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A novel NiO/NiFe,04 composite coating thermally converted from an electroplated Ni-Fe alloy was suc-
cessfully fabricated. The composite coating consisted of a NiO matrix and homogeneously distributed
criss-cross intragranular and intergranular NiFe,04 precipitates, with a very dense and flat structure.
The composite, compared to bare Ni metal, exhibited increased hot corrosion resistance under an atmo-
sphere of NasAlFs-AlFs;-CaF molten salts and air at 960 °C, mainly because of the dense structure and
well-adhered, homogeneously dispersed intragranular and intergranular NiFe,O,4 precipitates.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The spinel ferrites with general formula MFe,04 have interesting
physical properties and are of technological importance. In particu-
lar, NiFe,04 is of increased interest as this material, in the form of
bulk, powder, film, or nanoparticles, finds or promises numerous
applications in microwave devices [1], magnetic drug delivery [2]
and magnetic high-density data storage [3]. In addition, it has been
found that NiFe,04 is a highly reproducible material for humidity
[4] and gas [5] sensing. Apart from its technological importance
in these fields, NiFe,04, has attracted considerable attention
because of its potential for high temperature structural applications
due to its low density, high strength at elevated temperature, good
resistance to high temperature corrosion [6-9] and high electrical
conductivity [6-11]. Most spinels have good conductivity and a
coefficient of thermal expansion (CTE) that matches closely to those
of other solid oxide fuel cell (SOFC) components [10,11]. Also, spinel
coatings are effective barriers against chromium migration and
evaporation [10,11]. Therefore, spinel oxides have been introduced
as protective coatings for ferritic stainless steel interconnects in
SOFCs [10,11]. In addition, spinels (e.g. NixFe;_x04) have also been
considered to have potential as inert anode materials for alumin-
ium electrolysis [6-8].

So far, a number of coating techniques have been utilised to
synthesise spinel coatings, including pulsed laser deposition [12],
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sputtering [13], ferrite plating [14], dip coating [15], spray pyroly-
sis [16] and electroplating followed by thermal oxidation [10,17-
19]. Among these methods, electroplating is very attractive due
to the low cost of this process. Another important feature of elec-
troplating is its capability to coat substrates with complex geome-
tries, such as the SOFC interconnects with rectangular-shaped gas
channels. As an emerging technology, composite electrodeposition
is receiving increased interest because of its ability to produce
films with many notable properties including high wear, oxidation
and corrosion resistances, as well as remarkable electrical conduc-
tivity [20-23], which could be endowed electrodeposited alloy
coatings with unique properties by incorporation of different
second-phase ceramic nano-particles. Besides, upon heat treat-
ment of the composite coatings, composite are formed which
would be difficult or impossible to produce using conventional al-
loy electrodeposition methods, such as Co/LaCrOs [20] and Ni/LaC-
rOs [21]. It is well-known that the properties of composite coatings
mainly depend on both the matrix phases and the amount and dis-
tribution of co-deposited particles. Sufficient incorporation per-
centages and more uniform distribution of fine inert particles in
the metal matrix leads to the improvement of the mechanical, tri-
bological, anti-corrosion, and anti-oxidation properties of the coat-
ings. However, fine particles are easily agglomerated into larger
particles in an electrolytic bath, leading to low particle contents
and poor particle dispersion in the composite coating [22,23].
The similar phenomena have been observed in preparing Ni-Co-
Fe,03; composite coatings in our previous studies [24-27]. Besides,
non-conducting ceramic particles (e.g. Fe,03) also offer obstacles
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in achieving dense metal-ceramic (e.g. Ni-Fe,05) interface during
composite electroplating [24-27].

Accordingly, it is very necessary to seek for new techniques to
solve above technique limitations for preparing composite coat-
ings. Li and Fricoteaux et al. have proved that Ni-Fe alloys can be
successful fabricated by alloy electrodeposition method [28,29].
Particularly, dense, smooth and homogeneous nano crystalline
Ni-Fe alloy coatings can be prepared with a reasonably wide com-
position range by controlling the solution chemistry and deposi-
tion parameters [29]. If NiO/NiFe,04 composite coatings could be
thermally converted from an electroplated Ni-Fe alloy by thermal
oxidation, it will solve the limitations of composite electrodeposit-
ion. However, elemental iron may be oxidised to many complex
oxides during the oxidation process, such as FeO, Fe,Os; and
Fe304. Pre-oxidation tests at 900-1200°C for Ni-1-45%Fe (by
wt.%) coatings were conducted in previous work, and showed that
NiFe,04 spinel could be formed for all alloy compositions [30].
However, only the oxide scales formed on the alloys containing
1-10%Fe (by wt.%) showed good adherence [30]. In addition, we
observed that among Ni-1-10%Fe (by wt.%) alloys, the scales
formed on Ni-7%Fe (by wt%) coatings not only showed good
adherence, but also displayed good oxidation resistance in air at
900-1200 °C [30]. Previous research has also indicated that spinels
can be formed on alloys containing 4-25%Fe (by wt.%) after oxida-
tion at 1000 °C [31]. However, it was observed that only the oxide
scales formed on the alloys containing 2-10%Fe (by wt.%) showed
good thermal shock resistance [31].

We have recently reported that NiO and NiFe,0,4 have low sol-
ubility in NasAlFg—AlF;-CaF molten salts under standard alumin-
ium reduction conditions [27]. It is expected that compounds in
the NiO/NiFe,04 system may exhibit good resistance to hot corro-
sion. Therefore, the aim of the present work is to fabricate Ni-7%Fe
(by wt.%) coatings by an electroplating technique, followed by oxi-
dation treatment to fabricate dense NiO-NiFe,0O, composite coat-
ings with uniform phase distribution and microstructure, and to
study the hot corrosion behaviour of these coatings at 960 °C (un-
der standard aluminium reduction conditions in a mixture of
NasAlFg-AlF;-CaF molten salts and air). The results may be useful
for the application of this technologically important material.

2. Experimental
2.1. Electrodeposition

Pure nickel (99.5 %) specimens of dimensions 15 x 15 x 2 mm°>
were machined and grinded using SiC papers up to 800-grit finish,
and then electroplated (on all sides) with a film of Ni-7%Fe (by
wt.%) in an acid bath. The composition of the bath and electroplat-
ing parameters are presented in Table 1. The pH of the bath was
adjusted to 3.5 by H,S04. The substrates were sequentially ultra-
sonically cleaned in ethanol, acetone, and distilled water, each
for 10 mins, then activated in an acidic solution (96 wt.%
H,S04:H,0 =1:1 in volume) for 30s, washed in distilled water,

Table 1
Solutions composition and conditions for Ni-Fe alloy electroplating.
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and finally immersed immediately in the plating bath for electro-
deposition of the alloy coatings. The current density during depo-
sition was adjusted to 5Adm 2 with a deposition time of
120 mins.

2.2. Oxidation testing

Previous research has provided details of the formation of Ni-
Fe,0,4 spinel by oxidation in air at 900-1200 °C on electroplated
Ni-Fe alloy coatings [30]. Although the NiFe,O4 spinel phase can
form at 900 °C, a temperature of 1200 °C is used as this hastens
the process of oxidation treatment. In the present work, an oxida-
tion treatment for the Ni-Fe-coated specimens and the bare Ni
substrates was done at 1200 °C for 6 h in air.

2.3. Hot corrosion tests

The hot corrosion test method in the present study is similar to
that previously applied to test (Ni,Co)O/(Ni,Co)Fe,0, composite
coatings [27]. This is briefly described here. Mixed NazAlFg-AlF5-
CaF, powders were prepared with a NasAlFg:AlF3:CaF, mass ratio
of 0.886:0.108:0.006 (standard solid electrolyte used for alumin-
ium reduction; its melting temperature is 947 °C). The experimen-
tal apparatus is the same as that used in our previous work [27].
The pre-oxidised specimens and mixed salts were put into a large
Al,05 crucible, which was then placed in an electric vertical fur-
nace. The test temperature was set to 960 °C (this is the traditional
temperature used for aluminium reduction). To decrease experi-
mental errors, all the specimens were the size (15 x 15 x 2 mm?)
and were placed in a radial symmetry. All the specimens were sur-
rounded by an atmosphere consisting of a mixture of NasAlFg—
AlF;-CaF, molten salt and air at 960 = 5 °C. For comparison, the
oxidised Ni-Fe coated specimens, the oxidised Ni substrate and
the bare Ni substrates without the oxidation treatment were also
tested under the same conditions. Following the corrosion test,
the specimens were withdrawn from the Al,O3 plate and kept in
air while the furnace was cooled to room temperature. The initial
and final weights of the specimens exposed to the molten salt
atmosphere and air were measured to assess the corrosion. At least
three specimens of each type were corroded under the same con-
ditions. The results presented here are representative of those
found for all specimens subjected to a given parameter set.

2.4. Coating characterisation

The surface morphology of the electroplated, oxidation treated
and corroded specimens were characterised by scanning electronic
microscopy (SEM: JSM5600) and atomic force microscopy (AFM:
Solver P47); their compositions were determined by energy disper-
sive X-ray spectroscopy (EDX: Oxford Link ISIS 300), and their
structures were measured by X-ray diffraction (XRD: Rigaku/
MAX-3A) with Cu K, radiation (A=0.154 nm, scanning rate: 4
per minute) and Raman spectroscopy (LabRAM HR800) at an

Electrolyte ingredients

Concentration (g/L)

Plating parameters

Nickel sulphate (NiSO4-6H,0) 250
Nickel Chloride (NiCl,-6H,0) 45
Ferrous sulphate (FeSO4-7H,0) 8
Boric acid (H3BOs3) 35
Sodium citrate (Na3CgHs07-2H,0) 20
Sodium dodecylsulfate (C;2H25S04Na) 0.2
Saccharin (C;Hs03NS) 3

Sodium benzenesulfinate (CgHsNaO,S) 0.2

pH: 3.5+0.1

Temperature (°C): 55+3
Current density (A dm~2): 5
Deposition time (min): 120
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excitation wavelength of 488 nm (argon ion laser, output power of
100 mW).

3. Results and discussion
3.1. Morphologies and phase structure of as-electroplated Ni-Fe alloy

XRD patterns of the Ni substrate and the as-deposited Ni-Fe
coating on a Ni substrate are shown in Fig. 1(a) and (b) respectively.
The XRD patterns of the Ni substrate (Fig. 1(a)) and the Ni-Fe coat-
ing deposited on the Ni substrate (Fig. 1(b)) reveal that the electro-
plated Ni-Fe alloy coating is a solid solution. A clear preferred
orientation in the (100) crystallographic direction can be observed.
The diffraction peaks of the (111), (200) and (220) planes are all
shifted to smaller 26 values (shown in the insets to Fig. 1(b)), due
to incorporation of iron atoms in the nickel lattice. Broadening of
the (200) and (111) diffraction peaks can be also observed, indicat-
ing that the grain size of the Ni-Fe coating is small.

The AFM surface morphology, cross-section morphology, and
the EDX analysis of the as-deposited Ni-Fe alloy coating are shown
in Fig. 2. In Fig. 2(a) and (b), the surface of as-deposited Ni-Fe alloy
coating is very compact and smooth, whereas that of as-deposited
Ni-Co-Fe,053 composite coating by composite electrodeposition
was very rough and spallation of some fresh deposits have been
observed on the surface [27]. Besides, it can be also seen that the
average grain size of the as-electroplated Ni-Fe coating is much
smaller than 100 nm. The electroplated Ni-Fe layer was continu-
ous and dense with an average thickness of about 170 um, and
was well bonded to the Ni substrate (Fig. 2(b)). However, for the
as-deposited Ni-Co-Fe,0O3 composite coating in our previous
study, some pores could be observed in the interface of the coating
and Ni substrate [27]. Analysis by EDX (Fig. 2(c)) indicated that the
Ni and Fe content of the Ni-Fe layer was about 93% and 7% (by
wt.%), respectively. The composition of the as-electroplated Ni-Fe
layer is close to that of Ni-(2-10%)Fe (by wt.%) alloys on which
(Fe,Ni);04 spinel oxide phase was formed after heating in air at
1000 °C [31].

3.2. Oxidation treatment

3.2.1. XRD and Raman analyses of the oxide scales

Fig. 3 shows the XRD patterns of the Ni substrate and the Ni-Fe
alloy coated specimen after oxidation at 1200 °C for 6 h and then
cooled in air. The phase composition of the oxidised Ni substrate,
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determined by XRD, was Ni and NiO (Fig. 3(a)), while that of the
oxidised Ni-Fe coated specimen was (Ni,Fe)O and NiFe,0,4
(Fig. 3(b)). The formation of NiFe,04 can be clearly seen in the right
insert of Fig. 3(b). Note that the peak at 26 ~43.361° is very strong
compared with the other peaks, indicating highly preferential crys-
tal growth along the (100) direction. In the left insert, it can be seen
that this peak actually consists of two peaks, matching the NiO
(200) peak at 43.275° and the NiFe,0,4 (400) peak at 43.373°. The
peak intensities of NiO (200) and NiFe,04 (400) are both very
strong compared with their other peaks. Thus, the NiO and NiFe,04
phases thermally grown on the Ni-Fe coating have the same strong
(100) orientation. However, the (200), (111) and (220) peaks of NiO
(JCPDF 73-1523) have nearly the same 20 values as those of the
(400), (222) and (440) peaks of NiFe,O4 (JCPDF 74-1913), so the
texture coefficients of NiO or NiFe,0,4 cannot be calculated from
the XRD results. As for pre-oxidised Ni-Co-Fe,03 coating in the
previous study [27], almost no preferred orientation was found
in its scale.

The formation of NiFe,04 was further confirmed by Raman spec-
troscopy. The Raman spectra obtained from the external parts of the
oxide scales at five different positions on the Ni-Fe coating formed
during oxidation at 1200 °C for 6 h are shown in Fig. 4(b)-(f). The
Raman spectra of the oxide scale formed on the Ni substrate during
oxidation at 1200°C for 6h is also included for comparison
(Fig. 4(a)). The main features of the spectra of the oxides formed
on Ni-Fe coating (Fig. 4(b)-(f)) are obviously different from those
of the oxide formed on the Ni substrate. The spectra oxide formed
on the pure Ni substrate (Fig. 4(a)) shows bands at 416, 501, 547,
733, 902, 1095, 1495 cm~!, which are indicative of NiO phase
[32,33]. The oxide formed on Ni-Fe coated specimen shows
Raman peaks at 212, 332, 485, 578, 660 (shoulder) and 701 cm™!
(Fig. 4(b)-(f)), which are assigned to the NiFe,O4 crystal phase
[32,34]. However, the other peaks for the oxide on the Ni-Fe coat-
ings (Fig. 4(b)-(f)), such as the peaks at 380 and 860-895, 1095-
1105 and 1485-1495 cm !, are considered to be due to NiO phase.
Thus, the Raman and XRD investigations of the oxide scale surface
confirm the presence of both spinel and NiO phases. The spectra of
the oxide scale on the Ni-Fe coating do not change significantly
from place to place on the sample surface (Fig. 4(b)-(f)). This indi-
cates a homogeneous composition of the layer at the micrometre
scale, since previous research has shown that the Raman probe
analysis depth in oxide films on metals or alloys is smaller than
1 wm [33,35]. Furthermore, this result indicates that the NiFe,04
phase spatial density was very high. However, the Fe content of
the alloy was only 7% (by wt.%), so the weight percentage of the
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Fig. 1. XRD patterns of (a) the Ni metal substrate and (b) as-deposited Ni-Fe coating on a Ni substrate.



L. Ma et al./Corrosion Science 53 (2011) 3712-3724

Z
o
w2
=
=n
172}
-
—
)
=
(¢

3715

100nm

(d)

0.0 1: Height 2.0pm
Ni

Element wt% At%

Fe 6.71 7.03

Ni 9329 92.97

Ni
Fe Ni
I ) I I I 1 T

1 2 3 4 5 6 7 8 910
Energy / keV

Fig. 2. The surface AFM images (a) and (b), cross-section (b) and EDX analyses (c) of as-deposited Ni-Fe coating on a Ni substrate.
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Fig. 3. XRD patterns of the oxide scales formed on (a) the Ni substrate and (b) the Ni-Fe alloy coating after oxidation at 1200 °C for 6 h in air. The inset shows the detailed

view of the selected regions of the XRD pattern.

NiFe,04 phase formed in the oxide scale is very low. From these re-
sults, it can be deduced that the crystal size of the NiFe,04 phase
was very small, but the number of the NiFe,0, spinel crystals was
large.

3.2.2. SEM/EDX analyses of the oxide scales formed at 1200 °C
Images of the surface and X-ray maps of the Ni-Fe alloy coated
specimen after oxidation at 1200 °C for 6 h are shown in Figs. 5
and 6, respectively. The surface of the pre-oxidised Ni-Fe alloy coat-
ing is surprisingly flat and has no hole or crack (Fig. 5(a)), whereas

that of the pre-oxidised Ni-Co-Fe,03 composite coating in the pre-
vious study was uneven and had some pores [27]. Besides, many
nanometre-sized criss-cross intragranular precipitates are distrib-
uted homogeneously on the surface of the oxide scale (Fig. 5(b)),
which is in good agreement with the Raman results. The Point-
count EDX spectra (Fig. 5(c) and (d)) and EDX maps (Fig. 6) indicate
that these are Fe-rich oxide. An O- and Ni-rich oxide was detected in
the flat areas. EDX analysis of point A indicates a small amount of Fe
was also detected in the flat areas. Previous studies of Fe-Ni-O sys-
tems at 1200 °C have shown that the maximum solubility of iron in
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Fig. 4. Raman patterns of the oxide scales formed on (a) the Ni substrate pre-
oxidised at 1200 °C for 6 h; (b), (c), (d), (e) and (f) the Ni-Fe coated specimen pre-
oxidised at 1200 °C for 6 h recorded from five different points on the top scale
surface.
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bunsenite (Ni,Fe)O is 0.16 mol fraction [36]. Based on the XRD,
Raman and EDX analyses, the criss-cross intragranular precipitates
are likely to be NiFe,0, spinel, while the O/Ni-rich oxide is likely to
be NiO. The NiFe,0,4 spinel phase precipitated due to the low solu-
bility of Fe** in NiO [37]. It is worth noting that the spinel precipi-
tates seem to be preferentially distributed along the {001} planes,
i.e.(001)and (010), of the host grain of (Ni,Fe)O (Fig. 5(b)), in agree-
ment with the XRD results (Fig. 3(b)). The {001} habit-plane selec-
tion of parallel-epitaxial spinel could be related to minimization of
the coherency strain energy across the interface of (Ni,Fe)O and its
2 x 2 x 2 superlattice, i.e. the NiFe,04 spinel nanocrystalline. The
grown spinel plate with a {100} habit plane has been previously ob-
served for NiFe;0,4 in NiO [38]. In addition, many intergranular pre-
cipitates along NiO grain boundaries were observed (Figs. 5 and 6).
Based on the XRD and Raman analyses, these intergranular precip-
itates are also likely to be NiFe,04 spinel. The smooth surfaces and
uniform nanostructures of the crack-free dense coatings will have
broad application prospects in machinery and other areas.

The cross-section morphologies of the Ni-Fe coated specimen
pre-oxidised at 1200°C for 6 h were also investigated by SEM
(Fig. 7). The SEM images show that an adherent, dense and homo-
geneous oxide scale with a thickness of ~170 um has formed. The
oxide scales showed good adherence with no tendency to delami-
nate from the substrate. Moreover, criss-cross intragranular pre-
cipitates were also detected on the cross-section of the scale,
consistent with the formation of the NiFe,0, intragranular precip-
itates on the oxide surface (Fig. 5(b)).
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Fig. 5. The surface morphology and EDX analyses of the Ni-Fe coated specimen pre-oxidised at 1200 °C for 6 h (a) the surface morphology; (b) an enlarged view of Fig. 5(a);

(c) and (d) the corresponding EDX analyses of point A and B in Fig. 5(b).
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Fig. 7. (a), (b) Cross-section SEM images of the Ni-Fe coated specimen pre-oxidised at 1200 °C for 6 h; (c), (d) and (e) show the selected regions of the SEM images at higher

magnifications.

The scale on the Ni-Fe alloy coating structurally consisted of two
zones (Fig. 7(b)). A zone containing small equiaxed grains, which
exhibited a remarkably sharp boundary, existed at the alloy/oxide
interface (zone 1). Beyond this boundary a zone of larger columnar
grains with many small intergranular and intragranular spinel pre-
cipitates extending up to the oxide/gas interface was observed (zone
2). The number and size of the intragranular precipitates decreased
from the gas/oxide interface to the oxide/alloy interface. The expla-
nation for this is as follows. Iron preferentially concentrates towards
the outer surface of the nickel oxide in the form of spinel intragran-
ular precipitates as reported in [39]. The value of oxygen activity de-
creases from the outer oxide surface to the bulk alloy, as required
from thermodynamic considerations. At very low oxygen potentials,
iron in nickel oxide is present in the form of ferrous ions. Since this
does not require creation of additional vacancies, solubility of iron
in this oxide is high at low oxygen potentials. Iron tends to pass from
the ferrous to the ferric state with increasing oxygen potential. Since
NiO cannot incorporate ferric iron in large concentrations without
sustaining a high concentration of vacancies, the iron solubility rap-
idly decreases with increasing oxygen pressure [40]. [ron solubility
in nickel oxide is negligible at PO, ~1 atm, and correspondingly iron
is preferentially concentrated in the spinel phase which can accom-
modate ferric ion easily in its crystal lattice [40]. Consequently, the
concentration and size of the spinel intragranular precipitate in-

creased gradually towards the interface between the oxide scale
and the gas, as seen in Fig. 7(c)-(e). The gradient distribution in
the direction perpendicular to the oxide scale surface is beneficial
to the adhesion of the oxide scale. What’s more, the high spinel con-
tent in the outer zone is also beneficial to the electrical conductivity
at high temperatures. Thus, it can be used for electric interconnects
at high temperature; such as ferritic stainless steel interconnects in
SOFCs and the current anode interconnects for aluminium reduc-
tion, because of the high conductivity of the mixed iron-nickel oxi-
des [17,41] (NiFe,04 electrical conductivity is ~0.26 Scm™' at
800 °C [42]), and the good chemical stability of NiyFes_4O,4 spinels
at high temperature [8-10,17,18]. However, for those pre-oxidised
Ni-Co-Fe,03; composite coatings reported in the previous work
[27], the cross-section morphologies were very different to the pres-
ent work, few spinel nanoparticles distributed unhomogeneously in
the surface was observed. Besides, spinel nanoparticles with gradi-
ent distribution throughout the thickness were not found.

3.3. Corrosion behaviour

3.3.1. Mass gain

The weight gains of the bare, the pre-oxidised Ni substrates and
the pre-oxidised Ni-Co-Fe,05 coated specimens in previous study
[27] as well as the pre-oxidised Ni-Fe composite coated specimen
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after the corrosion tests in an atmosphere of NasAlFg—AlF;—CaF
molten salts and air at 960 °C are shown in Fig. 8. For the bare
and pre-oxidised Ni substrates, the mass changed significantly dur-
ing hot corrosion, and their final average mass gains were
~6.0 mg cm~2 and ~5.0 mg cm~2 after only 15 h corrosion, respec-
tively. For the pre-oxidised Ni-Co-Fe,05 coated specimens, their
mass gains were lower than the bare and pre-oxidised Ni sub-
strates, and their average mass gains were ~1.8mg cm 2 and
~3.5mg cm2 after 15 h and 30 h corrosion, respectively. The pre-
vious studies have revealed that the pre-oxidised Ni-Co-Fe,05
coated specimens show better corrosion resistance than the bare
and pre-oxidised Ni substrates, and that the bare and pre-oxidised
Ni substrates suffer serious corrosion attack because they have no
protective scales [27]. However, for the pre-oxidised Ni-Fe coated
specimens, only small mass gains (~0.5 mg cm~2) after corrosion
for 15 h were observed. After corrosion for 30 h, the average mass
gain was also clearly lower (~1.5 mg cm™2) than that of the bare or
pre-oxidised Ni substrates or pre-oxidised Ni-Co-Fe,03; coated
specimens corroded for 15 h. As corrosion continued for up to
50h, the average mass gain was still clearly lower than
2.5 mg cm 2. Thus, the pre-oxidised Ni-Fe coated specimens show
lower weight gains than the pre-oxidised Ni-Co-Fe,03 coated
specimens.

Therefore, compared to the bare or pre-oxidised Ni substrates or
pre-oxidised Ni-Co-Fe,03 coated specimens, the mass change of
the pre-oxidised Ni-Fe coated specimens was very small in an oxi-
dising NasAlFg-AlF;-CaF molten salt atomsphere, indicating that
the pre-oxidised Ni-Fe coated specimens have superior corrosion
resistance and chemical and thermal stability under these
conditions.

3.3.2. XRD analysis of the hot corrosion products

The XRD patterns of the Ni-Fe coated specimen pre-oxidised at
1200 °C for 6 h and then corroded for 15, 30 and 50 h at 960 °C are
shown in Fig. 9(b)-(d), respectively. For comparison, the XRD pat-
tern of the bare Ni substrate after corrosion for 15 h at 960 °C is
shown in Fig. 9(a). The main phases identified for the corroded
Ni coated specimens are NiO and NiAl,04. The hot corroded oxi-
dised Ni-Fe coated specimen contains phases such as NiO, NiFe;04
and (Ni,Fe)Al,04. With increasing corrosion time, the intensity of
the (Ni,Fe)Al,04 spinel peaks increased, due to the difference in
the (Ni,Fe)Al,0,4, NiFe,04 and (Ni,Fe)O concentration of the scale
with different corrosion time. (Ni,Fe)Al,04 spinel may be formed

15h
6-
15h

4 30h

3] 50h

15h
21 30h

Weight gain (mg cm™)

14 15h

1 2 3 4 5 6 7
Specimen No.

Fig. 8. Weight gains of the bare Ni substrates [27], pre-oxidised Ni [27], the pre-
oxidised Ni-Co-Fe,O5; [27] coated specimens and the oxidised Ni-Fe coated
specimens corroded at 960 °C for different hours (1: Ni substrates; 2: pre-oxidised
Ni; 3 and 4: pre-oxidised Ni-Co-Fe,03 coated specimens; 5, 6 and 7: the pre-
oxidised Ni-Fe coated specimens).

by chemical reaction between AlF; in the atmosphere and the
oxide scale. The large 1(200)/I(111) or [(400)/I(222) ratio in
Fig. 9(d) corresponding to NiO and NiFe,O4 indicates that the
strong (100) texture of the oxide scale on the Ni-Fe alloy coating
still existed after a 50 h of corrosion.

It is noted that for the untreated pure Ni samples, molten salts
(mainly NasAlFg and CaF,) were detected in XRD analysis of the
scale after corrosion at 960 °C for 15 h (Fig. 9(a)). It has been
observed in our previous studies [27] that the molten salts pene-
trated through the scale. However, the diffraction peaks for the
molten salts were barely visible in the XRD patterns of the pre-
oxidised Ni-Fe coated samples after corrosion, suggesting that
the amounts of these salts present was very small. This difference
can be attributed to the presence of a protective scale with a dense
structure formed during the oxidation treatment, which could
prevent the penetration of salts into the scale.

3.3.3. SEM/EDX analyses of the hot corrosion products at 960 °C

Fig. 10(a)-(c) show the surface morphologies of the Ni-Fe
coated specimen pre-oxidised at 1200 °C for 6 h and then corroded
for 15, 30 and 50 h at 960 °C, respectively. The surfaces of all of the
pre-oxidised specimens before and after corrosion tests are free of
cracks, and the oxide scale was conserved in all cases, indicating
that the oxide scale has high resistance to the molten salts. After
corrosion for 15 h, the surfaces of the pre-oxidised specimens are
still flat. However, for those pre-oxidised Ni-Co-Fe,03; composite
coatings reported in the previous work [27], their surfaces after
corrosion for 15 h were very uneven, and a few spalled regions
could be observed. After corrosion for 30 h and 50 h, many large
lace-like oxide ridges were formed along the grain boundaries of
the pre-oxidised Ni-Fe specimens. Thus, for the Ni-Fe coated spec-
imen pre-oxidised at 1200 °C for 6 h and then corroded for 50 h at
960 °C, the surface morphology consisted of two regions: M is the
flat surface; N is oxide ridges along the grain boundaries. Fig. 10(d)
shows the AFM image of the flat surface of the Ni-Fe coated spec-
imen pre-oxidised at 1200 °C for 6 h and then corroded for 50 h at
960 °C. It can be seen from Fig. 10(d) that the flat surface of the
sample corroded at 960 °C consisted of a number of small pyramid
crystallites. The corresponding EDX spectra of region M and N are
shown in Fig. 10(e) and (f), respectively. EDX analysis reveals that
region M is rich in Ni, Al, and O with a small amount of Fe. Combin-
ing the results of XRD and EDX, we conclude that region M mainly
consisted of NiAl,O4. In region N, EDX analysis identifies the main
elements present again to be Ni, Al, and O. Combining the results of
XRD and EDX, strong Al peaks in region N were due to the presence
of NiAl,04, which existed under the corrosion products. Therefore,
it is reasonable to conclude that the main phase in this area was
NiAl,04. The main corrosion product NiAl,04 was similar to that
in pre-oxidised Ni-Co-Fe,03 composite coatings [27]. With
increasing corrosion time, the amount of lace-like oxide ridges
along the grain boundaries increased, consistent with the XRD
results (Fig. 10).

The explanation for the formation of the lace-like oxide ridges
along the grain boundaries is as follows. When the salt contami-
nants combine together to form molten deposits at high tempera-
ture, the scale is in direct contact with the salts. The grain
boundaries, like grooves or gutters, are more easily filled with mol-
ten salts, compared with the flat and smooth surface areas. Fig. 11
shows the surface morphology and the corresponding EDX spec-
trum of the Ni-Fe coated specimen pre-oxidised at 1200 °C for
6h and then corroded for 15h at 960 °C. Molten salt can be
observed along the grain boundaries of the oxide scale after hot
corrosion. Thus, large corrosion products are formed along the
grain boundaries due to the large mass of reaction medium sup-
plied in those areas throughout the hot corrosion process. A model
of these reactions is shown in Fig. 12.
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Fig. 9. XRD patterns for the hot corroded surfaces of (a) the bare Ni substrates, (b), (c), and (d) pre-oxidised Ni-Fe coated specimens exposed to an atmosphere of molten
NasAlFg-AlF;-CaF; salts and air at 960 °C ((a) and (b): corrosion for 15 h; (c): corrosion for 30 h; (d): corrosion for 50 h).

Fig. 13 shows the cross-section morphology of the Ni-Fe coated
specimen pre-oxidised at 1200 °C for 6 h and then corroded for 15,
30 and 50 h at 960 °C. All of the oxide scales were well-adhered to
the substrate, and the thickness increased slightly as the corrosion
time increased. After 50 h of corrosion, the thickness of the oxide
layer had increased by only ~40 pm compared with that of the
pre-oxidised Ni-Fe coated specimen (Fig. 7(b)), which was similar
to that of (Ni,Co)O/(Ni,Co)Fe,04 composite coating after corrosion
for only 30 h in the previous study [27]. This implies that the
pre-oxidised Ni-Fe coating provided better protection against cor-
rosion by air and molten salts. Furthermore, no molten salt was
observed in the scale, indicating that the pre-formed scale with a
dense structure was able to prevent the penetration of salts into
the scale. For all Ni-Fe coated specimens in every corrosion test,
a new thin layer of (Ni,Fe)Al,04 (~3-5 um) was formed next to
the layer of NiO and spinel phases that was formed during the oxi-
dation treatment. As the corrosion time increased, the thickness of
this (Ni,Fe)Al,04 layer increased slightly, which was also similar to
that of (Ni,Co)O/(Ni,Co)Fe,04 composite coating [27].

More detailed images of the cross-section of the oxide scale after
corrosion for 15, 30 and 50 h are shown in Fig. 14. Beyond 15 h of
corrosion at 960 °C, there is an apparent decrease in the density
of the NiFe,0, intergranular precipitates and thus an apparent in-
crease in the average precipitate size. This may be due to the vol-
ume fraction of precipitate quickly reaching its maximum value;
the precipitates then grow at the expense of smaller particles
[43,44]. In other words, once the amount of the precipitate has
reached its maximum value, the only process that occurs as the cor-
rosion test continues is coalescence of the precipitates. The driving
force for this coalescence is the lowering of the total interfacial en-
ergy of the system [44]. A high concentration of Fe is observed along
the columnar NiO grains boundaries just below the NiAl,04 scale.
The same phenomenon was also observed on the surface of the

pre-oxidised Ni-Fe coated specimen (Fig. 5). This suggests that
the diffusivity of Fe is fast at the grain boundaries of the oxidised
Ni-Fe coated specimen, which promotes the formation of inter-
granular NiFe,0,4 spinel precipitates along the columnar NiO grain
boundaries. An enlarged image of the cross-section of the oxide
scale after corrosion for 50 h is shown in Fig. 15. The scales on the
Ni-Fe coatings consisted of three zones with different compositions
(Fig. 15). After corrosion, there is now a third zone (Zone 3) in addi-
tion to the two zones (Fig. 7(b)) discussed earlier. The third zone
(Zone 3) consisted of (NiFe)Al,0, phase extending up to the
oxide/gas interface was observed (Zone 3).

As found in previous studies [27], for the bare nickel substrate,
the scale formed on the surface easily spalled off during hot corro-
sion, mainly because thermal stresses could develop during cooling
due to the difference of coefficient of thermal expansion (CTE) be-
tween the NiO (17.1 x 106 K™') [42] and the NiAl,O, (8.1 x 10~°
K1) [42]. In contrast, for all the pre-oxidised Ni-Fe coated samples,
the surface of the oxide scale was intact after the corrosion test and
the oxide scale was well-adhered to the substrate, indicating strong
bonding not only between the (NiFe)Al,0, layer and the
(Ni,Fe)O + spinel layer, but also between the nickel substrate and
the oxide scale. Since the CTE value of NiFe,04 is between those
of NiO and NiAl,0,4 (NiFe,04 ~10.8 x 1076 K~! [42]), the thermal
stress between the NiO and NiAl,04 phases is reduced by incorpo-
ration of NiFe,04 particles in the columnar NiO matrix. In addition,
previous transmission electron microscopic investigations on the
NiO/NiFe,04 interface have shown that NiFe,04 and NiO share close
crystallographic relations and have low lattice mismatch, which re-
sults in small lattice distortion [38]. In other words, the scale
formed during oxidation treatment has good compatibility with
the nickel substrate, which increases the stability of the oxide scale.
Furthermore, the concentration of NiFe,04 particles increased grad-
ually from the nickel/oxide interface to the oxide/gas interface
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Fig. 10. SEM micrographs of the surface-scales formed on the pre-oxidised Ni-Fe coated specimens after hot corrosion at 960 °C ((a): corrosion for 15 h; (b): corrosion for
30 h; (c): corrosion for 50 h); (d) surface AFM image of the pre-oxidised Ni-Fe coated specimen after hot corrosion at 960 °C for 50 h; (e) and (f) EDX analysis of the Ni-Fe
coated specimen pre-oxidised at 1200 °C for 6 h and then corroded for 50 h at 960 °C corresponding to surface SEM image.

(Fig. 7), which also helps to reduce the thermal stress between the
NiO and NiAl,04 phases.

3.4. Corrosion resistance of the coatings

The (Ni,Fe)Al,04 scale was formed on the surface of the two
coatings in the present work and the reference [27] in the initial
corrosion stage and acted as a barrier layer to separate the coating
from the aggressive environment. However, their generation me-
chanisms are different. The formation of (Ni,Co,Fe)Al,04 layers dur-
ing the corrosion test in the previous work had been discussed in
the literature of [27]. However, the formation of (Ni,Fe)Al,04 layers

during the corrosion test in the present work was mainly due to
the following reasons.

Although NiO, Fe,03, NiFe,04 have been used as inert anode
materials, they all have low solubility in molten salts [45]. The
results presented in this paper have demonstrated that the pre-
oxidation treatment resulted in the formation of a dense and
continuous scale mainly composed of (Ni,Fe)O and NiFe,04 (Fig.
5(c)). Thus, the probable dissolution reactions are (1) [46] and (2)
[47]:

NiFezo4(S) + 2A1F3(1) — NiO + 2FeF3(l) + A1203(1) (1)

3NiO(s) + 2AIF;(1) — 3NiF,(1) + ALO5(I) )
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Fig. 11. A representative surface morphology and the corresponding EDX analysis of the selected region of the Ni-Fe coated specimen pre-oxidised at 1200 °C for 6 h and then

corroded for 15 h at 960 °C, showing molten salts concentrated in the grain boundaries.

Emmm  Molten salts
mmm (Ni,Fe)Al,O, spinel
C— Pre-formed scale on Ni-Fe coatings

Fig. 12. Formation model of (Ni,Fe)Al,04 spinel layer at grain boundaries and the top flat surface of pre-formed scales during hot corrosion at 960 °C: (a) molten salts are
easily concentrated in the grain boundaries at the initial stage of corrosion test; (b) the mass of molten salts in the grain boundaries is larger than that on the flat surface
throughout the corrosion test; (c) the morphology of the new-formed (Ni,Fe)Al,04 spinel layer after corrosion.

According to thermodynamic data [48], for these systems, the (Ni,-
Fe)Al,0O,4 spinel is formed by the reactions (3) and (4),

NIO(S) + A1203(1) — N1A1204(S) (3)

FeO(s) + A1203(1) — FeAlzoz(S) (4)

The solubility of many oxides in molten salts at 1010 °C (FeO:
~5.5 wt.%, Fe,03: ~0.8 wt.%, NiO: ~0.41 wt.%) has been studied
by Thonstad et al. [45]. De Yong found that the solubility of
Fe,05 and NiO bound in NiFe,0O4 were less than the individual so-
lubilities of Fe,O5; and NiO respectively [47]. This is due to the
added thermodynamic stability of the ferrite complex compared
to the individual oxides. However, NiFe,0, did not dissolve in stoi-
chiometric proportions, with the Fe/Ni weight ratio in the melt
ranging from 3 to 8, indicating that the solubility of iron oxides
is higher than that of nickel oxide. He et al. [46] also measured
the solubility of NiFe,O4 in molten salts, and found that NiFe,;04
did not dissolve stoichiometrically, and preferential dissolution of
Fe in the molten salts occurred. Since the solubility of FeO in the
molten salts is higher than that of Fe,03 [45], it can be assumed
that ferrous ions in NiFe,04 may be more easily dissolved, com-
pared to ferric ions in NiFe;O4. Thus, the (Ni,Fe)Al,0,4 phase forma-
tion may be mainly due to the reactions (5), (3) and (4).

3Fe0(s) + 2AIF;(1) — 3FeF,(1) + ALOs(1) (5)[46]

Compared with the previously investigated Ni and pre-oxi-
dised Ni [27], the pre-oxidised Ni-Fe coated specimen investi-

gated in this work also exhibited much better hot corrosion
resistance. After 50 h of corrosion, the highly oriented and ad-
herent pre-formed oxide layer still existed on the specimen
surface. In addition, after corrosion for 50 h, the thickness of
the scale had increased only by ~40 pm compared with that of
the pre-oxidised coating. Moreover, it is noted that, for the
pre-oxidised coated specimen, corrosive salt was not detected
in the oxide layer and substrate after the hot corrosion test.
The improved corrosion resistance can be explained by following
factors:

1. Both the NiO and NiFe,0,4 phases, which are present in the pre-
formed outer layer of the scale, are chemically inert to the mol-
ten salts [6].

2. A very dense, adherent and highly oriented oxide scale formed
on the Ni-Fe coated specimen during 6h of oxidation at
1200 °C made a significant contribution to the corrosion resis-
tance. The scale had a graded distribution of spinel in the
outer zone, so there was a high spinel content in the outer
zone, which is beneficial not only to the adhesion of the scale
and the electrical conductivity, but also to the resistance of hot
corrosion, which inhibits the inward diffusion of oxygen and
molten salts.

3. Although the molten salts were easily concentrated in the grain
boundaries near the top surface, NiFe,0,4 spinel particles con-
centrated along the grain boundaries, formed during after the
pre-oxidation treatment (Figs. 5 and 6), could prevent the pene-
tration of the salts into the scale in the initial stage of the corro-
sion test.



3722 L. Ma et al./Corrosion Science 53 (2011) 3712-3724

Fig. 13. SEM micrographs of the cross-section of the scale formed on the pre-
oxidised Ni-Fe coated specimen during hot corrosion at 960 °C ((a): corrosion for
15 h; (b): corrosion for 30 h; (c): corrosion for 50 h). The insets show SEM images of
a section of each sample at higher magnification.

4. The presence of spinel NiAl,04 in the oxide scale also contribu-
ted to the oxidation resistance as the spinel phases usually have
smaller diffusion coefficients of the cations and anions than
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Fig. 15. Enlarged cross-section morphology of the pre-oxidised Ni-Fe coated
specimen after hot corrosion at 960 °C for 50 h.

those of their parent oxides [31]. Also, the CTE match between
NiO and NiAl,04 was improved by the incorporation of NiFe,04
precipitates in the scale. The well-adhered oxide scale was very
beneficial for protecting the substrate from hot corrosion
attack. Moreover, as the corrosion process continued, although
the NiAl,O4-enriched scale could be damaged due to stress,
the presence of NiFe,0,4 spinel particles between and in colum-
nar the NiO grains in the subscale area (Fig. 7) could act as a sec-
ond barrier to corrosion.

A previous investigation [27] has demonstrated that (Ni,Co)O/
(Ni,Co)Fe,0,4 composite coating thermally converted from an elec-
trodeposited Ni-Co-Fe,03; composite coating displayed better hot
corrosion resistance against an NasAlFg-AlF;—CaF molten salts un-
der standard aluminium reduction conditions, compared with bare
Ni and pre-oxidised Ni. Thus, it is also worthwhile to compare the
corrosion performance of these pre-oxidised Ni-Fe alloy coatings
in this work with those pre-oxidised Ni-Co-Fe,03; composite coat-
ings reported in the previous work [27].

In terms of weight gains, for the pre-oxidised Ni-Fe alloy coated
specimens corroded for 30 h, a lower weight gain was observed
than that previously described for the pre-oxidised Ni-Co-Fe,0;

Fig. 14. The selected cross-section morphologies of the pre-oxidised Ni-Fe coated specimens after hot corrosion at 960 °C ((a): Zone A in Fig. 13(a), corrosion for 15 h; (b):

Zone B in Fig. 13(b), corrosion for 30 h; (c): Zone C in Fig. 13(c) corrosion for 50 h).
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coated specimens corroded for the same time. Besides, the SEM re-
sults show that the increased thickness of the NiO/NiFe,0, compo-
site coating after corrosion for 50 h compared with that of the pre-
oxidised coating was only ~40 pm, which was similar to that of
(Ni,Co)O/(Ni,Co)Fe,04 composite coating after corrosion for only
30 h in the previous study [27]. What’s more, these coatings were
still compact after corrosion for 50 h. Thus, it can be inferred that
the pre-oxidised Ni-Fe alloy coatings have a better corrosion resis-
tance in the given environment at 960 °C, which can be attributed
to their more compact and uniform structure before corrosion
tests. Therefore, a Ni-Fe alloy coating seems very promising as a
conductive and protective coating on Ni or steel for high tempera-
ture applications and is capable of providing long-term corrosion
stability.

In addition to the hot corrosion resistance, the pre-oxidised Ni-
Fe alloy coating has a unique set of properties. The XRD result (Fig.
3(b)) shows that NiO/NiFe,04 composite coating obtained from
oxidised Ni-7Fe alloy coating exhibits a high (100) orientation. In
addition, the SEM results (Fig. 5) also show that the NiO/NiFe,04
composite coating has a very smooth and dense surface. Besides,
the NiFe,04 spinels in NiO/NiFe,04 composite coating distributed
homogeneously on the surface (Fig. 5), and distributed gradiently
in the cross-section (Fig. 7). What’s more, the Raman (Fig. 4) and
SEM results (Fig. 5) show that the spinels crystalline size is small,
namely nanometre scale, whereas their number on the surface of
the coating is large. Thus, the NiO/NiFe,0, composite coating have
many properties including crystalline orientation, compositional
and microstructural uniformity, smooth and dense surface, crack-
free form, and electrical conductivity, showing their great potential
for wide applications in harsh environments.

4. Conclusions

1. ANiO/NiFe,04 composite coating having a unique set of proper-
ties including high crystalline orientation, compositional and
microstructual uniformity, smooth and dense surface, crack-
free form and gradient distribution of NiFe,O,4 spinel in the
cross-section can be prepared by oxidised the Ni-Fe coated spe-
cimen at 1200 °C in air for 6 h.

2. The NiO/NiFe,0, composite coating prepared by pre-oxidised
Ni-Fe coating exhibits good hot corrosion resistance during
50 h exposure to molten salts at 960 °C. The reason lies mainly
in that both a compact and adherent NiO/NiFe,04 scale and
intergranular NiFe,04 spinel precipitates were formed during
the oxidation treatment, which prevent the inward penetration
of molten salts.
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