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The resistance of three ferrous alloys (HT150, QT500, and H13) to corrosion caused by
exposure to aluminum melts has been systematically studied using experiments and modeling.
Results show that the exfoliation and dissolution of intermetallic compounds like Fe2Al5 and
FeAl3 formed by the interdiffusion between aluminum melts and ferrous alloys are responsible
for the corrosive attack. Based on the thermodynamics and kinetics of intermetallic compounds,
an analytical model has been established to quantitatively account for the corrosion behavior
between the ferrous alloys and aluminum melts, and the diffusion inhibition factor k is first
introduced in this work to quantitatively estimate the extent to which the existence of carbon
can influence the diffusion of aluminum melts to the ferrous alloys. Theoretical analysis
demonstrates that the flake graphite in HT150 can reduce the corrosion rate most effectively,
followed by spheroidal graphite in QT500. Both outperform H13.
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I. INTRODUCTION

DURING the fabrication and processing of alu-
minum including melting,[1] forming,[2] and hot dip
aluminizing,[3,4] many metal components are immersed
into aluminum melts. They are often subjected to severe
corrosion, which in turn shortens their service lives and
results in the contamination of aluminum melts, degrad-
ing the efficiency of aluminum processing and product
quality.[5,6] Although refractory metals, such as Nb, Mo,
W, Co, and their alloys, have excellent resistance to
aluminum corrosion,[7–11] they are costly and difficult to
synthesize, greatly limiting their applications. To min-
imize the corrosion of metal components, the demand
for low-cost metal materials with high corrosion resis-
tance has become increasingly urgent in the field of
aluminum processing.

Gray cast iron is commonly used for tooling and
structural components required for processing of alu-
minum melts due to excellent corrosion resistance, easy
molding, and low cost. However, it has low strength at
high temperature and is easily oxidized to cause growth

cracking. Alloying is usually utilized to improve its
comprehensive property. Conversely, ductile iron has
poor corrosion resistance, but good resistance to ther-
mal fatigue and oxidation. It is widely used in the
production of hot-worked aluminum.[12] Additionally,
the corrosion resistance of H13 is poor as well, but has
excellent thermal stability, high temperature strength,
wear resistance, thermal fatigue resistance, and oxida-
tion resistance.[13] As a result, it is often used as
aluminum alloy die-casting mold and extrusion die.
Nevertheless, the ferrous alloys mentioned above are
inevitably subjected to different degree of corrosion
when applied in aluminum melt environment.
The reactions between aluminum melts and ferrous

alloys can lead to the formation of different intermetallic
compounds (IMCs). However, not all IMCs can be
formed during hot dipping tests. Numerous studies[14–19]

show that the ferrous alloy can react with the aluminum
melts to form the IMC layer that mainly contains Fe2Al5
and FeAl3, and the exfoliation of IMCs can lead to the
corrosion of ferrous alloys. Sidhu[14] suggested that the
presence of C-rich phases, graphite flakes, and cementite
was effective in enhancing the aluminum melt corrosion
resistance of gray cast irons, and the graphite morphol-
ogy can play a pivotal role in aluminum melt corrosion
resistance. Balloy et al.[15] also found that the graphite
flake is favorable for the diffusion inhibition of Al atoms
during the corrosion of the cast iron in aluminum melts.
However, the influence mechanisms of the morphology
and distribution of graphite and carbide on the
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corrosion resistance of ferrous alloys still remain not to
be fully understood up to now, especially from the
perspective of the formation, growth, and nature of Fe-
Al IMCs. In addition, few studies have been conducted
to elucidate their effects on the diffusion inhibition of Al
atoms and the growth restriction of IMCs
quantitatively.

In this study, the static aluminum melt corrosion tests
were conducted on HT150, QT500, and H13 steels, and
the microstructure of reaction layers was analyzed to
reveal the effect of chemical composition on the alu-
minum melt corrosion resistance of ferrous alloys. Based
on the thermodynamic kinetics of IMCs, a theoretical
model was established to quantitatively estimate the
extent to which the existence form of carbon can
influence the corrosion rate, which may provide the
guidelines for producing the ferrous alloy with enhanced
aluminum melt corrosion resistance. A growth-restric-
tion mechanism was then proposed to further under-
stand the corrosion behavior of ferrous alloys in
aluminum melts.

II. EXPERIMENTAL MATERIALS
AND METHODS

The selected ferrous alloys are HT150, QT500, and
H13, and their chemical compositions are shown in
Table I. In order to avoid the influence of other
elements in the aluminum melts on the corrosion of
the alloys, pure aluminum was selected as the etching
media.

First of all, experimental alloys were machined into
sheet specimens of 80 9 10 9 5 mm. Samples were
sanded, ultrasonically cleaned, dried, and then sized
with a vernier caliper. The mass of different samples was
measured with an analytical balance before the exper-
iment. As shown in Figure 1, samples were immersed
into aluminum melts at 1023 K (750 �C) 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 the IMC layers
formed by the interfacial reaction were measured in the
cross sections shown in Figure 1, and the thickness loss
of the sample matrix (Dx) is given by

Dx ¼ x1 � x2
2

; ½1�

where x1 (lm) and x2 (lm) refer to the thickness of the
sample before and after corrosion, respectively.

Samples were cut along the direction perpendicular to
the corrosion surface, sanded with sandpaper, polished,
and then etched with 4 pct Nitric acid alcohol solution.
The microstructure of each immersed sample was
observed by scanning electron microscopy (SEM;
VEGA 3 XMU, Czech). Images were obtained using
backscattered electron (BSE) mode allowing chemical
contrast, and elements in each phase were semi-quan-
titatively analyzed by XFlash 6130 spectrometer (EDS).
The phase identification, phase distribution, and crystal
orientation were analyzed using electron backscatter
diffraction (EBSD). Phase analysis of reaction products
was undertaken by X-ray diffractometer (XRD; Smart
Lab, Japan).

III. RESULTS AND DISCUSSION

A. Phase Analysis and Microstructures

Figure 2 shows the SEM images of the three ferrous
alloys immersed in aluminum melts at 1023 K (750 �C)
for 24 hours. Because of the interdiffusion between
ferrous alloys and aluminum melts, a distinct interme-
diate transition layer was formed at the interface
between the matrix and the aluminum layer.
Figure 2(a) shows the corrosion interface of HT150.
Compared with QT500 (Figure 2(b)) and H13
(Figure 2(c)), the corrosion interface of HT150 adjacent
to the matrix side is uniform, and the thickness of
intermediate transition layer is much smaller than those
of QT500 and H13. As shown in the Figure 2(d), the
thicknesses of IMC layers in HT150, QT500, and H13 is
about 160, 450, and 500 lm, respectively. However, the
interfaces between the matrixes and the IMC layers of
H13 and QT500 are undulated, and several irregular
tongue-shaped phases extend into the interior of the
matrix perpendicularly to the interface. Unlike QT500,
the interface between the IMC layer of H13 and the
aluminum layer is relatively uniform.
Figure 3 illustrates the XRD patterns of the ferrous

alloys immersed at 1023 K (750 �C) for 24 hours.
Results show that the corrosion products of HT150,
QT500, and H13 are mainly composed of Fe2Al5 and
FeAl3 phases. Since the alloying elements such as Cr and
Mo are added to H13, the carbides are also identified in
H13.
The interfacial morphology of HT150 immersed in

aluminum melts at 1023 K (750 �C) for 24 hours is
shown in Figure 4(a). The interface exhibits a typical
three-layer structure that consists of the left HT150
matrix, the intermediate IMC layer, and the right
aluminum layer. A large amount of flake graphite is
distributed throughout the matrix in a form of network.
The elements mapping analysis was performed on the
local area at the interface, and the selected area is
indicated by the yellow box in Figure 4(a). Results show
that the intermediate IMC layer is a two-layer structure.
The side adjacent to HT150 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

Table I. Chemical Compositions of the Alloys

Alloy

Main Chemical Compositions (Weight Percent)

C Si Mn Cr V Mo Fe

HT150 3.52 1.98 0.71 — — — bal.
QT500 3.63 2.35 0.56 — — — bal.
H13 0.36 0.95 0.32 4.88 1.12 1.39 bal.
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matrix. In combination with the EDS results (Table II)
and EBSD mapping (Figure 5(a)), the transition layer is
composed of Fe2Al5 phases. Heumann et al.[20] sug-
gested that Fe2Al5 grew into the matrix in a specific

direction caused by the difference in the diffusion
coefficients of Fe and Al. The crystal lattice of Fe2Al5
is orthogonal structure, and there is a high vacancy
concentration in the c-axis direction, which allows Al

1- Thermocouple; 2- Sample holder; 3- Insulation cover; 4- Crucible; 5- Resistance furnace; 

6- Sample; 7- Aluminum melts; 8- Refractory brick

Fig. 1—Schematic of experimental set-up used for the immersion test and measure of the thickness loss.

Fig. 2—SEM images of the three ferrous alloys immersed in the aluminum melts at 1023 K (750 �C) for 24 h: (a) HT150; (b) QT500; (c) H13;
(d) average thickness of IMC layer of the three ferrous alloys.
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atoms to diffuse rapidly along the c-axis direction to the
interface front, resulting in the preferential growth of
Fe2Al5 along the c-axis direction and thus the formation
of a tongue-shaped morphology.[3] In this work, the
inverse pole figure map of the Fe2Al5 IMCs was
employed to clarify the crystallographic features of the
Fe2Al5 layer. As shown in Figure 5(b), the Fe2Al5 IMCs
exhibit a strongly textured layer with the grains oriented
mainly in the [001] direction, which is the c-axis parallel
to the normal direction (ND). Therefore, it can be
confirmed that the Al atom has the highest diffusion
coefficient in Fe2Al5 along the c-axis direction. Based on
the EDS results (Table III) and EBSD mapping
(Figure 5(a)), the layer adjacent to the aluminum layer
is composed of FeAl3 formed by the reaction diffusion,
and smaller than Fe2Al5 layer in thickness. At the
interface between FeAl3 and aluminum layer, a large
number of broken particles are found to adhere to
FeAl3, and many large blocks or strips are attached to

FeAl3 or even freely distributed in the aluminum layer.
The chemical compositions of these phases are identical
to that of FeAl3. Actually, the formation of FeAl3 ad-
hered to the interface depends not only on reaction
diffusion but also on the precipitation of the IMCs,
while the free FeAl3 is only formed by precipitation.[21]

In addition, the flocculent structures are found in the
solidified aluminum layer, as shown in Figure 4(a).
After immersion in aluminum melts at 1023 K

(750 �C) for 24 hours, the intermediate transition layer
of QT500 is shown in Figure 6(a). Combined with the
results of EDS analysis (Figures 6(b) through (e) and
Table III) and XRD (Figure 3), it can be seen that the
intermediate transition layer is also composed of Fe2Al5
growing towards to the matrix and FeAl3 adjacent to the
solidified aluminum layer. Unlike HT150, the tongue-
shaped Fe2Al5 in QT500 is disconnected partially from
the IMC layer, and the IMC layer is larger in size than
that in HT150. It may be related to the morphology and
distribution of graphite in QT500. As shown in
Figure 6(a), the spheroidal graphite is detached from
the matrix and distributed discretely in the IMC layer
and solidified aluminum layer, which seems to con-
tribute less to the diffusion inhibition of Al atoms in the
matrix and thus the growth restriction of IMCs than the
flake graphite. In the solidified aluminum layer, a large
quantity of elongated strip-shaped FeAl3 and flocculent
eutectics of FeAl3 and Al are observed as well.

Fig. 3—XRD patterns of corrosion products.

Fig. 4—SEM images and EDS analysis of the corrosion interface formed in HT150 after 24 h in the aluminum melts at 1023 K (750 �C).

Table II. Chemical Compositions at the Marked Locations in

Fig. 4(a)

EDS Results (Weight Percent)

Location Al Fe C Phase Compositions

1 54.21 41.81 3.97 Fe2Al5
2 57.54 40.58 1.88 FeAl3
3 58.91 39.04 2.05 free FeAl3
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Besides, it is also interesting that a large number of
rod-like precipitate phases exist in the red box of
Figure 6(a). Figure 6(f) is a magnified image of
Figure 6(a), clearly showing the distributions of them.
According to their distributions and sizes, they are
divided into two types—one is the coarse phase mainly

distributed on the matrix, and the other is the fine phase
distributed inside the Fe2Al5. Combined with EDS
(Table III) and the literature,[14,22,23] the coarse one
distributed in the matrix may be a-Si formed at high
temperature (Area A), while the fine one distributed
inside Fe2Al5 is Al4C3 formed by the combination of C

Fig. 5—EBSD analysis of the corrosion interface formed in HT150 after 24 h in the aluminum melts at 1023 K (750 �C): (a) the phase
distribution map showing the different phases present in the corrosion interface; (b) the inversed pole figure map showing the [001]
crystallographic direction (parallel to the normal direction) as being the preferred orientation in the Fe2Al5 layer.

Fig. 6—SEM images and EDS analysis of the corrosion interface formed in QT500 after 24 h in the aluminum melts at 1023 K (750 �C): (a)
SEM image; (b) Al; (c) Fe; (d) C; (e) Si; (f) Magnification image; (g) Al; (h) Fe; (i) C; (j) Si.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, OCTOBER 2019—4669



or Fe3C in the matrix with the diffused Al atoms (Area
B). Similar phenomena were observed in the Al-C
composites by Etter[24] and Urena.[25] These rod-like
precipitate phases effectively inhibited the diffusion of
Al atoms into the matrix to some extent. However, since
the size of them is too small, their inhibition effect is
limited.

Figure 7(a) presents the SEM image of the interfacial
morphologies of H13 immersed in aluminum melts at
1023 K (750 �C) for 24 hours. The elements mapping
analysis was focused on the yellow box in Figure 6(a).
Combined with the EDS analysis (Table IV), it is
evident that the IMC layer in H13 is composed of
Fe2Al5 and FeAl3. A large quantity of acicular and rod-
shaped FeAl3 and flocculent eutectics of FeAl3 and
aluminum are also found in the solidified aluminum
layer. In comparison with the morphologies of FeAl3 in
the three ferrous alloys, it can be found that the FeAl3
exfoliating from the IMC layer in HT150 is in block
shape, while those of QT500 and H13 are formed in
elongated strip and needle shape, respectively. It can be
seen from Figure 7(b) that a large number of nano-scale
particles are present in the matrix and the IMC layer.
Figure 7(b) is a magnified view of the red box in
Figure 7(a). Based on the EDS and XRD analysis, they
may be nano-carbides formed by the alloying elements
including Fe, Cr, V, and Mo in H13. Although the
corrosion resistance of H13 is better than that of the
iron matrix, the IMC layer in H13 is largest in size
among the three ferrous alloys as shown in Figure 2. It
implied that the inhibition effect of carbides on alu-
minum diffusion is much weaker than that of graphite
considering their small sizes, limited amounts, and
inhomogeneous distributions.

The experimental results demonstrate that the flake
graphite in HT150 can inhibit the Al atoms diffusion
and thus restrict the IMCs growth most effectively,
followed by spheroidal graphite in QT500. Both out-
perform carbides in H13. Moreover, in comparison with
the distribution of Si in the corrosion interface of three
ferrous alloys (Figures 5(e), 6(e), and 7(e)), it is found
that Si in HT150 is hardly diffused to the solidified
aluminum layer, while the diffusion of a large amount of
Si into the solidified aluminum layer occurs as shown in
Figures 6(e) and 7(e). It also confirms the best diffusion
inhibition effect of flake graphite compared with car-
bides and the spheroidal graphite.

B. Thermodynamic Analysis of the IMC Layer

According to the Fe-Al binary phase diagram, the
interactions between iron and aluminum can lead to the
formation of IMCs such as FeAl, FeAl2, Fe2Al5, and
FeAl3. However, for the corrosion of ferrous alloys in
aluminum melts, only Fe2Al5 and FeAl3 phases usually
exist in the interfacial layer. Studies have shown that the
formation and growth of IMCs are primarily deter-
mined by the growth thermodynamics. The formation
possibility of various phases at the interface can be
figured out through the Gibbs free energy DG of the
IMCs, which can be calculated by Reference 26.

DGh ¼ DHh
298K � TDSh

298K; ½2�

where DGh is the Gibbs free energy of Fe-Al system
IMCs under standard conditions, DH298 K

h is the for-
mation enthalpy of Fe-Al system IMCs under standard
conditions, DS298 K

h is the entropy change of Fe-Al
system IMCs under standard conditions, and T is the
thermodynamic temperature.
As the crystallization temperature of the Fe-Al IMCs

is above the melting point of aluminum during the
corrosion of the ferrous alloy, the Gibbs free energy DG
of the IMCs is also added to the phase change free
energy DGm

h caused by aluminum melting, which can be
determined by

DGh ¼ DGh
Fe�Al þ DGh

m ½3�

DGh
m ¼ DHh

m � TDSh
m; ½4�

where DGFe-Al
h is the Gibbs free energy of Fe-Al

compound under standard conditions, DGm
h is the Gibbs

free energy change of Fe-Al compound after aluminum
melting, DHm

h is the enthalpy change during aluminum
melting, and DSm

h is the entropy change during alu-
minum melting.
In terms of the ferrous alloys immersed in the

aluminum melts, it is assumed that Al atoms are
sufficient for Fe atoms to bond with, and therefore the
IMC formation is determined by the Gibbs free energy
of per mole of Fe atom compound. According to the
thermodynamic data,[26–28] the Gibbs free energy of per
mole of Fe atom compound can be given by

DGh
FeAl3

¼ �142770þ 50:58T ½5�

Table III. Chemical Compositions at the Marked Locations in Fig. 6(a) and (f)

Location

EDS Results (Weight Percent)

Phase CompositionsAl Fe C Si

1 53.20 42.42 3.96 0.42 Fe2Al5
2 57.10 38.95 3.94 — FeAl3
3 66.59 29.02 4.39 — free FeAl3
4 0.63 57.61 3.56 38.20 a-Si
5 62.53 32.99 4.48 — Al4C3
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DGh
FeAl2:5

¼ �126985:5þ 42:96T ½6�

DGh
FeAl2

¼ �102577þ 33:20T ½7�

DGh
FeAl ¼ �58950þ 15:99T: ½8�

As shown in Figure 8, when the aluminum content
increases, DGh of the compounds gradually decreases.

Fig. 7—SEM images and EDS analysis of the corrosion interface formed in H13 after 24 h in the aluminum melts at 1023 K (750 �C): (a) SEM
image; (b) Magnification image; (c) Al; (d) Fe; (e) Si; (f) Cr; (g) Mo; (h) V.

Table IV. Chemical Compositions at the Marked Locations in Fig. 7(a)

Location

EDS Results (Weight Percent)

Phase CompositionsAl Fe C Cr V Mo

1 49.35 42.75 4.04 2.71 0.92 0.23 (FeM)xCy

2 50.41 44.33 4.08 1.18 — — Fe2Al5
3 57.13 37.65 4.30 0.92 — — FeAl3
4 61.50 32.81 4.38 1.32 — — free FeAl3
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When the aluminum content reaches the maximum, the
compound has the minimum DGh. At the temperature of
1023 K (750 �C), DGh

FeAl3
<DGh

FeAl2:5
<DGh

FeAl2
<DGh

FeAl.

The Fe-Al IMC that is most likely to be formed during
the corrosion of ferrous alloys in aluminum melts should
be FeAl3 phase, followed by Fe2Al5, FeA12, and FeAl
phases. Among them, FeA12 phase is a metastable phase
that cannot exit stably, and FeAl is also hardly to be
formed owing to the limited amount of Fe at the
interface.[29] The thermodynamic analysis of the IMC
formation is carried out based on the equilibrium
conditions, and the calculation results can only reflect
the IMC formation possibility. However, the corrosion
of ferrous alloys in aluminum melts is a dynamic non-
equilibrium process, and the formation of IMCs is also
dependent on the factors including interface reaction
temperature and reaction time. Therefore, the kinetics
analysis of the interface reaction is necessary.

C. Growth Kinetics of the IMC Layer

A kinetics model, which is an extension of T-L-K
model[30] to the situation of ferrous alloys where carbon
element exists in different forms, is first proposed to
quantitatively account for the corrosion behavior of
ferrous alloys in the static aluminum melts by making
the following assumptions: (1) Due to the narrow
composition range of IMCs, the interdiffusion coeffi-
cient is taken to be independent of the composition. (2)
The concentration gradient of Al in IMC layer is
independent of position. As illustrated in Figure 9, the
ferrous alloy is immersed in the aluminum melts until it
is wetted entirely (Figure 9(a)). After a period of time, a
transition layer of IMC is formed at the solid–liquid
interface (Figure 9(b)). At the interface I between the
matrix and the IMC layer, Al atoms that diffused
through the IMCs layer could react with the matrix, and
then more IMCs could be formed. The consumption of
the matrix caused the interface I to proceed continu-
ously into the interior of the matrix and led to an
increase in the thickness of the IMC layer and thus the
corrosion of the matrix. In the meanwhile, the dissolu-
tion of IMCs occurs continuously at the interface II near
the aluminum melts, so that the interface II moves
continuously towards the matrix. Therefore, it is
assumed that the thickness (L) of the IMC layer is
dominated by the growth and dissolution of IMCs.
The diffusion flux perpendicular to the interface can

be expressed by Fick’s law[31]:

J ¼ �D
dC

dX
½9�

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 position
in the normal direction of diffusion, and minus sign (�)

Fig. 8—Variation of DGh of Fe-Al IMCs with different temperatures.

Fig. 9—Schematic of the interfacial reaction between ferrous alloy and Al melts: (a) t = 0, ferrous alloy and Al melts just contacted with each
other; (b) t = t1 (t1> 0), at interface I, ferrous alloy has reacted with Al atoms diffused through the layer to form FeaAlb. At interface II,
FeaAlb has dissolved into the Al melts.
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indicates that the direction of the diffusion flow is
opposite to the direction of the concentration gradient.

In this model, the concentration gradient of Al in the
IMC layer is considered to be independent of position,
and then

dC

dX
¼ CI � CII

L
; ½10�

where CI and CII are the concentration of Al at the
interface I and II, respectively. To quantitatively esti-
mate the extent to which the existence of carbon can
influence the diffusion of aluminum to the matrix, the
diffusion inhibition factor k is introduced. By substi-
tuting Eq. [10] into Eq. [9] and rearranging, one has

J ¼ D

k
CII � CI

L
: ½11�

During the corrosion of the ferrous alloy in the
aluminum melts, if the thickness of the newly formed
IMCs in a duration dt is defined as dLg, then the
relationship between dLg and dt is given by

JSdt ¼ bqIMCSdLg

WIMC
¼ D

k
CII � CI

L
Sdt; ½12�

where t is the corrosion time, b is the stoichiometric
ratio of Al in the IMC (FeaAlb), qIMC is the density of
the IMC, S is the area of the IMCs in contact with the
aluminum melts, Lg is the thickness of the IMC, and
WIMC is the molar mass of the IMC. Then, the growth
rate of the IMC can be given by

dLg

dt
¼ DWIMC CII � CIð Þ

kbqIMCL
: ½13�

In interface II, the dissolution of IMCs into aluminum
melts can be described by the Nernst–Shchukarev
equation[32]:

dC

dt
¼ K

S

V
CS � Cð Þ; ½14�

where C is the concentration of Fe in the aluminum
melts, K is the dissolution rate constant, S is the area
of the IMCs in contact with the aluminum melts, V is
the volume of the aluminum melts, and CS is the satu-
ration concentration of Fe in the aluminum melts.
During the time dt, the thickness dLd of the IMCs is
dissolved, and the concentration of Fe in the alu-
minum melts is increased by dC, which can be
described by

dC ¼ qIMCSdLd

WIMC

a

V
; ½15�

where a is the stoichiometric ratio of Fe in the IMC
(FeaAlb).

Under an initial condition: t = 0, C = 0,

C ¼ CS 1� e�
KS
V t

� �
: ½16�

Then, the dissolution rate of the IMCs is determined by

dLd

dt
¼ WIMCV

qIMCaS
K
S

V
CII � CIð Þ ¼ CSKWIMC

qIMCa
e�

KS
V t: ½17�

Given the volume V of the aluminum melts is suffi-
ciently large, the value of S/V is almost close to 0, so that

dLd

dt
¼ CSKWIMC

qIMCa
: ½18�

Since the thickness of the IMC layer is determined by
its growth and dissolution, the variation rate of the IMC
layer thickness is given by

dL

dt
¼ dLg

dt
� dLd

dt
¼ DWIMC CII � CIð Þ

kbqIMCL
� CSKWIMC

qIMCa
:

½19�

When dL

dt
¼ 0; the growth and dissolution of IMCs

reach an equilibrium state. Thus,

Lmax ¼
D CII � CIð Þa

kCSKb
; ½20�

where Lmax is the maximum thickness of the IMC layer.
In this model, the corrosion of ferrous alloy matrix 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(Dx)/dt can be
calculated by

d Dxð Þ
dt

¼ aqIMCWFe

qFeWIMC

dLg

dt
¼ aWFeD CII � CIð Þ

kbqFeL
; ½21�

where qFe is the density of Fe and WFe is the molar
mass of Fe. When the corrosion of ferrous alloy is ini-
tiated, the thickness of the IMC layer is so small that
dLg

dt
� dLd

dt
. Hence,

dL

dt
¼ dLg

dt
� dLd

dt
� dLg

dt
: ½22�

Under an initial condition: t = 0, L = 0,

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WIMCD CII � CIð Þ

kbqIMC

s
ffiffi
t

p
: ½23�

Then

d Dxð Þ
dt

¼ aWFe

qFe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qIMCD CII � CIð Þ

2kbWIMC

s
1ffiffi
t

p ½24�

Dx ¼ aWFe

qFe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qIMCD CII � CIð Þ

kbWIMC

s
ffiffi
t

p
: ½25�
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The IMC layer formed by the reactions between the
ferrous alloy and the aluminum melts is quantitatively
analyzed, and the experimental and calculation results
are compared and shown in Figure 10. The comparison
of Lmax for the Fe matrix and the three ferrous alloys is
shown in Figure 10(a). The Fe matrix exhibits the
largest Lmax as no diffusion inhibitor is considered,
whereas H150 the smallest one as the flake graphite may
serve as the most effective diffusion inhibitor. The
diffusion inhibition factor k is introduced in this work in
order to quantitatively estimate the contribution of
carbon existence forms to the diffusion inhibition and
thus the growth restriction of IMCs. For the a-Fe
matrix, the value of k is equal to 1. The corresponding
values of k is obtained by substituting the measured
Lmax of the three ferrous alloys into Eq. [20]. As
illustrated in Figure 10(b), H150 has the largest value of
k among the three ferrous alloys, indicating the most
effective diffusion inhibition, which is in accordance with
the experimental observation. More importantly, the

diffusion inhibition factor k essentially mirrors the
corrosion resistance of ferrous alloys in the aluminum
melts. The higher is k, the stronger the corrosion
resistance of the ferrous alloy. From Eq. [24], it can be
seen that the corrosion rate is inversely proportional to
k1/2. The k value corresponding to the three ferrous
alloys is substituted into Eq. [25], and the variation of
matrix thickness loss Dx with time t is plotted in
Figure 10(c). The variation trend of the measured Dx of
the three ferrous alloys is consistent with the theoretical
model. The parameters used in this model are listed in
Table V.
In reality, the thickness of the IMC layer is not only

determined by its growth and dissolution rate, but also
by the exfoliation of the IMC layer caused by the
thermal stress. Rezaei et al.[35] found that microcracks
generated inside the IMC layer can accelerate the
fracture of the IMC layer and promote the diffusion of
Al atoms into the metal matrix. Besides, the reaction
between aluminum melts and the ferrous alloy is

Fig. 10—(a) Maximum thickness of IMC layers next to ferrous alloys; (b) the value of k for the three ferrous alloys; (c) matrix thickness loss of
ferrous alloys vs immersion time.
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exothermic, and the generated heat will cause an
increase in the temperature at the Al/IMC interface,
while the temperature of aluminum melts itself is
constant. Therefore, there is a certain temperature
gradient between the higher temperature Al/IMC inter-
face and the aluminum melts. The heat will be trans-
ferred to the aluminum melts through the IMC layer.
Influenced by the heat flow, the IMCs with microcracks
tend to exfoliate, then flow into the aluminum melts,
and finally dissolve.[36]

Figure 11 is the schematic of the corrosion mechanism
for the three ferrous alloys. The barrier effect of graphite
on Al melts is closely related to its morphology.
Spheroidal graphite exists in the matrix in isolation, and
the distance among them is relatively large, so the effective
barrier area of the Al melt diffusion is limited. The
spheroidal graphite is detached from the matrix and
distributed discretely in the IMC layer and solidified
aluminum layer, which seems to contribute less to the
diffusion inhibition of Al atoms in the matrix. Thus, the
formation of the IMC layer cannot be slowed down. The
inhibition effect of carbides on aluminum diffusion is
muchweaker than that of graphite considering their small
size, limited amount, and inhomogeneous distribution as
shown in Figure 11(c). Compared with the spheroidal
graphite and nano-carbide, the flake graphite is dis-
tributed in the network form and the distance between

them is relatively small, which inhibits the diffusion of Al
atoms to the IMC layer more effectively. Moreover, the
graphite network can also act as the skeleton reinforce-
ment to enhance the bonding strength between thematrix
and the IMC layer and hinder the exfoliation and
dissolution of IMCs more effectively thus resulting in
more excellent corrosion resistance of HT150.

IV. CONCLUSIONS

1. The IMC layer formed by the ferrous alloy and the
aluminum melts is composed of Fe2Al5 and FeAl3.

2. The flake graphite in HT150 can reduce the
corrosion rate most effectively, followed by spher-
oidal graphite in QT500, and least by carbide in
H13.

3. The relationship between the corrosion rate of the
ferrous alloy and the diffusion inhibition factor k is

established and given by d Dxð Þ
dt

¼ aWFe

qFeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qIMCD CII�CIð Þ

2kbWIMC

q
1ffiffi
t

p .

4. The theoretical analysis demonstrates that the
diffusion inhibition factor k essentially mirrors the
corrosion resistance of ferrous alloys in the alu-
minum melts, and the higher is k, the stronger the
corrosion resistance of the ferrous alloy.

Table V. Parameters for Calculations for the Solid Iron-Aluminum Melt Reaction System

Parameter Unit Description 1023 K (750 �C) Remark

WIMC kg/mol molar mass of the IMC 2.47 9 10�1 this work
WFe kg/mol molar mass of the Fe 5.59 9 10�2 this work
qIMC kg/m3 density of the IMC 4.1 9 103 32
qFe kg/m3 density of the Fe 7.86 9 103 33
CII–CI mol/m3 concentration gradient of Al between the interface II and I 8 9 103 13
CS mol/m3 saturation concentration of Fe in the aluminum melts 1.07 9 103 32
K m/s dissolution rate constant 1.69 9 10�5 34
D m2/s interdiffusion coefficient of the IMCs 3.9 9 10�9 34

Fig. 11—Illustration of the corrosion mechanism for the three ferrous alloys: (a) HT150; (b) QT500; (c) H13.
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