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Highlights :

e [n situ NPs significantly improve the oxidation resistance of FeCrB alloys.

e NPs facilitate the formation of a continuous and dense Cr2O3 protective film and
enhance the adhesion of the oxide layers.

e NP assembly on the surface of borides can greatly reduce the growth rate of oxide
layers.

e [n situ NP-induced oxidation control that is firstly proposed may address the

inherent deficiencies of conventional alloying.

Abstract:

In this work, in situ nanoparticles (TiB2 and TiC) can be demonstrated to induce
significant improvement in the oxidation resistance of Fe-12wt.%Cr-3.5wt.%B alloys.
To unravel the roles of nanoparticles in the anti-oxidation of Fe-12wt.%Cr-3.5wt.%B
alloys, samples with various nanoparticle contents were synthesized to investigate
their oxidation resistance. Results show that nanoparticles facilitate the formation of a

continuous and dense Cr>O3 protective film and enhance its adhesion with the matrix.



Furthermore, the nanoparticle assembly on the surface of borides can inhibit the
inward diffusion of oxygen ions and the outward diffusion of cations, thereby

effectively controlling the growth of oxide scales.

Key words: High temperature oxidation; /n situ nanoparticle; oxide scale; TEM;
FeCrB alloys.

1. Introduction

In the past few decades, many efforts have been made to improve the high-
temperature corrosion-wear behaviors of metal materials in metal liquids during the
liquid metal forming !4, It is well documented that Fe-B alloys have a favorable
corrosion-wear resistance thanks to a large quantity of stable and continuous borides
formed in the matrix 5?1, Nevertheless, borides tend to be oxidized to form B,Os
with a low melting point of 450 °C at high temperature 3], and B,Os has a strong
hygroscopicity to form volatile HBO; by the formation of B-O-H bonds with H>O in
air %131 In this case, the volatilization of B,O3 may give rise to some pores in the
matrix 16181 which are considered as the fast channels for the diffusion of oxygen
ions into the matrix, thus leading to a poor oxidation resistance of Fe-B alloys.

Although conventional alloying treatment is usually deemed as a simple and
effective route for inhibiting the oxidation degradation of alloys. Several problems
still remain in the alloying treatment. Firstly, it is well-established that the addition of
Cr or Al can improve the oxidation resistance. The formed Cr203 and Al>O3 are
usually regarded as the optimal protective oxides because the diffusion through them
is relatively slow in comparison with most other oxides 1%, However, the formation
of dense and continuous Cr203 or Al,O3 scale on the surface demands high
concentration of Cr or Al, respectively 1?23l The excessive Cr addition would
adversely affect the size and morphology of borides, e.g. the formation of coarse lath-
like primary borides, compromising the corrosion resistance and mechanical
properties of Fe-B alloys **%), Similarly, with excessive Al addition, the brittle and
unstable Fe-Al intermetallic compounds (IMCs) would be formed in the matrix,
which tend to be corroded by the liquid aluminum ], and their exfoliation and
dissolution eventually lead to the degradation of Fe-B alloys. Furthermore, the

exposure environmental changes or stresses accompanying scale growth can give rise

to the loss of adhesion and even spallation of oxides [*”. Even though investigations



[21.28-34] have shown that the addition of rare earth elements especially their

corresponding stable oxides can cause a marked improvement in the adhesion of
oxide scale, two key problems will emerge when it comes to rare earth elements and
their oxides. One is that these incorporated rare earth oxide particles are inclined to
agglomerate in the melt, thus impairing the “rare earth effect” %, The other is that
rare earth resources are extremely scarce and relatively expensive *°), thus limiting
their large-scale application in steel production. Hence, it is crucial to devise an
alternative strategy or approach to break through the intrinsic deficiencies of
conventional alloying treatment.

(37441 have demonstrated that the incorporation of

Nowadays, a number of studies
ceramic particles with high strength, hardness, thermal and chemical stability are
capable of imparting the enhanced oxidation resistance to alloys. It is reported that the
introduction of TiC particles can significantly improve the oxidation resistance of 304

[39,41,43

stainless steels 1. During oxidation, TiO; particles oxidized from TiC particles

on the surface of the alloy can promote the formation of Cr>O3 oxide scale while
improving their adhesion with the matrix via the preformed TiO, pegging effect [*341],
Nevertheless, the sizes of the added TiC particles in these studies are usually
micrometer-scale, and few studies give attention to the influences of nanometer-scale
particles on the oxidation resistance of alloys. Additionally, even though the
improvement of surface oxide scale can be obtained upon addition of these
microparticles (MPs), they usually show little or no contribution to the internal
oxidation control of the matrix, especially for the alloys containing the intermetallics
that are readily oxidized, e.g. the borides in FeCrB alloys. Consequently, the addition
of MPs may fail to suppress the internal oxidation of borides in FeCrB alloys.

Until recently, Lee et al. *° found that the stainless steels with finer TiC particle (1
um) addition enjoys a better oxidation resistance than that with the size of 3 um when
investigating the effect of TiC particle size on the oxidation reistance of 304 stainless
steel. Thereby, it could be expected that nanoparticles (NPs) might act as a more
promising candidate than MPs. Moreover, according to our previous studies 4461,
the Ti element added to FeCrB alloys would react with B and C elements to form in
situ TiB2 and TiC NPs. Driven by a reduction in interfacial energy, these in situ NPs
would assemble onto the surface of the boride to form a NP-layer, impeding the
inward diffusion of oxygen ions and the outward diffusion of cations. Therefore, in
situ NP-induced oxidation control may provide a potential avenue for improving the

oxidation resistance of alloys and overcome the intrinsic limitations of conventional
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alloying treatment.

In this work, the in situ NP-induced oxidation control is firstly employed to FeCrB
alloys, which is expected to significantly improve their oxidation resistance. To
unravel the roles of NPs (TiB> and TiC) in anti-oxidation behavior of FeCrB alloys,
samples with various NP contents were synthesized to investigate their oxidation
resistance in air at 750 °C for up to 200 h. Combined with the analysis of
microstructure and thermodynamics as well as oxidation kinetics of the oxide scales
formed on the alloy surface, the NP-induced anti-oxidation mechanisms are firstly
proposed to further elucidate the oxide behavior of FeCrB alloys at elevated
temperature, which may shed new light on the development of materials with

excellent high temperature oxidation resistance.

2. Materials and methods

The Fe-Cr-B-(Ti) alloys were fabricated by a medium frequency induction furnace
and cast as ingots with the dimension of 200x150x20 mm?. The nominal chemical
compositions (wt.%) of prepared Fe-Cr-B-(Ti) alloys named as JDF alloys were
measured by inductively couple plasma atomic emission spectroscopy (ICP-AES) and
presented in Table 1. Samples with the dimension of 5x5x6 mm? for isothermal
oxidation tests were cut from the ingots with wire electrode cutting machine. Each
surface was ground with SiC water-abrasive papers to remove surface oxidation skin
and machining marks, ultrasonically cleaned with ethanol and dried. All the samples
were placed in a roasted crucible (dried at 800 °C) in order to avoid weight loss due to
exfoliation. High-temperature oxidation tests were conducted in air at 750 °C for 0-
200 h, followed by air cooling. A box-type muffle furnace was adopted to perform the
oxidation tests. The weight change of samples was weighed before and after the
oxidation tests using an analytical balance with an accuracy of 0.01mg in order to
investigate the oxidation kinetics. To minimize the experimental errors, three groups

of parallel experiments were performed simultaneously.

The as-cast microstructure and the surface morphologies of oxidized samples were
observed by scanning electron microscopy (SEM; JEOL JSM-7800F Prime). The
oxide scales for 200 h were identified with X-ray diffraction (XRD; Smart Lab,

Japan) using Cu Kal radiation (A-0.15418 nm) with a scanning mode of 20 of 20-90°
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and a step size of 0.2° and 1 s in each step. X-ray photoelectron spectroscopy (XPS)

was employed using a Kratos Axis UltraP'P

spectrometer with a monochromatic Al
Ka excitation (1486.6 ¢V) to measure the composition of the oxide scale formed at
initial stage. Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS IV, ION-
TOF GmbH, Miinster, Germany) in dual beam mode was conducted to clarify the
oxide distribution at different depths of the oxidation layer. Elemental distribution and
phases identification in different regions on the cross-section of oxide scale was
characterized using the scanning electron microscopy (SEM; MIRA3, Czech)
equipped with the energy dispersive spectroscope (EDS; Aztec X-MaxN80) and
electron backscattered diffraction (EBSD; Aztec Nordlys Max3), and scanning
transmission electron microscopy (STEM, FEI Talos F200X G2) with EDS (FEI
SuperX G2). High-resolution transmission electron microscope (HRTEM) analysis for
the oxide scale was examined by the FEI Talos F200X microscope, operated at 200
kV acceleration voltage. TEM foils for observation of the oxide scales were fabricated
with a focused ion beam (FIB; GAIA3). The elastic modulus, E of the oxide layer on
the surface of JDF1 and JDF3 alloys were evaluated using Agilent Nano Indenter
G200 at a constant load rate of 200 uN/s up to a pre-set peak value 500 mN with the
Berkovich diamond indenter. Each test result is an average of five readings.

To gain microscopic insights into the atomic structure of the interface, the first-
principles calculations based on Density Functional Theory (DFT) were performed
using the Cambridge Serial Total Energy Package (CASTEP) module with the
ultrasoft pseudo-potential 7], The exchange-correlation functional at the generalized
gradient approximation (GGA) level was described using the Perdew-Burke-
Ernzerhof for solids (PBEsol) functional, which greatly improves the accuracy of PBE

(48491 The Kohn-Sham wave functions

for equilibrium properties such as bond length
of the valence electrons were described by a plane-wave basis set with an energy cut-
off of 400 eV. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme was chosen as
the minimization algorithm in the geometric optimization process [*°!. The
Monkhorst-Pack scheme K-points grid sampling was set as 3x1x1 for the irreducible

Brillouin zone.

3. Results
3.1. Microstructure analysis of JDF alloys
JDF alloys are novel high-boron steel developed on the basis of FeCrB alloys,

which exhibit excellent resistance to liquid aluminum corrosion and favourable
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mechanical properties. Previous studies 43 indicated that the microstructure of JDF1
alloy is composed of M2B-type borides (M=Fe or Cr), ferrite and carbides. From Figs.
la-c, it is evident that the primary borides (Cr-rich Fe;B) are significantly refined with
increasing Ti content, and their morphological transformation from platelet-like to
block-like occurs. Besides, Ti addition can give rise to the modification of eutectic
borides (Cr-rich Fe;B) from coarse needle-like to fine rod-like. The magnified view of
the fine and dispersed eutectic borides in JDF3 alloy is presented in Fig. le.
Furthermore, it is worth noting that the volume fraction of the in situ formed ceramic
particles (TiB2 and TiC [>*) is increased with the Ti addition level. Apart from
micron-scale ceramic particles as shown in Figs. 1b-d, a large number of nano-scale
ceramic particles are also distributed homogeneously in the matrix, whose size and
morphology are shown in Fig. 1f. Combined with HRTEM analysis in Fig. 1g, they
are identified as TiB» nanoparticles (Space group: P6/mmm, a=0.303 nm, ¢=0.323
nm). When the Ti addition is raised up to 2.1 wt.%, the coarsening of primary borides
occurs with platelet-like primary borides prevailing in the matrix. Besides, the
agglomeration of some particles occurs as illustrated in Fig. 1d. By comparison, JDF3
alloy has the finest and most homogeneous microstructure, as well as the highest

number density of borides in the matrix 341,

Eutectic \

Cr-rich boride Primary Cr-rich
boride

100 pm

e

Agglomerates

(9)
d(1700y=0.2631 nm

Fig. 1. Microstructures of JDF alloy: (a) JDF1 alloy; (b) JDF2 alloy; (c) JDF3 alloy; (d) JDF4
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alloy; (e) Refined eutectic Cr-rich Fe,B in JDF3 alloy; (f) NPs dispersed in matrix; (g) HRTEM
image of a single TiB; nanoparticle.
3.2. Isothermal oxidation kinetics

The curves of oxidation kinetics of JDF alloys in air at 750 °C are plotted in Fig. 2a,
in which the weight gain per unit area AW/A is the function of oxidation time .
Compared with JDF1 alloy, a pronounced improvement in oxidation resistance was
achieved by JDF3 alloy. To analyze the oxidation kinetics of JDF alloys, the obtained

experimental data was fitted by

I 1)

where AW is the weight gain (g), 4 is the surface area of the samples (m?), n is an
oxidation exponent (n = 1, linear relationship; n = 2, parabolic relationship), &, is the
rate constant of power function (g%/m?"), and ¢ is the oxidation time (h). The fitted
curves were plotted in Fig. 2a, and the n values corresponding to various JDF alloys
were obtained and shown in Fig. 2b. The oxidation behavior of JDF alloys obeyed a
parabolic growth kinetics (# = 2) from 0 to 200 h. Studies B!3!! show that the larger
the value of n, the higher the compactness of the oxide scale. Hence, the oxide scale
of JDF3 alloy can be deemed as the most complete and compact one in comparison
with other JDF alloys. The oxidation kinetics of JDF alloys was further analyzed by
the (weight gain per unit area)" as function of oxidation time in Figs. 2c-f. The values
of the slope £, that is an indicator of the oxidation rate can be determined by linear
fitting. The fitting results reveal that the oxidation constant of JDF3 is 0.114 g?m*h!
much smaller than that of JDF1. Thus, it can be speculated that the enhanced high
temperature oxidation resistance of JDF alloys appears to be attributable mainly to the

in situ formed ceramic particles.
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Fig. 2. (a) Oxidation kinetics of JDF alloys at 750 °C in air up to 200 h; (b) Oxidation exponent of
JDF alloys; (c) JDF1 alloy; (d) JDF2 alloy; (e) JDF3 alloy; (f) JDF4 alloy.

3.3 Microstructure analysis of the oxide scale

The surface morphologies of the oxide scales of JDF1 and JDF3 alloys after
oxidation in air at 750 °C for 2 h, 40 h and 200 h are shown in Fig. 3. At an initial
stage of oxidation (2 h), a continuous oxide scale is formed rapidly on the surface of
JDF1 alloy (Fig. 3a). The inset of Fig. 3a indicates that the oxide scale has a loose and
porous structure with straw-like oxides embedded in it. Based on the EDS results, the
oxide scale and straw-like oxides are enriched by Fe, O and a small amount of Cr.
Combined with the XPS surveys and high-resolution spectra of the oxide surface
(Figs. 4a), it can be inferred that the oxide scale consists of a mixture of Fe3Oq,
FeCr204 and Cr20s and the straw-like oxides may be Fe>O;3 122, Unlike the JDF1
alloy, numerous oxide particles with pebble-like or spherical morphology are
dispersed on the surface of JDF3 alloy as marked by the yellow arrows in Fig. 3b.
According to the EDS analysis in Table 2 and the XPS surveys in Figs. 4b, the pebble-
like and spherical oxides are likely to be SiO; and TiO-, respectively. In addition,
Cr20:5 scale 1s also found on the surface of the matrix and borides. After 40 h
oxidation, several straw-like oxide nodules are formed on the surface of JDF1 alloy
and some cracks can be also observed in the oxide scale as depicted in Fig. 3c. In
stark contrast, the oxide scale of JDF3 alloy in Fig. 3d is still continuous and dense,
and no pores or micro-cracks can be detected. When the oxidation time reaches up to

200 h, a large number of spalling zones, cracks and pores are formed on the surface of
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JDF1, providing fast channels for the diffusion of oxygen ions and thus promoting the
oxidation of JDF1 alloy. The analysis of EDS and XRD implies that the inner oxide at
the spalling zone is composed of Fe;O4 (Space group: Fd3m, a=0.8396 nm) while the
surface straw-like oxide node is composed of Fe,Os3 (Space group: R3¢, a=0.5036 nm,
c=1.3749 nm). On the contrary, the oxide layer containing fine and compact Cr,03
(Space group: R3¢, a=0.4959 nm, c=1.3594 nm) particles is formed on the surface of
JDF3 alloy. The continuous and compact Cr>O3 oxide film could effectively inhibit
the diffusion of oxygen ions into the matrix, leading to the enhanced oxidation

resistance of JDF3 alloy.

= Pebble-like
5o @, oxide
; £ :

Fig. 3. Surface morphology of the JDF1 and JDF3 alloys oxidized in air at 750 °C: (a) 2 h, (c) 40
h, and (e) 200 h for JDF1 alloy; (b) 2 h, (d) 40 h, and (f) 200 h for JDF3 alloy.
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Fig. 4. (a) and (b) XPS core level spectra recorded for the oxidation scale formed at the surface of
JDF1 and JDF3 alloy oxidized at 750 °C for 2 h, respectively; (c) and (d) XRD spectra of oxide
scales in JDF1 and JDF3 alloy oxidized at 750 °C for 200 h, respectively.

In order to clarify the oxide scale structure, the cross-sectional morphology and
corresponding EDS element mappings combined with EBSD analysis of JDF alloys
are shown in Figs. 5 and 6. After exposed in air at 750 °C for 200 h, the formation of
a bi-layered oxide scale with a porous structure occurs on the surface of JDF1 alloy
(Fig. 5a). EDS mappings in Figs. 5b-g reveal that the outer oxide layer is rich in Fe
and O other than a trace of Cr and Si. Combined with the XRD analysis, it is found
that the outer oxide layer is a mixing layer primarily containing the loose Fe3O4 and
(Fe,Cr)20:s. For the inner oxide layer, it can be observed that the Fe element gradually
decreases while the Cr element increases from outside to inside. Some Si-rich oxides

are distributed in the oxide layer. According to XRD and EDS mapping results, the

10



inner oxide layer is also a mixing oxide layer composed dominantly of Cr>O3, but also
minor SiO; distributed in between them. As illustrated in Figs. Sh-k, the mixing oxide
scale can be clearly divided into the outer coarse-grained layer and the inner fine-
grained layer. Additionally, it is apparent from the element mappings of Si and B that
a thin oxide layer rich in Si and B is formed at the interface between the matrix and
the inner oxide layer. Lv et al. ['®) suggested that it may be the B,03-SiOx borosilicate
that is capable of inhibiting the diffusion of oxygen ions into matrix to some extent.
Yet, the formed borosilicate layer is not dense sufficiently with many pores and cracks
existing in the layer as shown in Fig. 5a. Moreover, the newly-formed Cr2O; oxides at
later stage of oxidation would generate growth stress in the inner oxide layer, which
could not be totally released by the outer coarse-grained layer, thus leading to the
formation of cracks. As a consequence, the formation of pores and cracks in the oxide
scale would result in the abysmal adhesion of the oxide scale to the matrix and

therefore the deterioration of the oxidation resistance of JDF1 alloy.

(a)

Fig. 5. Cross-sectional morphology of JDF1 alloy after 200 h of oxidation at 750 °C: (a) SEM
micrograph; (b-g) Fe, Cr, B, Si, C and O elemental maps of surface oxide scale; (h) Pattern quality

image; (i-k) IPF images of the surface oxide.

Compared with JDF1 alloy, the thickness of the oxide scale of JDF3 alloy is much
smaller. To analyze the structure of oxide scales, TEM samples were prepared by FIB
from the regions where the a-Fe matrix, primary borides and their corresponding

oxide scales are distributed as shown in Fig. S2. Fig. 6a shows the bright field STEM
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image of the oxide scale on the surface of a-Fe matrix (Region 1 in Fig. S2) after 200
h oxidation at 750 °C and the corresponding STEM-EDS elemental mappings. In
general, the distribution of elements in the oxide scale is non-uniform as seen from
Figs. 6al-a6. Combined with the EDS line analysis results in Fig. 6¢, the oxide scale
can be divided into three sub-layers, i.e. the inner layer [, the intermediate layer [
and the outer layer []. Layer I and III are composed of Cr-rich oxides while layer II
consists of Fe-rich oxides. Si- and Ti-rich oxides (corresponding to SiO> and TiO»
according to XRD and XPS analysis) dispersed throughout the oxide scale are
scattered and discontinuous. It is noteworthy that the Cr-rich oxide grains of the inner
layer have an ultrafine equiaxial structure, whose average size is much smaller than
that of the outer layer. In addition, compared with JDF1 alloy, the oxide layer of JDF3
alloy is more compact and the oxide grains especially in the inner oxide layer are
more refined, which effectively enhances the plasticity of oxide scale. Moreover,
according to the results of TEM and STEM-EDS mappings in Figs. 6a, some areas
marked by yellow arrows, where are void and contain no element, can be observed in
the oxide scale. Ju et al. ¥ believed that these cavities are beneficial to release the

stress generated during the growth of oxides.
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Fig. 6. JDF3 alloy after oxidation at 750 °C for 200 h: (a) Bright-field STEM image taken at the
interface between the oxide scale and the matrix (corresponding to the Region 1 of Fig. S2); (al)-
(a6) STEM-EDS elemental mappings of Fe, Cr, O, Si, B, Ti, respectively; (b) Bright-field STEM
image taken at the interface between the oxide scale and the boride (corresponding to the Region 2
of Fig. S2); (b1)-(b6) STEM-EDS elemental mappings of Fe, Cr, O, Si, B, Ti, respectively; (c)
EDS line analysis results of the white line in Fig. 6a; (d) EDS line analysis results of the white line
in Fig. 6b.

As shown in Fig. 6b, the oxidation degree of primary borides is higher than that of
the matrix, and the thickness of oxide scale reaches 2.5 um, which is 2 times than that
of the oxide scale on the matrix. Based on the EDS mapping (Figs. 6b1-b6) and the

EDS line analysis in Fig. 6d, the oxide scale on the surface of primary boride (Region
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2 in Fig. S2) can be divided into two sub-layers, i.e. the inner Cr-rich layer I and the
outer Cr-rich layer II. Similar to the oxide scale on the a-Fe matrix, Si-rich oxides are
dispersed across the scale. However, continuous Si-rich oxide layers are formed at the
inner oxide layer/outer oxide layer interface and the matrix/inner oxide layer
interface. Intriguingly, the Si-rich oxide layer at the matrix/inner oxide layer interface
coincides nicely with the distribution of B element, implying the formation of the
B20s-Si0; borosilicate layer. Different from the B2O3-SiO2 borosilicate layer formed
in JDF1 alloy, the one in JDF3 alloy is quite dense and continuous and able to more
effectively inhibit the diffusion of oxygen ions into the primary boride. Additionally,
the inner oxide layer containing Cr and Si-rich oxides is also complete and compact,
offering a strong protective effect on the oxidation of primary borides in spite of their
tendency to be oxidized.

To clarify the crystal structures and orientation relationships of oxides, HRTEM
examination of the oxide layer was conducted in Fig. 7. Fig. 7a is the magnified TEM
image corresponding to the red box area A in Fig. 6a. The Point 1 in the inner oxide
layer, the Points 2-4 in the intermediate oxide layer and the Point 5 in the outer oxide
layer were analyzed by HRTEM (Figs. 7b-f). The results demonstrate that the oxides
corresponding to Points 1 to 5 are Cr»O3 (Space group: R3¢, a=0.4959 nm, c=1.3594
nm), (Fe,Cr)03 (Space group: R3c, a=0.4997 nm, ¢c=1.3621 nm), FeCr,O4 (Space
group: Fd3m, a=0.8379 nm), Fe>O3 (Space group: R3¢, a=0.5036 nm, c=1.3749 nm)
and Cr,03, respectively. It has been demonstrated that the inner and outer oxide layers
are both composed of Cr.O3 while the intermediate oxide layer mainly contains
Fe»03, (Fe,Cr)203 and FeCr204. Actually, there are also SiO; and TiO: oxide particles
distributed throughout the oxide scale as shown in Fig. 6. Researchers 223839411
speculated that SiO» or TiO; particles might act as nucleation sites to promote the
formation and growth of Cr20s. To verify it, the interfaces between SiO2/TiO2 and
surrounding Cr>O3 that correspond to Zone a and b in Fig. 7a respectively were
investigated by HRTEM analysis (Figs. 7g-1). Fig. 7g is the HRTEM image taken

along the [10559] zone axis of Cr,0s. The concentric diffraction halo in Fig. 7g
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indicates that the SiO; has an amorphous structure. It is evident that no
crystallographic orientation relationship exists between SiO2 and Cr203 and thus SiO;
may not act as the heterogeneous nucleation site for Cr,Os. Furthermore, the HRTEM
image of the interface between TiOz and Cr20s is given in Fig. 7h, in which a
coherent and taintless interface can be observed. Combined with the FFT analysis of
the interface in Fig. 7h, two parallel orientation relationships between TiO2 and Cr,03
can be obtained as (020)tio2//(1120)cr203, [102]1i02//[2201]cr203; (211)1102//(2116)cr203,
[102]1i02//[2201]cr203. The atomically smooth and coherent interface indicates that
TiO; particles may become the potential nucleation sites for Cr20O3 oxides to promote

their heterogeneous nucleation.
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B=[0001]

— I
e ——

a0 =0/ 3247

1012) < (0112)

B=[2201]

B=[10559

1T
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Fig. 7. (a) BF-TEM image of Area A in Fig. 6a; (b)-(f) HRTEM images corresponding to Points 1
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to 5 in Fig. 7a, respectively; (g) and (i) HRTEM images corresponding to interface a and b in Fig.
7a, respectively; (i) FFT analysis of the interface between TiO» and Cr2O3; All the insets in Figs.

7b-g are the corresponding FFT analysis.

According to STEM-EDS results in Figs. 6b1-6, the outer oxide layer in Fig. 6b is a
Cr-rich oxide layer containing some Si-rich oxide particles. Fig. 8a is the TEM image
of the outer oxide layer (Area B in Fig. 6b) in which many fine oxide particles are
distributed. Fig. 8b highlights the interfacial structure between the fine oxide particle
and the Cr-rich oxide. Based on the crystallographic information provided in Figs.
8b1-2, they are likely to be TiO2 and Cr20s. It is also observed that a semi-coherent
interface is formed between them and a pair of parallel orientation relationship (OR)
can be attained as (110)1i02//(0110)cr203. The TEM image of the inner oxide layer
(Area C in Fig. 6b) is also given in Fig. 8c. It can be seen that the size of oxide grains
in the inner layer is much larger than that in the outer layer, and few fine oxide
particles like TiO is embedded in this layer. Fig. 8d displays the HRTEM analysis of
the (Si,B)-rich oxide. The concentric diffraction halo indicates that the (Si,B)-rich
oxide in inner oxide layer is an amorphous B203-SiO; glass. Fig. 8e is the HRTEM
analysis of Point 7 in Fig. 8c. Results further confirm that the inner oxide layer is

mainly composed of Cr20:s.
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Fig. 8. (a) BF-TEM image of Area B in Fig. 6a; (b) HRTEM image corresponding to interface ¢ in

Fig. 8a; (b-1) IFFT of Cr203 in Fig. 8b; (b-2) IFFT of TiO; in Fig. 8b; (¢) BF-TEM image of Area
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C in Fig. 6a; (d) HRTEM image corresponding to Point 6 in Fig. 8c, the inset is the corresponding
FFT image of Fig. 8d; (¢) HRTEM image corresponding to Point 7 in Fig. 8c, and the inset is the
corresponding FFT image of Fig. 8e.

As shown in Fig. 6¢, the oxide contents vary wildly along the direction
perpendicular to the surface from outside to inside. The EDS line analysis suggests
that three separate oxide layers can be determined based on the depths from the
surface to the matrix, i.e. the outer layer (0-300 nm), the intermediate layer (300-700
nm) and the inner layer (700-1100 nm). Given the information provided by 2D
micrographs may not be used to evaluate the 3D spatial distribution of oxides, TOF-
SIMS 3D chemical analysis is performed to visualize the spatial distribution of phases
in oxide layers. As indicated in Fig. 9, TOF-SIMS 3D chemical maps of CrO", FeOr,
SiO", TiO™ and BO™ secondary ions are shown in the depths ranging from the outer
layer (90-110 nm) to the intermediate layer (390-410 nm) to the inner layer (790-810
nm). The results manifest a significant discrepancy in the oxide contents and
distribution for the JDF3 alloy in different depths. For the outer layer with 90-110 nm
depth, a strong yellow signal of CrO™ can be detected. Thus, a large amount of CrO" is
uniformly distributed in the outer layer. Other oxides including SiO", TiO™ and BO"
can also be observed in the outer layer, showing an inhomogeneous lateral
distribution. For the intermediate layer with 390-410 nm depth, CrO™ and FeO™ are
distributed homogeneously, while S10°, TiO™ and BO™ are segregated locally.
Compared with CrO", FeO™ exhibits a stronger enrichment in the intermediate layer.
Similarly to the outer layer, the enrichment of CrO™ and segregation of SiO", TiO™ and
BO also occur in the inner layer with 790-810 depth. The TOF-SIMS 3D chemical
analysis further confirms that the compositions of oxide layers are not homogeneous:
the outer and inner oxide layers are mainly composed of Cr-rich oxides, and the
intermediate oxide layer mainly contains Fe-rich oxides, which is consistent with the
STEM results. For a systematic overview of the characteristics of different oxide
layers, 3D renderings of CrO" in outer layer, FeO™ in intermediate layer and CrO™ in
inner layer are presented in Fig. 9. Combined with the STEM analysis, the oxide layer
can be divided specifically into the outer fine-grained Cr-rich oxide layer,
intermediate fine-grained Fe-rich oxide layer and inner ultrafine-grained Cr-rich oxide

layer.
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Field of view: 100 x 100 um2 [l Colour scale, Each image is normalized to the brightest pixel

Depth (nm) CrOyp FeO,p SiO,p TiOyp BO,p
90-110
390-410
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3D :LZO nm E l20 nm J:ZO nm
CrOgsp FeO,p CrO4p

Fig. 9. TOF-SIMS negative ion images of CrO-, FeO-, SiO, TiO™ and BO" recorded for the surface
of JDF3 alloy at different depths.

4. Discussion
4.1. Thermodynamics and kinetics analysis of oxidation

At the initial stage of oxidation, the formation probability of oxides can be analyzed
via the affinity to oxygen. The change of Gibbs free energy (AG) and the equilibrium
partial pressures of oxygen (P,) during the formation of reaction products can be
calculated by HSC Chemistry 6.0 and listed in Table 3. All values of AG for reactions
are found to be negative at 750 °C and the equilibrium partial pressures of oxides are
lower than the actual oxygen partial pressure in the furnace, providing rationale to
understand their formation. It is well-documented that the more negative the AG value
and the lower the Py, value, the more readily the oxide is formed. Hence, the alloying
elements are preferentially oxidized following the sequence: Ti > Si > B > Cr > Fe.
Note that the oxidation of multicomponent alloys is not only affected by
thermodynamics but also by growth kinetics °?1. As shown in Fig. 2a, all IDF alloys
basically obey a parabolic law. It can be inferred that the diffusion process is the rate-
limiting step for the growth of oxide layer as the parabolic law is derived from Fick's

first law of diffusion. Therefore, the relationship between the diffusion coefticient D
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and the temperature T can be given by

D=D,-exp (1_?—(;_) (2)

where Dy is the vibration frequency factor (m?/s), Q is the diffusion activation energy
(kJ/mol), R is the gas constant of 8.314 (J/(mol-K)), and T is the oxidation
temperature (K). From Table 4, it can be found that the diffusion coefficient of B
element in the matrix is four orders of magnitude higher than that of other elements.
Although the diffusion coefficients of Fe, Cr, Si, and Ti are of the same order of
magnitude, the diffusion coefficient of Si is 4 times higher than that of Cr, 5 times
higher than that of Fe and 8 times higher than that of Ti. In principle, the growth of
oxides is controlled by the outward diffusion of cations and inward diffusion of
anions. In this case, Py, , oxidation temperature, and chemical composition are the
three critical factors affecting the growth of oxide layer 3. In this work, ceramic
particles (TiB2 and TiC) with various contents are in situ formed in the matrix of JDF
alloys by tuning the addition level of Ti element. These titaniferous ceramic particles
would have a significant effect on the diffusion behavior of alloying elements, the

formation of oxide layers and the oxidation behavior of JDF alloys.

4.2. In situ nanoparticle-induced anti-oxidation of FeCrB alloys
4.2.1. Heterogeneous nucleation of Cr.0O3 oxide

Titaniferous ceramic particles in JDF3 alloy, especially the nanoscale TiB; and TiC,
are preferentially oxidized to form fine TiO» particles at high temperatures thanks to
the low Gibbs free energy (Table 3). Chen et al. [ and Wu et al. 1*! speculated that
the oxidized TiOz particles can act as nucleation sites for Cr20s to promote their
heterogeneous nucleation and thus facilitate the establishment of Cr20; film, although
no strong evidence was provided to confirm their arguments. In this work, Cr,O3 is
directly observed to form three coherent interfaces with TiOz as shown in Fig. 7h and

(58] the disregistries of three interfaces

8b. According to the lattice mismatch theory
are calculated and listed in Table 5. Theoretically, if the lattice mismatch is less than
6.0%, it can be considered as the effective heterogeneous nucleant. The calculated
results show that Cr,O3 may nucleate heterogeneously on the (110), (020) and (211)
planes of TiO».

To better understand the nature of the interfaces between Cr.O3 and TiOz, a DFT

theoretical analysis has been conducted based on the interface structure, the interfacial
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bonding energy and the work of adhesion. The coherent orientation relationships
between TiO2 and Cr20;3 are listed in Table 5, including (211)1i02//(2116)cr203,
(020)1i02//(1120)cr203 and (110)1io2//(0110)cr203 interfaces, in which the coherent

planes are matched across the interface.

(020)ri0; /1 (1120)c203

°Cr

@ o
D Ti

(11002 // (0110)cr205

Fig. 10. Interface structure of TiO; and Cr203

The interfacial energy is an important measure of interfacial stability, which can be

defined as
Eaq=Ecr,04mi10,(Ecr,05 T ETi0,) (3)

where Fa.q 1s the interfacial energy, Ecr2o3 and ETioz are the total energy of the relaxed,
isolated Cr203 and TiO: slabs in the same supercell when one of the slabs is kept and
the other one is replaced by vacuum, respectively, and Ecr03/ Tio2 1s the total energy of
the Cr203/TiO: interface system. Generally, the lower the interfacial energy, the more
stable the interface structure. In this work, the interfacial energies of the three
interfaces are all negative as shown in Table 5. Among them, the interface between
(211)1i02 and (2116)cr03 planes has the minimum interfacial energy and is the most

stable.
The ideal work of adhesion (Waq), which is defined as the reversible work required

to separate the interface into two free surfaces, is commonly utilized to describe the
interfacial adhesion strength [°°1. It can be determined by the difference in total energy

between the interface and its isolated slabs:
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Wad = (ECI‘203 +ETi02 -ECI‘203/Ti02 )/S

4)

where S is the interface area. By this definition, a stronger interface would have a
more positive work of adhesion value. Table 5 shows the calculated Waq for the three
interface structures, and all the values are positive. By comparison, the
(211)1i02//(2116)cr203 interface has the strongest interfacial adhesion.

In our calculation results, the (211)r1i02//(2116)cr203 interface has the lowest
interfacial energy of -33.27 eV and the largest work of adhesion of 4.48 J/m?, meaning
that TiO> theoretically possesses the high nucleation potency for the heterogeneous
nucleation of Cr203. Therefore, it can be concluded that Cr20s is likely to

preferentially nucleate and grow on the (211) plane of TiO; to form a dense and

continuous Cr;Os3 film.

4.2.2. Threshold content of Cr for a dense and continuous Cr,03 film

For Fe-Cr alloys, if a dense and continuous Cr203 protective film can be formed on
the surface, the critical Cr content should reach at least 20 wt.% [?!l. Zhang et al. %]
argued that as the third main element in Fe-Cr alloys, Si has a large affinity with
oxygen, whose oxidation could reduce the critical Cr content required for the
formation of a dense and continuous Cr20O3 film to some degrees. However, as shown
in Fig. 5, the addition of nearly 2.0 wt.% of Si could not produce a continuous Cr>O3
protective film on the surface of JDF1 alloy during high temperature oxidation. To

quantitatively predict the critical Cr content for a protective Cr20; film on JDF alloys,

the Wagner’s theory [ is used in this work, which is given by
1
_ (2™ Vi No Do \?
Ner= ( 2 Vox Der ) )

where gox is the oxide volume fraction and generally approximated as 0.3 16! v is the

stoichiometric coefficient of CrO, and v=1.5 for CrO; s, the molar volumes of oxide

Vox and matrix Vi are 14.6 and 7.3 cm®/mol, respectively, N(OS ) is the oxygen solubility

(mole fraction) in a-Fe in equilibrium with the oxygen activity at the interface
between oxide and matrix, which is taken to be 1.85x107 I*71 and Do and Dc; are the
diffusion coefficients of oxygen and chromium in a-Fe, respectively, which are listed
in Table 4. The NOCr of JDF alloys is calculated to be 0.163 (16.3 at.%), while the Cr
contents in JDF alloys is about 10.9 at.%. It indicates that the actual Cr contents in

JDF alloys may not theoretically lead to the formation of a continuous Cr,O3 film,
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which is inconsistent with the observation of JDF3 in Figs. 3b, d and f.

On the other hand, in addition to the sufficient Cr content to form a protective
Cr203 film, the continuous supply of Cr is also necessary to maintain the growth of
Cr203 film through the Cr diffusion from the matrix to the oxide/matrix interface. In

this case, the critical Cr content can be determined by [¢I;

Vin , Tk 1
Ner=3,, GO (6)
AM n
= %

where p is the density of the oxide, & is the oxidation rate constant, which can be
obtained by the Eq. (7) and listed in Table 6. The calculation results in Table 6 reveal
that JDF1 alloy has the maximum Nc; value of 0.33 while JDF3 alloy has the
minimum value of 0.025. The significant reduction of Nc; in JDF3 alloy may be
attributed to the presence of in situ formed ceramic particles in the matrix. On the one
hand, as mentioned in 4.2.1, the TiO, particles formed via the oxidation of titaniferous
ceramic particles would promote the nucleation and growth of Cr203; on the other
hand, NP-induced growth restriction could lead to the refinement of borides,
increasing the number density of borides in the matrix *** and thus facilitating the
establishment of a dense and continuous Cr20s film. Therefore, compared with JDF1
alloy, a lower critical Cr content is required for JDF3 alloy in spite of almost the same
Cr contents in both alloys. In this work, the D¢, used to determine Nc of JDF2-4
alloys is assumed to be the same as that of JDF1 alloy due to the lack of data on D¢r in
JDF alloys with various particle contents. Admittedly, the in situ formed ceramic
particles could retard the outward diffusion of Cr, leading to a smaller value of Dc:.
However, because the value of £ in Eq. (6) is one or two orders of magnitude smaller
than that of Dcy, the calculation results could still show the variation trend of N¢r in

JDF alloys, i.e. the Nc; is decreased with increasing the particle contents.

4.2.3. Adhesion of oxide scale

During the oxidation of alloys, the growth and thermal stresses would be inevitably
developed in the oxide scale. Stott 3! proposed a mechanical model to determine the

growth stress developed in the oxide scale, which is given by

(Vo Vi1 ®)

where the elastic modulus of oxides (Eox) can be obtained by Nanoindentation test,

-E, 0X

1-vox

oG=—
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and the Poisson’s ratio (vox) is 0.25. Because of a large difference in the thermal
expansion coefficients between the matrix and the oxide, the thermal stress caused by
the temperature change (A7) can be calculated with the following approximate
expression [641;

— -Eox AT(0m-0lox)

e, (€))
where o is the thermal stress, am and aox are the thermal expansion coefficients
corresponding to the matrix and oxide, respectively, am is about 6.85x10°/K ¢! and
Oox is about 8.5x10°6/K (661,

In this work, the critical stress can be used to evaluate the adhesion of the oxide
scale, below which the growth and thermal stresses can be released via the plastic
deformation of the oxide scale and above which the cracking and even the spallation
of the oxide scale occur [®7]. Thus, the critical stress can be defined as the maximum
stress that the oxide scale can withstand without the occurrence of cracking or
spallation of the oxide scale. According to Eq. (8 and 9), the calculation results of o
and o for JDF1 and JDF3 alloys are listed in Table 7. It is shown that both the oG and
ot of JDF3 alloy are larger than those of JDF1 alloy. However, different from the
oxide scale of JDF1 alloy, which is rich in pores and microcracks, the oxide scale of
JDF3 alloy has a thin and dense structure and is free of microcracks, showing a strong
adhesion to the matrix. Therefore, it can be inferred that the critical stress of JDF3
alloy is much greater than that of JDF1 alloy.

The microstructural observation reveals that the dispersion of TiO; throughout the
oxide scale of JDF3 alloy may be effective in enhancing the adhesion of oxide scale
in two fundamental ways, one is to improve the plasticity of the oxide scale, the other
is to peg the oxide scale in place. The previously formed fine TiO> particles may act
as the heterogeneous nucleation sites for Cr203 to decrease the grain size of oxides
and increase the plasticity of Cr203 scale. Furthermore, they can also induce a pegging
effect to enhance the adhesion of oxide scale to the matrix, which is similar to the role

of rare earth elements in improving the oxidation resistance of Cr2Os-forming alloys.

4.2.4. Internal depletion behavior of matrix

Fig. 11a is the SEM image of eutectic borides adjacent to the oxidation scale in
JDF3 alloy after oxidation at 750 °C for 200 h. During the high temperature
oxidation, the Cr-rich eutectic boride could be deemed as a source of Cr for the

formation of Cr203, and thus the diffusion of Cr would generate a Boride-depleted
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zone adjacent to the oxide scale. Further observation in Fig. 11b reveals that these
borides are decomposed to form boride particles. In addition, a large quantity of NPs
with the sizes of tens nanometers are also observed to be distributed in the matrix as
displayed in the inset of Fig. 11b *3]. On the one hand, they can become the source
of Ti for the formation of TiO,. On the other hand, they can act as oxidation-resistant
diffusion barriers to impede the outward diffusion of cations in the matrix and restrict
the growth of the oxide scale. Since many NPs are consumed as the oxidation
proceeds, a NP-depleted zone is formed in the proximity of the oxide scale as shown
in Fig. 11c. Fig. 11d is the TEM image of the NP-depleted zone. It is found that the
average size of these depleted NPs is greatly reduced to less than 10 nm. The inset of
HRTEM image in Fig. 11d shows that these depleted NPs are completely coherent
with the matrix. Based on the HRTEM analysis, they can be identified as the depleted
TiB; particles. Besides, a large number of NPs are also observed to be distributed on
the surface of borides. As shown in Fig. 11e, the accumulation of NPs on the surface
of the primary boride results in the formation a uniform and compact NP-layer, which
can not only effectively hinder the diffusion of oxygen ions into the primary boride,
but also inhibit the outward diffusion of cations in the boride, thus making a great
contribution to the oxidation resistance of the primary boride. Moreover, the TEM
observation in Fig. 11f reveals that NPs are also distributed along the phase boundary
of the eutectic boride. They either agglomerate together or aggregate forming
nanochannels among them. The NP agglomeration can thoroughly stifle the diffusion
of both cations and anions, whereas the nanochannels can narrow down their diffusion
channel and thereby dramatically suppress their diffusion. Therefore, it can be
concluded that the NPs distributed in the matrix can be effective in mitigating the

internal depletion of matrix.
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Fig. 11 Internal depletion in JDF3 alloy: (a) SEM image of the internal depleted eutectic boride;
(b) SEM image of the boride depleted zone, the inset showing the NPs distributed in the matrix;
(c) SEM image of the NP depleted zone; (d) TEM image showing the internal depleted NPs in the
matrix, the inset is the HRTEM image of the internal depleted NPs; (¢) SEM image showing the
NP distributing along the interface of the primary boride; (f) TEM image showing the NP

absorbing on the surface of the eutectic boride.

4.3. Oxidation behavior of NP-free conventional FeCrB alloys

Because the diffusion coefficients of B and Si in a-Fe are higher than those of Fe
and Cr and the AG values of B2O3 and SiO» are lower than those of Cr203, FexO3 and
Fe;04, B2O3 and SiO; are preferentially formed on the alloy surface at the initial stage
of oxidation. At the temperature of 750 °C, most of the B20s are volatilized, leaving
numerous pores, which may provide the channels for the outward diffusion of Fe and
Cr ions. Furthermore, the Cr content in the matrix is very limited and the formed
Cr20s scale is not sufficiently dense and continuous such that it might be regarded as
a short-circuit diffusion path for the outward diffusion of Fe ions and the inward

diffusion of O ions, leading to the rapid formation of Fe;O4 oxide layer, with the
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straw-like Fe2O3 existing in the layer. As the oxidation continues, the Fe3O4 oxide
layer grows continuously as the oxide layer front is poor in Cr but rich in Fe.
Meanwhile, driven by the inward diffusion of O ions, its reactions with Si and Cr in
the matrix could generate a mixing oxide scale composed of Cr20O3 and SiO».
However, such a mixing oxide scale is not dense enough to effectively inhibit the
interdiffusion of alloying elements. Although a silica layer that was reported to be
vitreous and taken as a diffusion barrier could be formed at the interface between the
matrix and the oxide scale, the oxide scale is still susceptible to the spallation due to

 [68:69

the absence of the pegging effect of in situ NP I'as shown in Fig. 5a. Therefore,

JDF1 alloy exhibits a relatively poor high temperature oxidation resistance.
4.4. NP-induced anti-oxidation mechanisms in FeCrB alloys

As discussed above, due to the dispersion of titaniferous nanoparticles in the
matrix, the oxidation behavior of NP-containing FeCrB alloys differs greatly from
that of NP-free FeCrB alloys. Fig. 12 illustrates the anti-oxidation mechanisms of JDF
alloys induced by NPs. At the initial stage of oxidation, TiO2, SiO2 and B2O; are
preferentially formed on the surface of alloys due to the low Gibbs free energy and the
high diffusion coefficients in the matrix as shown in Fig. 12a. The formed B>O3 is
extremely unstable at high temperatures and easy to volatilize, leaving some pores in
the oxide layer. When Cr ions in the Cr-rich boride diffuse to the surface, the already
formed TiO; particles can act as the heterogeneous nucleation sites for Cr.O3 to
promote its nucleation and growth, leading to the formation of a continuous Cr>0O3
film as depicted in Fig. 12b. The dense and continuous Cr2O3 film is capable of
effectively inhibiting the inward diffusion of anions and the outward diffusion of
cations. Because of the constant depletion of Cr, a thin oxide layer rich in Fe and Cr is
formed beneath the Cr2O3 film (Fig. 12¢). Although the amorphous Si0; distributed in
this thin layer may fill some cavities. it is inevitable that a small amount of pores or
even cavities still exist in the oxide layer, which in turn become the channels for the
inward diffusion of oxygen ions. As the oxidation continues, oxygen ions that diffuse
into the interface between the matrix and the oxide scale preferentially react with the
NPs to form fine TiO: dispersions. When the chromium ions in the matrix react with
oxygen ions to form Cr2O3 oxides, they would nucleate on the fine TiO: particles,
producing an inner oxide layer composed of ultra-fine Cr203 as shown in Fig. 12d.
The inner ultrafine-grained Cr203 layer has a dense and continuous structure and is

almost free of cracks or pores. Hence, it can become an effective barrier to the
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outward diffusion of cations and the inward diffusion of anions, significantly

enhancing the oxidation resistance of JDF alloys.

The oxidation behavior of borides is different from that of the matrix. The NPs
covering the surface of borides along with Cr-rich borides would be oxidized to form
TiO,, Cr203 as well as BoO3 (Fig. 12a). The Cr203 oxides can nucleate and grow on
the TiO> (Fig. 12b), while most of BoO3 may be vitrified or even volatilized at high
temperature. Although the volatilization of B2O3 might generate some pores in the
layer, it can increase the activity of Cr in the borides and Si in the surrounding matrix
and thus facilitate the formation of Cr20O3 and SiO». Then, SiO; could readily react
with the residual B2Os3 to form B203-S10: borosilicate glass. During the oxidation, the
Cr-rich borides may provide sufficient Cr ions for the formation of Cr2O;3 layer as a
source of Cr. As the oxidation proceeds, the outer oxide layer continues to grow and
form a continuous Cr2O3 film (Fig. 12¢). The inner Cr203 oxides mix with the
borosilicate glass to form a dense and continuous inner oxide layer, further preventing

the oxidation of borides as shown in Fig. 12d.
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Fig. 12. Schematic diagram of the anti-oxidation mechanism for JDF alloys induced by NPs.

5. Conclusions

In this work, the surface oxide layers formed on the JDF alloys after exposure in air
at 750 °C up to 200 h have been investigated by a wide range of characterization
techniques. The influences of in situ formed NPs on the high temperature oxidation

behaviors of JDF alloys have been analyzed and discussed systematically. The main
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conclusions can be summarized as follows:

(1) The oxidation behavior of JDF alloys at 750 °C up to 200 h obeys a parabolic law.
The NP-containing JDF alloys show more significant oxidation resistance than the
NP-free JDF1 alloy, among which the JDF3 (Fe-12wt.%Cr-3.6wt.%B-1.4wt.%Ti)
alloy enjoys the best oxidation resistance.

(2) Microstructural observation of JDF3 alloy demonstrates that the oxide layer
formed on the a-Fe matrix can be divided into three sub-layers, i.e. the outer fine-
grained Cr-rich oxide layer, the intermediate fine-grained Fe-rich oxide layer and
inner ultrafine-grained Cr-rich oxide layer, while the oxide layer on the surface of
primary boride can be divided into two sub-layers, i.e. the inner Cr and Si-rich layer
and the outer Cr-rich layer.

(3) HRTEM analysis combined with the DFT calculation provides strong evidence
that the oxidized NPs (TiO2) formed on the surface of JDF alloys could act as the
heterogeneous nucleation sites for Cr,O3 oxides to promote the formation of a dense
and continuous Cr203 protective film that can effectively inhibit the oxidation of
alloys. In addition, NPs are capable of increasing the plasticity of the oxide scale and
inducing a strong pegging effect, which greatly improves the adhesion of the oxide
scale to the matrix.

(4) The in situ NPs distributed in the a-Fe matrix can effectively inhibit the outward
diffusion rate of cations in the matrix. Furthermore, the NP assembly on the surface of
borides can significantly suppress the inward diffusion of oxygen ions and the
outward diffusion of cations, thus making a great contribution to improving the
oxidation resistance of borides. The improved oxidation resistance of both the a-Fe
matrix and borides finally leads to the outstanding anti-oxidation behavior of JDF3

alloy at high temperature.
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Table 1 Chemical compositions of the JDF alloys.

Alloy Main Chemical Compositions (wt.%)

C B Si Cr Ti Ni Fe
JDF1 032 353 197 1193 - 0.49 Bal.
JDF2 034 357 191 1204 065 053 Bal
JDF3 033 360 195 1217 137 051 Bal
JDF4 035 365 188 1189 206 050 Bal.

Table 2 Chemical compositions at the marked locations in Fig. 3.
EDS results (at. %)

Location - -
Fe Cr Si Ti
1 55.48 39.30 5.22 - -
2 62.56 35.78 1.66 - -
3 67.42 - - 32.58 -
4 68.12 - - - 31.88
5 62.67 0.75 36.58 - -
6 58.45 1.38 40.17 - -
7 61.96 38.04 - - -
8 58.73 3443 6.83 - -

Table 3 The AG and P, for the oxidation reaction at 750 °C calculated using HSC software.

Reactions AG (kJ/mol) Py, (atm.)

7 7

$Cri0,=3Cn0; 572.6 5.8x10%

4 2 19

§F€+02=§F6203 '366.4 2.0><10

3 1 20

SFet0,=3Fe;0, 385.5 2.1x10

4 2 35

SBH0,=2B,0; 673.6 4.0x10
Si+0,=Si0, -726.1 8.0x10°38
Ti+0,=TiO, -760.3 1.5%10%
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Table 4 Calculation of the diffusion coefficient D corresponding to different elements in a-Fe.

Elements Cr B34 Fe B34 Si B3 Ti 154 B B¢ o b7
0O (kJ/mol)  250.732 239.849 253.969 247.802 62.7 85.7
Dy (m?/s) 8.52x104 2.0x10* 5%1073 3.15x10* 8.3x107 2.91x107

D (m?%/s) 1.34x1071 1.13x10®  5.38x101¢  0.7x10°!¢ 5.22x10712 1.23x107!

Table 5 The calculated lattice mismatch, interfacial energy and the work of adhesion.

System Mismatch (%) Eu (eV) Waa (J/m?)
TiOa(211)/Cr,05(2116) 432 3327 4.48
Ti02(020)/Cr205(1120) 437 -13.88 2.88
TiOx(110)/Cr,05(0170) 1.65 8.97 0.64

Table 6 Critical values of Cr content Ncr of JDF alloys oxidized in air at 750 °C.

Parameters JDF1 JDF2 JDF3 JDF4
k (m?-sh) 3.56x1016 1.37x10"7 1.16x10718 6.51x10718
Ncr 0.330 0.065 0.025 0.059

Table 7 Calculation of growth stress and thermal stress in the oxide scale.

Alloys E,, (GPa) og (GPa) or (GPa)
JDF1 31.55 10.93 0.05
JDF3 71.92 24.94 0.12
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