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Abstract
The oxidation behavior of electroless Ni–P coated AISI 430 alloy was investigated at 800 °C in moisture-saturated (~ 3% 
 H2O) air. Effect of pre-reduction in dry hydrogen (Ar-3%H2) at 800 °C on the oxidation behavior of the Ni–P coated AISI 
430 was also studied. Microstructure, chemical composition, and compound/oxide phase formation across the oxide 
layer were analyzed by scanning electron microscopy, energy dispersive spectroscopy, and X-ray diffraction techniques. 
Iron oxide  Fe2NiO4 spinel along with other oxide and spinel phases are found in the multilayered oxide scale for both the 
Ni–P coated and pre-reduced Ni–P coated AISI 430 alloy. Ni–P coating crystallization and oxidation initiates the oxidation 
for the electroless sample.  Ni3P and  FeNi3 intermetallic compounds formed during reduction initiates the oxidation of 
the pre-reduced sample.

Keywords Ni–P coating · Oxidation · Pre-reduction · Spinel · Iron oxide

1 Introduction

Coatings on various surfaces are common to improve 
corrosion and wear resistance, and functional proper-
ties. The performance of a coating primarily depends on 
its composition, adherence with the substrate, chemical 
stability, and compatibility and mechanical integrity with 
the substrate in application environment. Nickel coating 
finds wide range of applications for its excellent corrosion 
resistance, tribological properties, and functional proper-
ties. Electroless deposition, an autocatalytic method, of 
nickel has penetrated into wide array of commercial and 
niche markets [1, 2] ranging from engineering tools, off-
shore wind turbine [3], aerospace [4], and heat exchang-
ers in petroleum industries [5] to solar absorbers for space 
applications [6].

Common reductants such as sodium hypophosphite, 
sodium borohydride, or hydrazine are added in the bath 

for electroless nickel deposition, which form Ni–P, Ni–B, or 
Ni coatings, respectively [7]. Ni–P coating has been exten-
sively investigated. Increasing P-content increases the cor-
rosion resistance and electrical resistivity [8, 9]. Increase in 
P content up to ~ 8 at% increases the hardness and wear 
resistance of the coating [10, 11].

The high temperature properties of electroless nickel 
coating has also been studied. The hardness of Ni–P coat-
ing increases up to 400 °C due to precipitation of crystal-
line  Ni3P,  Ni5P2, and  Ni12P5 phases [2]. Electrical resistivity 
and non-magnetic property also improves [12, 13]. Nickel 
coating has been investigated to decrease electrical resist-
ance of chromia forming ferritic steel, the metallic inter-
connect, for high temperature (650–800 °C) solid oxide 
fuel cell (SOFC) application [14]. Nickel coating decreases 
chromium vaporization from the ferritic steel [14, 15]. 
Nickel oxide and spinel at the oxide surface attributes 
to these effects. These studies do not provide oxidation 
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mechanism of nickel coated ferritic steel although inform 
about the oxide phases at the surface and interfaces.

Ni–P coating interaction with metallic substrates is 
also studied [16–19].  FeNi3 intermetallic layer formation 
due to nickel diffusion into a carbon steel followed by a 
 Ni3P layer and outward diffusion of phosphorous from the 
coating/steel interface are reported both for Ni–P coated 
steel annealed at 800 °C in air [16] and at 650 °C in argon 
[18]. Formation of NiO at 607 °C and  FexNiyO at ≥ 695 °C is 
reported for a Ni–P coated iron annealed in air [17] while 
the other study does not report any oxide [16]. Iron diffu-
sion from steel and subsequent formation of  Fe2O3 and 
(Fe,Ni)3O4 has been reported due to oxidation of Ni–P 
coated steel substrate [19]. All these studies show that 
phosphorous does not participate in forming oxides; 
indeed, it may provide a diffusion barrier layer. It is worthy 
to investigate further the role of Ni–P layer on oxidation of 
chromia forming ferritic steel—the aim of our study.

We have investigated the oxidation of an electroless 
Ni–P coated AISI 430 isothermally at 800 °C in moisture 
saturated (~ 3%  H2O) air for 100 h. The composition of AISI 
430 is similar, if not identical, to the SOFC metallic inter-
connects as given in Table 1 [20]. Moisture saturated air 
replicates the SOFC cathode environment. We have also 
studied the oxidation of the Ni–P coated AISI 430 pre-
reduced in Ar-3%  H2.

2  Materials and methods

2.54 cm × 2.54 cm × 0.06 cm AISI 430 coupons (MSC Indus-
trial Supply Co. USA) were cleaned and nickel coated by 
a proprietary electroless deposition method (Advanced 
Technical Finishing, USA) in accordance to MIL-C-26074 
Class 1. One set of the electroless nickel coated AISI 430 
coupons were reduced at 800 °C for 2 h at 3 °C min−1 ramp 
rate in Ar-3%  H2 gas (certified) at 100- sccm flow rate. The 
reduced samples were designated as R-electroless.

The electroless and R-electroless samples were oxidized 
in a moisture saturated (~ 3%  H2O) flowing air (ultra-high 
purity, 100-sccm flow rate) at 800 °C for 10 h, 20 h, 50 h, 
and 100 h at 3 °C min−1 ramp rate in an atmosphere con-
trolled furnace (Lindberg, Model 54233, Waterson, WI 
USA). Air was flown through deionized water at room 
temperature to be moisture-saturated. The photograph 
of the experimental set up is shown in Fig. 1. The oxida-
tion time was cumulative. Therefore, the samples oxidized 
for 100 h experienced four thermal cycles. The oxidized 
samples were weighed using an analytical balance (Met-
tler Toledo, Model AG245, Switzerland) to determine the 
oxidation rate.

X-ray diffractometer (XRD) (Siemens D500, KRISTAL-
LOFLEX DACO-MP 710/710 H)) was used to identify the 
crystalline compounds. The samples were scanned in 

Table 1  Nominal compositions 
(wt%) of metallic interconnects 
for solid oxide fuel cell systems 
[20]

AISI 430 composition is determined from EDS analysis

Interconnect Fe Cr Mn Ti Si Al C S P Ni Nb Re

Crofer 22 APU 76.59 22.80 0.45 0.08 0.005 0.002 0.016 0.06
AISI 441 80.68 17.60 0.33 0.18 0.47 0.045 0.01 0.001 0.024 0.20 0.46 –
AISI 430 82.36 16.94 0.57 – 0.13 – – – – – – –

Fig. 1  Photograph of the experimental set-up for oxidation study
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15–80° 2θ range with 0.04° step size using Cu Kα radiation 
(λ = 1.5406 Å) and Ni filter.

Scanning electron microscope (SEM) (FEI Quanta 650 
FEG, USA) was used to analyze the surface morphology 
and interfacial microstructure of the as-received and oxi-
dized samples. The R-electroless sample was coated with 
Ni–Cu topcoat and the oxidized samples were coated 
with a Ni topcoat to prevent the original coating and 
oxide layer from spallation during sample preparation for 
investigating interfacial microstructure. The cross-sections 
of samples were polished to optical finish. The elemen-
tal composition of the coated substrate and oxide layer 
was determined by energy dispersive spectrometer (EDS, 
AMETEK EDAX) attached to the SEM. The EDS spot analysis 
provides the compositional variation for different phases 
and/or layers although the spatial resolution (> 1 µm) and 
fluorescence effect limits the accuracy of the quantitative 
analysis [21]. The elemental compositions are reported in 
atomic percent (at%). EDS line scan profile was collected to 
obtain elemental distribution across the interface. Elemen-
tal mapping visually complements EDS spot and line scan 
analysis.

3  Results and discussion

3.1  Coating characteristics

The electroless coating is uniform as seen from the 
surface morphologies in Fig.  2a. The nickel coating is 
5.24 ± 0.10 µm thick (Fig. 2b), adheres well with the AISI 
430 substrate, and contains 18.4 ± 2.6 at% phosphorus 
as detected by SEM–EDS analysis. The XRD plot in Fig. 3 
confirms that the electroless Ni–P coating is amorphous.

Surface morphology of the R-electroless sample in 
Fig. 4a shows that grains are surrounded by bright parti-
cles (~ 0.24 ± 0.02 µm). The appearance of the grains is sim-
ilar to crystalline phases (0.37 ± 0.07 µm) in an amorphous 
matrix. The grains are enriched of nickel and phospho-
rous (46.6 ± 1.9 Ni, 12.2 ± 0.6 Fe, 22.4 ± 0.88 P, 0.6 ± 0.1 Cr, 
0.2 ± 0.1 Mn, 18.1 ± 1.7 O). The bright particles at the grain 
boundaries contain 25.3 ± 6.7 Ni, 11.3 ± 1.1 Fe, 15.3 ± 2.2 
P, 4.7 ± 2.9 Cr, 0.6 ± 0.4 Mn, 42.7 ± 6.6 O. Higher chromium 
and oxygen content at the grain boundaries than those 
in the grains suggests that the bright particles are  Cr2O3. 
Pores (marked with dotted circle) are observed at the 
grain boundaries for two plausible reasons. Firstly, amor-
phous Ni–P coating crystallizes into Ni and  Ni3P at ≤ 800 °C 
[22–24]. Volume shrinkage during crystallization of amor-
phous Ni–P coating causes pore formation. Secondly, 
Ar-3%  H2 gas likely contains ≤ 1 ppm  H2O as impurity with 
a 4.2 × 10−23 atm.  PO2 calculated by HSC Chemistry 9.0. 
Hydrogen dissolution in nickel and presence of slight  O2 

(< 1 ppm) favors vacancy agglomeration and subsequent 
growth of pores at the grain boundaries [25].

Oxygen diffuses through the pores and grain bounda-
ries to form  Cr2O3 by internal oxidation.  Cr2O3 is stable up 
to ~ 10−27 atm.  PO2 at 800 °C according to the Ellingham 
diagram [26].

The cross-sectional SEM image of R-electroless in Fig. 3b 
shows a 4.63 ± 0.80  µm interaction layer. Dark (arrow 
marked) phases are observed in the interaction layer and 
adjacent to the substrate. The interaction layer is nickel 
and phosphorous rich (5.9 ± 0.2 Fe, 66.0 ± 0.2 Ni, 28.0 ± 0.3 
P) while the dark phase is chromium-rich (13.7 ± 2.0 Fe, 
24.9 ± 2.4 Cr, 2.4 ± 0.1 Mn, 26.0 ± 2.1 Ni, 40.8 ± 3.0 O).

The EDS line scan profile in Fig. 5 shows that: (1) iron 
decreases but nickel increases at/near the interaction layer, 
(2) chromium, manganese, and oxygen are the highest at 

Fig. 2  SEM images of as-received electroless nickel coated AISI 430 
alloy: a surface, b cross-section
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the dark spots, and (3) nickel diffuses ~ 10 µm into the AISI 
430 alloy. The EDS elemental maps in Fig. 6 show that: (1) 
chromium, manganese, and oxygen overlap at the dark 
spots, and (2) nickel overlaps with phosphorous at the 
interaction layer. The EDS analyzes reveal that the dark 
phases are manganese doped chromium oxide and the 
interaction layer is the solid solution of nickel and phos-
phorous. Most of the Ni–Cu topcoat spalled off during 
metallographic sample preparation leading to non-uni-
form polishing and iron detection in the top coat.

Ni3P and  FeNi3 intermetallic compounds are detected 
from XRD analysis in Fig. 3.  Ni3P forms due to the crys-
tallization of amorphous Ni–P coating [22].  FeNi3 forms 
due to interfusion of nickel and iron. The small quantity of 
chromium oxide, seen from the SEM image, is beyond the 
XRD detection limit.

3.2  Oxidation behavior

Figure 7 shows the weight changes due to isothermal oxi-
dation at 800 °C in moisture-saturated air of the electro-
less and R-electroless samples. The oxidation rate is deter-
mined (up to 50 h) by the following equation:

where Δw is the weight change due to oxidation, A is the 
surface area, t is time for isothermal oxidation, kp is the 
oxidation rate  (mg2/cm4 s).

The oxidation rate R-electroless (8.93 × 10−6  mg2/
cm4 s) is lower than electroless (2.35 × 10−5  mg2/cm4 s) 

(1)
(

Δw

A

)2

= kpt

sample. The oxidation rate of uncoated AISI 430 alloy 
(6.08 × 10−5 mg2/cm4 s) [27] is higher than that for both 
the electroless and R-electroless samples.

3.3  Microstructure and XRD analysis

3.3.1  Electroless

The oxide layer of the electroless coating (Fig. 8a) con-
tains equiaxed grains and bright spots (marked as 1) as 
well. The average size of the equiaxed grains (Fig.  8b) 
is 5.29 ± 1.44 µm. These grains consist of 28.4 ± 2.3 Fe, 
11.6 ± 0.7 Ni, 0.1 ± 0.0 P, and 58.5 ± 3.4 O. The bright grain 
(arrow marked) shows manganese (1.1 ± 0.1) presence. The 
bright spots (spot 1) consists of 2.6 ± 0.2 Fe, 0.1 ± 0.0 Cr, 
41.5 ± 2.6 Ni, and 55.6 ± 2.7 O. The average size of the equi-
axed grains (Fig. 8c) in the bright spots is 1.92 ± 1.40 µm. 
Pores are observed at the boundaries (marked with dotted 
boundary in Fig. 8c) between the equiaxed grains in bulk 
and at the bright spots (1).

Figure 8d shows the cross-sectional microstructure of 
the oxidized electroless sample. Several distinct features 
along with pores and cracks are observed in the ~ 65 µm 
thick oxide layer. Table 2 shows the elemental composition 
determined from EDS spot analysis. The sublayers in the 
oxide layer can be described, according to compositional 
variation, as follows: (i) silicon and oxygen -rich dark spots 
at the oxide layer/AISI430 interface (marked with gray 
arrow), (ii) ~ 8 µm thick chromium and oxygen -rich layer 
1, (iii) chromium, nickel, and oxygen -rich layer 2, (iii) nickel 
and oxygen -rich bright spots (spots 4) in a ~ 12 µm thick 
chromium, iron, and oxygen -rich gray layer 3, (iv) ~ 5 µm 

Fig. 3  XRD plots of as-received 
electroless and R-electroless 
samples
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Fig. 4  SEM images of R-electroless sample: a surface, b cross-sec-
tion. Solid horizontal line in b corresponds to the EDS line scan in 
Fig. 5

Fig. 5  EDS line scan profile of R-electroless cross-section

Fig. 6  EDS elemental maps of 
R-electroless cross-section
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thick phosphorous, iron, and oxygen -rich dark layer 5, 
(v) ~ 17 µm iron, nickel, and oxygen -rich bright layer 6, 
(vi) ~ 10 µm thick iron and oxygen -rich gray layer 7, and 
outermost iron, nickel and oxygen -rich layer 8 of ~ 6 µm 

thickness with scattered bright phases (marked with white 
arrow).

Figure 9 shows the elemental concentration profile of 
the oxidized electroless sample. Various compounds in 
the oxide layer can reasonably be assigned by compar-
ing the spot analysis and line scan profile, and Cr–Fe–O 
and Fe–Ni–O phase diagrams [28–31]. The partial pres-
sure of oxygen ( PO2

 ) decreases across the oxide layer from 
the oxide/gas interface to the AISI 430/oxide interface. 
The assigned compounds in the oxide layer may differ 
from XRD analysis since the actual  PO2 in these layers is 
unknown and EDS provides only elemental composition.

Increase in silicon and oxygen concentration at the 
oxide layer/substrate interface suggests that the dark 
spots are  SiO2. Similarly, increased chromium and man-
ganese content between the dark spots and layer 1 indi-
cates the presence of Mn-doped  Cr2O3. Compositional 
variation is observed in layer 1. Increase in iron content 
along with decreased chromium is observed in the first 

Fig. 7  Weight change versus time for oxidation of the electroless 
and R-electroless samples at 800 °C in moisture-saturated air

Fig. 8  SEM images of the oxidized electroless sample: a surface, b higher magnification of surface, c higher magnification of bright spots 
(marked as 1) in a, d cross-section. Dotted lines guide the boundaries. Solid horizontal line in d corresponds to the EDS line scan in Fig. 9
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part while iron decreases but chromium and manganese 
increase in the remaining part. (Fe,Cr)1−xO (halite) and 
 FeCr2O4 spinel in the first part and  FeCr2O4 spinel in the 
remaining part are expected according to Cr–Fe–O phase 
diagram considering the ~ 0.54 mol fraction of iron and 
low  PO2 (< 10−15 bar) in layer 1 [29, 30]. Iron content again 
increases in layer 2 while chromium content decreases and 
nickel content increases, indicating halite and Fe(Ni,Cr)2O4 
spinel presence. Chromium content is higher than nickel 
and iron in layer 3, indicating (Fe,Ni)Cr2O4 spinel presence. 
Phosphorous tends to increase in this layer. The bright 
phases (spot 4) are NiO. Higher concentration of nickel 
and phosphorus indicates  NixP presence in layer 5. Iron 
content increases and nickel content decreases in layer 
6, suggesting  Fe2NiO4 presence. Negligible nickel con-
tent in layer 7 suggests  Fe3O4 presence. Slight increase in 
nickel content in layer 8 suggests the presence of  Fe2NiO4 
embedded in a  Fe3O4 matrix. Considering nickel mole frac-
tion, Fe–Ni–O phase [31] diagram suggests (Fe,Ni)3O4 spi-
nel and  Fe2O3 presence in layers 6 and 8. However, the Fe, 
Ni, and O atomic ratio matches well with  Fe2NiO4 spinel, 
consistent with another report [28]. Juxtaposition of the 
EDS elemental maps in Fig. 10a compliments the EDS line 

scan profile and spot analyzes. Scattered silicon presence 
in the oxide layer is noted. Resin impregnation in the pores 
during metallographic sample preparation is the source 
of silicon.

Fe2NiO4,  Fe2.67O4, and  Fe2O3 compounds are detected 
from the XRD analysis in Fig. 11. The peak positions corre-
sponds to the diffracted planes for these compounds over-
lap in the XRD plot. Other plausible compounds, deter-
mined from EDS analysis, such as  Cr2O3,  FeCr2O4, (Fe,Ni)
Cr2O4,  NixP, NiO are not detected since these compounds 
are beyond the X-ray penetration limit of ~ 25 µm depth 
into the oxide layer [32].

The oxidation of the electroless AISI 430 occurs in mul-
tiple steps as discussed below and shown in a schematic 
diagram in Fig. 12. First, amorphous Ni–P crystallizes above 
400 °C into  Ni3P intermetallic compound and nickel oxide 
(NiO) [12, 22, 33]. NiO, a p-type oxide, grows outward due 
to  Ni2+ diffusion through cation vacancies 

(

V
′′

Ni

)

 in the oxide 
grain and grain boundaries. At 800 °C and 1 atm.  PO2, grain 
boundary diffusivity of nickel (~ 2.6 × 10−9 cm2/s assuming 
0.5 nm thick grain boundary) in the oxide is approximately 
five orders of magnitude higher than the lattice diffusion 
coefficient (2.1 × 10−14 cm2/s) [34]. Nickel diffusion through 
the grain boundaries controls outward growth of NiO asso-
ciated with voids/pores at  Ni3P/NiO interface [34–36].

Second, oxygen diffuses inward into the AISI 430 sub-
strate through the oxide grains, grain boundaries, and 
voids/pores and cracks in the oxide. Diffusion of molec-
ular oxygen gas through pores is much higher than 
oxygen diffusion through grain and grain boundaries. 
Oxygen diffusion triggers  Cr2O3 formation by internal 
oxidation of AISI 430.  Cr2O3, a p-type oxide, grows exter-
nally due to  Cr3+ diffusion through the cation vacancy 
( V

′′′

Cr
 ).  Cr3+ diffuses and dissolves into NiO, and forms 

 NiCr2O4 spinel. Subsequently, chromium concentration 
at the AISI 430 adjacent to  Cr2O3 decreases (~ 14.7 ± 0.4) 
as confirmed by EDS spot analysis.  Mnn+ and  Fen+ (n = 2 
or 3) cations diffuse and dissolve into the  Cr2O3 layer. 
Diffusivity of the cations in  Cr2O3 decreases in the order 

Table 2  Elemental composition (at%), determined by EDS spot analysis, across the oxide layer of the oxidized electroless sample

The numbers indicate corresponding spots in Fig. 8d

Elements 1 2 3 4 5 6 7 8

O 49.0 ± 1.5 49.4 ± 0.4 53.0 ± 4.6 44.4 ± 0.8 57.8 ± 0.8 62.2 ± 0.6 55.1 ± 0.4 54.8 ± 0.4
Si 0.8 ± 0.3 0.5 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.3 ± 0.3 0 0 0
P 0 0.2 ± 0.1 0.8 ± 0.7 0.5 ± 0.3 10.7 ± 2.3 0 0 0
Cr 22.2 ± 4.0 12.3 ± 3.2 18.9 ± 4.9 3.7 ± 1.4 1.0 ± 0.5 0.4 ± 0.2 0 0
Mn 0 0.3 ± 0.2 0.4 ± 0.2 0.1 ± 0.0 0.8 ± 0.7 0 0.3 ± 0.2 0
Fe 27.7 ± 2.3 22.8 ± 2.8 15.6 ± 1.1 4.1 ± 1.5 22.9 ± 3.0 34.3 ± 1.2 44.7 ± 1.7 33.5 ± 1.2
Ni 0.3 ± 0.1 14.5 ± 0.9 10.8 ± 0.8 46.7 ± 2.7 7.6 ± 3.8 13.2 ± 1.3 0 11.7 ± 1.1
Possible compounds (Fe,Cr)1−xO,  FeCr2O4 Fe(Ni,Cr)2O4 (Fe,Ni)Cr2O4 NiO NixP Fe2NiO4 Fe3O4 Fe2NiO4,  Fe3O4

Fig. 9  EDS line scan profile of oxidized electroless sample cross-
section
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Fig. 10  EDS elemental maps 
of oxidized a electroless and b 
R-electroless cross-sections



Vol.:(0123456789)

SN Applied Sciences (2020) 2:716 | https://doi.org/10.1007/s42452-020-2556-z Research Article

of  DCr < DNi < DFe < DMn [37].  Mnn+ dissolves into the  Cr2O3 
as supported by overlapping chromium and manganese 
maps (Fig. 10a).  Fen+ continues to diffuse into the  Cr2O3 
due to higher concentration and forms (Fe,Cr)1−xO and 
 FeCr2O4 phases, suggesting the absence of  MnCr2O4 
spinel since its presence should retard interdiffusion of 
ions. Simultaneously,  Ni2+ also diffuses towards the sub-
strate due to chemical potential gradient of nickel and 
dissolves into the  FeCr2O4 spinel. As a result, (Fe,Cr)1-xO 
and (Fe,Ni)Cr2O4 are formed in layer 2. Both  Fen+ and 

 Cr3+ dissolve into NiO lattice and form (Fe,Ni)Cr2O4 or 
(Fe,Ni,Cr)xO4 spinel in layer 3.

Iron diffuses through Ni–P layer into NiO, but manga-
nese and chromium diffusion is not observed. Approxi-
mate 1:1 Ni and P atomic ratio in the layer 5 (as seen from 
EDS spot analysis) suggests NiP presence, which exists 
above 800 °C according to Ni–P phase diagram [38]. Iron 
diffusion into the Ni–P layer likely promotes NiP formation 
at ≤ 800 °C, similar to the observation for Ni–P-Re crystal-
lization. Decomposition of  Ni3P into  Ni12P5,  Ni2P and NiO at 

Fig. 11  XRD plots of oxidized 
electroless and R-electroless 
samples

Fig. 12  Schematic diagram to 
illustrate different oxidation 
stages (I–V) for electroless sam-
ple. See text for detail. Arabic 
numbers correspond to Fig. 8d 
and Table 2
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> 500 °C has been reported [22]. Overlapping iron, nickel, 
and phosphorous maps indicates the presence of  FexP 
compound. Oxygen presence in the layer 5 suggests also 
the presence of oxide phases such as  Fe2O3 and (Fe,Ni)O 
[31]. Lower phosphorus content in the oxide layer than the 
as-received sample is noted. Sublimation of  P2O5 during 
 Ni3P oxidation [39] attributes to lower the phosphorous 
content, supported by pores in layer 5.

Third,  Fen+ continues to diffuse through the cation 
vacancies  

(

V
′′

Ni

)

  in NiO grains and grain boundaries, dis-
solves into the NiO lattice, and forms  Fe2NiO4 spinel. Dif-
fusivity of iron in NiO is higher than the self-diffusivity of 
nickel [40], leading to iron oxide formation.  Fe3O4, a p-type 
oxide, prefers to form first because of its higher stability 
than FeO and  Fe2O3 [41].  Fe2+ diffusion into the  Fe3O4 
causes  Fe2.94O3 and  Fe2O3 formation [42]. Another study in 
literature reports (Fe,Ni)3O4 and  Fe2O3 formation [19]. How-
ever,  Fe2NiO4 is detected by XRD, consistent with another 
study [28]. In parallel, nickel also diffuses inward due to 
chemical potential gradient across the oxide layer. Nickel 
does not diffuse beyond layer 2 since  DCr in NiO > DNi in 
 Cr2O3 [37, 40]. Difference in diffusivity of the cations gen-
erate vacancies, which coalesce into voids. Difference in 
the thermal expansion co-efficient between the com-
pounds also generate pores and voids to accommodate 
thermal stress [42]. For instance, the thermal expansion 
coefficient of  NiFe2O4,  Fe2O3 and  Fe3O4 are, respectively, 
~ 10.8 × 10−6/ °C [43], ~ 12.0 × 10−6/ °C, and 15.0 × 10−6/ °C 
[44].

Fourth, AISI 430 alloy adjacent to the oxide layer is chro-
mium deficient (79.2 ± 1.1 Fe, 14.7 ± 0.4 Cr, 0.5 ± 0.1 Mn, 
0.5 ± 0.2 Ni, 0.2 ± 0.1 P, 0.3 ± 0.2 Si, 4.0 ± 0.3 O).  SiO2 forms 
by internal oxidation due to inward oxygen diffusion and 
chromium deficiency at the AISI 430 alloy.  SiO2 layer acts 
as a barrier for elemental interdiffusion across the AISI 430/
oxide layer interface and prevents further oxidation [42].

3.3.2  R‑electroless

The oxide layer of the R-electroless sample (Fig. 13a) con-
tains grains (31.3 ± 0.0 Fe, 0.5 ± 0.1 Mn, 10.2 ± 1.0 Ni, and 
58.2 ± 1.2 O), and platelets (30.2 ± 2.8 Fe, 0.5 ± 0.1 Mn, 
3.2 ± 0.8 Ni, and 66.1 ± 2.2 O), and bright spot (marked 
with arrow in Fig.  13b) at grain boundaries (26.9 ± 2.3 
Fe, 0.5 ± 0.1 Mn, 6.4 ± 0.9 Ni, and 66.3 ± 2.7 O). Pores are 
observed at the grain boundaries for two plausible rea-
sons.  Cr2O3 at the grain boundaries (bright spots in Fig. 4a) 
in unoxidized R-electoless AISI 430 evaporates as  CrO3 and 
 CrO2(OH)2 species [45], supported by the absence of chro-
mium in EDS spot analysis. Molecular oxygen at the voids/
pores preferes diffusion of cations from the  FeNi3 interme-
tallic towards the grain boundaries to form oxides, forming 

voids at the metal/oxide interface. The voids coalease into 
large pores to reduce surface energy.

Figure 13c, d show the cross-sectional microstructure of 
the oxidized R-electroless sample. Several distinct features 
along with pores and cracks are observed in the ~ 65 µm 
thick oxide layer. Table 3 shows the elemental composi-
tion determined from EDS spot analysis. The sublayers in 
the oxide layer can be described as follows: (i) silicon and 
oxygen-rich sporadic dark spots (marked by gray arrow), 
at the oxide layer/AISI 430 interface (ii) chromium and 
oxygen-rich thin layer 1 (marked by dotted boundary), 
(iii) chromium, iron, and oxygen- rich layer 2, (iii) ~ 8 µm 
thick iron, chromium, nickel and oxygen -rich bright layer 
3, (iv) ~ 12 µm thick layer 4 consisting of phosphorous and 
oxygen -rich gray phases and iron, chromium, nickel and 
oxygen -rich bright phases, (v) ~ 15 µm thick layer 5 con-
sisting of iron, nickel, and oxygen-rich bright phases in an 
iron and oxygen-rich gray phase, (vi) iron and oxygen-rich 
layer 6 of ~ 17 µm thickness, and (vii) an outermost thin 
layer 7 of iron, nickel and oxygen -rich.

Figure 14 shows the elemental concentration profile 
of the oxidized R-electroless samples. The compounds in 
the oxide layer can be assigned by the similar approach 
used for the oxidized electroless sample. Increase in sili-
con and oxygen concentration at the oxide layer/sub-
strate interface suggests that the dark spots are  SiO2. 
Similarly, increase in manganese and chromium suggests 
the presence of manganese doped  Cr2O3 in the layer 1. 
Other possible compounds in the oxide layers are listed 
in the Table 3. Juxtaposition of the EDS elemental maps in 
Fig. 10b compliment the plausible phases identified from 
EDS spot analysis and line scan profile.

Fe2NiO4,  Fe2.67O4, and  Fe2O3 compounds are detected 
from the XRD analysis. The peak positions corresponds 
to the diffracted planes for these compounds overlap in 
the XRD plot. Other compounds such as  Cr2O3,  FeCr2O4, 
(Fe,Cr)1-xO, (Fe,Ni)Cr2O4, (Ni,Fe)O are not detected since 
these compounds are beyond the X-ray penetration limit 
of ~ 25 µm depth into the oxide layer.

There are similarities and distinct differences between 
the oxide layers of the electroless and R-electroless sam-
ples. The sublayers between the AISI 430 and the phos-
phorous containing layer are almost same for both the 
samples. Iron oxide layer is also overserved for both the 
samples. The phosphorous containing layer (layer 4 in 
Fig. 13c) is thicker and more porous for the R-electroless 
sample compared to the electroless sample (layer 5 in 
Fig. 8d).  NixP and  FeCr2O4 phases are likely present as seen 
from the overlapping of nickel and phosphorous maps and 
elemental iron and chromium maps (Fig. 10b).  NiFe2O4 spi-
nel embedded in iron oxide is observed in layer 5 of R-elec-
troless sample unlike a continuous  NiFe2O4 spinel in layer 
6 of electroless sample. In the outermost layer,  NiFe2O4 
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spinel is distributed in  Fe2O3 for the electroless sample 
while an almost continuous spinel layer is observed for 
the R-electroless sample.

The oxidation of R-electroless sample is discussed in 
terms of the oxidation of  FeNi3 intermetallic [46] and  Ni3P 
layer and the plausible steps are shown in a schematic 

Fig. 13  SEM images of the oxidized R-electroless sample: a surface, b higher magnification of surface image, c cross-section, d higher mag-
nification of cross-sectional image. Solid horizontal line in c corresponds to the EDS line scan in Fig. 14

Table 3  Elemental composition (at%), determined by EDS spot analysis, across the oxide layer of the oxidized R-electroless sample

The numbers indicate corresponding spots in Fig. 13c

Elements 1 2 3 4 (gray) 4 (bright) 5 6 7

O 41.0 ± 1.9 39.8 ± 1.3 42.8 ± 0.8 49.3 ± 5.2 45.3 ± 2.1 52.4 ± 0.8 52.5 ± 1.6 58.7 ± 3.4
Si 2.0 ± 0.4 2.7 ± 1.5 1.2 ± 0.1 1.1 1.5 ± 0.4 0.7 0 1.1 ± 0.1
P 0 0 0.9 11.6 ± 5.1 3.3 ± 1.8 0 0 0
Cr 47.6 ± 4.4 29.6 ± 15.0 15.3 ± 2.6 8.8 ± 9.0 18.7 ± 6.4 0.8 ± 0.4 1.9 ± 1.8 0
Mn 1.2 ± 0.2 0 0 0.4 ± 0.2 0.1 ± 0.1 0.3 ± 0.3 0 2.0 ± 0.1
Fe 8.7 ± 4.4 26.9 ± 14.8 24.9 ± 2.4 13.4 ± 1.5 15.6 ± 5.5 36.4 ± 2.9 43.3 ± 1.1 25.8 ± 1.4
Ni 0.5 ± 0.4 1.2 ± 0.6 16.3 ± 0.8 15.7 ± 4.1 16.1 ± 1.1 10.2 ± 2.5 2.3 ± 1.1 13.1 ± 5.1
Possible com-

pounds
Cr2O3 (Fe,Cr)1−xO, 

 FeCr2O4

(Fe,Ni)Cr2O4 NixP, 
 NiCr2O4, 
 FeCr2O4

Fe2NiO4, (Ni, Fe)O Fe2NiO4,  Fe3O4 Fe3O4 Fe2NiO4,  Fe3O4
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diagram in Fig. 15. Fe is also detected in  Ni3P layer.  Fe3O4 
forms first due to its higher thermodynamic stability than 
NiO [41, 42]. However, iron content in  Ni3P layer is not suffi-
cient to form a continuous  Fe3O4 oxide layer.  Ni3P oxidizes 
into  NixP phases and NiO [22]. A mixed NiO and  Fe3O4 layer 
forms accompanied with pores at the  Ni3P and oxide layer 
interface.

Iron from  FeNi3 intermetallic diffuses through  NixP, NiO, 
and  Fe3O4 [16–19], dissolves into these oxides, and forms 

 Fe2NiO4 and  Fe2.67O4. Further diffusion of iron through 
 Fe2NiO4 and  Fe2.67O4 continues to form  Fe2O3.

FeNi3 becomes iron deficient and NiO formation starts. 
NiO forms solid solution with  Fe3O4 and also forms  NiFe2O4 
spinel. Iron and nickel both diffuses through the  Fe3O4 and 
 NiFe2O4 spinel but diffusivity of iron is higher than nickel 
[37]. So, iron oxide  (Fe2.67O4 and/or  Fe2O3) grows outward.

Similar to the electroless sample,  Cr2O3 forms due to 
internal oxidation of AISI 430 by inward oxygen diffusion 
as discussed in the previous section.  FeCr2O4, (Fe,Cr)1-xO, 
(Fe,Ni)Cr2O4, (Ni,Fe)O compounds form by the similar 
mechanisms as discussed for the electroless sample.

The present study is limited to isothermal oxidation of 
the electroless and R-electroless AISI 430 alloys at 800 °C 
for 100 h dwell time. Microstructure and elemental compo-
sitional analysis, supported by literature reports, provides 
substantial information on the oxidation behavior. Further 
investigation is required at varying temperatures and iso-
thermal dwell times for a comprehensive understanding of 
the oxidation kinetics of Ni–P coated AISI 430 alloy.

4  Conclusion

The oxidation behavior of electroless Ni–P coated AISI 430 
and pre-reduced Ni–P coated AISI 430 was investigated 
at 800 °C in moisture-saturated (~ 3%  H2O) air by micro-
structural and compositional analysis. The oxidation rate 
pre-reduced Ni–P coated AISI 430 is lower than electroless 
sample. Ni–P coating crystallization and oxidation initiates 
the oxidation for the electroless sample while  Ni3P and 
 FeNi3 intermetallic compounds initiates the oxidation of 
the pre-reduced sample. Multilayered oxide scale with 
mixed oxide and spinel phases is formed by diffusion con-
trolled oxidation mechanism in both the electroless and 
pre-reduced Ni–P coated AISI 430.
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