametrai apskaičiuoti 

naudojantis programa ZView. 
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Fe (III)-Based Ammonia-Free Bath for Electrodeposition
of Fe-W Alloys
A. Nicolenco,a N. Tsyntsaru,a,b,z and H. Cesiulisa

aDepartment of Physical Chemistry, Vilnius University, Vilnius LT-03225, Lithuania
bInstitute of Applied Physics of ASM, Chisinau, MD – 2028, Moldova

Electrodeposited Fe-W alloys are the subject of extensive studies to be applied in versatile engineering applications, and many
solutions based on Fe(II) complexes are described for their deposition. However, in aqueous solutions containing dissolved oxygen,
Fe(II) compounds are unstable thermodynamically and tend to oxidize to Fe(III) state that decreases the sustainability of the baths.
The aim of the present study was to develop an environment-friendly and thermodynamically stable Fe(III)-based electrolyte for
electrodeposition of Fe-W alloys with tunable composition. It was found that: (i) concurrent use of two complexing agents as citric
and glycolic acids stabilizes Fe(III)-based bath in neutral and weak alkaline medium (no precipitates are formed); (ii) the current
efficiency of the process can reach up to 60–70%, which has never been reported before for Fe-W alloys electrodeposition; (iii)
nanocrystalline Fe-W coatings containing 11–24 at.% of W can be obtained from Fe(III)-based glycolate-citrate bath at temperature
range 20–65◦C. The increase in tungsten content in the alloy resulted in decreased grain size up to < 5 nm; (iv) smooth, free of cracks
and having deposition rates up to 0.18 μm/cm1 alloys are successfully electrodeposited at elevated temperatures from elaborated
glycolate-citrate electrolyte.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution Non-Commercial No Derivatives 4.0 License (CC BY-NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial reuse, distribution, and reproduction in any medium, provided the original work is not changed in any
way and is properly cited. For permission for commercial reuse, please email: oa@electrochem.org. [DOI: 10.1149/2.1001709jes]
All rights reserved.

Manuscript submitted May 9, 2017; revised manuscript received June 27, 2017. Published July 11, 2017.

The rapid development of modern technologies in the chemical
engineering requires obtaining of new materials with tunable com-
position, microstructure, and properties. Electrodeposited tungsten
alloys with Fe, Co and Ni attracted much attention as alternative for
electrolytic chromium replacement1,2 produced from the bath based
on highly toxic Cr(VI). Recently, the increased interest is particu-
larly focused on the electrodeposition of Fe-W alloys including for
such emerging applications as production of lithium ion batteries,3

recording media,4 catalyst5 and fuel cells.6

Nevertheless, that the electrodeposition of Fe-W alloys is actively
studied since 1940 s,7 the development and optimization of new elec-
trolytes are still highly demanded. Thus, citrate baths were exten-
sively investigated8–11 for Fe-W alloys electrodeposition. Also, am-
monia was usually added to the electrolytes for alloys deposition as
it increases the solubility of metal’s complexes and influences on
the species distribution,12,13 and has a significant effect on W co-
deposition and bath stability. Such citrate-ammonia electrolytes en-
able to produce rather smooth and silvery to gray in appearance Fe-W
coatings,4,14 but the performance of those electrolytes is significantly
affected by competing reactions of hydrolysis and complexing.10

Thus, in order to deposit reach in tungsten (up to 30–35 at.%) Fe-W
alloys from citrate-ammonia baths the optimum values of pH 7.0–8.5
should be used.15 Nevertheless, in order to reduce the environmental
impact of electrochemical bath containing ammonia salts, attempts to
find ammonia-free baths were explored.1,16–19 An example of success-
ful elaboration of ammonia-free baths was demonstrated for Ni alloys
electrodeposition,20,21 where electrolytes based on glycolic acid were
used, but there are no similar data reported for Fe-W alloys deposition.

At this point it is worth to note, that the chemical stability is an
important characteristic of electroplating baths especially for ones
used for iron alloys electrodeposition22,23 that complicates bath main-
tenance. The standard potential for oxygen reduction is more positive
than for Fe3+ reduction to Fe2+, hence the spontaneous reaction in the
presence of dissolved oxygen occurs:

4Fe2+ + O2 + 4H+ = 4Fe3+ + 2H2O [1]

The value of Keq for this reaction can be estimated based on the tab-
ulated data of standard reduction potentials and using the well-known
relationship between standard cell potential (�E0) and equilibrium

zE-mail: ashra_nt@yahoo.com

constant (Keq):

�E0 = RT

nF
lnKeq [2]

It was found that Keq is big as 1.3·10.31 This result means that
practically total amount of Fe2+ eventually will oxidize to Fe3+ irre-
spectively on the complexation of iron ions. Thus, electrolytes based
on Fe(II) salts are unstable thermodynamically and the solution con-
tent is governed by the Fe(II) oxidation kinetics. It was shown24,25

that mentioned above citrates and ammonia inhibit the kinetics of
Fe(II) oxidation to Fe(III), but cannot prevent it. Some attempts were
made to prolong bath life by adding reducing agents,26–28 but those
compounds can affect the bath maintenance and coatings properties.

In this view, it should be reasonable to use electrolytes based
on Fe(III) salts to avoid oxidation of Fe(II) species. Nevertheless,
study on the electrodeposition of Fe-W alloys from Fe(III) solutions
is rather limited. The reason is that the current efficiency and tungsten
content are significantly lower for alloys obtained from Fe(III) in
comparison to Fe(II) studied electrolytes.12,14,25,29 Howbeit, it is worth
to mention, that the straight comparison of Fe(II) and Fe(III)-based
solutions operating at the same conditions remains poorly explored.
Therefore, the aim of this study is to explore the new sustainable
electrolytic bath based on Fe(III) salt as an alternative to conventional
Fe(II) –based bath, and to compare the main characteristics of the
Fe-W alloys deposition process occurring in the Fe(III)- and Fe(II)-
based solutions.

Experimental

Fe-W alloys were electrodeposited from citrate and glycolate-
citrate baths containing Fe(II) or Fe(III) sulfate as a source of iron. The
composition of the baths and their lab codes are presented in Table
I, and chemicals used have been of analytical grade (A.R.). All solu-
tions were prepared by regular dissolving of components. However,
the equilibrium of species during preparation of citrate Fe(III)-based
solution was setting within longer period of time. The initial C3 solu-
tion was brown, but it changes the color to green after a few hours of
electrodeposition. So, in order to obtain reproducible results from this
bath, electrodeposition has been carried out after 500 C/cm2 passed
through the solution. The influence of electrolyte run on the electrode-
position of Fe-W,18 zinc and nickel,30 chromium31 were also detected
and it is important parameter to be taken into account.
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Table I. Electrolytes composition used for Fe-W alloys deposition and their lab codes (C2, C3, GC2, GC3).

Composition of electrolytes, mol/L

Cit-Fe(II) Cit-Fe(III) Glyco-Cit-Fe(II) Glyco-Cit-Fe(III)
Components C2 C3 GC2 GC3

Na2WO4 · 2H2O 0.40 0.40 0.40 0.40
FeSO4 · 7H2O 0.20 - 0.20 -

Fe2(SO4)3 · H2O - 0.10 - 0.10
C6H8O7 · H2O (citric acid) 0.20 0.20 0.30 0.30

Na3C6H5O7 · 2H2O (tri-sodium citrate) 0.45 0.45 - -
C2H4O3 (glycolic acid) - - 1.00 1.00

Adjustment of pH was made by adding NaOH or H2SO4. Elec-
trodeposition of thin films was performed in a typical three-electrode
cell. The pure copper sheet with 4.5 cm2 area was used as a work-
ing electrode. Platinized titanium was used as a counter electrode, and
saturated Ag/AgCl was used as reference electrode. All values of elec-
trode potentials are presented against this reference electrode. Prior
electrodeposition, the samples were polished, degreased and activated
in 2 M sulphuric acid for 1 minute. In order to improve adhesion to
the substrate a thin Ni seed-layer was deposited at a cathodic current
density of 20 mA/cm2 for 1 minute from 1 M nickel chloride solution
in 2.2 M hydrochloric acid. Polarization curves were recorded at 20◦C
and 65◦C, and 5 mV/s scan rate using AUTOLAB system (GPES soft-
ware), and later were corrected for ohmic drop that was determined
using FRA 4.9 software.

The current efficiency (CE) of the alloys and resulted thickness of
the coatings were determined based on Faraday’s law, as was described
elsewhere.32 The thickness of electrodeposited Fe-W coatings was
∼5 μm. The thickness of several samples was measured on cross-
section in order to confirm the values calculated based on CE. Partial
current densities for the corresponding metal were calculated based
on the composition and mass of the coating according to following
equation:

jM = nMωM F

μM t
[3]

here jM is the partial current density for the corresponding metal “M”
(in A/cm2); nM is the number of electrons involved in the charge
transfer reaction, ωM is the weight of metal “M” (g/cm2), F is Fara-
day constant, μM is the atomic mass of metal “M” (g/mol), t is the
electrodeposition time (s).

The stability of solutions was estimated based on the calculation of
species distribution in the electrolyte, taking into account more than
40 simultaneously occurring equilibrium reactions. For this purpose,
a system of equations was solved using adopted Maple6 (Waterloo
Maple Software and University of Waterloo). The set of equations was
based on: (i) the equilibrium constants for all compounds added to or
formed in the solutions: acids deprotonation,33,34 iron hydrolysis,35,36

polymerization of tungstate,37 glycolate complexes with Fe and W38–41

and metal complexes with citrate;42–45 (ii) the mass balance equations
[J ]tot = ∑

[J n+/−
i ] for all forms in the equilibrium mixture; (iii) the

charge balance
∑

ni [Catn+
i ] = ∑

ni [Ann−
i ], where “Cat” and “An”

denote cation and anion, respectively. In our study, glycolic and citric
acids are considered as mono- and four protonated, respectively.

The composition and microstructure of the deposited alloys were
identified by scanning electron microscope (SEM) using Hitachi
TM3000 instrument. The chemical composition of the alloys was de-
termined with the energy dispersive X-ray spectroscopy (EDS) analy-
sis tool attached to the SEM. The crystallographic structure and phase
composition of the obtained coatings was studied by means of Rigaku
MiniFlex II diffractometer with Cu Kα radiation (λ = 1.54183 Å) op-
erated at 30 kV and 30 mA. The mean crystallite size was estimated
based on the peak width and position using Scherrer’s equation.

Results and Discussion

Thermodynamics of Fe(III)-based electrolytes for Fe-W alloys
electrodeposition.—The development of stable Fe(III)-based plating
bath consists in the selection of suitable complexing agents able to pre-
vent formation of sparingly soluble iron hydroxides. In this work we
focused on glycolic acid, which might be considered as an alternative
complexing agent to conventional baths for Fe-W alloys deposition.
In order to evaluate the influence of glycolic acid on the bath stabil-
ity the thermodynamic calculations were performed considering the
influence of the solution content on the concentration of “free” Fe3+

ions.
The maximum concentration of Fe3+ ions in the electrolyte is lim-

ited by the solubility product of Fe(OH)3. In each complex system,
the concentration of particular component depends on the whole com-
position of the solution. Therefore, it is essential to take into account
the ionic strength of solution. Using the second approximation of
Debye–Hückel theory and considering the ionic strength of investi-
gated electrolytes I ≈ 2 M, the solubility product of freshly formed
Fe(OH)3 was estimated as L I=2M

Fe(O H )3
= 7.4 · 10−36.

The distribution of species as a function of pH was calculated, and
for some ions, it is presented in Figure 1. On the Figures 1a, 1b the
line marked as [Fe3+]sat is a maximum thermodynamic concentration
of Fe3+ ions in the solution, and it was calculated as a function of pH
based on Fe(OH)3 solubility product using following expression:

[Fe3+]sat = L Fe(O H )3

K 3
H2 O

·[H+]3 [4]

here K H2 O is the ionization constant of water.
Evidently, the electrolyte is stable and no precipitates are noticed

if [Fe3+]<[Fe3+]sat, i.e. the electrolyte is considered as thermodynam-
ically stable below the line [Fe3+]sat.

As it is shown in Figure 1a, Fe(III)-based glycolate solutions are
stable in the acidic media only, while citrate solutions without adding
of Na2WO4 are stable in the wide range of pH. However, considering
the electrodeposition of Fe-W alloys with relatively high amount of
tungsten, the electrodeposition should be carried out from neutral or
weak alkaline solutions.2,11,15 In the presence of Na2WO4 formation of
complexes with WO4

2− occurs as well, and ligands are redistributed
between Fe(III) and tungstate, therefore the concentration of “free”
Fe3+ ions increases and thus the stability of solutions decreases suffi-
ciently (Figure 1b).

In citrate solutions at pH<6 complex (WO4)2(HCit)H3−
4 predom-

inates, while at pH above 6 the concentration of W-citrate complexes
decreases and WO4

2− dominates (Figure 1c). Hence, at pH above 6
the Fe-citrate complexes are formed and the concentration of free Fe3+

ions decreases respectively.
Glycolic acid is the weaker complexing agent for Fe3+ than citrate.

Despite the concentration of glycolic acid several times exceeded
the concentration of metals, the stability line of glycolate bath is
situated closer to [Fe3+]sat. Therefore, in the pure glycolate solutions
[Fe3+]≈[Fe3+]sat and these electrolytes can be stable only for a while,
due to kinetic peculiarities of hydrolysis in the complex solutions, i.e.
glycolate solutions are in the thermodynamically metastable state.
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Figure 1. Calculated concentrations of some species as a function of pH in the Fe(III)-based solutions: (a) Fe3+ without sodium tungstate; (b)
Fe3+ with sodium tungstate; (c) fractions of W(VI) species: free WO4

2− and complexes with citrates and glycolates; “W-Cit” means the sum
[(WO4)(HCit)H4−]+[(WO4)2(HCit)H4

3−] and “W-Gly” means [WO2Gly2−
2 ]. The types of electrolytes are market next to the corresponding curve. Compo-

sitions of electrolytes are given in Table I.

It was assumed, that addition of citric acid to glycolate bath should
stabilize electrolyte due to formation of Fe(III) and W(VI) complexes
with citrate and glycolate ones. Tungsten forms stronger complexes
with glycolate (WO2Gly2−

2 ) than with citrate, and in the glycolate-
citrate solutions tungsten complexes dominate over the citrate, while
Fe(III) ions are mainly in the citrate complexes (see Figures 1b and
1c), that indeed stabilizes glycolate-citrate solution. The formation
of W-glycolate complex over the W-citrate is expected to have a
significant influence on the electrodeposition process, resulting in
easier deposition of metallic ions on the cathode from the complex
with smaller molecular volume.

For electrodeposition of the alloys we used pH 6.5–6.7, consider-
ing the electrodeposition of Fe-W alloys with high tungsten content.
At this pH the concentration of W(VI)-glycolate complexes in GC3
bath and W(VI)-citrate complexes in C3 bath begins to decrease and
concentration of “free” WO4

2− increases, therefore less amount of free
Fe3+ ions are present in the solution, leading to the higher stability.
It is also worth to notice, that thermodynamic calculations certainly
represent a good approach to understanding the bath stability, however
they do not consider kinetic of the process.

Cathodic polarization study.—Complex formation of Fe(II),
Fe(III) and W(VI) with citrate and glycolate results in sufficient shifts

of Nernst equilibrium potentials in the investigated solutions espe-
cially for Fe(III) reduction to iron (see Table II). Polarization curves
were recorded in order to estimate the electrodeposition conditions
for Fe-W alloys (Figure 2). Also, cathodic polarization curves were
obtained for pure Fe deposition in order to specify the role of W(VI)
in electrodeposition of Fe-W alloy. Electrodeposition of pure iron was
carried out from electrolytes contained the same components as listed
in Table I, but without sodium tungstate. The plateau on the polar-
ization curves in the range of potentials −0.7 to −1.1 V is observed
for Fe deposition, while for Fe-W it was observed in the narrower
potential range. Potentiostatic depositions corresponding to potential
range −0.7 V ÷ −0.9 V have been carried out for 30 minutes from
investigated electrolytes. It was determined that metals do not deposit
in the corresponding potential ranges. The similar plateau obtained
for Fe-W electrodeposition is described by Gamburg.18 It might be
attributed to the water decomposition, reduction of dissolved oxygen
and partial reducing of iron compounds.

As it is seen from Figure 2, the decreasing in polarization is ob-
served after adding sodium tungstate into solution, while pure iron
deposition occurs at relatively higher polarizations from all investi-
gated solutions. The sufficient increase of cathodic current density for
Fe-W alloy is noticed at potentials more negative than −0.9 V (the
ohmic drop was taken into account) attesting the start of deposition.
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Table II. Standard reduction potentials, E0, and Nernst equilibrium potentials, EN, in the investigated solutions at pH 6.7 for reduction of
ferric/ferrous and tungstate ions (vs. NHE). Values of the equilibrium concentration of “free” Fe3+, Fe2+ and WO4

2− ions were taken from Fig. 1.
Compositions of solutions and their lab codes are shown in Table I.

EN, V

Electrochemical reaction E0, V C2 C3 GC2 GC3

Fe3+ + 3e− = Fe −0.036 −0.294 −0.266
Fe2+ + 2e− = Fe −0.440 −0.596 −0.553

W O2−
4 + 4H2 O + 6e− = W + 8O H− −1.050 −0.508 −0.482 −0.494 −0.493

Figure 2. Cathodic polarization curves for Fe and Fe-W alloy deposition from citrate and glycolate-citrate electrolytes obtained at 65◦C.

The given current increases with the temperature growth, which in its
turn influence on the potential shift to the smaller polarizations.

The partial current densities obtained for Fe and Fe-W deposition
were calculated and are shown in Table III. It is seen that at 20◦C the
co-deposition of tungsten with iron results in higher partial current
densities of Fe and decreased partial current of the side reaction, as
compared to pure Fe deposition. Whereas at 65◦C the partial current
for W increases, but partial current densities for Fe and side reaction
are decreased. Moreover, the general trend is observed that above
the total current density 20 mA/cm2 the partial current density of the
side reaction (which is mainly the hydrogen evolution) significantly
increases, influencing on the current efficiency and morphology of the
obtained coatings, which will be discussed below.

Composition, morphology and structure of Fe-W coatings.—In
order to determine the optimum conditions for Fe-W electrodepo-
sition, the temperature was varied between 20◦C and 65◦C and the
cathodic current density from 5 to 50 mA/cm2, while the concen-
tration of electrolyte components and pH were kept constant. The
poor adhesion of Fe-W coatings on copper substrate was observed,

apparently due to the difference between crystallographic structures
of these materials.46 The adhesion was improved essentially by the
electrodeposition of nickel seed-layer prior the deposition of alloys.

The tungsten content in Fe-W alloys obtained from the glycolate-
citrate baths depends on the temperature, whereas for alloys obtained
from the citrate baths it is less dependent (Figure 3). Markedly, Fe-W
coatings electrodeposited at room temperature from glycolate-citrate
based solutions have lower tungsten content than obtained from citrate
solutions. Probably, it is due to slightly lower concentration of “free”
WO4

2− ions in the GC3 bath than in C3 electrolyte (Figure 1c), that
result in lower partial current density for tungsten codeposition from
GC3 solution at room temperature.

EDS analysis data show that electrodeposited Fe-W coatings con-
tain a significant percentage of oxygen, which is higher than that for
other tungsten alloys with iron group metals.9 However, the oxygen
content does not correlate with current density, temperature or alloy
composition. This fact attests that obtained oxygen content is linked
probably only with oxidation of surface by water or air. The results
obtained in Ref. 9 on oxygen content in tungsten alloys with Co, Ni
and Fe confirm that only thin surface layer contains high amount of

Table III. Partial current densities for metals (Fe and W) and side reaction obtained in the GC3 electrolyte without and with sodium tungstate.

Fe Fe-W

-jpartial, mA/cm2 -jpartial, mA/cm2

T◦C -j, mA/cm2 total Fe Side reaction E, V Fe W Side reaction E, V

20 15 2 13 −1.25 7 2 6 −1.20
40 5 35 −1.41 9 3 28 −1.35

65 15 8 7 −1.17 7 4 4 −1.07
40 14 26 −1.26 17 12 11 −1.19
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Figure 3. Temperature influence on tungsten content in the Fe-W alloys elec-
trodeposited from the investigated solutions at cathodic current density 20
mA/cm2. Lab codes and composition of solutions are indicated in Table I.

oxygen, whereas practically no oxygen was determined in the deeper
layers of coatings.

The values of CE attained at various temperatures (20–65◦C) for
the different Fe-W solutions are presented in Figure 4. CE obtained for
Fe(II)-based solutions are lower than that for Fe(III)-based solutions
especially for GC2 (∼15%) and it is even lower than that for citrate
C2 bath. It is worth to notice, that the CE calculation for Fe(II)-based
electrolytes is rather questionable, because of the lack of the control
of iron ions oxidation. Therefore, we used only Fe(II)-based freshly
prepared baths. It is expected, that with accumulation of Fe3+ ions
in electroplating bath the CE can increase by ∼10%.12 In fact, the
usage of Fe(III)-based solutions warrants the constant composition
of solution because eliminates the chemical oxidation of Fe(II) com-
pounds by dissolved oxygen and oxometalates.19 The highest values
of current efficiency were attained in the all investigated solutions

Figure 4. Temperature influence on current efficiency for Fe-W electrodepo-
sition in the investigated solutions at cathodic current density 20 mA/cm2. Lab
codes and composition of solutions are indicated in Table I.

Figure 5. Temperature influence on Fe-W coatings deposition rates from stud-
ied solutions at cathodic current density 20 mA/cm2. Lab codes and composi-
tion of solutions are indicated in Table I.

at cathodic current density of 20 mA/cm2. As it is seen, the nature
of solution is a key-factor governing CE, whereas variations of CE
with temperature is rather weak and CE changes in the range of about
±10% for each solution if temperature exceeds 30◦C. The lowest
values of CE were obtained for Fe(II)-based solutions. The presence
of glycolic acid contributed to the significant increase of CE up to
60–70% for Fe-W alloys deposition from GC3 electrolyte in compar-
ison with other electrolytes. Such high CE has been not noticed for
Fe-W alloys deposition earlier. This result seems very appealing, since
the value of CE for Fe alloys deposition usually does not exceed 40%
and 20% in Fe(II)- and Fe(III)-based electrolytes respectively.14,18 On
the other hand, increased values of CE for Fe(III)-based solutions are
defined also by lower weigh of electrochemical equivalent for Fe in
comparison with Fe(II)-based solutions. Therefore, it is not adequate
to compare CE values obtained from solutions where particular metal
is present in the different oxidation states. In the given case, a compar-
ison of deposition rates should be more appropriate in order to assess
the efficacy of electroplating baths. These data are presented in Figure
5. As it is seen, the alloy deposition rates for GC3 bath is high enough
especially at elevated temperatures, whereas for other solutions this
parameter is ranged from 0.12 to 0.15 μm/cm1.

Another important characteristic of electrodeposited alloys is the
surface morphology. The SEM images of Fe-W coatings deposited at
different temperatures from investigated electrolytes are presented in
Figure 6. The surface of electrodeposited coatings is smooth (rough-
ness of the coatings was ca. 100–150 nm dependently on W content)
and typically contains micro-spheres. The temperature has effect on
the surface morphology: increase in the temperature up to 65◦C results
in obtaining of smoother coatings from C2 and GC2 solutions, while
it does not influence essentially on the morphology of coatings elec-
trodeposited from the GC3 solution. Also, high internal stress which
can appear due to the hydrogen evolution leads to the cracks propa-
gation for coatings deposited at room temperature and relatively high
current densities. Remarkably, the alloys obtained from Fe(III)-based
glycolate-citrate electrolyte are more compact and with less stress
even electrodeposited at room temperature.

Thus, influence of the current density on morphology of Fe-W
alloys deposited from GC3 electrolyte is shown in Figure 7. Fe-W
alloys deposited at 5 mA/cm2 have holes resulted from hydrogen
evolution on the whole surface. With increase in the current density the
nucleation rate increases and crystallite refinement takes place, thus
the surface becomes smoother. However, at cathodic current densities
higher than 30 mA/cm2, the surface becomes cracked due to the
progressive increase in hydrogen evolution.
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Figure 6. SEM images of Fe-W alloys obtained at −20 mA/cm2 from different electrolytes at 20◦C (a, b, c, d) and 65◦C (e, f, g, h).

The alloys investigation by X-ray diffraction reveals that the shape
of XRD patterns for Fe-W alloys obtained at the same temperature
depends on the content of tungsten regardless of the solution type
used for electrodeposition. The typical XRD patterns of Fe-W alloys
electrodeposited at 20◦C are presented in Figure 8. In general, the
broadening of XRD peaks with increase in W content in the alloy is
obtained, as it was observed for the electrodeposited W- and Mo- con-
taining alloys with iron group metals.9,10,47 In order to understand Fe-
W coatings structure, pure Fe also was electrodeposited from similar
bath composition to GC3, but without tungstate. It can be seen, that a
well-defined polycrystalline structure of body-centered Fe is obtained
for pure electrodeposited Fe. The shift of four peaks, characteristic to
pure iron to the lower 2 theta angles in the case of alloy having 11 at.%
of W can be observed. Indeed, calculations using Vegard’s equation48

show the increase in average closest distance between two adjacent
atoms, which is probably caused by the substitution of Fe atoms by
the bigger W atoms in the lattice. It might be supported by the fact that
solubility limit of W in bcc Fe is ∼14 at.%.49 Hence, the formation
of solid solution of W in Fe is expected at W content up to this value.
When content of tungsten equal or exceeds 14 at.%, only one broad
peak appears which is typical for “amorphous-like” structure, that is
associated with decrease in crystallite size from 30 to ∼5 nm. This
amount of W in the alloy can be considered as determining for tran-

sition from the nanocrystalline to amorphous-like structure of Fe-W
coatings at room temperature. Moreover, this transition at rather low
tungsten content is characteristic for tungsten alloy deposits obtained
at room temperature due to specific nucleation process.50

Conclusions

Fe-W alloys have been successfully electrodeposited from newly
developed Fe(III)-based electrolyte contained both citric and glycolic
acid as complexing agents and the main characteristics of the deposi-
tion process were compared to the ones obtained using Fe(II) baths.
The simulation of electrolytes stability shows that the investigated
Fe(III)-based glycolate-citrate electrolyte is thermodynamically sta-
ble in the neutral and weakly alkaline solutions due to peculiarities of
Fe(III) and W(VI) complexes distribution in the concurrent presence
of citrate and glycolate ions. In these solutions W(VI) forms domi-
nantly complexes with glycolate ions, whereas Fe(III) with citrates.
The current efficiency of the electrodeposition process occurring in
Fe(III) glycolate-citrate bath reaches up to 60–70%, which is much
higher than that obtained in the citrate baths or any other previously
reported iron-based electrolytes. Compact and smooth coatings with
high W content are obtained at elevated temperatures and low current
densities, since at these conditions the partial current of side reaction

Figure 7. SEM images of Fe-W alloys obtained from GC3 electrolyte at 20◦C at the following current densities: (a) 5 mA/cm2; (b) 30 mA/cm2; (c) 40 mA/cm2.
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Figure 8. Representative XRD patterns of Fe-W alloys deposited from dif-
ferent electrolytes at 20◦C and −20 mA/cm2. The peaks were identified based
on 06–0696 (Fe) ASTM Cards. Estimated values of crystallite size are shown
next to the corresponding pattern.

is small. The increased content of tungsten in Fe-W alloys results in
the decrease in values of crystallite size from 30 to ∼5 nm.

Thus, elaborated environmentally friendly electrolyte has high im-
portance due to the possibility to obtain good quality Fe-W coatings
from Fe(III)-based solution with tunable W content, high current ef-
ficiency and deposition rate; also it may be considered for electrode-
position of other Fe based alloys.
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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Fe-W coatings having 6-25 at.%W are
designed by fine control of deposition
parameters in a glycolate-citrate
Fe(III)-bath.

• Fe-W alloy’s structure ranges from a
mixture of α-Fe and Fe(W) to W(Fe)
and Fe2W above 15 at.% of W.

• The hardness of Fe-W alloy with 25
at.%W reached ~10 GPa, which is com-
parable to that of electrodeposited Cr.

• Hardening phenomenon could be related
to the formation of Fe2W intermetallic
phase, along with grain size refinement.

• The increase inW at.% leads to reduction
of saturation magnetization due to
amorphization and phase transition pro-
cesses.

• Fe-W coatings with 10-13 at.% of W pro-
duced at 65°C show an optimum combi-
nation of mechanical and magnetic
properties.
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Electrodeposition of Fe-W coatings has been carried out from an environmentally friendly Fe(III)-based
glycolate-citrate bath. Samples with tungsten content from 6 to 25 at.% were electrodeposited in a controlled
way by changing electrodeposition parameters: current density, pH, and temperature. X-ray diffraction analysis
showed that the structure of Fe-W coatings transforms fromnanocrystalline to amorphous-like as theW content
increases and the crystallite size reduces below 10 nm. However, the peculiarities of the structural transitions are
linked not only with the W content. Deposition temperature plays a crucial role, due to the different activation
energy of crystallization. Following the direct Hall–Petch relation, a maximum hardness of ~10 GPa was found
for the alloy with the highestW content, making it comparable to that of electrolytic chromium. The Fe2W inter-
metallic compound forms at higher W concentration as proven by Mössbauer spectroscopy, and contributes to
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the increased hardness of these alloys. The alloys retain a soft magnetic character within a wide compositional
range, although increasing theW content leads to a reduction of the saturationmagnetization. Fe-12 at.%W coat-
ings show an optimum combination ofmechanical andmagnetic properties, thusmaking these newly developed
coatings appealing environmentally-friendly alternative materials for multi-scale technologies.

© 2017 Published by Elsevier Ltd.
Mössbauer spectroscopy
Mechanical properties
Magnetic properties
1. Introduction

Electrodeposition of binary W alloys with iron groupmetals (Fe, Co,
Ni) has recently attractedmuch attention since the addition of tungsten
typically enhances the corrosion and wear resistance, hardness, and
thermal resistance of the iron group metal [1–4]. These alloys have
been recognized as promising protective coatings for hard chromium
replacement. Furthermore,W alloyswith iron groupmetals show inter-
esting magnetic properties, such as high magnetic moment, low coer-
civity and tunable magnetic anisotropy [5,6]. In this context, the
electrodeposition of Fe-W alloys could be targeted for the fabrication
of magnetic micro-/nanoelectromechanical systems (MEMS/NEMS)
where the combination of tunable magnetic properties and high hard-
ness is needed [7,8]. Nonetheless, so far, electrochemical studies have
mostly concentrated on Ni- and Co-W alloys, while the literature deal-
ingwith the design of electrodeposited Fe-Wcoatings for target applica-
tions is rather scarce. This is probably due to the difficulties to manage
Fe-containing plating baths and their low current efficiency. However,
recently, the use of both Ni and Co is discouraged because of environ-
mental issues and, therefore, there is growing interest in developing
new procedures to electrodeposit Fe-based alloys as alternatives to Co
and Ni ones.

The functional properties of electroplated coatings are strongly in-
fluenced by the electrochemical parameters, particularly the current
density, electrolyte pH and deposition temperature. These parameters
have a direct influence on the composition and structure of the coatings
[9]. Indeed, in Co-W and Ni-W alloys, it has been shown that the satura-
tion magnetization is inversely proportional to the tungsten content.
This is due to the inclusion of non-magnetic W atoms into the iron-
groupmetal lattice and also the pronounced reduction in the crystallite
size (eventually, amorphization) that occurs for high W content in the
alloys [8,9]. While the saturation magnetization is an intrinsic parame-
ter and essentially depends only on the composition of the alloy, the co-
ercivity ismuchmore dependent on themicrostructure (crystallite size,
texture, internal stress, etc.). Nonetheless, inmost cases the coercivity of
W-containing coatings does not exceed 200 Oe, thus soft magnetic
properties are generally observed [10].

Data on the mechanical properties of electrodeposited binary and
ternaryWalloyswith iron groupmetalswere summarized in [9]. Differ-
ent compositions and coatings obtained under different conditions
were compiled. Generally, the mechanical properties improve as the
W content is increased, which brings about an increase in hardness
and strength as it is predicted by the Hall–Petch relation, while keeping
relatively high ductility. However, it has been shown that for W con-
tents higher than 10 at.% in Ni-W [1] and 25 at.% in Co-W alloys [8],
the crystallite size reduces below a critical value and the Hall–Petch
breakdown occurs. Remarkably, the hardness of Fe-W alloy with
30 at.% of W can reach values as high as 13 GPa (at 2 mN), which is
higher than that reported for Co- and Ni-W alloys and even comparable
to the hardness of electrolytic chromium [11]. To the best of our knowl-
edge, a detailed investigation on the electrochemical synthesis and
physical properties of Fe-W alloys in a wide compositional range is
lacking.

According to [11], a maximum value of 30 at.% of W in Fe-W alloys
can be achieved by increasing the deposition temperature and applied
current density. Nevertheless, as the applied current density reaches
higher absolute values, the inclusion of carbon and oxygen impurities
becomes unavoidable [12]. The incorporation of these non-metallic ele-
ments adversely affects the quality of the coatings and causes a reduc-
tion of both the hardness and the ferromagnetic response [13,14]. In
addition, the current efficiency of the process decreases when increas-
ing the current density (or when lowering the temperature) due to
the large amount of hydrogen evolved on the cathode during the depo-
sition [15]. Generally, even in optimized Fe-containing baths, the cur-
rent efficiency does not exceed 50%. This is mostly because of the fast
oxidation and precipitation of hydroxides in the case of Fe(II) bath,
and low complexes stability in the case of Fe(III)-based electrolytes
[16,17]. In our previous research a new environmentally-friendly
glycolate-citrate electrolyte was used for Fe-W alloys deposition [18].
The lifetime of the bath was significantly increased due to replacement
of Fe(II) by Fe(III) precursor and the current efficiency of the process
was increased up to 60%–70%, what makes the glycolate-citrate bath
preferable for industrial design. The thermodynamic stability of this
bath in neutral and weakly alkaline solutions is governed by the pecu-
liarities of Fe3+ and WO4

2− complexes distribution with citrate and
glycolate ions, and affords reproducible results.

The aim of the present study is to establish interdependences be-
tween deposition conditions, chemical composition and structure of
the deposits. Furthermore, the magnetic and mechanical properties
are assessed with the aim of providing a map of “composition-proper-
ties” interrelationships for “W-low” and “W-rich” Fe-W coatings.

2. Experimental

2.1. Synthesis of Fe-W coatings

A series of Fe-W alloys were prepared by electrodeposition from an
aqueous solution with the following composition: 1 M glycolic acid,
0.3 M citric acid, 0.1 M (Fe)2(SO4)3 and 0 ÷ 0.5 M Na2WO4. The effect
of the sodium tungstate concentration was investigated at pH 6.5 and
65 °C, and cathodic current densities of 15 and 40 mA cm−2. The influ-
ence of pH on tungsten content, current efficiency and partial currents
was evaluated in the range from 4.0 till 8.5. Bath pH was adjusted
with either NaOH or H2SO4. The electrodeposition was performed in a
typical three-electrode cell under stagnant conditions. The bath volume
was kept at 250mL. Flat Si chipswith an evaporated Cu seed-layer (with
an average roughness, Ra, ~6 nm) were used asworking electrodes. The
working area was 2.25 cm2. Platinized titanium mesh was used as a
counter electrode and saturated Ag/AgCl/KClsat electrode was used as
a reference electrode. Prior to electrodeposition, the substrates were
degreased in acetone and ethanol, and activated in 2 M sulfuric acid
for 1 min in an ultrasonic bath. The deposition current efficiency (CE)
and partial current densities were calculated as described elsewhere
[18]. Table 1 lists the different Fe-W samples prepared and the type of
characterization performed on each one.

2.2. Compositional and structural characterization

The morphology of the deposited alloys was studied by scanning
electron microscopy (SEM) using high resolution Hitachi SU-70 instru-
ment. Their chemical composition was determined with an energy dis-
persive X-ray spectroscopy (EDX) analysis tool attached to the SEM.
Surface roughness was measured by Confocal Microscopy (Leica DCM
3D system). The crystallographic structure and phase composition of



Table 1
Experimental design.

W content,
at.%

Deposition conditions Characterization methods

T
°C

C(WO4
2−),

mol L−1
i,
mA cm−2

pH XRD Mössbauer spectroscopy Magnetic measurements Mechanical tests

0 65 0 15 6.5 ✓ ✓

1 0.01 ✓

6 20 0.20 ✓ ✓ ✓ ✓

7 0.30 ✓ ✓

12 0.40 ✓

65 0.10 ✓ ✓ ✓

17 20 0.40 ✓ ✓

65 0.30 5.0 ✓ ✓ ✓ ✓

21 40 ✓ ✓ ✓

23 15 8.0 ✓ ✓

25 15 6.5 ✓ ✓ ✓ ✓
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the coatings were studied by means of X-ray diffraction (XRD) using a
Rigaku MiniFlex II diffractometer with Cu Kα radiation (λ = 1.54183
Å) operated at 30 kVand 30mA. Themean crystallite sizewas estimated
from the XRD data using the Debye-Scherrer equation. Phase composi-
tion was evaluated using Mössbauer spectroscopy. The relative amount
of phases was normalized by weight of Fe-W deposit. Mössbauer spec-
tra were recorded using a constant acceleration spectrometer in the
transmission geometry. The 57Co source in Rh matrix with an activity
of 10mCiwas held at room temperature. The velocity scalewas calibrat-
ed using themagnetic sextet of a high-purity iron foil absorber as a stan-
dard. The experimental spectra were fitted by the least-squares method
using theWinNormos package in IgorPro 5.05Aenvironment. All isomer
shifts reported in this work refer to the 57Co(Rh) source at room
temperature.
Fig. 1. Dependence of the concentration of “free” glycolate ions (“free” glycolate),
WO2(HGly)22− (WGlyc2) and the sum of concentrations of Fe(III) complexes with
glycolate (Sum FeGlyc) on the total concentration of W(VI) present in the solution.
pH 6.5; composition of solution 1 M glycolic acid, 0.3 M citric acid, 0.1 M (Fe)2(SO4)3
and 0 ÷ 0.5 M Na2WO4.
2.3. Assessment of the mechanical and magnetic properties

Nanoindentationwas used to determine the hardness and the elastic
modulus of the electrodeposited Fe-Wcoatings. Indentationswere done
on the cross-section of ~10 μm thick coatings. To prepare the samples
for nanoindentation, a cut perpendicular to the surface of the Fe-W
layers was embedded in resin mold, grinded with SiC abrasive paper
up to P2500 and polished with 1 μm diamond suspension as a final
step. The indentations were performed on a Nanoindenter XP from
MTS equipped with a Berkovich pyramidal-shaped diamond tip under
load-control mode. The nanoindentation function consisted of a loading
segment of 30 s, followed by a load holding segment of 10 s and an
unloading segment of 30 s. The maximum applied load was set to
20 mN. The load was selected so that the lateral size of the indentation
impressions remained much smaller than the film thickness (to avoid
influence from the resin). Indentations were performed in the middle
of the cross-section area. The thermal drift during nanoindentation
was kept below 0.1 nm s−1 in all cases. The elastic modulus and hard-
ness were derived from the initial part of the unloading–displacement
curve by applying the method of Oliver and Pharr [19]. Fifteen indenta-
tions were performed on each sample and average values of elastic
modulus and hardness are reported. The magnetic properties of the
Fe-Walloyswere studied at room temperatureusing a Vibrating Sample
Magnetometer from MicroSense (LOT-Quantum Design). Hysteresis
loops were recorded along the in-plane and the perpendicular-to-
plane directions with a maximum applied field of ±20 kOe. For proper
normalization of the hysteresis loops, the coatings were subsequently
microwave-digested with concentrated HNO3 and HF. The resulting so-
lutions were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) in a Perkin-Elmer spectrometer Optima
4300DV.
3. Results and discussion

3.1. The influence of tungstate concentration and pH on Fe-W alloy
electrodeposits

In order to map the “composition-properties” interrelationships, Fe-
W alloys with a tungsten content varying in a wide range were deposit-
ed. The composition of the alloys was changed by varying the concen-
tration of sodium tungstate in the bath from 0 to 0.50 M while the
concentration of Fe3+ ions was kept constant. The simulation of species
distribution (performed similarly as reported in [18]) shows that the in-
vestigated Fe(III)-based glycolate-citrate electrolyte is thermodynami-
cally stable in neutral and weakly alkaline solutions due to the
peculiarities of Fe(III) and W(VI) complexes distribution in the concur-
rent presence of citrate and glycolate ions. In these solutions,W(VI) pre-
dominantly forms complexes with glycolate ions, whereas Fe(III) forms
complexes with citrates. Fig. 1 shows the dependence of “free” glycolate
ions as a function of the sodium tungstate amount added to the solution,
demonstrating that tungstate forms complexes with glycolate at the ex-
penses of the decrease of concentration of “free” glycolate-ions, where-
as the concentration of Fe(III) complexes with glycolate remains
constant (in the investigated solution ~0.05 mol L−1).



Fig. 3. Distribution of partial currents in glycolate-citrate electrolyte (1 M glycolic acid,
0.3 M citric acid, 0.1 M (Fe)2(SO4)3) at different concentrations of sodium tungstate in
the bath, at cathodic current density of: 15 mA cm−2 (a), and 40 mA cm−2 (b).
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It was reported earlier that the maximum amount of W co-
depositing with iron group metal is restricted to an upper limit [9,17,
20–22], which for Fe-W alloy is ~35 at.% [12]. Indeed, Fig. 2 shows that
an increase of tungstate concentration from 0.01 to 0.30–0.40 M results
in a significant increase of the W content in the electrodeposits from a
few at.% to a maximum amount of 25–27 at.%, while further increase
in the concentration of Na2WO4 does not cause any increase of the tung-
sten content in the alloy. This stays in line with a modelling approach
proposed by Podlaha and Landolt [23], which explained the induced
co-deposition ofMoandWwith iron groupmetal through a catalytic re-
action, where the precursor was an intermediate mixed complex com-
pound of both metals adsorbed on the electrode surface and
subsequently reduced. When the W content in the deposit reaches its
upper limit, the absorbed layer becomes saturated, and this corresponds
to the certain concentration of tungstate in the solution (Fig. 2).

For a given tungstate concentration in the solution, the tungsten
content in as-plated Fe-W alloys slightly depends on the applied current
density: an increase of the current density leads to a reduction of theW
content in deposits for tungstate concentrations ranging from 0.01M to
0.30 M (Fig. 2). Generally, the elemental composition of an electrode-
posited alloy depends on the ratio of the partial current densities of
the alloy's constituents. However, this value is influenced by a number
of factors such as the chemistry of the solution, total current density
or applied potential, temperature, hydrodynamics and interdepen-
dencies of the rate of one metal electrodeposition to another, among
others.

In our case, the main three electrochemical reactions occurring are
the deposition of iron, the deposition of tungsten and the hydrogen evo-
lution (side reaction). As it is shown in Fig. 3, the increase in tungstate
concentration does not lead to a linear increase in the partial current
for tungsten at a constant total current. Conversely, this has an effect
on the partial currents of iron and hydrogen. In other words, the rates
of all three electrochemical reactions are dependent on each other in a
complex way. An estimation of the partial currents for Fe-W deposition
shows that an increase in the partial current of W deposition is accom-
panied by a decrease of that of the side reaction for concentrations of
tungstate up to 0.30 M (Fig. 3). Moreover, at 15 mA cm−2 the partial
current ascribed to tungsten reduction is higher than at 40 mA cm−2

up to 0.1 M tungstate in solution. This explains why the W content is
lower in coatings deposited at higher current densities from diluted so-
lutions (Fig. 2).

In addition, alloys deposited from solutions with low tungstate con-
centration and having b10 at.% of W were poorly adhered to the sub-
strate, powder-like and brittle. Therefore, the bath containing 0.30 M
Fig. 2.Dependence of tungsten content in the deposits on sodium tungstate concentration
in the bath at 65 °C and pH 6.5.
of Na2WO4 was selected for further investigations in order to obtain
compact Fe-W alloys and to evaluate the resulting coating properties.

The composition of W-containing electrodeposited alloys is also
very sensitive to the solution pH [24–27]. Since the distributions of
Fe(III) and W(VI) complexes with citrates and glycolate depends on
pH [18], this has an influence on the deposition rates for Fe and W as
well as for hydrogen evolution, hence resulting in a variation of the W
content on pH, as shown in Fig. 4. Namely, at room temperature, the
composition of the coatings remains almost constant irrespectively of
pH in the range of 5.0–8.5 (Fig. 4a). In addition, the current efficiency
is relatively low, achieving the maximum current efficiency (CE ~ 47%)
at pH 6.5 (Fig. 4b). However, at pH N 7 the partial current of W deposi-
tion decreases alongwith a simultaneous decrease in partial current for
Fe and a significant increase in partial current of the side reaction
(Fig. 4c). This correlates with the complexes distributions [18], i.e., the
decrease in concentration of predominant species WO2Gly22− and the
significant increase in the concentration of WO4

2− ions and the
(WO4)(HCit)H4– complex with increase in pH. The maximum W con-
tent and the maximum current efficiency correspond to the maximum
concentration of WO2Gly22− complex.

At higher temperature (65 °C), the W content varies from 17 to
25 at.%, achieving the maximum at pH ~7 (Fig. 4a). Thus, Fe-rich sam-
ples can be produced only at room temperature, while the deposition
of W-rich Fe-W alloys requires higher temperatures. An increase of
the W content in the alloy is accompanied by an increase in CE, as it is



Fig. 4. Influence of pH on: W content in the alloy (a); current efficiency at cathodic current density of −15 mA cm−2 (b); partial current densities at 20 °C (c); partial current
densities at 65 °C (d). Electrodeposition bath contained 1 M glycolic acid, 0.3 M citric acid, 0.1 M (Fe)2(SO4)3 and 0.3 M Na2WO4.
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expected from Podlaha-Landolt co-deposition model [23], and it can
reach 60–70% (Fig. 4b). It is worth noticing that the CE of Fe-W alloys
electrodeposited from glycolate-citrate bath is considerably higher
than for other Fe(II) or Fe(III) based electrolytes described elsewhere
[11,17,28]. Remarkably, at 65 °C and pH 4, deposition of Fe-W alloy is
precluded, whereas at room temperature Fe-W alloys with 16 at.% of
W can be obtained. It can be seen from Fig. 4d that the alloy deposition
is accompanied by an intensive hydrogen evolution at pH 4 and 65 °C,
thereby hindering the growth of the alloy.

3.2. Surface morphology and structural properties of Fe-W alloy
electrodeposits

Fig. 5 shows representative SEM images of Fe-W alloys with differ-
ent W contents. The surface of the alloys with up to 10 at.% of W is typ-
ically porous and shows a micro-globular structure with high inter-
granular distances. Further increase in theW content leads to a remark-
able disappearance of pores and substantial surface refining. The aver-
age roughness of the electrodeposited samples decreases linearly from
~62 nm to ~13 nm as the W content in the alloys increases from 6 to
25 at.%, and thus Fe-W alloys with 15–25 at.% of W generally exhibit a
mirror-like appearance.

Based on the results shown in Section 3.1, Fe-rich samples with W
content from 6 to 17 at.%were deposited at 20 °C, whileW-rich samples
with W content from 12 to 25 at.% of W were obtained at 65 °C. Thus,
alloys containing 12–17 at.% of W could be deposited at both
temperatures (Table 1). Eventual structural changes caused by increas-
ingW content and the influence of deposition temperature for coatings
in the range of 12–17 at.% W were studied.

Selected XRD patterns for Fe-W alloys and for Fe electrodeposited
from a similar W-free electrolyte are shown in Fig. 6. The crystallo-
graphic structure of the films transforms from nanocrystalline to
amorphous-like when the W content increases. The broadening of the
diffraction peaks is attributed to grain size refinement, which typically
occurs at higher W concentrations [29,30]. Remarkably, the threshold
for the formation of the amorphous-like structured Fe-W alloys de-
pends on the deposition temperature, similar to the case of Co-W ob-
tained from citrate-borate electrolyte [31]. In our previous work, we
found that at room temperature an amorphous-like structure for Fe-W
alloy was achieved at W concentrations above 12–14 at.% [18]. Hence,
an alloy with 17 at.% of W obtained at 20 °C is amorphous-like
(Fig. 6c). Meanwhile, the appearance of two nanocrystalline peaks
on the XRD pattern for the Fe-W alloy with 17 at.% of W deposited at
65 °C (Fig. 6d) probably indicates the presence of some Fe(W) crystals
embedded in an amorphous matrix.

The difference in structure for alloys obtained at 20 °C and 65 °C and
having the same composition probably is caused by differentmobility of
deposited Fe andW atoms. Indeed, the activation energy of crystalliza-
tion of Fe-W alloy is high, i.e. one hundred and thirteen
kilocalorie mol−1 (472 kJ/mol) [27]. Such value implies a big difference
in the crystallization rate: by applying the Arrhenius equation it is
found that the rate of crystallization at 20 °C is 6 · 109 times lower



Fig. 5. SEM images of Fe-Walloyswith aW content of 6 at.% (a), 12 at.% (b) and 25 at.% (c).

Fig. 6.XRD patterns recorded on Fe (a) and Fe-W coatingswith differentW content: 6 at.%
obtained at 20 °C (b), 17 at.% at 20 °C (c), 17 at.% at 65 °C (d), 21 at.% at 65 °C (e), and
25 at.% of W at 65 °C (f). Peaks were identified based on the ASTM Card 06-0696 (Fe).
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than at 65 °C. Therefore, atoms deposited at lower temperature tend to
stay in place forming metastable disordered or amorphous-like struc-
ture, having many boundaries between chaotically placed crystallites
of 4–5 nm in size. Meanwhile, at 65 °C the rate of crystallization is
high, and during electrodeposition the thermodynamically stable crys-
talline structure of Fe-W alloys is formed.

As it is seen from Fig. 6, the corresponding values of 2θhkl character-
istic for pure iron are shifted towards lower angles as theW content in-
creased. This is most likely due to the partial replacement of some Fe
atoms by biggerW atoms in the lattice as typically observed in solid so-
lutions. In order to obtain a better understanding of the structural
changes caused by the addition of W to pure Fe, the samples (Table 1)
were also analyzed byMössbauer spectroscopy. Each spectrumwas de-
scribed using a set of subspectra, each subspectrum corresponding to a
different environment of the iron atoms (Fig. 7). Based on the area of the
Mössbauer spectra the amount of phases was estimated (Fig. 8).

For alloys containing W below 14 at.% the obtained spectra are typ-
ical to ferromagnetic compounds. The main contribution to these spec-
tra (in this range of contents of W) is the α-Fe phase (hyperfine
parameters: δ = −0.109 mm/s, Δ ≈ 0.0 mm/s and Bhf = 33.1 T).
With the increase of the W content, the relative amount of this pure
α-Fe phase decreases, while the relative amount of the Fe-W solid solu-
tion increases, i.e. the observed subspectra having smaller hyperfine
fields correspond to some iron atoms being replaced with W atoms in
the α-Fe lattice. It was shown in [32,33] that the hyperfine field de-
creases on average by 4.1 Twhen replacing single iron atomswith tung-
sten atoms in NN (nearest neighbor) shells. The hyperfine field
decreases by 2.6 T by replacing Fe by W in the next-nearest neighbor
(NNN) (nearest-nearest neighbor) shells. Configuration (m,n) in
Table 2 denotes m atoms of Fe in NN shell and n atoms in NNN shell
being replaced by W atoms. Based on hyperfine parameters (Table 2)
there are up to 3 iron atoms replaced by W atoms (1, 2 and 3 on the
Fig. 8). The formation of solid solution is rather typical for electrodepos-
ited alloys and for Fe-W it is supported by the fact that Fe and W
have homotypic lattices differing by not N15% in cell parameters [34]
(αbccFe = 2.8665 Å, αbccW = 3.1652 Å [35]).

At higher W concentrations, the spectra change from ferromagnetic
to paramagnetic kind. All spectra of W-rich samples (15–25 at.%) have
almost the same shape, which can be described with two doublets.
Based on hyperfine parameters, one is clearly ascribed to the Fe2W in-
termetallic compound [36,37] and the second one can be referred to
as Fe solid solution inW [36]. According to the phase diagram, the solu-
bility limit of W in bcc Fe is ~14.3 at.%. This correlates well with the two
separated subspectra characteristic for Fe-W alloys having at.% of W
above 16–17%.

3.3. Magnetic properties of the Fe-W electrodeposited alloys

Magnetic measurements were performed on Fe-W alloys covering
the overall range of compositions (Table 1), in order to assess the nature
of these coatings (hard, semi-hard or soft magnetic) and the eventual
changes in saturation magnetization. As expected, the addition of
small amounts of tungsten to iron leads to a reduction of the saturation
magnetization sinceW is a non-magnetic element (Fig. 9). Interestingly,
the saturation magnetization,Ms, decrease also depends on the electro-
deposition temperature: alloys containing 6–16 at.% W deposited at



Fig. 7.Mössbauer spectra of Fe(a) and Fe-W coatings with differentW content: 1 at.% (b),
6 at.% (c), 17 at.% (d), 21 at.% (e). Deposition conditions are given in Table 1.

Table 2
Fitted values of hyperfine parameters of different Fe-W alloys (W – tungsten concentra-
tion in at.%; δ – isomer shift; Δ – quadrupole splitting, Bhf – hyperfine field; k – relative
amount of component; (m,n) – atomic configuration). Deposition conditions are given
in Table 1.

W (at.%) δ (mm/s) Δ (mm/s) Bhf (T) k (m,n) Remarks

0 −0.109 0.0 33.1 1.00 α-Fe
1 −0.109 0.0 33.2 0.84 α-Fe

−0.165 0.0 29.4 0.16 (1,0)
6 −0.109 0.0 33.1 0.42 α-Fe

−0.105 0.0 29.8 0.22 (1,0)
−0.128 0.0 27.1 0.35 (1,1)

12 −0.109 0.0 33.0 0.25 α-Fe
−0.115 0.0 28.5 0.51 (1,1)
−0.163 0.0 24.2 0.24 (2,0)

17 −0.31 0.31 0.0 0.36 Fe2W
−0.13 0.43 0.0 0.64 W(Fe)

21 −0.34 0.33 0.0 0.42 Fe2W
−0.17 0.42 0.0 0.58 W(Fe)

25 −0.33 0.34 0.0 0.41 Fe2W
−0.17 0.42 0.0 0.59 W(Fe)
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room temperature exhibit a rapid decrease of Ms with the increase in
the amount of W, whereas alloys deposited at 65 °C and containing
~12 at.%Wmaintain relatively highMs values. Such essential difference
in Ms values can be attributed to the structural differences among the
coatings obtained at different temperatures. As it was shown in
Section 3.2, the alloys electrodeposited at 65 °C keep the crystalline
Fig. 8. Relative amount of phases identified by Mössbauer spectroscopy. 1, 2 curves and
point 3 correspond to the compounds where 1, 2 and 3 Fe atoms are replaced to W,
respectively. Deposition conditions are given in Table 1.
structure at relatively high contents of W, while the ones deposited at
lower temperature become amorphous-like when the amount ofW ex-
ceeds 12 at.%. Thus, a significant fraction of α-Fe remains when electro-
depositing at 65 °C, and, consequently,Ms is larger. Conversely, at 20 °C,
for a W concentration around 12–16 at.% the films become almost
amorphous and therefore Ms significantly decreases. Amorphous-like
Fe-W alloys show a weak ferromagnetic signal (40–20 emu g−1)
which is probably related to the formation of both W(Fe) and Fe2W
phases as it is proved by Mössbauer spectroscopy in the corresponding
W concentration range (Fig. 8). Theoretical calculations provided in [38]
show that the Fe2W intermetallic alloy indeed possesses a ferromagnet-
ic character (M = 0.57 μB). Therefore, it can be assumed that the de-
crease in Ms for Fe-W alloys with high W content is caused by the
phase transition from the ferromagnetic Fe(W) bcc solid solution (for
high Fe contents) to a mixture of both non-ferromagnetic W(Fe) and
weakly ferromagnetic Fe2W phases (for highW contents). A similar be-
haviour was noticed for amorphous Co-W alloys [8], where non-
ferromagnetic character was achieved only beyond 30 at.% of W.

The coercivity values of the investigated Fe-Walloys are in the range
from 20 to 90 Oe when applying the magnetic field in-plane, and from
10 to 190 Oe for the perpendicular-to-plane direction. Thus, a semi-
soft magnetic character is obtained for all the samples. The change in
the shape of the hysteresis loops when measured in-plane and
perpendicular-to-plane configurations reveals that the Fe-W alloys
with low W contents exhibit in-plane magnetic effective anisotropy
Fig. 9.Dependence of the saturation magnetization (MS) of Fe-W coatings as a function of
their composition.



Fig. 10.Hysteresis loops of Fe-Wcoatings: nanocrystalline samplewith 6 at.% ofW (a), and
amorphous sample with 21 at.% of W (b) recorded for an external magnetic field applied
along in-plane and perpendicular-to-plane directions.

Fig. 12. Hall-Petch plot for Fe-W alloys showing the hardness as a function of the square-
root of the crystallite size determined from XRD measurements.
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(Fig. 10a). Remarkably, the difference in shape between in-plane and
perpendicular-to-plane loops disappears in the W-rich, amorphous-
like films (Fig. 10b). This could be due to the reduction of Ms, which
Fig. 11. Hardness and elastic modulus of Fe-W alloys plotted as a function of the W
content, at applied load of 20 mN. A SEM image showing the indent imprints on the
cross-section area of Fe-W alloy with 23 at.% of W is shown as an inset.
brings about a decrease of the demagnetizing field and a concomitant
reduction of shape anisotropy effects.

3.4. Mechanical properties of the Fe-W electrodeposited alloys

Fe-W alloys deposited at 65 °C retain higher Ms values even at rela-
tively high W content as compared to room temperature. Therefore,
samples deposited at 65 °Cwith tungsten content 12–25 at.% were sub-
jected to mechanical studies. An additional sample containing 6 at.% W
obtained at 20 °C was also mechanically characterized in order to cover
the whole range of alloy composition (Table 1).

The evaluation of mechanical properties of Fe-W electrodeposited
alloys as a function of the tungsten content was carried out at the
cross-section of the samples by nanoindentation. The values of hardness
and elastic modulus (i.e., reduced Young's modulus) extracted from the
load-displacement curves using themethod of Oliver and Pharr [19] are
presented in Fig. 11. The increase of tungsten leads to an increase in
both hardness and elastic modulus. Hardness increases from 4.1 GPa
for the alloy with 6 at.% W to 10.4 GPa for the alloy with a W content
of 25 at.%. The substantial increase of hardness observed on these nano-
crystalline alloys is due to the interplay of several factors: (i) grain
boundary strengthening, as a result of the nanocrystalline nature of
the as-deposited coatings, (ii) partial or total amorphization induced
by W addition (the lack of long-range order precludes the occurrence
of the conventional deformation mechanisms in crystalline materials,
driven by dislocations, stacking faults, grain boundary sliding, etc.),
(iii) solid solution strengthening, caused by the presence of small
amounts of a mechanically hard alloying element, in this case W. Addi-
tionally, as it has been shown by Mössbauer spectroscopy, at higher W
concentration the intermetallic Fe2W phase is formed. This may also
contribute to the observed hardening effect, particularly for the Fe-Wal-
loys with W content larger than 17 at.%.

Previous works have shown that the grain boundary contribution in
this type of alloys ismuch stronger than the solid solution strengthening
effect caused by W [39]; consequently, plastic deformation is mainly
governed by the lattice dislocations within individual grains, which
tend to accumulate at grain boundaries. To corroborate this point, the
hardness values are plotted in Fig. 12 as a function of ⟨D⟩−1/2 (where D
is the crystallite size). A linear relationship, typical for Hall-Petch plots,
is obtained, hence confirming that grain boundaries play a crucial role
in the mechanical properties of these electrodeposited films. The de-
crease in crystallite size essentially creates a higher volume of grain
boundaries and thus impedes the dislocation motion in these



Fig. 13. Hardness of W alloys with iron group metals and of electrolytic chromium
measured by nanoindentation at a maximum applied load of 20 mN. Corresponding
references are indicated on the figure.

Fig. 14. Mapping of mechanical and magnetic properties of Fe-W alloys. All of the
samples were electrodeposited at 65 °C, except the one with 6 at.% of W, which was
obtained at 20 °C.
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nanocrystalline materials, resulting in larger mechanical strength. The
influence of crystallite size on the hardness is well-known, even for sin-
gle electrodeposited metals [40]. However, in the case of binary sys-
tems, such as Fe-W, the decrease in crystallite size is induced by the
increase in W content in the alloy. Therefore, it is not necessarily
straightforward to distinguish between the various mechanisms in-
volved in the alloy strengthening process.

Elastic modulus is of particular importance for both the design and
fabrication ofmicro-electro-mechanical systems (MEMS) because it fre-
quently plays an important role in the lifetime, reliability, and failure
mechanisms of miniaturized devices. Materials with a higher elastic
modulus can better maintain a linear (and reversible) relationship be-
tween the applied load and the induced deformation. The values of elas-
tic modulus of Fe-W alloys (Fig. 11) measured using nanoindentation
show an increase from 83 GPa to 216 GPa for alloys with 6 and 25 at.%
of W, respectively. This value is close to that of pure bulk iron [41] and
even comparable to steel or Si [42].

A comparison of themechanical properties for the obtained coatings
with previously published data onW alloys with iron group metals and
electrolytic chromium is presented in Fig. 13. It is important to mention
that the comparison of mechanical properties of different materials
should be done carefully by taking into account the differences in
starting conditions (e.g., surface polishing) and indentation parameters
(i.e. applied load, loading rate, indenter geometry, etc.). Therefore, to
compare the hardness values of this work with those in the literature,
alloys with similar compositions and maximum applied loads have
been selected. Summarizing, the alloy deposited from the investigated
Fe(III)-glycolate-citrate bath has approximately the same hardness as
the alloys deposited from conventional citrate-ammonia bath. At an ap-
plied load of 20 mN their hardness is ~10 GPa which is higher than that
of W alloys co-deposited with Co or Ni and comparable to that of elec-
trolytic chromium.

Fig. 14 shows a mapping of hardness and saturation magnetization
for Fe-W alloys as a function of the W content, as discussed in the pre-
vious sections. It can be seen that a combination of enhanced mechani-
cal strength and high saturation magnetization is achieved for alloys
with 10–14 at.% of W deposited at 65 °C. At this concentration range
Fe-W alloys are characterized by relatively high saturation magnetiza-
tion, due to the contribution from magnetic α-Fe phase which is still
present. Simultaneously, the solid solution strengthening caused by
the increasedWcontent causes an increase of hardness (for this amount
of W, hardness is comparable to that of electrodeposited Ni-W alloy
[43]). Therefore, Fe-W alloys having low W content could be targeted
for the design of recording components because of their magnetic prop-
erties. Taking into account that Fe-W alloys are characterized by low co-
ercivefieldwithin awide range of composition, thesematerials could be
of interest for the design and fabrication of MEMS such as pressure
sensors, microgears, micromotors, microcoils or thermal actuators.
Nonetheless, although alloys richer in W possess low magnetization,
they show outstanding mechanical properties, close to those of
electroplated Cr. Mechanically hard Fe-based materials with low Ms

could be targeted for medicine applications, particularly for the design
of a MRI-compatible heart implanted pacemaker, which nowadays are
mainly based on Ni compounds, which could be allergenic [44].

4. Conclusions

Fe-W alloys with varying W content (from a few at.% to 25 at.%)
were electrodeposited from Fe(III)-based glycolate-citrate electrolyte
by fine tuning the following deposition parameters: concentration of
tungstate, deposition temperature, current density and pH. On the
basis of the observed interdependencies, the electroplating at higher
temperature, lower current densities and pH close to neutral promotes
the growth of fully dense coatings.

The incorporation of W atoms has a great impact on the mechanical
andmagnetic properties of the coatings. Thus, Fe-Walloywith 25 at.% of
W exhibits a maximum hardness of 10.4 GPa, which is comparable to
the hardness of electrolytic chromium. The hardening effect follows
the direct Hall-Petch relation. Moreover, the formation of the Fe2W in-
termetallic compound at high W concentration, as proved by
Mössbauer spectroscopy, may contribute to the increased hardness of
these alloys.

Magnetic measurements reveal that the alloys are magnetically soft
(or semi-soft) within a wide range of compositions. The decrease inMs

for alloys with higher W content is due to the phase transformations
caused by the addition of W to pure Fe, namely the transformation
from α-Fe + Fe(W) phase to amorphous W(Fe) solid solution plus in-
termetallic Fe2W. At room temperature, Ms tends to decrease from
184 emu g−1 for the alloy with 6 at.% of W to 18 emu g−1 for the
alloy with a W content of 25 at.%. Fe-W alloys deposited at higher tem-
perature (e.g., 65 °C)maintain relatively highMs up to 12 at.% ofW. This
is attributed to the different crystallographic properties of the films
when deposited at different temperatures. Therefore, the deposition
temperature is an important parameter to consider in the fabrication
of magnetic components with high hardness, since they are expected
to have relatively high amount of W.

Amapping of mechanical andmagnetic properties of Fe-W is shown
in Fig. 14. Fe-W coatings with 10–14 at.% of W produced at 65 °C show
an optimum combination of mechanical and magnetic properties, thus
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making these newly developed coatings appealing sustainable and
“green” multifunctional materials.
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a b s t r a c t

Fe-W coatings with 4, 16 and 24 at.% of W were electrodeposited under galvanostatic conditions from a
new environmental friendly Fe(III)-based glycolate-citrate bath. This work aims to find correlations
between composition including the light elements, internal structure of the electrodeposited Fe-W alloys
and functional properties of material. The obtained alloys were characterized by Glow Discharge Optical
Emission Spectrometry (GD-OES), Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray
Spectroscopy (EDS), Transmission Electron Microscopy (TEM), and X-ray Diffraction (XRD). Composi-
tional depth profiles of 10 mm thick coatings obtained by GD-OES show that the distribution of metals is
uniform along the entire film thickness, while SEM imaging depicted the presence of cracks and O- and
W-rich areas inside the Fe-W coating with 4 at.% W. In the samples with 16 and 24 at.% of W, oxygen and
hydrogen are present mostly at the surface about 1 mm from the top while traces of carbon are
distributed within the entire coatings. With increasing W content, the structure of the coatings changes
from nanocrystalline to amorphous which was shown by XRD and TEM analysis. Also, the surface of
coatings becomes smoother and brighter, that was explained based on the local adsorption of in-
termediates containing iron and tungsten species. Annealing experiments coupled with XRD analysis
show that the thermal stability of Fe-W alloys increases when the W content increases, i.e. the coating
with 24 at.% W retains the amorphous structure up to 600 �C, where a partially recrystallized structure
was observed. Upon recrystallization of the amorphous samples the following crystalline phases are
formed: a-Fe, Fe2W, Fe3W3C, Fe6W6C, and FeWO4. Hence, the Fe-W coatings with higher W content
(>25 at.%) can be considered as suitable material for high temperature applications.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The interest in W alloys has continuously grown due to their
advantageous properties. The addition of tungsten to iron group
metals improves the properties of alloys such as hardness, corro-
sion resistance and thermal stability [1e4]. For these reasons W
alloys with Fe, Co and Ni can represent an alternative to hard
chromium coatings which are deposited using carcinogenic com-
pounds (i.e. Cr6þ) [5]. In the past, electrochemical studies were
concentrated mostly on Ni-W and Co-W alloys, while the
ment), henrikas.cesiulis@chf.
investigations on electrodeposited Fe-W coatings are rather scarce.
As the use of Co and Ni is more and more discouraged because of
environmental issues, the electrodeposition of Fe-based alloys has
gained in importance.

However, electrodeposition of Fe-W alloys is usually associated
with low current efficiency. It could be attributed to the fast
oxidation of Fe2þ to Fe3þ (when Fe(II)-based electrolyte is used) and
higher cathodic polarization of Fe-W alloys (above �1.00 V) as
compared to Ni-W or Co-W (�0.65 ÷ �1.00 V), which results in a
higher partial current density of side reaction [2,6]. Moreover, as
was shown in Ref. [7], the electrolytes based on Fe(II) compounds
are unstable thermodynamically and are governed by the Fe(II)
oxidation kinetics. Most recent successful attempts to obtain Fe
alloys with refractory metals from Fe(III) electrolytes were reported
[8e10]. Nonetheless, the current efficiency of the deposition in
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Table 1
Operating conditions and EDS chemical composition of as-deposited Fe-W coatings.

Sample T, �C pH j, mA cm�2 CE, % -E, V Composition (at.%)

Fe W O Fe W

1 20 6.5 15 24 1.25 80 4 16 96 4
2 65 5.0 15 50 1.04 59 10 31 84 16
3 65 6.5 15 72 1.08 64 20 17 76 24
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referred studies did not exceed 40% [9,11].
The appropriate electrodeposition conditions influence the

composition and structure of electrodeposited alloys. Thus, the W
content in electrodeposited alloys can vary within a wide range,
depending on the deposition conditions, but usually it does not
exceed 30e35 at.% [12]. Generally, the structure of W-containing
alloys with iron group metals tends to transit from nanocrystalline
to “amorphous-like” with increase in W content in the alloy [12].
Thus, Fe-W alloys can be deposited with an amorphous [13] or
nanocrystalline structure [14]. This tunable structure represents a
useful opportunity when aiming for certain properties of interest.
As a matter of fact the nanocrystalline W alloys are characterized
with higher saturation magnetization [15] while amorphous alloys
usually exhibit higher hardness and corrosion resistance [16].

As a novel approach, an environmental friendly and thermo-
dynamically stable glycolate-citrate bath was employed for Fe-W
alloys, which allowed to produce Fe-W coatings with up to
60e70% of current efficiency from Fe(III)-based solution [7,17]. An
increase of current efficiency in this electrolyte was associated with
specific complexes distribution of Fe and W, and we were able to
produce Fe-rich and W-rich Fe-W alloys with tunable mechanical
and magnetic properties by fine control of the deposition
conditions.

However, it was observed that the tungsten content is not the
sole factor influencing the structure and properties of the electro-
deposited alloy. During the electrodeposition, various non-metallic
elements can be incorporated and alter grain growth and influence
the microstructure development during the thermal treatment
[18,19].

Former works on W alloys with iron group metals show that
after a thermal treatment the microhardness and corrosion resis-
tance of electrodeposits increases due to formation of stable
intermetallic compounds (Fe2W), which is usually observed at
temperatures higher than 400 �C [6,20,21].

The effects of heat treatments on compositional and structural
features of the deposited W alloys considering various tungsten
contents and the co-deposited impurities have been studied most
extensively for Ni-W alloys [18,19,22e27]. While scarce literature
on Fe-W alloys electrodeposited from citrate-ammonia baths
shows better thermal stability properties as compared to other W
alloys with Ni and Co, retaining the nanocrystalline structure after
annealing up to 700e800 �C [14].

The quantification of incorporated co-deposited non-metallic
elements seems to be a crucial step towards characterization of
functional materials. Typically, electrodeposition of metal alloys
from aqueous solutions occurs along with abundant hydrogen
evolution on the cathode. This leads to a local increase in pH at the
electrode/solution interface and may cause the formation of
insoluble hydroxides which become incorporated in the coating
[28].

The precipitation of hydroxides at the electrode/solution inter-
face with the layer growth is expected to have an impact on the
physical and chemical properties of the obtained deposits [29].
Also, carbon is a common impurity in electrodeposited coatings. Its
incorporation is often related to the organic additives used in the
electrolytic bath [30]. Carbon presence within the alloy can lead to
carbide phase precipitation during annealing with important im-
plications both for the thermal stability and the mechanical prop-
erties of the coating [19]. The presence of oxygen as impurity and its
effect on both thermal stability and mechanical properties has also
been investigated for Ni-W alloy [18].

However, the quantitative determination of the full composition
of electrodeposits often is a challenge. It is a well-known that EDS
analysis has limitations with respect to quantification of light ele-
ments and low concentrations due to twomain points: (i) elements
with Z < 11 emit low energy X-rays which are subject to strong
absorption by the specimen; and (ii) the yield of fluorescence in-
creases with the atomic number and de-excitation of light elements
occurs mainly by the emission of Auger electrons.

Therefore, meeting the existing demand for the quality control
of functional materials, Glow Discharge Optical Emission Spec-
troscopy (GD-OES) can be applied for accurate composition anal-
ysis. Whereas the qualitative measurement of the light element
depth distribution by GD-OES has been recognized as a powerful
tool for reliable in-depth analysis, it is known that quantitative
compositional depth profiling of light elements, especially of H and
O, is very challenging [31]. No matrix-sensitive calibration material
is available and matrix independent calibration make it uncertain.
Therefore, in this study sintered calibration samples for O [32] and
H [33] produced at IFW Dresden were used for multi-matrix cali-
bration for the first time.

The aim of this paper is to study the interdependences between
the composition and structure of Fe-W coatings by use a new
analytical strategy and techniques including Scanning Electron
Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy
(EDS), Transmission Electron Microscopy (TEM), GD-OES, and X-ray
Diffraction (XRD) analysis. Furthermore, the annealing effects on
the structure and morphology of the produced Fe-W alloys with
different amounts of W are also studied. To the best of our
knowledge, in depth characterization of electrodeposited Fe-W
alloys and incorporation of light elements into deposits have not
been performed before.
2. Experimental

2.1. Electrodeposition of Fe-W alloys

In our previous work [17] the influence of tungstate concen-
tration and deposition parameters (current density, pH, tempera-
ture) on induced codeposition of W with Fe from recently
developed glycolate-citrate Fe(III)-based electrolyte was studied.
Fe-W samples with various W content from few at.% to 25 at.% can
be deposited in a controlled way by changing electrodeposition
parameters. At 65 �C the partial current for W deposition is higher
than that for room temperature, which results in the increase of W
content in the deposit at these conditions. Based on the published
data [17], Fe-W coatings with 4, 16 and 24 at.% of W have been
obtained from the electrolyte with following composition: 1 M
glycolic acid, 0.3 M citric acid, 0.1 M Fe2(SO4)3 and 0.3 M Na2WO4.
The deposition conditions are given in Table 1. The bath pH was
adjusted by addition of either NaOH or H2SO4. The cathodic current
density of 15 mA cm�2 was applied as is the optimum for Fe-W
alloys deposition from electrolyte used [17]. Electrodeposition of
thin films was performed in a typical three-electrode cell. A pure
copper sheet was used as the working electrode. Platinized tita-
niumwas used as a counter electrode, and saturated Ag/AgCl/KClsat
was used as reference electrode and all potential values are pre-
sented in respect of this electrode. The deposition current efficiency
was calculated based on the Faraday's law as described elsewhere
[17].
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2.2. Coating characterization

Secondary electron imaging was used to acquire the images of
the as-plated surfaces by using a Leo 1550 Gemini SEM with field
emission gun and the cross-sectional images were acquired using
back-scattered electrons. The chemical composition was measured
both at the surface and on cross-sections of the samples using EDS
and an accelerating voltage of 20 kV, the obtained results are shown
in Table 1. TEM investigation was performed with a Zeiss EM 912
OMEGA microscope operating at an accelerating voltage of 120 kV.

The depth profiling analysis was carried out using a GDA750HR
(Spectruma) with 2.5 mm source in DC mode. The discharge was
operated in a high-purity Ar 5.0 atm and constant current (10 mA)/
constant voltage (700 V) control mode.

The calibration samples for GD-OES analysis were chosen in a
way that a wide element concentration range was covered for
further quantification. The sputtering rate factor of self-made
calibration samples (ratio of the sputtering rate of the sample to
the sputtering rate of Fe) was determined by density and crater
volume measurements [34]. The wavelengths of the selected
spectra emission lines were: 371 nm for Fe, 429 nm for W, 219 nm
for Cu, 165 nm for C, 777 nm for O, and121 nm for H. With help of
sintered calibration samples with Cu, Mg and Al matrix for O pro-
duced at IFW Dresden [32] the matrix dependence of the emission
yield of the O I 130.22 nm line was revealed [35]. The different
emission yield of this line is caused by a strong line shift effect
reported by K€oster [36]. Therefore, Gonzalez-Gago et al. [35] pro-
posed to use the oxygen triplet at 777 nm to overcome this prob-
lem.We have nowconfirmed thematrix independence of the line O
I 777,194 nm for O in Cu, Mg and Al and a CDP of a 3.5 mm thick iron
oxide layer with mainly Fe3O4 (28 wt.% O) revealed 33 wt.% O and
the correct thickness. Systematic errors for the O value smaller than
30% are estimated. The emission yield of H was obtained with help
of sintered calibration material with TiH2 and ZrH2 in Cu matrix
[33]. It turned out [37] that these samples allow the reproducible
quantification of less than 0.3 wt.% H in Cumatrix using the lines H I
121,567 nm, H I 486,135 nm and H I 656,279 nm.

Fig. 1 shows the calibration curves obtained for the elements Fe,
W and O in constant voltage (700 V)/constant current (10 mA)
mode. The calibration also included Na, S and N, although they
were not observed in the EDS measurement. H, O and Na were
calibrated with sintered calibration samples of IFW. Four Fe-W
calibration samples were produced by melting and characterized
by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES).

The crystallographic structure and phase composition of the
obtained coatings were identified by means of a Rigaku MiniFlex II
diffractometer with Cu Ka radiation (l ¼ 1.54183 Å) operated at
30 kV and 30 mA.

Vacuum annealing of the samples was performed in a controlled
vacuum chamber (1 � 10�8 Pa) keeping the samples at 200 �C,
400 �C, 600 �C and 800 �C for 1 h. Samples were afterwards cooled
down to room temperature inside the furnace.
Fig. 1. GD-OES calibration curves for O 777 (a), Fe 371 (b) and W 429 (c). SRF- sput-
tering rate factor.
3. Results and discussion

3.1. Characterization of as-plated Fe-W coatings: surface
morphology, composition and crystallographic structure

SEM micrographs of the as-plated coatings with increasing W
content are shown in Fig. 2aec together with the cross-section of
each sample after metallographic preparation (Fig. 2def).

By increasing the W content in the coatings the surface
morphology is strongly influenced. The surface of the low W-



Fig. 2. Secondary electron images of the surface morphology of the 4 at.% W (a), 16 at.% W (b), and 24 at.% W samples (c); back-scattered electrons images of the cross-sections of
the 4 at.% W (e), 16 at.% W (e), and 24 at.% W samples (f).

Fig. 3. EDS line scan along one of the nest of cracks observed on the cross-section of Fe-W coating with 4 at.% of W.
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Fig. 4. Compositional depth profiles as obtained by GD-OES of Fe-W samples of
different composition: 4 at.% of W (a), 16 at.% of W (b) and 25 at.% of W(c).
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containing sample is characterized with a globular morphology
resembling a cauliflower structure. The other two deposited sam-
ples show a smooth surface. Some superficial cracks observed for
the W-rich samples can be inferred to the higher amount of W
which leads to increased internal stresses in the coating and for-
mation of microcracks [1,3].

Interestingly, the smoothening and leveling effect was achieved
without using additives in the plating bath by fine control of the
deposition parameters. Namely, it requires such values of over-
potential that can ensure rather high crystallization and nucleation
rate, but not too fast charge transfer [38]. In addition, the electro-
deposition of W alloys with iron group metals occurs via formation
of intermediate electroactive mixed complex which absorbed on
the cathode surface at the first step and is subsequently reduced at
the downstream steps [39,40]. Probably, adsorption of these com-
plexes is localized on the blisters. The surface coverage by in-
termediates shall be partial and strong enough without possibility
tomigrate to the sites. Adsorbed intermediates are formed from the
relatively big species, which preferentially are: at pH 5 -WO2Gly22�,
FeH2(Cit)23�, FeH(Cit)24�; at pH 6.5 - WO2Gly22� and FeH(Cit)24� [7].
These adsorbed intermediate complexes act as leveling or bright-
ening agents. In general case [38], during the electrodeposition of
tungsten ormolybdenum alloys with iron groupmetals the leveling
and refining is accompanied by refinement of the deposits in regard
to crystallite size with increase in refractory metal content in the
alloys [12,25].

In Table 1, the chemical composition of the different samples
measured by EDS on the sample surfaces is reported. Electro-
deposited tungsten alloys normally contain some oxygen that is
incorporated in form of oxides mainly in the top surface layer [13]
but also within the coating, forming tungsten oxide streaks [18,41].
As it is seen from Table 1, there is no direct correlation between the
Wand O content in the alloy (as well as there is no clear influence of
the deposition conditions). It is worth noticing that it is rather
difficult to reproduce the data of the O content, while the tungsten
content is constant when applying certain deposition conditions.
Taking this into account, the composition of alloys is more correct
to present as content of the metallic phase only (right column of
Table 1). This assumption can be partially confirmed by the cross-
section analysis of the three samples shown in Fig. 2def. In the
cross-section of the low W containing sample (Fig. 2d) internal
vertical cracks and nests of smaller cracks are seen. These nests
appear predominantly at a certain distance from the substrate
surface, probably due to the local increase in pH at the electrode/
solution interface. The areas around these cracks appear brighter
indicating a variation of chemical composition. The presence of
these cracks seems also to influence the further growth of the film
leading to a columnar-like growth. Fig. 3 shows the EDS line scan
performed along one of the nests of cracks observed in Fig. 2d. The
cracks appear to be in an O- and W-rich area and the brighter area
around it is probably due to W segregation.

On the other hand, the cross-sections of the two samples with
higherW content appear to be crack-free. Both cross-sections show
the presence of contrast variations aligned horizontally with
respect to the substrate. The contrast can be interpreted as a small
local variation of the chemical composition along the thickness of
the samples. However, a chemical variation is not revealed by the
EDS line scan performed along both samples. Instead, a homoge-
nous elemental distribution is observed, i.e. without any W- or O-
enrichment as in the case of the Fe-W sample with 4 at.% W.

Furthermore, the oxygen quantity measured from the cross-
section of the sample with 16 at.% W is strongly reduced with
respect of the amount registered from the surface analysis, and in
the case of the 24 at.%W sample oxygen is not even detected. These
findings support the assumption of oxygen only being present at
the surface in the case of the higher W content sample. Thus,
increasing the W content in the coatings seems to stabilize the
deposition of the Fe-W alloys and decreases the crack formation
and oxygen incorporation during the alloy deposition.

The O content determined by EDS analyses is rather qualitative
than quantitative and the results provide the composition not
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deeper than approx. 1 mm from the analyzed surface. Yet, for un-
derstanding and thorough evaluation of functional properties of
the Fe-W alloys, it is important to know their bulk composition.
However, the quantitative determination of the full composition of
electrodeposits including incorporated non-metallic elements such
as O, H and C is a methodical challenge. Therefore, in this study, the
experiments were carried out by means of GD-OES in order to get
reliable compositional depth profiles (CDP) to determine if O is co-
deposited with Fe and W or it is mainly present on the surface.

Representative examples of the CDPs obtained for the Fe-W
samples under investigation are shown in Fig. 4. The Fe-W alloys
of different composition are characterized by a strongly oxidized
top surface layer of ~1e2 mm thickness. The surface layer consists
mainly of O and Fe and contains relatively high amounts of C and H,
as compared to the concentration deeper down in the material.
Nevertheless, the distribution of both Fe and W inside the layers is
constant, demonstrating a homogeneous growth of the alloy during
electrodeposition independent of deposition temperature and
plating pH. Small composition fluctuations are visible in the ob-
tained GD-OES curves, which would resemble the composition
variations aligned horizontally with respect to the substrate
observed in the cross-section of the two samples with higher W
content (Fig. 2 def). Studies on similar banded structures found on
the cross-sections of electrodeposited Fe-alloys suggest that these
structures are formed due to variation/incorporation of light im-
purities, i.e. oxygen and hydrogen, during the plating process [42].
However, it is hard to directly relate the fluctuations observed in
the GD-OES curves to the banded structure observed by cross-
sections imaging. As a matter of fact, the length-scale of such
banded features (few hundreds of nm) is in the range of the depth
resolutions limits of the performed GD-OES measurements. Even if
in small amounts, the GD-OES results show that C is present in the
bulk of the three deposited coatings. For the samples with 4 at.% W
and 16 at.% W, the C content is varying between 1.5 and 2.5 at.% up
to 5 mm below the surface, while for the sample with 24 at.% W, at
the same distance from the sample surface the carbon is ranging
from 0.2 to 0.4 at.%. The carbon co-deposition can be attributed to
the inclusion of a reaction intermediate derived from organic acids.
In the case of the electrolytic bath used in this study, the presence
of carbon is due to the incorporation of some organic species while
depositing the Fe-W coating from a solution containing organic
ligands [43]. The measured profiles were also investigated for Na
Fig. 5. X-ray diffraction profiles of the as-deposited Fe-W sample.
and S content. However, no noticeable influence from these ele-
ments was observed in the quantification of the investigated
samples. They have been observed by GD-OES but at concentra-
tions lower than 0.2 at.%, which has not much influence on the layer
properties and therefore these elements are not discussed.

A drastic decrease in the concentration of oxygen within first
few microns was observed. Therefore, the nature of the top surface
layer seems to be the spontaneous chemical oxidation due to the
contact of alloy's surfacewith corrosivemedium (electrolyte, water,
air). Also, it is supposed that some H and C atoms remain adsorbed
on the electrode surface and thus can be rather considered as im-
purities. However, some recent investigations have shown that
certain minor contamination elements can interact strongly with
the alloy and alter grain growth and microstructure development
during annealing [3,19].

In Fig. 4a, the quantitative depth profile of the Fe-W sample
deposited at room temperature is shown. In this case, O is not only
present on the surface, but also homogeneously distributed in the
interior of the layer. With about 7 at.%, the oxygen content in the
alloy deposited at room temperature is considerably higher as
compared to the O content in the interior of alloys deposited at
65 �C (Fig. 4b and c). According to the model proposed by V.
Fig. 6. TEM image of the electrodeposited sample with 24 at.% of W (a), and SAD
pattern of the same sample (b).



Fig. 7. X-ray diffraction patterns for Fe-W alloys with 4 at.% of W (a), 16 at.% of W (b), and 24 at.% of W (c) annealed at different temperatures.
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Krasinov and A. Krasinov [44], the appearance of co-deposited O
could be attributed to the interaction of intermediate particle of
iron-group metal with absorbed refractory metal anion resulting in
the formation of intermediate heterometallic cluster which is
subsequently reduced. It can be supposed that at elevated tem-
peratures the rate of the second step reaction is significantly higher,
thus, formed intermediates are reduced faster without the forma-
tion of oxygen-containing admixtures [45].

XRD results of the as-plated Fe-W coatings are shown in Fig. 5.
The X-ray diffraction profile of the sample deposited with 4 at.% W
shows the presence of crystalline peaks which are indexed as an
Fe(W) solid solution. This is in accordance with previous findings:
with relative low W content, a solid solution is formed and the
deposited alloys retain the structure of the base metal, in this case
bcc-iron (Im3m), with an increased lattice parameter due to W
substitution in the bcc lattice [12]. For W concentrations ranging
from 11.5 at.% to 20 at.% Nishi et al. [46] have found that the Fe-W
alloy could be deposited from simple citrate bath with either a
crystalline, an amorphous or a mixed amorphous-crystalline
structure. In this window of W composition they found that the
pH of the electrolytic bath and the current density applied for the
deposition had an influence on the as-deposited Fe-W structure.
For a W content higher than 20 at.%, the deposited Fe-W alloys are
instead fully amorphous [13,43,47], or possess a nanocrystalline
structure [14,48]. Similar findings are observed from the X-ray
diffraction patterns of the samples deposited with 16 at.% and
24 at.%W: a broad peak starts around 40� indicating the amorphous
nature of both coatings. Though, a small crystalline peak appears at
the top of the amorphous shoulder of the sample with 16 at.% W,
indicating a certain degree of crystallinity to be present in this case.
However, it is hard to distinguish solely by XRD measurements
between a totally amorphous structure and a partially crystalline
structure formed by the aggregation of crystals at the nanoscale.
The presence of such nano-crystals would in fact as well cause a
broad diffraction peak [49]. The Fe-W sample with 24 at.% W was
analyzedwith TEM to confirm the amorphous nature deduced from
the XRD results. Fig. 6a shows the TEM bright-field image of the
sample surface while Fig. 6b shows the selected area diffraction
pattern (SAD). Both the TEMmicrograph and the diffuse rings of the
SAD pattern are typically observed in amorphous samples.

3.2. Characterization of annealed coatings

Vacuum annealing tests were performed on three selected
samples, 4 at.%, 16 at.% and 24 at.% W, to study the thermal stability
of the Fe-W coatings and the structural changes occurring at high
temperature. The XRD profiles of the annealed samples with
increasing W content are shown in Fig. 7. All the phases formed at
their respective temperature, listed in Table 2, were compared with
Table 2
Phases forming at each respective temperature for the annealed samples.

Temperature Phase

4 at.%W

As-deposited Fe0.96W0.04 (PDF-04-006-3509)
Cu (PDF-00-004-0836)

200 �C Fe0.98W0.02 (PDF-04-004-2476)
400 �C Fe0.98W0.02 (PDF-04-004-2476)
600 �C Fe0.98W0.02 (PDF-04-004-2476)

FeWO4 (PDF-01-074-1130)
800 �C a-Fe (PDF 04-007-9753)

FeWO4 (PDF-01-074-1130)
the phases expected from the binary equilibrium phase diagrams
shown in Fig. 8. Fig. 8a corresponds to the binary Fe-W phase di-
agram, while Fig. 8b represents a Fe-W-C phase diagram as ob-
tained by using Thermo-Calc software [50]. The amount of carbon
was fixed to 2.5 at.%, which is the quantity found at a depth of
1.5 mm in both the sample with 4 at.% and 16 at.% of W.

There are minor changes in the XRD patterns acquired before
and after the heat treatment for the coating deposited with 4 at.% of
W. When increasing the temperature, the indexed Fe(W) solid so-
lution peak of the as-deposited coating is shifted toward higher
diffraction angles, approaching the diffraction angle of pure a-Fe.
Small amounts of W probably remain dissolved in the crystal
structure of the a-Fe phase because themaximum solubility ofW in
the a-Fe at 800 �C is 1.2 at.%, from the data acquired from Fig. 8a.
The small peaks appearing at 600 �C are indexed as an iron-
tungsten oxide phase and are also found at 800 �C. It can be
excluded that this phase is formed during the annealing due to
some oxygen contamination. Hence, phase formation can be
inferred to the high level of oxygen co-deposited within the
coating, as shown by GD-OES measurements (Fig. 4a).

The XRD profiles acquired at different temperatures of both
16 at.% W and 24 at.% W show that the samples are deposited in a
metastable state and undergo phase transformation when exposed
to elevated temperatures. Yet, the recrystallization process differs
for these two samples (here and in the following the term recrys-
tallization is used to describe the formation of crystalline phases
upon annealing). The structure of the Fe-W sample having 16 at.% of
W appears to be unaffected up to 200 �C. However, after heating at
400 �C recrystallization is observed. All crystalline peaks are
identified and indexed as Fe(W) solid solution. Afterwards, the
recrystallization proceeds similarly to what is seen in the 4 at.% W
sample: the Fe(W) peak is approaching the diffraction angle of pure
a-Fe and new stable phases are formed. At 600 �C small FeWO4
peaks are visible, while at 800 �C two carbide phases, Fe3W3C and
Fe6W6C, and the intermediate Fe2W phase are also observed to
occur. The formation of such carbides has been previously reported
when performing annealing of electrodeposited Fe-Walloys [43,47]
as well as for Ni-W alloys [19]because the presence of carbon in
bulk is proved to be unavoidable in the electroplating process, and
carbides begin to form at very low carbon concentrations. It has
been shown that ~4 at.% of C is enough to form the carbide phase
annealing at 800 �C. That amount of carbon can be easily co-
deposited within the coating when organic complexing agents or
additives are used [30]. Furthermore, the obtained phases a-Fe,
Fe2Wand Fe3W3C at 800 �C are shown to be stable (see Fig. 8b). As a
matter of fact, the M6C phase obtained by Thermo-Calc is a carbide
with atomic ratio almost identical to the Fe3W3C phase.

The Fe-W having 24 at.% Wannealed at 600 �C remains partially
amorphous (the broad amorphous peak is still present), and the
16 at.%W 24 at.%W

amorphous amorphous

amorphous amorphous
Fe0.96W0.06 (PDF-04-003-5513) amorphous
Fe0.98W0.02 (PDF-04-004-2476)
FeWO4 (PDF-01-074-1130)

a-Fe (PDF-04-007-9753)

a-Fe (PDF 04-007-9753)
FeWO4 (PDF-01-074-1130)
Fe3W3C (PDF 01-089-2579)
Fe 6W6C (PDF 04-003-9466)
Fe2W (PDF 01-075-7894)

a-Fe (PDF 04-007-9753)
Fe6W6C (PDF 04-003-9466)
Fe2W (PDF 01-075-7894)



Fig. 8. Fe-W phase diagram (a) and Fe-W-C phase diagram (b) computed using
Thermo-Calc software. M6C denotes a Fe-W-C phase with ~43 at.% Fe, 43 at.% W and
14 at.% C.
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first crystalline phase formed is indexed as a-Fe. The amount of
crystalline phase was estimated to be around 24%. This percentage
was obtained by dividing the area of the crystalline peaks by the
total area of the XRD spectrum. The same behavior was reported for
Fe-W alloys with similar W content electrodeposited from Fe(II)-
based citrate bath [43] and Fe(III)-based citrate-ammonia bath
[14]. Remarkably, for Co-W alloys a well-developed polycrystalline
structure appears already at 400 �C [15]. Thus, Fe-W alloys could be
considered as more thermally stable coatings. At 800 �C, a-Fe for-
mation is accompanied by two additional phase, i.e. Fe6W6C and
Fe2W, also found after heat treatment of the sample with 16 at.% W.
However, the Fe3W3C phase is not observed in the Fe-24 at.% W
samples. Possible explanations to this behavior can be the
following: the lower amount of carbon found within the sample
with 24 at.%W, and the incomplete recrystallization after annealing
for 1 h at 800 �C. As a matter of fact, for the samples with 4 at.% W
and 16 at.% W, the carbon content is varying between 1.5 and
2.5 at.% at a distance of 5 mmbelow the surface. For the samplewith
24 at.% W, in the same window of thickness, the carbon is ranging
from 0.2 to 0.4 at.%. In addition, the Fe3W3C phase requires a higher
amount of carbon to be formed with respect to the Fe6W6C phase.
The other reason is concerning the incomplete recrystallization of
the sample with 24 at.% W, since the broader amorphous peak is
still partially visible in the XRD diffractogram acquired at 800 �C.
The Fe3W3C peaks may be hiddenwithin the remaining amorphous
region. The reason for this incomplete recrystallization can be
referred to the higher thermal stability of this sample. The higher
thermal stability can be related to the lower rate of elemental
diffusion obtained when adding a higher melting point element in
the alloy, like in the case of W addition [3].

Heat treatment results can also be used to distinguish between a
homogenous amorphous phase from a mixed amorphous-
crystalline phase [49]. Thus, the different recrystallization process
observed for the three annealed samples can help to define if the
crystallographic state of the as-deposited sample with 16 at.% W is
indeed not fully amorphous. As previously stated the structural
changes upon heating of this sample are similar to those observed
for the sample with 4 at.% W. With increasing annealing temper-
ature, the small crystalline peak at the top of the broad amorphous
shoulder sharpens and is indexed as a supersaturated Fe(W) solid
solution which approaches the diffraction angle of pure a-Fe at
800 �C. This strengthens the hypothesis of the pre-existence of a
crystalline phase in the sample in the as-plated state. The fully
amorphous sample with 24 at.% W crystallizes instead by forming
directly the equilibrium phases expected from the phase diagram:
first a-Fe at 600 �C, and then the Fe6W6C carbide phase, and the
Fe2W laves phase at 800 �C.

The structural changes occurring in the samples upon annealing
are observable from the morphology changes shown in Fig. 9. Here,
the surface for each sample annealed at 800 �C is shown. After
annealing, the morphology of the sample with 4 at.% W changes
slightly: the globular structure observed in the as-plated state is
still found, but it appears more compact with small crystallites on
the top. Instead, major changes are visible for both the samples
with 16 at.% W and 24 at.% W due to the recrystallization of the
amorphous phase. Small crystallites homogeneously distributed
appear on both surfaces as seen in Fig. 9b and c, where according to
GD-OES the surface of both was contaminated with relatively high
amounts of carbon (Fig. 4). At the surface of the sample with 16 at.%
W the carbides formation is evident: see the clusters of round
shape in Fig. 9b. Local EDS point analysis revealed that these fea-
tures are W-rich clusters, reaching tungsten contents up to 45 at.%.
Such contents fit with the W concentration present in the carbide
phases. But the carbides appear to be also distributed along the
surface of the 24 at.% W sample: small W-rich clusters are clearly
visible when imaging with backscattered electrons.

4. Conclusions

In-depth characterization of composition and structure of
electrodeposited Fe-Walloys from developed glycolate-citrate bath
has been done. Annealing experiments were performed in order to
estimate the thermal stability of Fe-W coatings and to trace the
structural changes occurring in alloys of different composition.
Based on the results presented in this study the following conclu-
sions can be drawn:



Fig. 9. SEM imaging of the surface morphology of the Fe-W alloy with 4 at.% W (a), 16 at.% W (b) and 24 at.% W (c) after annealing at 800 �C.
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� According to the obtained GD-OES CDPs, electrodeposited Fe-W
alloys contain up to 80 at.% of O, 10 at.% of C and few at.% of H at
the top of the coatings, and the content of these elements de-
creases sharply within 0.5e0.7 mm. Only for an alloy with lowW
content we found ~7 at.% of O distributed along the entire film
thickness. This correlates with intensive side reactions that
occurred at room temperature deposition and caused the in-
ternal crack formation and increased the porosity of the coating.
Carbon is present in three analyzed coatings in a lower con-
centration as compared to the surface: i.e. ~1e2 at.% for the
samples with 4 at.% and 16 at.% W, and ~0.3 at.% for the sample
with 24 at.% W.

� The XRD patterns acquired from the as-plated samples show
how the crystallographic structure of the Fe-W coatings changes
with increasing W content: a nanocrystalline structure is found
for the 4 at.% W sample, a mixed nanocrystalline-amorphous
structure for the sample with 16 at.% W, and a homogenous
amorphous nature for the 24 at.%W sample. TEM analysis of the
sample with 24 at.% W confirmed its amorphous structure.

� The thermal stability was evaluated in the range of
200 �Ce800 �C. Annealing coupled with XRD analysis show that
the thermal stability of Fe-W alloys increases with the W con-
tent. The Fe-W sample with 24 at.% W retains the amorphous
structure up to 600 �C, where a partially crystalized structure
was observed. Furthermore, the different recrystallization pro-
cess observed for the three annealed samples helped to clarify
the structural difference between the mixed nanocrystalline-
amorphous phase of the sample with 16 at.% W and the ho-
mogenous amorphous phase of the 24 at.% W sample.

� The formation of carbide phases after annealing at 800 �C was
noticed for alloys having 16 and 24 at.% of W. Two carbide
phases, i.e. Fe3W3C and Fe6W6C, are observed after heat treat-
ment of the 16 at.% W sample, while just the Fe6W6C phase is
formed after heat treatment of the 24 at.% W sample. Possible
explanations to this behavior are the lower amount of carbon
found within the sample with 24 at.% W, and its incomplete
recrystallization after annealing for 1 h at 800 �C.
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A B S T R A C T

Among W alloys, Fe-W has seen much attention recently, due to the need of moving toward the design of
environmentally friendly materials. Coatings with 4, 16 and 24 at.% of W were electrodeposited from an en-
vironmental friendly Fe(III)-based glycolate-citrate bath. The samples were annealed in vacuum at different
temperatures up to 800 °C. Different crystalline phases are formed upon annealing: α-Fe, Fe2W, Fe3W3C,
Fe6W6C, and FeWO4. Their grain size and distribution within the coating was studied by means of Electron
Backscattered Diffraction (EBSD) technique. The effect of annealing on the mechanical properties of the coatings
was analyzed performing nanoindentation measurements. The results show a considerable increase of the
hardness followed by a rapid decrease at higher temperatures. The highest hardness value, i.e. 16.5 GPa, is
measured for the sample with 24 at.% of W after annealing at 600 °C owing to the precipitation of α-Fe crys-
tallites. This study indicates the possibility to substantially increase the hardness of electrodeposited Fe-W
coatings by optimization of the annealing treatment. In addition, the critical influence of the carbide and oxide
phases on the mechanical properties of alloys is discussed. Hence, Fe-W coatings rich in W can be applied as a
possible candidate for protective coating applications at elevated temperatures.

1. Introduction

In recent years, the attention toward electrodeposited W alloys has
grown thanks to the remarkable properties of the alloys and their po-
tential applications. W alloys exhibit good oxidation, mechanical and
tribological resistance as well as good thermal stability [1–5]. Among W
alloys, Fe-W has especially seen much attention recently, due to the
need of moving toward the production of environmentally friendly
materials. The Fe-W coatings have the prospect to be used as a re-
placement for coatings manufactured with environmentally hazardous
processes such as the hard chromium coatings [3,6–9]. Typically, as-
deposited Fe-W alloys with high W content (up to 30 at.%) show rela-
tively high hardness, i.e. about 10–13 GPa, which is comparable to that
of electrodeposited chromium [10,11]. Nevertheless, W-rich are alloys
usually brittle due to higher internal stresses [12]. Thermal treatment
can reduce the internal stress of the coatings and further improve their
mechanical properties. However, most of the studies concerning the
effect of heat treatments on hardness of electrodeposited W alloys have

been performed on Ni-W [8,13–18] and Ni-Fe-W [9,12] systems. Only a
few studies have assessed the thermal stability and the phase trans-
formations occurring upon annealing of Fe-W alloys [4,5,19]. However,
the effects of the heat treatment on the mechanical properties of such
alloys have been overlooked.

It is well known that the functional properties of an alloy are mainly
determined by its composition and structure. In our previous study, Fe-
W alloys with various W contents were electrodeposited from an en-
vironmentally friendly glycolate-citrate electrolyte and the structure
development of the coatings at various annealing temperatures has
been studied, as shown in Fig. 1 [20]. The crystallographic structure of
the as-deposited samples changes with increasing the W content: a
nanocrystalline structure was found for the sample with 4 at.%W, a
mixed nanocrystalline-amorphous structure for the sample with 16 at.
%W, and a fully amorphous structure for the sample with 24 at.%W.
The amorphous structure of the sample with 24 at.%W was confirmed
by the diffuse rings of the Selected Area Diffraction pattern (SAD) ob-
tained by TEM analysis, see inset of Fig. 1c. The crystallographic
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evolution upon annealing differs for the Fe-W alloys, in correlation with
their composition (i.e. W content and co-deposited impurities) and as-
deposited crystal structure. The Fe-W alloy rich in W shows higher
thermal stability. As a matter of fact, the as-deposited amorphous
structure of the coating is partially retained after 1 h annealing at
800 °C. The formation of stable phases is also observed as expected from
the Fe-W binary phase diagram [21,22], i.e. α-Fe and the intermetallic
Fe2W phase. The formation of W intermetallic phases during annealing
is rather typical for this type of electrodeposits and it has been observed
also for Ni-W and Co-W alloys [15,23]. In addition, different non-me-
tallic elements (i.e. carbon, oxygen and hydrogen) co-deposited within
the coating affect the microstructure development upon annealing
leading to the formation of iron tungsten oxide FeWO4 and iron tung-
sten carbide Fe3W3C, Fe6W6C phases, as observable in Fig. 1. The for-
mation of tungsten carbides and tungsten oxides upon annealing has
important consequences both for the thermal stability and the me-
chanical properties of the coating [24,25]. In particular, as shown by
previous studies, Fe3W3C and Fe6W6C phases are characterized with
high hardness and high elastic modulus [26–28].

The presence of co-deposited non-metallic elements in the Fe-W
coatings was revealed by Glow Discharge Optical Emission
Spectroscopy analysis and thoroughly discussed in a previous study
[20]. The results showed that Fe-W electrodeposits normally contain up
to 80 at.% of O, 10 at.% of C and few at.% of H in the subsurface, i.e.
within 1 μm from the surface. In fact, the strongly bonded chemisorbed
oxygen-containing layer is formed on the top of the tungsten alloys with
almost no activation and the activation energy for oxygen desorption
from the surface is high (269–480 kJ/mol) [23]. Moreover, water can
act as an oxidizing agent to W [29]. Therefore, it is hard to avoid the
surface oxidation of the Fe-W coatings in practice. The quantity of the
light elements is strongly reduced in the bulk of the coatings and thus
they can be considered as adsorbed surface impurities. Only for the
alloy with 4 at.% of W it was found ~7 at.% of O distributed along the
entire film thickness. In the bulk of the three analyzed coatings, the
carbon content is lower than at the surface: i.e. ~1–2 at.% for the
samples with 4 at.% and 16 at.% of W, and ~0.3 at.% for the sample
with 24 at.% of W. The reduction of O, H and C is also depending on the
W content of the deposits. Lower amounts of impurities were found for

the coating richer in W, which is probably related to the decrease in
cathodic polarization and redistribution of the partial currents [20].

The aim of this study is to investigate the effect of annealing tem-
perature on the mechanical properties, i.e. hardness and reduced elastic
modulus, of Fe-W alloys electrodeposited with various W contents. The
formation, distribution and orientation of sub-micro/nano sized oxides
and carbides is evidenced by means of Electron Backscattered
Diffraction (EBSD) technique. Furthermore, nanoindentation measure-
ments are performed in order to correlate the differences in the mi-
crostructure to differences in the mechanical properties.

2. Experimental

2.1. Electrodeposition of Fe-W coatings

The electrodeposition of the Fe-W coatings was carried out from a
bath with the following composition: 1M glycolic acid, 0.3M citric
acid, 0.1M Fe2(SO4)3 and 0.3M Na2WO4. The bath pH was adjusted by
addition of either NaOH or H2SO4. The design of electrodeposition
conditions leading to various tungsten content in Fe-W alloys was dis-
cussed elsewhere [3,20]. In order to study the heat treatment influence,
Fe-W coatings with 4, 16 and 24 at.% of W were deposited applying a
constant cathodic current density of 15mA cm−2 [20]. The coating
with 4 at.% of W was deposited at 20 °C, the coatings with 16 and 24 at.
% were deposited at 65 °C. The electrodeposition was performed in a
typical three-electrode cell and the electrolyte volume was kept at
250mL. A pure copper sheet was used as the working electrode, pla-
tinized titanium was used as a counter electrode, and saturated Ag/
AgCl/KClsat was used as reference electrode. The thickness of electro-
deposited coatings was ~10 μm. The values were calculated based on
gravimetric and elemental analyses of the electrodeposited alloys and
confirmed by measuring the thickness on the cross-section.

2.2. Coating characterization

Secondary Electrons (SE) and Back Scattered Electrons (BSE) were
used for imaging of the as-plated and annealed samples in a Leo 1550
Gemini Scanning Electron Microscope (SEM) with field emission gun.

Fig. 1. X-ray diffraction patterns for Fe-W alloys with 4 at.% of W (a), 16 at.% of W (b), and 24 at.% of W (c) annealed at different temperatures. An insert of a
Selected Area Diffraction pattern (SAD) acquired from the as-deposited Fe-W sample with 24 at.% of W is included [20].
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The instrument is equipped with Energy Dispersive X-ray Spectroscopy
(EDS) and Electron Backscatter Diffraction (EBSD) technique. The EBSD
measurements were performed using an HKL Channel 5 system and a
Nordlys II detector. Transmission Electron Microscopy (TEM) in-
vestigations were performed with a Zeiss EM 912 OMEGA microscope
operating at an accelerating voltage of 120 kV. The crystallographic
structure and phase composition of the obtained coatings were identi-
fied by means of a Rigaku MiniFlex II diffractometer with Cu Kα ra-
diation (λ=1.54183 Å) operated at 30 kV and 30mA. Vacuum an-
nealing of the samples was performed in a controlled vacuum chamber
(1× 10−8 Pa) keeping the samples for 1 h at 200 °C, 400 °C, 600 °C and
800 °C. Afterwards, the samples were cooled down to room temperature
inside the furnace. Moreover, the deposits with 16 at.% and 24 at.% of
W were also annealed for 6 and 12 h at 800 °C.

The Fe-W cross-sections were investigated in the ordinary EBSD
setup (70° tilt of sample toward the EBSD detector). For each cross-
section three phase and band contrast maps of 4×3 μm were obtained
applying an accelerating voltage of 20 kV and a step size of 20 nm. The
maps were afterwards stitched together by using Map Sticher software.
All the maps acquired were processed, i.e. wild spikes were removed
and minor noise reduction (4 nearest neighbors required) was per-
formed. In the phase maps, high angle grain boundaries are shown by
black lines and are defined by a misorientation larger than 10°.

Metallographic preparation of the samples was performed by me-
chanical polishing with a 50 nm finishing using OP-S silica suspension
as the last step. The mechanical tests on the as-plated and annealed
coatings were performed on cross-section area using a NHT2

Nanoindentation Tester from Anton-Paar equipped with a Berkovich
pyramidal-shaped diamond tip under load control mode. A load of
10mN was applied with a loading segment of 30 s followed by a load
holding segment of 10 s and by an unloading segment of 30 s. The
hardness and elastic modulus are reported as an average value of fifteen
indentations, performed in the middle of the cross-section of each
sample in order to avoid the influence from the resin. For the na-
noindentation measurements the cross-sections were polished down to
a 1 μm surface finishing.

3. Results and discussion

3.1. Structural characterization of Fe-W coatings: as-deposited and
annealed

In our previous research, the structure development of the electro-
deposited Fe-W coatings upon annealing at various temperatures was
studied by means of XRD analysis [20] and it is here shown in Fig. 1.
The evolution of the crystallization of the annealed samples was also
studied by SEM imaging of the cross-sections of the samples. Metallo-
graphic preparation of the cross-sections was performed after the heat
treatment at each investigated temperature. The corresponding images
are shown in Fig. 2. The cross-section of the sample with 4 at.% of W
reveals the presence of internal cracks. The cracks are probably caused
by abundant hydrogen evolution during electrodeposition, which re-
sults in an increased internal stress of the coating obtained at room
temperature. EDS point analysis revealed that the cracks occur in an O-
and W-rich area and the brighter contrast in the surrounding indicates a
chemical composition variation which is probably due to W segrega-
tion. The EDS results are presented elsewhere [20]. Upon annealing up
to 600 °C, oxygen-rich areas grow in extension, and at 800 °C they ap-
pear to be replaced by the formation of bright grains. From EDS point
analyses, these grains are identified as the FeWO4 phase. The cross-
section of the samples with 16 at.% and 24 at.% of W appear to be
crack-free.

In both samples, a contrast variation in form of horizontally aligned
lines is visible. The contrast can be inferred to small local variations of
the chemical composition along the thickness of the samples which is
however not revealed by the EDS line scan analyses performed along

both samples. Small composition fluctuations were found in the GD-
OES measurements of the as-deposited samples [20]. Such fluctuations
would resemble the composition variations aligned horizontally with
respect to the substrate observed in the cross-section of the two samples
with higher W content. Such composition variation appears more evi-
dent for the sample with 16 at.% of W, and it is still present after an-
nealing at 800 °C and when the sample is fully crystalline. After an-
nealing at 800 °C, the crystallization of the sample with 16 at.% of W is
clearly visible in Fig. 2. Small bright grains appear distributed
throughout the whole sample thickness and they are aligned horizon-
tally with respect to the substrate similarly to the bright lines observed
in the cross-sections annealed at lower temperatures. The bright con-
trast of these grains denotes that these are W-rich phases. Bigger round
grains, with a diameter of ~2 μm, are also found and identified with
EDS point analysis as FeWO4. In the sample with 16 at.% of W the
FeWO4 grains appear to be located mostly in proximity of the surface of
the coating. Formation of FeWO4 phase in both the samples with 4 and
16 at.% of W due to eventual oxygen contamination during the an-
nealing can be excluded. The formation of the oxides is thought to be
related to the co-deposited oxygen within the coatings. As a matter of
fact, the distribution of the oxide phases in the samples with 4 and
16 at.% of W is in well agreement with the co-deposited oxygen dis-
tribution, as observed from GD-OES analysis on the as-deposited sam-
ples [20]. As shown in Fig. 2, in the sample with 4 at.%W the FeWO4

grains are visible throughout the whole thickness, whereas in the
sample with 16 at.%W they are mostly located in proximity of the
sample surface. GD-OES results show co-deposited oxygen distributed
along the entire film thickness of the sample with 4 at.%W. For the
sample with 16 at.% of W the oxygen is mostly co-deposited in the
proximity of the surface of the coating.

The partial crystallization of the sample with 24 at.% of W is also
clearly visible from the imaging of the cross-section after annealing at
800 °C. Here, islands of grains are present which are distributed mostly
along the substrate-coating interface and in proximity of the surface of
the coating. The brighter appearance together with EDS point analysis
confirmed an enrichment of W within these grains. This finding sug-
gests that these grains are the Fe6W6C carbides as observed by XRD
analysis (Fig. 1). As reported in previous studies, the precipitation of
carbides upon annealing of electrodeposited Fe-W coatings is caused by
co-deposited carbon within the coatings [4,19,20]. The co-deposition of
carbon is often related to the use of organic complexing agents and
additives in the electrolyte [30]. However, the surface of the substrate
might also serve as a source of carbon contamination, as suggested by
the carbides formation along the substrate-coating interface.

The sample with 24 at.% of W was kept at 800 °C also for longer
times, i.e. 6 and 12 h, in order to drive further its crystallization.
However, for the alloy with 24 at.% of W after 12 h at 800 °C the
amorphous peak appears unchanged, as can be seen in Fig. 3b. What
appears clearly from the XRD spectra acquired after 6 and 12 h at
800 °C is a strong decrease of the presence of the carbide phase Fe6W6C.
Already after 6 h heat treatment, most of the XRD peaks of the phase are
absent or strongly reduced. On the other hand, an increase of the peaks
intensity belonging to the Fe2W phase is observed. The same trend is
found for the sample with 16 at.% of W (Fig. 3a). Here the dis-
appearance of the carbides is more gradual. As a matter of fact, after 6 h
annealing at 800 °C the Fe6W6C phase is still stable and its peaks are
present in the XRD spectra. Only after annealing for 12 h both carbides
phases are strongly reduced, while the Fe2W phase becomes more
prominent.

The gradual disappearance of the carbides in both samples is also
observed by BSE imaging of the surface of the samples after the an-
nealing treatments at 800 °C (Fig. 4a–f). After annealing for 1 h at
800 °C, the carbide formation at the surface of both the samples with
16 at.% and 24 at.%W is evident and can be seen in form of the round
clusters in Fig. 4a and d. As revealed by point EDS analysis, the tungsten
content reach up to 45 at.% in these clusters, which fits with the W
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concentration present in the carbide phases. These round clusters are
still found in the sample with 16 at.% of W after annealing for 6 h
(Fig. 4b) and when the Fe6W6C phase is still present in the XRD spectra.
As anticipated by the XRD results, the carbides are not observed in the
case of the sample with 16 at.%W after annealing for 12 h, and in the
sample with 24 at.%W after annealing for 6 and 12 h, see Fig. 4c and
e–f respectively.

3.2. EBSD analysis of annealed Fe-W coatings

To confirm the XRD findings and to further analyse the distribution
of the crystalline phases, EBSD analysis was performed on some se-
lected areas of the cross-sections of the samples annealed at 800 °C.
Fig. 5a shows the BSE image of the sample with 4 at.% of W and the red
dashed box defines the area where the EBSD phase map and band
contrast map were acquired. Both maps are shown next to the BSE
image (Fig. 5a). The cross-section image, the phase map and band

contrast map of the samples with 16 at.% and 24 at.% of W are shown in
Fig. 5b and c, respectively. A band contrast map is providing in-
formation about the quality of the EBSD patterns acquired from the
analyzed area. This map shows the material's microstructure in a grey
scale image where areas providing poor quality patterns, e.g. grain
boundaries, amorphous phase or deformed grains, will be shown as
dark, while undeformed, crystalline regions which are easy to identify
will appear bright [31]. The generated diffraction patterns are char-
acteristic of the crystal structure of the sample and thus they can be
used to discriminate between crystallographically different phases. The
phases present in the sample need to be specified as a priori information
in order for an EBSD software to index the acquired diffraction patterns
[31]. The phases used as reference phase for the EBSD indexing were
the phases acquired through XRD analysis: α-Fe, Fe2W, Fe3W3C,
Fe6W6C, and FeWO4. However, when acquiring the diffraction patterns
for the samples with 16 at.% and 24 at.%W, the fraction of indexed
Fe2W and Fe3W3C phase was very low, i.e. below 1%. For this reason

Fig. 2. BSE images of the Fe-W cross-sections with 4, 16 and 24 at.% of W content in the as-deposited state, and after 1 h annealing treatment at 200, 400, 600 and
800 °C, respectively.
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Fig. 3. X-ray diffraction patter evolution with increasing the annealing time (i.e. 1 h, 6 h and 12 h) at 800 °C for the sample with 16 at.% of W (a), and for the sample
with 24 at.% of W (b), respectively.

Fig. 4. BSE electron images of the surface morphology of the sample with 16 at.%W after annealing at 800 °C for 1 h (a), 6 h (b), and 12 h (c); BSE images of the
surface morphology of the sample with 24 at.%W after annealing at 800 °C for 1 h (d), 6 h (e), and 12 h (f);
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Fig. 5. BSE image, phase map and band contrast map of the cross-section of the 4 at.%W sample (a), 16 at.%W sample (b) and 24 at.% sample (c) annealed at 800 °C
for 1 h; EBSD phase map and band contrast map are acquired from the red dashed box highlighted in each sample cross-section. The blue grains belongto α-Fe phase,
the red grains to the FeWO4 phase, and the green grains to the Fe6W6C phase. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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both phases were excluded from the analysis and are not presented in
the maps. For the three phase maps shown in Fig. 5 the same color code
is used: the blue grains belongs to α-Fe phase, the red grains to the
FeWO4 phase, and the green grains to the Fe6W6C phase.

In the phase map of Fig. 5a, it is shown that the annealed 4 at.%W
sample contains large α-Fe grains of a few micrometres in size and
FeWO4 grains which are distributed throughout the sample thickness.
The fraction of zero solutions (appearing in the image as white pixels) is
low, i.e. 2.2%, and it is due to retained porosity in the sample, con-
centrated mostly nearby FeWO4 grains. Three phases are present in the
phase map acquired from the 16 at.%W sample: α-Fe, Fe6W6C and
FeWO4. The bright grains horizontally aligned in the cross-section are
indexed as the carbide phase Fe6W6C. This appears clearly by looking at
the line of carbides situated approximately 2 μm from the substrate.
This area is highlighted in the BSE image and in the corresponding
phase map. Sub-micron oxide FeWO4 grains (~200 nm in size) appear
to be present across the entire coating thickness, while a bigger FeWO4

particle (~3 μm) is present in the centre of the coating. Similar oxide
grains are also visible in the SEM image in the proximity of the surface
of the sample (Fig. 5b) but are not included within the phase map.

Different from the case of the 4 at.%W sample here the α-Fe grains
are much smaller, as shown by the grain size histogram in Fig. 6a. Most
of the grains are smaller than 250 nm, and the average α-Fe grain is
200 nm in size. The indexed α-Fe grains of the annealed sample with
24 at.% of W are also of submicrometer diameters, Figs. 5c and 6b.
Here, the average grain size is 140 nm. The Fe6W6C carbide phase
present in the vicinity of the substrate is also correctly indexed, see
Fig. 5c. What appears clearly also from the maps acquired from the
24 at.% of W is the large fraction, i.e. 61%, of zero solutions (presented

in white in the phase map and in black in the band contrast map). The
reason for such high fraction of zero solutions can be inferred to the
nanocrystalline/amorphous nature of the sample which is preserved
after the heat treatment and thus not possible to be indexed by EBSD
technique. The broad amorphous peak still visible in the XRD spectrum
acquired after annealing at 800 °C, see in Fig. 1, already indicated the
presence of this retained nanocrystalline/amorphous structure in the
sample.

EBSD analysis was also conducted for the 16 at.% and 24 at.% of W
samples annealed at 800 °C for 12 h. The results are shown in Fig. 7. In
the 16 at.%W sample, in Fig. 7a, bright grains are visible and dis-
tributed throughout the whole sample thickness. They are larger in size
with respect to those observed in the same sample after annealing for
1 h. Furthermore, they are distributed more homogenously within the
coating and are not aligned horizontally with respect to the substrate
anymore, as in the case of the sample annealed for 1 h. As a matter of
fact, the phase map acquired from the selected area shows that these
bright grains are not the Fe6W6C carbides, as previously observed, but
instead Fe2W grains. FeWO4 grains appear to be still present within the
cross-section, also the average size of α-Fe grains has increased with
respect of the sample annealed 1 h (Fig. 6c). After 12 h annealing, the α-
Fe average grains is 0.5 μm. As revealed by the SEM image in Fig. 7b,
the microstructure of the 24 at.%W sample is similar to what was seen
after 1 h annealing (Fig. 5c). Also in this case, larger grains are visible at
the substrate-coating interface, where the Fe6W6C carbides were pre-
viously located. However, after 12 h annealing the grains are indexed as
Fe2W, as shown from the phase map. These findings indicate that longer
annealing times result in the crystallization of stable phases as expected
from the Fe-W binary phase diagram [21,22]. This is observed with the

Fig. 6. α-Fe grain size histograms acquired from EBSD analysis of the sample with 16 at.% of W (a) and 24 at.% of W (b) after annealing for 1 h at 800 °C; grain size
histogram acquired from EBSD analysis of the sample with 16 at.% of W (c) and 24 at.% of W (d) after annealing for 12 h at 800 °C.
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gradual dissolution of the carbides phases and the crystallization of the
Fe2W phase. It is expected that the carbon coming from carbide phase
dissolution segregates along the grain boundaries, as suggested by
previous studies [32]. It is worth mentioning that according to the Fe-
W-C phase diagram, both Fe6W6C and Fe3W3C carbides are expected to
be stable at 800 °C [20,26]. The observed dissolution of the carbides is
likely caused by the annealing perfomed in vacuum (1× 10−8 Pa).
Annealing treatments performed in other atmospheres (e.g. Ar atmo-
sphere) will be performed to explain the observed mechanism. The
average size of α-Fe grains is instead almost unchanged after the 12 h
annealing treatment, see Fig. 6d.

3.3. Mechanical characterization of Fe-W coatings: nanoindentation

To study the effect of the thermal treatment on the mechanical
properties of the Fe-W coatings, nanoindentation tests were performed
on the as-deposited and annealed samples. The obtained values of the
hardness and of the reduced elastic modulus (Er), extracted from the
load-displacement curves according to the method of Oliver and Pharr
[33], are shown in Fig. 8. When working with electrodeposited W alloys
with various W contents, an increase in the hardness of the material

with increasing its W content is commonly found in literature
[3,12,13]. Different mechanisms play an important role with respect to
the observed hardness increase, i.e. grain boundary strengthening,
amorphization of the coating induced by W addition, and solid solution
strengthening. In electrodeposited W alloys the first two mechanisms
are thought to be more influent on determining the hardness increase,
while a lower contribution is expected from the solid solution effect
[34]. Both mechanisms are strongly correlated with the concentration
of W deposited within the coatings. As a matter of fact, the addition of
W content in the coatings is often associated with a continuous decrease
in the crystallite size. The refinement of the microstructure is followed
by an increase of the volume fraction of grain boundaries that are re-
sponsible for the hindering of dislocations motion and thus resulting in
an higher mechanical strength of the material (Hall-Petch relationship)
[14,34]. When reaching a certain co-deposited W content in the alloy,
the crystallite size is so small that the long-range order is virtually lost
and the material becomes amorphous [35]. Due to the lack of long-
range order, conventional deformation mechanisms of crystalline ma-
terials (e.g., dislocation motion, creation of vacancies, planar defects
like stacking faults, etc.) are not operative in amorphous alloys and,
therefore, their hardness is larger.

Fig. 7. BSE image, phase map and band contrast map of the cross-section of the 16 at.%W sample (a) and 24 at.%W sample (b) annealed at 800 °C for 12 h; EBSD
phase map and band contrast map are acquired from the red dashed box highlighted in each sample cross-section. The blue grains belong to α-Fe phase, the red grains
to the FeWO4 phase, and the violet grains to the Fe2W phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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The measured hardness of the as-deposited coatings shows that the
sample deposited with 24 at.% of W is characterized with the highest
hardness (Fig. 8a), confirming that the W-induced amorphization of the
structure leads to a substantial increase of the hardness value. However,
the hardness increase is not linear with the increase of the W content of
the coatings. As a matter of fact, the sample with 4 at.% of W shows
surprisingly high hardness, ~10 GPa. Namely, it is higher than the one
measured for the sample with 16 at.%W which is ~7 GPa. The higher
hardness value of the sample with 4 at.% of W could be explained by
the presence of the oxygen rich areas observed in its cross-section, see
Fig. 2, and as measured by GD-OES analysis [20]. The co-deposited
oxygen could lead to the formation of nanoscale oxides distributed
along the sample grain boundaries which are reported to increase the
measured hardness [25]. Also, internal stresses in the coating due to the
co-deposited oxygen can result in an increase in hardness. However, the
strengthening mechanism caused by the oxide precipitation is thought
to be the main factor influencing the increase in hardness [36]. As seen
Fig. 8b, the reduced elastic modulus of the as-deposited samples shows
a similar trend. The formation of these oxides can explain why the
elastic modulus of the sample with 4 at.%W is higher than that with
16 at.%W.

Upon annealing, the samples with 16 and 24 at.% of W show the
same hardness trend: an increase of the hardness up to 600 °C, where
the maximum value is measured which is 16.5 GPa for 24 at.%W
sample, followed by a strong decrease after annealing at 800 °C. The
increase of hardness upon annealing can be explained by different
mechanisms: grain boundary relaxation for the lower annealing tem-
peratures [37], and the precipitation of fine crystallites [9,13]. For the
sample with 16 at.% of W the phases responsible of the precipitation
strengthening are both Fe(W) solid solution and FeWO4, and α-Fe for
the sample with 24 at.% of W. The hardness drop observed at 800 °C is
related to the grain size increase of the mentioned phases, as observed
both from the SEM images and EBSD analyses.

Thus, the hardness of the samples with 16 and 24 at.% of W appears
to not be influenced by the presence of the hard Fe6W6C phase, whose
hardness and the elastic modulus is reported to be ~15,6 GPa [26] and
~327 GPa [28], respectively. For the sample with 24 at.% of W, Fe6W6C
phase is not expected to influence the hardness. As a matter of fact, the
carbides are located at the substrate-coating interface and at the surface
(Figs. 2 and 5c), and thus far from the area where the indents were
performed. The SEM images of indent imprints are shown in Fig. 9. In
the sample with 16 at.% of W, the Fe6W6C carbides are instead dis-
tributed throughout the whole sample thickness. However, as shown in

Fig. 9e and h, the carbides seem to follow the deformation of the softer
α-Fe phase without hindering the penetration of the indenter. Hence, at
800 °C the detrimental effect of the α-Fe grain growth is the main factor
influencing the hardness of the coatings. The average α-Fe grain size
after annealing at 800 °C for 1 h is very similar in both coatings, see
Fig. 6a and b, which is reflected in similar hardness values as seen in
Fig. 8a.

The effects of the annealing treatments are less pronounced for the
sample with 4 at.% of W. Only a slight increase in the hardness is re-
vealed up to 400 °C, which is followed by a constant decrease at 600 °C
and 800 °C. The decrease in hardness for the sample with 4 at.%W is
due to grain growth that sets in at lower temperatures due the lower
thermal stability of this sample.

The variation of the Er value of the three coatings upon annealing is
shown in Fig. 8b. Here, the variation of Er with temperature differs for
each sample. The trends can be related to the microstructural trans-
formations occurring upon annealing of the three samples. For the
sample with 4 at.% of W, Er remains almost constant with increasing
temperature. The elastic modulus is an intrinsic property of the material
which mainly depends on the bonding energy between the atoms.
Hence, the elastic modulus is mostly not depending on grain size since
variations typically occur when the grain size approaches the amor-
phous regime [38]. Upon annealing, the main microstructural change
which occurs for the sample with 4 at.% of W is the grain growth of the
as-deposited nanocrystalline Fe(W) solid solution, therefore Er remains
almost constant with increasing temperature. The slight decrease in Er
observed between 200 °C and 400 °C might be ascribed to the growth of
internal cracks that occur before the crystallization of the FeWO4, see
Fig. 2. For the samples with 16 and 24 at.% of W, Er increases up to
600 °C. Here, the increase of Er is related to the structural relaxation
and the density increase of the material, observed when annealing
amorphous alloys [39,40]. Above 600 °C, the different crystalline
phases found within the cross-section of the samples lead to the ob-
served different trends for Er. In particular, the precipitation of a sec-
ondary phase, i.e. F6W6C, contributed to the increase in the Er observed
for the sample with 16 at.% of W. A precipitation strengthening effect
on the elastic modulus of electrodeposited coatings was also observed
on annealed NiW coatings [17]. In the sample with 16 at.% of W, the
F6W6C phase is distributed throughout the whole sample thickness (see
Figs. 5b and 9h). Hence, the stiff bonds of the F6W6C phase (caused by
its high elastic modulus of ~327 GPa [28]) contribute to the measured
Er and lead to the sharp increase of Er observed in Fig. 8b. For the
sample with 24 at.% of W, the carbide phase is located at the substrate-

Fig. 8. Hardness and reduced elastic modulus of the Fe-W coatings with 4 at.%, 16 at.% and 24 at.% of W plotted as a function of the annealing temperature for 1 h
heat treatment in figure (a) and (b), respectively.
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coating interface and in proximity of the surface of the coatings, thus it
is not expected in the indent imprint (see Figs. 5b and 9i). Hence, the Er
value at 800 °C is related to the presence of the α-Fe crystalline phase.
This is the same phase as found in the sample with 4 at.% of W annealed
at 800 °C. Therefore, the measured Er decreases (Fig. 8b) and ap-
proaches the value measured for the sample with 4 at.% of W.

The results here presented show that the microstructure of the Fe-W
coatings influenced their mechanical properties both in the as-de-
posited condition and after heat treatments. In the as-deposited con-
dition, the W-induced amorphization was found to be the main
strengthening mechanism. The amorphous structure of the sample with
24 at.% of W substantially increased the hardness of the coating. Upon
annealing, the observed increase in hardness is related to grain
boundary relaxation and precipitation strengthening mechanism. In
particular, the precipitation of α-Fe at 600 °C for the sample with 24 at.
% of W leads to the maximum hardness value, i.e. 16.5 GPa. The pre-
cipitation of Fe6W6C phase contributed to a sharp increase in the Er of
the sample with 16 at.% of W after annealing at 800 °C. Finally, the
grain growth mechanism of the α-Fe phase had detrimental effects on
the hardness of the studied coatings.

4. Summary and conclusions

The influence of heat treatment on the microstructure and

mechanical properties of electrodeposited Fe-W alloys at various W
contents has been studied. The structural changes occurring upon an-
nealing have been observed through XRD and EBSD analysis.
Nanohardness measurements on the cross-section of the Fe-W coatings
have been performed to estimate the effect of annealing on the me-
chanical properties of the material. Based on the results presented in
this study the following conclusions can be drawn:

• The crystallization of sub-micron/nano sized FeWO4 phase occurs
along the entire coating thickness upon annealing above 600 °C for
the samples with 4 at.% and 16 at.% of W, respectively.

• Longer vacuum annealing treatments of 6 and 12 h of the samples
with 16 and 24 at.% of W led to the formation of stable phases as
expected from the Fe-W binary phase diagram. This occurs through
gradual dissolution of the carbide phases and the crystallization of
the Fe2W phase.

• The results from EBSD and XRD analyses on the sample with 24 at.%
of W highlight the outstanding thermal stability of that material. As
a matter of fact, A partial broad amorphous shoulder is still observed
in the XRD diffractogram acquired after the 6 and 12 h annealing,
and the α-Fe average grain size also remained unchanged at both
conditions. Furthermore, EBSD phase maps acquired from the
sample with 16 at.% and 24 at.% of W after annealing for 12 h at
800 °C confirm the XRD findings regarding the process of a gradual

Fig. 9. SEM images of the indentation imprints on the cross-section of the Fe-W coating with 4 at.% (a–c), 16 at.% (b–f) and 24 at.% of W (g–i) in the as-deposited
state (a–c) and after annealing for 1 h at 800 °C (d–f), respectively; the intends from (d–f) are also shown at higher magnification (g–i).
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dissolution of the carbides phases followed by Fe2W crystallization.
In fact, Fe2W grains are found in the areas where the Fe6W6C were
located after 1 h annealing at 800 °C.

• The annealing treatments enable to improve considerably the
hardness of the as-deposited Fe-W samples. A maximum hardness of
16.5 GPa was measured for the sample with 24 at.% of W after an-
nealing for 1 h at 600 °C and was related to the precipitation of fine
α-Fe crystallites. Upon annealing at 800 °C, the hardness decreased
for all the samples due to grain growth.

• The hardness of the coatings appears to not be influenced by the
presence of carbide phase. In fact, the α-Fe grain growth is the main
factor influencing the hardness of the Fe-W coatings. However, the
influence of the Fe6W6C phase is observed in the reduced elastic
modulus of the sample with 16 at.% of W, i.e. at 800 °C the Fe6W6C
phase formation leads to a sharp increase of the measured Er.
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Abstract: Amorphous Fe-W alloys with 25 at.% of W were electrodeposited under direct and pulse modes from 

glycolate-citrate bath with and without addition of polyethylene glycol. The tribological behavior of the coatings 

was studied at 1, 2 and 5 N loads under dry friction and in the presence of rapeseed oil films of 0.2-5.0 m 

thickness. The tribological behavior of obtained coatings at dry friction reveals their severe tribo-oxidation 

resulting in a high wear depth and coefficient of friction. Observed groove like surface with well-adhered 

particles inside the wear track point out on abrasive-adhesive wear mechanism of Fe-W alloys. In the presence of 

rapeseed oil films the wear mechanism changes, and values of coefficient of friction decrease up to 10 times 

compared to dry friction conditions. The optimum thickness of rapeseed oil film was 1 µm. This film has the 

satisfactory adhesion and uniform distribution on the surface, and could withstand up to 2 000 cycles.  

Keywords: iron alloys, tungsten alloys, tribooxidation, abrasive wear, rapeseed oil 

 

1. INTRODUCTION 

Recently, electrodeposited tungsten alloys with iron group metals (Fe, Co, Ni) become the subject of 

extensive studies due to their attractive properties: high hardness [1], corrosion and wear resistance 

[2, 3]; thermal stability [4]; catalytic activity for hydrogen evolution reaction [5], methanol oxidation 

[6] and reduction of NOx [7]. This makes these alloys appealing alternative materials for different 

industrial branches, including the fabrication of protective coatings for Cr replacement, barrier layers 

for Cu- and Sn-containing interconnects [8] and different microelectromechanical systems (MEMS) 

[9]. In addition, recent works show that the magnetic properties of these alloys can be tuned by fine 

control of the deposition parameters. Thus, indicating that owing a certain combination of the 

properties, these alloys could be potential candidates for the biomedicine application [10]. 

Furthermore, the usage of Ni for devices that might be in contact with human skin was currently 

restricted (European Union directive EN 1811), since it was recognized to be highly allergenic. Also, 

in 2007 the Cobalt REACH Consortium Ltd. was created with the purpose of preparing the registration 

dossiers for cobalt and cobalt compounds which may cause long lasting harmful effects on humans. 

Taken this into account, electrodeposition of Fe-based coatings is of great interest for “green” 

manufacturing of advanced materials for targeted applications. 

Fe-W is more eco-friendly material and it has higher hardness and thermal stability than Co- and Ni-

based alloys. Thus, the hardness of electrodeposited Fe-W coatings can reach up to ~13 GPa (at low 

loads) which is comparable to that of electrodeposited chromium [3, 10]. Usually, Fe-W alloys with 

higher W content (up to 30 at.%) have better mechanical properties due to grain boundary 

strengthening, solid solution strengthening and nanostructurization processes. Thus, increasing the 

percentage of W in alloys leads to the significant grain size refinement and hence the structure 

transforms form nanocrystalline to amorphous. Remarkable, the electrodeposited Fe–W alloys 

containing high amount of tungsten retain their structure even after annealing up to 800 °C [4].  

Many researchers report over the years the importance of high hardness for the good wear resistance 

and show the strong linear relationships between these two properties for different polycrystalline 

materials like Ni-W [11], Ni-Fe-W [11], Ni-P [12] and other [13]. However, this is not always the rule. 
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The hardness is an intrinsic parameter, i.e. it depends on the composition and structure of the material 

only, while the wear resistance is an extrinsic property and depends on the certain tribo-system used. 

Therefore, for the alloys which undergo abrasive wear the resistance remains relatively unaffected 

with increasing the hardness and, in some cases, even decreased. For instance, the wear resistance of 

hard electrodeposited Fe-W alloys at dry friction is rather low, due to severe oxidation of the coating 

during fretting (tribooxidation) [1]. Formed oxides act as the third body, thus leading to the increase of 

coefficient of friction (COF) and larger wear volume, as compared to Co-W alloys evaluated at similar 

conditions.  

Furthermore, it was shown that lubricants can reduce the oxygen penetration into the sliding pairs, 

thus lowering the tribooxidation and improving the tribological performance of the coating (N. I. 

Tsyntsaru et al., 2010). Different types of liquid lubricants were investigated, e.g. vegetable oils, 

mineral oils, ionic liquids, etc. As the metallic surfaces generally are hydrophilic, it is of particular 

importance to ensure the ability of the lubricant to penetrate into the area of the wear and remain there. 

The use of sugar films as a solid lubricant for the Co-W alloy was discussed in [15]. As a different 

approach, the co-deposition of solid lubricants (like graphene, WS2, MoS2) into the metallic matrix 

was also reported [16]. In this case, the second phase soft particles can reduce the asperity contact 

between the coating and the counter body, therefore reduce the wear. However, the electrodeposition 

conditions should be optimized carefully in order to achieve uniform particles distribution, low 

porosity and appropriate microstructure of the coating.   

In this work, the rapeseed oil was used as a lubricant, as it is known to be potential candidate to 

replace some of mineral oils. The investigation of the lubricating properties of the rapeseed oil is 

recently actively studied due to its inherent biodegradability, non-toxicity (as compared to motor oils) 

and good lubricity of metallic surfaces [17]. It also has some advantages in terms of sustainability. 

Among all other oil plants, the rapeseed gives more oil per unit of land area compared to other oil 

sources, such as soybeans and canola. Across the Europe, in Germany, France and Poland around 

15 millions of tons of rapeseed are grown every year mostly for the production of biodiesel and 

cooking oils (according to Food and Agriculture Organization (FAO).  

For this study, the Fe-W alloys have been electrodeposited from the recently developed [10, 18] 

glycolate-citrate bath based on Fe(III)-salt. The bath is considered as environmentally-friendly one, 

while Fe-W deposits are considered as green and sustainable materials. This study aimed to investigate 

the tribological behavior of obtained coatings under dry and lubricating conditions keeping the main 

concepts of green tribology.   

 

2. MATERIALS AND METHODS 

Fe-W samples having 25 at.% of W were electrodeposited onto Si wafer with sputtered Cu conductive 

layer from glycolate-citrate electrolytes of the following composition: 1 M glycolic acid, 0.3 M citric 

acid, 0.1 M Fe2(SO4)3 and 0.3 M Na2WO4 (bath 1), and with addition to the bath 1 of 0.25 g 

polyethylene glycol (PEG) (bath 2). Fe-W alloys were electrodeposited under direct current (DC) and 

pulse current (PC) modes and the coating thickness was cca 10 µm. The corresponding baths and 

deposition conditions are given in Table 1.  

In the case of pulse current, the average current density was calculated from: 

                   (1) 

                   (2) 

where ip is the pulse current density, d.c. is the duty cycle, tpulse and tpause is the duration of pulse and 

pause periods, respectively. 

  

𝑖𝑎𝑣𝑔 =
𝑖𝑝𝑑. 𝑐.

100%
 

𝑑. 𝑐. =
𝜏𝑝𝑢𝑙𝑠𝑒

𝜏𝑝𝑢𝑙𝑠𝑒 +𝜏𝑝𝑎𝑢𝑠𝑒
100%  
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Table 1. Electrodeposition conditions for Fe-W alloys. 

Sample Bath pH T°C -iavg,  

mA/cm
2
 

d.c.,  

% 

tpulse,  

s 

tpause,  

s 

1_DC 1 

6.5 65 15 

100 - - 

2_PEG 2 100 - - 

3_PC 1 95.2 1 0.05 

For the investigation of tribological behavior of Fe-W electrodeposited coatings the pin-on-disc 

Tribometer (Anton Paar TriTec SA, Switzerland) was employed by using a ball-on-flat configuration. 

The corundum ball of 6 mm diameter was the counter-body that oscillated against rigidly fixed coated 

samples for 2 000 cycles at 2 Hz frequency of reciprocating motion, resulting in a track length of 1 

mm and the total distance of 2 mm for one reciprocal friction cycle. All the tests were performed in 

ambient air at 23±2 °C and 48 % relative humidity. After the sliding tests, the samples were cleaned in 

acetone and ethanol in order to remove debris before measuring the wear track profiles. Scanning 

electron microscope (SEM) imaging was performed using Hitachi TM3000 instrument and elemental 

analysis of the wear tracks was determined with the energy dispersive X-ray spectroscopy (EDS) 

analysis tool attached to the SEM. 

Rapeseed oil was used as a lubricant, and films of fixed thickness (0.2, 0.5, 1.0, 2.0 and 5.0 µm) were 

applied on Fe-W coatings before tribological tests. In order to obtain the oil film of particular 

thickness, the corresponding amount (10÷250 µL/cm
2
) of oil stock solution (100 L oil in 50 mL of 

diethyl ether) was applied on electrodeposited samples and kept until full evaporation of ether.  

 

3. RESULTS AND DISCUSSIONS 

All investigated Fe-W coatings were electrodeposited under conditions elaborated earlier (Nicolenco 

et al., 2018) in order to assure 25 at.% of W in deposits; this tungsten content leads to amorphous 

structure  and high hardness revealed for these alloys. The typical SEM images of the Fe-W surface 

are shown in Fig. 1. The surfaces are free of cracks and smooth. It was expected that the addition of 

PEG to the plating bath should assists hydrogen release from the surface, thus lowering the imbedded 

stress into electrodeposited coatings. Indeed, as it is seen from Fig. 1b, the surface of the alloy 

deposited from the bath containing PEG appears with some small globules, which probably indicates 

the different nucleation and growth of the coating. Also, it was expected, that deposition under PC 

mode should result in essential improvement of tribological behavior of tungsten alloys due to the 

microstructural changes, as it was shown for Co-W alloys [19]. However, in the case of Fe-W alloys 

deposition, the corrosion processes occur during the pause, thus resulting in a higher oxidation and 

porosity of Fe-W coating (Fig. 1 c). Nevertheless, three Fe-W coatings are bright and mirror-like in 

appearance, and the average roughness of the coatings is less than 100 nm (Fig. 2). 

Figure 1. SEM images of Fe–W alloys deposited under conditions stated in Table 1: 1_DC (a); 2_PEG (b) and 

3_PC (c). 
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Figure 2. Typical AFM image of Fe–W alloy, sample 1_DC. 

The evaluation of tribological behavior of Fe-W coatings deposited at different conditions was carried 

out under dry friction conditions applying 1, 2 and 5 N normal loads. As it can be seen from the Fig. 3, 

the COF increases sharply at the first 50–100 cycles, then reaches the maximum and remains constant. 

Furthermore, the maximum of the COF decreases with an increase in applied load (Fig. 3). The COF 

reaches the similar values between 0.8 and 1.2 after run-in period for all of three investigated coatings 

independently from deposition conditions. This could be associated with the tribooxidation of Fe-W 

alloys at the early stages of fretting test, as it was noticed earlier [1]. Abrasive particles –iron oxides, 

may act as the third body particles that slide against the hard corundum counter body and result in high 

values of COF. These particles form independently on the deposition conditions applied, apparently, 

due to the direct contact of Fe-W coatings with the ambient air, which contains the molecules of water 

and oxygen.  

   
Figure 3. Evolution of COF of Fe-W samples at dry friction under applied loads: 1 N (a), 2 N (b), 5 N (c). 

 

Figure 4. Depth profiles of wear tracks of Fe-W alloys (sample 1_DC) after dry friction at 1 N (a), 2 N (b) and 

5 N (c). 
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In order to understand the nature of wear mechanism involved, the wear tracks were examined by 2D 

profilometer, SEM and EDS analysis after 2 000 fretting cycles performed at different loads. Depth 

profiles presented in Fig. 4 show that despite the COF was decreasing with increase of the applied 

load, the severe wear propagation was noticed at higher loads. The lowest COF and maximum wear 

depth of ~1.4 µm were obtained at 5 N load. The profiles of Fe-W worn surfaces are rather sharp, 

denoting the abrasive type of wear.  

SEM images (Fig. 5) are attesting the results discussed above on COF and the important role of third 

body particles on tribological behavior of Fe-W coatings. When sliding against the hard corundum 

counter body, these abrasive particles leave deep grooves, which eventually increase the wear volume. 

Indeed, freshly formed debris are agglomerated in piles at low loads and distributed on the surface of 

the wear track. Thus, resulting asperities lead to a high COF (up to 1.2) at these conditions (Fig. 5 a, 

b). While at higher loads, abrasive particles could be incorporated inside the wear track therefore 

reducing the COF, but causing cracks propagation (Fig. 5 c). The diminishing of cracks propagation 

was noticed while using PEG for Fe-W deposition (Fig. 5 d). However, for the investigated system, 

pulse deposition mode did not improve the tribological behavior (Fig. 5 e), in the contrary to Co-W 

alloys [19], probably due to the corrosion processes occurring during the pause.  

 

Figure 5. SEM images of wear tracks on Fe-W alloys at dry friction applied on sample 1_DC: 1 N (a), 2 N (b) 

and 5 N (c); and sample 2_PEG (d) and sample 3_PC (e) tested both at 5 N load.  

It is noticeably seen from SEM images that some of wear particles remain adhered to the surface even 

after cleaning. Therefore, we could suggest that the wear mechanism of Fe-W alloys at dry friction can 

be ascribed to a combination of abrasive and adhesive wear.  

In order to clarify the chemical content of the debris and confirm whether the high wear is caused by 

the tribooxidation or not, the EDS analysis on three different areas was performed (Fig. 6). Chemical 

analysis shows that the oxygen content in debris is increased up to 50 at.% after dry friction, which 

corresponds to the atomic fraction of oxygen in the mixed iron oxide Fe3O4 (Fig. 6 a). The oxygen 

content is also increased inside the wear track, due to the presence of adhered oxide particles. 

Moreover, the clear brown particles were observed on the surface of Fe-W samples after the fretting, 

thus attesting that tribooxidation under dry friction is indeed the driving factor which influence on the 

wear propagation. 
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Dry friction 1 2 3 

O at.% 50 28 19 

Fe at.% 38 54 60 

W at.% 12 18 21 
 

1 µm RO 1 2 3 

O at.% 29 26 21 

Fe at.% 52 56 59 

W at.% 19 18 20 
 

Figure 6. SEM images and EDS analysis of wear tracks on sample 1_DC after fretting test at 2 N: dry friction 

(a); in the presence of 1 µm rapeseed oil (b); 1, 2 and 3 denote corresponding EDS analyzed zones. 

In order to diminish the Fe-W tribooxidation the surface was covered with thin film of the lubricant. 

Previously, the reduction of Fe-W tribooxidation was achieved by using the M-10 G2K engine oil 

[20]. In this study, the rapeseed oil was used as a lubricant in order to increase the environment 

sustainability of the process.  

 
Figure 7. SEM images of the wear track after 2 N applied on Fe-25W sample after dry friction (a) and in the 

presence of 1 µm thick layer of rapeseed oil (b). In insert is the microscopic image of the corundum ball after the 

test.  

Indeed, EDS analysis of the wear track on the sample 1_DC under lubricated conditions showed only 

slight increase in the oxygen content, while after dry friction it was increased more than 2 times on the 

edges (Fig. 6 b). The use of lubricant significantly reduces the contact of the Fe-W surface with 

aggressive medium, i.e. ambient air, which in fact is of special importance for Fe-based alloys. Due to 

substantial lowering of tribooxidation, the wear depth decreases significantly in comparison to dry 

friction and the surface becomes only slightly “polished” (Fig. 7). It was reported [15] that the 

oxidation can occur even when the oil film is applied, but in significantly smaller extent. Thus, no 

oxide particles neither adhered at the worn surface nor on the counter body were observed, while the 

average roughness after the test with the rapeseed oil was comparable to the roughness of as-deposited 

alloy. Therefore, it could be proposed that the wear mechanism changes from adhesive-abrasive at dry 

friction to abrasive under lubricating conditions, where produced fretting debris acts as an “in-situ” 

polishing agent. 

In order to estimate the minimum thickness of rapeseed oil that should be applied on Fe-W coatings, 

the interval from 0.2 to 5.0 µm was evaluated. Obviously, the values of COF will decrease in the 

presence of lubricating films. Under lubricating conditions, the COF has been reduced by 

approximately five times for Fe-W coatings covered with rapeseed oil films on top compared to the 

dry friction conditions (Fig. 8). The minimal thickness of oil film when COF begins to decrease is 0.2 

µm, but it could not withstand more than 50 cycles and therefore, 0.5 µm should be applied in order to 

retain the experiment for 2 000 cycles (Fig. 8 a). Moreover, the optimal thickness of rapeseed oil film  
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Figure 8. Evolution of the coefficient of friction at 2 N load applied on Fe-W sample 1_DC in the presence of 

rapeseed oil (RO) film of 0÷0.5 µm (a) and 0.5÷5.0 µm (b) thickness. Lubricating conditions are indicated on the 

graph.  

that provides the lowest COF is 1 µm. That could be related to the better adherence of such film to the 

Fe-W coating and its uniform distribution on the surface, what ensure the ability of the lubricant to 

penetrate into the area of the wear and remain there during the test. 

 

4. CONCLUSIONS 

The wear resistance of electrodeposited Fe-W alloys having 25 at.% of W obtained under direct and 

pulse current modes was studied under dry and lubricating conditions using rapeseed oil. It has been 

shown that high COF obtained under dry friction can be linked to the combination of abrasive and 

adhesive wear. Abrasive particles are generated during early stages of sliding as a result of Fe-W 

tribooxidation.  

The tribooxidation has been revealed to be the driving factor which influences on the wear 

propagation, which was inhibited by covering the surface with thin rapeseed oil film. Thus, the 

coefficient of friction was reduced by ten times from ~1.0 at dry friction to ~ 0.1, when the surface 

was covered with rapeseed oil film. It has been shown, that the optimum film thickness of rapeseed oil 

that has satisfactory adhesion to the surface and could withstand up to 2 000 cycles was 1 µm.  

The roughness of the wear track after friction under lubricated conditions was found to be at the range 

of the initial surface roughness and no adhered particles on the worn surface were observed. Hence, 

the wear mechanism changes from adhesive-abrasive at dry friction to abrasive under lubricating 

conditions.  

Taking into account the green and sustainable origin of produced Fe-W coatings they could be 

considered for engineering applications, where lubricating conditions can be applied. Particularly, the 

rapeseed oil can be used as a lubricant increasing the sustainability of the process.  
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