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This  study  investigates  the  interfacial  reaction  between  an as-cast  multicomponent  FeCrNiCoMnAl  high-
entropy  alloy  (HEA)  and  an  Al melt  at 700 ◦ C.  The  microstructure,  phase  identification,  and  chemical
composition  were  analyzed  by  using  scanning  electron  microscopy  (SEM),  energy  dispersive  spectroscopy
(EDS),  X-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM)  and  electron  back  scattering
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diffraction  (EBSD).  The  results  showed  that  the  contact  between  the  solid  substrate  and  the  Al  melt
resulted  in  the formation  of a  region  with  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.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Molds or crucibles made of metallic materials are sometimes
sed to handle liquid melts, especially those with low melting
oints, in hot dipping and casting processes [1–3]. For aluminum
asting or die-casting, iron-based alloys are the most commonly
sed molding materials. However, aluminum melt is very corrosive
nd can react with iron to form intermetallics when they come into
ontact with each other [4,5]. To extend the service life of metallic
olds that deal with aluminum melts, other materials are always

sed as substitutes for iron-based alloys. Since chemical stability
nd adequate mechanical strength are crucial to increasing the ser-
ice life of metallic molds acting as containers for liquid metal,
he substituting alloy should have the proper chemical composi-
ion and microstructure to provide corrosion resistance and high
emperature strength.

Newly established multi-components or high entropy alloys
HEA) [6–8] containing transition metal elements have been
eported exhibiting high strength, resistance to wear, thermal sta-
ility, and oxidation resistance at high temperatures [9–14]. In
he study of TiCoCrFeNiCuAl high entropy alloy, Zhang et al. [14]

eported that this material exhibited high fracture strength at high
emperature, but its phase stability was affected by the alloying of
l. Therefore, the potential of HEAs for use as the crucible mate-
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rials for aluminum melts is of interest. This study investigates
the stability of an Al containing HEA in a pure aluminum melt
at 700 ◦C. The HEA used in this study contained an almost equi-
atomic ratio of Fe, Co, Ni, Cr, and Mn  with 6.78 at% Al. We  examine
the resulting chemical composition and microstructural changes
occurring in the substrate, the solidified melt and at the HEA/Al melt
interface.

2. Experimental procedure

The FeCoNiCrMnAl high-entropy alloy with the chemical composition listed in
Table 1 was prepared by vacuum induction melting. It was  then casted into a mold
with dimensions of 150 × 100 × 20 mm.  After removing the surface scale, the ingot
was  then ground and cut into pieces, each with dimensions of 10 × 10 × 10 mm,  for
subsequent material characterization and hot dipping tests.

The hot dipping test was conducted in pure Al melt at 700 ◦C. The melt was
prepared by loading a fixed amount (ca. 265 g) of Al block into a crucible made of
alumina, which was  then heated in a box furnace until the Al block fully melted
and  remained at 700 ◦C. Then, the HEA specimen was dipped into the melt for 20 s,
10  min  and 1 h, respectively. After being removed from the melt and cooled, the
hot-dipped HEA was cut in the middle for subsequent analyses.

The microstructures of the HEAs, before and after hot dipping in Al melt, were
examined using an optical microscope and a scanning electron microscope (SEM).
The specimens were first ground with SiC papers to a grit of #2000, followed by
polishing in slurry containing Al2O3 powers with an average particle size of 0.3 �m.
The  polished specimen was then etched in the aqua regia (25 mL  HNO3 + 75 mL  HCl)
before microstructural examinations. The chemical compositions of the constituent
phases in the substrate, the interfacial zone and the solidified Al melt were ana-

lyzed using an energy dispersive spectrometer (EDS) attached to SEM before and
after hot dipping. Electron backscatter diffraction (EBSD) using the Kikuchi pat-
tern (the Kikuchi bands were detected by TexSEM Laboratories (TSL) OIM analysis
software) was employed to determine the crystal structure and phase change at
the  Al/HEA interface. The reaction product which formed immediately adjacent
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Table  1
Chemical composition of the FeCrNiCoMnAl high entropy alloy (HEA).

Element Fe Cr Ni Co Mn Al

t
(

3

7
u
s
f
t
a
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r
H
e
i
g
l

F
d
i

Composition (wt.%) 19.02 16.85 20.60 19.20 17.55 6.78

o the HEA substrate was also analyzed using transmission electron microscopy
TEM).

. Results and discussion

The cross-section images of the HEA after being immersed in the
00 ◦C Al melt for different periods of time were examined either
sing a digital camera or an SEM. Fig. 1(a) demonstrates the macro-
copic cross-section view of a specimen fully immersed in the melt
or 1 h. As revealed in this digital photo, the bright region in the cen-
er is the HEA surrounded by the solidified Al melt with a grey color
nd irregular shape. The fact that the initially straight edges of the
EA become slightly curved after hot dipping indicates the occur-

ence of solid/liquid interfacial reaction. The reaction between the
EA and the Al melt is further confirmed by the SEM back scattering
lectron (BSE) image of a specimen which was partially immersed

n the Al melt for 1 h, as shown in Fig. 1(b). As indicated in this micro-
raph, a reaction zone can be clearly observed below the immersion
ine.

ig. 1. Cross-section image of an HEA after immersion in 700 ◦C Al melt for 1 h, (a)
igital microscope image for fully immersed specimen and (b) BSE image for partial

mmersed specimen.

Fig. 2. (a) Cross-section SEM image exhibiting dual phase microstructure at the
Al/HEA interface after immersion in 700 ◦C Al melt for 1 h, (b) the corresponding

EDS line scan profile of phase I in (a), and (c) the corresponding EDS line scan profile
of  phase II in (a).

3.1. Solid/liquid reaction

After hot dipping in 700 ◦C Al melt for 1 h, the cross-section SEM
micrograph showing the image at the interface is manifested in
Fig. 2(a). To the left of this micrograph, the duplex microstructure
containing phase I and II in the HEA is clearly revealed. At the far
right of this micrograph, the dark region is the solidified Al layer.
In between the HEA and the outer Al layer, immediately adjacent
to the HEA surface, a grey region resulting from the solid/liquid
reaction is displayed. The concentration changes of Fe, Cr, Ni and Al
across the two dashed lines marked in Fig. 2(a) are shown in Fig. 2(b)
and (c), respectively. The results of the EDS line scan across line I are
manifested in Fig. 2(b). As can be seen from this figure, phase I in the
HEA has higher Cr and Fe contents than Ni and Al contents. At the
region about 1 um to the right of phase I, the Al content was higher

than that in the bulk, indicating the inward diffusion of Al into the
HEA. The grey region resulting from the solid/liquid reaction, to the
right of the reaction interface, consists of noticeable amounts of Cr,
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Fig. 4. Magnified cross-section BSE images of an HEA after immersion in 700 ◦C Al
Fig. 3. Schematic diagram of the liquidus curves of the five Al–M systems.

e, and Ni, which decrease with increasing distance from the HEA
urface. Similar results of the EDS scan across line II are displayed in
ig. 2(c). The formation of a thick layer of solid/liquid reaction prod-
ct, in comparison with the thin Al-enriched surface layer formed

n the phase I or II substrates, suggests that the dissolution of the
EA alloying elements into the Al liquid phase is more pronounced
s compared with the counter-flux of Al into the HEA substrate. The
ore detail reactions occurred at the interface will be discussed in

he following section.
It is noted from the micrograph shown in Fig. 2(a) that retreats

f the surface at phase II with respect to phase I occurs, indicat-
ng a fast reaction between phase II/Al as compared with that at
hase I/Al interface. More specifically, the dissolution of phase II

nto molten Al liquid is faster than that of phase I. Examination of
he binary phase diagrams of the Al–M (M = Mn,  Fe, Co and Ni) sys-
ems shows that each of these systems exhibits eutectic behavior in
he Al-side, while the behavior of the Al–Cr system is peritectic [15].
t is also found that the liquidus temperature of the hypereutectic
olid phase of the Al–Ni system is the lowest when compared with
hose of Al–Fe, Al–Cr, Al–Co, and Al–Mn systems. The comparison
f the liquidus curves of the five Al–M systems is summarized in
ig. 3. As can be seen from this figure, the liquidus temperature of
he Al-rich hypereutectic solid solution phase of the Al–Ni system
s much lower than those containing Cr, Fe, Co and Mn.  When solid
EA is in contact with Al melt, the dissolution of Al into both phases

 and II in the HEA causes changes in melting point for both phases,
ach having different Al solubility. Since the Ni content in the phase
I is higher (Fig. 2(c)), the dissolution of Al into the HEA, especially
t the intimate contact interface, can more easily cause a lowering
f the melting point in phase II than in phase I. This may  explain
he higher rate of retreat in the solid phase at the II/Al interface.

The microstructure of the solid/liquid reaction products formed
ear the interface is further examined by SEM under high magnifi-
ation. Fig. 4 shows the cross-section BSE images for the specimens
ith hot dipping times of 20 s, 10 min, and 1 h, respectively. With

 short (20 s) hot dipping, a discontinuous reaction occurred at the
nterface, as shown in Fig. 4(a). A thin layer of reaction product

marked as nanocrystalline phase layer, NPL), about 2–3 �m thick,
as formed on top of the HEA. In this layer, nanocrystalline phases
ere identified by TEM and EBSD as will be discussed latter. EDS

nalysis indicates that this layer has a uniform chemical composi-
melt for (a) 20 s, (b) 10 min  and (c) 1 h, showing the formation of a nanocrystalline
phase layer (NPL), and precipitation of Al13Cr2 and III1.

tion. The dark region to the right of the uniform reaction product
layer is the solidified Al layer. Interestingly, large white particles
are found present in the solidified Al matrix, as revealed in Fig. 4(a).
These white particles are Al alloys containing a higher content of

Cr, which have been confirmed as Al13Cr2 by using EDS and EBSD.
Far away from the initial solid/liquid interface, a new phase (bright
area marked as III1) is seen dispersed in the solidified Al matrix. EDS
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ig. 5. (a) Cross-section SEM image of the Al/HEA interface, (b) phase map  of the A
lue,  Al13Cr2 phase in purple and aluminum phase in turquoise) coding for the phas
For  interpretation of the references to color in this figure legend, the reader is refe

nalysis indicates that the chemical composition of the dispersed
hase mainly consists of Al with a relatively high concentration of
e, Co and Ni which are dissolved from the HEA into the Al melt dur-
ng hot dipping. After extending the dipping time to 10 min  and 1 h,
he SEM cross-section micrographs are shown in Fig. 4(b) and (c),
espectively. Complete wetting results in the formation of a contin-
ous reaction zone are shown in these figures. The microstructure

s similar to that shown in Fig. 4(a).
The phase changes and reaction products formed in the

olid/liquid interface are further examined using EBSD. Fig. 5 gives
n example showing the EBSD results obtained for the HEA/Al inter-
ace with hot dipping for 1 h. The cross-section SEM image is shown
n Fig. 5(a), while the phase map  and orientation map  obtained from
he EBSD analysis of this area are displayed in Figs. 5(b) and (c),
espectively. The phase map  shown in Fig. 5(b) reveals two face-

entered cubic (FCC) phases with different chemical composition
using simultaneous EBSD-EDS measurement), displayed in green
nd blue respectively. An Al13Cr2 phase in purple and an aluminum
hase in turquoise color are also shown in this figure. The blue color
 interface obtained from EBSD, the corresponding color (substrate in green, NPL in
, and (c) the corresponding orientation maps assign as above mentioned structure.

 the web version of the article.)

region corresponds to the NPL layer. Some tiny black, purple and
green spots are found dispersed within it. The black spots shown
in the phase map  represents that there is no Kikuchi pattern signal
in the selected area, indicating the presence of an amorphous or
nanocrystalline phase. The presence of purple spots indicates the
precipitation of Al13Cr2 occurring in the NPL layer. The green spots
represents the tiny FCC phase with (1 1 2) orientation. The origin
of the fine green phase in the NPL layer needs further investiga-
tion. The EBSD result shown in Fig. 5(b) indicates that the substrate
selected for analysis is exclusively phase I with FCC structure. The
orientation map shown in Fig. 5(c) corresponds to that from the
transverse direction (TD), which is normal to the HEA/Al interface.
The microstructure with fine grain size feature in the NPL layer can
also be seen in Fig. 5(c).

Since the crystallinity of the NPL layer cannot be adequately

identified by EBSD as described above, TEM examination was per-
formed. The TEM dark field image of a thin foil carefully taken
from the NPL layer is shown in Fig. 6(a), and the corresponding
selected area diffraction (SAD) pattern is displayed in Fig. 6(b). The
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Fig. 7. Magnified cross-section BSE images of solidified Al melt after holding at
700 ◦C, (a) the solidified pure Al melt without HEA immersion, (b) the solidified
ig. 6. (a) TEM dark field image of the reaction product layer in the Al/HEA interface,
nd (b) SAD pattern showing the reaction product layer was composed of the FCC
anocrystalline structure.

icrograph demonstrated in Fig. 6(a) shows that many tiny par-
icles smaller than 10 nm are found dispersed in an amorphous

atrix. The SAD pattern depicted in Fig. 6(b) confirms the FCC
anocrystalline structure nature of the bright particle existing in
he NPL layer.

.2. Solidified Al melt

Fig. 7(a) shows the SEM micrograph in BSE mode of the solidified
ure Al melt without HEA dipping. Other than polishing scratches

nd a few shrinkage voids, no precipitates or distinct phases can be
een in Fig. 7(a), indicating a homogeneous microstructure. With
he dipping of HEA into the Al melt, the dissolution of the alloying
lements from the HEA modifies the chemical composition of the
Al  melt with HEA immersion and (c) the solidified Al melt with HEA immersion
remained in alumina crucible where the Al(M) and eutectic structure is formed.

Al melt and causes a change in the microstructure of the solid-
ified melt. The SEM micrograph depicting the microstructure of
the Al melt after HEA immersion for 1 h is shown in Fig. 7(b). This
micrograph reveals the multi-phase and complicated microstruc-
ture of the solidified melt. The alloying elements dissolved from

the HEA modify the chemical composition of the Al liquid phase.
EDS analysis shows that the grey area (region I(Al) in Fig. 7(b))
contains relatively higher amounts of Fe, Ni and Co. A lamellar
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ig. 8. (a) The eutectic structure in the solidified Al melt obtained from SEM, and
he EBSD Kikuchi pattern of (b) region I(Al), and (c) region II(Al) as shown in (a).

icrostructure (marked as region II(Al) in Fig. 7(b)) exhibiting the
utectic characteristics of the image are also revealed in this micro-
raph. The white platelet (designated as III2 phase) contains less
mounts of Fe, Ni and Co as compared with those of the grey phase.

ince the solubility of Fe, Ni and Co in the Al liquid phase are much
igher than in the solid phase [16], therefore, phase change and
hemical composition segregation occurs when the liquid phase is
ooled to room temperature. The high volume fraction of eutectic
ompounds 509 (2011) 8176– 8182 8181

microstructure was  noted in Fig. 7(b) indicates that great amounts
of transition metal elements are dissolved from the HEA into the Al
melt. Furthermore, the existence of the eutectic microstructure in
the solidified Al remaining in the crucible can also be observed (see
Fig. 7(c)), indicating the fact that the diffusion rate of each transition
metal atom dissolved in the Al liquid phase is very fast.

The phase change in the outer solidified Al melt was also ana-
lyzed by EBSD. The SEM image and the Kikuchi pattern shown in
Fig. 8 represent those with HEA hot dipping for 1 h. The dark region
(I(Al)) shown in Fig. 8(a) is the primary solidified phase which con-
tains a relatively high amount of Fe, Ni and Co, while region II(Al)
consists of two phases with lamellar microstructure and very fine
size platelets. The Kikuchi pattern representing region I(Al) shown
in Fig. 8(a) is displayed in Fig. 8(b). This pattern corresponds to
the FCC crystal structure of the phase in region I(Al). The Kikuchi
pattern of region II(Al) displayed in Fig. 8(c) also exhibits the char-
acteristics of FCC crystal structure, even though it consists of two
phases with different chemical compositions. Since the Kikuchi pat-
tern only displays single crystal structure characteristics, the two
phases present in the eutectic microstructure should have the same
crystal structure.

4. Conclusions

When the FeCrNiCoMnAl high entropy alloy comes into contact
with Al melt, a complicated reaction takes place at the interface and
significant changes in chemical composition and microstructure in
the solid substrate and the solidified Al melt are observed.

The dissolution of Al into the HEA can cause a lowering of the
melting point of phase II much greater than that of phase I. As a
result, a higher rate of retreat in the solid phase at the II/Al interface
as compared with that at the I/Al interface is observed. The dipping
of HEA into the molten aluminum leads to a significant change in
chemical composition both in the substrate and the Al melt. The
formation of a FCC nanocrystalline layer immediately above the
HEA is observed, as identified by EBSD and TEM. Beyond that, some
large particles containing high concentration of Cr are found. In the
solidified Al melt, the dissolution of the transition metal elements
causes both the precipitation of new phases and chemical composi-
tion segregation in the solidified Al crust. A lamellar microstructure
exhibiting eutectic characteristics is found. The Kikuchi pattern
obtained from EBSD analysis only displays single crystal structure
characteristics. The new phases formed in the initial Al melt all
exhibit FCC crystal structure, though they have different chemical
compositions.
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