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In the past three decades, nanostructured (NS) and ultrafine-microstructure (UFM) materials have received
extensive attention due to their excellent mechanical properties such as high strength. However, prepar-
ing low-cost and bulk NS and UFM materials remains to be a challenge, which limits their industrial appli-
cations. Here, we report a new strategy to prepare bulk UFM alloys via the direct solidification of high-
entropy alloys (HEAs). As a proof of concept, we designed AlCoCr,FeNi (1.8 < x < 2.0) HEAs and achieved
a complete UFM in bulk materials. The compositional requirements for obtaining the formation of the
UFM are highly demanding, necessitating the coupling of near eutectic alloy composition and the high
temperature decomposition of supersaturated primary and secondary phases. Our strategy provides a
low-cost and highly efficient method to prepare bulk UFM alloys, with great potential to accelerate the
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Introduction

Bulk nanostructured (NS) and ultrafine-microstructure (UFM)
materials exhibit great potential for industrial applications
because of their novel properties. In comparison with coarse-
grained (CG) materials, NS and UFM materials show some
unique physical, chemical and mechanical properties, such as
high strength and hardness, excellent friction and wear per-
formance, enhanced diffusivity, as well as superior soft and
hard magnetic properties."™ In addition, numerous catalytic
materials are also based on ultrafine microstructures.
Literature survey indicates that the preparation methods of
bulk NS and UFM metals and alloys mainly include:"*°® (1)
inert gas condensation in addition to the subsequent consoli-
dation method, ie., firstly, condensation from the metallic
vapor to form nano-particles and then consolidation of the
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engineering application of these materials.

nano-particles using an in situ high pressure vacuum sintering
method; (2) a mechanical milling technique, i.e., preparing
micro-powders with nano-grains by attrition and then consoli-
dating by sintering methods; (3) electro-deposition methods;
(4) crystallization of amorphous materials; and (5) a severe
plastic deformation (SPD) method. However, due to the com-
plexity of the above-mentioned methods, the preparation cost
of NS and UFM materials is high. Moreover, the dimensions of
NS and UFM specimens prepared by these methods are
limited in the millimeter or centimeter range, which are much
smaller than the size required for industrial applications.
Finally, NS and UFM materials prepared by sintering methods
generally have processing defects such as porosity and impur-
ity, which damage their already limited plasticity. Therefore,
developing new advanced preparation techniques to synthesize
bulk NS and UFM materials with low-cost, in large-scale, and
free of processing defects is the key for their industrial appli-
cations. The direct solidification process can satisfy these
requirements, and therefore has potential for solving the pro-
blems limiting the industrial applications of NS and UFM
materials."”

Recently, Cantor and Yeh et al. proposed a new alloy design
concept which makes a paradigm-shift from the traditional
alloy design.'™'* These new kinds of alloys were named as
high-entropy alloys (HEAs) or multi-principal-element alloys.
HEAs are different from conventional alloys because they have
at least four principal elements, instead of one or two princi-
pal elements as in conventional alloys. This is a breakthrough
in the alloy design in the traditional physical metallurgy field,

This journal is © The Royal Society of Chemistry 2018
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and opens up a new area for the exploration of new materials
and new properties."*”*” Previous studies have indicated that
some HEAs, depending on compositions, can exhibit sluggish
diffusion kinetics,">?°** which results in the difficulties of
precipitation and the grain growth of other phases such as
intermetallic compounds from the high-entropy solid solution
phase. Therefore, direct solidification might formulate NSs
and UFMs in HEAs,'*?12%2% and provide a convenient way to
prepare bulk NS and UFM alloys.

As a proof of concept, in this work, we designed
AlCoCr,FeNi (1.8 < x < 2.0) HEAs and achieved a complete
UFM in bulk materials, using the direct solidification method.

Results and discussion
XRD and SEM

Fig. 1 shows the XRD patterns of the as-cast Cr1.8 and Cr2.0
alloys. Both Cr1.8 and Cr2.0 alloys comprise a mixture of B2
and BCC (A2) solid solution phases. The SEM morphologies of
the as-cast Cr1.8 and Cr2.0 alloys are presented in Fig. 2 and 3.
Both Cr1.8 and Cr2.0 alloys show a typical dendritic mor-
phology: the dendritic phase (marked as A) and the inter-den-
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Fig. 1 X-ray diffraction patterns of the as-cast Cr1.8 and Cr2.0 HEAs.
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dritic region (marked as B) at low magnification are as shown
in Fig. 2(a) and 3(a). The dendritic morphology is the domi-
nant structure, with a small amount of the inter-dendritic
region. Furthermore, it can be found that all of the dendritic
and inter-dendritic regions have further decomposed and
formed uniform UFM alloys, as revealed by the high magnifi-
cation SEM micrographs in Fig. 2(b) and 3(b). Even though
previous experimental studies have shown that ultrafine-
grained precipitates have been often observed in the micro-
structure of HEAs,>?"?? it is believed that this is the first time
the formation of a complete UFM in both dendritic and inter-
dendritic regions of HEAs via direct solidification is reported
(at present, although some nanocrystalline high-entropy alloys
have been successfully prepared, they still use traditional
preparation methods®®>°). The homogeneous UFM alloys with
a particle size of about 100-300 nm were observed clearly in
SEM and TEM studies, as shown in Fig. 2-4. The macroscopic
SEM-EDS results given in Table 1 show that the contents of
elements Cr and Fe in the dendritic region are higher than
those in the inter-dendritic region, while those of Al and Ni
show the opposite trend. The distribution of element Co is
rather uniform in both the dendritic and inter-dendritic
regions. The volume fractions of the dendritic and inter-den-
dritic regions are ~59% and 41%, and 70% and 30% in the
Cr1.8 and Cr2.0 alloys, respectively, measured by image ana-
lysis from the low magnification SEM images.

HAADF-STEM-EDS and HRTEM

In order to investigate the elemental distributions in the bulk
UFM HEAs, the Cr1.8 alloy was studied using STEM-EDS
mapping. Fig. 5 shows the Al, Ni, Fe, Cr and Co elemental
mapping results in the dendritic region. It can be seen that
the dendritic region is composed of two phases with different
compositions: one is a network-like phase enriched with Ni
and Al, and the other is a cylinder-shaped phase enriched with
Fe and Cr. Based on the XRD results and previous results in
similar alloy systems from the literature, the NiAl-rich phase
has the B2 structure, while the FeCr-rich phase has the BCC
structure.’® This conclusion will be further supported by the
following TEM results. The distribution of the element Co is
quite homogeneous in these two phases.

Fig. 2 SEM images of the as-cast Crl.8 HEA, showing a complete UFM in dendritic (A) and inter-dendritic regions (B), (a) low-magnification SEM

image; (b) high-magnification SEM image.
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Fig. 3 SEM images of the as-cast Cr2.0 HEA, showing a complete UFM in dendritic (A) and inter-dendritic regions (B), (a) low-magnification SEM

image; (b) high-magnification SEM image.

Fig. 4 TEM images of the dendritic region of the (a) Cr1.8 and (b) Cr2.0
HEAs.

Table 1 Chemical compositions of the dendritic and inter-dendritic
regions of the Cr1.8 and Cr2.0 alloys, in atomic percentage

Alloys Regions Al Co Cr Fe Ni

Cr1.8 Dendritic 22.4 16.6 25.2 15.4 20.4
Inter-dendritic 25.5 17.0 21.2 13.7 22.6

Cr2.0 Dendritic 18.9 16.5 31.9 15.9 16.9

Inter-dendritic 24.0 16.1 24.9 13.6 21.8

For the Cr1.8 alloy, the inter-dendritic region is also com-
posed of two different phases, as shown in Fig. 6, for the
STEM-EDS mapping of Al, Ni, Fe, Cr and Co elements. One
can see that all elements in the inter-dendritic region show
distributions similar to those in the dendritic region, ie., the
two phases are the NiAl-rich B2 phase and the FeCr-rich BCC
phase, respectively. The micro-area chemical compositions of
FeCr-rich and NiAl-rich phases in the dendritic and inter-den-
dritic regions of the Cr1.8 HEA were obtained by the
HAADF-STEM-EDX method, as listed in Table 2. It can be seen
that the FeCr-rich phase contains more Cr and Fe elements
than the NiAl-rich phase. Since the Cr2.0 alloy shows a similar
microstructure as that of Cr1.8, in the present paper only the
Cr1.8 alloy is chosen for analysis. For the same reason, only
the results from the Cr1.8 alloy are given in the following dis-
cussions to represent AlCoCr,FeNi (1.8 < x < 2.0) HEAs unless
otherwise stated.

1914 | Nanoscale, 2018, 10, 1912-1919

The structures of the B2 and BCC phases were further
identified by HRTEM analyses (for the Cr1.8 alloy). Fig. 7
shows a HRTEM image of an area containing the two phases
of B2 and BCC in the dendritic regions, with the electron
beam parallel to (001) of the B2 and BCC phases. According to
the corresponding fast Fourier transformation (FFT) images in
Fig. 7, both B2 and BCC structures were verified.

Beyond AlCoCr,FeNi (1.8 < x < 2.0) HEAs

Although nanoscale phase separation in HEAs has been
reported in the literature,'*?!?>2%3%37 we for the first time,
succeeded in preparing the complete UFM bulk HEA alloys
during the direct solidification process. Our large number of
experiments indicated that the microstructures of AlICoCr,FeNi
HEAs strongly depend on the concentration of the element Cr
(the x value). At x = 1.8-2.0, complete UFM HEAs were success-
fully achieved, while at x < 1.8 or >2, such a complete UFM was
not seen (Fig. 8). Obviously, too low or too high Cr contents
cannot render the AlCoCr,FeNi HEAs to obtain the complete
UFM.

Actually, a systematic experimental investigation was per-
formed in this work on the variation of the content of each of
the five elements (while keeping the other four elements equi-
molar). It was found that no complete UFM was formed in the
Al-Co-Cr-Fe-Ni alloys by varying the contents of Al, Co or Ni,
respectively. Alloys with optimal Fe contents, however, could
also form the complete UFM. The results are similar to those
with the variation of the Cr content, which are reported in the
present work, and will not be discussed with more details
here.

CALPHAD calculations

We turn to Calphad calculations to interpret phase stability
and microstructure formation in AlCoCr,FeNi HEAs. The cal-
culations were made using Thermo-Calc software*® and the
thermodynamic database TCHEA1.*>*® TCHEA1 was developed
especially for the material design of HEAs and multi-principal-
element alloys. Applying the Calphad approach which couples
the phase diagram information with thermodynamic pro-
perties, all HEAs consisting of binary and many ternary
systems were critically assessed.

This journal is © The Royal Society of Chemistry 2018
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STEM HAADF Detector

Fig. 5 HAADF-STEM-EDS elemental mappings of Al, Ni, Fe, Cr and Co in the dendritic region of the Crl1.8 alloy. The network-like B2 phase is
enriched with Ni and Al, while the other cylinder-shaped BCC phase is enriched with Cr and Fe. The element Co is uniform in the whole region. The
electron beam direction is close to (001).

STEM HAADF Detector

Fig. 6 HAADF-STEM-EDS elemental mappings of Al, Ni, Fe, Cr, and Co in the inter-dendritic region of the Cr1.8 alloy. The B2 phase is enriched with

Ni and Al, and the BCC phase is enriched with Fe and Cr. The distribution of the Co element is uniform in the whole region. The electron beam direc-
tion is close to (001).

Fig. 9 presents the calculated isopleth for the alloy compo- Cr1.6 is fully composed of fine eutectic microstructures and is
sitions AlCoCr,FeNi (x = 0.4-2.4). A eutectic of BCC_A2 + thus believed to be right at the eutectic composition.
BCC_B2 is predicted to occur around x = 1.6, which perfectly According to Fig. 9, the primary solidification phase is B2
agrees with the SEM image (Fig. 8) of the as-cast alloy Cr1.6. in alloys with a lower Cr content (x < 1.6), and A2 in those with

This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 1912-1919 | 1915
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Table 2 Micro-area chemical compositions of the FeCr-rich and NiAl-
rich phases of the Cr1.8 alloy, in atomic percentage

Cr1.8 alloy Phases Al Co Cr Fe Ni

FeCr-rich 0.0 17.9 57.6 18.7 5.8
NiAl-rich 33.7 18.0 7.4 10.0 30.8
FeCr-rich 1.3 15.5 55.8 25.7 1.6
NiAl-rich 35.0 16.0 79 11.0 30.1

Dendritic regions

Inter-dendrite regions

Interface L «(020)
$ 000)> «(110)

«(020)
(000) >+ +«(110)

Fig. 7 HRTEM and corresponding FFT images of the BCC and B2
phases in the dendritic regions of the Cr1.8 alloy.

a higher Cr content (x > 1.6). The presently investigated hyper-
eutectic alloys Cr1.8, Cr2.0 and Cr2.4 are all located within the
primary solidification region of A2. As predicted by the three-
phase region of L + BCC_A2 + B2 in Fig. 9, all these alloys are
expected to undergo the A2/B2 eutectic reaction, following the
direct solidification of A2, in the late stage of solidification as
the temperature drops. All this has been confirmed in the
experimentally observed microstructures (Fig. 2, 3 and 8b).
The inter-dendritic region (B) in the two as-cast near-eutectic
alloys Cr1.8 and Cr2.0 consists of fine eutectic structures,
which are similar to those observed in the eutectic alloy Cr1.6.
The eutectic microstructures in Cr2.4, however, consist of large
lamellas, up to 10 microns in length and are obviously
different from those in the eutectic and near-eutectic alloys.
The coarse microstructure in Cr2.4 is possibly due to the

View Article Online
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Fig. 9 Calculated isopleth of AlICoCr,FeNi (x = 0.4-2.4).

higher liquidus temperature and wider gap between the pre-
cipitation temperature of the primary (A2) and the secondary
(B2) phases, which facilitates a faster kinetics and longer
period for the growth of eutectic structures.

In order to obtain more detailed information, such as the
phase transition temperatures, phase fractions and compo-
sitions, equilibrium calculations were performed for simulat-
ing the solidification of specific alloys. Fig. 10 presents the
simulation results for the alloy Cr1.8. As seen from the vertical
region, the solidification starts with BCC_A2" (corresponding
to the formation of the dendritic phase, the superscript D
denotes the dendritic phase), followed by the formation of the
A2"/B2" eutectic in the inter-dendritic regions (labelled as “B”
in Fig. 2, the superscript E denotes the eutectic). The solidifi-
cation ends at the solidus temperature of 1356 °C. It is inter-
esting to note that the eutectic reaction starts just 18 °C above
the temperature for completion of the solidification. This indi-
cates that the secondary phase would not have sufficient time
to grow in the alloys, which should account for the ultra-fine
eutectic structure in the inter-dendritic region.

Fig. 8 SEM images of HEAs not showing a complete UFM: (a) AlCoCr, ¢FeNi and (b) AlICoCr; 4FeNi.

1916 | Nanoscale, 2018, 10, 1912-1919
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Fig. 10 Equilibrium stepping calculation of the Cr1.8 alloy.

In the present work, a large number of B2” nano-precipi-
tates were often observed in the as-solidified BCC_A2P solu-
tion phase. The microstructures (in Fig. 4 and 5) indicate that
the precipitation occurred via a nucleation mechanism. Since
the particles are evenly distributed in the solution, the nuclea-
tion can be assumed to be homogeneous. The extremely high
number density of the precipitates indicates that the nuclea-
tion barriers are small, which is probably due to the coherency
between the B2” precipitate and the A2° matrix."!
Interestingly, the as-solidified B2® phase in the inter-dendritic
region (B) also decomposed and resulted in the precipitation
of BCC_A2”“F (Fig. 6, the superscript DC-E denotes the
decomposed phase from the eutectic phase). It should be
noted that the dark A2 phase in the region B is (see Fig. 2b &
3b) evidently formed via two different mechanisms, namely,
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the eutectic solidification of A2® together with B2%, and the
decomposition of the solidified B2* (A2°“F). The microstruc-
ture in Fig. 6 seemingly indicates a spinodal mechanism in
the decomposition of the as-solidified B2".

The averaged composition of region A from the present
measurement (Table 1) could be regarded as that of the super-
saturated A2 dendrites before their decomposition. With this
composition known, the thermal instability of the super-
saturated BCC_A2 phase can be thermodynamically studied by
the equilibrium calculation. Fig. 11 shows the calculated
decomposition products (i.e. phase assemblage expected in
the dendrite region in the as-cast sample) and their corres-
ponding compositions.

The calculation confirms not only the decomposition of the
supersaturated A2 phase, but also the high fraction of B2. The
amount of B2 precipitates is roughly twice that of the remain-
ing A2 matrix phase in the dendrites, according to this calcu-
lation. Although the fraction was not quantitatively measured
in the experiments, the calculated values appear to be quite
reasonable, compared to the as-cast microstructure in Fig. 4a.
The calculated compositions of individual phases are pre-
sented in Fig. 11b, and they can reasonably account for the
experimentally measured compositions of FeCr-rich and NiAl-
rich phases as given in Table 2. The agreement is remarkable
despite the fact that not all the ternary subsystems in this
quinary alloy system have been assessed in the thermodynamic
database.

In Fig. 11b a dramatic increase of the Cr content in BCC_A2
is seen during cooling. The Cr-rich A2 phase contains 10 to 20
at% each of the Al, Co, Fe and Ni solutes at higher tempera-
tures. The total content of these solutes decreases to about 10
at% as the temperatures drops to 600 °C where the contents of
Al and Ni reach an extremely low level. The plot indicates that
the decomposition of A2 accompanies the precipitation of
(NiAl-rich) B2 during cooling. The plot also shows a noticeable
decrease in the Cr content in the B2 precipitates. Considering
the small size of the B2 precipitates, it is unlikely for second-
ary Cr-rich A2 precipitates to form in the primary B2 precipi-
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Fig. 11 Equilibrium stepping calculation of the supersaturated A2 dendrites in the Crl.8 alloy, (a) the phase decomposition and (b) individual

compositions.
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tates; more likely, the primary B2 precipitates reject Cr atoms
into the A2 matrix as the temperature drops. Since the calcu-
lated phase fractions and compositions noticeably vary with
the temperature, the experimental results are expected to very
much depend on experimental conditions and there might be
micro-segregations in the phase compositions.

The supersaturated composition of the as-solidified B2 in
region (B) before its decomposition is unknown. As aforemen-
tioned, the inter-dendritic region consists of fine eutectic
structures; so the as-measured composition cannot be
regarded as that of the supersaturated B2 phase. In order to
give some clues, tentative calculations are conducted with the
averaged composition. The calculation does show the
decomposition of the B2 phase while the calculated phase frac-
tions should be considered qualitative. The calculation sup-
ports our experimental observation, although it is not as deci-
sive as that for the supersaturated A2 phase. The as-solidified
B2 phase is expected to dissolve a significant amount of Cr
solutes during the solidification and to reject most of them
during the cooling and decomposition at sub-solidus tempera-
tures. To save space here no additional plots (similar to
Fig. 11b) are shown for B2 decomposition.

The formation of UFMs is attributed to the coupling of near
eutectic alloy composition and the decomposition of super-
saturated primary and secondary phases, in both dendritic
and inter-dendritic regions. In order to obtain such a complete
UFM in the as-cast HEAs, the following factors are important.
(1) At high temperatures near liquidus one solid solution
phase is stable, i.e. BCC (or FCC) as the primary phase.
Thereafter, no intermetallic compounds precipitate. The high
entropy effect could play a role here to stabilize the single solid
solution phase. (2) The alloy composition is close to the eutec-
tic composition and the temperature range between liquidus
and solidus is small, to yield a fine solidification microstruc-
ture. The sluggish diffusion, although not experimentally veri-
fied for this alloy, could also contribute to the fine microstruc-
ture. (3) Both the primarily solidified and secondarily solidi-
fied solution phases decompose at low temperatures, so that
coherent precipitates could form during cooling. (4) Spinodal
decomposition would be an advantage for producing UFMs in
the whole alloy.

Conclusions

In summary, the present work demonstrates that bulk UFM
HEAs can be prepared by the direct solidification method.
From the materials design point of view, the key idea of this
method is, based on Calphad calculations, to locate optimal
compositions which form fine eutectic microstructures fol-
lowed by phase decomposition of the solidified primary and
secondary phases. Practically, this design concept was exempli-
fied by the ordinarily cast AlICoCr,FeNi (1.8 < x < 2.0) HEAs.
The introduction of phase separation (even spinodal decompo-
sition) offers a novel strategy to prepare bulk UFM alloys in a
low-cost, simple and convenient way. The present work verifies

1918 | Nanoscale, 2018, 10, 1912-1919
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the formation of the UFM consisting of BCC and B2 phases
through continuous cooling. It sheds some light on the design
of other types of UFM HEAs with desired properties, for
example, UFM HEAs consisting of FCC and L1, phases, the
phase constitution in nickel-based superalloys.

Experimental

Material preparation

The AlICoCr,FeNi (x is the molar ratio; x = 1.8 and 2.0, denoted
as Cr1.8 and Cr2.0, respectively) alloys (about 40 g each) were
prepared by arc melting under a Ti-gettered high-purity argon
atmosphere. The commercially pure metals (Al, Co, Cr, Fe, Ni)
are above 99.9 wt% purity. The ingots were flipped and re-
melted at least 5 times to improve chemical homogeneity.
After that, the alloys were directly solidified in a water-cooled
copper hearth.

Experimental procedure

In order to observe the microstructure, the alloy was sequen-
tially polished and etched with ethanol diluted aqua regia at
room temperature. The microstructure and composition of the
alloy were investigated using a laser scanning confocal micro-
scope (LSCM) and a scanning electron microscope (SEM, Zeiss
Supra 55) equipped with an attached X-ray energy dispersive
spectrometer (EDS). The phase constitution of the alloy was
characterized with an X-ray diffractometer (XRD, Shimadzu
XRD-6000) using a Cu-Ka target, with the scanning rate of
4° min~" and the 26 scanning range of 20°-120°.

Thin foils for high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF STEM) and high resolu-
tion transmission electron microscopy (HRTEM) observations
were prepared by ion milling at an ion energy of ~2 kV and an
incident angle of 4°. During the ion milling process, the speci-
mens were cooled using liquid nitrogen. The STEM obser-
vation was conducted on an FEI TECNAI F30 instrument
equipped with EDS.
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