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Abstract:  

A new method of magnetic-field-assisted jet plating is presented to manufacture Ni-Co-SiO2 alloy films. 

The influence of different concentrations of Co2+ ions of the electrolyte is investigated with and without 

magnetic field to study the resulting properties of the deposits. The texture orientation, surface morphology, 

magnetic properties and corrosion resistance of the alloy films were characterized. The results show that 

with increasing Co2+ concentration in conventional jet-plating, the surface morphology changes from a 

granular crystal structure to a needle-like structure at 30 g/L caused by the hexagonal close-packed (HCP) 

structure of a large Co content. Differently, the assistance of the magnetic field leads to lower Co content in 

the films, even at a high Co2+ concentration of 30 g/L. The deposit layer remains in the face-centered cubic 

(FCC) structure and shows a granular morphology. The magnetic field in general leads to grain refinement 

and inhibits the abnormal Ni–Co co-deposition. The Ni–Co–SiO2 alloy films obtained by magnetic-field-

assisted jet plating have a smooth and dense surface. The best soft magnetic properties and corrosion 

resistance are obtained at a Co2+ concentration of 20 g/L. The coercivity is as low as 7.5 Oe, and the corrosion 

current density is as low as 1.12 μA·cm-2 in 3.5 wt% NaCl solution without agitation and at room temperature, 

clearly showing the advantages of the method for preparing superior soft magnetic materials. In addition, a 

physical model of magnetic-field-assisted jet plating is established. The magnetic forces and the resulting 

electrolyte flow are analyzed with the help of numerical simulations, and the influence of the magnetic field 

on the deposition process is discussed from the perspective of magnetohydrodynamics. 
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1 Introduction 

Soft magnetic metal composites are key materials for power electronics components and are widely 

used in important fields such as energy, information and transportation [1-3]. Films of Ni–Co alloy, an 

important ferromagnetic material, show a unique combination of high saturation magnetization, mechanic 

flexibility and corrosion resistance. Therefore, the field of high-density magnetic recording, which has been 

widely studied in recent years [5-11], continues to have good prospects for future applications. 

At present, the techniques for preparing Ni–Co alloy films mainly consist of magnetron sputtering 6-

8], electroless plating [9-11], and electroplating [12-21]. The sputtering method requires expensive 

equipment, and the obtained thin films have a relatively large grain size and a poor compactness [7, 8]. 

Alternatively, electroplating methods have proven to deliver high-density, high-temperature-resistant, 

nanocrystalline materials with strong wear resistance and corrosion resistance, if the processing parameters 

are properly adjusted [12-18]. As, it is a simple, low-cost process, it meanwhile became and an important 

method for preparing nano-scale Ni–Co alloy films in industry. S. Vilain et al. [18] studied the correlation 

between surface roughness, composition and magnetic properties of Ni–Co layers, and the coercivity was 

found to decline when the film surface roughness was reduced within a certain range. A. Karpuz et al. [19] 

found that the coercivity of Ni–Co films decreases with increasing film thickness due to the change in the 

preferred crystal orientation. S. Meena et al. [20] studied the influence of Cr doping on the structure, 

morphology, mechanical and magnetic properties of Ni–Co–Cr alloy films, revealing that a film doped with 

a high concentration of Cr has the highest hardness. U. Sarac et al. [21] discussed the observation that 

coercivity and remanence of the Ni–Co films decrease as the current density applied during deposition 

increases. The above studies indicate that the properties of Ni–Co films are very sensitive to the parameters 

of the manufacturing processes. For a recent review of Ni-Co composite electroplating, we refer to [4]. 

Jet plating is a special electroplating method that uses fast electrolyte circulation. It has the 

characteristics of high efficiency, fast deposition speed, and selective deposition. Jet plating is widely used 

in the preparation of nanomaterials [22-24]. A disadvantage is that tip discharge effects may occur at higher 

current densities, resulting in a decrease in the flatness and uniformity of the deposited films. Compared with 

electroless and traditional plating methods, the magnetic field-assisted jet electroplating method can achieve 

higher deposition rates at higher current densities, thereby significantly improving the density and uniformity 

of the film. Furthermore, its process equipment is simple, and it is a new type of green and environmentally 

friendly remanufacturing technology [23, 24].  

Earlier research has shown that in jet-plating adding nanoparticles can effectively improve the surface 

morphology and refine the grain growth of Ni–Co composite films [23, 25]. However, the magnetic 

properties of these films were not yet investigated. In the present work, a small number of SiO2 nano-particles 

was added to the electrolyte to inhibit the growth of Ni and Co grains in the Ni–Co alloy. Magnetic-field-

assisted jet plating of Ni–Co–SiO2 alloy films was performed to study the abnormal co-deposition of Ni–Co 

under the action of a magnetic field. Electrolytes of different Co2+ concentration were used, and the analysis 



 

 

of the films obtained focuses on the aspects of texture orientation, surface morphology, magnetic properties 

and corrosion resistance with respect to the impact of the magnetic field. In addition, we performed 

numerical simulations to explore how the magnetic field influences the process of magnetic-field-assisted 

jet plating. Examining the electrolyte flow modified by the magnetic forces, including the Lorentz force and 

the magnetic gradient force, helps to better understand the mass transport of the metal ions near the electrode 

and the mechanism behind the growth of the deposit in magnetic-field-assisted jet plating. 

2 Methods 

2.1 Experimental setup 

Fig. 1a shows a diagram of the magnetic-field-assisted jet plating system and Fig. 1b is a photograph 

of the experimental setup, which mainly consists of a power supply, control motor, heating equipment and 

jet plating area. The heating equipment was used to heat the plating bath to maintain a stable temperature 

during the jet plating. The motor was controlled to realize the reciprocating movement between the nozzle 

and the sample. The experiment was carried out at a constant potential. The nickel rod in the jet plating area 

was connected to the anode of the power supply, and the back of the sample to be plated was connected to 

the cathode of the power supply. The electrolyte was recycled in the experimental system; the red arrow 

indicates the direction of electrolyte circulation, which is different from traditional electroplating. Filter 

meshes were installed at the electrolyte inlet and outlet to prevent solid particles and other impurities from 

reaching the electrode surface during the jet plating and affecting the plating stability. Before the deposition 

experiments, nano-SiO2 particles were well mixed into the electrolyte by magnetic stirring and ultrasonic 

agitation for 6 hours, and no obvious nanoparticles sedimentation in the electrolytic cell could be observed. 

The magnetic field in the experiment was provided by a pair of horizontally placed NdFeB (N45) magnets 

with a size of 30×30×15 mm. As the electrolyte flow was directed vertically downward, the electric field 

was perpendicular to the direction of the magnetic field. Fig. 1c shows the distribution of magnetic lines. 

The magnetic field near the magnet surface is about 0.4 T. This field only becomes stronger near the edges 

of the magnets, resulting in a non-uniform magnetic field in the machining gap. Fig. 1d indicates the 

geometry and boundary conditions in the 3D numerical simulations of the electrolyte flow. For detailed 

information, see Section 3.5. 



 

 

 

Fig. 1. (a) Diagram of the magnetic-field-assisted jet plating system; (b) Photo of the experimental setup; 

(c) Distribution of magnetic field lines (numerical result); (d) Geometry and boundary conditions in the 3D 

numerical simulations of the electrolyte flow. 

2.2 Experimental parameters 

The compositions of the bath solutions are shown in Table 1. All the experimental reagents are 

analytically pure. In order to study the influence of the Co2+ concentrations on the plated Ni–Co alloy films, 

different concentrations of the Cobalt salt were added sequentially in a simple Watts electrolyte and mixed. 

Stainless steel size of size 20 × 20 × 2 mm3 was used as substrate, which in preparation was polished with 

abrasive paper and put in dilute hydrochloric acid to remove the surface oxide layer.  

Table 2 shows the specific processing parameters of magnetic-field-assisted jet plating. Table 3 shows 

the sample numbers and corresponding processing parameters of the Ni–Co–SiO2 alloy films involved in 

this paper. The deposition parameters of voltage, current density and electrolyte composition correspond to 

values used earlier in jet deposition, which were found to be optimum with respect to the deposit properties 

[61]. 



 

 

Table 1. The compositions of the bath solution. 

Electrolyte composition Contents Application 

NiSO4
.6H2O (g/L) 280 The main source of Ni2+ 

CoSO4
.6H2O (g/L) 10/20/30 The main source of Co2+ 

NiCl2
.6H2O (g/L) 40 Remove anode polarization 

SiO2 (10nm) (g/L) 4.0 Refined composite films 

H3BO4 (g/L) 40 Adjust pH 

pH 4.2 Plating pH condition 

Temperature (◦C) 50 Plating temperature 

Table 2. Processing parameters of magnetic-field-assisted jet plating. 

Processing parameters Contents 

Magnetic flux density (B) ~0.4 T (machining gap) 

Machining gap (△) 3.0 mm 

Scanning speed (vs) 6.0 mm/s 

Flow rate 100 L/h 

Mean flow velocity in the nozzle (vj) 2.0 m/s 

Voltage (U) 25 V 

Plating time (T) 25 min 

Table 3. Sample number and processing conditions. 

Sample  Co2+ (g/L) Magnetic field Processing mode 

a 10 No Jet plating 

b 10 Yes Magnetic-field-assisted jet plating 

c 20 No Jet plating 

d 20 Yes Magnetic-field-assisted jet plating 

e 30 No Jet plating 

f 30 Yes Magnetic-field-assisted jet plating 

2.3 Characterization 

The surface morphology of the films was characterized using an Ultra-high Resolution Scanning 

Electron Microscope (Regulus8220) and the elemental analysis was conducted by energy-dispersive X-ray 

spectrometry (EDS). The films were analyzed by X-ray diffraction (XRD) on a spectrometer (DMAX-

2500PC) operated at 40 kV and 150 mA with Cu-Kα radiation (λ= 0.15406 nm) to determine the phase 

composition and crystallite size. The films were peeled off from the substrates, then cut into 2×2 mm2 pieces 

for magnetic measurements. All samples were measured with a superconducting quantum interference 

device (SQUID-VSM, Quantum Design). Hysteresis measurements were conducted at 300 K while the 

magnetic field was varied from −1 T to +1 T. The direction of the magnetic field was in the plane of the 

films. The corrosion resistance of the films was investigated by polarization using an electrochemical 

workstation (CHI660E) in a 3.5 wt% NaCl corrosive medium without agitation and at room temperature. 

The reference electrode was a saturated calomel electrode, and the counter electrode was made of platinum. 



 

 

The reactions occurring at the cathode and the anode are the hydrogen evolution reaction and the dissolution 

of the metal, respectively. The samples were immersed in the corrosive medium for about 30 min to attain 

the open circuit potential (Eocp). Immediately afterwards, potentiodynamic sweeping was performed over 

the potential range of −500 mV to +500 mV with respect to Eocp with a sweep rate of 1 mV/s. 

2.4 Numerical simulations 

To better understand the magnetic field effects, we performed numerical simulations of the magnetic 

field and the flow velocity using the finite element software COMSOL [40, 41]. For detailed information on 

the numerical model, see [51]. The numerical parameters correspond to the experiments. The origin of the 

numerical coordinate system is chosen to be at the bottom center of the machining gap. As the strong jet 

flow continuously brings fresh electrolyte towards the substrate, we assume the concentration has a 

stationary distribution and perform steady-state simulations. The concentration is assumed to be uniform 

except in the concentration boundary layer with a thickness of 60  μm , where the distribution fulfills 

𝜕𝑐
Ni2+

𝜕𝑧
=

−𝑗

2𝑛Ni2+𝐹𝐷Ni2+
 [58]. Note that we consider only Ni2+ and SO4

2− ions here for the sake of simplicity. 

Here, 𝑗 = 10000 A/m2 is the current density, 𝑛Ni2+ = 2 is the charge number, 𝐹 = 96485 C/mol is 

the Faraday constant and 𝐷𝑁𝑖2+ = 1.2 × 10−9 m2/s  is the diffusion constant of 𝑁𝑖2+ [44, 59].  This 

generates a concentration gradient on the substrate which may be important for the action of the magnetic 

gradient force [42, 51].  

The magnetic field is calculated from Maxwell’s equations; the calculated field distribution is discussed 

later in Fig. 8. The flow field is obtained by solving the Navier-Stokes equations supplemented by the 

incompressibility constraint and a turbulence model. The Reynolds number 𝑅𝑒 = 𝑈𝐷H/𝜈 is estimated to 

be 3391, assuming that the average inlet velocity 𝑈 is 2 m/s (derived from electrolyte flow rate, Table 2), 

the characteristic length is the hydraulic diameter of the channel of 𝐷H = 1.75  mm, and the kinematic 

viscosity 𝜈 is 1.032× 10−6 m2/s [56]. As the calculated Reynolds number is in the range of the transition 

from laminar to turbulent flow [57], a low Reynolds number 𝑘 − 𝜀 model is applied to account for the 

turbulence in the flow [40, 55]. Fig. 1d shows the geometry and the boundary conditions for the flow field 

of the simulation model. The flow has a uniform velocity of 𝑈 = 2 m/s at the inlet, which develops when 

passing through the nozzle. A no-slip condition is applied at the nozzle walls and the substrate, and ambient 

pressure is applied at the exit of the flow channel. 

3 Results and discussion 

3.1 Texture orientation 

The XRD patterns of Ni–Co–SiO2 alloy films under different conditions are shown in Fig. 2, and the 

average grain size of each film is estimated using the Scherrer equation, as shown in Table 4. As the 

concentration of Co2+ in the electrolyte increased, the average grain size of the Ni–Co–SiO2 alloy films first 

decreased, then increased. This is consistent with the results in [14]. While the smallest grain size was found 

to be 27.9 nm for a 20 g/L concentration without a magnetic field. When the magnetic field was applied, the 

average grain size was further refined to 24.5 nm. The same behavior was found in the surface roughness 



 

 

measurements using a Sensofar Metrology in the Supporting Information. The diffraction patterns showed 

that the major phase of the Ni–Co–SiO2 film had a face-centered cubic (FCC) structure, and the 

corresponding diffraction peaks were (111), (200), and (220). There was a slight offset between the 

diffraction peaks and the standard peaks (Ni: JCPDS file card # 04-0850) as the Co atoms were added to the 

Ni matrix in the form of replacement and solid solution [27]. Furthermore, some nano-SiO2 particles doped 

in the Ni–Co alloy films also contribute to the lattice distortion. It should be noted that the diffraction peaks 

for SiO2 were hardly found in Fig. 2, which may be due to the low content of SiO2 in the alloy film. 

The phases composite of the Ni–Co–SiO2 alloy film changed distinctly as the concentration of Co2+ 

increased to 30 g/L in the electrolyte. The XRD pattern (Fig. 2) shows that sample e (30 g/L of Co2+, without 

a magnetic field) contains the second phase of Co (marked by arrows). Unlike the other phases, with the 

FCC structure typical of Ni–Co solid solute, this second phase had a hexagonal close-packed (HCP) structure. 

This indicates that a part of the Co2+ was added to the Ni base in the form of a replacement, and the other 

part of Co2+ grew as a hexagonal close-packed (HCP) structure [14]. However, for sample f (30 g/L of Co, 

with the magnetic field), there was no Co precipitation in the hexagonal close-packed (HCP) structure. This 

indicates that the magnetic field can inhibit the abnormal co-deposition of Ni–Co alloy, resulting in a higher 

solid solubility of Co in Ni.  

 

Fig. 2. XRD patterns of Ni–Co–SiO2 alloy films under different conditions (see Table 3). 

3.2 Surface morphologies 

Fig. 3 shows the surface morphologies of Ni–Co–SiO2 alloy films under different conditions. In jet 

plating without a magnetic field, the surface of the Ni–Co–SiO2 alloy films changed significantly as the 

concentration of Co2+ increased. When the Co2+ concentration was as low as 10 g/L, the Ni–Co–SiO2 alloy 

film mainly grew with a granular structure that was relatively flat and uniform, as shown in Fig. 3a. When 



 

 

the Co2+ concentration increased to 20 g/L, a few needle-like crystal structures emerged from the original 

granular structure, as shown in Fig. 3c. When the Co2+ concentration was further increased to 30 g/L, the 

needle-like crystal growth prevailed in the film and the original granular structure almost disappeared. The 

grains became coarser and the compactness decreased between the crystal grain boundaries, as seen in Fig. 

3e. The change in the surface morphology is related to the change in the crystal structure [14]. In general, as  

the concentration of Co2+ enhances, the deposition of Co2+ is enhanced, and the reduction of Ni2+ ions is 

reduced. This can affect the mass ratio of Co and Ni in the alloy film, and thus affect the crystal structure of 

the alloy. As shown in Fig. 2, an increase in the concentration of Co2+ (sample a→c→e) leads to an increase 

in the intensities of the FCC peaks and a decrease in that of the HCP peaks. With the highest Co2+ 

concentration (sample e), a mixed crystalline structure of FCC and HCP is observed. This corresponds to the 

change of the surface morphology from a granular structure to a needle-like structure, which is consistent 

with the results reported in [14]. 

The surface grains of the Ni–Co–SiO2 alloy films with the same concentration of Co2+ during 

magnetic-field-assisted jet plating are shown in Fig. 3.b, d, f. The Ni–Co–SiO2 alloy film had the best surface 

quality with refined grain and the highest density when the Co2+ concentration was 20 g/L, as depicted in 

Fig. 3d. In comparison with the samples without a magnetic field, the surface grains of the alloy films were 

refined and much denser and uniform. In Fig. 3f, especially, it is seen that the granular growth structure was 

still maintained without microcracks and gaps between the grain boundaries. In the electrolyte with the same 

Co2+ concentration, the magnetic field also has a certain effect on the surface morphology of the Ni–Co–

SiO2 film. The magnetic field can slightly enhance the mass transfer at the electrode surface and modify the 

growth orientation of the film, thereby improving the flatness and compactness of the deposit. For detailed 

discussion of the magnetic effects on the surface morphology, see Section 3.6. 

 



 

 

 

Fig. 3. Surface morphologies of Ni–Co–SiO2 alloy films under different conditions (see Table 3). 

Fig. 4 shows the distribution of elements on the surface of the Ni–Co–SiO2 alloy film with magnetic-

field-assisted jet plating for the Co2+ concentration of 20 g/L. It can be seen that the elements in the Ni–Co–

SiO2 alloy film were uniformly distributed and the nano-SiO2 particles were successfully embedded in the 

alloy film [26]. 



 

 

 

Fig. 4. Distribution of elements on the surface of the Ni–Co–SiO2 film in magnetic-field-assisted jet 

plating. 

Fig. 5 shows the ratio of Ni and Co elements in different Ni–Co–SiO2 films analyzed by EDS. The 

mass ratio of Co and Ni in the films without a magnetic field (denoted by a, c, e in Fig. 5) was found to be 

much higher than the mass ratio of Co2+ and Ni2+ in the electrolyte, especially for sample e which contained 

twice as much Co as Ni, although the standard electrode potential for depositing Co (-0.28 V) is more 

negative than that for depositing Ni (-0.26 V) [44]. The high content of Co in the Ni-Co alloy indicates an 

abnormal co-deposition. Similar studies have shown that abnormal co-deposition also occurred during the 

co-deposition of iron group metals (Fe, Co, Ni) and Zn with iron-group metals [28-31]. The abnormal co-

deposition shown in Fig. 5 indicates the formation of hydroxide of Co. The high current density used in the 

jet plating enhances the deposition rate, but also increases the probability of hydrogen evolution side 

reactions. Due to the accumulation of hydroxide ions (OH-) near the electrode surface, Co2+ ions tend to be 

partly deposited as hydroxide as well, which inhibits the deposition of Ni. The reaction equation is as follows 

[12, 30]:  
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If there it no magnetic field, the formation of Co(OH)2 and thus the mass ratio of Co in the Ni–Co 

alloy film strongly increased as the concentration of Co2+ ions in the electrolyte increased. If a magnetic field 

is applied, the mass ratio of Co in the alloy film is found to be lower (see b, d, f in Fig. 5), indicating that the 

formation of the hydroxide is suppressed. This may be caused by the electrolyte flow which is modified by 



 

 

the magnetic forces. As also reported in [32], the enhanced electrolyte convection caused by the magnetic 

field can enhance the mass transport of the hydrogen ions towards the electrode surface, so that the increase 

in the pH value at the cathode surface during the deposition is not as much as in the case without a magnetic 

field. Therefore, the magnetic field can effectively inhibit the generation of Co(OH)2, and relatively increase 

the deposition rate of Ni [32].  

 

Fig. 5. The Co content and the ratio of Co to Ni in different Ni–Co–SiO2 alloy films. 

3.3 Magnetic properties 

Fig. 6a shows the in-plane magnetic hysteresis loops of the different Ni–Co–SiO2 films. Fig. 6b is a 

partially enlarged view of the hysteresis loop of the Ni–Co–SiO2 films when the Co2+ concentration amounts 

to 30 g/L in the electrolyte. The coercivity (Hc), saturation magnetization (Ms), and residual magnetization 

(Mr) of each film were obtained from the magnetic hysteresis loops and are listed in Table 4, supplemented 

with the average grain size of the deposits. The coercivity of the films obtained by magnetic-field-assisted 

jet plating was always lower than the one obtained by conventional jet plating at the same Co2+ concentration 

of the electrolyte. At 20 g/L, the lowest coercivity value of 7.5 Oe was found, yielding the best soft magnetic 

properties. This in agreement with earlier research stating that magnetic-field-assisted jet plating is beneficial 

for obtaining soft magnetic materials of low coercivity [33].  

With increasing Co2+ concentration, with or without magnetic field, the coercivity of the films first 

decreases and then increases again. This is closely related to the corresponding variation of the grain size, as 

shown in Table 4, and as also known from earlier work [34, 35].  



 

 

 

Fig. 6. (a) In-plane magnetic hysteresis loops of different Ni–Co–SiO2 alloy films (see Table 3).; (b) 

Partially enlarged view of the Ni–Co–SiO2 alloy films obtained from a Co2+ concentration of 30 g/L. 

Table 4. Average grain size, coercivity, saturation magnetization, and remanent magnetization of the 

different alloy films (see Table 3). 

Samples Average grain size (nm) Hc//(Oe) Ms//(emu/g) Mr//(emu/g) 

a 30.6 17 119.85 50.63 

b 27.9 14 121.53 38.07 

c 29.3 14 131.03 28.90 

d 24.5 7.5 137.17 23.17 

e 32.4 71 179.65 146.82 

f 29.7 10 141.23 20.11 

Table 4 further shows that the saturation magnetization (Ms) increased with the Co2+ concentration. 

Because the magnetic moment of Co (1.7 µB /Co) is higher than that of Ni (0.6 µB/Ni), the increase in the Co 

content in the film causes an increase of the magnetic moment per unit volume. Therefore, the saturation 

magnetization (Ms) is closely related to the Co content in the films [12, 36]. Differently, the remanent 

magnetization follows the same trend as the coercivity in different Ni–Co–SiO2 alloy films, which results 

from the close relationship between the grain size and remanent magnetization. 

The above results show that the application of a magnetic field in jet plating has a great influence on 

the magnetic properties of the films by changing the concentration of Co and Ni, and of the grain size of the 

films. A significant reduction of the coercivity and the remanent magnetization improves the soft magnetic 

properties of the films to a large extent. 

3.4 Corrosion resistance 

Fig. 7 shows the polarization curves and Nyquist plots of different Ni–Co–SiO2 alloy films. The 

electrochemical data extracted from the polarization curves and Nyquist plots of the films are listed in Table 

5. In general, the corrosion potential in the Ni–Co–SiO2 alloy film was shifted positively with the increase 

in the Co2+ concentration. Therefore, the increase in the Co2+ concentration increased the Co content in the 

alloy film, thereby reducing the corrosion [14, 35]. Moreover, the corrosion current density of the Ni–Co–



 

 

SiO2 alloy film was further reduced when the magnetic field was applied. Thus, the corrosion resistance of 

the films was further enhanced at the same level of Co2+ concentration. From all the films investigated, the 

best corrosion resistance with a corrosion potential of −0.30 V and a corrosion current density of 1.12 μA·cm-

2 was observed at a Co2+ concentration of 20 g/L. The polarization resistance of the alloy film also 

characterizes the variation of the corrosion resistance [6, 37]. 

 

Fig. 7. (a) Polarization curves in 3.5 wt% NaCl solution; (b) Nyquist plots of the films. 

Table 5. Electrochemical data extracted from the polarization curves and Nyquist plots of the films. 

Sample Ecorr/V icorr/μA·cm-2 Rp (ohm·cm2) 

a −0.50 4.29 1.317×104 

b −0.51 2.15 2.570×104 

c −0.47 2.46 2.838×104 

d −0.30 1.12 3.549×104 

e −0.44 7.30 5.190×103 

f −0.43 1.89 3.229×104 

The corrosion resistance of the Ni–Co–SiO2 alloy films mainly depends on the grain size and surface 

morphology of the film [38]. Generally, corrosion tends to occur along the grain boundaries. Reducing the 

grain size is beneficial to obtain a more uniform and dense film structure on the surface, and it is harder for 

corrosive media to penetrate the smoother, denser film. The corrosion resistance was thus improved [39]. In 

the case of jet plating, the surface of the alloy film began to change from a dense granular structure to a loose 

needle-like crystal structure when the Co2+ concentration reached 30 g/L in the electrolyte. Some micro-

cracks and holes appeared between the grain boundaries, as shown in Fig. 3e. Then it may be suspected that 

a corrosive liquid entered the film through these surface defects and caused a larger corrosion damage. In 

contrast, the magnetic-field-assisted jet plating improved the density of the alloy film, as shown in Fig. 3f. 

Therefore, the assistance of a magnetic field makes it more difficult for the corrosive medium to penetrate, 

thereby further enhancing the corrosion resistance of the film. 

It should be noted that the corrosion properties depend on the concentration of the dissolved oxygen 

in the solution. Despite all corrosion measurements were done in sequence using the same solution to ensure  

a comparable amount of dissolved oxygen in all measurements, its approximate value is not known. An 



 

 

improved oxygen control by removing the oxygen using nitrogen sparging or fixing the oxygen 

concentration by air saturation, accompanied by probes to monitor the concentration, will be considered in 

future work. 

3.5 Simulation results 

Fig. 8a shows the numerical results of the magnetic field distribution in the center vertical cross-section. 

Strong magnetic fields are found at the edges of the magnet, causing a non-uniform distribution of the 

magnetic field at the machining gap at the bottom (indicated by red dashed lines) where the magnetic field 

exerts an influence on the deposit growth. The gradients of the magnetic field along the substrate in the 

center vertical cross-section are shown in Fig. 8b. It is clear that the gradients mainly exist in 𝑦, 𝑧 directions. 

The maximal gradients are found near the edges of the magnets, reaching 80 T/m. Below the nozzle, where 

the highest deposition takes place (−0.5 𝑚𝑚 ≤ 𝑦 ≤ 0.5 𝑚𝑚), the magnetic gradients have a magnitude 

of less than 20 T/m. 

 

Fig. 8. (a) Color surface: magnetic field in the vertical cross-section (yz plane in Fig. 11 (a)) passing the 

center of the magnets. Black arrows indicate the vectors of the magnetic field gradients 𝛁𝑩. Red dashed 

lines indicate the position of the machining gap where the deposit grows; (b) Gradients of the magnetic 

field along the substrate (𝑥 = 0, 𝑧 = 0 mm, bottom red dashed line in (a)). 

The magnetic field generates a Lorentz force and a magnetic gradient force, which can drive electrolyte 

flow [42]: 

𝒇𝐋 = 𝒋 × 𝑩. (1) 

𝒇∇B =
𝜒sol

𝜇0

(𝑩 ∙ ∇)𝑩,       𝜒sol = ∑ 𝜒𝑖
mol𝑐𝑖 + 𝜒H2O

𝑖

.       (2) 

Here, 𝒋, 𝑩, 𝜇0, 𝜒sol, 𝜒H2O  denote the current density, the magnetic flux density, the magnetic 

susceptibility of the solution and the water, respectively. 𝜒𝑖
mol and 𝑐𝑖 are the molar magnetic susceptibility 

and the concentration of ionic species 𝑖. 

In order to compare the magnitudes of the MHD flow and the jet flow, we estimate the ratio between 

the Lorentz force and the inertial force, in analogy to the Richardson number discussed in natural convection 



 

 

[43], which indicates the ratio between the buoyancy and the inertia force: 

𝑓L

𝑓inertia
=

𝑗𝐵𝐿

𝜌0𝑢2
 

(3) 

Here we take 𝑗 = 10000 A/m2 , 𝐵 = 0.4 T  (Fig. 8), 𝑢 = 𝑢inlet = 2 m/s  as the characteristic 

current density, magnetic flux density and velocity, respectively. The characteristic length 𝐿 is taken to be 

the length scale of the magnet, 𝐿 = 30 mm. The bulk density 𝜌0 is assumed to be 1000 kg/m3 [44]. 

The resulting ratio 𝑓L/𝑓inertia equals 0.03. This indicates that the jet flow is only weakly modified by the 

Lorentz force. However, it should be noted that the jet flow is directed vertically, while the Lorentz force 

drives a horizontal MHD flow parallel to the nozzle (in x direction, see Fig. 11b). This additional horizontal 

flow does not exist in the case without a magnetic field. Therefore, the Lorentz force may exert an influence 

on the mass transfer at the cathode irrespective of its small magnitude compared to inertia. 

As the magnetic field at the machining gap is not uniform, the magnetic gradient force should also be 

considered. The ratio between the Lorentz force and the magnetic gradient force can be estimated [42]: 

𝑓L

𝑓∇B
=

𝜇0𝑗

𝜒sol∇𝐵
 

(4) 

The magnetic susceptibility of the solution is calculated to be 5.1 × 10−5  based on the bulk 

concentration of the paramagnetic metal ions and their molar magnetic susceptibilities, see Eq. 2 [45]. As 

shown in Fig. 8, a characteristic magnetic field gradient ∇𝐵 of 20 T/m is chosen for the main deposition 

region (−0.5 𝑚𝑚 ≤ 𝑦 ≤ 0.5 𝑚𝑚), giving 𝑓L/𝑓∇B ≈ 12. This indicates that the velocity of the flow caused 

by the gradient force is less than that of the MHD flow, and both are much weaker than the inlet velocity. 

According to Eq. 2, the direction of the magnetic gradient force is determined by the direction of the magnetic 

field gradient. Therefore, the magnetic gradient force may drive a flow towards the edges of the magnets, 

indicated by the black arrows in the machining gap in Fig. 8. However, this effect is highly localized, only 

near the edges of the magnets, and appears weak in magnitude compared to the MHD flow caused by the 

Lorentz force according to the estimation of the force ratio. Therefore, the magnetic gradient force is likely 

to be only of minor importance and is not considered in the following. 

Fig. 9a shows the numerical results of the magnitudes of the Lorentz force and the flow velocity in 

𝑥, 𝑦, 𝑧 directions averaged in the machining gap. The Lorentz force acts in 𝑥 direction due to the vertical 

current density (𝑗z) and the horizontal magnetic flux density (𝐵y), see Fig. 11b. Corresponding to the Lorentz 

force, the MHD flow is directed in 𝑥 direction and has a magnitude of about 10 mm/s, which is much 

weaker than the vertical velocity of about 2 m/s. This is in line with the estimated ratio of 𝑓L/𝑓inertia of 

about 0.03. Fig. 9b shows 𝑈x  along a horizontal line at 𝑦 = 0, 𝑧 =

0.5 mm (represented by the red line). Without a magnetic field, 𝑈x is zero in the range −5 mm ≤

x ≤ 5 mm. This is because when the jet hits the substrate, it splits and leaves the machining gap, mainly in 

±𝑦 directions. The flow only has a velocity in 𝑥 direction near the contact with air (|x| > 5 mm), driven 

by the pressure difference. With the magnetic field, a horizontal MHD flow of 𝑈x ≈ 10  mm/s is also 

generated in the middle of the machining gap, which can influence the mass transfer in this region. 



 

 

 

Fig. 9 (a) Magnitudes of the Lorentz force and the flow velocity in 𝑥, 𝑦, 𝑧 directions averaged in the 

machining gap when the magnetic field is applied. The vertical axes are shown on a logarithmic scale. (b) 

𝑈x along a horizontal line at 𝑦 = 0, 𝑧 = 0.5 mm (represented by the red line) with (MF) and without a 

magnetic field (No MF).  

The additional horizontal MHD flow may also affect the flow in 𝑦 direction. Fig. 10. shows 𝑈y along 

a horizontal line at 𝑥 = 0, 𝑧 = 0.5 mm (represented by the red line) with and without a magnetic field. 𝑈y 

is on the same scale as the inlet jet velocity and is much stronger than the MHD flow. The insets show the 

velocity of the flow when it leaves the main deposition region (x ≈ ±0.5 mm). It is slightly weaker in the 

case with the magnetic field on both sides. This mainly appears to be caused by the flow deflection being 

forced towards the 𝑥 direction by the Lorentz force, and may result in the ions spending a slightly extended 

residence time in the main deposition region. 

 

Fig. 10. 𝑈y along a horizontal line at 𝑥 = 0, 𝑧 = 0.5 mm (represented by the red line) with (MF) and 

without a magnetic field (No MF).  



 

 

3.6 Discussion  

In the following we discuss in detail how the magnetic field affects the morphology of the deposited 

layers during jet plating. The two key factors are the magnetic forces, which affect the electrolyte flow and 

thus the mass transfer, and the crystallization process itself. The main ideas are schematically sketched in 

Fig. 11. 

.   

Fig. 11. Schematic views of (a) the magnetic-field-assisted jet plating process, (b) the Lorentz force 

resulting from the magnetic field, (c) the impact on nucleation and (d) on deposit growth during the 

deposition. 

Electrolyte flow caused by magnetic fields is well known to affect the morphology of the deposited 

layer [47, 50, 52, 53]. The simulation results of the flow velocities presented above lead us to conclude that 

below the nozzle, the vertical jet flow (𝑈z) and the horizontal flow leaving the region (𝑈y) are superimposed 

by a horizontal MHD flow with a velocity of 𝑈x ≈ 10 mm/s, see Fig. 11b. This is unlike the case without 

a magnetic field. Next, we analyze the possible influence of the MHD flow on the mass transfer [46].  

As mentioned above, when the jet flow hits the substrate, it turns horizontally and splits to leave the 

machining gap. Without magnetic field, for reasons of symmetry, there is no horizontal flow velocity at the 

stagnation point which is located in the center of the machining gap (𝑥 = 0, 𝑦 = 0). However, the magnetic 

field generates a horizontal MHD flow of 𝑈x ≈ 10 mm/s which exists also at the stagnation point, see Fig. 

9(b). This enhances the convective transport of the Ni2+ and Co2+ ions, and enriches the concentration 

boundary layer of the ions, which may lead to the improved uniformity and flatness of the deposit layer 



 

 

(Fig.11(c-d)) [60]. When moving away from the stagnation point, the horizontal flow velocity 𝑈y rapidly 

increases and becomes much larger than 𝑈x . There, the magnetic field influences the mass transfer by 

modifying 𝑈y . As shown in Fig. 10, the flow exits the main deposition region (below the nozzle , 

−0.5 mm < y < 0.5 mm ) with a slightly lower velocity in 𝑦  direction [48]. This means that the 

electrolyte with enriched ions is exposed to the main deposition region for a longer time. The extended 

residence time of the ions near the substrate may also contribute to the refined alloy film. Besides the metal 

ions, the modified electrolyte flow also enhances the transport of the SiO2 nanoparticles near the cathode. 

This may improve the interaction between the nanoparticles and the Ni-Co deposits, which can also 

contribute to the refinement of the grain growth [23, 25]. Furthermore, the magnetic field can also advance 

the departure of the hydrogen bubbles from the cathode surface, which enhances the homogeneity of the 

surface [60].  

Besides the electrolyte flow, the magnetic field can also affect the crystallization process. As mentioned 

earlier, the application of a magnetic field can inhibit the formation of Co(OH)2 and thereby reduce the Co 

content in the alloy films [32]. This may modify the crystal structure and thus the surface morphology, as 

can be seen from the XRD results especially for the case with a high Co2+ concentration (Fig. 2). It was 

further found that the magnetic field reduces the crystalline anisotropy, facilitating crystal growth along 

different directions [49, 54]. Furthermore, during the jet plating, the Ni–Co–SiO2 alloy film became 

magnetized when exposed to the magnetic field, enabling a dipole-dipole interaction, which inhibited the 

abnormal aggregation of surface particles during the Ni–Co co-deposition [33]. The reasons mentioned 

above contributed to the further refinement of the Ni–Co–SiO2 alloy films, obtaining an alloy film with a 

flatter and a more uniform surface, as shown in Fig. 11d. 

The application of a magnetic field is a promising method to enhance the surface morphology of the 

alloy films especially for the case of large Co2+ concentrations. As shown by the SEM photos in Fig. 3, at a 

high Co2+ concentration of 30 g/L, a “smooth” deposit layer can be obtained only if a magnetic field is 

applied. In future investigations, it would be interesting to study whether the application of magnetic fields  

enables a route towards smooth and dense alloy layers of higher Co content than possible before. 

4 Conclusions 

In this article, Ni–Co–SiO2 alloy films were deposited by a new method of jet plating assisted in a 

magnetic field. For different Co2+ concentrations of the electrolyte, the properties of the deposited films were 

investigated in detail and compared with films obtained without magnetic field. In detail, the texture 

orientation, the surface morphology, the magnetic properties and the corrosion resistance were investigated. 

The simulation of the electrolyte flow in the magnetic-field-assisted jet electroplating allowed conclusions 

to be drawn on how the magnetic field affects the morphology of the deposited alloy film.  

It was found that the concentration of Co2+ in the electrolyte directly affected the texture orientation of 

the jet-plated Ni–Co–SiO2 alloy film. At the largest value of 30 g/L investigated here, the Ni–Co–SiO2 alloy 

film obtained by the conventional method showed a second phase of Co with a hexagonal close-packed 

structure, whereas film obtained by the assistance of the magnetic field still kept the face-centered cubic 

structure. This is related to the lower Co content in the films when a magnetic field is applied, which could 



 

 

be caused by the inhibitated formation of the Co hydroxides due to the electrolyte flow driven by the 

magnetic forces [32].  

In conventional jet plating, in accordance to the texture orientation of the film, the surface morphology 

changed from a granular structure to a needle-like crystal structure with increasing the Co2+ concentration 

from 10 to 30 g/L. Contrary, in the magnetic-field-assisted jet plating, the films maintained a granular 

structure for all the concentrations considered in this work, and all films have a smooth, dense surface. This 

may possibly allow producing smooth and dense layers of higher Co content than obtained so far by the 

conventional jet-plating method. Furthermore, The magnetic field reduced the crystalline anisotropy and 

prevented the aggregation of surface particles as the alloy film gets magnetized by the magnetic field . As a 

result, the growth texture of the alloy film changed, improving the surface morphology of the alloy film.  

The change in the composition and the morhpology of the Ni–Co–SiO2 alloy film influences its 

magnetic and corrosion properties. The saturation magnetization of the alloy films increased with the 

increase in the Co2+ concentration. A lower coercivity could be obtained in the case of magnetic-field-

assisted jet plating. The alloy films obtained by this new method showed the best soft magnetic properties 

and corrosion resistance at a Co2+ concentration of 20 g/L. A coercivity of 7.5 Oe was obtained, which is 

much lower than the coercivity of ~20 Oe obtained from conventional plating [14, 62]. The corrosion 

potential was as high as −0.30 V and the corrosion current density was the lowest at 1.12 μA·cm-2. However, 

these corrosion properties may depend on the level of dissolved oxygen, which was not explicitely monitored. 

Numerical results suggest that the electrolyte flow, being modified by the magnetic forces, influences 

the mass transfer by locally changing the species and potential distribution, which results in a smoother, 

denser layer when compared to normal jet plating without applying a magnetic field. The results obtained 

give support to the experimental results and allow a deeper understanding of the jet plating in a magnetic 

field. Despite the main effect is based on the Lorentz force, future investigations are intended to consider 

also the influence of the magnetic gradient force.  

It has to be noticed that due to the instabilities caused by the reciprocating scanning movement of the 

nozzle as well as the high speed of the jet, it is difficult to perform electrochemical measurements of e.g. 

polarization curves during the deposition, from which information on the mass transfer could be obtained. 

Therefore, geometric modifications are planned for future work to possibly damp out this instability. 

Futhermore, limiting current measurements using a well-established redox couple, e.g. [Fe(CN)6]3- /  

[Fe(CN)6]4- , would allow to conclude on the mass transfer without substrate motion, from which important 

insight may be gained. 
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