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particular, ferritic stainless steels not containing nickel atoms
are known to be a promising alloy with excellent cost perfor-
mance, corrosion resistance, ductility, and crashworthiness [2].
Hence, they can be used in various industrial products, such as
machine structures, automobile components, and kitchen
equipment [3]. Generally, Fe—Cr alloys such as ferritic stainless
steels have been produced through a solidification process, but
they can be also synthesized through an electrodeposition

1. Introduction

Stainless steels are defined as iron-based alloys containing at
least 10.5 wt% chromium [1]. These alloys can be classified into
the following five categories: ferritic, austenitic, martensitic,
duplex, and precipitation-hardening stainless steels—based on
their chemical composition and crystalline structure. In
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process. Using electrodeposition to synthesize alloys has
attracted much attention because it enables us to make an alloy
film on a metallic substrate at room temperature. So far, an
electrolytic bath containing hexavalent chromium (Cr®") ions
has been used for electrodeposition of metallic chromium.
However, it is well known that Cr®* ions induce harmful envi-
ronmental pollution [4,5]. In the European Union, WEEE/RoHS
(Waste Electrical and Electronic Equipment/Restriction of the
Use of Certain Hazardous Substances in Electrical and Elec-
tronic Equipment) directives restrict the use of Cr®" ions [6].
Hence, as an alternative process, many researchers have pro-
posed the electrodeposition of metallic chromium alloys from
an electrolytic bath containing trivalent chromium (Cr>*) ions
(e.g., Co—Cr and Ni—Cr alloys [7], Fe—Cr alloy [8], and Fe—Cr—Ni
alloy [9]). However, itis well known that the current efficiency of
electrodeposition is significantly limited because the standard
electrode potential of Cr/Cr** is —0.937 V (vs. Ag/AgCl/sat. KCl),
which is quite less noble than that of iron-group metals (e.g., Ni/
Ni?*, Co/Co?", and Fe/Fe®*) [10]. During the electrodeposition of
less noble metals from an aqueous solution, the pH in the vi-
cinity of the cathode increases with an increase in the current
density [11]. This pH rising is caused by the high consumption
rate of H' ions in the vicinity of cathode due to the high rate of
hydrogen gas evolution at a high current density. Hence, in a
simple aqueous solution, Cr>* ions will form the complexes
with six water molecules ([Cr(H,0)e]*") in the vicinity of cathode
at a high current density. In particular, these [Cr(H,0)q]*" ions
will form a hydroxo-bridged colloidal polymer through an ola-
tion reaction in an acidic pH region (pH > 4.5) [12,13]. This
colloidal polymer in the vicinity of the cathode will inhibit the
electrodeposition of metallic chromium. Thus, a complex agent
such as glycine, urea, or N,N-dimethylformamide (DMF) is
usually added to an aqueous solution to inhibit the formation of
[Cr(H,0)¢]*" ions. Among these agents, DMF is well-known as an
effective complex agent to reduce hydrogen evolution during
the electrodeposition of metals [14]. There are several previous

works concerning the structure (e.g., surface morphology and
constituent phases) and corrosion resistance performance of
chromium alloys which were electrodeposited from an elec-
trolytic bath containing DMF [15—17]. However, there are few
reports on the magnetic and mechanical properties of electro-
deposited Fe—Cr alloy films. It is well known that the mechan-
ical properties of metallic materials depend on their structure,
such as the alloy composition and average crystal grain size. In
particular, the alloy composition of electrodeposited films can
be controlled by adjusting the electrolysis condition. In the case
of Fe—Cr binary alloys with a Cr content of above 40%, a o phase
with brittleness will be formed easily at a high temperature
[18,19]. As shown in Fig. 1, based on the binary phase diagram
for the Fe—Cr system [20,21], in the temperature region from 500
to 800 °C, a o single phase will be formed in Fe—Cr alloys with a
Cr content of between 40% and 50%. Hence, it is desirable that
the Cr contentin Fe—Cr alloys can be controlled to less than 40%.

In the present study, Fe—Cr alloy films with a Cr content of
up to 32 at% were synthesized using a potentiostatic electro-
deposition technique from an aqueous solution containing
DMF. The chemical state of Fe and Cr in the electrodeposited
alloys was investigated, as well as the magnetization and
microhardness performance.

2. Method

Fe—Cr alloy films were fabricated using a potentiostatic elec-
trodeposition technique from an aqueous solution (25 °C, pH
2.5) containing 0.3 M iron chloride tetrahydrate (FeCl,-4H,0),
0.5 M chromium chloride hexahydrate (CrCl;-6H,0), 0.4 M so-
dium chloride (NacCl), 0.4 M ammonium chloride (NH,CI), 0.15 M
boric acid (H3BO3), and 5.5 M N,N-dimethylformamide (DMF)
[22]. For the comparison, pure Fe films and pure Cr films were
also electrodeposited from the above mixed aqueous solutions
without CrCl3-6H,O or FeCl,-4H,0, respectively. Here, the
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Fig. 1 — Fe—Cr binary alloys phase diagram [20,21].
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aqueous solutions without CrCl;-6H,O or FeCl,-4H,0 were
defined as solution A and solution B, respectively, while the
above mixed aqueous solution was defined as solution C. A
copper foil (diameter: 6 mm) was used as a cathode for the
electrodeposition of Fe—Cr alloy films. Also, a carbon rod
(diameter: 3 mm, length: ca. 50 mm) and a Ag/AgCl/sat. KCl

electrode were selected as an anode and a reference electrode,
respectively. Cathodic polarization curves for the solution A, B
and C were obtained by using an electrochemical measurement
system (HZ-7000, Hokuto Denko Corp., Tokyo, Japan). During
the measurement, cathode potential was linearly scanned from
—0.5V to —2.5 V vs. Ag/AgCl/sat. KCl with the scan rate of
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Fig. 2 — Cathodic polarization curves that were obtained from solution A (a), solution B (b), and solution C (c). Partial
polarization curves (d) for Fe, Cr and H, reduction that were obtained from solution C (d). Effect of cathode potential on the

chromium content in the electrodeposited Fe—Cr alloy films (e).
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50 mV s~ . Fe—Cr alloy films were prepared by using a poten-
tiostatic electrodeposition technique with the cathode poten-
tial range from —1.1 V to —2.0 V vs. Ag/AgCl/sat. KCl. Chemical
composition of the electrodeposited alloy films was determined
using an energy dispersive X-ray spectrometer (EDX-800HS,
Shimadzu Corp., Kyoto, Japan). Surface morphology of the
electrodeposited alloy films was investigated using a field
emission scanning electron microscope with an energy-
dispersive X-ray spectroscopy (FE-SEM-EDS, JSM-7500FA, JEOL
Ltd., Tokyo, Japan). Constituent phase and crystallinity of the
electrodeposited alloy films were also investigated using an X-
ray diffractometer (XRD, Miniflex 600-DX, Rigaku Corp., Tokyo,
Japan) and a transmission electron microscope (TEM, JEM-2010-
HT, JEOL Ltd., Tokyo, Japan). The chemical state of Fe and Cr in
the electrodeposited alloy films was analyzed using an X-ray
photoelectron spectroscopy (XPS, AXIS-ULTRA, Shimadzu
Corp., Kyoto, Japan). Saturation magnetization of the electro-
deposited alloy films was evaluated using a vibrating sample
magnetometer (VSM, TM-VSM1014-CRO, Tamakawa Co., Sen-
dai, Japan). In addition, microhardness of the electrodeposited
alloy films was measured using a micro-Vickers hardness
testing machine (HM-211, Mitutoyo, Kanagawa, Japan).v

3. Results and discussion
3.1.  Electrodeposition process of Fe—Cr alloy films

Figure 2(a), (b), and (c) show the cathodic polarization curves
that were obtained from solution A ([Fe?*] = 0.3 M), solution B
(Icr**] = 0.5 M), and solution C ([Fe*'] = 0.3 M and
[Cr**] = 0.5 M), respectively. Figure 2(d) show the partial po-
larization curves (d) for Fe, Cr and H, reduction that were
obtained from solution C using a potentiostatic electrodepo-
sition technique for 1 h. In an aqueous solution without
complexing agents, the equilibrium potentials Eji (Fe/Fe")
and E¢! (Cr/Cr’") can be estimated as —0.652 Vand —0.943 V vs.

’ X700 20pm

Ag/AgCl/sat. KCI, respectively, by the following Eq. (1)
(Nernst's equation) under the experimental conditions.

M™]
M)

E—F° 4 ﬁ—; In (1)
where the standard electrode potentials, E, (—0.637 V vs. Ag/
AgCl/sat. KCI) and E2, (—0.937 V vs. Ag/AgCl/sat. KCl), the gas
constant, R = 8.3J K~* mol~?, the bath temperature, T = 298 K,
the valence number of Fe?* and Cr** ions, nge = 2 and ney = 3,
Faraday constant, F = 96,485 C mol %, molar concentration of
Fe?* and Cr’" ions, [Fe*'] = 0.3 and [Cr®*'] = 0.5, activity of
metallic Fe and Cr, [M°] = 1. In this work, it is difficult to es-
timate the equilibrium potentials (M/M™") in an aqueous so-
lution with complexing agents because there are no reliable
values for stability constants on the complexes of Fe*" and
Cr®*ions with DMF. In the previous works, it was revealed that
the equilibrium potential of metals (e.g., cobalt and copper)
shifted to less noble direction in an aqueous solution con-
taining complexing agents such as citric acid and glycine due
to the formation of complex species [23,24]. Hence, the equi-
librium potentials E;f (Fe/Fe?") and E¢! (Cr/Cr>™) will be shifted
to less noble direction when the simple and mixed complexes
with DMF, NH; and Cl~ are formed. In solution A (Fig. 2(a)), the
slope (dlogi/dE) of the polarization curve sharply increased
when the cathode potential was polarized down to around
—-1.0 Vvs. Ag/AgCl/sat. KCl, which is quite less noble than E7.
Bockris et al. revealed that the electrochemical reduction of
iron-group metal ions (M?" = Fe?*, Co?', and Ni*') from an
aqueous solution required a large cathodic overpotential
because of the multistep reduction process via metal hy-
droxide ions (M(OH)*) [25]. In the present study, a substantial
amount of DMF was added to the electrolytic solution. Hence,
the increase in the cathode current density at —1.0 V (Fig. 2(a))
seems to be caused by the reduction current of Fe*" com-
plexes with DMF. On the contrary, in solution B (Fig. 2(b)), the
cathode current density increased when the cathode potential
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Fig. 3 — Effect of cathode potential on the SEM images of electrodeposited Fe—Cr alloy films ((a) E = —1.2 V, X¢, = 4.4%, (b)
E=—13V, X¢ = 5.9%, () E = —1.4 V, X¢; = 17.5%, (d) E = —1.5 V, X, = 23.4%, (€) E = —1.6 V, X¢; = 26.1%, () E= —2.0 V,

Xer = 32.0%).
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was polarized down to around —1.4 V vs. Ag/AgCl/sat. KCl,
which is quite less noble than E¢l. Zhang et al. reported that
the reduction potential of Cr** ions was slightly less noble in
the DMF-mixed bath compared with the aqueous bath in Cr
electrodeposition [14]. They also revealed that the cathodic
reduction rate clearly decreased in the DMF-mixed bath
compared with the aqueous bath at below —1.0 V vs. Ag/AgCl/
sat. KClL. Hence, the increase in the cathode current density at
—1.4 V (Fig. 2(b)) seems to be caused by the reduction current
of Cr** complexes with DMF. Furthermore, in solution C
(Fig. 2(c) and (d)), the cathode current density increased when
the cathode potential was polarized down to around —1.1V vs.
Ag/AgCl/sat. KCl, which is less noble than Ej and EZL
Considering the cathodic polarization curve in solution A
(Fig. 2(a)), the increase in the cathode current density at —1.1V
(Fig. 2(c) and (d)) seems to be caused by the reduction current
of Fe”* complexes with DMF.

By the way, each solution exhibited a different behavior on
the reduction of H" ions at the cathode potential range nobler
than —1.0 V. The reduction current of H" ions in solution A
was quite smaller than that in solution B and C. Furthermore,
the reduction current of H* ions in solution B was smaller
than that in solution C. These behaviors seem to be caused by
the activity of water in each solution. Considering the water of
crystallization in the metal chloride chemicals (FeCl,-4H,0
and CrCl;-6H,0), the molar concentrations of water in solu-
tion A, B and C can be calculated to 1.2 M, 3.0 M and 4.2 M,
respectively. Hence, the reduction current of H' ions seems to
be enhanced by increasing the activity of water in solution.

Figure 2(e) shows the effect of the cathode potential on the
chromium content (Xc,) in the alloy deposits that were ob-
tained from solution C using a potentiostatic electrodeposi-
tion technique for 1 h. The chromium content in the Fe—Cr
alloy films increased by shifting the cathode potential to a
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Fig. 4 — Effect of chromium content on the XRD profiles of
electrodeposited Fe—Cr alloy films (X¢, = 4.4%, 5.9%, 17.5%,
23.4%, 26.1%, 32.0%).

less noble direction. Based on the slope of polarization curve
(Fig. 2(c) and (d)), the reduction rate seems to be controlled by
the mass transfer step of metal ions at the cathode potentials
less noble than —1.6 V vs. Ag/AgCl/sat. KCL. In this potential
region, Cr content was lower than Fe content in the electro-
deposited Fe—Cr alloy films, although the concentration of
Cr’" ions was higher than that of Fe?" ions in the electrolytic
bath ([Fe>'] = 0.3 M, [Cr**] = 0.5 M). In a vicinity of the cathode,
DMF-metal ion complexes (DMF,Fe and DMF,Cr) should be
dissociated and adsorbed on the cathode. There is no reliable
stability constant for DMF-metal ion complexes, however,
DMF,Cr seems to be more stable than DMF,Fe under the
experimental conditions. Thus, Cr** ions will emerge more
slowly than Fe®" ions from the complexes. Therefore, we as-
sume that the Cr content became lower than the Fe content in
the electrodeposited Fe—Cr alloy films.

In the present study, the chromium content in Fe—Cr alloy
film that electrodeposited at the cathode potential of —1.1 V
vs. Ag/AgCl/sat. KCl was 2.3 at%. In contrast, the chromium
contentreached up to 32 at% at the cathode potential of —2.0V
vs. Ag/AgCl/sat. KCl. Based on Fig. 2(d), the cathode potential
region for the electrodeposition of Fe—Cr alloy films was
determined to be between —1.2 V and —2.0 V vs. Ag/AgCl/sat.
KCl. Thus, in the Fe—Cr system, electrochemically nobler Fe?*
ions preferentially deposited, rather than the less noble Cr*
ions. Based on the Brenner's classification, the co-deposition
behavior of Fe—Cr alloy films from a DMF bath can be cate-
gorized into the “normal co-deposition type” [26].

500 nm

Fig. 5 — Effect of chromium content on the TEM images and
ED patterns of electrodeposited Fe—Cr alloy particles ((a)
XCI' = 4.4%, (b) XCI’ = 24.2%)-
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3.2. Structure of electrodeposited Fe—Cr alloy films

Figure 3 shows the effect of the cathode potential on the SEM
images (surface morphology) of the electrodeposited Fe—Cr
alloy films. As shown in Fig. 3(a), (b), and (c), the surface
morphology was quite smooth in the samples that were
electrodeposited at a cathode potential nobler than —1.4 V vs.
Ag/AgCl/sat. KCl. In contrast, as shown in Fig. 3(d), (e), and (f),
the nodule-like deposits were observed on the electro-
deposited Fe—Cr alloy films that were obtained at a cathode

FE* Fet Fe* Fe*

potential less noble than —1.4 V. As shown in Fig. 2(d), the
partial current density of Fe was almost plateau at the cathode
potential region less noble than —1.4 V vs. Ag/AgCl/sat. KCI. In
addition, the cathode current efficiency for the alloy deposi-
tion at the cathode potential region less noble than —1.4 V was
below 70%. Hence, the reduction rate of Fe?* ions seems to be
controlled by the mass transfer step in the potential region
less noble than —1.4 V. It is well known that the dendrites or
powder-like deposits are induced by a large current density
with a diffusion limit. Hence, in this potential region, the
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formation of nodule-like deposits seems to be caused by a
non-uniform nucleation process on the cathode with a diffu-
sion limit of Fe®" ions as well as the presence of Cr in the alloy
films (Fig. 3(d), (), and (f)). Figure 4 shows the effect of chro-
mium content on the XRD profiles of the electrodeposited
Fe—Cr alloy films. The broad peaks associated with a-Fe (110)
and (200) were observed at 20 of around 44° and 64°, respec-
tively [27]. Hence, the electrodeposited Fe—Cr alloys seem to
be composed of an amorphous phase. Wang et al. reported
that electrodeposited Fe—Cr alloys with a Cr content of above
22.9 at% were composed of an amorphous phase, while those
with a Cr content of below 22.4 at% were composed of a meta-
stable phase [8]. In the present study, even in the sample with
a Cr content of 4.4 at%, an amorphous phase was revealed due
to the formation of metal ions complexes with DMF. Figure 5
shows the TEM images and electron diffraction (ED) patterns
of the electrodeposited Fe—Cr alloy films ((a) X¢r = 4.4 at%, (b)
Xcr = 24.2 at%). According to the ED patterns, concentric and
vague patterns (halo-patterns) were observed [28]. Hence, it
was confirmed that the electrodeposited Fe—Cr alloy films
have an amorphous phase. This amorphous phase formation
in the electrodeposited Fe—Cr alloys seems to be induced
through the electrochemical reduction process of metal
complex ions (M" © -DMF) with a large overpotential, as shown
in Fig. 2(c) and (d). Figure 6 shows the effect of cathode po-
tential on the XPS profiles of electrodeposited Fe—Cr alloy
films. Based on these XPS profiles, the chemical state of iron
and chromium can be estimated. Idczak et al. reported that
the binding energies of metallic iron (Fe°), iron oxide (Fe*"),

metallic chromium (Cr°), and chromium oxide (Cr>*) corre-
sponded to 707.3 eV (Fe®-2ps/,), 710.7 eV (Fe-2ps,,), 574.8 eV
(Cr°-2psy,), and 577.9 eV (Cr’"-2psy,), respectively [29]. In the
present study, the Fe—Cr alloy film (Xc, = 4.4 at%) that was
electrodeposited at —1.2 V (Fig. 6(a)) was a composite mixture
of metallic iron (Fe®), iron oxide (Fe**), and chromium oxide
(Cr*"). In contrast, the Fe—Cr alloy film (Xc, > 17.5 at%) that
was electrodeposited at a cathode potential below —1.4 V
(Fig. 6(b), (c), and (d)) was composed of metallic iron (Fe%),
metallic chromium (Cr°, and chromium oxide (Cr**). Hence,
in the present study, it was necessary to control the cathode
potential to below —1.4 V vs. Ag/AgCl/sat. KCl for the electro-
deposition of the metallic Fe—Cr alloy-based composite films.

3.3.  Magnetic and mechanical properties of
electrodeposited Fe—Cr alloy films

Figure 7 shows the magnetic hysteresis loops of the electro-
deposited Fe—Cr alloy films. An external magnetic field was
applied to in-plane direction to the electrodeposited films. As
shown in Fig. 6, the electrodeposited Fe—Cr alloy films
exhibited a typical soft magnetic performance [30]. Based on
the magnetic hysteresis loops, the saturation magnetization
and coercivity were determined. Figure 8(a) and (b) show the
effect of chromium content (Xc,) on the saturation magneti-
zation (M) and coercivity (Hc) of the Fe—Cr alloy films,
respectively. It was revealed that Ms and H. decreased with an
increase in X¢,. The direct exchange interaction between iron
atoms seems to decline due to an increase in the concentration
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Fig. 7 — Effect of chromium content on the magnetic hysteresis loops of electrodeposited Fe—Cr alloy films ((a) E = —1.2 V,
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Fig. 8 — Effect of chromium content on the saturation magnetization (a), coercivity (b) and microhardness (c) of

electrodeposited Fe—Cr alloy films.

of chromium atoms. In addition, an antiferromagnetic
coupling is also assumed between iron and chromium atoms
[31]. Bertero et al. reported that Fe—Cr—Ni alloys with chro-
mium concentrations between 4.1 and 41.0 wt.% were able to
be electrodeposited from an aqueous solution containing
glycine. Theyrevealed that the saturation magnetization of the
electrodeposited Fe—Cr—Ni alloys decreased with an increase
in the chromium content up to 41.0 wt% [32]. Hence, as shown
in Fig. 8(a), the results in the present study are consistent with
their report. It is well known that the coercivity of ferromag-
netic metals decreases with decreasing the average crystal
grain size in a superparamagnetic domain structure [33,34].
Therefore, the decrease in coercivity (Fig. 8(b)) seems to be
caused by the decrease in the average cluster size and its short-
range ordering due to an increase in the overvoltage and cur-
rent density of reaction deposition alloys and an increase in
the chromium content, as shown in Figs. 4 and 5. Figure 8(c)
shows the effect of chromium content on the microhardness of
the electrodeposited Fe—Cr alloy films. The microhardness
increased with an increase in chromium content, as shown in
Fig. 8(c). Mohapatra et al. and Noshita et al. reported that the
microhardness of Fe—Cr alloys that were synthesized by a
melting method ranged from ca. 60 to 150 kgf/mm? with an

increase in chromium content up to around 30wt.% [35,36]. In
the present study, the microhardness of the electrodeposited
Fe—Cr alloy films increased up to 422.0 kgf/mm? (Xc, = 32.0 at
%). Based on the mechanism of solid solution strengthening, a
substantial lattice strain is introduced into a metallic crystal
when the solvent atoms (i.e., iron atoms) are replaced by the
solute atoms (i.e., chromium atoms). The amount of lattice
strain increases with an increase in the concentration of the
solute atoms. The strength of metallic materials increases due
to the interaction between the dislocation and lattice strains.
In addition, the crystal grain boundary area increases with a
decrease in the average crystal grain size. According to the
strengthening mechanism due to the crystal grain refinement,
the movement of dislocation along the sliding plane is inhibi-
ted by the grain boundaries. In the present study, the micro-
hardness of the electrodeposited Fe—Cr alloy films seems to be
improved due to the synergistic contribution of solid solution
strengthening and crystal grain refinement. The microhard-
ness will be improved when the chromium content is further
increased to above 40 at%. However, based on the binary phase
diagram of the Fe—Cr system shown Fig. 1 [20,21], a hard and
brittle o single phase will be formed by the annealing process at
temperatures above 500 °C.
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4, Conclusion

Fe—Cr binary alloy films with a chromium content ranging
from 2.3% to 32.0 at% were synthesized using a potentiostatic
electrodeposition technique from an electrolytic bath con-
taining N,N-dimethylformamide (DMF). The chromium con-
tent in the electrodeposited Fe—Cr alloy films increased by
shifting the cathode potential in a less noble direction during
the electrodeposition process. According to the XRD profiles
and electron diffraction patterns, it was revealed that the
Fe—Cr alloy films have an amorphous phase. Metallic Fe—Cr
alloy-based composite films were obtained by controlling the
cathode potential in a range below —1.4 V vs. Ag/AgCl/sat. KCL.
The saturation magnetization and coercivity of the electro-
deposited Fe—Cr alloy films decreased with an increase in the
chromium content. In contrast, the microhardness reached
up to 422.0 kgf/mm? with an increase in the chromium con-
tent up to 32.0 at%.
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