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ABSTRACT 

  

 The objective behind the present work is to develop a novel method for 

electrodeposition of alloys directly from their ores thereby avoiding costly and tedious 

procedures. The study involved optimization of the working parameters including the bath 

composition because most of them did influence the deposit quality. The alloys under 

consideration were ferrochromium (Fe−Cr), ferrotungsten (Fe−W) and ferrocopper (Fe−Cu) to 

be deposited from their respective indigenously available ores i.e. chromite, scheelite and 

chalcopyrite. It is the use of indigenous ores, simpler cost-effective procedure involved in the 

deposition and better features of the deposited alloys together with the potential for greater 

industrial applications that make this study significant. 

 Making conditions of the so-called Metal Salt Method (MSM) as the starting point, 

experimental parameters have been optimized to achieve greater efficiency of the process as well 

as quality of the deposits. Optimization of the working conditions involved adjusting the bath 

composition for its various components and other variables such as pH, temperature, Cathodic 

Current Density (CCD) which was applied either as Continuous Direct Current (CDC) or Pulsed 

Direct Current (PDC). Considering that all the alloys contain paramagnetic metal(s)/ion(s), the 

study has also been under taken in the presence of weak magnetic field (upto 0.2T) which proved 

to significantly improve the deposit quality by decreasing the grain size in all the cases.  

 The process efficiency has been monitored through the deposition rate (amount of alloy 

deposited per unit area of cathode per unit time). Morphological features of the deposits like 

uniformity, shine, colour etc., in the first instance, were examined by visual inspection under an 

ordinary microscope while for the elaborated surface properties the deposits have been monitored 

making use of Scanning Electron Microscopy (SEM). The alloy compositions have been 

determined by Atomic Absorption Spectroscopy (AAS). Energy Dispersive X-ray (EDX) was 

also used in some selected cases to complement the AAS results. Hardness of the deposited film 

was checked by a durometer. Corrosion resistance using salt spray apparatus and the acid dip test 

provided the chemical ‘inertness’ of the deposits. The hardness and chemical inertness of the 

alloys were in no way inferior to those obtained by MSM while the alloy compositions were also 

in the desired range. 

 PDC coupled with 0.2T field at the respective optimized bath composition provided 

better quality deposits in terms of their adherence, uniformity and shine. For the Fe−Cr, Fe−W 

and Fe−Cu the respective optimized parameters for the best results in terms of efficiency and 

quality were: pH values 1.5, 7 and 2; temperature range 60-65, 65-70 and 30-35°C; CCD values 

31, 35 and 10mA.cm-2. 
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  Chapter  1 

INTRODUCTION 

1.1 General Background 

Alloys are known to mankind since ancient era for their various uses. They 

possess properties which are generally superior to those of their constituent metals, e.g. 

offering improved welding, brazing, bonding, soldering and anti-friction performances. 

In addition they may be tougher, stronger, harder and more resistant to corrosion. In 

some cases the alloys exhibit improved electrical and magnetic properties as well [1,2]. 

Nowadays a very large number of alloys with combination of various metals in different 

proportions can be made at disposal; these alloys are formed in pursuit of certain specific 

features. Alloys of Fe with different heavy metals are significant for extensive 

applications for a variety of purposes. In this regard Cr, W, Cu and some other metals are 

considered as important to be alloyed with Fe. 

Ferrochromium (Fe–Cr) alloys exhibit many desirable properties such as high 

strength and hardness, resistance to corrosion, low rate of oxidation, and retention of 

strength at elevated temperatures all of which make them suitable for using as protective 

coating films [3]. At least 11% (by weight) Cr has to be present to make stainless steel 

which also being the minimum Cr level required for the formation of an adherent and 

self-healing chromium oxide layer on the steel surface in relatively benign environments. 

However, for the prevention of pitting and rusting in rather more hostile 

(moist/chemically polluted) environments and in the presence of carbon, higher Cr 

content is required [4]. Over 80% of world's Fe–Cr is utilized in the production 

of stainless steel. In 2008 about 26 Mt of stainless steel was produced worldwide [5,6]. 

Chromite ores being the main source of Cr; South Africa holds 72-80% of the total 

world’s viable chromite ore reserves [7]. 

W-metal has unusual mechanical and other related properties as compared to all 

other metals [8] having the highest values of melting point (3410oC), tensile strength 

(410kg.mm-2) and density (19.3 g.cm-3) but the lowest coefficient of linear thermal 

expansion (4.3x10-6oC-1) besides a quite high thermal conductivity value of 0.487 

(cal/sec)/(cm2.°C/cm). Addition of W to ferrous tends to improve the durability, hardness 
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and resistance to higher temperatures of the resulting alloy [9]. Hence, ferrotungsten (Fe–

W) alloys being much harder and having good adherence to ferrous/steel substrates find 

wide ranging applications. Moreover, Fe–W alloys, having higher densities, are 

frequently used in place of the toxic lead besides their applications in cutting tools and 

non-toxic firearms projectiles [10]. 

Ferrocopper (Fe–Cu) alloys, for their much higher electrical conductivity 

alongwith reasonable strength, are widely used in electrical fuses, electrical connectors, 

integrated circuits, semiconductor leadframes and making plain strip of electrical devices 

[11]. Approximately 70% of world’s copper reserves exist as chalcopyrite. Currently 

most of the Cu is extracted from high-grade chalcopyrite through smelting, a high 

temperature process with undesirable environmental side effects; world’s consumption of 

chalcopyrite has dramatically increased during the past 25 years speaking about 

significance of this ore [12]. 

Various methods are employed for the preparation of alloys depending upon the 

constituents. Fusion method is based on mixing together melts of the alloying metals; the 

higher melting point metal is melted first and the other metal is added in such amount to 

get the desired ratio of the two in the alloy. Subsequently the mixture is covered with 

carbon powder to prevent oxidation and left to cool at room temperature [13]. Reduction 

of the metal compounds or of the metals containing ores in an electric arc furnace is 

another way to yield alloys [14]. Mechanical alloying (Mechanofusion) is powdering the 

metals in inert atmosphere in a high energy ball mill to form ultrafine composite 

(amorphous alloy) having unique composition and microstructure [15,16]. Besides the 

above mentioned methods, alloys can also be prepared by simultaneous electrodeposition 

of more than one metal on the given substrate [17]. In all the above mentioned methods 

either pure metals or their appropriate purified salts are required. Ultimate sources of 

metals are ores present in the earth crust. Invariably the metals are recovered from the 

ores and subsequently used to produce their salts and alloys; recovery of the metals from 

the ores is generally done through thermal and/or chemical procedures [18,19] which 

commonly involve the so-called pyrometallurgical and hydrometallurgical methods 

being tedious as well as costly [20,21].  

Electrodeposition is one of the technologically and economically viable routes to 

produce metal alloys and composite materials [22-24]. For the alloy coating of surfaces 
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by electrodeposition method, salt solutions of the given metals in the desired ratios are 

employed. Presently in microdevices, electroplating is widely used in terms of its 

application for producing thin films and three-dimensional thick structures. These films 

have been found to exhibit interesting thermal, magnetic and optical properties [25]. 

Some other applications of electrodeposition such as printed-circuit boards, electric 

connectors, and magnetic recording-heads are quite important with regard to the alloys 

[26,27]. Fabrication technology in the microelectronics industry by electrodeposition 

offers more advantages over other techniques such as physical and chemical vapor 

deposition because it requires relatively simpler operating conditions [28]. With the trend 

towards miniaturization, electrodeposition has established itself as one of the popular 

manufacturing technology of choice [29]. The electrodeposition technique is also widely 

employed for the substrate electroforming such as calligraphy and fabrication of 

magnetic thin film as memory devices in a variety of appliances of daily use [30,31]. The 

advantages of electrodeposition process is its selectivity and specificity (also in view of 

the electrode and potential choice), ready to use compact instruments, single step process 

for alloy synthesis, speed and accuracy, ability to form fully dense as well as porous 

structures and low cost of application [32-34]. 

It is a quite common practice in the electrodeposition process to use cyanide bath 

which itself poses great environmental hazard [35]. There is a need that such alternate 

methods be developed where use of cyanide is altogether refused. Depending upon the 

specific requirement, not only the metals such as Cr, W, Cu, Fe etc. but instead their 

alloys have to be deposited [36,37]; common are the binary alloys but ternary or even 

higher order alloys may also be required [38]. Even in some cases alloy of a pair of 

metals can only be prepared using the electrodeposition technique [39]. Since alloy 

composition is one of the primary requirements, the electrodeposition method being 

employed must also have the provision to adjust to the metal composition in the alloy. 

Generally metals and their respective alloys are deposited from their salt solutions 

containing ions of single or more metal whereby the bath working conditions, like 

temperature, pH, salt(s) concentration(s), additives etc., require optimization in addition 

to maintaining the current density and deposition time as per requirement [40-42]. 

In the electrodeposition process substrate is also important which can be metal or 

even a non-metal; in the latter case the deposit acts as protective layer and gives a 
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metallic look to the item. Commercially the electrodeposition of metals/alloys on 

substrates involves such methods in which the salt solutions are employed. Although 

such methods provide higher efficiencies but being expensive, are not desired on large 

scales for the industrial purposes. For the elctrodeposition normally continuous direct 

current (CDC) method [43,44] is employed but in certain cases better results are obtained 

if the current is applied in the form of short duration pulses. Pulse direct current (PDC) 

method has its advantage towards improving the quality of the deposit in terms of 

uniformity and adhesion besides enhanced resistance to corrosion [45-48]. 

Electrodeposition using the metal salt has been mainly restricted to the so-called 

electroforming (to which electroplating also belongs) but due attention has neither been 

given to electro-winning of metals [49] nor to electroplating directly from the ores. 

Interesting situation may arise if a certain alloy is to be deposited and the ore sample 

contains the same metals as well. It remains to be thoroughly investigated if by certain 

experimental manipulations the desired results could be obtained by what may be called 

as ‘one-step procedure’ or ‘total ore-to-alloy process’ may be termed as direct ore 

method (DOM). To the best of search however, such work is still remains lacking in the 

literature so far.  

 It is also pertinent to make comparisons between the results obtained from DOM 

and metal salt method (MSM). This may include economic viability besides efficiency 

and quality of the deposit which may include surface morphology and chemical 

resistance to the external agents. According to the specific requirements, it is always 

desired to improve the deposit quality; for this purpose optimization based on interplay 

with various variables, particularly the chemical reagents (such as buffers, brighteners, 

supporting electrolytes, complexing agents etc.) should be undertaken [50]. An important 

consideration with regard to deposition of the so-called magnetic metals like Cr, Co, Ni, 

Fe etc., can be carrying out the electrodeposition process in the presence of magnetic 

field; such a procedure has not been frequently reported [51]. The important aspect of 

study in the presence of applied magnetic field can be related to microstructure of the 

deposits. Interaction of electric and magnetic fields produces a magnetohydrodynamic 

force (MHDF) which is in fact the Lorentz force slightly modified by field gradient due 

to paramagnetism of the ions and other magnetic damping forces. The Lorentz force (FL) 

being the most significant, depends upon strength and orientation of the applied magnetic 

field (FL= i × B); i being the current density and B the magnetic field strength [51]. The 
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largest MHDF should be seen when magnetic field is applied perpendicular to the current 

direction. The MHDF tend to enhance the current and reduce diffusion layer thickness 

causing reduced grain size of the deposit with improved uniformity in conformation to 

the general requirement of a smooth, homogeneous and adherent deposit [51,52]. 

Characterization of the deposits remains one very important task before the entire 

protocol of the electrodeposition is set to commercial application. The characterization 

generally includes bulk chemical analyses, mechanical strength and resistance to 

corrosion besides morphological studies. As far as alloy’s (bulk) composition is 

concerned, information is commonly obtained using atomic absorption spectroscopy 

(AAS) while the surface morphology can conveniently be monitored using scanning 

electron microscopy (SEM) [53,54]. A good deposit generally should have smaller and 

uniform grain distribution on the surface which also leads to smooth and shiny surface 

[55,56]; moreover, the deposit should not only exhibit higher mechanical strength 

[57,58] but should also resist to corrosion [59,60]. 

1.2 Objectives 

Given the significance and applications of the alloy coating alongwith the 

economical considerations, scope of the present study is to develop protocols for the 

electrodeposition of alloys directly from the ores avoiding the tedious procedures of 

purification. For this purpose such ores have been targeted which are indigenous and 

contain the comparable composition range of the two metals as desired in the 

deposit. However, another important objective of the present work is to develop 

environmental friendly non-cyanide baths. Keeping in view the above, however the 

focus of the working conditions remained on depositing alloys that also possess the 

desired features pertaining to composition and morphology. 

 The main consideration of the study has been alloys of Fe with Cr, W and Cu for 

their own significance but more importantly because Fe-ores containing the other metal 

are abundantly found in nature [61] and also available indigenously. The study should 

not only be an addition to the existing knowledge in the area but should also provide a 

basis and guideline for further improvement as well as inclusion of other ores and alloys. 

It is expected that commercial baths employed in electrodeposition of alloys [62-64] 

shall be gradually replaced by the proposed ones being environmental friendly, 



6 
 

economical and non-tedious. Another important part of the present study is investigating 

the possibility of improvement in the deposit quality under applied magnetic field 

for such cases where at least one of the metals in the alloy is paramagnetic                 

                                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                      



7 
 

                                                                                                     References 

[1] Mukherjee, S. “Metal Fabrication Technology” Eastorn Economy Edition, PHI 

Learning pvt. Ltd., New Delhi, 2011, pp. 358-360. 

[2] Tooley, M. “Engineering A Level” Tayler Francis Ltd., UK, 2005, pp. 36-42.   

[3] Wang, F.; Watanabe, T.  “Preparation and characterization of the electrodeposited 

Fe–Cr alloy film”, Mater. Sci. Eng., A 2003,  349, 183-190. 

[4] Lo, K.H.; Shek, C.H.; Lai, J.K.L. “Recent developments in stainless steels” 

Mater. Sci. Eng., R 2009, 65, 39-104. 

[5] Jorgenson, J.D.; Corathers, L.A.; Gambogi, J.; Kuck, P.H.; Magyar, M. J.; Papp; 

John, F.; Shedd; Kim B. “2006 Mineral Yearbook; ferroalloys” U.S. Geological 

Survey, 2009. 

[6] Corathers, L.A.; Gambogi, J.; Kuck, P.H.; Papp, J.F.; Polyak, D.E.; Shedd, K.B. 

“2008 Minerals Yearbook; ferroalloys [advance release]” U.S. Geological 

Survey, 2010. 

[7] Beukes, J.P.; Dawson, N.F.; Van, Z.P.G. “Theoretical and practical aspects of Cr 

(VI) in the South African ferrochrome industry” J. South African Inst. Min. 

Metall. 2010, 110, 743-752. 

[8] Donten, M.; Cesiulis H.; Stojek, Z. “Electrodeposition and properties of Ni–W, 

Fe–W and Fe–Ni–W amorphous alloys, A comparative study” Electrochim. Acta, 

2000, 45, 3389-3396. 

[9] Marinho, F.A.; Santana, F.S.; Vasconcelos, A.L.; Santana, R.A.; Prasad, S. 

“Optimization of operational parameters and bath control for electrodeposition of 

Ni–Mo–B amorphous alloys” J. Braz. Chem. Soc. 2002, 13, 522-528. 

[10] Darryl, D.A. “System and method for processing ferrotungsten and other tungsten 

alloys, Articles formed therefrom and methods for detecting the same” US Patent 

2008, 383, 776 B2. 

[11] Nomoto, N.; Chingping, T.; Ohta, M.; Yamakawa, K. “A process for 



8 
 

manufacturing Cu–Fe alloy C194-ESH with high electrical conductivity and 

excellent heat-resistance” 62 Hitachi Cable Rewiev 1999, 18, 61-66. 

 [12] Baba, A.A.; Ayinla, K.I.; Adekola, F.A.; Ghosh, M.K.; Ayanda, O.S.; Bale, R.B.; 

Sheik, A.R.; Pradhan, S.R.  “A Review on Novel Techniques for Chalcopyrite 

Ore Processing” Int. J. Min. Miner. Eng. 2012, 1,1-16. 

 [13] Raj, G. “Advanced Inorganic Chemistry” vol. 1, 31st ed., Krishna Prakashan 

Media (P) Ltd. Meerut, 2008, pp. 972-973. 

[14] Shen, H.; Forssberg, E. “An overview of recovery of metals from slags” Waste 

Manage. 2003, 23, 933-949.  

[15] Pawlowski, L. “The Science and Engineering of Thermal Spray Coatings” 2nd 

ed., John Willey & Sons, 2008, pp. 26-28. 

[16] Roy, M. “Synthesis and magnetic properties of laves phase Fe2Nb amorphous 

alloy” Appl. Phys. A 2007, 86, 177-180. 

[17] Dontena, M.; Cesiulis, H.; Stojeka, Z. “Electrodeposition of 

Amorphous/nanocrystalline and polycrystalline Ni–Mo alloys from pyrophosphate 

baths” Electrochim. Acta. 2005, 50, 1405-1412. 

[18] Habashi, F. “Recent Trends in Extractive Metallurgy” J. Min. Metall. Sect. B  

2009, 45 B, 1-13. 

[19] Ray, H.S.; Ghosh, A. “Principles of Extractive Metallurgy” 2nd ed., New Age 

International (P) Ltd. Publishers: India, 1991, p. 271. 

[20] Pesi, B. “Teaching and Learning Adaptive Hydrometallurgy-Nanohydro- 

metallurgy”,  J. Min. Metall. Sect. B 2005, 41 B, 17-32. 

[21] Singh, R. “Applied Welding Engineering: Processes, Codes, and Standards” 

Butterworth-Heinemann, 2011, p. 4. 

 [22] Marikkannu, K.R.; Kalaignan, G.P.; Suryakala, G.; Vasudevan, T. “The role of 

additives in the electrodeposition of nickel-cobalt alloy   from acetate electrolyte” 

J. Alloys Compd. 2007, 438, 332-336. 



9 
 

[23] Gurrappa, I.;  Binder, L. “Electrodeposition of nanostructured coatings and their 

characterization—a review” Sci. & Technol. Adv. Mater. 2008, 9, 043001.    

[24] Karahan, I.H. “Preparation and characterization of the electrodeposited Zn–Cr–Fe 

ternary alloys” Optoelectron. Adv. Mater. Rapid Commun. 2008, 2, 788-791. 

[25] Wang, D.; Zhou, W.L.; McCaughy, B.F.; Hampsey, J.E.; Ji, X.; Jiang, Y.B.; Lu, 

Y. “Electrodeposition of metallic nanowire thin films using mesoporous silica 

templates” Adv. Mater. 2003, 15, 130-133. 

[26] Sadeghi, S.R.; Hadi, M.M. “Electrodeposition of Nickel from its Sulphate Salt in 

a Ethylene Glycol–Water Mixture” Asian  J. Chem. 2007, 19, 4825-4830. 

[27] Graham, L.; Steinbrüchel, C.; Duquette, D.J. “Nucleation and Growth of 

Electrochemically Deposited Copper on Ti−N and Copper from a Cu−NH3 Bath”  

J. Electrochem. Soc. 2002, 149, C390-C395. 

[28] Datta, M.; Landolt, D. “Fundamental aspects and applications of electrochemical 

Microfabrication” Electrochim. Acta 2000, 45, 2535-2558. 

[29] Jung, C.H.; Lee, H.G.; Kim, C.J.; Bhaduri, S.B. “Synthesis of Cu–Ni Alloy 

Powder Directly from Metal Salts Solution”  J. Nano Res. 2003, 5, 383-388. 

[30] Vijayaram, T.R. “Electroforming Technology: An Advanced Manufacturing 

Process For Metal Fabrication” The Metallurgist 2004-2010. 

[31] Yiqing, W.; Wenzhen, W.; Yiping, T.; Bingheng, L. “Study on Electroforming 

Processing and Properties of Ni–Co Alloys”, Ord. Mater. Sci. Eng. 2000-2003. 

[32] Jeon, A.H.J.; Low, J.; Mileham, A.R.; Bramley, A.N.; Joha, C. “Simulating 

electroplated micro surfaces in 3-D; Multi-material micro manufacture” Elsevier 

Ltd., 2010, pp. 1-4. 

[33] Agboola, O.S.; Sadiku, E.R.; Biotidara, O.F. “The properties and the effect of 

operating parameters on nickel plating” Int. J. Phys. Sci. 2012, 7, 349-360. 

[34] Vasilache, T.; Gutt, S.; Sandu, I.; Vasilache, V.; Gutt, G.; Risca, M.; Sandu, A. 

V. “Electrochemical Mechanism of Nickel and Zinc-Nickel Alloy 



10 
 

Electrodeposition” Recent Pat. Corros. Sci. 2010, 2, 1-5. 

 [35] “Managing Cyanide in Metal Finishing” Capsule Report No. EPA 625/R-99/009, 

U.S. Environmental Protection Agency, Cincinnati, OH 45268, 2000. 

[36] Endres, F.; Farlane, D.M.; Abbott, A. “Electrodeposition from Ionic Liquids” 

John Wiley & Sons, NY, 2008, p. 125. 

[37] Buckley, D.H. “Role of alloying elements in adhesive transfer and friction of 

copper-base alloys” NASA Technical Paper 1256, NASA Scientific and 

Technical Information Office, Washington, D.C., 1978. 

[38] Dolati, A.G.; Ghorbani, M.; Afshar, A. “The electrodeposition of quaternary Fe–

Cr–Ni–Mo alloys from the chloride-complexing agents electrolyte. Part I. 

Processing” Surf. Coat. Technol. 2003, 166, 105-110. 

[39] Roya, M.K.; Nambissanb,  P.M.G.; Vermaa, H.C. “ Structural, thermal stability 

and defect studies of Fe–Ag alloy prepared by electrodeposition technique” J. 

Alloys Compd. 2002, 345, 183–188. 

[40] Lupi, C.; Pilone, D. “Electrodeposition of nickel-cobalt alloys: the effect of 

Process parameters on energy consumption” Miner. Eng. 2001, 14, 1403-1410. 

[41] Wang, F.; Watanabe, T. “Preparation and characterization of the electrodeposited 

Fe–Cr alloy film” Mater. Sci. Eng. A 2003, 349, 183-190. 

[42] Fricoteaux, P.; Rousse, C. “Influence of substrate, pH and magnetic field onto 

composition and current efficiency of electrodeposited Ni–Fe alloys” J. 

Electroanal. Chem. 2008, 612, 9-14. 

[43] Wu, J.; Jiang, Y.; Johnson, C.; Liu, X. “ DC electrodeposition  of  Mn–Co alloys 

on stainless steels for SOFC interconnect  application” J. Power Sources 2008, 

177, 376-385. 

[44] Chang, W.S.; Wei1, Y.; Guo, J.M.; He, F.J. “Thermal Stability of Ni–Fe Alloy 

Foils Continuously Electrodeposited in a Fluorborate Bath” Open Journal of 

Metal 2012, 18-23. 



11 
 

[45] Donten, M; Stojek, Z. “Pulse electrodeposition of rich-in-tungsten thin layers of 

Amorphous  Co−W alloys” J. Appl. Electrochem. 1996, 26, 665-667. 

[46] Karami, H.; Babaei, H. “Electroplating Nanostructured Hard Gold through the 

Pulse Galvanostatic Method”  Int. J. Electrochem. Sci. 2012, 7, 601-614. 

[47] Nosrati, H.; Tabaiyan, S.H.; Hadavi, S.M.M. “Effect of Nickel Pulse 

Electroplating Parameters on ST12 Steel” J. Appl. Environ. Biol. Sci. 2012, 2, 

154-158. 

[48] Noce, R.D.; Gomes, O.D.M.; Magalhães, S.D.D.; Wolf, W.; Guimarães, 

R.B.; Castro, A.C.D.; Pires, M.J.M.; Macedo, W.A.A.; Givord, D.; Barthem, 

V.M.T.S. “Magnetic properties of Fe–Cu alloys prepared by pulsed 

electrodeposition” J. Appl. Phys. 2009, 106, 093907-093907-6. 

[49] Felker, D.L.; Bautista, R.G. “Electrochemical processes in recovering metals 

from ores” J. Miner., Met. Mater. Soc. JOM 1990, 42, 60-63. 

[50] Eliaz, N.; Sridhar, T.M.; Gileadi, E. “Synthesis and characterization of nickel- 

tungsten alloys by electrodeposition” Electrochim. Acta 2005, 50, 2893-2904. 

 [51] Ganesh, V.; Vijayaraghavan, D.; Lakshminarayanan, V. “Fine grain growth of 

nickel electrodeposit: effect of applied magnetic field during deposition” Appl. 

Surf. Sci.  2005, 240, 286-295. 

[52] Mühlenhoff, S.; Mutschke, G.; Koschichow, D.; Yang, X. Bund, A.; Fröhlich, J.; 

Odenbach, S.; Eckert, K. “Lorentz-force-driven convection during copper 

magnetoelectrolysis in the presence of a supporting buoyancy force” 

Electrochim. Acta 2012, 69, 209-219 

[53] Solmaz, R.; Döner, A.; Şahin, I.; Yüce, A.O.; Kardaş, G.; Yazıcı, B.; Erbil, M. 

“The stability of Ni–Co–Zn electrocatalyst for hydrogen evolution activity in 

alkaline solution during long-term electrolysis” Int. J. Hydrogen Energy 2009, 

34, 7910–7918. 

[54] Singh, D.K.; Singh, V.B. “Electrodeposition and characterization of Ni–TiC 

composite using N-methylformamide” Mater. Sci. Eng. A 2012, 532, 493-499. 



12 
 

[55] Martyak, N.M. “Grain refinement in electrogalvanized coatings” Mater. Charact. 

2003, 50, 269-274. 

[56] Jeong, D.H.; Gonzalez, F.; Palumbo, G.; Aust, K.T.; Erb, U. “The effect of grain 

size on the wear properties of electrodeposited nanocrystalline nickel coatings” 

Scr. Mater. 2001, 44, 493–499. 

[57] Varea1, A.; Pellicer, E.; Pane, S.; Nelson, B.J.; Suriñach, S.; Baró, M.D.; Sort, J. 

“Mechanical Properties and Corrosion Behaviour of Nanostructured Cu-rich 

Cu−Ni Electrodeposited Films” Int. J. Electrochem. Sci. 2012, 7, 1288–1302. 

[58] Rahman, H.H.A.; Moustafa, A.H.E.; Magid, S.M.K.A. “High Rate Copper 

Electrodeposition in the Presence of Inorganic Salts” Int. J. Electrochem. Sci. 

2012, 7, 6959-6975. 

[59] Yamashita, M.; Konishi, H.; Kozakura1, T.; Mizuki, J.; Uchida, H. “Atmospheric 

Rust Formation Process on Fe–Cr and Fe–Ni Alloys under Wet/Dry Cycles 

Observed by Synchrotron Radiation X-ray Diffraction” Mater. Trans. JIM 2005, 

46, 1004-1009. 

[60] Souza, C.A.C; May, J.E; Tachard, A.L.; Carlos, I.A., “Influence of Na,K-tartarate 

on the corrosion resistance of electroplated amorphous Fe–Cr–P based alloys” J.  

Metastab. Nanocryst.Mater. 2004, 20-21, 787. 

[61] “Extraction and beneficiation of ores and minerals”, vol. 3, iron, Technical 

resource document, EPA 530-R-94-030, NTIS PB94-195203, U.S Environmental 

Protection Agency, Washington DC, 1994. 

[62] Song, Y.B.; Chin, D.T. “Current efficiency and polarization behavior of trivalent 

chromium electrodeposition process” Electrochim. Acta 2002, 48,  349-356. 

[63] Yagi, S.; Oshima, H.; Murase, K.; Matsubara, E.; Awakura, Y. “Electrochemical 

Fe–Cr Alloying of Carbon Steel Surface Using Alternating Pulsed Electrolysis” 

Mater. Trans. JIM 2008, 49, 1346-1354. 

[64] Tsyntsaru, N.; Bobanova, J.; Ye, X.; Cesiulis, H.; Dikusar, A.; Prosycevas, I.; 

Celis, J.P. “Iron–tungsten alloys electrodeposited under direct current from 

citrate–ammonia plating baths” Surf. Coat. Technol. 2009, 203, 3136-3141. 



 

 

 

 

 

 

 

 

 

 

Chapter − 2 

 

THEORETICAL 
 

 



13 
 

                                                                                                     Chapter  2 

THEORETICAL 

When a strip of metal is dipped in aqueous solution of either its own ions or ions 

of other metal(s), a potential develops between the metal (electrode) and the solution. As 

a result, an electrical double layer develops at the electrode-solution interface. If 

appropriate conditions and potential are provided, the metal ions may get deposited on 

the surface of the electrode after undergoing the stipulated electrochemical reaction 

whereby they may also acquire energetically stable positions. The electrolytic process of 

deposition may be depicted by the following equation: 

Mn+ + ne-  →  M                         (2.1) 

Fresh ions remain in continuous supply to the ion-depleted region near the electrode by 

diffusion process under the concentration gradient, migration under the applied field as 

well as by convection generated in the solution [1]. The explanation mentioned above 

makes the essential principles of the electrodeposition. Besides deposition of a single 

metal, sometimes for a variety of purposes, it is desired to deposit two or more metals 

simultaneously resulting in the so-called electrodeposition of alloy. 

2.1 Electrodeposition 

Electrodeposition is commonly a controlled-deposition of metallic layer onto a 

surface by an electrolytic process. The object to be coated (made cathode) is dipped in an 

electrolyte bath containing ions of the desired metal(s). In solutions Mn+ may exist as 

solvates (e.g. aquo-complex) or even complexed with some other ligand but eventually 

in the final step Mn+ gets deposited according to the reaction (2.1). Ideally the working 

conditions are controlled in such a way that the Mn+ concentration is kept constant so that 

the current efficiency of the reaction (2.1) is remains unchanged. In some cases Mn+ has 

to be added as a solid salt and instead an inert anode is employed leading to oxygen 

evolution in the anode reaction [2]. Hence for successful electrodeposition process, 

besides selecting optimum conditions and correct pre-treatment of the cathode, careful 

selection of anode material, plating bath and cathodic current density are essential [3]. 
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 The cathode discharge of metal bearing (complex) ions to form part of a growing 

deposit surface may be envisaged as a series of below mentioned steps in which ions 

move to the electrode surface and discharges [4]: 

i) migration of ions towards cathode to become part of the electrical double layer 

ii) incorporation of cations in the intermediate surface film and their subsequent 

adsorption on the metal surface as adions 

iii) adions diffusion across metal surface to reach the sites of minimum  

 surface energies 

iv) discharging of adions in the ultimate electron transfer step; discharging of 

multivalent ions may involve more than one step [5]: 

 Cu2+ + e-   →  Cu+   + e-   →  Cu       (2.2) 

The electrolysis process is governed by Faraday’s laws [6]. For any metal its number of 

mole (m) deposited by transfer of Q (coulombs) of charge is given by the expression as: 

 nF
Qm           (2.3) 

where n is total number of electrons transferred per metal atom deposited and F is the 

Faraday constant. 

 Cathode efficiency (CE) is the percentage of total current usefully employed for 

deposition of the metal [7]. Discharging (neutralization) of metal ions is not the only 

reaction that can occur at the cathode. Some current is consumed in the hydrogen 

evolution reaction that reduces the overall current efficiency (CE) of electrodeposition 

[8]. CE may also be affected to varying extent due to presence of other ions depending 

on their nature and concentration. Ohmic losses do not result in current losses but some 

of the power applied is lost as heat. Faradays laws apply and the current losses are only 

due to additional electrochemical reactions such as hydrogen evolution. In industrial 

electrochemical processes, diminishing power consumption is essential but this does not 

change the CE. The overall % CE is given by the relation: 
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where Wa and We are the actual and expected weights of the metal deposited. Wa is 

directly obtained from weight of the deposit while We is calculated using the following 

relation: 
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where t is the deposition time (in seconds) and the current I (amperes) makes (I.t) as the 

total charge transferred to the metal;  Mw being the atomic mass of the deposited metal 

while n is valency of its ions. However, extent of electrodeposition of a metal depends on 

the applied potential.  

In metal/metal-ion arrangement the so-called equilibrium electrode potential (E) 

at temperature T depends on the metal ions concentration, [Mn+] and expressed by the 

Nernst equation [9] as below: 

  





 no Mln

nF

RT
EE                               (2.6) 

where Eo is the formal potential. It is pertinent to mention that when the electrodeposition 

is in progress, the system is in a state of non-equilibrium. The expression (2.6) is then 

modified to get the deposition potential (Ed) [7]: 

   ηMln
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TR
EE nod 











                         (2.7) 

where η is the overpotential required to maintain deposition at the desired rate suitable to 

nature and properties of the cathode film. Using the equation (2.7) Ed as well as the 

working potential range to be selected may be estimated for the experimental conditions 

at the given values of (Mn+) and η. The other considerations being related to metal-

solution interface, kinetics and mechanism of electrodeposition, nucleation, film growth 

and more importantly various factors pertaining to the solution medium [10]. The ion to 

be deposited from the solution normally exists as a solvate formed by the solvent 

(commonly water) molecules via ion-dipole interaction. However, the ion may also exist 
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as complexed species formed by a stronger ligand than the solvent. Besides, there may 

be ion-ion interactions as well [11]. In an ionic solution one may expect to find a few 

ions of opposite charge in close proximity forming ion pairs [12]. All the prevailing 

interactions and properties of the medium tend to modify ionic mobility under the 

influence of applied field. Consequently for getting the optimum conditions, properties 

of medium alongwith its composition and modification of the interactions have to be 

independently varied; the later can also be achieved through the application of magnetic 

field [13]. 

Electrodeposition of a metal atom may simply be envisaged as transfer of the ion 

from its solvated (or complexed) atmosphere to the one where it is embedded in an 

electron sea as depicted below [14]: 

 Mn+(solution)   →  Mn+(lattice)                                           (2.8) 

The depiction (2.8) is made energetically favorable through adsorption of metal atom 

(adatom) at the so-called kink site and subsequently accompanied with transfer of n 

electrons from the external source (power supply) to the electron sea. Because of surface 

inhomogeneity, the transition from the initial Mn+(solution) to the final state Mn+(kink) 

may be considered to proceed via either ‘step-edge site ion-transfer’ or ‘terrace site ion-

transfer’ mechanism [14]. 

As the reduction potential of the ion also depends on its concentration, if two or 

more ions have to be deposited simultaneously to produce the alloy, their reduction 

potentials should be made comparable by adjusting the free ion concentrations. Suitable 

complexing agents are employed to adjust the concentrations of the different types of 

ions; general explanation is that the complexing agents preferentially form complex 

thereby decreasing the free ion concentration as a result shift in the reduction potential of 

that ion takes place [15,16].  

A large number of alloys can be produced by electrodeposition; Figure 2.1, 

reproduced from reference [17], provides an overview of the binary and ternary alloys 

which can be plated from aqueous solutions. Brenner’s classification [17] is essentially 

based on thermodynamic considerations and different experimental observations. As 

pointed out by Brenner compositions of the electrodeposited alloys may differ from the 

ratio of the ionic species in the solution. However, there are many factors which can 
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affect the process of electrodeposition both in terms of its rate as well as quality of the 

deposit including composition. 

 

Figure 2.1: Electrodepositable binary and ternary alloys; shaded areas denote common 

alloys. Chemical symbol indicates third component capable to form ternary alloy. 

2.2 Factors Affecting Electrodeposition 

 Electrodeposition is not a simple process, rather a combination of many sub-

processes which may take place alternatively and/or simultaneously. Hence the overall 

process may be considered to depend on various factors including nature/charge of the 

ion itself, bath related variables such as temperature, pH, additives, composition etc. and 

other experimental conditions such as nature of stirring, cathodic current density (CCD) 

[18-20], and the applied magnetic field [21-23]. Some of the important factors are 

described below. 

2.2.1 Temperature and pH 

Temperature may enter into electrodeposition process for many reasons. High 

temperature facilitates lowering the medium viscosity and enhancement of the ionic 



18 
 

mobility [24]. Dependence of viscosity (η) on temperature can be conveniently expressed 

by the Arrhenius type equation: 

   = ∞.exp aE

RT
 
 
 

                      (2.9) 

where T is the absolute temperature, η∞ is the pre-exponential factor corresponding to 

viscosity at infinite temperature, R is the universal gas constant while Ea is the molar 

effective flow activation energy (kJ.mol-1), an important parameter generally reported in 

the literature [25]. It has been reported that increasing temperature tends to increase the 

grain size hence making the deposit coarse [26]. From the mechanistic consideration, at 

higher temperatures thickness of the diffusion layer is decreased causing an increase in 

metal ion supply towards the cathode and decrease in the cathodic overpotential. While 

an increased energy for the nucleation process results in a decreased rate of nuclei 

formation and a preferred growth of existing nuclei [27,28]. Ion-ligand complexation is 

quite sensitive to the medium pH [29]. Similarly higher pH values generally facilitate 

dissociation of the metal ion complexes thus resulting in larger grain size [30]. 

2.2.2 Cathodic Current Density 

Cathodic current density (CCD) is an important factor that affects the rate of 

deposition as well as quality of the deposit. For a small area-element at the electrode it 

may be considered as derivative of current with respect to area and expressed in the units 

of mA.cm-2. The CCD should be set in the suitable range in accordance with the bath 

composition and temperature. Whereas lower CCD results in poor coverage of 

recesses/vias and low deposition rate, higher CCD enhances the deposition rate but at the 

same deteriorates the deposit quality. It has been further observed that higher CCD is 

responsible for decreased crystallite size of the deposit. This may be due to high 

overpotential associated with higher peak current density. In the electrodeposition of 

alloys, higher CCD enhances the deposition rate of the lesser noble metal which results 

in unexpected composition of the alloy and thicker coatings [31-34]. A variety of 

additives are used to increase the electric conductivity of the bath solution. Similarly 

enhanced CCD may also be achieved through stirring the medium; one of the ways of 

just agitating the ionic species (micro-stirring) is application of magnetic field [35]. It 

has been found that high negative overpotential, high adsorbed ion population and low 



19 
 

surface mobility are pre-requisites for large nucleation rates and reduced grain growth for 

nano-crystalline metal/alloy production [36]. 

Current in the electrodeposition setup may be applied either as continuous direct 

current (CDC) or as pulse direct current (PDC). The former is conventional and simpler 

method requiring constant current supplied from a power supply to maintain uniformity 

in the deposition rate; metal deposits from macro- to nano-scale grain sizes [37] and 

homogeneous copper films with bright metallic luster have been deposited employing the 

CDC method [38]. However, in most of the cases the system cannot cope with ion-

depletion that takes place during CDC method. On the other hand the PDC provided a 

recovery time during the pulse intervals which can always be adjusted as per the need. A 

schematic of the pulse sequence is shown in Figure 2.2 below [39]; all the quantities in 

the scheme can be adjusted to obtain optimum results. PDC plating has been used to 

produce smoother deposits of small grain sizes [40].   

 

Figure 2.2: Pulse current scheme for the electrodeposition; T = pulse duration, T′ 
= zero current time, ip  = pulse current and im = average current. 

2.2.3 Applied Magnetic Field 

One important consideration, particularly in the deposition of the so-called 

magnetic metals like Cr, Ni, Co, Fe etc. can be to carry out the electrodeposition process 

in the presence of magnetic field which is known to improve microstructure of the 

deposits [41]. As already mentioned in the previous Chapter, interaction of electric and 

magnetic fields result in magnetohydrodynamic force (MHDF) which is essentially the 

Lorentz force (FL) modified by some minor forces (MHDF ≈ FL=i×B). The largest MHD 

effect should be seen when magnetic field (B) is applied perpendicular to the current (i) 

direction; the higher i tends to reduce the diffusion layer thickness resulting in reduced 

grain size of the deposit with improved surface morphology. The current enhancement is 
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limited to ilim (limiting current) as a result there is also a practically viable upper limit to 

the MHDF as well as the magnetic field [42,43]. 

2.2.4 Organic Additives 

Besides some chemicals which have their significance to act as buffering agents 

and adjust the bath pH a variety of additives (generally organic compounds), having their 

specific importance, are also employed in the electrodeposition of alloys. Their roles 

may be such as selective complexation to adjust the ionic concentration [44] or 

elimination of the unwanted ions [45], facilitating co-deposition to make alloy [46,47 ], 

controlling grain size of the deposit [48], imparting uniformity as well as better 

morphological features to the deposit [49], acting as brightener [50-52 ] etc., a few to 

mention. In this regard some of the common additives include ethylenediaminetetracetic 

acid (EDTA), benzotriazole (BTA), citric acid, formic acid, methyl-(iso-butyl-) ketone 

(MIBK) and acetone [53-56]. Saccharin, citric, malonic and tartaric acids have their roles 

in the production of nano-crystalline deposits [57]. Surfactants being another class of 

additives with specific role in the electrodeposition kinetics by enhancing the rate 

thereby also structure of the deposit. The action of surfactants is generally understood in 

terms of their adsorption at the cathode surface leading to micelle formation, a condition 

that may be exploited in many different ways [58,59]. Besides complexation that helps 

formation of the desired alloy, the metal ions also get involved in ion-bridging with other 

reagent (the so-called ‘electron transfer catalyst’) which not only increases the efficiency 

of the process but can also enhance content of the bridged ion in the alloy by facilitating 

the ion-reduction [60,61]. Another phenomenon that is made to take place is the ion-

pairing between negatively charged metal species (such as [M(A)n]-m) and quaternary 

ammonium ions: ([N(R)4]+; with R=H, CH3, C2H5,..); the latter is generally termed as 

cathode directing agent due to which the metal (co-)deposition becomes possible rather 

also accelerated [62,63]. 

The bath contains a number of different compounds and thus forms a complex 

system in which many interrelated processes take place simultaneously; hence no straight 

forward mechanism for the electrodeposition for the working baths can be formulated. 

However, based on pertinent theories various explanations have been proposed to 

understand and account for the experimental observations. Yet there are still many 

experimental results that are difficult to be explained using conventional models; among 
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them are Induced Co-deposition (plating of an alloy whose one component is normally 

not palatable alone e.g. W) [64,65], anomalous preferential deposition of one component 

in the alloy (higher content of Fe in the Fe−Ni alloy) [66,67] and difficulty in depositing 

Cr from Cr(III) as compared to Cr(VI) state [68]. One of the possible processes proposed 

to account for the above mentioned exceptions is the formation of insoluble films on the 

electrodes [69,70]. The difficulty in depositing the metal arises because its complex with 

a given ligand requires more energy to set the ion free than the solvate [71]. Anomalous 

co-deposition of metals has been postulated to be related to the formation and reduction 

of the insoluble film of the more difficult to plate metal which at the same time inhibits 

deposition of the other metal of the alloy [72]. Reduction of multivalent ionic species 

may proceed stepwise as it happens in the case of Cu(II) [73]. 

2.3 Characterization of Deposits 

 Features of the deposits may be determined using various techniques. The 

most significant in terms of application are their appearances and morphologies. 

Surfaces of the deposited films are extensively studied using Scanning Electron 

Microscopy (SEM) [74]. The SEM study provides information on the grain size of the 

deposit as well as its film thickness [75]. Composition of the alloy is commonly 

investigated using Atomic Absorption Spectroscopy (AAS) which is a reliable technique 

for the average compositional measurement due to the fact that the film has to be 

dissolved in suitable solvent. However, compositional heterogeneity linked to 

morphological effects can be investigated by employing Energy Dispersive X-ray (EDX) 

[76-78]; sometimes EDX may also support the results of AAS. 
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Chapter  3 

EXPERIMENTAL 

Electrodeposition of alloys directly from various ore samples involved 

optimization of the parameters, application of controlled conditions and subsequent 

characterization of the deposits. The requirements for electrodeposition from the metal salt 

solutions have been well documented [1-4] which may be employed as starting points for 

electrodeposition from the ores. The lengthy process of parameter optimization also 

makes major share of experimental work of the study. The Chapter has been organized in 

different sections and sub-sections giving details of the chemicals used, experimental 

setup, description about the ores employed and the characterization techniques. 

3.1 Chemicals Used 

 Among the working conditions for electrodeposition from the ore solutions, 

composition of the bath is one very important consideration. Different chemicals were used 

in various steps of the experimental work with regard to attaining optimized conditions for 

electodeposition. Doubly distilled water was used as solvent throughout while the other 

chemicals employed were of analytical grade hence used as such. Table 3.1 below shows 

description of some significant chemicals along with their purity as provided by the 

manufacturers. 

Table 3.1: Description of the chemicals employed 

S.No. Chemical %Purity Manufacturer 

1 Boric acid (H3BO3) 99.9 Merck 

2 Citric acid (C5H8O7) 99.5 BDH 

3 EDTA 99.4 BDH 

4 Sodium peroxide ≥95.0 Merck 

5 Ammonium fluoride ≥98.0 Aldrich 

6 Formic acid ≥96 Aldrich 

7 Ammonium chloride ≥99.5 Aldrich 

8 Sodium sulfate ≥99.0 Aldrich 

9 Phosphoric acid 99.0 Merck 

10 Formic acid 99.0 Merck 

11 Acetic acid 96.0 Merck 
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3.2 Experimental Setup 

 The objective of the work has been co-deposition of the given metals as alloys of 

desired composition with the consideration that the deposits of improved morphology are 

obtained. Preparation of the electrodeposition bath has been the first step which included 

optimization of the medium related parameters like concentrations of Na2SO4 (the 

supporting electrolyte) and organic additives, pH (adjusted with suitable buffers), 

temperature etc. Moreover, other working parameters such as stirring rate, magnetic field 

strength and deposition time have bearing on the quality of the deposit. 

 The general procedure has been that for each set of conditions and variables the 

experiments were repeated at least five times. In this way a huge amount of data has been 

collected. For a given set, except in only rare cases, the quantities of interest (percent 

composition of the deposited alloy and the rate of deposition) were found to mutually 

agree within 1%; the results with higher deviation were hence ignored. Also almost no 

difference in the appearance of the deposits was observed for a given set of conditions. 

However, in most of the experiments the measured quantity was cathodic current density 

(CCD) which was pre-set at a certain suitable value as it determines the occurrence of the 

deposition but it also gets modified due to experimental parameters. Consequently the 

CCD values were plotted against the given variable to determine its optimum value. 

Unless otherwise reported, the data in Tables 4.1 to 4.38 contain upto 1% deviations.  

3.2.1 Cell Design 

Pyrex beakers of suitable sizes served as cells having provision to house 

thermometer, stirrer and electrodes whose mutual separation was adjustable (cathode 

being the substrate for the alloy deposition).  
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Figure 3.1: Schematic diagram of the cell and other components. 

As the target metals to be deposited were magnetic in nature, it was worth 

investigating the effect of applied magnetic field on the electrodeposition. For the 

experiments in magnetic field the cells could be directly placed between gaps of the 

magnet employed requiring very effective and constant stirring which was achieved 

through a plastic stirrer working by a D.C motor. Plates having 1.5 x 5.0cm2	areas	of	mild 

steel and copper sheets were used as cathodes (substrates for electrodeposition of alloys) 

while the same sized plates of stainless steel and lead served as anodes, respectively. 

Surfaces of electrodes were buffed with sand paper, cleaned with commercial detergent and 

finally washed with acetone. Figure 3.1 depicts a schematic arrangement of the cell and 

other components.	 

3.2.2 Other Components 

A model D-612T (USA) was used for DC power supply of the electrodeposition 

setup having maximum output voltage of 16V and current of 10A. A locally fabricated 

electromagnet with input current range from 0 to10 A and adjustable air gap from 23 to 

60mm was used to apply magnetic field strength upto 0.2T; the electromagnet was 

operated by its dedicated home-built power supply. Cell temperatures for the 

experiments outside the magnetic field were controlled within ±0.02°C employing a 

thermostatic bath HAAKE F3 (Germany). However, for the in-field experiments 

temperature was manually adjusted within ± 0.1°C on a hot plate. A model inoLab pH 

720 (Germany) was used to adjust and measure the bath pH with an accuracy of ±0.1. 
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In order to obtain optimum working conditions to be set for deposition of 

different alloys from the ore samples, various ranges of parameters were employed; 

CCD: between 10 and 35mA.cm-2 adjustable within ±0.1mA.cm-2, bath temperature: 

between ambient and 70ºC, pH: 1-7 controlled and deposition time: from 10 to 30 

minutes. Deposits prepared from the ore samples were subjected to various 

characterization experiments. The experimental conditions, in particular the bath 

compositions, were selected such that they remained almost unchanged during the run; as 

a result the deposition rate remained ‘constant’ for any experiment. The deposition rate 

was determined from the weight difference of the cathode after and before the deposition 

made to take place for a selected definite time period. It is worth mentioning that in all 

cases weighing of the electrode was done after subjecting it to temperature above 110°C 

at low pressure in order to eliminate any trapped moisture in case of porous deposit. But 

still the maximum inaccuracy in the determined rate could be upto 5%. The deposition 

rate (R) for a fixed exposed area of 1.0 cm2 may conveniently be calculated from: 

   R = [{(weight of electrode + deposit) – weight of the electrode}/deposition time]  

3.3 Characterization 

       At the optimized experimental parameters, batches of up to eight deposits from a 

given ore were prepared for the purpose of mutual comparison and performing various 

characterization tests. In the first instance visual inspection (under the microscope) was 

done for the surface appearance of all the samples. Hardness of deposits was examined 

using a Vicker’s hardness tester model KL 4 from Buehler (USA). Among chemical 

characterization besides the so-called ‘acid dip test’, accelerated corrosion was also 

performed on a sample from each batch using a salt spray apparatus model 400-basic 

from Erichsen (Germany). Acid dip test was performed on ferrochromium and 

ferrotungsten alloys by dipping the sample in 7M HNO3 solution for 5 minutes and 

checking any dissolution of the deposit. 

Furthermore, Scanning Electron Microscopy (SEM) employing a model JSM-

5910 JEOL (Japan) microscope equipped with a beryllium lamp and Atomic Absorption 

Spectroscopy (AAS) using a spectrometer model No. PU9100X/24 from Philips 

Scientific (UK) has been used to examine the surface morphology and composition of 

the alloy, respectively. The AAS results were selectively complemented by the data 
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obtained using Energy Dispersive X-ray (EDX) analyzer model Inca 2000 from Oxford 

Instruments (UK). The elements determined by this technique were Fe, Cr, W and Cu. 

Calibration of the atomic absorption spectrometer and standardization of the results for 

the metals was carried out employing standard solutions of Fe, Cr, W and Cu as per 

recommendations of the manufacturer. The relevant calibration curves indicated an 

accuracy of ±2% for analysis of the solution concentration. 

SEM and EDX measurements were performed directly on the appropriate sized 

representative portions of ‘samples’ taken from the corresponding electrodes. For AAS 

analyses about 4 mm2 portions were cut from the given electrodes and the scratched out 

deposits therefrom were made to dissolve in 4.0 mL aqua regia and finally diluted to 

10.0 mL with conductivity water. The solutions were stored in plastic bottles and 

subsequently employed for the AAS measurements. The sought for metals in all the 

cases were Fe alongwith Cr, W or Cu depending upon the deposited alloy for which the 

pertinent procedures were adopted [5,6].  

3.4 Description of Ores 

Chromite ore having 16.1% Cr2O3, 11.4 % Fe2O3, 18.2% MgO, 10.4% Al2O3 and 

about 33.3% SiO2 (all by weight and also in the other two ores) was obtained from Hero 

Shah, Malakand, Pakistan. Relatively high Cr and Fe (mole ratio of Fe : Cr = 1 : 1.45) 

contents in the ore make it a prospective candidate to be used for the electrodeposition of 

ferrochromium alloy. Scheelite ore containing almost 80% WO3 alongwith 9% of FeO 

and some calcium oxides, was collected from Gilgit region of Pakistan. Extraordinary 

high content of tungsten (mole ratio of Fe : W = 1 : 2.75)  in the ore makes it fit for 

deposition of Fe−W alloy. Chalcopyrite ore basically having FeS and CuS, contained 

about 30% Fe and 34% Cu, was obtained from North Waziristan region of Pakistan. 

Relatively high contents of Fe and Cu (mole ratio of Fe : Cu = 1 : 0.91) in the ore make it 

quite suitable for ‘electrowinning’ of the Fe−Cu alloy. The ores analyses have been 

provided by the Chemical Engineering Department, University of Engineering & 

Technology, Peshawar, Pakistan. The chemical analyses were performed as per 

recommended and relevant procedure [7]. 
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3.4.1 Treatment of Chromite 

Generally being natural sources of the desired metals, the ores were utilized for 

electrodeposition after sintering and addition of some chemicals. For sintering of 

chromite ore 2g finely powdered chromite was fused with 4g Na2O2 at 500C for 20 

minutes in a programmable electric furnace (Model VULCAN 3-350, USA). The fused 

samples were dissolved in distilled water and filtered off using Whatman No. 4 filter paper; 

the filtrates were used as the sources of primary metal ions in electrolysis cell. The 

ferrochrome alloy was deposited from the optimized (acetate or tartarate) bath given in 

Table 4.1 and Table 4.13. 

3.4.2 Treatment of Scheelite 

 Powdered Scheeltie ore (2g) was fused with Na2O2 (4g) in the furnace with 

programmable controller, at 500°C for 20 minutes. This fused sample was leached with H2O 

and filtered. The filtrate was used as source of primary metal ions for electrodeposition of 

ferrotungsten alloy. The chemical composition of optimized citrate bath is shown in Table 

4.16. Citrate bath is recommended due to its inherent low toxicity. It deposits higher 

tungsten contents in the coating and thus better mechanical properties of the plated alloy. 

Citric and boric acids act as primary and secondary buffers to maintain the pH of the 

electrolyte especially at the surface of the electrode within the recommended range [8]. 

3.4.3 Treatment of Chalcopyrite 

 In case of chalcopyrite 2g of the powdered ore was leached with concentrated 

sulfuric acid (10 ml) for 10 hours. The solution was filtered and the filterate was diluted to 

20 mL with distilled water [9]. Composition of optimized bath for Fe−Cu alloy is given in 

Table 4.28. 
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Chapter  4 

RESULTS AND DISCUSSION 

With the objective that indigenously available iron containing ores (chromite, 

scheelite and chalcopyrite) are to be used for direct electrodeposition of alloys of the Fe 

with Cr, W and Cu, optimized working conditions have been worked out as mentioned 

below. Since the metals to be alloyed with Fe have quite different properties, the 

optimization required that each alloy should be treated separately. In this regard effect of 

various factors was systematically investigated by mutually comparing the outcomes and 

useful conclusions have been made accordingly.  

In case of all the alloys of interest, compositions of baths was found to be 

significant especially with regard to quality of the deposits; therefore concentrations of 

different components of the baths may influence the deposition results both in terms of 

quantity (rate) and quality. With this presumption volumes of stock solutions of different 

components to be added in approximately 50mL of the total bath solution were changed. 

This may be considered as a sort of iteration (interplay) method in which by keeping 

concentrations of all other components constant, that of only one was varied at a time. In 

this regard two different scenarios have been observed: with increasing the concentration 

of the component under consideration either the plots of cathodic current density 

(CCD)/deposited amount per unit area per unit time (the rate) pass through a maximum 

or become steady after initial increase. Appearance of maximum demonstrates that there 

should exist an optimum concentration for which at least quantitatively best result is 

obtained under the given experimental conditions. On the other hand if plot exhibits a 

plateau there is a range over which the rate remains constant but in this case optimization 

will correspond to the deposit having best quality features. However, at the very outset of 

experiments the selected initial conditions for further improvement were those reported 

in the literature for the so-called metal salt method (MSM) [1-3].  

Role of some bath components is to adjust the pH while simultaneous deposition 

of two metals under the same conditions is made possible by employing complexing 

agent(s) whose concentration(s) has(have) to be maintained at fairly high so that all the 

ions of the given type become involved in complexation although the free ions also 

remain a part of the equilibrium [4]. This is a fairly complicated situation where the 
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optimization is quite trivial, and requires more of the hit and trial. The role of 

complexing agent is to produce such complex with one of the metal ions so that the 

resulting specie has comparable deposition potential with the species of the other metal. 

For example in the case of chromite it was observed that the colour of the bath turned 

violet due to formation of stable chromium complex [5]. Extent of the electrodeposition 

(of metals or alloys) is generally monitored from different experimental parameters like 

CCD and rate. However, the other main aspect of coating is its quality in terms of 

chemical and mechanical properties. In the following section cases of the three alloys 

have been considered one by one. 

4.1 Ferrochromium Alloy 

For deposition of Fe−Cr alloy from the ore, the already reported MSM which 

utilizes both acetate and tartrate baths were employed which made basis for the direct 

electrodeposition from the ore as well; the baths essentially contain acetic acid/Na-

acetate and tartaric acid/Na,K-tartarate, respectively [6]. Since there are other factors 

including presence of different reagents which may also influence deposition potential of 

the complexed ions, detailed investigations have been made to further optimize 

conditions for the two types of baths. In this regard a number of bath compositions and 

physical parameters were tried for the Fe−Cr electrodeposition from the chromite ore 

solution. Optimization for each component was achieved by systematically varying its 

concentration while keeping those of all other components fixed.  

4.1.1 The Acetate Bath 

In this bath Na-acetate and acetic acid served as buffering as well as complexing 

agents [7]; in addition H3BO3 also acts as buffering agent. However, presence of some 

other reagents is for their role as either hardening agent or levelling agent; formic acid 

acts as a hardener [9,10] whereas EDTA has its roles both as a strong as well as selective 

complexing agent. Simultaneous presence of two or more complexing agents may have 

various significance [11-14]; they may selectively complex with different metal ions to 

make the desired complexes which have comparable reduction potential so that the two 

metals get deposited together to form the desired alloy deposit. But at the same time the 

complexing agents also regulate concentration of the free ions thereby manipulate the 

potential in Nernst’s equation [15]. A generally accepted explanation for the action of 

complexing agent(s) has been that by forming the complex(es) they decrease 
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concentration of the ions being reduced, thereby causing shift in the reduction potential 

of the ion(s) under consideration [15]. For the acetate bath addition of H3BO3 facilitated 

the buffer action; other additives employed in the present work were formic acid and 

EDTA for their above mentioned respective roles. In contrast to MSM, the solutions 

made from the ores may also contain species formed by ions of other metals; EDTA can 

play its role to selectively complex other ions (and sometimes precipitate them out) so as 

to minimize the interference of such ions towards electrodeposition of the alloy. In many 

cases the complexing agent causes a shift of the cathodic potential to lower values so that 

reduction of metal ion is facilitated. Moreover, the finding of this work has shown that 

the electrodeposition rate is fairly dependent on the bath composition. Maximum rate is 

achieved at the optimum concentration of each additive whose curve passes through a 

maximum, as well as for the values of other physical parameters. The optimized acetate 

bath composition for the Fe−Cr alloy deposition obtained by the so-called iteration 

method is given in Table 4.1 which included only the essential components. The 

concentration (M) of a given component has been estimated from its stock solution’s 

strength added volume to about total 50mL of the bath. The effects of various ingredients 

of the bath on the deposited alloy have been summarized below. 

  Effect of EDTA in the bath is presented in Table 4.2 while the same has been 

depicted in Figure 4.1. Upon changing the EDTA concentration, characteristics of the 

Fe−Cr alloy also varied besides the deposition rate. The EDTA concentration in the bath 

corresponding to maximum rate ranged between 8mM and 10mM which also being the 

optimum range as the deposits obtained were smooth, adherent and acid resistant. 

Changing the amount of Na-acetate in the bath caused significant variation in the 

deposition rate and CCD which both, in this particular case, show the same trend as 

evident from Figure 4.2 while the corresponding Table 4.3 also describes the deposit 

appearance. With the increase of the amount of Na-acetate in the bath, the cathodic 

current density and rate of deposition first increased and then became almost constant. 

There is quite a wide range of Na-acetate concentration in which maximum and steady 

values of the CCD and rate are obtained. The optimum concentration of Na-acetate in the 

bath is 12mM at which smooth, shiny, adherent and acid resistant deposit is obtained. 

Although beyond this concentration the deposition rate remains invariant, the quality of 

the deposits deteriorate. Table 4.4 presents changes in characteristics of the alloy with 

acetic acid in the bath which in the presence of Na-acetate is also responsible for buffer 
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action. The optimum concentration of acetic acid in the bath matched with that of the Na-

acetate i.e. 12mM. Conventionally formic acid is added to the electrolytic baths to give 

hardness to the deposits [16]. Effect of formic acid addition on the characteristics of the 

deposited Fe−Cr film is given in Table 4.5; with 12mM formic acid the deposits obtained 

were smooth, adherent and maximum acid resistant. Boric acid is not only used for its 

buffering action but also as a complexing agent [17,18]. Boric acid has effect on both the 

rate of alloy deposition as well as on the quality of deposit; these are reflected in Table 

4.6 and Figure 4.3. Its optimum concentration came out 32mM at which smooth, shiny, 

very adherent and acid resistant deposit was obtained. Addition of ammonium fluoride to 

the electrochemical baths is recommended for imparting brightness and uniformity to the 

deposits [19]. Its effect on the Fe−Cr deposits is summarized in Table 4.7 and Figure 4.4 

with 8mM being its optimum concentration. Small amount of brownish precipitate, 

typical of Fe(OH)3, was found in the bath near the anode region at the end of 

electrodeposition associated with pH change [20]. 

In addition to ‘essential components’ enlisted in Table 4.1, some other organic 

additives (surfactants), known for their special roles [21,22], were also tried in the bath. 

They certainly improved surface morphology in terms of particle size of the deposits 

however, for being costly their use may not be attractive for the large scale industrial 

applications. Regarding the above, effects of cetyltrimethylammonium bromide (CTAB) 

and sodium dodecyl sulfate (SDS) on the deposition of Fe−Cr alloy from the bath have 

been investigated. It is worth mentioning that the effective role of any surfactant appears 

only after surpassing the so-called ‘critical micelle concentration’ (cmc) whereby the 

micelles assembly on the charged electrode surface tends to produce particles of smaller 

size [23,24]. As illustrated from Figure 4.5, CTAB exhibits more effective (than SDS) in 

reducing the grain size of deposited alloy and giving compact structure. Simillar study 

with electrodeposition of Zn has been carried out by [25]. 

With its optimized composition mentioned in Table 4.1 the bath assumed a 

certain pH governed by the presence of various acids and their conjugate bases involved 

in complicated mutual equilibrium towards buffering actions. However, pH being an 

important bath property was also optimized by addition of dilute solution of H2SO4 or 

NH4OH (as the case may be). The effect is presented in Table 4.8 and also depicted in 

Figure 4. 6. The Fe−Cr alloy compositions mentioned in Table 4.8 and subsequently in 
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Tables 4.9 and 4.11 are based on AAS analyses at the optimized conditions except the 

respective parameter under study; Figure 4.7 shows an EDX spectrum of the Fe−Cr alloy 

from the acetate bath under all-optimized condition furnishing information on its 

composition which very well substantiate the AAS result. Furthermore it has been 

observed that application of magnetic field in all cases improved the surface morphology 

consequently the chemical/mechanical properties.  

 Whereas above pH 3.0 blackish alloys were deposited and the bath became turbid 

due to the formation of Fe(OH)3, in the baths of lower pH (particularly in the range 

between 1 and 2) more shiny, adherent and acid-resistant deposits were obtained which 

could withstand dissolution even in 7M HNO3. Also composition of the deposited alloy 

varied with the bath pH as evident from Table 4.8 and plotted in Figure 4.6 which 

exhibits decrease of Cr content with increasing pH. The pH for deposition of Fe−Cr alloy 

of best features under optimum bath composition is around 1.5 which corresponds to 

56±2% Cr and 44±2% Fe by weight; the alloy of such composition is fairly acceptable as 

a protective coating from the industrial point of view. 

Among the external variables, CCD is the most significant because its value is 

closely related to the deposition rate; this variable also affects the deposit quality and its 

composition (Table 4.9 and Figure 4.8). CCD is mainly controlled experimentally but to 

some extent it is modified by the bath composition; under all other optimized conditions 

the best featured Fe−Cr deposits were obtained at CCD value of 31±2mA·cm-2. As 

evident from Table 4.9 and Figure 4.8 at lower CCD the deposit yield was low as 

expected, but at higher CCD although amount of deposit increased but that happened at 

the expense of the deposit quality in many ways; on increasing CCD the weight % of Cr 

in the alloy also increased, a behaviour also reported in the literature [26]. The bath 

temperature has great influence on the deposition rate as evident from Table 4.10. From 

almost linear dependence of the deposition rate on temperature over a fairly wide range 

above the ambient condition (Figure 4.9), the process may be considered as kinetically 

controlled; besides others the temperature also influences the medium viscosity which 

significantly controls mass transfer in the vicinity of the electrodes [27,28]. The 

maximum deposition rate was observed at 60°C, also regarded as the optimum 

temperature for Fe−Cr deposition from the acetate bath. The maximum CCD value has 

been observed at 65°C; the increase of CCD with temperature can be attributed to 
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enhanced mobility of the ions [29]. The above discussion is about the experiments 

carried out using continuous direct current (CDC). However, the experiments can be 

carried out by applying current in the form of pulses in the so-called pulse direct current 

(PDC) technique [30] to gain certain advantages. In all the cases PDC served to enhance 

the surface uniformity of the Fe−Cr alloy. Effect of PDC on the alloy deposition is 

presented in Table 4.11 and Figures 4.10 and 4.11. For the PDC technique the ratio ton/toff 

= X has been found to influence the deposition rate as well as the Fe−Cr alloy 

composition; Figure 4.11 shows that the maximum deposition rate is observed when X= 

1 for the applied pulse duration (ton) of 5ms. According to Figure 4.11 Cr content in the 

alloy increases with X and for its unit value, the Cr content by weight is about 56±2% 

which incidentally corresponds to feature of a good quality Fe−Cr alloy. For all the 

above reported results a weak magnetic field of 0.2T was applied which proved to reduce 

the grain size of the deposit resulting in compacter structure that was harder and more 

resistant to corrosion. SEM images of Fe−Cr alloy from acetate bath are presented in 

Figure 4.12 which may be mutually compared to see the effect of magnetic field. 

Magnetohydrodynamic forces (MHDF) are produced due to interaction of magnetic field 

with the electric field [31]. MHDF may have its effect on the CCD and diffusion layer in 

such a way that due to fine grain size ultimately smoother and more adherent deposit is 

formed.  

4.1.2 The Tartarate Bath 

 Since tartarate baths are also commonly used, the entire scheme employed for the 

acetate bath was repeated. Now the bath comprised of Na,K-tartarate and tartaric acid 

instead of Na-acetate and acetic acid. Figure 4.13 depicts the effect of Na,K-tartarate on 

the CCD and the deposition rate of Fe−Cr alloy. For the tartarate bath all the worked out 

optimized experimental conditions were almost the same as those of the acetate bath 

including the Na,K-tartarate concentration of 12mM at which the observed deposition 

rate was maximum. The optimized composition for tartarate bath is given in Table 4.13 

while the optimum working parameters obtained for both acetate and tartarate baths are 

summarized in Table 4.14; at the optimum experimental conditions smooth, adherent and 

shiny deposits were obtained as described in Table 4.12.  

Deposits obtained at the respective optimized experimental conditions of both the 

baths exhibited almost same chemical composition having approximately 56±2% Cr and 
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44±2% Fe by weight. However, the variations were mainly in the morphology due to 

grain size difference which in turn is responsible for their different chemical/mechanical 

properties in terms of compactness, hardness, resistivity to corrosion and attack by acid 

as presented in Table 4.15. Outcome of the study for deposition of Fe−Cr alloy directly 

from chromite ore is summarized in Tables 4.1, 4.13 and 4.14. The study has further 

revealed that application of magnetic field in all cases improved the surface morphology, 

consequently the chemical/mechanical properties. The SEM images at the optimum 

conditions (Figure 4.14) show that the deposit obtained from the tartarate bath exhibit 

better surface features as compared to those of the acetate bath. 

4.2 Ferrotungsten Alloy 

 Electrodeposition of W-metal alone is not possible from the aqueous solutions 

and presence of another inductor metal is necessary in the bath [32]; this implies that W 

has to be deposited (alongwith some other metal) in the form of an alloy. Commonly 

W−alloys are deposited from the so-called ‘citrate baths’ which contain citric acid and in 

some cases may also contain calculated amount of ammonium citrate for the buffering 

action [33]; besides citric acid other organic acids and even inorganic acid(s) in suitable 

amounts may also be added to the bath which tend to enhance features of the deposit and 

deposition rate alongwith acting as buffering reagents to adjust pH. All the added acids 

have at least one common role and that is to enhance W-content in the alloy. Using 

citrate bath also in the present study (containing other acids as well), ferrotungsten 

(Fe−W) alloys have been deposited from the scheelite ore in which FeO makes only 

about 10% but Fe-content could be enhanced significantly in the deposited alloy. The 

scheme of work has been essentially similar to that mentioned above for the Fe−Cr alloy. 

  Citric acid concentration demonstrated significant effect on the deposition rate, 

composition of the deposited alloy and its characteristics (summarized in Table 4.17 and 

presented in Figures 4.15 and 4.16). Figure 4.15 shows that the maximum deposition rate 

occurs at about 6mM citric acid which also corresponds to its optimum concentration in 

the bath as evident from features of the deposit. Role of citric acid is further 

demonstrated from the fact that the W-content in the deposited alloy almost linearly 

increases with the acid concentration, (consequently the effect on Fe-content is opposite), 

which provides an opportunity to adjust the desired alloy composition through regulating 

citric acid concentration. Moreover, boric acid has been almost an essential component 
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of all the electrodeposition baths [34]; effect of changing amount of boric acid in the bath 

is presented in Table 4.18. The optimum concentration of boric acid in the bath worked 

out for the Fe−W alloy deposit was 45±2mM at which not only maximum deposition rate 

is obtained but also smooth, adherent and best quality deposit is formed. Boric acid acts 

as buffering reagent and as reported [35,36] helped in  keeping the bath pH almost 

unchanged. Figures 4.17 and 4.18 present effect of boric acid concentration on the 

deposition rate and composition of the Fe−W alloy, respectively. It has been observed 

that also with increase of boric acid concentration in the bath W-content of the alloy 

increased, a trend reported for the electrodeposition of Ni−W alloy as well [37]. Formic 

acid was added to enhance hardness of the deposit [38,39]; Table 4.19 demonstrates that 

at higher formic acid contents in the bath, both hardness as well as acid-resistivity of the 

deposits increased. At the optimum formic acid concentration of 12mM, the alloy 

exhibited best feature as it was smooth, shiny, adherent and acid resistant. Effect of 

formic acid on the deposition rate and W-content of the deposits are shown in Figure 

4.19 and 4.20, respectively; both of which first increased to attain saturation values at 

about 12mM. Phosphoric acid is regarded as the so-called ‘levelling agent’ in the W-

alloys depositions with its major role of imparting brightness to the deposits besides also 

affecting the deposition rate. Table 4.20 and Figure 4.21 summarize functions of 

phosphoric acid towards the deposition of Fe−W alloys; the optimum concentration of 

phosphoric acid in the bath has been worked out to be 3.5mM. Ammonium chloride was 

also added to the bath to mainly act as background or supporting electrolyte but at the 

same time it served as complexing agent [40]. However, in the present study 

concentration of ammonium chloride was observed to affect the features of the deposits 

as well as shown in Table 4.21; the optimum concentration of ammonium chloride was 

found to be 10±1mM. Methyl-(iso-butyl-) ketone (MIBK) was used as an organic 

additive in the deposition of Fe−W alloy, which helped to get very smooth, shiny and 

adherent deposits. Effect of MIBK concentration on characteristics of the Fe−W alloy is 

summarized in Table 4.22 (increasing MIBK concentration increased the W content in 

the alloy) while its role towards the deposition rate is depicted in Figure 4.22. The 

optimum MIBK concentration corresponding to maximum deposition rate and at the 

same time best quality deposit came out around 5mM. Table 4.16 presents a summary of 

the overall optimum bath composition worked out for the Fe−W alloy deposition from 

scheelite ore solution.  
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The bath pH affects rate of deposition as well as characteristics of the deposited 

alloy as depicted in Figures 4.23 and 4.24, respectively. The bath pH (to begin with) is 

dictated by various acids already present but it can be further regulated by addition of 

NH4OH or H2SO4(dil.). Effect of pH on the characteristics of the deposit is summarized 

in Table 4.23. The rate appears to be more sensitive to pH variation in the acidic domain 

and passes through a maximum at the neutral pH of ~7 at which rather good quality 

deposit is obtained as well. Figure 4.24 shows that at pH 7 the composition of the alloy 

corresponds to 30±2% W and 70±2% Fe. 

CCD has remained the most important external parameter in the electrodeposition 

of metals and alloys. Effect of CCD on characteristics of the Fe−W alloy is summarized 

in Table 4.24. On increasing CCD the deposition rate first increased and attained an 

almost upper-limit value of 5.2±0.1mg.cm-2.h-1 (Figure 4.25.) to produce best quality 

deposits at 35mA·cm-2 which has been also reported in the literature for the Fe−W alloys 

deposition [41-43]. Effect of CCD on composition of alloy is shown in Figure 4.26. As 

the CCD was increased the W-content in the alloy increased. Effect of temperature on 

current density, rate of deposition, composition and appearanace of deposits is shown in 

Table 4.25. As temperature was increased the rate of deposition first increased and then 

became constant as shown in Figure 4.27. Increasing temperature results in an increase 

of metal ion concentration in the cathode diffusion layer and increase in the rate of 

deposition [43,44]. Smooth, adherent and acid resistant coating was achieved in the 

temperature range of 65-70°C. Some workers have used 70°C and 75°C [44,45] as 

optimum temperature for the electrodeposition of Fe−W alloys. Effect of pulse direct 

current (PDC) on the characteristics of the deposits is given in Table 4.27. It is evident 

that the best quality deposit was observed at toff/ton=1. The effect of toff on the rate of 

electrodeposition is shown in Figure 4.28. The rate was found to increase when toff was 

increased till it reaches the value of ton beyond which the rate did not increase. So 

toff/ton=1 may be regarded as the cut off as well as the optimum value for PDC. The 

deposit obtained under these conditions is adherent, smooth, of stainless steel (light grey) 

colour, acid resistant and it had the same chemical composition as the one obtained with 

CDC. The optimized bath composition for electrodeposition of Fe−W alloy from 

scheelite ore solution is given in Table 4.16 whereas the optimized working conditions 

for the same bath are shown in Table 4.27. Surface morphology of the deposit at 

optimized conditions from scheelite ore solution is shown in Figure 4.29. The deposit 
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obtained under optimized conditions consists of 30±2% W and 70±2% Fe as determined 

from the AAS analyses; the EDX spectrum at Figure 4.30 substantiates the AAS results. 

Hardness of the Fe−W alloy (with 500g load and 30s dwell time) was 1150 VH whereas 

its corrosion resistance time (with 5% NaCl fog) came out 59 hours.  

4.3 Ferrocopper Alloy 

 Fe is miscible with Cu in all proportions therefore depending upon the 

requirement, Fe−Cu over a wide range of composition may be prepared [3,46]. Fe–Cu 

alloys are not only important for their higher electrical conductivity and strength but also 

widely used in a number of electrical appliances as fuses, connectors, integrated circuits 

(ICs), semiconductor leadframes and making plain strips.  

Fe−Cu alloys are deposited from the so-called ‘sulphate baths’ which essentially 

contain SO4
-2 as anions of the supporting electrolyte mainly coming from Na2SO4 [47]; 

the optimized composition of the bath is summarized in Table 4.28. For compatibility 

consideration as well, the chalcopyrite was digested in H2SO4(conc.) for the Fe–Cu alloy 

deposition. At the Na2SO4 optimum concentration of around 12mM high quality deposit 

(smooth, shiny and adherent) was obtained (Table 4.29) although there was a further 

slight increase in the deposition rate with the Na2SO4 concentration (Figure 4.31). 

Na2SO4 not only served as background electrolyte but also influenced the nucleation 

process during the deposition of Cu [48]. Effect of NH4Cl on the CCD, deposition rate 

and appearance of the deposit is summarized in Table 4.30 showing best quality coating 

at 10mM. Addition of NH4OH/other acids (formic, boric and ascorbic) served to 

control/buffer the bath pH besides imparting their other specific functions. Formic acid 

has been reported to impart hardness, adherence and shine to the Fe−Cu alloys [49,50]; 

its effect on the deposition rate and appearance of the deposits are summarized in Table 

4.31 showing its optimum concentration around 6mM at which not only high deposition 

rate (Figure 4.32) but also best quality deposits have been obtained. Effect of boric acid 

on the deposition rate and Fe−Cu alloy characteristics are given in Table 4.32; its 40mM 

corresponded to the maximum deposition rate (Figure 4.33) and also excellent features of 

the deposits. Effect of EDTA concentration on the deposit quality is shown in Table 4.33 

while the corresponding Figure 4.34 exhibits the maximum deposition rate at 12mM 

EDTA in the bath. Ascorbic acid is used as an antioxidant in the sulphate bath and helps 

in regulating the alloy composition too [51]. Its effect on the alloy composition is 
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depicted in Figure 4.35 while the deposit quality and composition upon varying the 

amount of ascorbic acid in the bath is given in Table 4.34. Its optimum concentration for 

the best quality deposit comes out 6mM which corresponded to 40±2% Fe and 60±2% 

Cu by weight.  

Effect of pH on the deposition rate, quality of deposit and alloy composition is 

summarized in Table 4.35; at ~2 pH the CCD approaches to its saturation value and the 

deposition rate becomes maximum; this is further coupled with best features of the 

deposit with (mostly) desired alloy composition of 40±2% Fe and 60±2% Cu by weight. 

The  pH effect on the deposition rate and alloy composition are depicted in Figures 4.36 

and 4.37, respectively; the bath pH is important in the sense that it helps in regulating the 

alloy composition. The Fe−Cu alloys could only be deposited in the acidic medium due 

to which many other metals do not get co-deposited; with increasing pH Fe-content in 

the deposit also increased. Characteristics of the deposits changed with temperature as 

summarized in Table 4.36; in the working range between 25 and 42°C the CCD (rate of 

alloy deposition) passed through a maximum at 33±2°C (Figure 4.38), also being the 

optimum temperature which happens to be much lower (economical) than those worked 

out for the Fe−Cr and Fe−W alloys. The SEM images of the deposits obtained at 

optimum conditions are shown in Figure 4.39 which once again clearly demonstrates that 

application of magnetic field is responsible for much improved morphological features 

due to the Lorentz force [52]. 

Effect of pulse direct current (PDC) on the characteristics of the deposits is given 

in Table 4.37; again the best quality deposit is observed at toff/ton=1. The deposition rate 

was found to increase with toff until it reached its saturation value at toff = ton beyond 

which the rate did not increase. The deposit obtained under optimum conditions and 

toff/ton=1were adherent, smooth and of SS-colour. Whereas the Fe−Cu alloy deposited 

under optimized conditions by CDC method contained 40±2% Fe and 60±2% Cu, the 

corresponding composition for the PDC method was 46±2% Fe and 54±2% Cu 

indicating influence of the PDC method also on composition besides quality of the 

deposit (a feature that was not observed for the Fe−Cr and Fe−W alloys. All the reported 

compositions in different tables are based on the AAS analyses; Figure 4.40 shows an 

EDX spectrum measured for the Fe−Cu alloy deposited using CDC method at the 

optimized working conditions (enlisted in Tables 4.28 and 4.38); its results are in close 
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agreement with those obtained from AAS. The alloy deposited at the optimized working 

conditions exhibited 750VH on the Vickers hardness scale under a load of 500g and 

dwell time of 30s while corrosion resistance time of the alloy came out 37 hours when 

subjected to 5% NaCl fog. 
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Table 4.1: Optimized composition of acetate bath for the Fe−Cr alloy deposition.  
 

Component Concentration (M) of stock solution Volume (mL) of the stock solution 

Chromite ore solution* - 20.0 

EDTA 0.10 04.0 

Formic acid 0.10 06.0 

Boric acid 0.40 04.0 

Acetic acid 0.10 06.0 

Na-acetate 0.10 06.0 

Ammonium flouride 0.10 04.0 

*description given in the Experimental Chapter. 
 

 
 
 
 
 
 
 
 
 
Table 4.2: Effect of EDTA on deposition rate (R) and deposit quality of Fe−Cr alloy in the acetate bath. 
(Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C; CCD= 31.0mA·cm-2; B= 0.2T; stirring rate= 
100rpm; tdep.= 30min.).  
 

Concentration 
 of EDTA (mM) 

R 
(mg·cm-2·h-1) Appearance and other characteristics 

01 3.9±0.1 Exfoliate, rough, dull colour, non-resistant to acid. 

02 4.2±0.1 Exfoliate, rough, dull colour, non-resistant to acid. 

04 4.5±0.1 Adherent, rough, dull gray, non-resistant to acid. 

06 4.8±0.1 Adherent, smooth, light gray, acid resistant. 

08 4.9±0.1 Adherent, smooth, SS color, bright, acid resistant. 

10 4.7±0.1 Adherent, smooth, SS color, bright, acid resistant. 

12 4.3±0.1 Adherent, rough, dull gray, acid resistant. 

14 4.0±0.1 Adherent, rough, black, acid resistant. 

16 3.7±0.1 Adherent, rough, black, non-resistant to acid. 

18 3.4±0.1 Adherent, rough, black, non-resistant to acid. 

20 3.1±0.1 Adherent, rough, black, non-resistant to acid. 
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Table 4.3: Effect of Na-acetate on cathodic current density (CCD), deposition rate (R) and deposit quality 
of Fe−Cr alloy in the acetate bath. (Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C; B= 0.2T; 
stirring rate= 100rpm; tdep.= 30 min.). 
 
Concentration of 
Na-acetate (mM) 

CCD 
(mA·cm-2) 

R 
 (mg·cm-2·h-1) 

Appearance and other characteristics 

02   11.8±0.1       1.3±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 

04 19.0±0.1 2.3±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 

06 28.2±0.1 3.8±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 

08 31.0±0.1 4.5±0.1 Adherent, rough, dull gray, non-resistant to acid. 

10 31.9±0.1 4.7±0.1 Adherent, smooth, dull gray, acid resistant. 

12 32.0±0.1 4.8±0.1 Adherent, smooth, SS color, acid resistant. 

14 32.3±0.1 4.8±0.1 Adherent, smooth, light gray, acid resistant. 

16 32.3±0.1 4.8±0.1 Adherent, smooth, black, non-resistant to acid. 

 
 
 
 
 
 
 
 
 
 

Table 4.4: Effect of acetic acid on deposit quality of Fe−Cr alloy in the acetate bath. (Bath composition 
given in Table 4.1; pH= 1.5; temp.= 62°C; CCD= 31.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
30min.) 
 

Concentration of  
acetic acid (mM) 

Appearance and other characteristics 

02 Exfoliate, rough, dull gray, non-resistant to acid. 

04 Exfoliate, rough, dull gray, non-resistant to acid. 

06 Adherent, rough, dull gray, non-resistant to acid. 

08 Adherent, rough, dull gray, acid resistant. 

10 Adherent, smooth, dull gray, acid resistant. 

12 Adherent, smooth, SS color, acid resistant. 

14 Adherent, smooth, black, non-resistant to acid. 

16 Adherent, rough, black, non-resistant to acid. 
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Table 4.5: Effect of formic acid on deposit quality of Fe−Cr alloy in the acetate bath. (Bath composition 
given in Table 4.1; pH= 1.5; temp.= 62°C; CCD= 31.0mA·cm-2; B= 0.2T; stirring rate= 100rpm;tdep.= 
30min.) 
 

Concentration of  
formic acid (mM) 

Appearance and other characteristics 

02 Exfoliate, rough, black, non-resistant to acid. 

04 Exfoliate, rough, black, non-resistant to acid. 

06 Adherent, smooth, black, non-resistant to acid. 

08 Adherent, smooth, dull gray, non-resistant to acid. 

10 Adherent, rough, light gray, acid resistant. 

12 Adherent, smooth, SS color, acid resistant. 

14 Adherent, rough, dull gray, acid resistant.  

16 Adherent, rough, dull gray, non-resistant to acid. 

 
 
 
 
 
 
Table 4.6: Effect of boric acid on cathodic current density (CCD), deposition rate (R) and deposit quality 
of Fe−Cr alloy in the acetate bath. (Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C; B= 0.2T; 
stirring rate= 100rpm; tdep.= 30min.) 
 
Concentration of 
 boric acid (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

Appearance and other characteristics 

 08 8.50±0.1 1.7±0.1 Exfoliate, rough, dull gray, non-resistant 

t id 16 18.0±0.1 2.6±0.1 Exfoliate, rough, dull gray, non-resistant 

to acid. 

24 26.6±0.1 4.1±0.1 Adherent, smooth, dull gray, acid 

resistant. 

32 29.9±0.1 4.7±0.1 Adherent, smooth, SS color, bright, 

acid resistant. 

40 25.7±0.1 4.2±0.1 Adherent, smooth, light gray, acid 

resistant. 

48 19.8±0.1 2.8±0.1 Adherent, rough, dull gray, non-resistant 

to acid. 

56 14.9±0.1 1.6±0.1 Adherent, rough, black, non-resistant to 

acid. 

64 6.50±0.1 1.1±0.1 Adherent, rough, black, non-resistant to 

acid. 
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Table 4.7: Effect of ammonium fluoride on cathodic current density (CCD), deposition rate (R) and 
deposit quality of Fe−Cr alloy in the acetate bath. (Bath composition given in Table 4.1; pH= 1.5; 
temp.= 62°C; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.) 
 

Concentration of 
ammon. fluoride 
(mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

    
Appearance and other characteristics 

02 11.4±0.1 2.6±0.1 Adherent, rough, dull gray, non-resistant to acid. 

04 20.6±0.1 3.4±0.1 Adherent, rough, dull gray, acid resistant. 

06 27.8±0.1 4.2±0.1 Adherent, rough, light gray, acid resistant.  

08 31.0±0.1 4.7±0.1 Adherent, smooth, SS color, acid resistant. 

10 26.7±0.1 4.1±0.1 Adherent, rough, dull gray, acid resistant.  

12 17.1±0.1 3.4±0.1 Adherent, rough, dull gray, acid resistant.  

14 08.9±0.1 2.5±0.1 Adherent, smooth, black, non-resistant to acid. 

16 03.6±0.1 1.5±0.1 Adherent, smooth, black, non-resistant to acid. 

 
 
 
 
 
 
 
Table 4.8: Effect of acetate bath pH on the deposit composition and quality. (Bath composition given in 
Table 4.1; temp.= 62°C; CCD= 31.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.) 
 

pH 
(±0.1) 

%Composition  
by weight (±2) 

 
Appearance and other characteristics 

Fe Cr 
0.50 43 57 Exfoliate, smooth, shiny, non- resistant to acid. 

1.00 43 56 Adherent, smooth, light gray, bright, acid resistant. 

2.00 44 55 Adherent, smooth, shiny, steel, bright, acid resistant. 

3.00 48 52 Exfoliate, smooth, shiny, slightly acid resistant. 

4.00 53 47 Exfoliate, smooth, blackish, not acid resistant. 
5.00 59 41 Exfoliate, smooth, blackish, not acid resistant. 

6.00 64 36 Exfoliate, rough, black colour. 

7.00 70 30 Exfoliate, rough, black, not acid resistant. 
8.00 75 24 Exfoliate, rough, black, not acid resistant. 
9.00 81 19 Exfoliate /smooth, black, non uniform, not acid resistant. 

10.0 84 15 Exfoliate, dull deposit. 
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Table 4.9: Effect of cathodic current density (CCD) on composition and deposit quality of Fe−Cr alloy 
from acetate bath. (Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C; B= 0.2T; stirring rate= 
100rpm; tdep.= 30min.), 
 

CCD 
(mA·cm-2) 

%Composition by weight (±2) Appearance and other characteristics 
Fe Cr 

10.0±0.1 70 28 Exfoliate, rough, black color, non-resistant to acid. 

15.0±0.1 63 36 Exfoliate, rough, dull gray, acid resistant. 

20.0±0.1 57 42 Exfoliate, rough, dull gray, acid resistant. 

25.0±0.1 51 48 Adherent, smooth, dull gray, acid resistant. 

30.0±0.1 45 53 Adherent, smooth, SS color, acid resistan. 

35.0±0.1 40 59 Adherent, smooth, SS color, acid resistant. 

40.0±0.1 35 63 Adherent, rough, dull gray, non-resistant to acid. 

45.0±0.1 33 65 Adherent, rough, black color, non-resistant to acid. 

 
 
 
 
 
 
 
 
  Table 4.10: Effect of acetate bath temperature on the CCD, deposition rate (R) and deposit quality of 

Fe−Cr alloy. (Bath composition given in Table 4.1; pH= 1.5; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.) 
 

Temp. 
(°C±0.1) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

Appearance and other characteristics 

25.0 10.4±0.1 2.0±0.1 Exfoliate, rough, black, non-resistant to acid. 

30.0 12.0±0.1 2.0±0.1 Exfoliate, rough, black, non-resistant to acid. 

35.0 13.9±0.1 2.5±0.1 Exfoliate, rough, black, non-resistant to acid. 

40.0 16.7±0.1 3.0±0.1 Adherent, rough, dull gray, non-resistant to acid. 

45.0 19.5±0.1 3.4±0.1 Adherent, rough, dull gray, acid resistant.  

50.0 24.0±0.1 3.7±0.1 Adherent, rough, dull gray, acid resistant.  

55.0 27.6±0.1 4.5±0.1 Adherent, rough, dull gray, acid resistant.  

60.0 30.9±0.1 4.8±0.1 Adherent, smooth, SS color, acid resistant. 

65.0 31.7±0.1 4.6±0.1 Adherent, smooth, SS color, acid resistant. 

70.0 30.1±0.1 4.1±0.1 Adherent, smooth, black, non-resistant to acid. 

75.0 27.8±0.1 3.4±0.1 Exfoliate, rough, black, non-resistant to acid. 

80.0 24.7±0.1 2.9±0.1 Exfoliate, rough, black, non-resistant to acid. 
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Table 4.11: Effect of pulse off time (toff) on the deposition rate (R), composition and deposit quality of 
Fe−Cr alloy in the acetate bath. (Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C;  
CCD= 31.0mA·cm-2; applied field= 0.2T; pulse on time (ton)= 5ms; stirring rate= 100rpm; tdep.= 30min.). 

 
 
 
 
 
 
 
 
 
 
 
Table 4.12: Effect of Na,K-tartarate on the cathodic current density (CCD), deposition rate (R) and 
deposit quality of Fe−Cr alloy in the tartarate bath. (Bath composition given in Table 4.13; pH= 1.5; 
temp.= 62°C; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.) 
 

Concentration of 
Na,K-tartarate (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

02 01.9±0.1 1.2±0.1 Exfoliate, rough, black, non-resistant to acid. 

04 08.2±0.1 2.1±0.1 Exfoliate, smooth, black, non-resistant to acid. 

06 14.4±0.1 2.9±0.1 Adherent, smooth, dull gray, acid resistant. 

08 19.8±0.1 3.6±0.1 Adherent, smooth, light gray, acid resistant. 

10 25.3±0.1 4.2±0.1 Adherent, smooth, light gray, acid resistant. 

12 31.1±0.1 4.7±0.1 Adherent, smooth, SS color, acid resistant. 

14 32.0±0.1 4.6±0.1 Adherent, smooth, light gray, acid resistant. 

16 27.7±0.1 3.9±0.1 Adherent, smooth, dull gray, acid resistant. 

18 23.0±0.1 3.2±0.1 Adherent, smooth, dull gray, acid resistant. 

20 19.5±0.1 2.4±0.1 Adherent, smooth, black, non-resistant to acid. 

 
 
 
 
 
 
 
 

 
toff (ms) 

R 
(mg.cm-2.h-1) 

%Composition by 
weight (±2) 

 
Appearance and other characteristics 

Fe Cr 
1.0 2.0±0.1 39 60 Exfoliate, smooth, black, non-resistant to acid.  

2.0 2.9±0.1 40 59 Exfoliate, smooth, black , non-resistant to acid. 

3.0 3.7±0.1 41 58 Adherent, smooth, black, non-resistant to acid. 

4.0 4.3±0.1 42 57 Adherent, smooth, black, non-resistant to acid. 

5.0 4.7±0.1 43 56 Adherent, smooth, SS color, acid resistant. 

6.0 4.4±0.1 45 54 Adherent, smooth, dull gray, acid resistant. 

7.0 3.9±0.1 47 52 Adherent, smooth, dull gray, acid resistant. 

8.0 3.4±0.1 48 50 Adherent, smooth, black, non-resistant to acid. 
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Table 4.13: Optimized composition of the tartarate bath for the Fe−Cr alloy deposition. 
 

Component Concentration (M) of 
Stock solution

Volume (mL) of stock solution 

Chromite ore solution* - 20.0 

EDTA 0.10 04.0 

Formic acid 0.10 06.0 

Boric acid 0.40 04.0 

Tartaric acid 0.10 06.0 

Na,K-tartarate 0.10 06.0 

Ammonium flouride 0.10 04.0 

   
*Description in the Experimental part. 

 
 
 
 
Table 4.14: Optimum working parameters for deposition of Fe–Cr alloy from acetate and tartarate baths. 
 

Working parameter Optimum value 
CCD 30-32 mA.cm-2 

pH 1.5 

Temperature 60-65°C 

Magnetic field (B) 0.2T 

toff/ton in case of PDC 1.0 

Time of deposition 30 minutes 

Stirring rate 100 rpm 

 
 
 
 
Table 4.15: Chemical and mechanical properties of Fe−Cr alloys deposited under optimized conditions 
given  in (Tables 4.1, 4.13 and 4.14) from the two baths. 
 

Property Value 
Corrosion resistance 

(5% by wt. NaCl solution) 

48 hrs (From acetate bath) 

52 hrs (From tartarate bath) 

Hardness 

(with 500g load and 30s dwell time) 

987 VH (From acetate bath) 

1140 VH (From tartarate bath) 
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Table 4.16: Optimized bath composition for electrodeposition of  Fe−W alloy. 
 

Component Concentration (M) of 
stock solution 

Volume (mL) of stock solution 

Scheelite ore solution* - 20.0 

Ammonium chloride 0.10 05.0 

Formic acid 0.10 06.0 

Boric acid 0.30 07.5 

Citric acid(C5H8O7) 0.10 03.0 

Phosphoric acid(H3PO4 ) 0.05 03.5 

Methyl isobutyl ketone(MIBK) 0.05 05.0 

 
*Description in the Experimental Chapter. 
 
 
 
 
 
 
 
 
 
 
Table 4.17: Effect of citric acid on the deposition rate (R), composition and deposit quality of Fe–W alloy.  
(Bath composition given in Table 4.16; pH= 7; temp.= 67°C; CCD= 35.0mA·cm-2; B=0.2T; stirring rate= 
100rpm; tdep.= 15min.). 
 

Concentration of 
citric acid (mM) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 

 
Appearance and other characteristics 

Fe W 
01 3.8±0.1 79 19 Exfoliate, rough, black, non-resistant to 

acid. 

02 4.1±0.1 68 30 Exfoliate, rough, dull gray, non-resistant to 

acid. 

03 4.4±0.1 59 41 Exfoliate, rough, dull gray, acid resistant. 

04 4.7±0.1 48 50 Exfoliate, smooth, dull gray, acid resistant. 

05 4.9±0.1 38 61 Exfoliate, rough, light gray, acid resistant. 

06 5.1±0.1 29 71 Adherent, smooth, SS color, acid 

resistant 

07 5.0±0.1 17 82 Adherent, smooth, light gray, non-resistant 

to acid. 

08 4.8±0.1 14 85 Exfoliate, rough, black, non-resistant to 

acid. 

09 4.7±0.1 13 86 Exfoliate, rough, black, non-resistant to 

acid. 

10 4.6±0.1 13 86 Exfoliate, rough, black, non-resistant to acid 
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Table 4.18: Effect of boric acid on deposition rate (R), composition and deposit quality for Fe–W alloy. 
(Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring 
rate= 100rpm; tdep.= 15min.). 
        

Concentration of 
boric acid (mM) 

R 
(mg·cm-2·h-1) 

%Composition   
by weight (±2) 

 
Appearance and other characteristics 

Fe     W 
06 3.6±0.1 95 4 Exfoliate, rough, dull gray, non-resistant to 

acid. 

12 3.8±0.1 95 4 Exfoliate, rough, dull gray, non-resistant to 

acid. 

18 4.2±0.1 94 5 Exfoliate, rough, dull gray, non-resistant to 

acid. 

24 4.7±0.1 89 10 Adherent, rough, dull gray, acid resistant. 

30 4.9±0.1 83 16 Adherent, smooth, dull gray, acid resistant. 

36 5.0±0.1 77 21 Adherent, smooth, light gray, acid resistant. 

42 5.1±0.1 73 26 Adherent, smooth, SS color, bright, acid 

resistant. 

48 5.1±0.1 68 31 Adherent, smooth, SS color, acid resistant. 

54 5.1±0.1 65 34 Adherent, smooth, dull gray, non-resistant to 

acid. 

 
 
 
 
 
 
Table 4.19: Effect of formic acid on the deposition rate (R), composition and deposit quality for Fe–W 
electrodeposition. (Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; CCD= 35.0mA·cm-2; B= 
0.2T; stirring rate= 100rpm; tdep.= 15min.). 
 
Concentration of 
formic acid (mM) 

R 
(mg·cm-2·h-1) 

%compositin 
by weight(±2) 

 
Appearance and other characteristics 

Fe W 
02 3.8±0.1 94 6 Exfoliate, rough, black, non-resistant to acid. 

04 4.1±0.1 88 11 Exfoliate, rough, gray, non-resistant to acid. 

06 4.5±0.1 82 17 Exfoliate, rough, gray, non-resistant to acid. 

08 4.8±0.1 77 21 Exfoliate, rough, gray, non-resistant to acid. 

10 5.0±0.1 73 25 Adherent, smooth, light gray, acid resistant. 

12 5.1±0.1 70 29 Adherent, smooth, SS color, acid resistant. 

14 5.1±0.1 65 33 Adherent, smooth, light gray, acid resistant. 

16 5.1±0.1 58 40 Exfoliate, rough, gray, non-resistant to acid. 
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Table 4.20: Effect of phosphoric acid on deposition rate (R) and deposit quality of Fe–W alloy. (Bath 
composition given in Table 4.16; pH= 7; temp.= 67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 
100rpm; tdep.= 15min.). 
 

Concentration of 
phosphoric acid (mM) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

0.5 
 

             3.8±0.1 Exfoliate, rough, black, non-resistant to acid. 

1.0 4.0±0.1 Exfoliate, rough, black, non-resistant to acid. 

1.5 4.3±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 

2.0 4.6±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 

2.5 4.8±0.1 Adherent, smooth, dull gray, acid resistant. 

3.0 4.9±0.1 Adherent, smooth, light gray, acid resistant. 

3.5 5.0±0.1 Adherent, smooth, SS color, acid resistant.  

4.0 5.0±0.1 Adherent, smooth, dull gray, acid resistant. 
 
 
 
 
 
 
 
 
Table 4.21: Effect of ammonium chloride on deposition rate (R), composition and deposit quality for Fe–
W alloy electrodeposition. (Bath composition given in Table 4.16; pH= 7; temp.= 67°C; CCD= 
35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 15min.). 
 
Concentration of 
ammonium chloride 

(mM) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe W 
02 2.8±0.1 92 8 Exfoliate, rough, black, non-resistant to acid. 

04 3.4±0.1 86 13 Exfoliate, smooth, black, non-resistant to acid. 

06 3.9±0.1 81 17 Adherent, smooth, dull gray, acid resistant. 

08 4.5±0.1 75 23 Adherent, smooth, light gray, acid resistant. 

10 5.0±0.1 69 30 Adherent, smooth, SS color, acid resistant. 

12 4.9±0.1 65 34 Adherent, smooth, light gray, acid resistant. 

14 4.6±0.1 61 38 Adherent, smooth, light gray, acid resistant. 

16 4.1±0.1 57 42 Adherent, smooth, dull gray, acid resistant. 

18 3.7±0.1 53 46 Adherent, smooth, dull gray, acid resistant. 

20 3.2±0.1 52 48 Adherent, smooth, black, non-resistant to acid. 

 
 
 
 
 
 



59 
 

Table 4.22: Effect of Methyl-(iso-butyl-) ketone (MIBK) on deposition rate (R), composition and deposit 
quality of Fe−W alloy.(Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; CCD= 35.0mA·cm-2; 
B= 0.2T; stirring rate= 100rpm; tdep.= 15min.). 
 

Concentration of 
MIBK (mM) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe W 
1.0  3.1±0.1 89 11 Exfoliate, smooth, black, non-resistant to acid.  

2.0  3.9±0.1 85 14 Exfoliate, smooth, black , non-resistant to acid. 

3.0  4.7±0.1 79 20 Adherent, smooth, black, non-resistant to acid. 

4.0  5.0±0.1 74 25 Adherent, smooth, black, non-resistant to acid. 

5.0  5.2±0.1 70 28 Adherent, smooth, SS color, acid resistant. 

6.0  4.9±0.1 64 34 Adherent, smooth, dull gray, acid resistant. 

7.0  4.2±0.1 58 40 Adherent, smooth, dull gray, acid resistant. 

8.0  3.8±0.1 52 47 Adherent, smooth, black, non-resistant to acid. 

 
 
 
 
 
 
 
 
Table 4.23:  Effect of bath pH on deposition rate (R), composition and deposit quality of Fe–W alloy. 
(Bath composition given in Table 4.16; temp.= 67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; 
tdep.= 15min.).  
 

 
pH 
 

 
R 

(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe W
05.0       1.7±0.1       20        79 Exfoliate, rough, dull gray, non-resistant to acid. 
05.5 2.6±0.1 35 68 Exfoliate, rough, dull gray, non-resistant to acid. 

06.0 3.5±0.1 46 53 Adherent, rough, dull gray, non-resistant to acid. 

06.5 4.5±0.1 58 40 Adherent, smooth, dull gray, acid resistant. 

07.0 5.0±0.1 69 29 Adherent, smooth, SS color, acid resistant. 

07.5 5.0±0.1 80 18 Adherent, smooth, light gray, non-resistant to acid 

08.0 4.9±0.1 85 15 Exfoliate, rough, black color, non-resistant to acid. 

08.5 4.8±0.1 89 10 Exfoliate, rough, black color, non-resistant to acid. 

09.0 4.6±0.1 92 07 Exfoliate, rough, black, non-resistant to acid. 

09.5 4.4±0.1 94 05 Exfoliate, rough, dull gray, non-resistant to acid. 

10.0 4.1±0.1 95 05 Exfoliate, rough, dull gray, non-resistant to acid. 
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Table 4.24: CCD effect on deposition rate (R), composition and quality of Fe–W alloy. (Bath composition 
given in Table 4.16; pH= 7.0; temp.= 67°C; B= 0.2T; stirring rate= 100rpm; tdep.= 15min.). 
 

CCD 
(mA·cm-2) 

Rate 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe W 
10.0±0.1        1.2±0.1 93           05 Exfoliate, rough, black, non-resistant to acid. 

15.0±0.1 1.9±0.1 86 12 Exfoliate, smooth, black, non-resistant to acid. 

20.0±0.1 2.6±0.1 82 15 Adherent, smooth, dull gray, acid resistant. 

25.0±0.1 3.3±0.1 78 19 Adherent, smooth, light gray, acid resistant. 

30.0±0.1 4.1±0.1 72 26 Adherent, smooth, light gray, acid resistant. 

35.0±0.1 5.1±0.1 68 30 Adherent, smooth, SS color, acid resistant. 

40.0±0.1 5.2±0.1 66 32 Adherent, smooth, light gray, acid resistant. 

45.0±0.1 5.2±0.1 62 34 Adherent, smooth, dull gray, acid resistant. 

50.0±0.1 5.2±0.1 62 34 Exfoliate, rough, black, non-resistant to acid. 

55.0±0.1 5.2±0.1 62 34 Exfoliate, rough, black, non-resistant to acid. 
 

 
 
 
 
 
 
 
 
Table 4.25: Effect of bath temperature on deposition rate (R), composition and deposit quality of Fe–W 
alloy. (Bath composition given in Table 4.16; pH= 7.0; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 
100rpm; tdep.= 15min.). 
 

Temp. 
(°C± 0.1) 

R 
(mg.cm-2.h-1) 

%composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe W 
25.0       1.8±0.1 96 04 Exfoliate, smooth, black, non-resistant to acid.  

30.0 2.2±0.1 96 04 Exfoliate, smooth, black, non-resistant to acid. 

35.0 2.6±0.1 96 04 Exfoliate, smooth, black, non-resistant to acid.  

40.0 3.0±0.1 94 05 Adherent, rough, black , non-resistant to acid.  

45.0 3.4±0.1 90 09 Adherent, rough, black, non-resistant to acid. 
50.0 3.8±0.1 86 13 Adherent, rough, dull gray, non-resistant to acid. 

55.0 4.1±0.1 81 17 Adherent, rough, dull gray, acid resistant. 

60.0 4.4±0.1 76 22 Adherent, smooth, light gray, acid resistant. 

65.0 5.0±0.1 71 27 Adherent, smooth, SS color, acid resistant. 

70.0 5.1±0.1 62 36 Adherent, smooth, SS color, acid resistant. 

75.0 5.2±0.1 53 46 Exfoliate, smooth, black, acid resistant.  

80.0 5.2±0.1 45 53 Exfoliate, smooth, black, non-resistant to acid.  

85.0 5.2±0.1 35 62 Exfoliate, smooth, black, non-resistant to acid. 
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Table 4.26: Effect of pulse off time (toff) on deposition rate (R) and deposit quality of Fe–W alloy. (Bath 
components in Table 4.16; pH= 7; temp.= 67°C; CCD= 35mA·cm-2; B= 0.2T; stirring rate= 100rpm; 
tdep.= 15min.; Pulse on time(ton)= 5ms). 
  

toff (ms) R 
(mg·cm-2·h-1) 

Appearance and other characteristics 

1.0               4.7±0.1 Exfoliate, rough, dull gray, non-resistant to acid. 
2.0 4.9±0.1 Exfoliate, rough, dull gray, acid resistant. 
3.0 5.0±0.1 Exfoliate, smooth, dull gray, acid resistant. 
4.0 5.1±0.1 Exfoliate, rough, light gray, acid resistant. 
5.0 5.1±0.1 Adherent, smooth, SS color, acid resistant 
6.0 5.0±0.1 Adherent, smooth, light gray, non-resistant to acid. 
7.0 4.9±0.1 Exfoliate, rough, black, non-resistant to acid. 
8.0 4.8±0.1 Exfoliate, rough, black, non-resistant to acid. 

 
 
 
 
 
 

Table 4.27: Optimized working conditions for electrodeposition of  Fe–W alloy. (Bath composition given 
in Table 4.16). 
 

Working parameter Optimum value 
CCD                                                  35.0 mA.cm-2 

pH 2.0 

Temperature 65-70°C 

Magnetic field (B) 0.2T 

toff/ton in case of PDC 1.0 

Time of deposition 15 minutes 

Stirring rate 100 rpm 

 
 
 

 
    

 
Table 4.28: Optimized bath composition for electrodeposition of Fe−Cu alloy. 

 
Component Concentration (M) of 

stock solution 
Volume (mL) of stock solution 

Chalcopyrite ore solution* -                                20.0 

Ammonium Chloride 0.100 05.0 

Ascorbic acid 0.100 03.0 

Boric acid 0.400 05.0 

Sodium sulfate 0.100 06.0 

EDTA 0.100 06.0 

Formic acid 0.100 03.0 

Acetone 0.050 02.0 

*Description in the Experimental Chapter. 
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Table 4.29: Effect of sodium sulfate on cathodic current density (CCD), deposition rate (R) and deposit 
quality of Fe−Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2.0; B= 0.2T; tdep.= 10 
min.). 
 

Concentration of 
sod. sulphate (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

02    02.0±0.1      06.5±0.1 Exfoliate, rough, golden. 

04 04.1±0.1 08.2±0.1 Exfoliate, rough, pale yellow. 

06 06.3±0.1 10.4±0.1 Exfoliate, rough, pale yellow. 

08 08.7±0.1 13.1±0.1 Exfoliate, rough, pale yellow. 

10 10.0±0.1 15.0±0.1 Adherent, smooth, mouve color. 

12 10.4±0.1 15.3±0.1 Adherent, smooth, golden, bright. 

14 10.6±0.1 15.5±0.1 Adherent, rough, golden, bright. 

16 10.9±0.1 15.6±0.1 Exfoliate, rough, pale yellow. 
 

 
 
 
 
 
 
 
 
 
Table 4.30 : Effect of ammonium chloride on cathodic current density (CCD), deposition rate (R) and 
deposit quality of Fe−Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2.0; B= 0.2T; 
tdep.= 10 min.). 
 

Concentration of 
ammon. chloride 
 (mM) 

CCD 
(mA·cm-

2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

04   8.3±0.10     05.2±0.1 Exfoliate, rough, golden. 

08 9.6±0.10 09.8±0.1 Adherent, smooth, golden, bright. 

12 9.8±0.10 14.5±0.1 Adherent, smooth, golden, bright. 

16 10.0±0.1 14.3±0.1 Adherent, smooth, mauve colour. 

20 10.1±0.1 13.0±0.1 Exfoliate, smooth, golden. 

24 9.7±0.10 12.2±0.1 Exfoliate, rough, golden. 

28 9.5±0.10 10.1±0.1 Exfoliate, rough, light brown, pinkish tinges. 

32 9.2±0.10 09.5±0.1 Exfoliate, rough, light brown, pinkish tinges. 
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Table 4.31: Effect of formic acid on cathodic current density (CCD), deposition rate (R) and deposit 
quality of Fe–Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2; B= 0.2T; tdep.= 10 
min.). 
 

Concentration of 
formic acid (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

02   05.5±0.1     11.0±0.1 Exfoliate, rough, light brown, pinkish tinges. 

04 08.0±0.1 13.5±0.1 Adherent, rough, dark brown, purple tinges. 

06 10.0±0.1 15.1±0.1 Adherent, smooth, golden, bright. 

08 10.5±0.1 15.0±0.1 Adherent, smooth, dull pinkish, bright. 

10 11.0±0.1 14.6±0.1 Adherent, rough, golden, bright. 

12 11.0±0.1 14.2±0.1 Adherent, rough, pinkish brown, shiny. 

14 11.0±0.1 13.6±0.1 Adherent, rough, pinkish brown, shiny. 

16 11.0±0.1 13.0±0.1 Adherent, rough, pinkish brown, shiny. 

 
 
 
 
 
 
 
Table 4.32: Effect of boric acid on cathodic current density (CCD), deposition rate (R) and deposit quality 
of Fe−Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2; B= 0.2T; tdep.= 10 min.). 
 

Concentration of 
boric acid (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

08     8.0±0.1      9.0±0.1 Exfoliate, rough, light brown, pinkish tinges. 

16 8.5±0.1 11.0±0.1 Exfoliate, rough, dark brown, purple tinges. 

24 9.0±0.1 13.0±0.1 Exfoliate, rough, golden. 

32 9.6±0.1 14.7±0.1 Adherent, rough, mouve colour. 

40 9.9±0.1 15.0±0.1 Adherent, smooth, golden, bright. 

48 9.8±0.1 14.8±0.1 Adherent, smooth, mouve colour. 

56 9.7±0.1 14.7±0.1 Adherent, rough, light brown, pinkish tinges. 

64 9.5±0.1 14.5±0.1 Exfoliate, rough, light brown, pinkish tinges. 

72 9.4±0.1 14.2±0.1 Exfoliate, rough, dark brown, purple tinges. 

80 9.2±0.1 14.0±0.1 Exfoliate, rough, dark brown, purple tinges. 
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Table 4.33 : Effect of EDTA on cathodic current density (CCD), deposition rate (R) and deposit quality of 
Fe−Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2; B= 0.2T; tdep.= 10min.). 
 
Concentration of 
EDTA (mM) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

 
Appearance and other characteristics 

03     4.30±0.1          10.0±0.1 Exfoliate, rough, light brown, pinkish tinges. 
06 6.20±0.1 12.8±0.1 Exfoliate, rough, dark brown, purple tinges. 
09 8.50±0.1 14.3±0.1 Adherent, smooth, mouve colour. 
12 10.0±0.1 15.0±0.1 Adherent, smooth, golden, bright. 
15 8.60±0.1 13.6±0.1 Adherent, rough, pinkish brown, shiny.
18 6.50±0.1 11.5±0.1 Exfoliate, rough, golden. 
21 4.70±0.1 09.0±0.1 Exfoliate, rough, light brown, pinkish tinges. 
24 2.30±0.1 06.0±0.1 Exfoliate, rough, dark brown, purple tinges.
 
 
 
 
 
 
 
 
 
 
 
Table 4.34: Effect of ascorbic acid on deposition rate(R), Composition and deposit quality of Fe−Cu alloy. 
(Bath composition given in Table 4.28; temp.= 33°C; pH= 2, CCD= 10.0mA.cm-2; B=0.2T;  tdep.= 10 min). 
 

Concentration of 
ascorbic acid (mM) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe Cu 

01      03.0±0.1 21 78 Exfoliate, rough, dark brown, purple tinges. 

02 08.1±0.1 27 71 Exfoliate, rough, pale yellow. 

04 12.4±0.1 34 65 Adherent, smooth, mouve colour. 

06 15.0±0.1 40 58 Adherent, smooth, golden, bright. 

08 13.5±0.1 47 52 Adherent, rough, light brown, pinkish tinges. 

10 10.2±0.1 54 45 Exfoliate, rough, light brown, pinkish tinges. 

12 06.6±0.1 61 38 Exfoliate, rough, dark brown, purple tinges. 

14 05.1±0.1 66 33 Exfoliate, rough, dark brown, purple tinges. 
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Table 4.35: Effect of pH on cathodic current density (CCD), deposition rate (R), composition and deposit 
quality for Fe–Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; B=0.2T; tdep.= 10min.). 
 

 
 
 
 
 
 
 
 
 
 
Table 4.36: Effect of temperature on deposition rate (R), composition and deposit quality of Fe–Cu alloy. 
(Bath composition given in Table 4.28; pH= 2, CCD= 10mA.cm-2; B=0.2T; tdep.= 10.0 min.). 
 

Temp. 
(°C±0.1) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight(±2) 

 
Appearance and other characteristics 

Fe Cu 
25.0      05.2±0.1     20      80 Exfoliate, rough, golden. 

27.0 09.9±0.1 26 73 Exfoliate, rough, golden. 

30.0 14.3±0.1 32 67 Adherent, smooth, golden, bright. 

32.0 15.2±0.1 40 60 Adherent, smooth, golden, bright. 

35.0 15.5±0.1 44 54 Adherent, smooth, golden, bright. 

37.0 14.7±0.1 51 47 Adherent, rough, light brown, pinkish tinges. 

40.0 13.0±0.1 60 39 Exfoliate, rough, light brown, pinkish tinges, pitted. 

42.0 12.4±0.1 66 32 Exfoliate, rough, dark brown, purple tinges. 
 

 
 
 
 
 
 
 
 
 
 
 
 

pH 
(±0.1) 

CCD 
(mA·cm-2) 

R 
(mg·cm-2·h-1) 

%Composition 
by weight (±2) 

 
Appearance and other characteristics 

Fe Cu 
1.0    08.5±0.1      10.0±0.1 29 70 Exfoliate, rough, light brown, pinkish tinges. 

1.5 09.7±0.1 13.2±0.1 34 65 Exfoliate, rough, dark brown, purple tinges. 

2.0 10.0±0.1 15.1±0.1 40 59 Adherent, smooth, golden, bright. 
2.5 10.1±0.1 15.0±0.1 47 52 Adherent, rough, pinkish brown, shiny. 

3.0 10.0±0.1 13.4±0.1 52 47 Exfoliate, smooth, golden. 

3.5 10.0±0.1 11.5±0.1 58 40 Exfoliate, rough, golden. 

4.0 10.0±0.1 08.3±0.1  65 34 Exfoliate, rough, light brown, pinkish tinges, 
pitted. 
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Table 4.37: Effect of pulse off time (toff) on deposition rate (R), composition and deposit quality of Fe–Cu 
alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2, CCD= 10.0mA.cm-2; B= 0.2T; tdep.= 10 
min.; pulse on time(ton)= 5ms). 
 

 
toff (ms) 

R 
(mg·cm-2·h-1) 

%Composition 
(by weight)±2 

 
Appearance and other characteristics 

Fe Cu
1.0     11.2±0.1 36 64 Exfoliate, rough, pale yellow. 

2.0 12.0±0.1 38 61 Exfoliate, rough, pale yellow. 

3.0 13.4±0.1 41 58 Exfoliate, rough, pale yellow. 

4.0 13.6±0.1 43 55 Adherent, smooth, mouve colour. 

5.0 15.1±0.1 46 54 Adherent, smooth, golden, bright. 

6.0 14.0±0.1 55 44 Adherent, rough, light brown, pinkish tinges. 

7.0 13.5±0.1 66 32 Exfoliate, rough, dark brown, purple tinges. 

8.0 13.2±0.1 77 22 Exfoliate, rough, dark brown, purple tinges. 

 
 

 
 
 
 
 
 
 
Table 4.38: Optimized working parameters for electrodeposition of Fe–Cu alloy (Bath composition given in 
Table 4.28). 
 

Working parameter Optimum value 
CCD 10 mA.cm-2 
pH 2.0 
Temperature 30-35 °C 
Magnetic field (B) 0.2T 
toff/ton in case of PDC 1.0 
Time of deposition 10 minutes 
Stirring rate 100 rpm 
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Figure 4.1: Effect of EDTA on deposition rate (R) of Fe−Cr alloy 
in the acetate bath. (Bath composition given in Table 4.1; pH= 1.5; 
temp.= 62°C; CCD= 31.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; 
tdep.= 30min.). 
 

 

 

 

0 2 4 6 8 10 12 14 16 18

12

16

20

24

28

32
 Measured CCD
 Rate

Conc. of sod.acetate (mM)

M
e

a
su

re
d 

C
C

D
 (

m
A

. cm
-2

. h-1
)

1

2

3

4

5

6

R
a

te
 (m

A
.cm

-2)

 
Figure 4.2: Effect of Na-acetate on cathodic current density 
(CCD) and deposition rate (R) of Fe−Cr alloy in the acetate bath. 
(Bath composition given in Table 4.1; pH= 1.5; temp.= 62°C; B= 
0.2T; stirring rate= 100rpm; tdep.= 30 min.). 
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Figure 4.3: Effect of boric acid on cathodic current density (CCD) 
and deposition rate (R) of Fe−Cr alloy in the acetate bath. (Bath 
composition given in Table 4.1; pH= 1.5; temp.= 62°C; B= 0.2T; 
stirring rate= 100rpm; tdep.= 30min.). 
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Figure 4.4: Effect of ammonium fluoride on cathodic current 
density (CCD) and deposition rate (R) of Fe−Cr alloy in the 
acetate bath. (Bath composition given in Table 4.1; pH= 1.5; 
temp.= 62°C; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.). 

 
 

 



69 
 

    (a)                                          (b)                                         (c) 
 
Figure 4.5: SEM images of Fe−Cr deposits obtained: (a) without any surfactant; with 
added (b) CTAB and (c) SDS beyond their respective cmc’s.      
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Figure 4.6: Effect of acetate bath pH on composition of Fe−Cr alloy. 
(Bath composition given in Table 4.1; temp.= 62°C; CCD= 
31.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 30min.). 
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Figure 4.7: EDX spectrum of Fe−Cr alloy depositd under 
optimized conditions. 
Metal                   %Wt.  
Cr                          56 
Fe                          44 
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Figure 4.8: Effect of cathodic current density (CCD) on 
composition of Fe−Cr alloy from acetate bath. (Bath 
composition given in Table 4.1; pH=1.5; temp.= 62°C; B= 
0.2T; stirring rate= 100rpm; tdep.= 30min.). 
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Figure 4.9: Effect of acetate bath temperature on cathodic 
current density (CCD) and deposition rate (R) of Fe−Cr alloy. 
(Bath composition given in Table 4.1; pH= 1.5; B= 0.2T; 
stirring rate= 100rpm; tdep.= 30min.). 
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Figure 4.10: Effect of pulse off time (toff) on composition of 
Fe−Cr alloy from the acetate bath. (Bath composition given in 
Table 4.1; pH= 1.5; temp.= 62°C; CCD= 31.0mA·cm-2; B= 
0.2T; pulse on time (ton)= 5ms; stirring rate= 100rpm; tdep.= 
30min. 
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Figure 4.11: Effect of pulse off time (toff) on deposition rate 
(R) of Fe−Cr alloy in the acetate bath. (Bath composition 
given in Table 4.1; pH= 1.5; temp.= 62°C; CCD= 31mA·cm-2; 
B= 0.2T; pulse on time (ton)= 5ms; stirring rate= 100rpm; 
tdep.= 30min.). 

 
 
 

 
 

                   
  (a)                                         (b)                                                  (c)  
 
Figure 4.12: SEM images of Fe−Cr alloys deposited from the acetate bath: (a) the bare  
Cu-substrate (b) Fe−Cr alloy without magnetic field (c) Fe−Cr alloy in the presence of 0.2T 
of magnetic field.    
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Figure 4.13: Effect of Na,K-tartarate on the cathodic current density 
(CCD) and deposition rate (R) of Fe−Cr alloy in the tartarate bath. 
(Bath composition given in Table 4.13; pH= 1.5; temp.= 62°C; B= 
0.2T; stirring rate= 100rpm; tdep.= 30min.). 
 
 
 

 
   

              
                             (a)                                                                             (b) 
Figure 4.14: SEM image of electrodeposited Fe−Cr alloy from tartarate bath (a)without 
magnetic field  (b) with magnetic field. 
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Figure 4.15: Effect of citric acid on the deposition rate (R) of Fe–W 
alloy. (Bath composition given in Table 4.16; pH= 7; temp.= 67°C; 
CCD= 35.0mA·cm-2; B=0.2T; stirring rate= 100rpm; tdep.= 15min.). 
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Figure 4.16: Effect of citric acid on composition of Fe–W alloy. 
(Bath composition given in Table 4.16; pH= 7; temp.= 67°C; 
CCD= 35.0mA·cm-2; B=0.2T; stirring rate= 100rpm; tdep.= 
15min.). 
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Figure 4.17: Effect of boric acid on deposition rate (R) of Fe–W 
alloy. (Bath composition given in Table 4.16; pH= 7.0; temp.= 
67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.).       
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Figure 4.18: Effect of boric acid on composition of Fe–W alloy. 
(Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; 
CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.).        
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     Figure 4.19: Effect of formic acid on deposition rate (R) of Fe–W 

alloy. (Bath composition given in Table 4.16; pH= 7.0; temp.= 
67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.). 
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Figure 4.20: Effect of formic acid on composition of Fe–W alloy. 
(Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; 
CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.) 
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Figure 4.21: Effect of phosphoric acid on deposition rate (R) of 
Fe–W alloy. (Bath composition given in Table 4.16; pH= 7; 
temp.= 67°C; CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; 
tdep.= 15min.) 
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Figure4.22: Effect of Methyl-(iso-butyl-) ketone (MIBK) on 
deposition rate (R) of Fe−W alloy. (Bath composition given in 
Table 4.16; pH= 7.0; temp.= 67°C; CCD= 35.0mA·cm-2; B= 0.2T; 
stirring rate= 100rpm; tdep.= 15min.). 
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Figure 4.23: Effect of bath pH on deposition rate (R) of Fe–W 
alloy. (Bath composition given in Table 4.16; temp.= 67°C; 
CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.).  
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Figure 4.24: Effect of bath pH on composition of Fe–W alloy. 
(Bath composition given in Table 4.16; temp.= 67°C; CCD= 
35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 15min.).  
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Figure 4.25: CCD effect on deposition rate (R) of Fe–W alloy. 
(Bath composition given in Table 4.16; pH= 7.0; temp.= 67°C; 
B= 0.2T; stirring rate= 100rpm; tdep.= 15min.). 
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Figure 4.26: CCD effect on composition of Fe–W alloy. (Bath 
composition given in Table 4.16; pH= 7.0; temp.= 67°C; B= 
0.2T; stirring rate= 100rpm; tdep.= 15min.). 
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Figure 4.27: Effect of bath temperature on deposition rate (R) 
of Fe–W alloy. (Bath composition given in Table 4.16; pH= 7.0; 
CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.). 
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Figure 4.28: Effect of pulse off time (toff) on deposition rate (R) of 
Fe–W alloy. (Bath components in Table 4.16; pH= 7; temp.= 67°C; 
CCD= 35.0mA·cm-2; B= 0.2T; stirring rate= 100rpm; tdep.= 
15min.; Pulse on time(ton)= 5ms). 
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                      (a)                                          (b)                                        (c) 

 
 
Figure 4.29: SEM image of Fe−W alloy film electrodeposited (a) without magnetic field (b) 
with 0.1T (c) with 0.2 T of magnetic field. 
 
 
 
 
 
 
 
 

 
 
Figure 4.30: EDX spectrum of Fe−W alloy deposited under 
optimized conditions. 
Metal                   %Wt.  
Fe                            70 
W                            30 
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 Figure 4.31: Effect of sodium sulfate on deposition rate (R) of 

Fe−Cu alloy. (Bath composition given in Table 4.28; temp.= 33°C; 
pH= 2.0; CCD= 10.0mA.cm-2; B= 0.2T;  tdep.= 10 min.). 
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Figure 4.32: Effect of formic acid on deposition rate (R) of Fe–Cu 
alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 2.0; 
CCD= 10.0mA.cm-2; B= 0.2T;  tdep.= 10.0min.). 
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Figure 4.33: Effect of boric acid on deposition rate (R) of Fe−Cu alloy. 
(Bath composition given in Table 4.28; temp.= 33°C; pH= 2.0; CCD= 
10mA.cm-2; B= 0.2T;  tdep.= 10.0min.). 

 

0 5 10 15 20 25

6

8

10

12

14

16

R
a

te
 (

m
g. cm

-2
. h-1

)

Conc. of EDTA (mM)

 
Figure 4.34: Effect of EDTA on deposition rate (R) of Fe−Cu 
alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 
2.0; CCD= 10.0mA.cm-2; B= 0.2T;  tdep.= 10 min.). 
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Figure 4.35: Effect of ascorbic acid on Composition of Fe−Cu 
alloy. (Bath composition given in Table 4.28; temp.= 33°C; pH= 
2.0; CCD= 10.0mA.cm-2; B= 0.2T;  tdep.= 10 min.). 
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Figure4.36: Effect of pH on deposition rate (R) of Fe–Cu alloy. 
(Bath composition given in Table 4.28; temp.= 33°C; CCD= 
10.0mA.cm-2; B= 0.2T;  tdep.= 10.0min.). 
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Figure4.37: Effect of pH on composition of Fe–Cu alloy. (Bath 
composition given in Table 4.28; temp.= 33°C; CCD=10.0mA.cm-2; 
B= 0.2T; tdep.= 10min.). 
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Figure:4.38:  Effect of temperature on deposition rate (R) of Fe–
Cu alloy. (Bath composition given in Table 4.28; pH= 2.0; CCD= 
10.0mA.cm-2; B= 0.2T;  tdep.= 10 min.) 
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(a)                                                                     (b) 

 
 
Figure 4.39: SEM images of Fe−Cu alloy film deposited under optimized conditions (a) 
without and (b) with 0.2T of magnetic field. 
 
 
 
 
 

 
 
Figure 4.40: EDX spectrum of Fe−Cu alloy deposited under optimized conditions. 

 
Metal                   %Wt.  
Fe                          40 
Cu                         60 
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CONCLUSION 

    Binary alloys of Fe with Cr, W and Cu have been successfully electrodeposited 

under optimized working conditions to obtain high quality deposits; these 

alloys (Fe−Cr, Fe−W and Fe−Cu) have great significance from the application 

point of view. 

    The alloys have been deposited directly from their indigenously available 

respective ores, namely chromite, scheelite and chalcopyrite involving a novel 

scheme. 

    The proposed scheme of alloy deposition is novel because of being simpler and 

also economical due to employing the relevant ores as such whereby tedious 

steps of purification and use of much expensive metal salts are avoided. 

    Essential steps of the scheme are ore-digestion thereby removal of ‘unwanted’ 

components, and one-time optimization of the bath composition and other 

experimental parameters.  

   All the baths developed in the study were environment friendly for being 

cyanide-free. 

   Compositions of the alloys can be adjusted through different parameters 

including pH. Fe−Cr, Fe−W and Fe−Cu alloys obtained under optimized 

conditions contain 44, 70 and 40% of Fe by weight, respectively; the alloy 

compositions are well desired.  

    Depositions under optimized working conditions resulted in smooth, shiny and 

adherent deposits. Use of pulsed direct current (PDC) improved these features 

while application of magnetic field reduced grain size of the deposit. 

    Use of surfactants, beyond their respective critical micelle concentrations (cmc) 

helped to improve microstructure of the deposited alloys with even grain 

distribution. 

    The method has been developed with the objective to utilize the idea for its 

ultimate industrial applications to the above mentioned and other binary alloys. 

Moreover, it can be extended to ternary alloys as well. 
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