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Abstract

In this study, nc-TiO,/Ni—Fe composite coatings, and Ni—Fe alloys as equivalents to their matrices, were obtained from citrate-
sulphate baths in the electrodeposition process using direct current and pulse current conditions. The aim of the study was to
examine the effects of TiO, nanoparticles and current conditions on the chemical composition, surface morphology, micro-
structure, microhardness and magnetic properties of the electrodeposited coatings. The results show that the concentration
of Fe in Ni—Fe alloys is related to the current conditions and is higher in the case of pulse current electrodeposition, while
such a relationship was not observed for composites. The reinforcement of composites with TiO, nanoparticles results in a
more developed surface topography with many nodule-like structures. Composites and equivalent alloys deposited in pulse
current are characterized by a finer grain size than those obtained in direct current. TiO, nanoparticles and their agglomer-
ates, several tens of nanometres in size, are distributed randomly in the Ni—-Fe matrix of composites deposited in both current
conditions used. Incorporation of a high volume fraction of nc-TiO,, exceeding over a dozen percent, and decreasing the
nanograin size in nc-TiO,/Ni—Fe composites electrodeposited under pulse current conditions, allow a higher hardness to be
achieved than in their counterparts obtained using direct current. Magnetic measurements showed ferromagnetic ordering
of pristine TiO, nanoparticles, however, the introduction of TiO, nanoparticles into the Ni—-Fe matrix resulted in a decrease
in coercivity and saturation magnetization.
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1 Introduction

Electrodeposition methods are used on a large scale for man-
ufacturing alloy and composite coatings [1]. Additionally,
electrodeposition is a suitable method for obtaining nano-
structured composites, which are characterized by improved
mechanical properties when compared to coarse-grained
counterparts [2].

Electrodeposited metal-matrix composites (MMC)
strengthened by ceramic particles are of considerable
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research interest due to their high hardness, good mechani-
cal, tribological and corrosion resistance properties. Ni—Fe-
based composites are also characterized by interesting mag-
netic and catalytic properties, thus can be used as magnetic
sensors in microelectromechanical systems (MEMS), com-
ponents of magnetic recording devices and magnetic refrig-
eration systems, as well as hydrogen (HER) and oxygen
(OER) generation electrodes [2].

The co-deposition of Fe and Ni is a typical anomalous
deposition, where less noble Fe is deposited preferentially
before nobler Ni in most electrochemical conditions [3, 4].
Using a single-bath electrochemical process with different
deposition parameters, it is possible to obtain materials char-
acterized by various chemical compositions [1, 5].

In addition, the excellent soft ferromagnetic properties
of Ni—Fe alloys for recording, storage and memory devices
in the computer industry, storage chokes or measurement
transducers is crucial. The mechanical properties of such
alloys are often insufficient, but can be improved through
reinforcement by ceramic particles, such as TiO,.
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Magnetic properties depend on the microstructure and
phase composition. The microstructure of electrodeposited
Ni-Fe alloys containing below 58 at% of Fe consists of a
single phase, being a solid solution with a face-centred
cubic structure (fcc). For Fe concentration above 65 at%,
the only phase is a solid solution with a body-centred
cubic structure (bcc). Between 58 and 65 at% of Fe, both
phases are present [6]. Ni-Fe alloys with fcc structure,
containing 20-50 at% of Fe are known as permalloys,
and are characterized by very high magnetic permeabil-
ity, low coercivity, high magnetization saturation [7] and
high Curie temperature. Their magnetic properties depend
on many factors, such as chemical composition, size and
orientation of grains, internal stresses or coating thick-
ness [8]. The results obtained by Pavithra et al. revealed
a significant impact of the nanocrystalline structure and
phase composition on the coercivity and saturation mag-
netization of electrodeposited Fe—Ni alloys [9]. The addi-
tion of nc-TiO, particles to the Fe—Ni matrix not only
improves the mechanical properties, but also significantly
affects the magnetic properties, leading to a decrease in
saturation magnetization and increase in coercivity values
[10]. Electrodeposition is one of the methods suitable to
obtaining MMC composites. It was reported in the litera-
ture that electrodeposited composite coatings containing
ZrO, nanoparticles in the Ni-Fe matrix possessed superior
hardness in comparison with parent alloy [11]. Moreover,
electrodeposited nickel-based nanocomposites containing
various ceramic particles have been extensively investi-
gated. The general aspects related to the mechanisms of
their electrodeposition, different parameters affecting the
process as well as characterization techniques of nano-
structured nickel-ceramic composite coatings were dis-
cussed in review paper by Ahmad et al. [12]. However, to
our knowledge, studies elaborating the synthesis of TiO,/
Ni-Fe composites are rare [10, 13].

Bulk TiO, is paramagnetic material with a susceptibil-
ity of x =+ 5.9 X 107 cm*/mol. However, ferromagnetic
behaviour is observed in undoped TiO, nanostructures, such
as thin films [14] and nanoparticles [15, 16]. Although the
mechanism for ferromagnetism observed in oxide semicon-
ductors still remains unclear, the origin of this behaviour is
usually connected with a high defect concentration. In TiO,,
defects related to the Ti and O vacancies are considered to be
responsible for the room temperature ferromagnetism. Miss-
ing oxygen surface atoms in the chemical bonds result in the
appearance of unpaired electron spins and superexchange
interaction which stabilize ferromagnetic ordering [16, 17].
Because of the short-range interaction between defects, a
high concentration of them is needed for realizing room tem-
perature ferromagnetism. On the other hand, a decrease in
defect concentration caused, for example, by annealing can
reduce ferromagnetic behaviour [16, 18].

Consequently, considering improvements in the hardness
while maintaining good ferromagnetic properties, similar
to those of Ni-Fe alloys, our research efforts are focused
on the synthesis as well as characterization of the micro-
structure and properties of new nc-TiO,/Ni—Fe composites
electrodeposited from a single citrate-sulphate bath. The
effect of DC and PC current conditions on the chemical
composition, surface morphology and microstructure of
composites, as well as analogical Ni-Fe alloy coatings, is
examined. Moreover, the hardness and magnetic properties
are also investigated to evaluate whether the expected com-
bination of properties has been achieved for the fabricated
composites.

2 Materials and Methods

The chemical composition of the electrolytic bath used in
our experiments is given in Table 1. The Ni:Fe ratio in the
bath was equal to 14:1. NiSO,, NiCl, and FeSO, were used
as the sources of Ni** and Fe?* ions. Citric acid was intro-
duced as a buffer and complexing agent. L-Ascorbic acid was
used as an anti-oxidative agent to prevent the oxidation of
Fe?* to Fe**. Sodium lauryl sulphate was added in order to
decrease the surface tension of the electrolyte on the phase
boundaries. In the electrodeposition of nanocomposites, nc-
TiO, delivered by Sigma Aldrich (USA) with the concentra-
tion in baths of 10 g/L was used. The equivalent diameter
of nc-TiO, was in the range of 15-40 nm. It was confirmed
by electron diffraction that nc-TiO, is a mixture of anatase
and rutile [19].

For electrodeposition, an Autolab PGSTAT 302N poten-
tiostat/galvanostat (Metrohm, Switzerland) working in three
electrode modes was used. Rectangular copper plates with
dimensions of 15 mm X 30 mm X 1 mm were applied as a
substrate. Before deposition, the plates were ground using
water sandpaper up to 4000 grit and subsequently polished
with a 1 pm grade Al,O; suspension. In order to remove
solid pollutions, the plates were washed using distilled water,
cleaned in ethanol in an ultrasound cleaner and degreased in

Table 1 Chemical composition of the electrolytic bath

Compound Concentration (g/L)
NiSO,-7H,0 200

NiCl,-6H,O 45

FeSO,-7H,0 20

Sodium citrate 35

L-Ascorbic acid 1

Sodium lauryl sulphate 0.5

NaOH To adjust pH to 4
nc-TiO, 0; 10
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acetone. A platinum plate was used as the counter electrode
and saturated Ag/AgCl as the reference electrode. Before
the deposition the electrolytic baths with nc-TiO, particles
were sonicated by 30 min. During the process the baths were
stirred at 300 rpm.

The list of obtained materials is given in Table 2. Cur-
rent density equal to 2.5 A/dm? in both DC and PC modes
was used. In the PC mode, 100 Hz frequency 50% duty cycle
was investigated. The composites and alloys were deposited
using coulostatic conditions (60 Clem?).

The zeta potential ({) of the nc-TiO, suspended in the
electrolytic bath was measured using a ZetaSizer Nano-ZS
90 (Malvern, USA). The measurements were performed in
diluted 50 times electrolytic bath on 3 samples. For each
sample three series of at least 10 measurements each were
carried out.

Roughness parameters of the external surfaces of the
electrodeposited materials were measured by a Wyko NT930
optical profilometer (Veeco, USA). R, (arithmetical average
of the absolute values of the profile heights deviations), Ry
(root mean square roughness) and R, (maximum height of
the profile) were calculated from the roughness profiles.

Microhardness was measured on the polished surfaces of
longitudinal cross-sections of the electrodeposited materi-
als using a TUKON 2500 microhardness tester (Wolpert-
Wilson, USA) with a Vickers indenter under a load equal
to 0.3 N. For each sample, the average microhardness of a
minimum of 10 measurements was determined.

For investigation of surface morphology and microstruc-
ture, Inspect S50 and Nova NanoSEM 450 (FEI, USA) scan-
ning electron microscopes (SEM) were used. SEM images
were acquired using detectors of secondary electrons (SE)
and backscattered electrons (BSE). Moreover, a concen-
tric backscatter detector (CBS) was used to investigate the
microstructural features in complementary topographical
(SE) and compositional (BSE) contrasts. Transmission and
scanning-transmission electron microscopy (TEM, STEM)
investigations were carried out using JEM-2010 ARP (Jeol,
Japan) and Tecnai Osiris (FEI, USA) microscopes. STEM
images were acquired in the high angle annular dark-field
(HAADF) mode. Microanalysis of the chemical composi-
tion was performed by means of energy dispersive X-ray

Table2 The list of electrodeposited composites and alloys with the
current conditions indicated

Acronym  Alloy/composite  Current conditions ~ Current
density
(A/dm?)
NF-DC Ni-Fe DC 2.5
TNF-DC  nc-TiO,/Ni-Fe DC 25
NF-PC Ni-Fe PC 50% 25
TNF-PC nc-TiO,/Ni-Fe PC 50% 2.5
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spectroscopy (EDS) in SEM and STEM. The sum spectra
acquired while scanning the total area of 5820 pm? in SEM
with a dwell time of 2 ms allowed the peak-to-background
ratio of the Ti Ka peak of at least 2:1 to be obtained, and
thus quantitative EDS microanalysis of Ni, Fe and Ti to be
performed. The concentration of TiO, in wt% was approxi-
mated based on the Ti content in accordance with oxide
stoichiometry. For selected specimens, the local chemi-
cal composition was examined using EDS in STEM. EDS
elemental maps were acquired in the STEM mode using a
ChemiSTEM™ system of four silicon drift (SDD) detectors.

X-ray diffraction (XRD) and selected area electron dif-
fraction (SAED) patterns were used to determine the phase
composition of electrodeposited materials. SAED pat-
terns were analysed using JEMS v4.4230 software (Pierre
Stadelmann, JEMS-SAS, Switzerland). XRD patterns were
acquired using a Panalytical Empyrean DY 1061 (Mal-
vern Panalytical, USA) diffractometer in Bragg—Brentano
geometry with the use of Cu Ka radiation (A =0.154 nm).
A PDF-4+ (product of ICDD, USA) database was used for
phase identification. The size of crystallites was measured
using the Scherrer equation with the most intense peak for
each phase. The effective depth of X-ray penetration, deter-
mined based on Eq. (1), was equal to 4.5 pm, where G, is
the assumed fraction of the total X-ray diffracted intensity,
which is absorbed by the surface layer of depth z, and p is
the linear absorption coefficient.

1
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Image analysis and stereological measurements of the
equivalent circle diameter (ECD) of grains and volume
fraction of nc-TiO, in composites were performed with
ImageJ 1.50i software (ImageJ, USA). The size distribu-
tions of grain ECD were determined based on measurements
taken on TEM bright-field images with a total area equal to
0.3 pm? for each material examined. The volume fraction of
nc-TiO, particles was determined using SEM CBS images
with a total area equal to 1970 um? for each sample, using a
systematic manual point counting method. The total number
of 1600 points (Py) for each composite was used. The meas-
urement error § was calculated using Eq. (2) [20], where P
is the estimator of the volume fraction of nc-TiO, particles:

Pp(1-Pp)

5= _
P, -P,

@

Magnetic properties were measured using a supercon-
ducting quantum interference device (SQUID) magnetom-
eter (Quantum Design, MPMS) by applying an external field
of up to 4 T in plane and out of plane of the sample. The
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magnetic measurements were carried out at the temperatures
of 300 K and 5 K.

3 Results and Discussion

3.1 {Potential of nc-TiO, Particles in the Electrolytic
Bath

The electrophoretic mobility of nc-TiO, particles in the pres-
ence of Ni and Fe ions was investigated using measurements
of C potential in the electrolytic bath with the composition
given in Table 1. The { potential of nc-TiO, particles was
equal to 8.4 +3.2 mV. The obtained results revealed that
suspended nc-TiO, particles in a diluted electrolytic bath
are characterized by a positive charge, which enables their
electrophoretic movement towards the cathode. The stability
of the suspension was rather poor and nc-TiO, particles sedi-
mented completely after 30 min without stirring. Therefore,
in order to obtain a more homogeneous concentration of
suspended particles in the whole volume of the electrolytic
bath and prevent the sedimentation of particles, magnetic
stirring was applied.

3.2 Chemical Composition

The chemical composition of Ni—Fe alloys and nc-TiO,/
Ni—Fe composites determined using EDS microanalysis in
SEM is given in Table 3. The deposited composites were
characterized by higher concentrations of Fe than in the elec-
trolytic bath from which they were obtained, which shows
the anomalous character of electrodeposition.

In the Ni-Fe alloys deposited under DC (NF-DC) and
PC (NF-PC) conditions, the weight ratio of Ni:Fe was equal
to 2.0 and 1.5, respectively. Meanwhile, for the composites
deposited under DC (TNF-DC) and PC (TNF-PC) condi-
tions, the Ni:Fe ratio was equal to 2.1 and 2.2, respectively.
The differences in chemical compositions can be explained
on the basis of previously published studies. There are
several theories about the influence of PC conditions on
the chemical composition of the electrodeposited Ni—Fe
matrix. In many cases, specific PC conditions can increase

Table 3 Chemical composition of the obtained Ni-Fe alloys and nc-
TiO,/Ni-Fe composites determined by EDS in SEM

Element Concentration

+ SD (wt.%)
Alloy/composite  Ni Fe Ni:Feratio  TiO,
NF-DC 66.6+0.5 334+05 20 0
NF-PC 60.1+0.3 399+03 1.5 0
TNEF-DC 65.0+0.8 30.6+06 2.1 4.4+0.7
TNF-PC 648+1.7 294+07 22 5.8+0.8

the concentration of Fe in alloys, which was confirmed by
Zubar et al. [21]. In that work, a higher concentration of Fe
in Ni—Fe alloys was obtained in the frequencies lower than
500 Hz and duty cycle equal to 50%. Moreover, in Ni-Fe-
based nanocomposites with a higher density of grain bound-
aries, the Fe concentration should be higher [21]. On the
other hand, close to the working electrode, the concentration
of Fe?* becomes depleted as a result of an anomalous reduc-
tion of Fe ions [22]. Under PC conditions where the off-time
is longer, the concentration of Fe?* faster aligns in the whole
volume of the electrolyte, which leads to a higher concentra-
tion of Fe?* in the interface area than in DC conditions. The
different chemical composition of the electrolytic bath in the
interface area is probably the main reason for the chemical
composition differences between PC and DC alloys.

In composite materials, the change in chemical composi-
tion caused by the change in current conditions from DC to
PC was negligible. This might be connected with disorder
by nc-TiO, particles hydrodynamic parameters during the
deposition of alloys equivalent to the composite matrix and
similar grain size distribution in TNF-DC and TNF-PC,
which is described later in the Microstructure subsection.

The concentration of nc-TiO, in TNF-PC was
higher (5.8 £0.8 wt%) than in the TNF-DC composite
(4.4+0.8 wt%), which demonstrated that PC conditions
were also beneficial for the co-deposition of nc-TiO,. Many
researchers noticed that, in off-time under PC electrodepo-
sition, better particle adsorption on the working electrode
surface occurs, which is related to a higher amount and bet-
ter connection of incorporated particles in electrodeposited
alloys than under DC conditions [23-25]. It may be postu-
lated therefore that, in our experiments, cyclic depolarization
of the working electrode enhanced the nc-TiO, deposition.

The amount of incorporated nc-TiO, in nc-TiO,/Ni-Fe
composites obtained in this study is similar to the amounts
in other reports about the co-deposition of nc-TiO,. Danilov
et al., in electrodeposited nc-TiO,/Fe composites, obtained
concentrations of nc-TiO, in the range 2.0-6.0 wt%, depend-
ing on the concentration of nanoparticles in the bath and cur-
rent density [26]. Mohajeri et al. [27], using PC conditions,
incorporated more than 11 wt% of sol—gel synthesized TiO,
particles in the Ni matrix.

3.3 Surface Morphology and Roughness

Figure 1a—d show SEM images of the surface morphology of
the deposited alloys and composites. The surfaces of NF-DC
and NF-PC exhibited typical nodular morphology as shown
in the insets in Fig. 1a, b. Addition of nc-TiO, particles
significantly influenced the formation of cauliflower struc-
tures. The change of surface morphology of electrodepos-
ited Ni—Fe-based composites, as compared to parent alloys,
is characteristic not only for those containing nc-TiO,. It
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Fig. 1 Surface morphology

of the electrodeposited alloys
and composites: a NF-DC, b
NF-PC, ¢ TNF-DC, d TNF-PC,
SEM SE images. TiO, agglom-
erates are marked on enlarged
images in insets in (c and d)

was reported that also incorporation of ZrO, nanoparticles
into the Ni—Fe matrix provides to obtain granular surface
morphology [11]. On the surface of electrodeposited com-
posites, agglomerates of nc-TiO, were observed (Fig. lc,
d). TNF-PC was characterized by a smoother surface mor-
phology than TNF-DC, which was confirmed by roughness
measurements using an optical profilometer (Fig. 2). The
values of the R,, R, and R parameters are given in Table 4.
It was observed that values of the roughness parameters were
lower for Ni—Fe alloys than for nc-TiO,/Ni—-Fe composites.
It was also seen that the PC conditions caused a signifi-
cant decrease in the surface roughness of electrodeposited
materials.

There are several concepts explaining the influence of
oxide and/or nitride particles on the surface morphology
of Ni—Fe-based composites. Chaudhari and Singh [28]
showed that the incorporation of In,O; nanoparticles dur-
ing the electrodeposition of Ni—Fe leads to a decrease in
the surface roughness due to the reduction in grain size.
On the contrary, other studies indicated that Al,05 [29]
or SizN, [30] particles influence the increased roughness
of the electrodeposited Ni—-Fe composites. The literature
also reports that PC conditions allow smoother surfaces of
electrodeposited composites to be obtained when compared
with those achieved in DC conditions [21]. Zubar et al. [21]
noticed that using high frequency PC electrodeposition

@ Springer

results in Ni-Fe alloys with low porosity, defect-free
microstructures and lower roughness than under DC con-
ditions. Therefore, our further studies were focused on the
qualitative and quantitative microstructural characteriza-
tion of deposited alloys and composites to examine the
influence of deposition conditions on the microstructural
parameters of nc-TiO,/Ni—-Fe composites, and thus the sur-
face morphology.

3.4 X-ray Diffraction Analysis

In Fig. 3, the XRD patterns of the NF-DC, NF-PC, TNF-DC
and TNF-PC samples are shown. The phase identification
was based on the JCPDS base card 04-003-2245 for Ni-Fe
alloy. Intensities of XRD peaks for the used standard, as well
as for examined specimens, are collected in Table 5. The
strong (111), (200), (220), (311) and (222) peaks detected
in the XRD patterns of NF-DC, NF-PC, TNF-DC and TNF-
PC were identified as the Ni—Fe fcc y phase of the Fm-3 m
space group. For NF-PC, all identified peaks were shifted to
lower values than in other investigated materials, which was
related to the higher concentration of Fe. In all specimens,
the coatings grew with the (111) orientation. For the NF-DC
alloy, the higher intensity of the (200) peak compared with
the standard and a significant decrease in intensities of the
remaining peaks were noticed. The application of PC for
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Fig.2 Roughness maps of the Ni-Fe alloys and nc-TiO,/Ni-Fe composites: a NF-DC, b NF-PC, ¢ TNF-DC, d TNF-PC

Table 4 Roughness parameters of Ni-Fe alloys and nc-TiO,/Ni-Fe
composites

Parameter Alloy/composite

(k) NF-DC NF-PC TNF-DC TNF-PC
R, 0.23 0.09 2.36 1.64
R, 0.48 0.19 3.25 2.12

R, 26.27 9.98 26.67 29.08

NF-PC results in the preferred (111) orientation. The XRD
pattern of the TNF-DC composite was also characterized
by a higher intensity (200) peak, but not as high as for the
NEF-DC alloy, while the intensities of other peaks were simi-
lar to those in the standard. The obtained results indicate a
more pronounced orientation texture in the electrodeposited
NF-PC alloy than in NF-DC. Similarly, the texture in TNF-
PC is more pronounced than in TNF-DC composites.

The obtained results may indicate that PC deposition
enhanced the electrocrystallization of grains in the preferred

Fig.3

] 111
Z 1 NF-PC
Q J ~
(0]
]
1 TNF-DC _JJ T
] NE-DC B l A
2I0 ?:IO 4I0 5IO 6I0 7I0 8I 0 910 1 (IJO
2theta (degree)
XRD patterns of the electrodeposited materials
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Table 5 Intensities of XRD

g " No. 2theta (°) Miller indices Intensity
peaks in the Ni-Fe alloy
standard, as well as in h k 1 Ni-Fe alloy  NF-DC TNF-DC NE-PC TNE-PC
experimental spectra acquired standard
for the NF-DC, TNF-DC,
NF-PC and TNF-PC samples L. 44.49 1 1 1 1 1 1 1 1
2. 51.84 2 0 0 0.418 0.773 0.628 0.037 0.221
3. 76.35 2 2 0 0.164 0.013 0.085 0.020 0.270
4. 92.95 3 1 1 0.146 0.072 0.177 0.021 0.202
5. 98.46 2 2 2 0.04 0.028 0.050 0.050 0.080

orientation. On the other hand, in composites, the addition
of nc-TiO, particles increases the number of nucleation sites
and results in a more random orientation of crystallites. In
ordinary crystallization of a fcc structure, the (111) orien-
tation is the preferred orientation due to the higher atom
density than in the (200) orientation. In turn, Chaudhari
and Singh [11] postulated that the orientation of the Ni-Fe
matrix may be associated with the hydrogen evolution. They
observed that in ZrO,/Ni—Fe composites the (111) orienta-
tion is preferred for lower current densities, but for higher
current densities, where hydrogen generation is higher, ori-
entation often changes to (220).

Electrocrystallization of grains depends on a number of
factors, including those related with the current, such as cur-
rent density, duty cycle or pulse frequency. PC deposition
introduces many perturbations that result in higher desorp-
tion of interfacial inhibitors, such as hydrogen and iron or
nickel hydroxides from the cathode surface during off-time.
This can lead to the formation of a greater number of defects
in nickel coatings deposited under higher current frequen-
cies and lower duty cycles [31]. On the other hand, during
the co-deposition of Ni with nc-TiO, particles, the adsorp-
tion/desorption phenomena can occur on the surface of TiO,
particles, introducing additional perturbation to grain growth
[32]. It can therefore be assumed that the presence of many
disturbances in grain growth during PC electrodeposition
may lead to changes in the preferred orientation of crystal-
lites in electrodeposited Ni—Fe alloys and nc-TiO,/Ni-Fe
composites.

In the XRD patterns of TNF-DC and TNF-PC, no peaks
of the nc-TiO, phase were resolved. The relatively low con-
centration and high dispersion of nc-TiO, particles in the
Ni—Fe matrix prevented their detection by XRD.

3.5 Microstructure

Figure 4a—f show the SEM images of the TNF-DC and
TNF-PC surfaces acquired using SE and different seg-
ments of the CBS detector and thus different take-off
angles. Figure 4a, d reveal the SE images, Fig. 4b, e mixed
topographical and compositional contrast (rings: B, C, D),
while Fig. 4c, f show images in compositional contrast

@ Springer

(ring: D). The areas with higher amounts of clusters of
nc-TiO, particles, containing lighter elements than the
Ni-Fe matrix, are visible as darker areas in Fig. 4b—f and,
respectively, as objects with a lighter contrast in Fig. 3a,
d. The images obtained from the summary signal from the
B, C and D rings of the CBS detector are characterized by
higher contrasts of nc-TiO, particles, but unfortunately
they contain dark shadows resulting from the topogra-
phy of the surface. In the images acquired with the use of
the D ring of the CBS detector, the SE component in the
detected signal is smaller, which results in a compositional
contrast related with the atomic number of chemical ele-
ments, without the component from the surface topogra-
phy. The volume fractions of nc-TiO, determined using
images taken with the D ring were respectively equal to
10.6 +2.4% and 13.4 +2.3% for TNF-DC and TNF-PC,
which was in good agreement with EDS measurements.
The results of both chemical composition and stereo-
logical analysis confirm that the TNF-PC composite is
characterized by a higher content of nc-TiO, reinforce-
ment. In Fig. 4b—f, partially incorporated nc-TiO, clusters
are observed as the black areas on the surfaces of both
composites, while the particles fully incorporated in the
Ni—Fe matrix are visible as grey areas. The distribution
of nc-TiO, particles was homogeneous on the surface in
both TNF-DC and TNF-PC. The estimated volume frac-
tions of nc-TiO, particles in the obtained composites are
comparable with those reported in other electrodeposited
composites reinforced by ceramic nanoparticles [26, 33].

Figure 5a—d shows a typical cross-sectional low-magni-
fication SEM SE images of the NF alloys and TNF com-
posites. It can be seen that the materials exhibit a dense and
compact structure. The thickness of the alloys/composites is
about 15 pm. The interface between the alloys/composites
and the copper substrate is characterized by a very good
connection, without visible pores and discontinuities. The
agglomerates of nc-TiO,, with a darker contrast in the SEM
BSE image, are distributed in the Ni—Fe matrix. The nc-TiO,
agglomerates in TNF-PC were distributed in the form of
smaller, but more evenly distributed clusters than in TNF-
DC sample. In order to investigate the nc-TiO, distribution
in TNF-PC, a detailed study was carried out by means of
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Fig.4 SEM images of the surface of a, b, ¢ TNF-DC and d, e, f TNF-PC composites acquired using the SE detector (a, d), CBS detector from
the rings: B, C, D (b, e) and from the D ring (c, f)

Fig.5 Microstructure of a
NF-DC, b TNF-DC, ¢ NF-PC
and d TNF-PC observed on
cross-section images in SEM
BSE. The nc-TiO, agglomerates
are marked by arrows
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Fig.6 Microstructure of TNF-
PC observed in cross-section
images acquired in a SEM-
BSE and b, ¢ STEM-HAADF
contrast; the areas shown in
enlarged views in subsequent
images are marked with yellow
rectangles, the examples of nc-
TiO, agglomerates and isolated
nanoparticles are marked by
arrows, d corresponding EDS
elemental maps of Ni, Fe, Ti
and O as well as the STEM
image with superimposed maps
of all analysed elements. (Color
figure online)

STEM and EDS elemental maps using FIB lamella prepared
from the cross-section of the composite at a location close
to the substrate-coating interface in Fig. 6a.

In Fig. 6b, c, a STEM-HAADF micrographs showing
the microstructure at the cross section of the composite and
the underlying substrate are given. In such an image, the
high-angle scattered electrons are captured and the contrast
is approximately proportional to the square of the atomic
number Z2. In the Z-contrast images in Fig. 6b, c, the lower
intensity is associated with nc-TiO, due to the lower atomic
number of Ti compared to Ni and Fe in the matrix. The
agglomerates of nc-TiO, with a semi-spherical shape are
visible.

In Fig. 6b, the differences in the microstructure at the
substrate side and internal part of the lamella were observed.
Three zones with different grain size and morphology can be
recognized and marked in Fig. 6b. On the substrate side, the
first zone is the initial layer of fine nanograins with the size
of several nanometres. Subsequently, in the second zone, the
grain morphology transforms to columnar islands. The width
of columns is approximately 100 nm. In both the initial and

@ Springer
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columnar zones, clusters of nc-TiO, are not observed. Fig-
ure 6 ¢ shows the higher magnification STEM-HAADF
image of the third zone, which is characterized by the ran-
domly oriented islands of fine elongated grains with the size
range from several nanometres up to 100 nm. In this zone,
TiO, nanoparticles with diameters below 30 nm are densely
incorporated into the Ni—Fe matrix without any discontinui-
ties at the metal-ceramic interfaces. It may be suspected that
the columnar growth in the second zone is disturbed by the
incorporation of nc-TiO,, which act as nucleation sites of the
new grains. As a consequence, the morphology of the coat-
ing transforms across the growth direction from columnar
into randomly oriented islands. The microstructural features
observed in individual zones are specific to electrodeposited
Ni-based alloys and composites. The character of each zone
might depend on the differences in chemical composition of
the deposits and electrodeposition conditions [34].

The elemental distributions of Ni, Fe, Ti and O in the
composite, obtained on the EDS maps over the area in the
STEM-HAADF image, are given in Fig. 6d. The elemen-
tal maps show complementary features. The high intensity
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parts of the Ti and O maps correspond to dark areas in the
Ni and Fe maps, which is related to the distribution of TiO,
nanoparticles in the Ni—Fe matrix. This is clearly visible by
superimposing the maps onto the structure in the STEM-
HAADF image. Agglomerates of TiO, nanoparticles appear-
ing in dark contrast are assigned to high intensity pixels in
the Ti and O maps. The map of Ti reveals that TiO, nano-
particles are not incorporated into the initial and columnar
layers. Thus our results show that the differences in chemical
composition at the cross section of the coating, associated
with the distribution of TiO,, apply only to the depletion of
TiO, agglomerates in the narrow zone of 1.5 um in thickness
in the vicinity of the substrate, thus it can be assumed that
the reinforcing particles are homogeneously distributed over
the whole 15 pm thick coating. Figures 7 a-d show TEM
bright-field images of Ni—Fe alloys and nc-TiO,/Ni-Fe com-
posites and corresponding grain size distributions. It can be
seen that all the samples exhibit a nanocrystalline structure.
Our TEM observations revealed relatively frequent twin-
ning in nanograins (e.g. Fig. 7a). Similarly, a tendency for
twinning in electrodeposited Ni was reported by [35]. In Ni-
based electrodeposited materials, the twins are perpendicu-
lar to the substrate plane and parallel to the long columnar
axes. The normal columnar growth is preferred as long as
the twinning plane is parallel [36].

The size ranges and mean ECD of grains determined
using image analysis, as well as the size of crystallites
determined by XRD, are given in Table 6. It was observed
on the TEM images that a smaller grain size occurred in
NF-PC than in NF-DC. The NF-DC alloy was character-
ized by a less homogeneous grain size distribution among
all the investigated materials, with a broad scatter in the
ECD of grains in the range of 38-519 nm and the mean
grain diameter equal to 142 nm + 73 nm. Meanwhile, for
the NF-PC alloy, the ECD of grains was significantly lower,
i.e. in the range of 10-280 nm, with the mean value equal
to 31 nm+ 15 nm. The nc-TiO,/Ni-Fe composites were
characterized by more homogeneous grain size distribu-
tion than Ni—Fe alloys. For the TNF-DC composite, grain
diameter is in the range 10-104 nm and the mean value is
31 nm = 15 nm. The TNF-PC composite exhibits very simi-
lar grain size in the range of 5-91 nm and the mean diameter
of 27 nm + 13 nm. In turn, the grain size estimated using the
Scherrer equation for the (111) orientation in NF-DC and
NF-PC was equal to 38 nm and 29 nm, respectively, while
for the TNF-DC and TNF-PC composites it was 29 nm and
10 nm.

In all cases, the size of crystallites estimated by XRD was
lower than that determined based on TEM images, but the
results obtained by both methods followed the same trend.
Those discrepancies between the grain size might be con-
nected with the local character of TEM investigations and
lower volume of analysed material than in XRD. The results

of grain size determination using TEM images are also sen-
sitive to the presence of many lattice defects, such as twins,
which can break the X-ray coherency [37].

According to the literature, the PC conditions influence
the decrease in the grain size by increasing the nucleation
rate [12, 38]. As Fig. 7 and Table 6 show, the addition of
nc-Ti0,, as well as deposition under PC, influence the grain
size refinement. Our result is in close agreement with the
study of Spanou and Pavlatou [32], who indicated that in
nc-TiO,/Ni composites deposited from a Watts bath the
high frequency PC conditions have a positive influence on
the reduction of the grain diameter. Other researchers also
pointed to the influence of reinforcement particles on the
reduction of grain size in Ni—Fe-based composites. In ZrO,/
Ni—-Fe composites deposited in DC conditions, the ECD of
grains determined using TEM images was in the range of
50-60 nm, but the XRD method revealed a smaller value of
about 11 nm [11]. In addition, the reinforcement of Ni-Fe
by In,0O; particles, measured by XRD, reduced the size of
crystallites even from 16 nm to 5 nm [28]. In light of the
above, the results of our experiments are consistent with the
findings of other researchers.

Figures 8a, b show the TEM dark-field images of the
TNF-PC and TNF-DC composite and the corresponding to
them diffraction pattern in Fig. 8c, respectively. Diffraction
rings of Ni, used as the representing phase for phase analysis
of the solid solution of Ni and Fe, as well as the TiO, anatase
phase, are indicated. The dark-field images in Fig. 8a, b,
taken in reflections belonging to the (101) TiO, (anatase)
ring selected by the area of aperture, show nc-TiO, parti-
cles in the Ni—-Fe matrix. Using local TEM observations, the
presence of nc-TiO, particles was confirmed.

3.6 Magnetic Properties

Figure 9a shows the magnetic hysteresis loops of nc-TiO,
measured at temperatures of 300 K and 5 K with a sub-
tracted diamagnetic contribution related to the holder (the
capsules used as holders showed only a diamagnetic signal).
It has been observed that, at both temperatures, the sam-
ples are ferromagnetic with a well pronounced paramag-
netic fraction in the measurement at the low temperature.
Both curves show very small coercivity levels increasing
from 20 to 44 Oe with decreasing measurement tempera-
ture. The RT coercivity is twice as high as that observed by
[14], which may be related to the differences in particle size.
The values of saturation magnetization equal to 0.034 emu/g
and 0.048 emu/g for 300 K and 5 K, respectively, are the
same order of magnitude in comparison to [16]. The field
(50 Oe) cooled (FC) and zero field cooled (ZFC) curves of
temperature dependent magnetization are shown in Fig. 9b.
The drastic increase in magnetization below 30 K with
decreasing temperature can be attributed to the paramagnetic

@ Springer
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Table 6 Size range and mean

X : Alloy/composite Parameter
ECD of grains with standard

deviation as well as volume Grain size Area fraction of nc-
fraction of nc-TiO, determined TiO, + estimation error
by XRD and TEM and area (%)
fraction of nc-TiO, in nc-TiO,/ - -
Ni-Fe composites Determined by TEM Determined by XRD
ECD size Mean Mean crystallite size (nm)
range ECD+SD
(nm) (nm)
NF-DC 38-519 142 +73 38 -
NF-PC 10-280 31+15 29 -
TNF-DC 10-104 31+15 29 10.6+2.4
TNF-PC 5-91 27+13 10 13.4+23

Fig.8 TEM dark-field images
of nc-TiO, taken in the (101)
ring of TiO, (anatase) of a
TNF-DC and b TNF-PC. ¢
SAED pattern with its solution
for Ni and TiO, anatase; the
area of selective aperture is
marked by a red circle. (Color
figure online)
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Fig.9 a Hysteresis loops of nc-TiO, nanoparticles measured at 5 K and 300 K and b ZFC and FC curves of temperature dependent magnetiza-
tion of nc-TiO, particles
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fraction, while clear separation between FC and ZFC indi-
cates ferromagnetic contribution. As previously mentioned
in the Introduction, the origin of ferromagnetism is related
to defects, especially connected with the presence of Ti and
O vacancies.

The magnetic hysteresis loops of NF-DC, NF-PC, TNF-
DC and TNF-PC carried out at 300 K are shown in Fig. 10
and the measured values of coercivity (H,) and saturation
magnetization (M,) are collected in Table 7. All the inves-
tigated materials show ferromagnetic behaviour with high
magnetic anisotropy and easy axis along the layer. Hyster-
esis loops measured in plane indicate low coercivity with
values over 10 Oe and saturation magnetization changing
from 57.1 emu/g to 137.1 emu/g for TNF-DC and NF-PC,
respectively. The M and H_ values of TNF-DC and TNF-
PC are smaller than for the counterparts of the NF-DC and
NF-PC alloys.

These results are partially in agreement with those
reported by Yousefi et al. [10], who showed that the

90+ (a)

60

—=— |n plane
e Out plane

30 1

Table 7 Magnetization and coercivity of Ni-Fe alloys and nc-TiO,/
Ni—Fe composites

Magnetization M, (emu/g) Coercivity
H, (Oe)
NF-DC 80.0 16
NF-PC 134.4 16
TNF-DC 57.1 13
TNF-PC 82.9 12

addition of the nc-TiO, phase reduces the M, of nc-TiO,/
Ni-Fe composites. However, our measurements are the
opposite to the observations related to H, and point to a
small decrease in coercivity with the addition of nc-TiO,.
In turn, our results are consistent with those obtained by
Chaudhari et al. [28] who noticed a significant effect of
In,O; nanoparticles on the decrease of coercivity in In,O5/
Ni-Fe composites. It is known that M, in Ni—Fe binary

60 - (b)

230

-60 4

-90 T T

120+

90

Magnetization (emu/g)
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-90 4
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Fig. 10 Hysteresis loops measured at 300 K in plane (black line) and out plane (red line) geometry for a NF-DC, b TNF-DC, ¢ NF-PC, d TNF-

PC with the full scan shown in insets. (Color figure online)
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Table 8 Results of microhardness measurements of nc-TiO,/Ni-Fe
composites, Ni—Fe alloys and copper substrate

Alloy/composite Hardness (HV0.3)
NF-DC 50743

NF-PC 463+ 15

TNE-DC 517+24

TNF-PC 526+16

Copper substrate 91+3

systems decreases with the Ni concentration [39], which
is related to the value of saturation magnetization of Ni
and Fe equal to 55 emu/g and 217 emu/g, respectively
[40]. Thus, a large increase in M, for the NF-PC sample
can be related to a larger Fe concentration. The magnetic
investigations did not show any changes in H, between DC
and PC deposited materials. On the other hand, the main
parameter influencing H_ is grain size. In nanocrystalline
materials, with the grain sizes smaller than the magnetic
exchange length (L.,), an increase in the density of grain
boundaries provides an increase in H, [8]. Wang [41] cal-
culated that L, is about 14 nm for the Fe-34wt%N:i alloy.
Thus, the average ECD of all investigated materials was
higher than L, for similar materials, which can explain
the observed decrease in coercivity for the composites.

3.7 Microhardness

The results of microhardness measurements are collected
in Table 8. The microhardness results were connected with
the chemical composition, microstructure and content of
nc-TiO, in composites. The hardness of alloys was signifi-
cantly lower for higher concentrations of Fe in NF-PC. A
similar observation connected with the influence of Fe on
hardness was presented by Ebrahimi and Li [42]. All of
the investigated composites exhibited higher microhard-
ness than the alloys with an analogical Ni:Fe ratio. TNF-
PC indicated a higher hardness than the TNF-DC com-
posite, which is probably connected with strengthening
by nc-TiO, particles. The strengthening of composites is
based on the grain size refinement, dispersion of particles
and solid solution strengthening [43]. In electrodeposited
composites, nc-TiO, could act as the blocker of plastic
deformation, grain boundary sliding or dislocation move-
ments in composites. A similar effect of hardness improve-
ment was obtained for another metal oxides such as ZrO,
[11], In,O4 [28], WO; [43], as well as micron-sized Si and
nano-sized TiO, particles [44]. The results of hardness
measurements of electrodeposited Ni—Fe alloys reported
by [11, 43] were in the range 410-660 HV and these val-
ues are consistent with our findings.

4 Conclusions

In this work, new nc-TiO,/Ni—Fe composites and analogical
Ni-Fe alloys were electrodeposited from a single citrate-
sulphate bath under DC and PC current conditions. Exami-
nations of the chemical composition, surface morphology,
microstructure, microhardness and magnetic properties
allowed the differences in the characteristics of composites
and alloys to be determined. The obtained results suggest
that nc-TiO,/Ni-Fe composites might be considered as
promising alternative soft ferromagnetic materials for use,
for example, as sensors in MEMS devices.

The following conclusions can be drawn from this study:

1. The microstructure, morphology and chemical composi-
tion of electrodeposited nc-TiO,/Ni—Fe composites, and
Ni-Fe alloys equivalent to their matrix, depend on the
current conditions. PC conditions are suitable to obtain
materials characterized by a finer nanostructure and
lower surface roughness than those obtained using DC.

2. nc-TiO, co-deposited in the Ni-Fe matrix occurs in the
form of isolated nanoparticles and agglomerates several
tens of nanometres in size.

3. PC conditions inhibit grain growth and allow the incor-
poration of a high volume fraction of nc-TiO,, exceeding
over a dozen percent, which in turn leads to nc-TiO,/
Ni—Fe composites being obtained with higher hardness
than their counterparts deposited using DC.

4. The nc-TiO,/Ni—Fe composites exhibit smaller satura-
tion magnetization and coercivity compared with their
counterpart alloys.
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