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film growth mechanisms during electrodeposition
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This article deals with the effects of current modes on saccharin adsorption during NiFe electrodeposition,

and, as a consequence, its effect on chemical composition, crystal structure, and microstructure of

deposited films. For this purpose, we obtained NiFe films using direct, pulse, and pulse-reverse

electrodeposition modes. The deposit composition, crystal structure, and surface microstructure are

studied. Direct current (DC) and pulse current (PC) films have a smooth surface, while a pulse-reverse

current (PRC) film surface is covered by a volumetric cauliflower-like microstructure. The mechanism of

the film surface development was considered from the point of view of saccharin adsorption and its action

as an inhibitor of vertical grain growth during different current modes. During the DC and PC modes,

saccharin is freely adsorbed on the growth centers and restrains their vertical growth. Whereas in the case

of the PRC electrodeposition, saccharin adsorbs during cathodic pulses and desorbs during anodic pulses.

Therefore, its inhibiting action decreases, vertical grain growth rises, and a rougher surface develops.
Introduction

NiFe alloys are widely used in microelectronics as they are
magnetically so materials.1–7 The most common and best
understood alloy is Permalloy, a NiFe alloy of about 79–82%
concentration in Ni. Permalloy has a saturation ux density of
over 1 T that can be maintained at frequencies above 100 MHz.
Permalloy also has a relatively high Curie temperature (500–520
°C) and only a 10% reduction in saturation ux density at 130 °
C. It's magnetoresistance coefficient ranges from 2% to 4% (2%
for elds of the order of 3.75 Oe, or 300 A m−1).8

NiFe alloys are extensively used as functional magnetic
materials in magnetic recording media,9–11 magnetic eld
sensors,12–15 magnetic proximity effect,16,17 spin Hall effect,18–21

magnetic ux shields,22–25 etc. The electrical, magnetic, and
mechanical properties of the NiFe precipitates are determined
by their chemical composition and crystalline structure. Thus,
the targeted formation of the NiFe alloys with predicted func-
tional characteristics requires the establishment of the forma-
tion conditions inuence on the structure and properties of the
obtained lms.

The contemporary level of technical development allows
engineers to get closer to the minimum size of the objects
tre of National Academy of Sciences of
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5729
intended for electronics, aerospace industries, instrument
manufacturing, and power engineering. Metal electrodeposi-
tion is one of the methods used to synthesize nano- and
microdimensional lms.26–35 Electrodeposition is an electro-
chemical process that allows the preparation of solid deposits of
a wide range of thicknesses27,36–42 on the surface of conductive
materials. It is a highly commercially relevant process,
providing the basis for many industrial applications, such as
electrowinning, rening, and metal plating. Electrodeposition
combines low costs with high deposition rate and the ability to
cover large complex surfaces.43–45

The variation of technological parameters and composition
of the electrolyte ensures a controlled inuence on the process
of electrodeposition lms and the obtaining of deposits with
the assigned composition, crystal structure, and properties.
Pulse current (PC) electrodeposition has been known to
produce sediments with a higher content of Fe and a lower grain
size as compared to direct current (DC) electrodeposition.46–48

Applying pulse-reverse current (PRC) waveforms lead to
different changes in composition and microstructure for
various alloys. For example, PRC deposits of Cu and Zn have
a smooth surface with a lower grain size as compared to their
DC analogues,36 whereas Ni PRC deposits have a rough surface
with volumetric microstructures.49 Wasekar et al.49 and Yu
et al.50 in their researches connected the differences in the DC,
PC, and PRC sample microstructures with the brightening
agent – saccharin, which is common used to inhibit grains
columnar growth.51 They assumed that saccharin adsorbs in
various ways during different electrodeposition modes. But the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mechanism for the formation of different microstructures has
not been proposed.

Our previous studies have demonstrated the possibility of
changing the magnetic properties of structures based on the
NiFe alloy (including the shielding efficiency) by changing the
synthesis conditions, chemical composition, microstructure
and subsequent thermal processing of products.7,22,42,52 Under-
standing the mechanism of the PRC electrodeposition mode
effect on the NiFe lms surface microstructure would expand
the possibilities of targeted synthesis of structures with desired
characteristics.

The aim of our current research was to investigate the
inuence of the electrolyte additive saccharin on the mecha-
nism of NiFe alloy grain growth in direct, pulse, and pulse-
reverse electrodeposition modes. We assumed that saccharin
adsorbs on the lm surface differently during alternant
cathodic–anodic current action in comparison with it's
behavior during cathodic current action. Therefore, we formed
NiFe lms in DC, PC, and PRC modes and studied their
composition, crystal structure, and surface microstructure. As
a result, a mechanism of saccharin adsorption–desorption and
grain growth was proposed.
Experimental

The electrodeposition method was used to obtain NiFe lms.
The process scheme is presented in Fig. 1a. The substrates for
the electrodeposition were polished steel plates. The plate
length and width were 40 mm. To provide electrodeposition on
one side of the plate, the other side was isolated. Polished steel
Fig. 1 A schematic representation of the electrolytic deposition circuit (a
current waveforms (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
was chosen as it provides easy separation of the lms from the
substrates for further investigations.

The NiFe lms were deposited from a complex electrolyte
containing NiSO4$7H2O—210 g L−1, NiCl2$6H2O—20 g L−1,
FeSO4$7H2O—15 g L−1, H3BO3—30 g L−1, MgSO4$7H2O—60 g
L−1, Rochelle salt KNaC4H4O6$4H2O—30 g L−1, ascorbic acid
C6H7O6—2 g L−1, and saccharin C7H5NO3S—2 g L−1. The elec-
trolyte volume was 20 L. The electrolyte was mixed with an air
compressor during the lms electrodeposition.

During the electrodeposition process, metal cations are
reduced to neutral atoms and deposited on the cathode surface.
Nickel and iron sulphates are the sources of nickel and iron
cations. These salts are available, not expensive, and highly
soluble in water. Nickel chloride was used as a source of nickel
cations and chloride anions. The presence of chloride ions
increases the electrolyte conductivity and prevents Ni anode
passivation (which is a frequent problem for electrolytes with
high Ni salt concentrations).53

Boric acid was added as a buffer additive to stabilize the
solution pH uctuations (mostly related to alkalization
(increase in pH) due to hydrogen evolution) and to reduce
anomalous character of Ni and Fe codeposition.54,55 Magnesium
sulfate was used to increase the electrolyte conductivity and
electrodeposition efficiency and to perform electrodeposition
with higher current densities.55,56

As a complexing agent, Rochelle salt (sodium–potassium
tartrate) was used. In the absence of any complexing agent, Ni
has more positive electrode potential than Fe. But in the pres-
ence of tartrate ions, both Ni and Fe cations form complex salts
with close values of instability constant. Therefore, the
) and the scheme of direct, pulse, and pulse-reverse electrodeposition
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inuence of electrode potential difference on the rival electro-
deposition of Ni and Fe ions was reduced. In addition to this,
the binding of Fe2+ in the tartrate complex to some extent
prevents its oxidation to Fe3+ and prolongs the life of the elec-
trolyte. Ascorbic acid was taken to reduce Fe2+ oxidation to Fe3+.
Saccharin was used as a brightener and vertical grain growth
inhibitor to obtain lms with low roughness.55,57

Such a low concentration of ferrous sulphate relative to
nickel sulphate and chloride is due to the anomalous nature of
coprecipitation of the NiFe alloy. It manifests itself in the
formation of an alloy with a higher iron concentration than
expected based on the ratio of the concentrations of metal ions
in the electrolyte. For this reason, a deliberately smaller amount
of iron salt is added to the electrolyte to reduce the concentra-
tion of iron in the deposited alloy. The ratio of ion concentra-
tions in our electrolyte was c(Ni2+) : c(Fe2+) = 15.4 : 1.

It should be noted that the control of the composition of the
alloy only by changing the concentration of iron salt in the
electrolyte has its drawbacks, in particular, the use of electro-
lytes with a very low content of iron salt is undesirable. Since
during electrodeposition the electrolyte is depleted of nickel
and iron ions, when thick lms and coatings are deposited from
electrolytes of small volume, a composition gradient is formed
from the lower layers to the upper ones. Replenishment of metal
ions is possible through the use of a soluble metal anode, or
through the adjunction of additional amounts of salts at certain
intervals of electrolyte use.

In our experiment, we used a nickel anode, the dissolution of
which compensated for the loss of nickel ions. During the lms
electrodeposition, the content of iron ions in the electrolyte was
not corrected. This solution is associated with a small value of
the charge passed through the bath ratio to the volume of the
bath (1120 C per L). Which, according to our previous
studies,41,52,58 leads to a slight decrease in the content of iron
ions in the electrolyte of a given composition.

The temperature of the electrolyte was kept at 35 °C and the
pH was maintained at 2.3. The current density was 25 mA cm−2

for both cathodic and anodic current. Under these conditions,
the deposition rate was around 25 mm h−1 for DC electrodepo-
sition mode. The described electrodeposition technology allows
for the production of NiFe alloy lms with satisfactory
mechanical and aesthetic characteristics.52,58

Current parameters are presented in Table 1 and Fig. 1b
shows current waveforms for deposition modes in our experi-
ment. A sample DC was obtained at direct current for 60 min. A
sample PC was obtained in pulse mode with a pulse duration of
0.1 s for 120 min. The pause duration was equal to the pulse
time. A sample PRC was obtained in pulse-reverse mode with
Table 1 Technological features of obtaining NiFe films in direct current

Sample
Cathodic
pulse, s

Pause,
s

Ano
pul

DC 3600 — —
PC 0.1 0.1 —
PRC 0.1 0.095 0.0

35724 | RSC Adv., 2022, 12, 35722–35729
a pulse duration of 0.1 s, reverse pulse duration of 0.005 s and
pause duration was 0.095 s. The choice of these durations of the
cathodic pulse and pause is related to our previous study, in
which, with similar parameters, a homogeneous lm was ob-
tained that practically does not contain pores.52,58 An appro-
priate anode pulse duration was chosen to demonstrate the
effect of even the current reversal period on the properties of the
NiFe lm.

To deposit PC and PRC lms with thicknesses close to the
DC lm the total deposition time tTD was calculated. This value
is correct only under identical synthesis conditions, including
the composition, temperature and pH of the electrolyte, current
density, mixing intensity, etc.

Total deposition time for pulse-reverse mode was calculated
by eqn (1):

tTD = tED(tC + tA + toff)/(tC − tA), (1)

where tTD is total deposition time, s; tED is effective deposition
time, s; tC is the duration of the cathodic pulse, s; tA is the
duration of the anodic pulse, s; toff is the pause duration, s.

According to the lms cross-section images on the optical
microscope, the samples thickness was 25.4, 25.2 and 25.9 mm
for DC, PC and PRC respectively.

AZtecLive Advanced with Ultim Max 40 (Oxford Instruments,
Bognor Regis, UK) investigated the chemical composition using
energy-dispersive X-ray spectroscopy (EDS). The crystal struc-
ture investigation was carried out by X-ray diffraction structural
analysis (XRD) on an EMPYREAN (PANalytical, Malvern
Instruments, Malvern, UK) powder diffractometer using Cu-Ka
radiation in the Bragg–Brentano geometry, focusing in the
angle range of 2q= 40–100°. The sizes of the coherent scattering
regions (CSR) were estimated using the Williamson–Hall
method59,60 for all peaks from the fcc solid solution. The surface
microstructure was studied using the scanning electron
microscope (SEM) Zeiss EVO 10 (Zeiss, Oberkochen, Germany).
Films thickness was dened from the lms cross-section by
optical microscope Smart 5MP PRO (Delta optical, Ontario,
Canada).
Results and discussion

The percentage of iron obtained from the analysis of energy-
dispersive X-ray spectra is presented in Fig. 2. There is an
increase in the concentration of Fe during the transition from
direct current mode (36.4 at%) to pulse current mode (42.2
at%). The reason for the increase in the Fe content is the feature
of the initial stages of sedimentation. In the early stages of
, pulse mode and pulse-reverse deposition mode

dic
se, s

Total deposition
time, min

Effective deposition
time, min

60 60
120 60

05 126 60

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDS patterns of NiFe films obtained by direct, pulse, and pulse-
reverse electrodeposition.
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deposition, the widely described anomalous codeposition of
iron is observed, accompanied by the formation of iron-rich
layers.22,48,61–66 The pulse mode is a special case of direct
current electrodeposition. It consists of repeated initial stages
of a DC, which means that layers enriched with iron are formed
not only at the beginning of deposition, but throughout its
entire length.

There is a decrease in the Fe content during the transition to
pulse-reverse mode (27.5 at%). This is due to two factors. Pulse-
reverse mode includes a stage of the lms’ short-term dissolu-
tion when the polarity of the current is reversed. Iron has
Fig. 3 XRD patterns of NiFe films obtained by direct, pulse, and pulse-
reverse electrodeposition.

Table 2 Crystal structure parameters of the NiFe films obtained by diffe

Sample
CSR (coherent
scattering regions), nm

I(200)/I(111) (ratio
of the integral intensities
(200) and (111)), %

DC 6 � 1 73 � 0.7
PC 7 � 1 63 � 0.6
PRC 6 � 1 95 � 0.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
a lower electrode potential (−0.44 V) than nickel (−0.24 V),
which means iron is more prone to oxidation and dissolves
faster under the action of the reverse current. Nevertheless, the
difference in the rates of Fe in Ni dissolution is too small for
short anodic pulses and is not the main factor in our case.
However, the dissolution of the iron hydroxides in the surface
region has a signicant contribution to reducing the anomalous
character of deposition even for short anodic pulses. Therefore,
the iron content in the lm is reduced.67–70

Fig. 3 and Table 2 show the results of X-ray diffraction
structural analysis (XRD) investigations of the NiFe lms ob-
tained by the different current modes. There is a number of
well-distinguished peaks can be observed in the XRD patterns.
The most intense and characteristic peaks are 42–43 deg (cor-
responding to the fcc lattice atomic plane (111)) and 50–51 deg
(corresponding to the fcc lattice atomic plane (200)). There are
also much less intense and broadened peaks corresponding to
the fcc lattice atomic planes (220), (311) and (222). The peaks
appropriate to the Fe bcc lattice atomic planes were not
observed. This indicates that these lms are formed by solid
solution of Fe in Ni and have a face-centred cubic Ni lattice and
the space group Fm3m (no. 225). Broadened peaks in the
diffraction patterns indicate either a small crystallite size or
high internal stresses in the lattice. A decrease in the integral
intensity and an increase in the width at the half-height of the
(111) peak were observed for the PRC sample, while there were
no signicant differences between the PC and DC samples. An
increase in the integral intensity of the (200) peak was observed
for the PRC sample. The width at the half-height of the (200)
peak decreases from the DC through the PC to the PRC sample.
All the samples have a predominant crystallographic orienta-
tion: one can see a change in the ratio of X-ray peaks (200) and
(111). The most intense peak (111) of the fcc lattice was taken as
100%. For completely misoriented nickel powder, the ratio of
the integral intensities of the atomic planes (200) and (111) is
46%, which is not observed for any of the studied samples.
There is a decrease in the ratio I(200)/I(111) during the transition
from direct current mode (73%) to pulse current mode (63%).
The PRC sample has the biggest value of the ratio I(200)/I(111) of
95%. A comparison of our lms ratio I(200)/I(111) with the one of
the nickel powder indicates that in the DC, PC and PRC lm, the
(200) texture of the fcc structure is predominant.

The sizes of the coherent scattering regions (CSR) were
estimated using the Williamson–Hall method for all peaks from
the fcc solid solution present in the X-ray diffraction pattern.
The estimates showed that the main factor responsible for the
strong broadening of X-ray peaks is the small size of the CSR.
rent electrodeposition modes

a (unit cell parameter), nm V (unit cell volume), nm3

0.3570 � 1 × 10−4 0.0455 � 1 × 10−4

0.3571 � 1 × 10−4 0.0455 � 1 × 10−4

0.3577 � 1 × 10−4 0.0458 � 1 × 10−4

RSC Adv., 2022, 12, 35722–35729 | 35725
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Fig. 4 The surface microstructure of NiFe films obtained by direct,
pulse, and pulse-reverse.
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Table 2 shows that sizes of the CSR (coherent scattering regions)
were 6–7 nm for all samples. Crystal lattice parameters a (unit
cell parameter) and V (unit cell volume) are almost the same for
all lms and are around 0.3570–0.3577 nm and 0.0455–0.0458
Å3 respectively.

The surface microstructure of the NiFe shielding lms inves-
tigated using scanning electron microscopy (SEM) is shown in
Fig. 4. There is a smooth and uniform surface with a lot of pores
on the sample DC. It is known that electrodeposition process
consists of not only main reaction of metal ions reduction, but
also side reactions. The reduction of hydrogen cations is the
predominant side reaction during the deposition from a sulphate
electrolyte, however, the reduction of chloride ions which present
in our electrolyte is also possible. The reduced hydrogen in the
form of gas bubbles is adsorbed on the cathode surface and
prevents the uniform deposition of metals, which contributes to
the formation of pores. During the lms electrodeposition the
electrolyte was continuously agitated to prevent gas bubbles
adsorption on the lms surface. Nevertheless, pores still formed
in the DC lm.

The surface of the sample PC is also smooth and uniform and
has far fewer pores. The PC electrodeposition mode is known for
Fig. 5 Scheme of saccharin adsorption and the NiFe film growth mech

35726 | RSC Adv., 2022, 12, 35722–35729
higher nucleation rate and further grain sizes decrease. Besides
sizes of the gas bubbles formed during side reactions are much
smaller in PC mode as compared to the DC mode. The higher
nucleation rate in thismode results in greater uniformity and the
smaller gas bubbles results in less porosity of the PC lms.

The PRC lm surface, on the contrary, is covered with volu-
metric microstructures and has many pores. Nonuniformity of
the PRC lm surface correlates with its increased ratio I(200)/
I(111). Such a radical change in the surface microstructure, when
adding even a short anodic pulse (0.005 s) to the current
waveform, is caused by several reasons. First of all, passivation
of the anode (sample) might occur during the anodic pulses.56,71

In the case of mechanical or salt passivation, the concen-
tration of the dissolved metal ions increases in the anode layer
and the latter becomes oversaturated with salt. Passivation is
also possible due to the formation of metal oxides on the
surface of the anode since the electrolyte is enriched with
oxygen while stirring. Therefore, some regions (or even all the
anode surface at the higher current densities) become covered
by metal salt/oxide microcrystals, which reduce metal dissolu-
tion leading, to increased etching of the surface areas not
covered with metal salt/oxide. This means that a relief surface
can be formed. To summarize the above, the duration of the
anodic pulses was too small by comparison with the cathodic
pulses in our experiment, which means that the passivation
effect couldn't be primary, but only secondary.

Pulse-reverse modes are known to have less overpotential.
Decreasing the value of overpotential leads to a decline in the
nucleation rate.49,72 Therefore, a smaller number of nuclei and
a deposit with a bigger grain size are formed, in contrast to DC
and PC deposits. This factor could also contribute to the devel-
opment of volumetric microstructures on the sample surface.

The greatest inuence on the surface microstructure was
exerted by the reduced adsorption of saccharin in the pulse-
reverse mode.49–51,73 Saccharin is widely used as the bright-
ener in the nickel plating and electrodeposition of NiFe alloys
as it inhibits vertical grain growth, leading to smooth and
shiny deposits.74,75 Our scheme of its adsorption in cathodic
(DC and PC modes) and alternant cathodic–anodic (PRC
mode) current and thus different ways of alloy formation is
shown in Fig. 5 and 6.
anism in direct and pulse current modes electrodeposition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Scheme of saccharin adsorption and film growth mechanism in pulse-reverse current mode electrodeposition.
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Stage 1 in Fig. 5 displays the beginning of the deposition.
When the cathodic current is applied, metal ions start to move to
the sample surface. Their movement near the sample and depo-
sition are complicated by an ordered adsorption layer of
saccharin, which plays the role of a barrier or semipermeable
membrane. Thus, metal particles are forced to settle in areas free
of saccharin. However, the saccharinmoleculesmove to the newly
deposited nuclei and prevent the precipitation of further particles.
Thus, the vertical growth of grains is weakened (stage 2).

In the case of cathodic current only, layer-by-layer growth of
sediment occurs further, with a gradual increase in the amount
of adsorbed saccharin and, consequently, even greater inhibi-
tion of vertical growth (stage 3). It results in a smooth and tight
deposit formation.

Deposit growth occurs differently when cathodic and anodic
currents are alternated. Aer the rst cathodic pulse (stage 1 in
Fig. 6), the anodic pulse is applied. During it, a partial disso-
lution of the precipitate and saccharin desorption into the
electrolyte happens (stage 2). Thus, a smaller number of
saccharin molecules stay adsorbed and they become unordered.
Although the duration of the anode pulse is much shorter than
the cathode pulse (20 times in our experiment), in pulse-reverse
mode the desorption rate signicantly exceeds the adsorption
rate of saccharin, and thus the adsorption layer does not have
time to recover. Therefore, grain vertical growth increases as the
barrier effect of saccharin is reduced (stage 3). It leads to the
formation of the deposit with a relief surface covered by volu-
metric microstructures (stage 4).
Conclusions

A set of NiFe alloy lms was obtained using direct, pulse, and
pulse-reverse electrodeposition. The samples thickness was
25.4, 25.2 and 25.9 mm for DC, PC and PRC respectively
according to the lms cross-section images. The samples had
a composition of 27.5 to 42.2 at% Fe, with differences caused by
changes in current modes. The PC lm had a higher Fe content
(42.2 at%) as compared to the DC lm (36.4 at%), which was the
result of more anomalous character of codeposition in PC
mode. The PRC lm's Fe content (27.5 at%), on the contrary,
was lower than the content of the DC and PC lms. The reason
for this is the faster Fe oxidation and dissolution during anodic
© 2022 The Author(s). Published by the Royal Society of Chemistry
pulses. XRD studies of the crystal structure have shown that the
most intense and characteristic peaks correspond to fcc lattice
atomic planes for all samples. The unit cell parameter was
almost the same for the DC and PC samples, but increased from
0.3571 to 0.3577 nm and from 0.0455 to 0.0458 nm3 with the
transition from pulse to pulse-reverse electrodeposition. The
reason for the extension of the crystal lattice could be the effect
of the chemical composition. The microstructure was investi-
gated using SEM. The DC and PC samples had a smooth
surface, while the PRC sample had a surface covered by volu-
metric microstructures. Such a dramatic modication of the
surface microstructures is due to the difference in saccharin
adsorption during electrodeposition in cathodic and alternant
cathodic–anodic current. In the case of DC or PC deposition,
saccharin is well adsorbed at the sample surface, and it inhibits
vertical grain growth. As a result, a smooth and uniform deposit
forms. Whereas in PRC deposition, anodic pulses lead to faster
saccharin desorption to the bulk of the electrolyte, leading to
a decrement of its vertical growth inhibitor activity. Thus, grain
vertical growth is increased and contributes to the development
of volumetric microstructures on the deposit surface.
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