
Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Multiscale corrosion-resistance mechanisms of novel ferrous alloys in
dynamic aluminum melts
Gaopeng Xu, Kui Wang⁎, Xianping Dong, Haiyan Jiang⁎, Qudong Wang, Bing Ye, Wenjiang Ding
National Engineering Research Center of Light Alloy Net Forming and State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, 200240, Shanghai,
PR China

A R T I C L E I N F O

Keywords:
Al melts
Boride
Multiscale
Interfaces
Modelling

A B S T R A C T

The corrosion behavior of ferrous alloys (JDF alloys and DIN1.2888) in dynamic Al melts at 750℃ has been
investigated experimentally and theoretically. Results show that the compounds in JDF3 alloy can inhibit the
diffusion of Al atoms in multiscales, and the borides embedded in the corrosion layer can hinder the exfoliation
and dissolution of corrosion products. Based on the growth kinetics of intermetallic compounds, a numerical
model has been proposed to quantitatively describe the corrosion behavior of ferrous alloys. It is demonstrated
that the JFD3 alloy has two times higher corrosion resistance than FeCrB base alloy and almost four times than
DIN1.2888.

1. Introduction

Aluminum alloys have been extensively applied in industry as im-
portant structural and functional materials due to their properties of
lightweight, high specific strength and low cost. However, during the
fabrication and processing of aluminum alloys such as melting [1], hot
dip aluminizing [2,3] and die casting [4,5] etc., many metal compo-
nents suffer from corrosion to different extent caused by corrosive Al
and its alloy melts with high chemical activity and affinity with almost
all the metals and metal oxides [6,7]. This corrosion drastically reduces
their service lifetime and causes the contamination of Al melts, which in
turn compromises the efficiency of aluminum processing and product
quality [6,7]. Refractory metals, intermetallics and ceramics usually
have desirable resistance to Al melt corrosion [8–11]. However, their
high costs and difficulty in preparation greatly limit their applications.
As a consequence, it is of significant necessity to develop a low-cost
metal material with high corrosion resistance to satisfy industrial re-
quirements.

Recently, Fe-B alloys attracted the attention due to their favorable
corrosion resistance to Zn and Al melts [12–18]. Xing et al. [19,20]
prepared the high boron cast steel by alloying and found that its cor-
rosion resistance to Zn melts was about 5 times higher than that of
316 L. The high corrosion resistance could be largely attributed to the
formation of net-like Fe2B borides with the “protective” and “sup-
porting” effects on the matrix. Chen et al. [21–24] investigated the
corrosion behavior of Fe-Cr-Mo-B alloys in liquid Al at 750 ℃, and

found that the Fe-Cr-Mo-B cast steel has 5 times higher corrosion re-
sistance than H13. They claimed that the borides, in particular the
primary Cr-rich Fe 2 B phases, can act as a robust barrier between the
molten Al and the ferrous matrix, which effectively improved the cor-
rosion resistance of Fe-Cr-Mo-B cast steels. However, the inherent
brittleness of coarse Fe 2B phases in Fe-B alloys can adversely affect the
mechanical properties and its machinability, thus severely restricting
the widespread application of this material. Ma et al. [21,25–27] sug-
gested that the addition of transition metal elements like Cr can modify
the morphology of borides and therefore improve the toughness of Fe-B
alloys. Nevertheless, the morphological variation of Fe2 B may not
significantly improve the corrosion resistance of the Fe-B alloys in the
absence of other compounds serving as the diffusion barrier to liquid Al
atoms, which are likely to corrode the ferrous matrix through the gaps
between the borides. Therefore, the alternative compounds acting as
multiscale barriers are necessary for the further enhancement in cor-
rosion resistance of Fe-B alloys.

Apart from the intrinsic Fe2B and/or carbide phases in cast steel, the
ceramic particles with high thermal and chemical stability are expected
to be effective in inhibiting the atom diffusion without reacting with
these atoms. Metal matrix composites with ceramic reinforcements are
promising candidates for structural applications in wear industry pri-
marily due to their superior toughness and wear resistance [28,29].
Additionally, previous researches [30–32] have found that the ceramic
nanoparticles are able to control the phase growth by assembling onto
the phase surface. The refinement of primary and eutectic phases has
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been achieved in aluminum matrix composites. Consequently, it can be
reasonably speculated that the uniformly distributed fine ceramic par-
ticles in the matrix can not only inhibit the diffusion of Al atoms
through the gaps between the borides, but also can restrict the growth
of coarse borides. In this case, the number density of borides can be
increased in the matrix as well as the contact area between borides and
Al atoms, leading to the improvement in the corrosion resistance and
toughness of the Fe-B alloys.

A number of studies [18,21,33–35] were focused on the static cor-
rosion while the dynamic corrosion gained less attention. In addition,
the effect of the morphology and distribution of borides on the corro-
sion resistance of ferrous alloys are not fully understood, especially
from the aspects of diffusion, exfoliation and dissolution. Hence, it is
vital to in-depth investigate their effects on the diffusion inhibition of Al
atoms, the growth restriction of intermetallic compounds (IMCs) and
the dissolution hindrance of corrosion products.

In this work, novel Fe-B alloys containing multiscale compounds,
named as JDF alloys, have been in-situ synthesized, which are expected
to inhibit the diffusion of Al atoms in multiscales. The dynamic alu-
minum melt corrosion tests were performed on the JDF alloys and
DIN1.2888 alloys, and the microstructure characterization of reaction
layers and interfaces was conducted to unveil the effects of multiscale
compounds on the corrosion resistance of ferrous alloys in dynamic Al
melts. An analytical model was established to quantitatively describe
the corrosion behavior of JDF alloys, based on which a multiscale
corrosion-resistance mechanism was proposed to further elucidate the
corrosion behavior of ferrous alloys in Al melts.

2. Materials and methods

2.1. Alloy preparation

In this work, the novel JDF alloys were melted in a 10 kg-capacity
medium frequency induction furnace with the charge materials of pure
iron, pure chromium, pure titanium, pure nickel, Fe-18 wt.% B, Fe-
75 wt.% Si and graphite. Argon gas was introduced into the furnace for
atmosphere protection. The melt was then poured into a permanent
mould at 1500 ± 5 °C, and the cylindrical ingots with dimensions of
Ø150× 200mm were obtained. For comparison, DIN1.2888 usually
applied on die casting machines was used as a reference. The chemical
compositions of the JDF alloys were analyzed using inductively couple
plasma atomic emission spectroscopy (ICP-AES) and listed in Table 1.

2.2. Dynamic aluminum melt corrosion test

Specimens with the dimension of 70×10×5mm3 were cut from
the center of the ingots by wire-electrode cutting, and the surfaces of
specimens were polished to a mirror-like finish, ultrasonically cleaned,
dried and then sized with a vernier caliper for the dynamic aluminum
melt corrosion test. As shown in Fig. 1, specimens were tested in the
750℃ Al melts at a rotation speed of 60 r min−1 for different lengths of
time, taken out, and then cooled in air. To quantitatively analyze the
corrosion depth, the thicknesses of the sample matrix and IMC layers
formed by the interfacial reaction were measured at each cross-section

as illustrated in Fig. 1, and the thickness loss of the sample matrix (Δx)
is given by

=x
x x

2
0

(1)

where x0 (μm) and x (μm) are the thickness of the sample before and
after corrosion test, respectively.

2.3. Materials characterization

Samples were sectioned along the direction perpendicular to the
corrosion surface, grounded with sandpaper, polished, and then etched
with 4% Nitric acid alcohol solution. The microstructure of each im-
mersed sample was observed by scanning electron microscopy (SEM;
MIRA 3, Czech) coupled with the Aztec X-MaxN80 (EDS). The phase
identification and distribution were analyzed using electron back-
scattered diffraction (Aztec Nordlys Max3 EBSD). The phase analysis of
reaction products was performed using X-ray diffractometer (XRD;
Smart Lab, Japan). The TEM analysis was carried out using
Transmission electron microscopy (TEM; Jeol-2100 F) on the TEM foils
prepared using the focused ion beam system (FIB; GAIA3).

3. Experimental results

3.1. As-cast microstructure

Fig. 2 is the XRD analysis of JDF alloys. According to the XRD re-
sults, the microstructure of JDF1 alloy is mainly composed of ferrite,
M2B-type borides (M represents both Fe and Cr) and carbides. With the
addition of Ti element, TiC and TiB2 phases can be observed in the
matrix of JDF2 alloy. As the Ti content is further increased, the intensity
of the diffraction peaks of TiC and TiB2 phases is increased until 1.4 wt.
% addition and then decreased.

The as-cast microstructure of JDF alloys containing various Ti
contents are shown in Fig. 3. As shown in Fig. 3a, the typical micro-
structure of the JDF1 alloy is characterized by the coarse platelet-like
primary borides and the acicular eutectic structure of the boride phase
and ferrite. With increasing the Ti content from 0.7 to 1.4 wt.%, the size
and aspect ratio of the primary boride are reduced, and its morphology
varies from the platelet-like to block-like structure. Besides, the incre-
ment in Ti content also leads to a morphological transition of eutectic
boride from coarse, continuous needle-like to fine, dispersed rod-like
structure. Also notable is that the number of ceramic particles (dark
spots in the matrix) is increased with the Ti content. However, when the
Ti content reaches up to 2 wt.%, the ceramic particles tend to ag-
glomerate and a number of elongated strip-like primary borides exist in
the matrix again as shown in Fig. 3d. By comparison, it can be seen that
the JDF3 alloy has the most refined and homogeneous microstructure.

Fig. 4a is the SEM micrograph of the JDF3 alloy. The element
mapping analysis was performed on the selected area indicated by the
red box in the Fig. 4a. In combination with the EDS (Table 2) and the
EBSD mapping (Fig. 4b) results, it can be confirmed that both the pri-
mary borides and eutectic borides are Cr-rich Fe2B phases. In addition,
the ceramic particles in the matrix are TiC and TiB2. These micron-sized

Table 1
Chemical compositions of the alloys.

Alloy Main Chemical Compositions (wt.%)

C B Si Cr Ti Ni Mo W Co V Fe

JDF1 0.32 3.52 2.12 12.17 – 0.50 – – – – Bal.
JDF2 0.34 3.68 1.96 12.05 0.67 0.52 – – – – Bal.
JDF3 0.33 3.76 2.07 12.34 1.35 0.51 – – – – Bal.
JDF4 0.35 3.83 1.91 12.12 1.96 0.48 – – – – Bal.
DIN1.2888 0.25 – 0.23 9.31 – – 2.76 5.58 10.24 0.57 Bal.
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ceramic particles dispersed in the matrix can not only provide the
strengthening effect on the matrix, but also improve the wear resistance
of the alloy. The inset in Fig. 4a is the magnified view of Fig. 4a
showing the presence of a large quantity of nanoparticles (NPs) in the
matrix, which are further analyzed by TEM.

Fig. 5a is the SEM micrograph of a primary Cr-rich Fe2B in the JDF3
alloy. At the interface between primary Cr-rich Fe2B and matrix shown

in Fig. 5b, a large number of NPs are agglomerated together and ac-
cumulate closely on the surface of the primary Cr-rich Fe2B. These NPs
covering the surface of the primary Cr-rich Fe2B phase manage to form
a uniform and compact NP-layer, which can be effective in inhibiting
the diffusion of the solute atoms onto the surface of the growing pri-
mary Cr-rich Fe2B phase, restricting its growth and inducing its re-
finement. Furthermore, the TEM observation in Fig. 5c indicates that
many NPs are also distributed along the phase boundary of the eutectic
Cr-rich Fe2B phase. Likewise, these NPs form a NP-layer coating the
surface of eutectic Cr-rich Fe2B phase. Fig. 5d is the High-resolution
transmission electron microscope (HRTEM) analysis of the interface
between an interphase nanoparticle and the eutectic Cr-rich Fe2B, from
which it is visible that there exists a specific crystallographic orienta-
tion between the nanoparticle and the eutectic Cr-rich Fe2B. Based on
the crystallographic information provided in Fig. 5e, the nanoparticle is
likely to be Fe3C. Therefore, the obtained orientation relationship is
(211) M B2 9° from(112) Fe C3 , [14̄ 2]M B2 //[31̄ 1̄]Fe C3 . The smooth and semi-
coherent interface can produce a strong interfacial bonding and thus
lead to the enhanced growth-restriction effect induced by NPs.

Fig. 6 shows the bright-field TEM images of NPs distributed in the
matrix of JDF3 alloy. The nanoparticle in Fig. 6a exhibits a short rod-
like morphology, whose average size is ˜150 nm in diameter. According
to the selected area electron diffraction (SAED) in Fig. 6c, the nano-
particle in Fig. 6a is Fe3C. Fig. 6b shows the interface between the Fe3C
and the matrix. It is obvious that the Fe3C has a completely coherent

Fig. 1. Schematic of experimental set-up used for the dynamic corrosion test and the measurement of the matrix thickness loss and IMC layer thickness. 1-
Thermocouple; 2- Sample holder; 3- Insulation cover; 4- Crucible; 5- Resistance furnace; 6- Sample; 7- Al melts; 8- Refractory brick.

Fig. 2. X-ray diffraction patterns of JDF alloys.

Fig. 3. SEM micrographs of JDF alloys: (a) 0 wt.% Ti; (b) 0.7 wt.% Ti; (c) 1.4 wt.% Ti; (d) 2.0 wt.% Ti.
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interface with the matrix, and the orientation relationship between
them can be obtained as (211) Fe C3 //(101) Fe, [14̄ 2]Fe C3 //[1̄ 11] Fe.
Fig. 6d shows that a large quantity of NPs with the size ranging from 10
to 30 nm are uniformly distributed in the matrix. The SAEDs in Fig. 6f
shows that these NPs are TiB2 nanoparticles with the HCP (hexagonal
closed-packed) crystal structure. Fig. 6e gives the HRTEM analysis of
the interface between a TiB2 nanoparticle and the matrix. It is shown
that the interface between them is smooth and coherent, where no in-
termetallic compound can be observed, and a specific orientation re-
lationship can be achieved as (102̄ 0)TiB 2//(011̄ ) Fe, [0001] TiB 2//[1̄ 11] Fe.
The coherency of the interface gives a strong interfacial bonding
strength between the TiB2 and the matrix.

Fig. 4. Microstructure of the JDF3 alloy: (a) SEM micrograph; (b) phase distribution mapping; (c) Fe; (d) Cr; (e) C; (f)B; (g) Si; (h) Ti.

Table 2
Chemical compositions at the marked locations in Fig. 4a.

Location Fe Cr EDS results (wt.%)

B Ti C Si Phase Compositions

1 60.27 28.76 10.97 – – – (Fe,Cr)2B
2 – – – 79.11 20.89 – TiC
3 – – 31.34 68.66 – – TiB2

4 67.05 25.04 7.91 – – – (Fe,Cr)2B
5 82.08 5.50 – – 8.61 3.81 (Fe,Cr)3C

Fig. 5. (a) SEM micrograph of a primary Cr-rich Fe2B
in JDF3 alloy; (b) SEM micrograph showing the NP
distribution along the phase interface of the primary
Cr-rich Fe2B; (c) TEM bright-field image of an eutectic
Cr-rich Fe2B in JDF3 alloy; (d) HRTEM image of the
interface between a NP and the eutectic Cr-rich Fe2B;
(e) SAED of the interface in Fig. 5d.
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3.2. Dynamic aluminum melt corrosion tests

Fig. 7 shows the corrosion depth (corrosion thickness loss) and
corrosion rate as functions of corrosion time for the JDF alloys with
various Ti contents and DIN1.2888 in dynamic Al melts. As the corro-
sion time increases, the thickness loss of the alloy is gradually increased
(Fig. 7a), while the corrosion rate is gradually reduced and tends to be
stable (Fig. 7b). It is demonstrated that the corrosion rates of JDF alloys
are much lower than that of DIN1.2888. Therefore, it can be concluded
that JDF alloys can exhibit the outstanding corrosion resistance in the
dynamic Al melts. Among them, the JDF3 alloy has two times higher
corrosion resistance than FeCrB base alloy and almost four times than
DIN1.2888.

The interfacial morphology of DIN1.2888 corroded in Al melts at
1023 K (750℃) for 0.5 h is shown in Fig. 8a. The interface exhibits a
typical three-layer structure that consists of the left DIN1.2888 matrix,
the intermediate IMC layer and the right solidified aluminum layer. The
element mapping analysis was focused on the red box in Fig. 8a. Results
show that the intermediate IMC layer has a bilayer structure. The layer
adjacent to DIN1.2888 matrix is a transition layer which occupies the
most part of IMC layer, forming an irregular tongue-shaped interface
with the matrix. The tip of the tongue grows preferentially towards the
matrix. Base on the EDS results (Table 3), the transition layer is com-
posed of Fe2 Al 5 phases. Heumann et al. [36] suggested that Fe2 Al 5

grew into the matrix in a specific direction caused by the difference in
the diffusion coefficients of Fe and Al. The crystal lattice of Fe2 Al 5 is

Fig. 6. (a) Bright-field TEM image of Fe3C in JDF3 alloy; (b) HRTEM image of the interface between Fe3C and matrix; (c) SAED of Fe3C; (d) Bright-field TEM images
of TiB2 distributed in the matrix of JDF3 alloy; (e) HRTEM image of the interface between TiB2 and matrix; (f) SAED of TiB2.

Fig. 7. Curves of corrosion depth and corrosion rate versus time during the dynamic corrosion at 1023 k (750℃): (a) corrosion depth vs. corrosion time; (b) corrosion
rate vs. corrosion time.
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orthogonal structure, and there is a high vacancy concentration in the c-
axis direction, which allows Al atoms to diffuse rapidly along the c-axis
direction to the interface front, resulting in the preferential growth of
Fe 2 Al 5 along the c-axis direction and thus the formation of a tongue-
shaped morphology [37]. Moreover, the layer adjacent to the aluminum
layer is composed of FeAl3 formed by the reaction diffusion and smaller
than the Fe2 Al 5 layer in thickness based on the EDS results (Table 3).
Several micro-cracks present in the corrosion layer can provide fast
diffusion channels for the Al atoms into the matrix and accelerate the
interfacial reactions, leading to the exfoliation of the interfacial layer.

At the interface between FeAl3 and aluminum layer, a large number
of broken particles are found to adhere to FeAl3, and many strips are
even freely distributed in the aluminum layer. The chemical composi-
tion of these phases is identical to that of FeAl3. In fact, the formation of
these FeAl3 results not only from the reaction diffusion but also from

the precipitation of the IMCs, while that of free FeAl3 is only controlled
by the precipitation process [34]. In addition, the flocculent eutectic
structures are found in the solidified aluminum layer, as shown in
Fig. 8a.

The interfacial morphology of JDF3 corroded in dynamic Al melts at
1023 K (750℃) for 0.5 h is shown in Fig. 9a. The addition of B element
results in the formation of a large amount of eutectic Cr-rich Fe2B with
a skeleton-like structure in the matrix. Because the Cr-rich Fe2 B has
poor wettability with Al melts and reacts hardly with Al melts [22], it
can greatly inhibit the diffusion of Al atoms and improve the corrosion
resistance. In addition, the micron-sized ceramic particles (TiC and
TiB2) dispersed in the matrix are completely non-wetting with the Al
melts and can completely block the diffusion of Al atoms. The corrosion
interface of JDF3 is also a typical three-layer structure that consists of
the underlying metal matrix, the intermediate IMC layer and the upper

Fig. 8. SEM images and EDS analysis of the corrosion interface formed in DIN1.2888 after 0.5 h in the dynamic Al melts at 1023 K (750℃): (a) SEM micrograph; (b)
magnification image; (c) Fe; (d) Al; (e) Cr; (f)W; (g) Co; (h) Mo.

Table 3
Chemical compositions at the marked locations in Fig. 8a.

Location Al Fe C EDS results (wt.%) V Mo W Phase Compositions

Cr Co

1 50.84 36.50 3.60 4.26 3.65 0.14 – 1.01 Fe2Al5
2 58.43 31.89 4.65 2.33 2.70 – – – FeAl3
3 64.64 28.05 6.35 0.21 0.75 – – – Free FeAl3
4 – 32.81 20.54 7.12 3.04 1.13 6.28 29.62 WC
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aluminum layer, but the layer thickness of the corrosion layer is smaller
than that of DIN 1.2888. Unlike the DIN1.2888, the JDF3 alloy exhibits
a uniform and regular interface between the matrix and the IMC layer.
The elements mapping and EBSD analysis (Fig. 9b) was performed on
the local area at the interface, and the selected area is indicated by the
red box in the Fig. 9a. Results show that there is only a single FeAl3
layer in the intermediate corrosion layer. Interestingly, according to the
EDS element mappings of B and Cr (Fig. 9e and f), the borides are found
in the corrosion layer. These borides are rooted in the matrix at one end
and embedded in the IMC layer at the other end. Therefore, it can be
implied that the presence of borides can result in the strengthening of
the corrosion layer and the increased bonding strength between the
matrix and the IMCs, which hinders the exfoliation and dissolution of
corrosion products and improves the corrosion resistance of the JDF3
alloy to Al melts. Combined with EDS analysis and lite rature
[22,23,38–40], these IMCs embedded in the IMC layer may be Cr-Al-B
IMCs formed by the reaction of eutectic Cr-rich Fe2 B with Al melt.
Besides, it is also found that the coarse primary Cr-rich Fe 2 B is cor-
roded by the Al melts, and the IMC with special periodic layered
structures (PLSs) was formed in the corrosion layer [22,23,38–40].
When the diffused Al melts contact with the boride, as the (Cr, Fe) 2B
boride has the strong chemical stability due to the BeB bond and the
BeM (Fe, Cr) bond, a long incubation time is required to break these
chemical bonds [22,38]. At the same time, the Al atoms and the Fe
atoms interdiffuse to form the Fe-Al IMCs, and then the special PLS is
formed in the IMC layer. Studies [22,23] have shown that PLSs can not
only effectively inhibit the interdiffusion between the matrix and the Al
melts, but also enhance the bonding between the matrix and the IMCs
and the internal strength of the IMC layer, thereby hindering the ex-
foliation and dissolution of the corrosion layer. As shown in Fig. 9a,
ceramic particles are dissociated from the matrix and distributed se-
parately in the IMC and solidified aluminum layers, which can also
cause the diffusion inhibition of Al atoms to some extent. In the soli-
dified aluminum layer, a large quantity of elongated strip-shaped FeAl 3
and flocculent eutectics of FeAl3 and Al are observed as well (Tables 4
and 5).

4. Discussion

4.1. Thermodynamic analysis of carbides and borides

After the addition of B and Ti elements, TiC, TiB2, TiB, Fe2B and FeB
may be competitively precipitated during solidification. However, for
the JDF alloys, only TiC, TiB2 and Fe2B phases exist in the as-cast mi-
crostructure. Studies have shown that the formation probability of
various phases can be estimated via the Gibbs free energy (ΔG) of the
IMCs, which is given by [41]

Fig. 9. SEM images, EDS and EBSD analysis of the corrosion interface formed in JDF3 alloy after 0.5 h in the dynamic Al melts at 1023 K (750℃): (a) SEM
micrograph; (b) the phase distribution map showing the different phases present in the corrosion interface; (c) Fe; (d) Al; (e) B; (f) Cr; (g) C; (h) Ti.

Table 4
Chemical compositions at the marked locations in Fig. 9a.

Location Al EDS results (wt.%)

Fe Cr B Phase Compositions

1 58.69 33.32 7.99 – (Fe,Cr)Al3
2 55.95 20.69 14.42 8.94 (Fe,Cr)0.8Al2.5B
3 31.41 9.93 41.04 17.62 (Cr,Fe)0.6Al0.7B
4 65.85 27.43 6.72 – Free (Fe,Cr)Al3
5 61.15 0.47 20.80 17.58 Cr0.25Al1.4B

Table 5
Parameters for the model calculation.

Parameter Unit 1023 K (750 ℃) Remark

WIM C kg/mol ×2.47 10 1 This work
WFe kg/mol ×5.59 10 2 This work

IM C kg/m3
×4.0 10 3 [51]

Fe kg/m3
×7.86 10 3 [53]

CⅡ-CⅠ mol/m3
×8 103 [54]

CS mol/m3
×1.07 10 3 [51]

v m2/s ×4.79 10 7 [51]
r/min 60 This work

D m2/s ×1.84 10 8 [55]

G. Xu, et al. Corrosion Science 163 (2020) 108276
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=G H T SK K298 298 (2)

where G is the Gibbs free energy of compounds under standard
conditions, H K298 and S K298 are the changes in enthalpy and entropy
of compounds under standard conditions, respectively, and T is the
thermodynamic temperature. Some possible compounds formed in JDF
alloys are listed in Eqs. (3)–(7):

Ti+C=TiC: = +G T184096 12.134TiC (3)

Ti+B=TiB: = +G T160247 1.77TiB (4)

Ti+2B=TiB2: = +G T323842 13.874TiB 2
(5)

Fe+B=FeB: = +G T71128 5.314FeB (6)

Fe+2B=FeB2: = +G T71128 3.641FeB2
(7)

The variations of the Gibbs free energy G of the reactions with the
temperature are shown in Fig. 10. The reaction thermodynamics ana-
lysis suggests that the lower the standard Gibbs free energy, the more
stable the compound. Therefore, the thermodynamically stable TiB2

and TiC particles are preferentially formed when Ti and graphite are
added to the melt. Furthermore, with decreasing the melt temperature,
the solubility of carbides and borides in the steel decreases. When the
actual solubility product of the carbide or boride is larger than the
equilibrium solubility product, ceramic particles are precipitated in the
molten steel [42]. Since the atomic percentage of Ti added is much
lower than that of B, TiB2 and TiC particles generated during solidifi-
cation are mostly present in the form of nanoparticles or particles with
several micrometers. The same phenomenon is also found in the earlier
published papers [43–46].

4.2. Growth kinetics of the IMC layer

Studies [19,47,48] have shown that the high temperature erosion-
corrosion process is not a simple combination of erosion and corrosion.
Actually, it is a complicated dynamic process in which erosion and
corrosion interact and influence each other, so that the corrosion of
materials is accelerated. As illustrated in Fig. 11, ferrous alloy with
multiscale compounds is corroded first by Al melts, followed by the
interdiffusion between Fe and Al atoms at the solid/liquid interface
(Fig. 11 a). After a period of time, a thin layer porous corrosion product
composed of Fe-Al IMCs is formed preferentially. Since borides and
ceramic particles have poor wettability with Al melts and react hardly
with Al melts, the corrosion resistance of borides and ceramic particles
is much superior to that of the ferrous matrix, which leads to the en-
trapment of some borides and ceramic particles in the Fe-Al IMC layer
(Fig. 11b). Nevertheless, because of the dissolution of Fe in Cr-rich Fe2
B and the diffusion of Al atoms, Cr-rich Fe 2B can be corroded by the
melt via the reaction: (Cr,Fe)2B+Al→Cr-Al-B + Fe-Al [38–40]. As the
erosion-corrosion process proceeds, the Fe-Al IMCs with the porous
structure are inclined to be eroded and the borides embedded in the

corrosion layer can also cause the microcrack initiation and propaga-
tion during the erosion of the Al melt, resulting in the fragmentation
and exfoliation (Fig. 11c).

An analytical model, which is an extension of T-L-K model [49] to
the situation of ferrous alloys with multiscale compounds, is established
to describe the corrosion behavior of JDF alloys in the dynamic Al melts
by making the assumptions: (1) Owing to the limited composition range
of IMCs, the interdiffusion coefficient is considered to be independent
of the composition. (2) The concentration gradient of Al in IMC layer is
independent of the location. With corrosion time extending, the cor-
rosion layer can be formed as shown in Fig. 11b. As Al atoms diffuse
into the matrix through the IMC layer and react with the matrix, the
interface between the matrix and the IMC layer (Interface I) migrates
progressively towards the interior of the matrix, so that the thickness of
the IMC layer is increased and the matrix is corroded. Simultaneously,
because the dissolution of IMCs occurs continuously at the interface II
near the Al melt, the interface II migrates gradually towards the matrix.
Consequently, it can be assumed that the thickness (L) of IMC layer is
mainly controlled by the growth and dissolution of IMCs.

The diffusion flux perpendicular to the interface is given by [50]:

=J D
dC

dx (8)

where J is the diffusion flux of the Al atoms, C is the concentration of Al
in the IMC layer, D is the interdiffusion coefficient of the IMCs, x is the
location in the normal direction of diffusion, and minus sign (-) re-
presents that the direction of the diffusion flow is opposite to that of the
concentration gradient.

In the model, the concentration gradient of Al in the IMC layer is
taken to be independent of location, thus

=
dC

dx

C C

L
I II

(9)

where CI and CII are the concentration of Al at the interface I and II,
respectively. To clarify the extent to which the multiscale compounds
can affect the diffusion of Al melts into the matrix, the diffusion in-
hibition factor is introduced. By substituting Eq. (9) into Eq. (8) and
rearranging one has

=J
D C C

L
II I

(10)

During the corrosion of JDF alloys, if the thickness of newly-formed
IMCs in a duration dt is defined as dLg, then the relationship between
dLg and dt is given by

= =JSdt
b SdL

W

D C C

L
SdtIM C g

IM C

II I

(11)

where t is the corrosion time, b is the stoichiometric ratio of Al in the
IMC (Fea Al b), IM C is the density of the IMC, S is the contact area of
IMCs with the Al melts, Lg is the thickness of the IMC, and WIM C is the
molar mass of the IMC. Therefore, the growth rate of the IMC can be
calculated by

=
dL

dt

DW C C

b L

( )g IM C II I

IM C (12)

At the interface II, the dissolution of IMCs into Al melts can be de-
scribed by the Nernst- Shchukarev equation [51]:

=
dC

dt
K

S

V
C C( )S (13)

where C is the concentration of Fe in the Al melt, K is the dissolution
rate constant, V is the volume of the Al melt, and CS is the saturation
concentration of Fe in the Al melt. The corrosion of the IMC layer
during the dynamic corrosion can affect the dissolution constant K
[51,52].

Fig. 10. Gibbs free energy of compounds as a function of temperature.
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D

v
exp X

D

v
X

D

v
X dXI 0.885 0.394

v D

0

1.9944( / )
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1/3
4

2/3
5

1/3

(15)

where v is the kinematic viscosity of the melt, and is the angular
speed of disc rotation.

During the time dt, the thickness dLd of the IMC is decreased due to
its dissolution, and the concentration of Fe in the Al melt is increased by
dC, which can be given by

=dC
SdL

W

a

V
IM C d

IM C (16)

where a is the stoichiometric ratio of Fe in the IMC (Fea Al b).
For an initial condition: t=0 and C=0,

=C C e1S

S
V

t
Kd

(17)

The dissolution rate of the IMCs can be determined by

= =
dL

dt

W V

aS

S

V
C C

C W

a
eK ( )

Kd IM C

IM C
d II I

S d IM C

IM C

S
V

t
Kd

(18)

Taking into account that the volume V of the Al melt is large enough,
the value of SV−1 is nearly equal to 0, and thus

=
dL

dt

C W

a

Kd S d IM C

IM C (19)

As the thickness of the IMC layer is controlled by its growth and dis-
solution, the variation rate of the IMC layer thickness is given by

= =
dL

dt

dL

dt

dL

dt

DW C C

b L

C W

a

( ) Kg d IM C II I

IM C

S d IM C

IM C (20)

When = 0dL

dt
, the growth and dissolution of IMCs reach a mutual

equilibrium. As a result,

=L
D C C a

C b

( )

K
m ax

II I

S d (21)

where Lm ax is the maximum thickness of the IMC layer.

In this model, the corrosion of JDF alloys is accompanied by the
growth of IMCs. At the time of dt, the thickness of the IMC layer is
increased by dLg, and the corrosion rate of the matrix d x( )/dt can be
obtained as

= =
d x

dt

a W

W

dL

dt

aW D C C

b L

( ) ( )IM C Fe

Fe IM C

Fe II I

Fe

g

(22)

where Fe and WFe are the density and molar of Fe, respectively. When
the corrosion of JDF alloys is initiated, the thickness of the IMC layer is
so small that dL

dt

dL

dt

g d . Thus,

=
dL

dt

dL

dt

dL

dt

dL

dt

g d g

(23)

For an initial condition: t=0 and L=0,

=L
W D C C

b
t

2 ( )IM C II I

IM C (24)

Then

=
d x

dt

aW D C C

bW t

( ) ( )

2

1Fe

Fe

IM C II I

IM C (25)

=x
aW D C C

bW
t

2 ( )Fe

Fe

IM C II I

IM C (26)

Let

=
aW D C C

bW

2 ( )Fe

Fe

IM C II I

IM C (27)

Then

=
D C C a W

bW

2 ( )IM C II I Fe

IM C Fe

2 2

2 2 (28)

The dependency of the thickness loss of ferrous alloys on the erosion-
corrosion time is plotted in Fig. 12a, where the experimental, prediction
and fitting results are compared. It is notable that the pure ferrous
matrix has the largest x for which no diffusion inhibitor is considered,
while JDF3 the minimum in which the multiscale compounds act as the
strongest diffusion inhibitor. The diffusion inhibition factor ε is

Fig. 11. The schematic of the erosion-corrosion mechanisms of the JDF alloys in Al melts.
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introduced to quantitatively describe the contribution of multiscale
compounds to the diffusion inhibition and thereby the growth restric-
tion of IMCs. For the pure ferrous matrix, the ε value is equal to 1. The

values can be obtained from the fitted curves in Fig. 12a, and the ε
values can be achieved by substituting the obtained values into Eq.
(28). It is clear from Fig. 12b that JDF3 alloy has the maximum ε,
meaning the strongest diffusion inhibition effect, which is in agreement
with the experimental results in Fig. 7. Essentially, the diffusion in-
hibition factor ε reflects the corrosion resistance of alloys to the Al
melts. The larger is ε, the higher the corrosion resistance of the alloy.
The comparison of Lm ax for the three ferrous alloys is shown in Fig. 12c.
DIN1.2888 alloy exhibits the largestLm ax, whereas JDF3 alloy the
smallest one. The corresponding Kd values can be attained by sub-
stituting the measured Lm ax and calculated ε of the three ferrous alloys
into Eq. (21), and the Kd of the ferrous matrix as a reference is also
obtained using Eq. (14). The calculation results indicate that the ferrous
matrix has the largest Kd, followed by DIN1.2888, JDF3 and JDF1. The
small Kd signifies the small quantity of dissolved corrosion products and
the desirable corrosion resistance.

The experimental results and model analysis demonstrate that JDF
alloys have the large ε and the low Kd during the dynamic Al melt
corrosion, and the corrosion resistance of the JDF3 alloy is particularly
prominent. The microstructure of the JDF3 alloy shows that it is a
ferrous alloy containing multiscale compounds whose sizes range from
micron to nano scale. The micron-scale compounds include the primary
Cr-rich Fe2B with tens of micrometers, the eutectic Cr-rich Fe2B with
several micrometers to several tens of micrometers, TiC and TiB2

ceramic particles with 3 to 5 μms, and the nanoscale counterparts the
carbide with hundreds of nanometers and TiB2 nanoparticles with ten
nanometers. The NPs that assemble onto the phase interface of borides

are capable of restricting the growth of borides and refining the borides,
increasing the number density of borides in the matrix and the contact
area between borides and Al atoms, whereas those that are uniformly
distributed in the matrix can effectively inhibit the diffusion of Al atoms
into the matrix. Specifically, during the diffusion of the Al atoms into
the matrix, many NPs distributed uniformly in the matrix are either
adherent to each other or packed together forming channels between
them. As shown in Fig. 11 d, the conjunction of NPs can completely
block the diffusion of Al atoms into the matrix, while the channels
between the particles can effectively limit the diffusion path of Al
atoms, thus greatly inhibiting the diffusion process of Al atoms. The
synergistic effect of these compounds ultimately leads to the enhanced
multiscale corrosion resistance. In this work, ε is used as the quantita-
tive indicator of this effect, and the JDF3 alloy has much larger ε than
DIN 1.2888. By observing the corrosion interface of JDF alloys in the Al
melts, it was found that the borides with the skeleton structure and the
PLSs embedded in the corrosion layer can effectively improve the
bonding strength between the matrix and the IMCs and the internal
strength of the IMCs, which helps to hinder the exfoliation and dis-
solution of corrosion products. Hence, the JDF alloys have much
smaller Kd than DIN 1.2888.

5. Conclusion

In this study, the interface morphology and erosion-corrosion be-
havior of JDF alloys in dynamic Al melts is investigated systematically.
Combined with theoretical model analysis, the main conclusions could
be summarized as follows:

(1) The JDF alloys exhibit outstanding corrosion resistance in the
dynamic Al melts. Among them, the corrosion resistance of the JDF3

Fig. 12. (a) Matrix thickness loss of ferrous alloys vs erosion-corrosion time; (b) ε values for ferrous alloys; (c) maximum thickness of IMC layers in ferrous alloys; (d)
Kd value for ferrous alloys; The insets in Fig. 12c are the SEM micrographs of the IMC layers in various ferrous alloys.
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alloy is 2 times higher than that of FeCrB base alloy and almost 4 times
higher than that of DIN1.2888.

(2) The JDF3 alloy with multiscale compounds can effectively in-
hibit the diffusion of Al melts in multiscales. The PLSs and borides with
skeleton structure embedded in the Fe-Al IMC layer can play a critical
role in hindering the exfoliation and dissolution of the corrosion pro-
ducts.

(3) The quantitative relationship between the thickness loss of the
ferrous alloys and the diffusion inhibition factor ε is established and

given by =x
aW D C C

bW
t

2 ( )Fe

Fe

IM C II I

IM C
.

(4) Essentially, the diffusion inhibition factor ε reflects the corrosion
resistance of alloys to the Al melt. The higher is ε, the stronger the
corrosion resistance of the alloys.
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