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Abstract: The failure caused by the corrosion-wear of molten aluminum and its alloys is one of the main problems in aluminum
industry. In this work, the resistance behavior of various materials, including Fe-based alloys, ceramics and corresponding high
apparatus of corrosion-wear in molten aluminum and its alloys, were reviewed. The synergistic effect of corrosion and wear was
discussed based on corrosion and wear mechanics. The effects of dynamic agitation due to rotating of friction pairs, physical property
of liquid metal and size of grain etc., on the corrosion-wear resistance performance were investigated. In addition, the characteristics
of corrosion-wear resistance performance of materials in molten aluminum and its alloy were summarized. According to our recent
progress referred to kinds of materials, especially a TiAly/Ti3AlC,/Al, O3 composite, the ceramics/metal composites with a

co-continuous structure will be of great advantage in the field of corrosion-wear environment of molten aluminum and its alloys.
Key words: molten aluminum; aluminum alloy; corrosion; wear; synergistic effect; intermetallics

1 Introduction

Corrosion-wear is one of the extreme states present
in engineering process. Different from corrosion-wear in
aqueous media which have been found primarily based
on an electro-chemical process, the corrosion-wear in
molten metal involves not only the corrosion caused by
the high temperature molten metal, but also the
synergistic effect between corrosion and wear, which
results in much greater material losses than the simple
sum of losses by either process alone. It is in fact a kind
of mechanical—physical-chemical process that involves
dissolution, diffusion, reactions in solid and liquid, wear
and interaction among them. The changes in
microstructure, surface morphology, and composition of
the interface between solid and liquid during this process
degrade the physical and mechanical properties of the
structure materials sharply [1—6]. Molten aluminum and
its alloys are one of the most aggressive metal melts due
to their high chemical activity with nearly all metals and
metal oxides [7—9]. Therefore, the solid contamination
and system failure resulting from corrosion-wear of
molten aluminum are unavoidable in the aluminum

industry, such as the crucible and die casting mould.

Recently, corrosion by molten aluminum and its
alloys [10], and corrosion-wear in aqueous media have
been investigated widely [11]. However, there are less
reports focused on the corrosion-wear caused by molten
aluminum and its alloys. It is therefore highly desirable
to learn more about it in order to explore new material
that with high corrosion and wear resistance in future.
Since there have been no standardized test apparatus and
theory until now, this paper will introduce some test
apparatus firstly, and then explain corresponding
corrosion-wear properties in molten aluminum and its
alloys. Various alloy materials, especially Fe-based
metals, are summarized, and some are supported by
recent work in our laboratory.

2 Test apparatus of corrosion-wear in molten
metal

As mentioned above, the corrosion-wear in molten
metal is not the simple sum of corrosion and wear, so the
traditional testing apparatus for corrosion and wear
cannot be adopted directly for evaluating the
tribo-corrosion interactions. Therefore, it is necessary to
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explore the testing apparatus, especially a standardized
testing apparatus, to evaluate the corrosion-wear
resistance performance of materials in molten metal.
Since wear can be in the forms of erosion, abrasion,
sliding or fretting, the test apparatus is various.

To study the equipment including rolls and
supporting bearings during the hot-dip galvanizing
process, some researchers developed lots of test
apparatus of corrosion-wear in molten zinc. KIM
et al [12,13] prepared a pin-on-disc sliding wear test
machine, as shown in Fig. 1. During test, the pin
specimen was kept stationary while the circular disc
rotated in argon atmosphere. Not only the wear loss and
the microstructure can be examined, but also the friction
coefficient can be monitored by computer terminal.

ZHANG et al [14-16] prepared another test rig,
where a hollow drive shaft is supported by two large
pillow blocks and the motor and shaft are inclined at
approximately 30° from horizontal, as shown in
Fig. 2 [16]. This special structure requires large crucible,
and thus increases the cost.
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Fig. 1 Schematic representation of pin-on-disk sliding wear
tester [12,13]
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Fig. 2 Schematic of submerged bearing test rig [16]

A rotating pin test apparatus was used to investigate
how flow influenced erosive-corrosive wear, as shown in
Fig. 3 [17]. The effects of geometry, flow velocity,
material, melt temperature, and exposure time on wear
can be evaluated. However, the friction coefficient
cannot be tested.

In order to learn more about issues related to
friction, wear and lubrication of pieces of mechanisms of
lead as a heavy liquid-metal coolant in reactor loops,
BEZNOSOV et al [18] invented a high temperature test
bench as shown in Fig. 4. The contact friction pair is
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Fig. 3 Illustration of erosion-corrosion test apparatus [17]: A—
Resistance furnace; B—Aluminum melt; C—Graphite crucible;
D—Pin; E—Sheathed thermocouple; F—Fibrefrax insulation;
G—Steel shaft; H—Water-cooled bearing housing; [—Gear
and chain assembly; J—Rotation assembly; K—Motor;
L—Support column; M—Control arm

Fig. 4 Diagram of TR—2010 high temperature test bench (a)
and model (b) [18]: 1—Contact friction pair under test;
2—Free surface level of heavy liquid-metal coolant (lead);
3—Oxygen thermodynamic activity sensor; 4—Gas inlet and
outlet tubes; 5—Loading system; 6—Gas system manifold;
7—Motor; 8—DOU-31
9—Temperature sensor

dynamometer tension  gage;
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completely submerged into a lead coolant. There are two
kinds of test bench. Compared with test bench TR—2010,
test bench TR—2012 is optimized and upgraded, and it is
designed to determine the frictional coefficient of the
contact friction pairs of samples of steel in heavy liquid
metal coolant at 450—550 °C.

A new test apparatus was made in our laboratory as
shown in Fig. 5 [19]. The friction pair is under
ring-block structure with test material being block and
the ring being Si;Ny. Since it can be lifted to make the
friction pair submerged in molten aluminum, the crucible
can be small and only about 3 kg pure Al will be enough.
The load is applied through a wire rope, and the direction
of force application is parallel to the direction of the
normal stress between the friction pair, so the applied
force is more accurate. Meanwhile, the friction
coefficient is monitored by computer terminal. This test
rig works well, and it will be helpful to explore new
materials with excellent corrosion-wear resistance in
molten metal.

Fig. 5 High temperature test rig for corrosion-wear in molten
metal made by SCUT [19]: 1—Electromotor; 2—Force loading
system; 3—Furnace lifting device; 4—Frame; 5—Pressure
sensor; 6—Rotating shaft; 7—Loading lever; 8—Cuboid
specimen; 9—Annular friction pair; 10—Furnace; 11—Molten
metal; 12—Crucible

Each of the test apparatus shown above has its
advantage, to some extent, the corrosion-wear resistance
performance of materials in molten metal can be
investigated. However, there is still no standardized test
apparatus in the market.

3 Corrosion-wear resistance performance of
Fe-based materials in molten Al and its
alloys

Fe-based materials are the mostly used materials for
mould and crucible in aluminum industry, so lots of

researches were conducted to investigate their corrosion
resistance performance in molten aluminum and its
alloys. It was found that an aluminide coating was
formed at the interface between a solid and molten Al.
The corrosion mechanism of molten Al is essentially
similar to hot-dip aluminizing, so many analyses on the
interface  reactions, the formations of Fe—Al
intermetallics and the corresponding mechanisms can use
it for reference when study the corrosion of molten Al.

3.1 Corrosion resistance performance of Fe-based

materials

The corrosion of Fe-based materials in molten
aluminum and its alloys mainly results from the Fe-based
materials wetted by molten aluminum, dissolution of Fe
and the diffusion of Al towards Fe substrate. The latter
one is called reaction diffusion and can form
intermetallic compounds (IMCs) composed of major
Fe,Als (# phase) and minor FeAl; (6 phase) (shown in
Fig. 6) [20], driven by the difference of chemical
potentials for Fe and Al between the matrix and the melt.
Corresponding morphology evolution and growth
kinetics of the intermetallic layers of Fe,Als and FeAl;
were established as a function of time and temperature. It
was found that the growth kinetics of the Fe,Als layer
agrees well with a parabolic rate law expect the initial
stage because the initial stage is caused by an interface
control reaction at the beginning of the process, while the
FeAl; layer is governed by linear kinetics. The growth
direction of Fe,Als layer always grows towards Fe matrix,
owning to the orthorhombic crystal structure that
contains about 30% voids along the c-axis, which makes
Al diffuse much more easily into the inter-diffusion front.
The interface between the Fe,Als and Fe substrate has a
serrated or tongue morphology (as shown in Fig. 7 [20]),
and thus the Fe,Als phase exhibits a preferred lattice
orientation (as shown in Fig. 8 [21]). The interface
tends to flatten with the increase in immersion
time. Because of the great difference in inter-diffusion
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substrate (a) and Fe,Als (b) [20]

(100) RD

Fig. 8 (100), (010) and (001) pole figures of Fe,Als phase after diffusion in air at 750 °C for 15 min analyzed by EBSD, and
schematic diagrams of orientation of Fe,Als phase showing Fe,Als fixed its c-axis, [001], along Al/Fe inter-diffusion direction [21]

coefficients of Fe and Al within Fe,Als, voids are often
generated along the interface between the aluminide
layer and the matrix, which is called the Kirkendall
effect. Different from the Fe—Al phase diagram, FeAl
phase cannot be detected at all, while FeAl, phase can
only be in the matrix under special conditions [22—-25],
due to the difference of thermodynamics, nucleation and
growth kinetics. The Al concentration along the coating
and substrate after hot dipping is shown in Fig. 9 [26]. It
is indicated that, there is not only a small concentration
gradient in the FeAl; and Fe,Als layers, but also in the
steel substrate below the last intermetallic layer. The
diffusion gradient in the Fe—Al solid solution starts at the
solubility limit of about 32.6% Al (mass fraction) and
reaches the original concentration of the steel substrate
after a short distance. So, the Al concentration in the
sample after hot dipping is not continuous, which is a
characteristic of reaction diffusion.

When dissimilar metals contact with each other at
elevated temperatures, the new phases forming between
them depend on three factors: 1) chemical potentials,
2) nucleation conditions at the beginning of the

inter-diffusion process, 3) mobility of the constituent
elements. Based on these, there are several methods
developed to retard the corrosion. Adding Al in cast iron
could reduce the chemical potential differences, so the
driving force would be reduced. Another way to limit the
diffusion of atoms is creating some obstacles, such as
graphite lamellas, eutectoid or duplex phase structure,
which has been proved by many articles [8,27-29].

The morphology and growth kinetics of
intermetallic compounds can also be affected by alloying
elements, such as Si, Cr, Cu and C. Among these
elements, Si has the greatest effect, whenever it contains
in the matrix or is added in the Al bath. High silicon
ductile iron was coated by hot-dipping into an Al molten
bath, the coating layers consisted of three layers, in the
sequence of Al, Fe—Al intermetallic and Si pile-up layers
from the external topcoat to the substrate. Fe—Al-Si
compounds could not be found, the Si containing in the
substrate would reduce the growth rate of Fe,Als [30].
The existence of Si-rich phase between the substrate and
Fe,Als was also found by LOU et al [8]. However, it is
not clear whether the Si-rich phase is formed during hot
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dipping or during the slow cooling of the samples in air.
Fe—Si steels with gradient Si content were hot-dipped.
INFANTE et al [31] found that the interfaces of Al/FeAls,
FeAls/Fe,Als and Fe,Als/steel became smoother as Si
content increased. When Si was added to the Al bath,
something different happened, some Fe—Si—Al phases
(such as Al;Fe,Si and Al,Fe;Si;) were formed (as shown
in Fig. 10 [32]). Furthermore, as the silicon content in
the aluminum bath increased, the thickness of the
intermetallic layer decreased, and the intermetallic
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Fig. 9 Schematic representation of Al content along coating
and substrate after hot dipping (a), SEM micrograph after hot
dipping (b) and section of binary Fe—Al phase diagram (c) [26]

W FeAly

HAl EFe O FeAl
| | ri[H]_AITFCZSi 2] T|‘[A1, Si}sFC_‘_
W 75y Aly(Fe, M),)Si

Fig. 10 Cross-sectional EBSD phase distribution map of
intermetallic layer on mild steel after hot-dipping in Al-5Si
molten bath at 700 °C for 180 s [32]

layer/substrate interface became more flat. CHENG and
WANG [32-36] concluded that Si added into the molten
Al induced the formation of Al Fe;Si; precipitates in the
Fe,Als layer by the serration-like steel substrate reacting
with the Fe,Als layer containing solid-solution Si. Si
occupies the structural vacancies in the c-axis of Fe,Als,
which can impede the inter-diffusion of Fe and Al in the
FeyAls. HOU et al [37] reported that the existence of Si
decreased the activity coefficient of Al in the phase of
Fe—Si—Al and prevented Al moving from molten Al to
the steel substrate. YIN et al [38] concluded that Si could
reduce the activation energy of Fe,Als resulting from the
lattice distortion as Si penetrated into the Fe,Als phase
by occupying the vacancy site to block facile diffusion
path. The decrease of the thickness of the intermetallic
layer could also be attributed to the detachment of
exterior of the intermetallic layer into the Al bath. When
pure Fe was hot-dipped in the Al-8.2Mg—4.8Si alloy at
750 °C for some times, TAKATA et al [39] found that the
Fe,Als phase layer grew one order of magnitude slower
in the AI-Mg—Si alloy melt than that in the pure Al melt.
The retarded interfacial reaction between solid Fe and
liquid Al-Mg—Si alloy is ascribed to a continuous FeAl;
phase layer formed in the AI-Mg—Si alloy melt, which
acts as the diffusion barrier. Thus, the addition of Si and
Mg into the Al melt significantly prevents the two
interfacial reactions of the growth of the Fe,Als phase
layer and dissolution of Fe into the pure Al melt, and the
schematic illustration is shown in Fig. 11 [39]. In
addition, others contributed the effect of Si on changing
the morphology of the intermetallic layer, either due to
the fact that Si would reduce the preferential nucleation
of aluminide crystallites on certain crystallographic
planes of the substrate [26], or due to an increase in the
interface energy [28]. there are some
controversial views about the effects of Si on the reaction
layers until now. For example, SPRINGER et al [40]
found that the addition of Si to Al could accelerate the
reaction layer growth in solid/semi-solid inter-diffusion
experiments.

Another important alloy element is Cr. When the
Cr—Mo steel with different Cr contents was coated by
hot-dipping into molten Al-10Si bath for 180 s, besides
the intermetallics mentioned above, Al;(Fe,Cr),Si was
formed, while only FeAl; and Fe,Als were formed as the
steel was immersed in pure aluminum bath, regardless of
the Cr content in the steels [41—43], but the reasons were
not given. When A 316L stainless steel was coated by
dipping it into a molten Al—12.4Si alloy, a uniform layer
of intermetallic Alj,(Fe,Cr);Si, is formed, the thickness
of it is irrespective of the immersion time, and the
nanomechanical properties have been studied [44—47].

It is generally known that the growth rate of
the intermetallic layer is strongly dependent on many

However,
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Fig. 11 Schematic illustration of growth process of # and 6 phase layers during dipping Al-Mg—Si alloy (a—d) and pure Al (e—h)

melts [39]

factors, including the composition of aluminizing metal,
carbon content of Fe-based alloys, dipping time and the
aluminizing temperature, etc. For instance, the variation
of the temperature of molten aluminum and its alloys
could change the relative volume fractions of the phases
of ferrite, pearlite and austenite in the Fe-based substrate,
and thus affect the corresponding growth rate of the
intermetallic layer. The pearlite and the austenite can
decrease the growth rate of the intermetallic layer, and
the impeding intensity of the austenite phase is greater
than the pearlite phase, whereas the ferrite phase appears
to dissolve more easily [25].

3.2 Corrosion-wear resistance performance of Fe-

based materials

The researches on resistance
performance of Fe-based materials in molten Al and its
alloys are focused on erosion, abrasion, washout,
soldering and dynamic Al liquid. The corrosion wear
testing carried out by high pressure die-casting was
mainly based on two mechanisms: 1) physical corrosion
(dissolution, liquid-impingement erosion and solid
erosion), 2) chemical corrosion. H13 steel exhibits a
middle corrosion wear resistance performance (Fig. 12
[48]). HWANG et al [49] found that the dissolution of
the steel substrate was under the control of diffusion
mechanism by using a test similar to the test apparatus as
shown in Fig. 3. YANG et al [50] investigated the
corrosion of 1Cr18Ni9Ti electrode in molten Al. They
found that the corrosion interface thickness in dynamic

corrosion-wear
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Fig. 12 Effect of pin materials on soldering after 50 shots [48]

molten Al was much thinner than that in static molten Al
owning to the scour by the dynamic flowing of molten Al,
and the intermetallic layers were composed of FeAl and
Fe)Als, no Cr was found in the intermetallic layers,
which was different from the intermetallics reported in
Refs. [41-47].

In our laboratory, we have done some work by
applying the test apparatus as shown in Fig. 5. Our
results showed that there were more micro-cracks on the
corrosion-wear surface of HI13 steel than those on
tungsten (W). Meanwhile, micro-ploughing appeared on
both of them. To our surprise, the friction coefficient
decreases significantly and remains at a low level during
the testing. The average corrosion rate of tungsten in
molten Al is about 1/14 that of H13 steel, the loss rate of
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tungsten under corrosion-wear condition is only about
1/24 that of H13 steel, demonstrating that the corrosion-
wear resistance of tungsten is much superior to that of
H13 steel [51].

4 Corrosion-wear resistance performance of
other materials

4.1 Refractory metals and alloys

In contrast to the non-homogeneous and dramatic
reaction between Fe and liquid Al, the reaction between
Co and liquid Al was homogeneous and modest. Co
alloys reacted rapidly, an interfacial two-layer structure
formed between Co alloys and molten Al, and Co alloys
lost the thickness with a linear law with respect to
immersion time. The interfacial reaction was controlled
by the dissolution of the intermetallic compounds.
Alloying elements such as Cr and Mo changed the
solid—liquid interface structure, but had no effect on the
corrosion mechanism [52—56]. When Nb was dipped into
molten Al, the NbAI; intermetallic compound was
formed, the corrosion mechanism was also the
dissolution of Nb and spalling of Nb—Al intermetallic
compounds due to thermal stresses and dispersed in the
bate, the mass-loss varied linearly with time [57,58]. The
intermetallic compounds between Ti—6A1—4V and Al-Si
molten consisted of laminar Ti;AlsSi;, phase and
granular TiAl; [59]. The results shown in Fig. 13 [60] on
the corrosion of 91W—6Ni—3Fe in molten Al agree with
results in Fig. 12, showing that W alloys have the best
corrosion-wear resistance properties, while Ni exhibits
the worst properties.

However, those metallic alloys are very expensive,
which will limit their extensive application in modern
industry.

= — HI3

Conrrosion rate/(mm?3+cm™2+h™")

Corrosion time/h

Fig. 13 Corrosion rate of different materials dipping in molten
Al [60]

4.2 High entropy alloys
Because of unique compositions, microstructures

and adjustable properties, high-entropy alloys (HEAs)
have attracted increasing attention recently. There are
also some other names, such as multi-principal-elements
alloys, equi-molar alloys, equi-atomic ratio alloys,
substitutional alloys, and multi-component alloys
[61,62]. Therefore, the potential of HEAs for use as the
crucible materials for Al melts is of interest. After a
FeCoNiCrMnAl HEA was prepared by vacuum
induction melting, the hot dipping test was conducted.
The results showed that the contact between the solid
substrate and the Al melt resulted in the formation of
complicated microstructure at the interface. The
dissolution of the substrate alloying elements into the Al
melt also caused chemical composition and phase
changes in the solidified Al crust [63]. FU et al [64]
investigated the corrosion behaviors of AlysFeNiCr and
AlysFeNiCoCrTiy, and found that compounds produced
by corrosion reaction between molten Al and alloy
elements of AlysFeNiCr spalled from the intermetallic
layer and then dissolved into the molten Al. While, two
dense intermetallic layers were formed. The ability of
different elements diffusing into Al melt in the two
HEAs was different, following the order of Cr—Fe—Ni
(in AlysFeNiCr alloy) and Ni—Cr—Co—Fe—Ti (in
AlysFeNiCoCrTiy, alloy) from large to small size. These
results may provide a theoretical basis for new corrosion-
resistant materials design in molten Al

4.3 Intermetallics

In recent years, increasing research interest has been
seen in the development of IMCs. Intermetallics
constitute a unique class of materials that have many
exciting and advantageous properties in a wide variety of
applications. A number of IMCs are also being
developed for use in structural applications. Some
examples of these materials include Ni;Al, NiAl, Fe;Si,
and FeSi. Different Fe—Si IMCs were fabricated by
mechanical alloying and annealing treatment, and FeSi
had the best anticorrosion ability in molten Al, SiC was
the next and Fe;Si was the worst [65]. However, the
manufacturing process of IMCs is very complex and
cost-intensive.

4.4 Ceramics

Ceramics including graphite, aluminosilicate
refractories, AIN, SizN4, and Al,O; are widely used for
aluminum melting applications. Refractories for dealing
with molten Al face severe corrosion and degradation
issues due to the extremely reducing nature of molten Al.
Refractory corrosion results in the recession of hot face
(working surface) due to chemical reaction and molten
metal penetration. Therefore, the focus of refractory
development has shifted to minimize aluminum attack
and subsequent molten metal penetration using
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non-wetting additives such as BaSO,, SrSO, and
AlIPO, [66,67]. The corrosion resistance of ceramics can
also be improved by decreasing the porosity and
controlling their grain size to close open cracks in the
molten Al [68]. The knowledge gained in this project has
enabled the development of some new materials that
exhibit excellent corrosion and wear resistance. One
material is a castable refractory based on calcium
aluminate (bonite) (CaO-6Al,03), the other material is an
alumina/silicon carbide composite material
(approximately 53% SiC, 35% Al,Os, and 12% Al or
12% Si, mass fraction). It is also an alumina-silicon
carbide composite refractory containing a continuous
microscopic network of interpenetrating microscopic
scaled ceramic and metallic phases [69]. However, its
low toughness makes ceramics hard for the fabrication of
complex components, where stress-bearing is a
requirement [70].

4.5 Ceramics/metal composites

Ceramics/metal composites ideally combine the
high hardness of ceramics with the ductility of metals,
and they can in the corrosion-wear
environment in molten Al. The corrosion-wear resistance
properties of HI3 steel can be improved by a
Ti(Al,0)/Al,O3; composite coating. Composite coatings
showed significantly lower dissolution in molten Al
compared with the uncoated H13 steel [71]. RIO
et al [72] produced co-continuous ceramic composites
(whose acronym is C4) by reactive metal penetration,
composed of NiAl and AlLO;. C4 composites are
metal/ceramic ones consisting of two interpenetrating
continuous networks. One is a metallic alloy, the other is
a ceramic phase. Similar research has been also done by
PAVESE et al [73—78]. These C4 have the following
characteristics: high melting point, NiAl intermetallic
and AlLO; with superior anticorrosion of molten Al,
thermodynamic  compatibility and close thermal
expansion coefficients. So, the NiAl-ALO; C4
represents a potential high- temperature material. Excera
Materials Group has developed a manufacturing process
of a kind of co-continuous composite of alumina with
about 30% NiAl, which had been used for liquid metal
handling applications [79].

In our laboratory, an in-situ Ti;AlIC, and Al,O,
cooperatively reinforced TiAl; composite, which was
also a co-continuous ceramic—metal composite (C4), was
synthesized from a mechanically milled powder mixture
by using an in-situ reaction/hot pressing method. The
corrosion-wear volume loss of H13 tool steel is about
133-407 mm’/h, and the synergy ratio of corrosion-wear
is not less than 93.9% under the explored condition.
Compared with H13 tool steel, the corrosion-wear
resistance of TiAly/Ti;AIC,/Al,O3 composite has

sever well

improved significantly. The corrosion-wear volume loss
of the composite is only 0.84—7.53 mm’/h, which is
dozens or even hundreds times less than that of H13 [80].

5 Discussion

5.1 Basic processes and expressions of corrosion and
wear

A corrosion modeling was constructed for the
homogeneous interfacial reactions of a solid metal with
liquid metal, as shown in Figs. 14 [56] and 15. When the
solid metal (A) contacts with the liquid metal such as
aluminum (B), atoms of the solid material A dissolve and
diffuse into the melt or the intermediate zone in the
initial stage of interaction. This occurs on a small scale,
generally as individual atoms. As the content of A at the
A/B interface increases to the minimum content to form
the A,B, phase, the nucleation of the A,B, is formed,
then a continuous layer of IMC (A,B,) is established and
grows thicker with the reaction time at the solid—liquid
interface(A/B interface). At the interface between solid A
and IMC (interface I), B atoms that diffuse through the
intermetallic layer react with A and form more IMC,
driving the interface I toward the solid metal side as the
solid metal is consumed. The IMC layer is not stable in
liquid B and may dissolve into it through the interface
between the IMC and liquid B (interface II). This process
would cause interface II to move toward the solid metal
side. The thickness loss of the solid A (AX) reflects the
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Fig. 14 Schematic diagrams of model of interfacial reaction
between solid metal A and liquid B: (a) At =0, solid metal
coming into contact with liquid Al; (b) At £0, layer of IMC
(A,B,) formed at interface with thickness of Y, at this moment,
solid metal losing thickness of AX; (c) Content profile of Al
across interface, C; is content of Al at interface I, Cy; is
concentration of Al at interface 11 [56]
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Fig. 15 Schematic diagram showing formation of IMC:
(a) Dissolution of A into B in initial stage of interaction;
(b) Nucleation of IMC (A,B,); (c) Establishment of continuous
layer of IMC

movement of interface I, and the evolution of the
thickness of the IMC (Y) reflects the relative motion of
interface I and interface II. For the narrow composition
range of IMC, the inter-diffusion coefficient is
considered to be independent of composition, and the
concentration gradient of B in the IMC is independent of
position. In this stage in the interfacial layer, the
corrosion rate is controlled by inter-diffusion of the
reacting species through different phases [56].

As for a homogeneous interfacial reaction, the
diffusion flux normal to the interface can be expressed as
Fick first law [56]:

dc
J=-D— 1
1 (1)

where J is flux of atom B; D is the inter-diffusion

coefficient of the IMC; C is concentration of B in the
IMC; x is the position along the diffusion direction, and
the negative sign indicates the opposite directions of the
diffusion flux and concentration gradient.

It is known that
dC C;-C
o~ 1 11 (2)
dx Y
where Y is the thickness of the IMC, then,
C;-C
J=pA—L 3
v (3)

At the interface I, if in a duration df the new IMC
formed has a thickness of dY;, then d¢ and dY; are related
as follows:

Jdds = 9PmicS8Ye )
Wime
D Cn -G Ads = q9PmcSdY; (5)
Y Wimc

where ¢ is the immersion time; ¢ is the stoichiometric
coefficient of B in the IMC(A,B,); pivc is the density of
the IMC; S is the area of the interface; Y; is the thickness
of the formed IMC; and Wy is the molar mass of the
IMC (A,B,).

Then, the formation rate of IMC can be expressed

as
di_ Wime D(Cyy _Cl)l_g 6)
dt 4 Pmvic Y v

where « is a constant.

At interface II, the dissolution of IMC into liquid B
can be described by the Nernst—Shchukarev equation
[81]:

dc S kS
& k(e -o=gli-exp(--70)] (7)
Or its integrated form (with initial condition ¢=0 at
=0)
kS
c=c/l- exp(—7t)] ®)

where c is the concentration of the dissolved solid metal
in the melt, ¢, is the saturated concentration of the solid
metal, k£ is the dissolution rate constant, and V is the
volume of the liquid metal.

During the time dz, a thickness dYy of the IMC was
dissolved and the concentration of metal A in liquid B
increased by dc, as described by the following equation:

Y
de = leCSd d £ (9)
VVIMC V

where Yy is the thickness of the IMC dissolved and p is
the stoichiometric coefficient of metal A in IMC (A,B,).
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Then, the dissolution rate of the IMC can be
expressed as
dY, WV
Lo - P 42 e —)
dt ppcpS V PmcP

:Mexp(_%ﬂ (10)

Usually, V of the molten metal is large enough, so
the value of S/V is close to zero (S/V—0), we have

di% ckWimc _

(11)
dr PmmcP

where f is a constant.

As mentioned above, the formation and dissolution
of IMC happen at the same time, so the thickness
evolution of the IMC can be expressed as
dy dY; dYy; «a

— =t _—d_Z_ 12
d dt dt Y d (12)

For the initial condition Y=0 at =0, the solution of
Eq. (12) is
(=& 1H(L) Y
g a-pY B
If we make dY/df, meaning that equilibrium
between the formation and dissolution of the IMC has
been established, then

_Z_ DGy -CG)p _
B cikq

where Y. is the maximum thickness of the IMC under
these test conditions.

In theoretical model, the solid metal matrix is
consumed at the same time as the formation of the IMC.
During time dt, the formation of a thickness d¥; of IMC
means the consumption of thickness d(AX) of the matrix,
as expressed by the following equations:

PASAAX) _ ppcSdY;

(13)

Y Y (14)

(15)
Wa Winve
d(AX) :Mdyf (16)
Palvc

where p, is the density of metal A and W, is the molar
mass of metal A.
The rate of thickness loss can be written as

d(AX) _ PPwmcWa dY; _ PPmca @ _

dt PaWnc At paWie ¥
pWAD(Cy —=C) 1 :Q (17)
qPA Yy Y

where 6 is a constant.

There are two special periods when the time
dependence of the thickness loss can be simply
expressed. The first is at the beginning of the immersion

test, when the thickness of the IMC is so small that

a/Y>>f. In this period, we have

dY « a dY;

dt Y P Y dt (18)
Under the initial condition Y=0 at =0, we have

Y =\2at (19)

Then

dAX) 0  pWa [2pmcD(Cy—-C) 1
aa) v — (20)
de Y pa IWimc Ji
For the initial condition AX=0 at =0,
AX = pWy \/2pIMCD(CII -G Ji Q1)
Pa 9Wivc

It is indicated that AX follows a linear relationship
with \/; . In other words, the thickness loss of the metal
matrix has a parabolic relationship with the immersion
time. The factor D(Cy—C) indicates that the thickness
loss during this period is mainly controlled by diffusion.

The other special period is after the formation and
dissolution of IMC become balanced and thickness of
IMC achieves its maximum value. During this period,
there exist

d(AX) 0 Wk

2
dt Y  pa @2)
W, ek
Ax =ZA%%, 1y, (23)
PA

where a is a constant of integration.

This is the linear period of the interfacial reaction,
when the rate of thickness loss is related to the
dissolution process by the factors ¢; and k. This relation
indicates that this period is mainly controlled by
dissolution.

We take Fe for example. In the stable stage, the
Fe,Als and FeAl; growth kinetics are described,
respectively, by the following equations [82]:

dx kg +k r

ax _ MB1 T XA __gk0B2 (24)

dt X p

d k

d_y = koga ~Laa (25)
t sg X

where x and y are the thicknesses of Fe,Als and FeAls,
respectively, s is the stoichiometric coefficient of IMC
(A,By), and g is the molar volume ratio of A, B, to A,B;.
If Ais Fe, Bis Al, A B, is Fe;Als and A,B; is FeAls,
one can interpret the various coefficients as follows:
k1ao: Rate constant of the Fe,Als layer growth by Fe
diffusion at the interface with FeAl;: Fe(diff) + 5Fe,Als
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— 3Fe,Als.

kip1: Rate constant of the Fe,Als layer growth by Al
diffusion at the interface with Fe: 2Fe + 5AIl(diff) —
Fe,Als.

kogo: Growth rate under conditions of reaction
control of FeAl; layer growth by Al diffusion at the
interface where the following chemical reaction takes
place: Al(diff) + Fe,Als—2FcAls.

Therefore, =1, s=3, p=2, ¢=5. g is the molar
volume ratio of Fe,Als to FeAl;. The densities of the
compounds are p(Fe,Als)=4100 kg/m’ and p(FeAl;)=
4100 kg/m3, hence, the molar volumes are V(Fe,Als)=
6x10° m*/mol and V(FeAl;)=3.6x10" m’/mol, thus,
g=1.7.

Then, Egs. (24) and (25) become

%:M_o_%kom (26)
dr X

a_ koga —0.98kia2 (27)
dt X

Since the diffusion coefficient of Al atoms in steel is
approximately two orders of magnitude higher than that
of Fe [83], faster diffusion of Al than Fe makes kg,
much higher than kj5,. This statement is also confirmed
experimentally to be the perturbation of the Fe/Fe,Als
interface.

The wear volume of a specimen is equal to the
product of the average volume of a single particle and
the total number of wear debris particles generated
within a sliding time, ¢, in steady state, which can be
expressed by [84]

3
14 :%J\?Aat (28)

where N is the number of debris particles generated in
unit time on a unit apparent of the wear surface, 4, is the
apparent area of contact, and D, is the average diameter
of wear debris particles.

It is reasonable to assume that during sliding wear, a
micro-crack is initiated on the wear surface and will
propagate for a certain distance after each contact with
an asperity from the counter surface.

When wear is added to corrosion, wear and
corrosion happen at the same time, the wear surface is
changed by corrosion, while the corrosion surface is
changed by wear.

According to the evidences available from the
literature, the most common expression for the
relationship of corrosion and wear is the following
model [85]:

Vee =Ve +AV: (30)

Ve =V +AVy €2y
AVg = AV +AVy (32)

where Vcw 1s the total corrosion wear loss, V¢ is the
material loss due to corrosion without the effect of
mechanical wear, Vyw is the wear loss due to wear
without corrosion, Vcc is the material loss due to
corrosion during corrosion wear, Vyc is material loss due
to wear during corrosion wear, and AV is the synergistic
effect of corrosion-induced wear (AVyw) and wear-
induced corrosion (AV¢).

In most cases, V¢ and Vy in Eq. (29) can be tested
exactly, but how to determine AV properly and correctly
remains a problem. Though many studies have been
carried out, until now, the tribo-corrosion synergistic
effects are still not well understood.

5.2 Synergistic effect
5.2.1 Effect of wear on corrosion

The material loss due to corrosion during corrosion
wear is greater than the pure corrosion without wear. The
reason is as follows. Firstly, the metal surface is activated
by the mechanical wear. Wear can remove or damage the
intermetallic layer formed during corrosion, which
makes the new surface of the substrate exposure to the
molten Al, more and more wear debris particles are
formed, then corrosion is speeded up. Meanwhile, wear
increases internal energy of the metal surface due to the
plastic, normally very severe deformation, besides stress
is accompanied with wear, which is similar to stress
corrosion cracking. Secondly, the process of wear has the
effect of dynamic agitation.
5.2.2 Effect of corrosion on wear

Corrosion speeds up wear in four aspects. Firstly,
corrosion increases the number of micro-crack initiation
sites. The stress and deformation are not non-uniform on
a wear surface on a microscopic scale. Thus, the pitting
will occur rendering the micro-crack initiation and
propagation, which is similar to the surface corrosion
fatigue cracking. As a result, the density of active crack
initiation sites on a unit apparent area of the wear surface
will be higher. So, there are much more sites that are
potential micro-crack initiation positions for the
generation of wear debris particles on a wear surface
than those in a reference environment where corrosion is
prohibited. Secondly, corrosion accelerates micro-crack
propagation, eventually results in the breakage of the
hard intermetallic layer. The propagation of the
micro-crack during the formation of wear debris particles
proceeds via the debonding at the crack tip (Fig. 16). If a
reactive species, A, is present at the tip, and can weaken
the bonding, it will promote the propagation of the crack,
thus accelerating the generation of wear debris particles.
The reaction between the reactive species and the bonds
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at the crack tip does not need a chemical one [84].
Thirdly, some voids are formed in the intermetallic layer
during corrosion, which are mainly caused by Kirkendall
effect, leading to both effects mentioned above. At last,
some cracks are formed in the IMCs layer due to the
thermal stress and phase transformation stress during the
process of corrosion. Most of the IMCs have a high
hardness, so when they spall off, they will act as wear
debris particles to accelerate before
dissolution.

corrosion

5.2.3 Synergy ratio

The synergistic effect plays an important role in
attacking many industrial facilities when they are
exposed to a corrosive-wear environment. So, it is very
important to understand the synergistic effects of
corrosion and wear when we study the corrosion-wear
resistance performance of materials in molten Al. We use
synergy ratio (Sa) to characterize the synergistic effects
and define it as follows:

_Vew = +Vw)

S A
VCW

(33)
At most of the time, S, is positive, but sometimes,

——-
D

(a) 7 s, n

Debris
Liquid metal B

A,B, (IMC)

Crack tip

Debonding

Cracking

@  Atoms of liquid B
(@) Bonded atoms, A
A*—Activated state of atom A

Fig. 16 Schematic diagrams showing synergistic effect of
corrosion-wear in molten Al: (a) Micro-crack propagation;
(b) Chemically activated reactions between reactive species A
and bonds B at crack tip

S is negative, as shown in Fig. 17 [80]. It is indicated
that the corrosion-wear synergy ratio of H13 steel is
much higher (>90%) than that of the co-continuous
composite TiAly/Ti3AlCy/Al,O;. The synergy ratio is
great difference under different conditions even a
negative synergy ratio appears. Thus, there may be some
other factors to influence the process of corrosion-wear.
However, reports on these are limited.
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Fig. 17 Corrosion-wear synergy ratio [80]: (a) HI3 steel;
(b) TiALy/Ti3A1Cy/AL O; composite

5.3 Other effects on corrosion-wear
5.3.1 Effect of dynamic agitation due to rotating of
friction

The dissolution of a solid metal into a liquid metal
is described by the Nernst—Shchukarev equation as
shown in Eq. (7).

When wear starts, the melt is stirred, and the
dissolution rate constant, k, can be calculated by the
equations below [86]:

k =0.62D*307V8 02 (S.=0/D>1000) (34)
and
k=0551""D*30V80"? (4<5.<1000) (35)

where  is the angular rotating speed of the solid metal,
v is the kinematic viscosity of melt, and D is the
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diffusion coefficient of solute across the interfacial zone
and I=A(S,).

From the above equations, it can be indicated that
the intensity of agitation affects the dissolution rate of
solids in liquid. Meanwhile, the morphology of the
interface between intermetallic layer and melt can be
changed by agitation. Agitation can damage the
protective layer or accelerate the wear by the detachment
of the reaction product.

5.3.2 Physical effect of liquid metal

As a liquid metal, molten Al owns the characteristic
of penetration or infiltration under the capillary force
resulting from the wetting. The Al melt has a great
infiltration capacity, and any tiny defects can be
infiltrated by molten Al. The tensile stress and thermal
stress of the static pressure of the Al melt will accelerate
micro-crack propagation. The higher the energy of the
defect is, the easier the penetration is. It is difficult to
estimate either from the literature or from experiments. It
is therefore difficult in this stage to make a generalized
quantitative assessment of the model. However, the
physical effect of liquid metal is inherent and is usually
unavoidable. Another important effect of melt is
lubrication. A thin molten Al film exists between the
friction pairs, to some extent, it has the effects of
lubrication and cooling as other lubricants.

5.3.3 Grain size

When solid metal A contacts with liquid melt B,
atoms of B diffuse toward solid A with A diffusing
toward B melt, and the A B, intermetallic layer is formed
between the solid A and molten B, as shown in Fig. 18.
Then, B diffuses through the intermetallic lay toward the
inside of A grain and reacts with A. Grain boundary is a
main diffusion path. Thus, controlling the grain size will
be helpful for the corrosion-wear resistance.

—.r"' .

)\
J(nmln bh‘ld‘lr\ \
\

\
\
\
"mlul"‘nu al A \

Liquid metal B

Fig. 18 Schematic diagram showing inter-diffusion of Al and
Fe

5.3.4 Mechanical properties at high temperature

In the process of corrosion-wear, the sample has to
endure at least 700 °C for a long time, material will be
softened due to the reduced mechanical properties at
high temperatures. Besides, materials are exposed to
liquid metal and thus liquid metal corrosion plays an

important role in the increase of the liquid metal
embrittlement. Some secondary phases will precipitate
when materials are exposed to high temperature for a
sufficient time, which have an unignorable effect on the
mechanical, wear and corrosion properties.
5.3.5 Volume of molten Al

The dissolution of a solid metal in molten metal is
described by Eq. (7). A lot of metals will be removed
from the substrate during the processing of corrosion-
wear, if the molten Al becomes saturated with dissolved
elements from the specimen, corrosion will be slowed.
5.3.6 Chemical composition of molten Al

As mentioned above, some elements (Si, Mg, Cu,
etc.) have different influences on the corrosion behavior
of materials in molten Al. Therefore, the chemical
composition of the molten Al also plays an important
role in the corrosion-wear resistance performance of
materials.

5.4 Characteristics of corrosion-wear resistance
performance

According to the research results and the discussion
above, to warrant satisfactory performance in molten Al
and its alloys, the materials should possess the following
characteristics, in addition to necessary mechanical and
thermal properties which will be helpful for the high
mechanical and chemical stability properties [70].

1) Low solubility in molten Al, including the
materials themselves and the intermetallic layers.
Solubility is considered as the most important factor for
corrosion rate. The high loss rates of nickel-based alloys
are primarily due to the high solubility of nickel in liquid
Al [86].

2) The intermetallic layer should be dense and be
well adhered to substrate to act as a diffusion barrier,
other types of obstacles such as graphite lamellas,
eutectic, eutectoid or other duplex-phase structure can be
helpful. Diffusion plays an important role in the process
of corrosion-wear. Any measures to restrain diffusion
will reduce the loss due to corrosion-wear.

3) A high hardness intermetallic layer or skeleton is
required to provide protection of substrate against wear.
As for the ceramics/metal composites, especially with an
interpenetrating network structure, the ceramics skeleton
mainly can not only bear the wear, but also protect the
intermetallic layer from continuously breaking-off from
the solid surface, which is similar to the action of our
grabbing.

6 Summary
This article reviews recent progress in corrosion-

wear resistance performance of materials in molten Al
and its alloys. In addition, the test apparatus of corrosion-



1728

wear in molten metal is also reviewed. The considerable
volume of research on corrosion-wear of metals by
molten Al and its alloys can be ascribed to the historical
interest in the aluminum industry (such as casting,
die-casting and hot-dip-aluminizing). Corrosion- wear is
a tribological process where the total material removal
results in simultaneous mechanical wear and chemical
corrosion. The two material-removal mechanisms depend
on each other in a complicated way, and the total
material removal rate is usually not simply the sum of
the corrosion rate and the wear rate measured in separate
experiments. Corrosion is speeded up by wear, and wear
is speeded up by corrosion. The synergism where both
corrosion and wear are significantly increased by the
interactions between them can significantly increase total
material losses in molten aluminum environments.
Therefore, the damage to materials due to the
coexistence of corrosion and wear has a significant
impact on economics of engineering systems both
directly and indirectly in terms of material loss and
associated equipment downtime for repair and
replacement of corroded and worn components.

In the last decade, the corrosion-wear resistance
performance of a large diversity of materials has been
researched in molten Al and its alloys, including metals,
such as Fe-based alloys and Co-based alloys,
intermetallics, high entropy alloys, ceramics and
metal/ceramic composites. Among the materials used in
aluminum industry, some refractory metals such as W, Ti
and Nb, and ceramics/metal composites, especially in a
co-continuous structure, have excellent corrosion-wear
resistance properties. However, the refractory metals
such as W, Ti and Co, are very expensive, which limits
the application in modern aluminum industry. Generally,
a reaction layer composed of intermetallic compounds is
formed at the interface of metal and molten Al, which
plays an important role in the corrosion-wear resistance.
The solubility, thickness, density, hardness and adhesion
to substrate have a great effect on the corrosion-wear
resistance performance of materials. Although the ferrous
alloys like H13 steel, which are widely used in the
aluminum industry, can be easily attacked by molten Al
and its alloys, to some extent, the lifetime of them can be
improved by alloying elements and multi-phase
structure. As for the ceramics/metal composites, maybe,
the co-continuous construction will make it possible.
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