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The FeCrNi alloy, whose composition is close to that of stainless steel 304, was prepared by

electrodeposition and characterized. Nanocrystalline FeCrNi (nc-FeCrNi) was obtained by

www.rsc.org/

employing a double-compartment cell where the anode is separated from the cathode

compartment, while amorphous FeCrNi (a-FeCrNi) was deposited in a conventional single
electrochemical cell. The carbon content of nc-FeCrNi was found to be significantly lower than
that of a-FeCrNi, suggesting that carbon inclusion is responsible for the change in
microstructure. The major source of carbon is associated with the reaction compounds at the
anode electrode, presumably decomposed glycine. Crystal structure analysis with XRD and
TEM revealed that the as-deposited nc-FeCrNi deposits consist of a-Fe which transforms to y-
Fe upon thermal annealing. Nanoindentation tests showed that nc-FeCrNi exhibits higher
hardness than that of a-FeCrNi, which is consistent with the inverse Hall-Petch behavior.

Introduction

The microstructure of materials significantly influences
mechanical and physical properties in many ways. Especially
the grain size is of prime importance because it is a dominant
factor which determines the mechanical properties of materials.
As described by the well-known Hall-Petch relationship, the
yield strength and hardness increases with a decrease of grain
size down to some tens of nanometers range,™ 2 where the
blocking of dislocation diffusion by the grain boundary strongly
influences the mechanical deformation. Therefore,
nanocrystalline  metals exhibit outstanding  properties.
Nanocrystalline metals have been synthesized by various
techniques including ball milling,® consolidation,*
condensation® and  electrodeposition.®  Synthesis  of
nanocrystalline stainless steel, which is a very important
material due to its excellent corrosion resistance, has also been
investigated, aiming at further improvement of its mechanical
properties. The synthesis techniques employed for
nanocrystalline stainless so far include bulk nanocrystalline
synthesis by in-situ consolidation,” grain refinement of cold-
rolled foil via phase transformation cycling during gaseous
nitriding,® surface nanocrystallization by sand blasting,® surface
mechanical attrition'®*® and ultrasonic shot peening.}* It has
been reported that the hardness and the yield strength of such
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nanocrystalline stainless steels are superior to those of the
coarse-grained stainless steel.® 1* '® Moreover, the surface-
nanocrystallization-treated stainless steel exhibits an excellent
corrosion resistance even better than the conventional coarse-
grained stainless steel.®

Electrodeposition is one of the most promising techniques to
synthesize metal films with a controlled microstructure.
Electrodeposition of such functional alloys is significant
because it is a unique technique to fill high aspect-ratio
structures used in the LIGA [a German acronym for
Lithographie, Galvanoformung, Abformung (Lithography,
Electroplating, and Molding)] process,*® which is a key process
technology for fabricating high-precision microcomponents
with controlled properties. Electrodeposition of Fe-based alloys
with the composition similar to that of stainless steels have
been investigated for many years and various electroplating
baths have been proposed so far, as reviewed previously.®
However, in spite of numerous efforts, the technique has not
been established for the practical applications due to the
complexity of the bath electrochemistry. In addition to the
anomalous codeposition known for the Fe-Ni plating system,*’
the instability of trivalent Cr ions in the bath is the major
challenge for FeCrNi electrodeposition. The aqua-chromium
complex Cr(H,0)¢*" is not themodynamically stable in water
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and therefore tends to experience olation which results in
formation of the hydrolyzed polymers. In acidic aqueous baths,
the reduction of trivalent chromium ions occurs in two steps:*8
Cr¥* + e —Cr? (E° = -0.407 V vs. NHE)

Cr?* + 2e" —Cr (E° = -0.913 V vs. NHE)

Hence, the deposition of Cr is accompanied by hydrogen
evolution from oxidation of proton and water:

2H+ + 2e" —H,?7 (E® = +0.000 V vs. NHE)

H,0 + 2e" —H,1 + 20H (E° = -0.828 V vs. NHE)

The significant hydrogen evolution brings about not only a
decrease in the current efficiency but also an increase in the
local pH adjacent to the cathode surface, leading to the
formation of hydrolyzed chromium polymers which inhibit the
cathode reactions. Thus, in order to prevent chromium ions
from forming the hydrolyzed polymers, the use of a complexing
agent is inevitable for the Cr and Cr-alloy electrodeposition.
Philippe and co-workers® have investigated various
complexing agents for the FeNiCr alloy electrodeposition and
found that glycine is a suitable complexing agent of trivalent Cr
ions for achieving reproducible and stable composition.
Recently, further studies have been conducted based on this
electroplating bath and we have demonstrated that FeCrNi
electrodeposits with a composition similar to that of stainless
steel 304 (18%Cr and 8%Ni) can be deposited in 300-um-deep
UV-LIGA molds®, although some issues such as the surface
cracking and the residual stress deformation remained to be
addressed. In order to overcome these challenges, further
studies on the microstructure of FeCrNi electrodeposits as well
as electrochemistry of the plating bath are essential. In the
FeCrNi electroplating bath, several side reactions are expected
in addition to the cathodic reduction of Fe-Cr-Ni alloy. These
reactions include the anodic oxidation reactions of bath
constituents which may modify the reactions at the cathode. In
order to identify the impacts of anode reactions on the FeCrNi
deposition, we conducted the electrodeposition studies in the
double compartment cell system where the anode electrode is

a) Single-cell

| potentiostat / galvanostat

separated from the cathode electrode compartment, and
discussed the effects of the anodic reaction on the
microstructure of the FeCrNi electrodeposits. Furthermore, the
effects of the microstructure on mechanical properties of
FeCrNi deposits were investigated.

Experimental Methods

Electrodeposition of FeCrNi was performed employing two
types of electrochemical cells: a conventional single-
compartment cell (single-cell) and a double-compartment cell
(double-cell), as shown in Fig. 1. The double-cell consists of
the cathode and anode compartments which are connected
through a saturated KCI salt bridge gelatinized with agar. The
cathode compartment was filled with the electroplating bath,
while the anode compartment was filled with saturated KCI
aqueous solution. Both electrochemical cells are equipped with
a water jacket for temperature control of electroplating bath.
The temperature of the electroplating bath was controlled at
22°C with an error of +/- 0.5°C by employing a temperature
controlled circulator (Julabo, F12-ED). FeCrNi alloy was
electrodeposited on a Si substrate covered with a sputter coated
Au layer (100 nm) on a Cr adhesion layer (5 nm). Prior to
electrodeposition experiments, the substrate was cleaned in
freshly prepared Piranha solution (30% H,O,: H,SO,= 1 : 3)
for at least 10 min and thoroughly rinsed in deionized water
(18.2 MQcm). Subsequently, the conductive surface of the
substrate was covered with a masking tape leaving a deposition
area (1.5 cm x 1.5 cm). A saturated calomel electrode (SCE)
was used as the reference electrode to monitor the potential of
electrodeposition. A Pt plated Ti mesh was used as the counter
electrode. Electrodeposition of FeCrNi was performed
galvanostatically at -100mA/cm? using a potentiostat (PGSTAT
30, Autolab) controlled either by GPES or NOVA (version 1.7)
software.

b) Double-cell

| potentiostat / galvanostat |
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/
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Fig. 1. Electrochemical cells for FeCrNi electrodeposition: (a) single-cell and (b) double-cell.
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The bath composition of FeCrNi electrodeposition is shown in
Table 1. All the chemicals were of reagent grade (Sigma-
Aldrich) and were used as-received without any further
purification. For the bath preparation, firstly, chromium
chloride and glycine were added to deionized water in a glass
beaker and thoroughly mixed. The electrolyte was heated at
80°C at least for 30 min in order to complete the complexing
reaction of Cr ions and glycine. Afterward, the bath was cooled
down to room temperature and kept overnight. In a separate
beaker, the rest of bath components were mixed. Subsequently,
the solution was added to the Cr-glycine solution at room
temperature.  Finally, the solution pH along with the bath
volume was adjusted.

Table 1. Bath composition for FeCrNi
electrodeposition
concentration (mol/L)

CrCl;-6H,0 0.4

glycine (H,NCH,COOH) 0.4

FeCl,-4H,0 0.03
NiCl,-6H,0 0.2

NH,CI 0.5

H3;BO; 0.15

NaCl 0.5

*pH: 1 (adjusted with HCI or NH,OH)
*Temperature: 22°C

Deposit morphology was observed by field-emission scanning
electron microscopy (FE-SEM, Hitachi S4800). Crystal
structures of FeCrNi electrodeposits and their evolution under
thermal annealing were characterized by in-situ grazing-
incidence X-ray diffraction (GI-XRD). GI-XRD was carried out
using a PANalytical X'Pert PRO MPD 0-0 scan system
equipped with an X-ray mirror and a parallel plate collimator.
The incident X-rays had a wavelength of 1.5418 A (Cu-Ka
radiation) and the incident angle was fixed to 10°. The
diffraction patterns were scanned 20 to 90° (26) with an angular
step interval of 0.05°. The samples were placed in the heating
chamber (XRK 900, Anton Paar) and were heated under 5% H,
(99.999%, Messer) in N, (99.999%, Messer) using a flow rate
of 100 mL/min in the temperature range 30 to 800 °C with a
heating rate of 40 K/min. Further analysis of the microstructure
of FeCrNi electrodeposits was performed by transmission
electron microscope (TEM, JEOL 2200 FS). TEM lamellae of
the samples were prepared by FIB-milling (VELA FIB/SEM,
TESCAN). TEM analysis was carried out with an acceleration
voltage of 200 kV using techniques including selected area
diffraction (SAD), bright field (BF), dark field (DF) and high-
resolution imaging. For both BF and DF imaging, an objective
lens aperture (OLA) of 20 um diameter has been used. The dark
field images were obtained by selecting a random part of the
diffraction ring with the OLA.

The chemical compositions of FeCrNi deposits were measured
by glow discharge optical emission spectroscopy (GDOES, JY
5000 RF, HORIBA Jobin Yvon). The concentrations of Fe, Cr,
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Ni and C were measured for all FeCrNi samples. In addition to
these elements, the measurements showed that the films also
contain a certain amount of oxygen. The oxygen concentration
was measured to be approximately 2 wt% in average for the
deposits obtained with both growth conditions, although this
concentration level is under the lower limit of reliable oxygen
measurements for the GDOES machine used in this study.
Deposit thickness was estimated from the GDOES depth
profiles. For some selected samples, thickness measurements
were performed also by SEM observations of sample cross-
sections. We confirmed that thickness values from both
methods are similar to each other.

The anode reactions in the FeCrNi electroplating bath were
analyzed by cyclic voltammetry. A Pt disk electrode embedded
in PEEK with a diameter of 1.5 mm was employed as the
working electrode. Pt wire was used as the counter electrode,
while a SCE was used as the reference electrode. Prior to each
measurement, the Pt working electrode was mechanically
polished with alumina paste, and then rinsed in deionized water
followed by cleaning in acetone and ethanol with sonication.
Subsequently, the electrochemical cleaning of electrode was
performed at the constant potential +1.0 V for 2 min in 0.5 M
H,SO, aqueous solution. Then, the electrode potential was
cycled between -0.2 V and 1.2 V at 100 mV/s for 15 min. The
measurements were carried out immediately after the cleaning
process. The test solution was deaerated by Ar bubbling for at
least 15 min prior to each measurement. Cyclic voltammetry
was performed at a scan rate of 50 mV/s for 5 cycles. Only the
second scan is shown in this paper because the voltammogram
recorded in each cycle is essentially identical except for the first
cycle for all experiments.

The Young’s modulus and the hardness of the samples were
measured with a Nanoindenter XP® (Agilent Technologies). A
Berkovich indenter was used in the experiments. Tip area
function calibration was performed on fused silica using the
Oliver and Pharr method before the experiment in order to take
into account the non-perfect geometry of the indenter.? During
the loading and the unloading, a constant strain rate was applied
with P'/P=0.1 s,22 P being the applied load and P’ the loading
rate. The maximum displacement was 1um, which represents
approximately 7% of the film thickness. At the maximum
displacement, the load is kept constant during 15 s in order to
minimize the creep and to correctly measure the stiffness
during unloading. The thermal drift was corrected at the
unloading by keeping a constant load during 60 s at 1% of the
maximum load.?® On each sample, 100 indents were performed.
The Young’s modulus and the hardness were calculated using
the Oliver and Pharr method.?

Results

Surface morphology. The appearance of deposits obtained in
the double-cell is significantly different from those deposited in
the single-cell. Semi-bright deposits were obtained in the
single-cell, whereas grey and dull deposits were deposited in
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the double-cells. Microscopic observation further revealed a
significant difference in the surface morphology of these
deposits (Fig. 2). As seen in Fig. 2a, the surface of the film
obtained from the single-cell is essentially very smooth without
any visible surface feature, except for the portions of irregular
deposits (marked by arrows). Unlike the deposit from the
single-cell, large and small surface features were observed on
the deposit prepared in the double-cell, suggesting growth of
larger grains. We did not observe any precipitation-like
deposits on this sample. As can be seen in SEM images, both
samples from the single-cell and the double-cell contain cracks.
Cracks were observed when the film is thicker than 5 um. The
cracking of Cr and Cr-alloy electrodeposits is believed to be
related to the incorporation of the chromium hydrides (CrH
and/or CrH,).?* The hydrides are unstable and therefore
decompose with shrinkage in volume to metallic Cr and
hydrogen atoms. We consider that cracking of the FeCrNi
electrodeposits is also caused by a similar mechanism.

2 um

Fig. 2. Surface morphology of FeCrNi electrodeposits
from (a) single-cell and (b) double-cell. Thickness of
deposit is 15.7 pm for the single-cell and 14.4 pm for
the double-cell, respectively.
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Crystal structure. Fig. 3 shows the results of the in-situ Gl-
XRD measurements of a deposit prepared in the single-cell
during thermal treatment up to 800°C. At 30°C, no reflections
are visible in XRD pattern, suggesting that the FeCrNi film
prepared in the single-cell is essentially amorphous in the as-
deposited state. The amorphous phase was stable up to 300°C.
Heating to 400°C, a broad peak at 45°, which is identified as
the (111) reflection of a-Fe, started to appear, showing the
onset of crystallization. From 550°C, new peaks are visible at
around 43°, 50°, 74° and 90°, which are identified as the
reflections of y-Fe. At 600°C, the peaks of y-Fe increased while
the peak at 45° of a-Fe completely disappeared, demonstrating
the phase transformation from o-Fe to y-Fe. Above 600°C,
several small peaks are visible and they became distinctive at
higher temperatures. These peaks are indexed to the iron oxides
such as Fe;0, and a-Fe,05.%

The same GI-XRD experiments were performed for a deposit
obtained in the double-cell (Fig. 4). For this sample, a peak at
45° of a-Fe was clearly observed at 30°C, showing that the
deposit is already crystalline in the as-deposited state. The «
phase transformed to y-Fe at 500°C, which is 50°C lower
compared to a similar deposit prepared from the single-cell.
The iron oxide peaks also appear from above 600°C. It is worth
noting that the electrodeposited nc-FeCrNi was found to consist
of a-Fe in contrast to the thermally prepared FeCrNi alloys with
a similar Fe-Cr-Ni composition, which consist of y-Fe. The
formation of such a metastable phase is quite common in films
obtained by electrodeposition which is a non-equilibrium
deposition technique. Most of electrodeposited FeCrNi alloys
reported so far are amorphous?®®® or ultrafine-grained
nanocrystalline,?®%! although the microstructure is not
investigated in details for many cases. The formation of the a
phase is reported in a similar chloride-based FeCrNi
electroplating baths,?® while y-Fe formation is observed in an
aqueous chloride-sulfate based bath®! and a non-aqueous bath.2
Hence, it seems that the chemistry of the bath significantly
influences the microstructure. The in-situ GI-XRD also showed
that a-FeCrNi electrodeposits firstly recrystallized to form the a
phase before it transforming into the y phase. This indicates that
a-FeCrNi in the as-deposited state possesses a local crystal
structure similar to that of nc-FeCrNi in short range order,
although a-FeCrNi is more disordered. It should also be pointed
out that we observed evidence of formation of iron oxides
during thermal treatment in deposits obtained from both setups.
Because the heat treatment is performed in a slightly reducing
atmosphere, this result suggests that the FeCrNi samples
contain non-negligible amounts of oxygen in the as-deposited
state, although we were not able to precisely quantify the
oxygen content with the available equipment.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. GI-XRD measurements of a FeCrNi electrodeposit obtained in the single-cell.
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Fig. 4. GI-XRD measurements of a FeCrNi electrodeposit obtained in the double-cell.

The microstructure of FeCrNi deposits was further investigated
by TEM. Fig. 5 shows the TEM images and the electron
diffraction (ED) pattern of an as-deposited FeCrNi film from
the single-cell. The typical halo pattern in the ED clearly shows
that the deposit is amorphous.

On the other hand, nanocrystalline grains were observed in the
deposit from the double-cell (Fig. 6a,b). The rings in the ED
(Fig. 6c¢) reveal that the deposit is polycrystalline with no
preferred orientation. From the diffraction rings, we observe
only a-Fe phase, which is fully consistent with the results of

This journal is © The Royal Society of Chemistry 2013

XRD described previously. The dark field image (Fig. 6d)
taken at a selected area of the ED (indicated with a white circle)
shows the existence of nanometer grains. Although there are
some relatively larger grains near the edge of sample (marked
with an arrow), we confirmed that they are an artifact caused by
FIB-milling and/or exposure to the electron beam for TEM
observation. Thus the grain size of the as-deposited film is
considered to be less 10 nm. Furthermore, observation of BF
images while the sample was tilted showed that the presence of
amorphous regions among the nanocrystalline grains,
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suggesting that the film consists of
dispersed in an amorphous matrix.

Fig. 5. TEM micrograph of a FeCrNi electrodeposit
from the single-cell: (a) high-resolution image, and (b)
electron diffraction pattern.

Fig. 6. TEM micrograph of a FeCrNi electrodeposit
from the double-cell: (a) bright field image, (b) high-
resolution image, (c) electron diffraction pattern and
(d) dark field image. The white circle in diffraction
pattern represents the aperture used to record the
dark field image.

Chemical composition. The chemical compositions of FeCrNi
deposits were measured by GDOES. For this experiment, a
series of electrodeposition was performed in a plating bath and
the composition change with respect to the aging of the bath
was examined.

Fig. 7 compares the chemical compositions of FeCrNi
electrodeposits from the single-cell and the double-cell. We
defined the aging factor (C/L) as the total electron charge which
has been applied to the system before starting a specific

6 | J. Name., 2012, 00, 1-3

nanocrystalline grains

deposition divided by the bath volume. For both cell setups, the
concentrations of Fe, Cr and Ni are similar each other and
stable until 3000-4000 C/L, where the composition starts to
change due to the depletion of ferrous ions.
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Fig. 7. The composition of FeCrNi electrodeposits
from (a) single-cell and (b) double-cell.

In contrast, a significant difference between the single and
double-cells was found in the carbon concentration. The carbon
concentration in the deposits produced in the double-cell was
0.6 wt% in average whereas the carbon concentration of the
deposits from the single-cell is approximately 5 wt%. The
experiments also revealed that, in the case of the single-cell,

This journal is © The Royal Society of Chemistry 2012
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carbon concentration continuously increased at the initial stage
up to 16000 C/L, where the concentration reaches the saturation
value (5 wt%). Afterwards, the concentration became constant
over time. It should be also noted that this saturated value was
maintained even after the concentration of Fe, Cr and Ni started
to change by aging (30000-40000 C/L), suggesting that the
major source of carbon is not related to the reduction of the
chromium(l1)-glycine complex. On the other hand, carbon
concentration in the case of the double-cell was remained
almost constant at 0.6 wt% throughout the experiment.
Accordingly, the carbon inclusion is attributed to the anode
reaction product which subsequently affects the reaction at the
cathode. It is also considered that this difference in carbon
concentration causes the difference in microstructure of the
deposits obtained from the single-cell and the double-cell. The
high carbon concentration in the deposits from the single-cell is
thought to be responsible for the amorphous phase formation,
whilst the low carbon concentration in the deposits from the
double-cell is considered to stimulate the crystallization of the
films, leading to the nc-FeCrNi formation.

Deposition rate. The deposition rate is correlated to the carbon
concentration in a resulting deposit. Fig. 8 displays the
deposition rate with respect to the aging of electrolyte in
different growth conditions. The deposition rate in the single-
cell was initially 15.7um/h and it drastically decreased to a less
than half value during first 16000 C/L, which corresponds to
the period in which the carbon concentration increased with
aging of the electrolyte (Fig. 7a). Assuming that the density of
deposits is similar to that of 304 stainless steel, the current
efficiency is calculated to be 14% in a non-used bath and
around 5% in an aged bath (40000 C/L), respectively. Unlike
the case of the single-cell, such remarkable changes in the
deposition rate were not observed in the case of the double-cell.
Instead, we observed a trend that the deposition rate gradually
decreases with an increase in the aging factor.

16 - ° m  Single-cell
1\\\\,\ L4 e Double-cell
14 ®\ =L o
—_ ]l \® ;’\\\
< \ e — o
g 12 —_ \'\\ @ <
T 19 \i
S g \\ -
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Fig. 8. Deposition rate in single cell (blue square) and
double-cell (red circle).
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Anode reactions in the FeCrNi plating bath. In order to
obtain insights into the enhanced carbon inclusion for the
deposits from the single-cell, the anode reactions in the FeCrNi
plating bath were investigated by a series of cyclic voltammetry
experiments. For simplicity, the measurements were carried out
on a Pt disk electrode instead of a Pt-coated Ti mesh electrode
employed for the FeCrNi electrodeposition experiments. We
especially focused our attention on the reactions of glycine,
which is the only organic compound in the bath. Fig. 9a shows
the cyclic voltammograms of glycine in a simple acid solution.
The addition of glycine and an increase in its concentration
results in an increase of the anode current at around +1.1 V,
which overlaps with the current wave for Pt oxidation. In
addition, the presence of glycine brings about the cathode shift
of the peak for platinum oxide reduction at -0.5 V as well as the
peaks for the adsorption/deposition of hydrogen, suggesting the
interaction of glycine with the cathode as reported previously.®
Because the height of the reduction wave of Pt oxide does not
increase while the anode wave from +0.5 V to +1.2 V increases,
the increase in the anodic current is attributed to the anodic
reaction of glycine rather than the enhanced Pt oxide formation.
Voltammetric studies were performed in the chloride-based
acid solution, which is more similar to the FeCrNi plating bath.
Fig. 9b shows the cyclic voltammograms in 0.4 M NacCl
aqueous solution without (i) and with (ii) 0.4 M of glycine. An
aqueous solution of HCI was added to adjust the solution pH to
1, which is the same value as that of the FeCrNi plating bath.
Similar to the result in a H,SO, solution, an increase of the
anode current was observed at +0.5 to +1.0 V by the addition of
glycine (inset), although the effect was more difficult to
observe due to the chlorine evolution which starts at around
+1.0 V. A more extended potential sweep revealed that the
anodic wave from +1.2 to +1.7 V in the glycine-containing
solution is significantly larger than that in the NaCl solution
without glycine, demonstrating the anodic reaction of glycine at
these potentials. It should be noted here that the potential of the
anode electrode during FeCrNi electrodeposition in the single-
cell was from +1.5 to +1.7V vs. SCE. Therefore we suspect that
the oxidation product of glycine which is accumulated in the
bath with time is related to the carbon inclusion.

In order to obtain further insights into the anodic reactions in
the FeCrNi electroplating bath, cyclic voltammetry was
performed in the solutions containing various combinations of
the bath constituents: the whole FeCrNi plating bath (FeCrNi
bath), a bath without ferrous and trivalent chromium ions (Cr
bath), a bath without containing any metal ions (Glycine bath)
and a base electrolyte which contains neither metal ions nor
glycine (Base electrolyte), as shown in Table 2. Fig. 10a
displays the cyclic voltammogram of Pt in the FeCrNi bath.
Reversible oxidation-reduction peaks (+0.5V vs. SCE)
correspond to those of a ferrous-ferric reaction. An increase in
the anode current at +1.0 V is due to the chlorine evolution by
oxidation of chloride ions. Due to the large anodic current of
ferrous ions, the effect of glycine was not able to be observed in
this bath. A further potential sweep to more anodic potentials
was performed in the same bath (Fig. 10b). The voltammogram
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revealed a large anodic wave from +1.2 to +1.5 V. Such a large
anodic peak was also observed in the voltammograms in the
other baths (Fig. 10c-e). Because the anodic wave in the base
electrolyte (Fig. 10e) is much larger than that observed in a
NaCl solution (Fig. 9b), several anodic reactions seem to occur
in addition to the chlorine evolution. We also found that the
anodic wave is larger in the FeCrNi and Cr baths than in the
other solutions (the Glycine bath and the base electrolyte). This
implies that the anodic wave is also associated with the
oxidation of trivalent Cr ions to hexavalent ions along with the
chlorine evolution. Apart from the anodic peaks discussed
above, there are two cathodic waves at +0.8 V and +0.4 V,

(@)

Current density (uA/cm?)

T

-0.5 00 05 1.0
Potential (V vs.SCE)

respectively. The former wave might be due to the reduction of
chlorine absorbed on the electrode. Although they are not fully
identified, the latter wave may correspond to the reduction
wave of hexavalent chromium ions to trivalent ions, according
to Welch and co-workers,* who observed its reduction peak
from +0.25 to +0.27 V vs. SCE on various electrodes. In
addition to the oxidation of chromium ions, the reduction of Pt
oxide should occur in this potential region, which may explain
the small cathodic wave observed at +0.4 to +0.5 V in the
solutions which contain neither Fe nor Cr ions (curves d and e
in Fig. 10).

(b)

140
0.2

120 + (i)
0.1

100 4 (0] (ii
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Fig. 9. Cyclic voltammetry of glycine on a Pt disk electrode (¢1.5 mm): (a) various concentrations of glycine
with 0.5 M H2SO4, and (b) 0.5 M NaCl aqueous solution (pH 1, adjusted with HCI) () without and (i) with 0.4

M glycine.
Table 2. Composition of the eletrolytes for cyclic voltammerty

Concentration (mol/L)

FeCrNi bath Cr bath Glycine bath Base electrolyte
CrCl3-6H,0 04 0.4 - -
FeCl,-4H,0 0.03 - - -
NiCl,-6H,0 0.2 - - -
Glycine 04 04 0.4 -
NH,CI 0.5 0.5 0.5 0.5
H3BO3 0.15 0.15 0.15 0.15
NaCl 0.5 0.5 0.5 0.5

8 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 2012

Page 8 of 12



Page 9 of 12

24
— (a)
NE 1 A
3] |
<
E
=
2 0
o)
°
8 l
o
S
o 14
_2 T T T
-0.5 0.0 0.5 1.0

Potential (V vs. SCE)

Current density (mA/cm?)

Physical Chemistry Chemical Physics

300 ~

200 -

100

. —
-0.5 0.0 0.5 1.0 15 20
Potential (V vs. SCE)

Fig. 10. Cyclic voltammetry on a Pt disk electrode (1.5 mm) in (a and b) FeCrNi bath, (c) Cr bath, (d) Glycine

bath and (e) Base electrolyte.

Mechanical properties. The mechanical properties of FeCrNi
deposits were investigated by nanoindentation tests. Table 3
lists the results of the indentation tests of the deposits from the
single- and double-cells. The hardness is higher for deposits
from the double-cell (nc-FeCrNi) than that from the single-cell
(a-FeCrNi). The results can be explained by the inverse Hall-
Petch behavior, in which the breakdown of the classical Hall-
Petch relation occurs in nanocrystalline materials with a grain
size of typically 10 nm and smaller,® 3 even down to
amorphous materials.®” *® In contrast to the classical Hall-Petch
relationship, the hardness values of such materials have been
shown to decrease with a decrease in the grain size. The
Young’s modulus obtained for the two growth conditions is
very similar (4% difference), the value for the single cell (a-
FeCrNi) being smaller than the value obtained for the double-
cell (nc-FeCrNi). This difference is consistent with literature
results showing a decrease of the Young’s modulus with the
grain size for nanocrystalline metals and alloys®* *® for grain
sizes smaller than 20nm. These modulus values are low in
comparison to those of conventional stainless steels. This is
attributed to the presence of an amorphous phase which has a
larger free volume fraction than that for a crystalline phase,
causing a softening of the material.>**2

This journal is © The Royal Society of Chemistry 2012

Table 3. Mechanical properties of FeCrNi deposits
from the single cell (a-FeCrNi) and the double cell
(nc-FeCrNi).

Single-cell Double-cell
Young’s modulus (GPa) 142.63 148.45
St. dev. (GPa) 17.80 39.91
Hardness (GPa) 4.07 4.8
St. dev. (GPa) 0.51 1.12

Discussion

FeCrNi electrodeposits grown in the double-cell are found to be
nanocrystalline, whereas those obtained for the single-cell are
amorphous. The change in microstructure is attributed to the
difference in carbon concentration. The typical carbon
concentration in a single-cell a-FeCrNi deposit was measured to
be 5 wt%, which is much higher than the maximum solubility
of carbon in steel (~2 wt% for austenitic steel). According to
thermodynamic equilibrium, such a large excess of carbon
inclusion should result in formation of metal carbides such as
Fe;C. However, the reflections of the metal carbides were not
found in XRD profile of the as-deposited a-FeCrNi film.
Therefore, the film should be in a supersaturated state, with the
interstitial carbon atoms, thus leading to formation of
amorphous phase. In contrast, a double—cell nc-FeCrNi deposit
contains much less carbon. The low carbon concentration is
thought to stimulate the formation of grains, resulting in the
formation of nanocrystalline films.

Cyclic voltammetry studies revealed that the oxidation of
glycine as well as Fe(Il) and Cr(l1l) ions occurs at the anode.
The oxidation of a-amino acids (for example, glycine, alanine,

J. Name., 2012, 00, 1-3 | 9
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and serine) on Pt has been known for many years.3® 4346

Studies have shown that these amino acids are decomposed
through the Kolbe reaction followed by hydrolysis to form
aldehydes during the first step of oxidation. Ammonium is
formed along with carbon dioxide during this step, and
accordingly, the oxidation reaction of glycine in acidic media is
considered as follows:

CH,(NH3")COOH + H,0 — CH,0 + NH," + CO, +2H" + 2¢
Marangoni and co-workers®® reported that the solution after
glycine electrolysis also contains methyl and trimethyl amines,
which are probably formed by the interaction of formaldehyde
and ammonium. Moreover, formaldehyde is possibly further
oxidized at the anode to form formic acid.*” Along with
formaldehyde, formic acid is a possible source of carbon
inclusion because carboxylic acids have been used as the
carbon source for Fe-C alloy electrodeposition.*® *° Actually,
formic acid has been employed as the source of carbon for the
amorphous Fe-Cr-P-C alloy electrodeposition.?® *° Moreover,
formic acid as well as formaldehyde is known to exhibit a
brightening effect on Cr electroplating.®* Formic acid is also
known to form a very strong complex with trivalent Cr which
significantly slows down Cr deposition,*® which may explain
the slight difference in the compositions of electrodeposits from
the single-cell and the double-cell. The reported effects of
formaldehyde as well as formic acid are analogous to our
observations for the deposits obtained from the single-cell.
Although detailed chemical analysis of the bath is necessary for
precise identification of the reaction product(s) of glycine
oxidation, we consider the carbon inclusion mechanism as
follows (Fig. 11). In the single-cell, glycine is oxidized at the
anode to form formaldehyde and/or formic acid. The oxidized

Single-cell
Anode reaction
o)
HN AOH
WE CE
. t
e

L o H
' i
fisicor OH i

| — :

C incorporation

SES: %

Of

() OI

(]

a-FeCrNi

products of glycine would subsequently diffuse and interact
with the cathode, resulting in the incorporation of carbon in the
FeCrNi deposit. Consequently, the deposit becomes
supersaturated with carbon, stimulating the formation of the
amorphous deposits. On the other hand, in the double-cell, the
anodic glycine decomposition does not occur because the anode
is separated from the cathode compartment. Therefore, the
deposits from the double cell contain much less carbon, which
allows for the formation of a crystalline alloy.

The formation of hexavalent chromium and ferric ions through
oxidation of metal ions is also suggested by cyclic
voltammetry. The existence of these ions is known to affect the
electrodeposition. For example, hexavalent chromium ions in
Cr electrodeposition baths are known to reduce the current
efficiency because of the simultaneous reduction of hexavalent
ions together with trivalent ions, while ferric ions are known to
cause the inclusion of Fe(OH);, which precipitates at pH 2 to 3
even at a very low concentration due to its very low solubility
product constant.5? Although ferric ions are known to form a
complex with glycine, such interaction of ferric ions with
glycine is highly unlikely in a FeCrNi bath of pH 1. Therefore,
the formation of ferric and hexavalent chromium ions by the
anode oxidation are not considered to be responsible for the
differences in the microstructure of between the deposits from
the single- and double-cells, although more detailed studies are
required for further discussion.

The effect of the anode reaction on the cathode process is of
interest in order to obtain a further insight into the carbon
inclusion mechanism. Therefore we also investigated the
cathode reaction in the plating bath by cyclic voltammetry, as
described in the supporting information (Figs. S1 and S2).

Double-cell
-

,,-
O Fe
O Cr
{ O Ni
s C

nc-FeCrNi

Fig. 11. Effects of the anodic oxidation of glycine on microstructure of FeCrNi electrodeposits.
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However the detailed analysis of this electroplating system is
difficult with this method due to hydrogen evolution as well as
some reaction of a constituent of the base electrolyte which
occurs in parallel with electrodeposition of FeCrNi.

In spite of the fact that there are still some issues to be solved,
nc-FeCrNi electrodeposits showed an improved hardness
compared to that of the a-FeCrNi, following the inverse Hall-
Petch behavior, which is encouraging for the application of
such alloy to the LIGA process.

Conclusions

We investigated the effects of anode reactions on the
electrodeposition of FeCrNi alloy. Nanocrystalline FeNiCr (nc-
FeCrNi) was obtained by employing a double-cell in which the
anode electrode is separated from the cathode compartment,
while, amorphous FeCrNi (a-FeCrNi) was electrodeposited in a
conventional  single-compartment  cell.  Crystallographic
analysis by GI-XRD and TEM revealed that the as-deposited
nc-FeCrNi consists of a-Fe grains with a size less than 10 nm,
which are recrystallized to y-Fe grains during heat treatment at
500°C. On the other hand, a-FeCrNi deposits recrystallize to a-
Fe nc-FeCrNi upon annealing at 400°C, followed by further
recrystallization to y-Fe at 550°C. The chemical analysis of
FeCrNi deposits as well as the electrochemical analysis
revealed that the difference in crystal structure of these deposits
is induced by carbon incorporation which is associated with the
anodic oxidation product of glycine. The hardness of nc-
FeCrNi was higher than that of a-FeCrNi, which corresponds to
the inverse Hall-Petch relationship.
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