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Abstract: Soft magnetic materials are important functional materials in the electrical engineering,
radio, and high-tech fields, but thin and brittle flakes present challenges to the manufacturing
industry. In this study, the effect and mechanism of saccharin sodium in reducing the internal
stress of Fe-Ni magnetic films were analyzed. The effects of the pH value, temperature, and the
concentration of saccharin sodium on the deposition process of Fe-Ni alloys were investigated. The
polarization curve of the Fe-Ni alloy deposition process was measured by using a multifunctional
electrochemical workstation, and the morphology and crystal structure were measured by a scanning
electron microscope (SEM) and X-ray diffraction (XRD). The results show that saccharin sodium
significantly reduced the stress of the iron-nickel magnetic film; the mechanism through which
the internal stress was reduced is analyzed in this paper. Briefly, the Fe2+ and the amino group of
saccharin sodium synthesized a metal complex with positive charge on the surface of the electrode,
which prevented the hydrogen ions from approaching the cathode and increased the discharge
activation energy of the hydrogen ion, which reduced the hydrogen evolution and improved the
internal stress of the coating. This research will help to solve the challenges of producing magnetic
film, and promotes the application of new stress-reducing agents.

Keywords: internal stress; hydrogen evolution; iron-nickel alloy; saccharin sodium

1. Introduction

Soft magnetic materials are important functional materials in the fields of electrical
engineering, radio, and high-tech [1–3]. With the advent of information technology and
automation, soft magnetic materials have played an irreplaceable role in actual produc-
tion. Soft magnetic materials have the characteristics of high permeability, low coercivity,
high saturation magnetic induction and low residual magnetic induction. Therefore, soft
magnetic materials are widely used in the manufacture of stators and rotors for genera-
tors and motors, the iron cores of transformers and inductors, magnetic recording heads,
magnetic shields, etc. Their application fields include power supply, switching power
supply, instrumentation, vehicle electronics, and solar energy, and they play a key role
in energy conversion throughout the entire world [4–6]. In our country, with the rapid
development of high-tech fields, the demand for soft magnetic materials in various fields
is increasing. In addition, in order to manufacture high-frequency, high-efficiency, energy-
saving motors and other high-end products, China is expanding the application of soft
magnetic materials, developing high-performance soft magnetic materials and new pro-
cessing and manufacturing technologies. It is worth mentioning that in the field of power
electronics, the improvement of efficiency will promote the development of smart and
flexible transformers, potentially reducing global energy consumption by 20% [7]. There-
fore, an increasing number of researchers are paying attention to magnetic-based passive
components (transformers, inductors, and capacitors) and solving the challenges posed by
transformers and inductors; both require soft magnetic cores (low coercivity) to achieve
high power density.
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Permalloy (iron-nickel alloy) is a soft magnetic alloy with a wide range of applications.
It has a very high magnetic permeability, albeit under a weak magnetic field, and the ad-
justability of its composition is broad; in particular, its magnetic properties can be adjusted
by changing the composition and heat treatment process [8–25]. In addition, amorphous
and nanocrystalline alloys are currently very advanced materials. The unique nanostruc-
ture and extremely thin flakes make the hysteresis loss smaller while still maintaining
a considerable magnetic induction saturation [26–31]. However, permalloys, like amor-
phous and nanocrystalline alloys, have some problems that cannot be ignored, such as their
greater brittleness, their difficult processing, and their complicated production processes,
which seriously affect the development of soft magnetic materials for different application
fields. As is well known, when the internal stress is distributed in the coating, the coating
produces stress corrosion. In addition, internal stress increases the porosity and brittleness
of the coating. During electroforming, in order to make the electroforming mold easy
to separate from the prototype, the internal stress of the electroforming layer should be
small, otherwise it will cause blisters, deformation, and difficult peeling. In early research,
the coercive force of soft magnetic amorphous alloy FePC was as high as 240 A/m, which
was related to the high internal stress introduced during the quenching process. More-
over, the coercivity of amorphous alloy strips of FeNiPB prepared by melt spin-quenching
technology was about 8 A/m [32,33]. These experimental results proved that eliminating
the internal stress can significantly reduce the coercivity of the alloy, thereby reducing the
hysteresis loss of the soft magnetic alloy [34–39].

Based on the above background, this study used the electrochemical method to
solve the internal stress problem of the iron-nickel alloy, which is widely used in soft
magnetic materials. The electrochemical method has obvious advantages. On the one hand,
the process of its operation is simple, and its operating condition at room temperature
is mild, which is conducive to industrial production and popularization. On the other
hand, using electrochemical production methods, the film can be manufactured at fixed
points, the size of the film can be small, and the structure and shape are easy to control;
in particular its energy consumption is reduced [40–42]. In the electroplating industry,
saccharin sodium and others have been found to eliminate cavities, pinholes, and gas
marks during nickel plating, but they have different effects in different research systems,
and the mechanism of surfactants has not been thoroughly explored [43–47].

In this study, it was found that saccharin sodium can significantly reduce the internal
stress of iron-nickel magnetic film under new operating conditions, and we analyzed the
mechanism through which saccharin sodium reduces internal stress. This fundamental
research will help to promote the development of new stress-reducing agents. It is beneficial
to apply saccharin sodium in a wider range to solve the problem of the internal stress of
soft magnetic materials, in order to promote the industrial production of magnetic thin
films through electrochemical methods.

2. Experiment

The Fe-Ni film was plated on a copper sheet by electrodeposition in an electrolyte
solution consisting of 0.1 M FeSO4 and 0.1 M NiSO4, and TG23-5 was added in the chemical
bath to prevent the Fe2+ from being oxidized. The pH value was adjusted by adding the
dilute sulphuric acid. For the electroplating method of the Fe-Ni magnetic film, firstly,
the relationship between the current density and the bright coating was explored by the
Hull Cell. Secondly, we used a stepwise method to increase the current density, which
was 50 mA/cm2, 75 mA/cm2, and 100 mA/cm2. The current density increased every
five minutes, and the total electrodeposition time was 15 min. Next, the influence of
the pH value, the temperature, and the concentration of saccharin sodium for the Fe-Ni
co-deposition process was explored by measuring the polarization curve, in which the
reference electrode iwa a saturated calomel electrode and the scanning speed was 0.5 mV/s.
Finally, scanning electron microscope (SEM) and X-ray diffraction (XRD) were used to
characterize the morphology and crystal structure of the Fe-Ni magnetic film.
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3. Result and Discuss

The pH value is a very important factor that affects the electrodeposition process.
Therefore, the effect of the pH value on the Fe2+ deposition process was explored first.

Figure 1 indicates the effect of the pH value on the deposition of Fe2+. It can be clearly
seen that the current constantly decreased as the pH value increased, and the current
increased rapidly when the pH value was 1.2, because the hydrogen absorption reaction
was serious when the pH value was smaller. The lower pH value limited the mass transfer
process and the ion diffusion was unable to keep up with the electrochemical reaction,
so a limiting current appeared when the pH value was 1.2. The current demonstrated
a large fluctuation when the pH value was 2.5 because some of the Fe2+ may have been
oxidized to Fe3+. Therefore, the increase in pH value inhibits the deposition process of
Fe2+, and a pH value between 1.5 and 2.3 is appropriate in the process of depositing Fe2+.

Processes 2021, 9, x FOR PEER REVIEW 3 of 11 
 

 

3. Result and Discuss 

The pH value is a very important factor that affects the electrodeposition process. 

Therefore, the effect of the pH value on the Fe2+ deposition process was explored first. 

Figure 1 indicates the effect of the pH value on the deposition of Fe2+. It can be clearly 

seen that the current constantly decreased as the pH value increased, and the current in-

creased rapidly when the pH value was 1.2, because the hydrogen absorption reaction 

was serious when the pH value was smaller. The lower pH value limited the mass transfer 

process and the ion diffusion was unable to keep up with the electrochemical reaction, so 

a limiting current appeared when the pH value was 1.2. The current demonstrated a large 

fluctuation when the pH value was 2.5 because some of the Fe2+ may have been oxidized 

to Fe3+. Therefore, the increase in pH value inhibits the deposition process of Fe2+, and a 

pH value between 1.5 and 2.3 is appropriate in the process of depositing Fe2+. 

 

Figure 1. Effect of pH value on the deposition of Fe2+. T = 30 °C. 

Figure 2 shows the effect of the pH value on the deposition of Ni2+. In general, the 

current decreased gradually as the pH value increased, which meant that the deposition 

process of Ni2+ was inhibited with the increase of pH value. Similarly, the process of dep-

osition was in an unstable state when the pH value was higher. However, combined with 

Figure 1, we found that the degree of inhibition on Ni2+ was smaller than the process of 

Fe2+, so the H+ had a greater influence on the deposition process of the Fe2+. 

Figure 1. Effect of pH value on the deposition of Fe2+. T = 30 ◦C.

Figure 2 shows the effect of the pH value on the deposition of Ni2+. In general,
the current decreased gradually as the pH value increased, which meant that the deposition
process of Ni2+ was inhibited with the increase of pH value. Similarly, the process of
deposition was in an unstable state when the pH value was higher. However, combined
with Figure 1, we found that the degree of inhibition on Ni2+ was smaller than the process
of Fe2+, so the H+ had a greater influence on the deposition process of the Fe2+.

The polarization curves of the Fe–Ni co-deposition process with different pH valus are
indicated in Figure 3. It was found that the currents decreased significantly as the pH value
increased, which was consistent with the deposition of Fe2+. The currents increased rapidly
when the pH value was less than 2. In the experiment, many bubbles were precipitated
on the surface, indicating that the hydrogen evolution reaction was violent at this time.
The currents indicated that the co-deposition process was relatively stable when the pH
was greater than 2.3, and there were fewer surface bubbles, indicating that the hydrogen
evolution reaction was relatively small.

Figure 4 demonstrates the effect of temperature on the Fe-Ni co-deposition process.
We found that as the temperature increased, the currents increased gradually, which meant
that increasing the temperature promoted the Fe–Ni co-deposition process. Consequently,
the increase of the temperature accelerated the diffusion rate of the Fe2+ and Ni2+, thereby
promoting the deposition of the Fe2+ and Ni2+.
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In order to explore the mechanism of saccharin sodium (C7H5NO3SNa) clearly, we con-
tinued to explore the effect of C7H5NO3SNa on the electrodeposition process of Fe2+ and
Ni2+ separately. Figure 5 shows the polarization curves of the Fe2+ deposition process
with C7H5NO3SNa. It was found that as the potential shifted negatively, the current with-
out C7H5NO3SNa increased significantly, while the current with C7H5NO3SNa increased
less, which indicated that the C7H5NO3SNa obviously inhibited the deposition process of
the Fe2+.

The polarization curve of the Ni2+ deposition process with C7H5NO3SNa is showed
in Figure 6. It indicates that saccharin sodium with moderate potential can improve current
efficiency and promote the nucleation process of Ni2+. However, under higher potential
conditions, saccharin sodium has an inhibitory effect on nickel deposition.
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Figure 7 indicates the effect of C7H5NO3SNa on the Fe–Ni co-deposition process.
It can be observed that the currents both increased as the potential shifted negatively,
but the current increased slowly when adding the C7H5NO3SNa. The results mean that
the adsorption of C7H5NO3SNa suppressed the Fe–Ni co-deposition process significantly.
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Figure 8 shows the effect of C7H5NO3SNa on the rolling angle (θ) of the Fe-Ni mag-
netic film. The rolling angle θ of the magnetic film reflected the magnitude of the internal
stress; the concentrations of saccharin sodium were 0 g/L, 1 g/L, 2 g/L, and 3 g/L, re-
spectively. Clearly, the rolling angle of the magnetic film decreased as the concentration
of C7H5NO3SNa increased, and when the concentration of C7H5NO3SNa was 2 g/L,
the rolling angle reached its minimum, and the rolling angle of the magnetic film slightly
increased. This was because, as the concentration of saccharin sodium increased, the ad-
sorption capacity increased, the hydrophobic ends of the saccharin sodium were closer to
each other and formed micelles when the concentration was increased further, which in-
creased the specific viscosity and hindered the diffusion of the ions. The C7H5NO3SNa
was adsorbed on the surface of the coating, and the amount of C7H5NO3SNa seriously
affected the formation and growth of the crystal nuclei. These results show that under the
certain conditions, saccharin sodium can significantly reduce the internal stress of Fe-Ni
magnetic film.

Figure 9 presents the effect of saccharin sodium on the surface morphology. It can be
clearly seen that the coating without saccharin sodium had coarse grains and severe cracks
on its surface (Figure 9a). The surface became flat and the crystal particles were small after
adding 2 g/L of saccharin sodium (Figure 9b). Furthermore, in the experiment, it was
found that without the saccharin sodium, a large amount of hydrogen was precipitated on
the cathode’s surface. This was because the strong hydrogen evolution reaction reduced
the nucleation sites, while the bubbles decreased and the nucleation sites increased when
adding the saccharin sodium. Therefore, in order to obtain a better iron-nickel alloy coating,
2 g/L of saccharin sodium appropriate.

Figure 10 presents the crystal structure of the iron-nickel alloy with saccharin sodium
by XRD. It was found that under the experimental conditions, the saccharin sodium did
not affect the structure of the Fe-Ni alloy. Furthermore, the particle size was calculated by
XRD and the Scherrer Formula (1). The calculation results showed that the particle size
after adding saccharin sodium was about 8.46 nm.

D =
Kγ

Bcosθ
=

0.89 × 1.54056
π/180 × cos22.2

= 84.64 A = 8.46nm (1)
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K is the Scherrer constant, D is the average thickness of the crystal grain perpendicular
to the crystal plane (Å), B is the measured half-height width or integral width (rad) of the
diffraction peak, θ is the Bragg angle, and γ is 1.54056 Å, representing the wavelength of
the X-ray.
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4. The Mechanism of Saccharin Sodium

Saccharin sodium is a sulfamic acid compound with both coordination ability and
surface activity. The structure of saccharin sodium is shown in Figure 11. Saccharin sodium
contains two hydrophilic groups (carbonyl and amine), one hydrophobic group (benzene
ring with strong hydrophobicity) and one sulfinyl. Saccharin sodium is more active
in aqueous solution because the ratio of the hydrophobic and hydrophilic. In addition,
the presence of sulfinyl groups also determines that saccharin sodium has the characteristics
of high polarity, good thermal stability, and good solubility. Therefore, saccharin sodium
can be adsorbed directly on the electrode. At this point, the hydrophobic group with less
free energy replaces the water molecules and is arranged on the interface. Fe2+ and H+ are
in a competitive relation on the hydrophilic group of saccharin sodium, but Fe2+ features
a lone-pair electron on the 3d orbital, making Fe2+ more effective at adsorbing amino groups
of saccharin sodium than H+. Furthermore, Fe2+ forms a coordination complex with the
amino group of saccharin sodium, which adsorbs on the electrode surface. The positively
charged coordination complex prevents H+ from approaching the cathode, and increases
the activation energy of the hydrogen discharge, thereby reducing the level of hydrogen
evolution and improving the internal stress of the coating. In this process, the coordination
complexes absorb and discharge at a higher current and make the cathode current evenly
distributed. Therefore, saccharin sodium also levels, brightens, and expands the range of
current density. In addition, saccharin sodium decreases the amount of hydrogen deposited,
so the amount of hydrogen permeation in the coating is reduced, thereby improving the
cathode’s current efficiency and reducing the fragility of the coating.
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Figure 11. The structure of the complex of saccharin sodium and Fe2+ at the electrode/solution
interface.

5. Conclusions

In summary, the method of stepwise increasing current density was used, and the
results showed that saccharin sodium can significantly reduce the internal stress of iron-
nickel magnetic films. The mechanism of the saccharin sodium was explored by a series of
investigations. Firstly, the electrochemical workstation was used to measure the polariza-
tion curves of Fe2+, Ni2+, and the co-deposition process. The results showed that increases
in the pH value (within a certain range) inhibited the deposition process of Fe2+ and Ni2+.
The system was relatively stable when the pH value was 2, with a smaller number of
surface bubbles indicating that the hydrogen evolution was relatively small. Secondly,
the temperature had a greater impact on the iron-nickel co-deposition process. The ex-
periments showed that the increase of temperature promoted the co-deposition process
because the diffusion speed of the Fe2+ and Ni2+ are increased. Thirdly, the curling angle θ

of the iron-nickel magnetic film was set to represent the magnitude of the internal stress.
The measurement results showed that the curling angle θ was reduced by 40◦ when the
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concentration of the saccharin sodium was 2 g/L (compared with no addition of saccharin
sodium). The results mean that sodium saccharin can significantly reduce the internal stress
of Fe-Ni magnetic film, which in turn reduces the brittleness and expands the application
of iron-nickel magnetic film. Finally, we explored the mechanism of the saccharin sodium.
This research will help to promote the development of new stress-reducing agents and
apply saccharin sodium in a wider range to deal with the manufacturing problems posed
by soft magnetic materials.
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validation, Y.W., B.J. and W.W.; formal analysis, Y.W.; investigation, Y.W.; resources, B.J.; data curation,
Y.W.; writing—original draft preparation, Y.W.; writing—review and editing, Y.W.; visualization,
Y.W.; supervision, W.W.; project administration, W.W.; funding acquisition, W.W. All authors have
read and agreed to the published version of the manuscript.
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