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A B S T R A C T  
 

 

This study is an attempt to produce surface nanocrystalline composite of Fe-Co-TiO2 at various current 

densities in the range of 20 to 50 mA/cm2 via pulse electrodeposition method. The prepared composites 

were characterized by field emission scanning microscope (FESEM), electron dispersive spectrum 
(EDS), Vickers microhardness, vibrating sample magnetometer (VSM), and x- ray diffraction techniques 

(XRD). The results showed that the formation of cauliflower morphology was preferred at lower current 

densities. Moreover, the higher current densities enhanced the Fe content and at the same time 
diminished the Co and TiO2 contents of prepared surface composites. XRD patterns and Rietveld 

analysis confirmed the formation of combinations of BCC (as dominant) and FCC phases. Higher current 

density enhanced the saturation magnetization and decreased lower coercivity due to the higher Fe 
content and the reduction of TiO2 nanoparticles in coatings. In addition, the lowest coercivity and highest 

saturation magnetization were gained at 50 mA/cm2, while, the maximum microhardness obtained at 30 

mA/cm2. 

doi: 10.5829/ije.2020.33.10a.21 

 
1. INTRODUCTION1 
 

Fe-Co alloys are one of the most important structural 

components due to their amazing magnetism properties 

[1, 2]. All materials that are magnetized by the 

application of a magnetic field are called magnetic 

materials. Depending on how they respond to the 

magnetic field, magnetic materials are classified as 

follows:  

Ferromagnetic: Some metallic materials have a 

permanent magnetic moment in the absence of an 

external field and exhibit very large magnetism and are 

permanent magnets. Intermediate metals such as iron (in 

the form of BCC or α-Fe), cobalt and nickel show this 

property. 

Antiferromagnetic: In these materials, the adjacent 

magnetic moment vectors are equal in the size but in 

opposite in direction. Therefore, they neutralize each 

other. If such a material is placed in a magnetic field, the 
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torques are amplified in the same direction as the field, 

and the material exhibits a weak magnetic property.  

Ferrimagnetic: In these materials, the directions of the 

magnetic moment vectors are adjacent to each other, but 

their size is not equal. The behavior of these materials is 

similar to that of ferromagnetic materials.  

There is a group of permanent magnets known as 

ferrites [3]. Films have special properties that are 

substantially different from their material in bulk. This 

difference is due to their physical dimensions, geometric 

shape and microstructure. In addition, these features can 

be greatly modified to achieve the desired properties [3]. 

Thin films with thick of submicron and properties caused 

by their two main features including low thickness and 

high ratio of surface area with many applications in 

modern technologies. Some of these features included the 

increase in resistivity, light interference, tunneling, 

surface magnetization and critical temperature change of 

superconductors [4]. According to the performance and 

properties of the films, they can also be used to improve 
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technologies such as solar cells, sensors, optical 

applications, electronics, and ferroelectrics [4-5].  

There are various techniques for the preparation of 

these alloys including sputtering, sol-gel, molecular 

beam epitaxy, electrodeposition, and vacuum 

evaporation [6]. In this regard, low cost, simplicity of 

electrodeposition, and determination of sediment rate and 

coating thickness in a wide range caused by the 

introduction of this process as a hot issue for various 

areas of research. Significant magnetization (Ms) and 

negligible coercivity (Hc) are the remarkable 

characteristics of Fe-Co film produced by 

electrodeposition. However, these coatings suffer from 

low mechanical properties, especially hardness; and such 

disadvantages restricted their usages, significantly [7-8]. 

In many cases, a ceramic or composite such as metal 

nanoparticles are utilized to promote the hardness of Fe-

Co coatings.  

Nevertheless, in the usual mode of direct current 

electrodeposition, as the procedure continues, one layer 

of negatively charged type coats the cathode in which is 

a barrier layer among the deposit-electrolyte interface 

and charged particles. Pulse electroplating can 

effectively modify this process [9]. According to the 

literature, various attempts were carried out to 

compensate and enhanced the hardness of these coatings 

by adding oxide nanoparticles or usages of pulse current 

with respect to the direct current through the preparation 

of composite coatings [10]. In pulse electrodeposition, 

the current includes two modes that the layer charges 

through on-time and discharges somewhat through off-

time. This makes swifter transmission of the charged 

particles via the layer and raises the amount of micro and 

nano-sized augmentation. In pulse electroplating the duty 

cycle has been expressed according to Equation (1) [11]: 

Duty cycle =  
TON

TON+TOFF
=  TONf  (1) 

where TON, TOFF and f are on-time, off-time and pulse 

frequency, respectively; frequency has been calculated in 

the Equation (2): 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  
1

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
=  

1

𝑇
  (2) 

This research was done to obtain the optimal pulse 

plating conditions for a cobalt iron coating with titanium 

dioxide nanoparticles as dopant. The current density has 

been selected and investigated as the most important 

factor in current study.                                                    

Table 1 summarized the works that have tried to 

enhance the hardness of these coatings via 

electrodeposition technique. As abbreviated in Table 1, 

the main contributions of the current study are:  

(i) Usage of pulse current for preparation of Fe-Co-

TiO2 composite by electroplating;  

(ii) The acceptable saturation magnetization of coatings 

compared to similar coatings prepared by direct 

current electrodeposition; 

(iii) Usage of relatively negligible reinforcement 

compared to other researches (about 0.1 vol.%) and 

as a consequence, its lower relating cost; 

(iv) Determination of residual strength in the prepared 

coating. 

 

 

2. EXPERIMENTAL 
 

The chemical materials used in current study were 

purchased from Merck Company including, iron (III) 

sulfate (99.99 wt.%), cobalt (II) sulfate (99.99 wt.%), 

boric acid (99.99 wt.%), L-Ascorbic acid (99.98 wt.%), 

saccharin and sodium dodecyl sulfate (99.98 wt.%). TiO2 

(99.99 wt.%, 20-30 nm) was provided from US Research 

Nanomaterials, Inc, USA. 

Copper plate (10×10×1 mm) and nickel sheet 

(20×20×1 mm) were used as cathode and anode,  
 

 

 

 

TABLE 1. Side by side comparison of literatures that compared the mechanical properties of prepared coatings 

Ref/year Coating 

Electroplating 

method 
Magnetic parameters Micro-

hardness 

(HV) 

Thickness 

(µm) 

Reinforcement 

percent (vol.% 

in bath) 

Residual 

stress 

(MPa) Direct Pulse Ms (emu/g) Hc (Oe) 

Shao/ 2001 Fe-Co-TiO2 √ - 25.24 150 214.14 20-25 1-2 - 

Ghaferi/ 2016 Fe-Co-W √ - 60-860 76-21 300 18 0.32 - 

Iryna Yu/2017 Fe-Co-Mo - √ - - - 8-10 1.46 - 

Yousefi/ 2016 Fe-Ni-TiO2 - √ 5-16.40 - 536 to 638 - 2.50 - 

Takuya 

Nakanishi/2001 
Co-Ni-Fe - √ 391.79 30< - - - - 

Torabinejad/2017 Fe-Ni-Co - √ - - 519 to 570 120 - - 

Current study Fe-Co-TiO2 - √ 13.33-27.83 
196.63-

122.91 
74.3 to 173 20 0.10 

85 to 

253 
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respectively. The vertical distance of anode to the 

cathode was adjusted to be about 3 cm. First, the surfaces 

of cathode copper samples were electro polished at the 

current density of 1.5 A/m2 for 60 sec in equi-volume of 

HNO3 and de-ionized solution to obtain the mirror 

surface. Afterward, the substrates were washed in 

acetone and distilled water to eliminate the pollution and 

then immersed instantly in the electrodeposition cell.  

The electrodeposition bath contains, 50 g/L iron (III) 

sulfate (Fe2(SO4)3), 62.5 g/L cobalt (II) sulfate 

(CoSO4.7H2O), 30 g/L Boric acid (H3BO3), 3.5 g/L L-

Ascorbic acid (C6H8O6), 0.8 g/L saccharin (C7H5NO3S), 

0.3 g/L Sodium dodecyl sulfate-SDS (C12H25NaO4S) and 

1 g/L TiO2 nanoparticles. Also, the pulse electroplating 

parameters for construction of Fe-Co-TiO2 coatings 

were: current density (20, 30, 40 and 50 mA/cm2), duty 

cycle (50 %), pulse frequency (100 Hz), pulse on-off time 

(5-5 ms), stirring speed (300 rpm), pH (=2) and 

temperature (25 °C). 

The experiments were carried out in plating cell with 

the volume of 100 mL. Double-distilled water was used 

as solvent to provide the electrolytes from precursors. pH 

was controlled by the addition of NaOH and H2SO4. To 

decrease the possibility of anodic reaction of Fe (ferric to 

ferrous reaction), use of ascorbic acid as antioxidant was 

necessary. In addition, sodium dodecyl sulfate as 

surfactant in the bath was employed to inhibit the 

agglomeration of TiO2 nanoparticles. All experiments 

were performed at 25 °C with aggressive stirring rate 

(300 rpm). To plate each sample and having the films 

with similar thickness, the electric charge has been kept 

at 50 coulombs. Rectifier model BHP 2056 used to 

provide direct current through the electrodeposition. 

Various current densities in the range of 20-50 mA/cm2 

were applied at constant deposition time equal to 20 min. 

In addition, the pulse frequency and duty cycle were 

fixed at permanent fluctuation of 100 Hz and 50 %, 

respectively. The time of “On” and “Off” were set to 5 

msec.  

To investigate the surface characteristics, including 

chemical composition and morphology field emission 

scanning electron microscopy (FESEM, Hitachi S4160 

model) equipped with the EDX point chemical Analyzer 

were used [8-10]. The phase analyses of Fe-Co-TiO2 

films were done by XRD technique (Philips, X’pert-

MPD system by Cu-Kα). Scherrer equation [12] was used 

to estimate the average particle size of Fe-Co-TiO2 after 

the removal of the peak broadening of X-ray due to the 

instrumental error by Warren's method [12]. Rietveld 

refinement was performed using materials analysis by 

diffraction (MAUD) program. 

To measure the magnetic properties of the samples 

VSM (Meghnatis Daghigh Kavir Co. Iran) as magnetic 

hysteresis loops was used. The samples by dimension of 

0.5 mm × 0.5 mm × 1 µm were prepared. Then, the 

magnetic measurement of samples was performed at 25 

°C under the aligned magnetic field to be about ±10000 

Oe. Vickers microhardness was used to determine the 

hardness of the sample by applying the load of 50 g for 

15 sec on the sample. 

For each sample, evaluation is done on 5 points of the 

surface and their average was reported as the final 

valuably. The copper sheet does not have any influence 

on the microhardness due to the insignificant permeation 

depth (to be about 1-2 µm) [13]. 

 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Compositio and Morphology Analysis of 
Prepared Coatings             As shown in Figure 1, there 

is a close relationship between the current density and 

morphology. Accordingly, it was possible to prepare a 

dense and smooth Fe-Co-TiO2 coating in the wide range 

of current densities by adjusting the pulse 

electrodeposition parameters. During electroplating, the 

discontinuity of current at certain intervals led to an 

immense increase in nucleation rate. Hence, the 

deposited coatings by pulse electroplating have higher 

density and smaller grain sizes, so that a smoother surface 

is expected. In addition, it has been observed that TiO2 

nanoparticles were distributed at the surface of 

depositions. Figs. 1 (a-d) illustrate a mixed morphology 

containing fine nodular and small needles, which confirm 

the dispersion of phases containing cobalt and iron 

through the coatings. Similar observations have been 

reported for morphological investigation of other 

investigations [14-16]. The analogous and condensed 

surface may be due to the utilization of pulse 

electroplating and the distribution of TiO2 nanoparticles 

through the sample surface [11]. As shown in the Figure 

1(a)-(d), by enhancing of current density, the coatings 

have become coarser with a great nodule and cauliflower 

morphologies. It seems that higher current density 

decreased the amount of TiO2 nanoparticles and Co in the 

coating.  
According to the results, by increasing the current 

density, micro-cracks are appearing on the surface of 

samples and have been perceived that the surface of 

depositions becomes coarser with non-uniformity in 

morphologies.  

There are diverse mechanisms to explain this 

phenomenon, including that the preferred absorption of 

intermediary species prevents normal co-deposition 

performance. By increasing the current density, the 

conditions have been more appropriate for the formation 

of hydrogen and by consumption of H+ around the 

cathode, the pH increased locally. This condition 

significantly promoted the formation of metallic 

hydroxide [13, 17-18]. 
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Figure 1. FESEM images of Fe-Co-TiO2 coatings at 

different current densities prepared at (a) 20, (b) 30, (c) 40 

and (d) 50 mA/cm2 

 

 

 
Figure 2. Chemical composition of the coatings at various 

current densities based on EDX analysis.  

 

 

Since the desirability to absorb iron hydroxide is 

higher than that of cobalt hydroxide [19, 20], an increase 

in the amount of iron deposition is predictable. The white 

dots in Figure 1 confirm the distribution of TiO2 

nanoparticles on the coating which is more clearly seen 

in Figures 1a and 1b. 

Based on the results, it can be concluded that the 

optimal conditions is satisfied at the current density of 40 

mA/cm2. At this current density, the amount of iron and 

TiO2 are balanced and a smooth coating with suitable 

magnetic and mechanical properties is obtained. In 

addition, the amount of iron on the coating is higher than 

the prepared coating at 50 mA/cm2. This is due to 

anomalous codeposition and less tendency of the noble 

metal to deposit. 

In Figure 1 (current density 30 mA/cm2), the amount 

of iron has dropped sharply due to the increase in TiO2 

content, so we see larger granules in this current density. 

The effect of increasing current density on increasing the 

iron content and reducing the gross amount of coating is 

confirmed [11, 13, 16]. The mass ratio of the components 

is determined according to the previous works with 

different dopants [11, 13]. As illustrated in Figure 2, the 

weight percent of Co and Fe in the coating for the sample 

prepared at 20 mA/cm2 were 43.9 wt. % and 50.1 wt. %, 

respectively. However, in the case of 50 mA/cm2, the 

weight percent of Co and Fe contents were 30.8 and 58.6 

wt. %, respectively. On the other hand, due to the 

reduction of cathodic over potential, the possibility of a 

reaction at the electrode surface was decreased. In this 

condition, the amount of Fe increased in the deposit. 

According to the literature [21-23], higher current 

densities enhanced the diffusion of Fe to the coating and 

as a consequence enhanced the magnetic properties.  

As shown in Figure 2, the dependency of current 

density and TiO2 content in deposition results from two 

various behaviors. In the range of 20 to 30 mA/cm2, 

enhancing the current density increased the TiO2 contents 

of coatings, while in the range of 40 to 50 mA/cm2, this 

behavior was reversed. As shown, the TiO2 content of 

coating dropped from 5.4 wt. % (in 30 mA/cm2) to 1.2 

wt. % (in 40 mA/cm2) and 0.8 wt. % (in 50 mA/cm2). In 

this regard, by changing the current density from 20 to 30 

mA/cm2, decreasing the rate of iron and cobalt ions has 

been enhanced due to increasing of metal ions absorbed 

by TiO2 nanoparticles [24, 25]. By addition of current 

density (until 50 mA/cm2) that promotes the deposition 

speed of metal ions respect to TiO2 particles. This 

consequence can be related to a greater decrement of 

metallic ions in electrolyte due to the decreasing rate of 

metallic ions around the TiO2 is less than the value of it 

for free metal ions by increasing in current density [11, 

26-27]. 

There are various theories for this phenomenon. 

According to Lu et al. [4] the preferential absorption of 

intermediate species prevents normal deposition. As the 

current density increases, the conditions for hydrogen 

regeneration become more suitable. In this condition, by 

consuming H+ around the cathode, the pH in this area will 

increase and will be the dominant species as hydroxide. 

Because of the tendency to absorb the iron hydroxide is 

far greater than that of cobalt hydroxide, the increase in 

the amount of deposited iron occurs [15, 25]. 

The prior studies have shown that any increase in the 

current density up to the critical value extremely 

enhanced the deposition rate of particles to a maximum 

value. While, in the current densities than higher than that 

of this threshold, the possibility of co-deposition of TiO2 

nanoparticles was decreased [11]. The behavior of TiO2 

nanoparticles explained by Guglielmi’s model as a 

function of current density [11, 13]. Accordingly, the 

absorption of metallic ions at the surface of nanoparticles 

had been occurred in the first step. After traveling from 

the diffusion layer, the surrounded TiO2 nanoparticles 

with the ionic cover distributed at the cathode. Then, the 

deposition of TiO2 nanoparticles on the cathode surface 

takes place weakly. At the same time as the evacuation 

of metallic ions at the cathode surface occurs, TiO2 

nanoparticles accumulated and penetrated inside the Fe-

Co coating. Hence, at high current densities including 
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and over 40 mA/cm2, the metal deposition process is 

overcome to the co-deposition of nanoparticles, so it can 

be seen that in these current densities, significant 

reduction of nanoparticles inside the coating is visible.  

In confirmation of the EDX results, the XRD analysis of 

samples was also performed. Moreover, in spite of EDX 

limitations, the usage of this analysis is very common in 

phase analysis [8-10]. 

 

3. 2. Samples Characterization              The structural 

changes of coatings prepared at various current densities 

were investigated by XRD patterns (Figure 3). XRD 

pattern of TiO2 (JCPDS No. 4-0477) confirmed the high 

purity and crystalline nature of TiO2 nanoparticles as 

reinforcement. TiO2 peaks with significant intensity were 

not detected in the XRD patterns of Fe-Co-TiO2 

composite coatings. This is due to the very low content 

(lower than 5 wt.%) of the co-deposited TiO2 

nanoparticles in the Fe-Co matrix. Since, in this study 

TiO2 nanoparticles with anatase phase was used due to its 

better magnetic properties compared to the other two 

phases. It was necessary to note that phases less than 5 % 

by weight cannot be observed in XRD. As shown, there 

is remarkable dependency between the XRD spectra and 

relating current density in a way that by an increase in 

current density, the intensity of cobalt peaks was 

dramatically diminished. Albeit, there is more Fe, at 

higher current densities. Similar consequences have been 

presented by other studies. According to the results, 

cobalt structures contain two phases , FCC and/or HCP. 

During electrodeposition, atomic hydrogen may react 

with cobalt and produce metastable cobalt hydride with 

FCC structure. Atomic hydrogen is then removed from 

the sediment due to the decomposition and formation of 

stable cobalt with HCP structure. It has been reported that 

the co-deposition of atomic hydrogen with Co in 

electroplating can create cobalt hydride with low stability 

and an FCC structure [11]. Dissociation of this phase 

leads to the removal of hydrogen through the deposition 

and as a result, Co changes to a more stable HCP phase. 

Besides this, TiO2 nanoparticles can enhance the 

performance of preparedness of the structural coating in 

structural usages. TiO2 peaks with low intensity were 

observed in XRD spectra of Fe-Co-TiO2 deposited 

coatings which confirm that very low amount of TiO2 

nanoparticles in the Fe-Co coating (maximum of TiO2 

was about 5.4 wt. %).  
The average grain size of coatings determined by 

Scherrer equation [12] and the results are summarized in 

Table 2. Measurements were repeated three times at each 

angle and the mean values were reported. It can be 

concluded that the average grain size has been less than 

21 nm. 

It should be noted that the load transfer process 

happens in several steps. Transfer ions from electric 

binary layer to the free positions and their attractions, 

shallow penetration of adsorbed ions toward the steps, 

and finally transfer ions from steps to the edges. Any 

increase in the current density (or higher over potential), 

enhanced the superficial penetration of ions and the 

atoms are transmitted faster toward the growing active 

centers (steps and edges) and consequently facilitated the 

growth of grains. On the other hand, the germination 

energy barrier changed by an inverse relationship with 

the square of over potential. Any increment in the current 

density increased the over potential. In this condition, the 

germination rate has enhanced and the grain size will 

become smaller. It can be concluded that these two 

parameters compete for the control of the coating grain 

size. In this research, both factors have similar influences 

and annihilate their effects. Therefore, the grain size does 

not show remarkable variations through investigating the 

region. 

Increasing the current density increases the surface 

penetration of the ions and causes the atoms to move 

more rapidly to the active growth centers (stairs and 

edges), thus facilitating the growth of grains. On the other 

hand, the germination energy barrier is inversely related 

to the super-potential square. As the current density 

increases, the germination rate enhances and the grain 

size becomes smaller. Here, at higher densities, the two 

factors have the same effect and destroy each other's 

effects. Therefore, no significant changes in grain size are 

observed. 

 

 

 
Figure 3. XRD patterns of Fe-Co-TiO2 coatings at different 

current densities obtained from (a) 20, (b) 30, (c) 40 and (d) 50 

mA/cm2 

 

 

TABLE 2. Results of Scherrer equation by consideration of 

various peaks for determination of the average grain size 

Current density 

(mA/cm2) 

2 theta 

(Degree) 
FWHM 

Crystallite size 

(nm) 

20 45.25 0.54 15 

30 45.70 0.50 19 

40 44.68 0.46 21 

50 45.10 0.45 21 
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As shown in Figure 3, the results of Rietveld analysis 

also confirmed the XRD results and the grain size of the 
Scherrer equation.  

 

3. 2. Magnetic Properties           Saturation 

magnetization (Ms) is an inherent characteristic and can 

be considered as material property. While, coercivity 

(Hc) is an external characteristics and is a function of 

several factors such as crystalline nature, chemical 

composition, particle size, microstructure, thickness, and 

residual stresses of the prepared coatings by 

electrodeposition. The hysteresis loops of depositions at 

various current densities are presented in Figure 4. 

Moreover, Table 3 shows the magnetic data, i.e., 

saturation magnetization, for various samples. According 

to the results, it can be seen that all of the coatings have 

soft magnetic property (coercivity less than 200 Oe) and 

any enhancement in the current density, changed the 

saturation magnetization. Hereon, there is a same 

opinion, which decrement in non-magnetic element 

causes for the increase in saturation magnetization. 

Furthermore, the Fe content of the deposition has an 

important effect on the saturation magnetization due to 

the superior magnetic property of iron compared to the 

other constituents. The most important ferromagnetic 

elements are cobalt, nickel, and iron, in this sample the 

higher content of Co can compensate the lower content 

of Fe in prepared coating [19]. 
Conforming to the consequences of EDX, the amount 

of iron in electroplating deposition had increased. 

However, the TiO2 content decreased by enhancing the 

current densities higher than 30 mA/cm2. Hence, higher 

current density induced higher saturation magnetization 

and decreased the coercivity, simultaneously. On the 

other hand, by an increment in the current density, the 

amount of TiO2 nanoparticles decreases, and hence 

saturation magnetization declines. As mentioned, the 

coercivity is an extrinsic feature and the grain size is one 

of the most substantial factors that alter the coercive 

fields. Decrement in the grain size according to Equation 

(3) lead to a reduction in magnetic coercivity. 

Η𝐶 =  Ρ𝐶
𝑘1

4

𝐽𝑠𝐴2  𝐷6  (3) 

in which, Hc, A, K1, Js, Pc and D, are coercivity, exchange 

stiffness constant, magneto-crystalline anisotropy, the 

magnetic moment, a constant of the order of unity and the 

crystallite size, respectively. By increasing the grain size 

to the values less than the exchange length, the effect of 

exchange interactions dominates on the adverse effect of 

the grain size. Thus, magnetic moments are getting on the 

same direction, and the coercivity decreases. 

For each magnetic material, there is an exchange 

length, which is explained with Equation (4):  

𝐿𝑒𝑥 =  √
𝐴

𝐾1
  (4) 

As shown in Equation (5), in the case that the grain size 

is greater than the exchange length, the coercivity 

increases due to the reduction in the grain size:   

𝐻𝑐 ~ √
𝐾𝑇𝑐𝐾1

𝑎𝑀𝑠
 

3 1

𝐷
  (5) 

where, Ms, Tc, a, and K are the saturation magnetization, 

Curie temperature, lattice constant and Boltzmann 

constant, respectively. It is obvious that the coercivity 

measurement of iron-based alloys is conforming to the 

random anisotropy model (RAM). The previous studies 

demonstrate that the exchange length (𝐿𝑒𝑥) for 

ferromagnetic material depends on the amount iron in the 

deposition, so that reduction of iron content leads to the 

increase in 𝐿𝑒𝑥. Consequently, the exchange length was 

smaller than the grain size for all electroplating coatings 

(D). Thus, decrementing the grain size led to the 

increases in coercivity. The results obtained from 

experimental have a high concordance with RAM theory 

for all electrodeposition composition. As shown in Figure 

5, by enhancing the current density, the coercivity was 

decreased due to the increase in the grain size. 

Furthermore, the VSM results revealing the coatings 

have the soft magnetic property due to the amount of 

coercivity between 100-200 Oe and thin hysteresis curve. 

Maximum Ms and minimum of Hc reported in prepared 

coatings at 50 mA/cm2 and can be proposed as good 

candidates for magnetic usages. Also, the amount of 

reinforcement (TiO2 nanoparticles) in this sample is at its 

least, and promotes the magnetic properties due to the 

presence of higher constituents, i.e., Co and Fe as 

magnetic elements. 

 

3. 3. Microhardness         The dependency of 

microhardness and current density are shown in Figure 6. 

In general, by creating a solid solution, microhardness 

increases due to the reduction in dislocation mobility. On 

the other hand, according to Hall-Petch Equation (6), the 

decrement in the grain size leads to an increase in 

microhardness:  

H= H0 + kD-0.5 (6) 

where H0 and k are constants related to hardness and D is 

the grain size obtained by Scherrer equation. Moreover, 

the consequences display that by increasing the iron 

content, the microhardness was decreased; so, lower 

hardness values are related to the greater iron content.  In 

summary, an increase in current density in the range 20-

30 mA/cm2, enhanced the microhardness of coatings. 

However, in the higher current densities (40 and 50 

mA/cm2), a significant decrement in microhardness has 

been observed due to the lower content of TiO2 as 

reinforcement. 

One way to increase the mechanical properties of the 

coating is to dope ceramic nanoparticles to the 

composition. The growth of the grains is limited by the 
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TABLE 3. The saturation magnetization values of Fe-Co-TiO2 

coatings as a function of variation of current density (Ms 

(emu/g)) 

Current density 

(mA/cm2) 

Saturation 

magnetization (emu/g) 
Coercivity (Oe) 

20 13.33 196.63 

30 17.61 191.87 

40 24.17 146.00 

50 27.83 122.91 

 

 

 
Figure 4. The hysteresis loops of Fe-Co-TiO2 coatings at 

different current densities (a) 20, (b) 30, (c) 40 and (d) 50 

mA/cm2 

 

 

 
Figure 5. The alterations of grain size of coatings at diverse 

current densities 

 

 

 
Figure 6. Effect of current density on the microhardness and 

residual stress of coatings. 

 

distribution of TiO2 nanoparticles in Fe-Co precipitate. In 

addition, the plastic deformation process reduces the 

composition of Fe-Co due to the combined effects of 

grain refinement and dispersive strengthening 

mechanisms. The maximum value of microhardness is to 

be about 173 HV, which is related to 30 mA/cm2 current 

density. It means that the amount of TiO2 played an 

administrated effect on the microhardness.   

Residual stress defined as the stresses that remain in 

a body after the removal of all external forces. This stress 

can exist as tensile (positive) or compressive (negative). 

As a general trend, most metal and ceramic coatings have 

internal stresses. In addition, the compressive stresses in 

coatings are generally preferred due to the significant 

improvement of hardness and fatigue life of prepared 

composites. According to Figure 6, the values obtained 

from the residual stress and the hardness of the coating is 

well proportioned. On the other hand, the coatings with 

higher residual stress have consequently maximum 

hardness.   

As can be seen in Figures 5 and 6, the magnitude of 

error bars in investigating parameters, i.e., crystalline 

size, microstructure and residual stress, are proportional 

to the current densities. In this regard, by increasing the 

current density to 40 and 50 mA/cm2, more uniform 

coverage is obtained and the magnitude of error bars is 

reduced. In other words, the distribution of data in the 

range of 40 to 50 mA/cm2 of current density is more 

balanced and uniform. This behavior can be related to the 

higher reproducibility of prepared composites at higher 

current densities than 40 mA/cm2.  

 
 
4. CONCLUSIONS 
 

Preparation of Fe-Co-TiO2 composite using pulse 

electrodeposition at various current densities is the 

subject of this study. The structural changes, mechanical 

and magnetic properties of samples were thoroughly 

investigated. XRD patterns demonstrated that the 

dominant structure is BCC. Albeit, increment in the 

current density led to be added a mixed-phase including 

BCC and FCC and the saturation magnetization has a 

direct relationship and coercivity value has a reverse 

relationship with Fe content of coatings. In addition, by 

increasing TiO2 nanoparticles, the coercivity value 

increases. Through the investigated ranges of parameters, 

the maximum Ms, as well as the minimum Hc belonged to 

the sample at 50 mA/cm2. Therefore, Fe-Co alloys 

prepared by pulse electroplating at a current density of 40 

mA/cm2 can be introduced as the optimal coating due to 

the optimization of magnetic and mechanical properties 

together. While the maximum amount of residual stress 

and microhardness belonged to the coatings prepared at 

30 mA/cm2. The other conclusion was the positive effect 
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of Co in enhanced magnetization saturation at a relatively 

similar level to the Fe content. 
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Persian Abstract 

 چکیده 

آماده   یهاتیشود. کامپوز  ه یته  یپالس یکارآب   ق ی( از طر2mA/cm 20-50مختلف در بازه )  یهاان یجر  ی چگالدر    2TiO-Co-Feنانوبلور    ت یشده تا کامپوز  یمطالعه سع   ن یدر ا

تر  ن ییپا  انیجر  یگل کلم در چگال  یمورفولوژ  یریگ  نشان داد که شکل  جی. نتاندشد  یابیهمشخص   XRDو    VSM،  کرزیو  یسنجیسختزیر،  FESEM   ،EDS  یها   روششده با  

  و   XRD یشود. الگوها ی پوشش ها کاسته م 2TiOو  Co قدارزمان از م شده و هم بیآهن در ترک قدار م شیبالاتر باعث افزا انیجر  ی، چگالنی داشته است. علاوه بر ا تیارجح

اشباع   مغناطش  جادیکمتر، باعث ا  2TiOو نانوذرات    شتریوجود آهن ب  لیبالاتر به دل  انیجر  یکرد. چگال  دییارا ت  FCCعنوان فاز غالب( و   )به  BCC  بی ترک  لی تشک  تولدیر  زیآنال

بود که حداکثر   ی در حال نیبه دست آمد. ا 2mA/cm 50 ان یجر ی اشباع در چگال مغناطش ن یشتریو ب ی وادارندگ ن یکمتر ن،ی. همچناست شدهکمتر  ی وادارندگ ن یبالاتر و همچن

 . بود  شده جادیا 2mA/cm 30 ان یجر یدر چگال  یکروسختیم
 


