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Abstract

A series of Al CrFe,Ni,Mo,), alloy consisting of FCC 4+ BCC phases have been designed, and their as-cast microstructures
and mechanical properties were also investigated with x ranging from 0.6 to 0.9. It was found that with the addition of Al
element, the solidified structures changed from dendrite to columnar crystal then back to dendrite again. Moreover, the
increased amount of BCC phase resulted in finer and more uniform microstructures of FCC [FeCrNi(Mo)] and BCC (Al-Ni)
phases. Tensile yield strength and hardness of alloys showed a similar increasing trend as the volume fraction of BCC phase
increased. Both strain hardening rate and strain hardening exponent were calculated to assess the tensile properties of the
alloys. It was shown that Al (CrFe,Ni,Mo, , exhibited the most excellent and comprehensive mechanical properties due to
its high work hardening ability and stable strain hardening rate. The product of strength and elongation of Al (CrFe,Ni,Mo, ,

reached up to 38.6 GPa%, which was higher than most of the reported as-cast high-entropy alloys.

Keywords High-entropy alloys - Mechanical properties - Microstructures - Strain hardening

1 Introduction

Other than traditional alloys that use one or two elements as
principal elements [1], high-entropy alloys (HEAs) devel-
oped in recent years usually contain five or more princi-
pal metallic elements, each ranging from 5 to 35 at.% [2].
And different from the traditional metallurgical theory [3,
4], high-entropy alloys tend to form simple solid solutions
rather than many complex phases due to their high mixing
entropy [4], which results in many promising properties of
the alloy, e.g., high strength and hardness, excellent wear,
corrosion and oxidation resistance [5—7], high temperature
stability [8] and so on.
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Different element compositions will have various impacts
on the microstructures and properties of the alloys [9].
Many researchers have regulated one or two elements in
high-entropy alloys to study the corresponding influence
on the alloy systems, so as to obtain the alloy composition
with the best overall performance [10, 11]. For example, in
the (FeCoNiCrMn),(,_,Al, system [11], the crystal struc-
tures tend to transform from an FCC phase to a mixture of
FCC + BCC phases and then to a single BCC phase with the
increase in Al content. The same phase transition can also be
found in Al CoCrFeNiTi [12] alloys. In the AICoCrFeNb,Ni
system [13], the microstructures of the alloy series vary from
hypoeutectic to hypereutectic; both the compressive yield
strength and Vickers hardness are also affected with increas-
ing Nb content. Research on AICoCrFeNiMo, [14] shows
that ¢ phase appears when x is more than 0.1. The strength
of alloys is increased because of the precipitation strengthen-
ing of o phase. However the plasticity of the alloys is seri-
ously damaged since the precipitation of ¢ phase. Studies
of CoCrFeNiMo, [15] and AlCrFeNiMo, [16] show similar
results with AlICoCrFeNiMo, that addition of Mo atoms will
have opposite effects on the strength and ductility of alloys.

Generally, Mo element is a ¢ phase-forming element.
Adding a small amount of Mo element will benefit to high-
temperature properties and strength of the alloy, but the
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plasticity will be severely reduced [14—17]. However, Al
element can promote the formation of a hard phase BCC; the
phase content in the alloy can be tailored through regulat-
ing the Al element [10—12]. Therefore, for the alloy system
consisting of five elements Al-Cr—Fe—-Ni—Mo, their perfor-
mance can be kept in a relatively good range by adjusting
the content of Al or Mo with relatively large atomic radius.

In this study, the molar ratio of molybdenum is fixed and
the effect of Al element on microstructures and mechani-
cal properties of Al CrFe,Ni,Mo, (x value in molar ratio,
from 0.6 to 0.9) alloys has been investigated. The resultant
microstructures and tensile property of alloys at ambient
temperature due to the variation of Al content have been
carefully discussed which can provide reference for further
research and applications of this high-entropy alloy system.

2 Experimental

The purity of each raw material used in this study is higher
than 99.9%. The Al CrFe,Ni,Mo, , (afterward, the alloys
are denoted as Al0.6, Al0.7, Al0.8, Al0.9, respectively, as
x=0.6, 0.7, 0.8, 0.9) alloys were prepared by arc melting in
a water-cooled copper hearth under a Ti-gettered high-purity
argon atmosphere; each of them was repeatedly melted at
least five times for chemical homogeneity. The solidified
ingots were about 25 mm in diameter, 10 mm in thickness
and weighed 30 g.

For microstructural observation, samples taken from the
ingots were mechanically grounded and polished before
composition analysis by electron probe microanalysis
(EPMA, JXA-8530F) with a wavelength-dispersive spec-
trometer (WDS). Then, they were etched in aqua regia
for microstructure examination through a scanning elec-
tron microscope (SEM, ZEISS supra 55) equipped with
an energy-dispersive spectrometer (EDS) and an optical
microscope (OLYMPUS GX51) which is a suitable choice
to observe the solidified structures of the alloys. The crys-
tal structure was characterized by an X-ray diffractometer
(XRD, Empyrean) with Cu-K,, radiation target.

For mechanical evaluation, tensile tests were performed
at room temperature using UTM4000 series electronic uni-
versal testing machine at initial strain rates of 5x 10™/s.
Dog bone-shaped samples with a size of 30 mm (gauge
length) X 6 mm (width) X2 mm (thickness) were cut by
wire machining from 120 g cylindrical ingots which were
remelted and cast through vacuum intermediate frequency
induction furnace. Before the experiment, the wire cut-
ting marks on the surface of the stretch sheet need to be
smoothed with sandpaper. Accurate strain was measured
with an extensometer (Epsilon, EAG-025M-0200-S). At
least three samples were tested for each composition condi-
tion to ensure the reliability of results. The tensile fractured
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Fig. 1 XRD patterns of the as-cast Al CrFe,Ni,Mo,, high-entropy
alloys

Table 1 Parameters of AR, AH

mix? VEC’ A)(Pauling and A)(Allen for
Al CrFe,Ni,Mo,, , HEAs

Alloys AR (%) AH,,;, (k/mol) VEC  Aypyjing (%)  AXajen (%)

Al0.6  4.582 -8.775 7475 12.56 11.28
Al0.7  4.784 —9.365 7452 12.74 11.37
Al0.8  4.965 -9.911 7.406 12.90 11.46
Al09 5120 -10.417 7.385 13.04 11.53

samples were isolated from air as much as possible before
photographed under SEM. Hardness measurements were
taken on a Vickers hardness tester (MH-50) under a load
of 1000 g for 15 s. Five measurements were taken with the
average value as the result.

3 Results and Discussion
3.1 Microstructural Characteristics

Figure 1 shows the XRD patterns of the as-cast
Al CrFe,Ni,Mo, , alloys. It can be found that both FCC
and BCC phases exist in all alloys, but the peak strength
and position of the BCC phase are different. The two-phase
composition of alloys is in line with the expectations of our
experimental design. Table 1 shows several common param-
eters for predicting the phase composition of high-entropy
alloys. AR is the average atomic radius difference, AH,;, is
the mixing enthalpy, VEC is the valence electron concentra-
tion, and Ay is the electronegativity difference, which are
defined by Eqgs. (1-4) [18].
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of the ith element.

Dong has summarized the range of parameters predicted
to form dual-phase FCC +BCC based on the existing alloy
data [19]: 4.7% <AR<6.2%, —13.1 kl/mol < AH<-2.7KkJ/
mol, 7.1 SVEC <8.2, Aypyyjing < 14.6%, Ay ppien < 16%. It is
found that the calculated results in Table 1 are very close
to the experimental results except that AR of Al0.6 dif-
fers slightly from the predicted value only by 0.12%. On
the other hand, the lattice constants are estimated based on
Fig. 1 and listed in Table 2. Obviously, with the addition of
Al element, the diffraction peaks of BCC phase gradually
become stronger. Namely, the amount of BCC phase in the
matrix correspondingly increases. It is also worth noting
that the lattice constant of the FCC phase shows a trend of
rising primarily and then falling; finally, it remains basically
unchanged. This phenomenon is related to the addition of Al
with a large atomic radius, which changes the phase distribu-
tion and will be discussed in the following text.

To further investigate the phase formation in
Al CrFe,Ni,Mo,, HEAs, both optical micrographs and
SEM images of Al CrFe,Ni,Mo,, HEAs are shown in

Table 2 Lgttice constant of Alloys  FCC ( 10%) BCC ( 10%)
Al CrFe,Ni,Mo, , HEAs
Al0.6  3.5997 2.8886
Al0.7  3.6205 2.8803
Al0.8  3.6182 2.8920
Al0.9  3.6150 2.8862

Figs. 2 and 3, respectively. Figure 2 shows that with the
increasing addition of Al element, the solidified structure
evolves from dendritic into columnar grains, and finally
back to dendritic grains again. Al0.6 and Al0.7 exhibit den-
dritic structure, as shown in Fig. 2a, b. Figure 3a, b shows
the microstructures of Al0.6 and Al0.7. Combined with the
XRD result, it can be inferred that the region A corresponds
to the FCC phase matrix, and the interdendritic region B is
a mixture of FCC phase and BCC phase. According to the
enlarged microstructure in the upper right corners, it can be
seen that the FCC phase presents a woven network structure
with BCC phase, which is also observed in Al0.8 and Al0.9
(see region B in Fig. 3c, d). The chemical composition of
region A and B in Al0.6 and Al0.7 probed by WDS is listed
in Table 3. It should be noted that region A, which is com-
posed of FCC phase, mainly contains three elements, i.e.,
Fe, Cr and Ni. According to the XRD diffraction results, the
BCC phase is NiAl phase. Correspondingly, the segregation
of Al is shown in the WDS results. However, the content
of Ni does not change obviously according to WDS results
due to the existence of the FCC phase in the region B. Many
studies have indicated that Mo was not soluble in NiAl phase
[20, 21]; thus, it can be speculated that Mo is likely to be
enriched in the FCC phase in the B region.

Figure 2c shows different solidification structures of
AlQ.8 which are close to columnar grains. As can be fur-
ther observed by close-up view shown in Fig. 3c, there is a
needle-like structure that grows from the grain boundaries
in a specific direction into the grains and resembles the Wid-
manstétten structure (region C). Similar structure has been
found in titanium alloys [22] and steel [23].

As the amount of Al content increases to x=0.9, the
solidification structure presents a typical dendritic morphol-
ogy again, as shown in Fig. 2d. Notably, little component
segregation occurs in Al0.9, which is in accordance with
its microstructure in Fig. 3d. There are two different woven
mesh structures in Fig. 3d, which is irregular woven mesh
structures in region B and the relatively regular one in region
D. Such a fine FCC/BCC morphology (~200 nm) has not
been reported yet in Al-containing HEAs, which is similar to
some BCC/B2 morphology in HEAs with higher Al content
[4, 24].

In order to further disclose the distribution of the ele-
ments in the two phases, EPMA mapping of Al0.6 was per-
formed as seen in Fig. 4. It is found that the distribution of
the elements matches the WDS results very well. Namely,
Fe element is mainly enriched in the FCC phase (Fig. 4d),
Cr element is mildly segregated in region B (Fig. 4c), and
Al and Mo elements are mainly distributed in the inter-
dendritic region (Fig. 4b, f). Figure 4e shows that the Ni
element segregates to a certain extent on the edge of the
dendrite consisting of black-stripe BCC phases. Accord-
ing to Table 4, the lower mixing enthalpy of Al atom and
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Fig.2 Optical micrographs of as-cast Al CrFe,Ni,Mo,, alloys showing microstructural evolution from dendrite a, b to columnar grains ¢, then

to dendrite with little component segregation d

Ni atom indicates that the strongest attractive force exists
between these two atoms. During the solidification of the
FCC matrix, Al and Ni atoms with lower melting point
will be repelled to the front of the solidification interface,
which makes it more convenient for the formation of the
AINi phase [4]. It is worth noting that the Mo-enriched
region (Fig. 4f) coincides with the white-color parts in the
interdendritic region (Fig. 4a), indicating that Mo atoms
tend to dissolve into the FCC phase, which confirms the
conjecture above. Since Mo atom is not soluble in AINi
phase, during solidification, more Mo atoms tend to be
dissolved into the FCC phase for a high percentage of BCC
specimens, and vice versa. With the addition of Al element
(x=0.8, x=0.9), the fraction of BCC phase increases, and
less FCC phase forms. At last, the Mo content of the FCC
phase in the alloy tends to be rich for a high percentage
of BCC organizations. Caused by the formation of BCC
phase, it is difficult to judge the solid solubility of Al
atoms in FCC phase. Therefore, in the high-entropy alloy
with variable Al content, the FCC lattice constant usu-
ally appears irregular fluctuations [4, 11]. The existence
of Mo atom will make the lattice constant increase, but

@ Springer

the formation of BCC phase will make the FCC lattice
constant uncertain.

Generally, the solidification morphology of an alloy is
affected by many factors, such as the cooling rate of the
alloy, the temperature gradient at the front of the solid—liq-
uid interface, the degree of undercooling, the solute con-
centration and so on. For alloys with similar cooling condi-
tions, the alloy compositions will have a certain effect on
the resultant solidified structure. For example, in this alloy
system, Al0.8 shows a different solidification morphol-
ogy from other alloys, which mainly caused by the small
constituent supercooling during the solidification process.
Consequently, Al0.8 will exhibit cellular growth rather than
dendritic growth. Therefore, we can infer that Al0.8 has the
smallest solidification temperature range in the alloy system.

3.2 Mechanical Properties

Up to now, tensile properties at room temperature are less
reported than the compressive properties of as-cast HEAs
[25], and the tensile properties of molybdenum-containing
alloys are even less reported [26, 27]. In order to study the
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Fig.3 SEM images of as-cast Al,CrFe,Ni,Moy , alloys: a x=0.6, bx=0.7, ¢ x=0.8,d x=0.9
Table 3 W.DS.results of AIO'G Alloy Spectrum point Al Cr Fe Ni Mo
and Al0.7 in different regions
Al0.6 A 8.36 17.90 39.18 31.97 2.58
B 14.03 18.10 29.51 33.78 457
Al0.7 A 8.98 17.96 38.57 31.91 2.58
B 14.09 19.13 31.84 30.86 4.09

influence of microstructures on mechanical properties, uni-
axial tensile tests are conducted. Figure 5a shows the tensile
engineering stress—strain curves of Al CrFe,Ni,Mo, alloys.
The extracted tensile yield strength (oy,), fracture strength
(oy,) and elongation (g are listed in Table 5. With the
increase in Al content, the growth of o, and oy, is divided
into three stages: slight increase from Al0.6 to Al0.7; sig-
nificant improvement from AlO.7 to Al0.8 and almost
unchanged from Al0.8 to Al0.9. However, the ductility of
alloys suffers severe damage with increasing Al content. The
g, of Al0.7 was only half that of Al0.6, and the &, of Al0.8
and Al0.9 dropped only to 9%.

Al CrFe,Ni,Moy , alloys have FCC 4+ BCC dual-phase
structure, and the BCC phase exhibits the characteris-
tics of “brittle and hard” mechanical property, while the
FCC phase is more “soft and tough.” The previous study
on the deformation mechanisms of AlICoCrFeNi, ; with
FCC + BCC dual-phase structure indicated that solid

solution hardening and semi-coherent phase boundaries
contributed to the high strength of the alloys by pinning
massive dislocations [28]. For Al CrFe,Ni,Mo , alloys,
the two-phase interface increases with the increasing BCC
phase. The phase interface will impede the motion of dis-
location during deformation, which improves the strength
of the alloys. It can be seen from Figs. 3 and 5 that when
x=0.8 and 0.9, due to the close combination of the two
phases, the strength of the alloys shows a sudden change
as compared to when x=0.7.

The tensile yield strength, hardness HV and the volume
fraction of BCC phase estimated by Image Pro Plus are plot-
ted in Fig. 6 as a function of x in Al,CrFe,Ni,Mo,,. It can
be found that all three variables show similar trend with the
increase in x. Consequently, the volume fraction of BCC
phase plays a major role in improving the yield strength and
hardness of the alloys which is consistent with the above
discussion.
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Fig.4 EPMA mapping of Al0.6: a backscattered electron image, b Al, ¢ Cr, d Fe, e Ni, f Mo

Table 4 Chemical m.ixing. Al Cr Fe Ni Mo
enthalpy of the atomic pairs
Al - - - - =
cr -10 - - - -
Fe -11 -1 - - -
Ni -22 -7 -2 - -

Mo -5 O -2

Figure 7 shows the fracture morphology of
Al CrFe,Ni,Mo,,. Apparently, Al0.6 and Al0.7 show
ductile fracture characteristics. Compared with Al0.7,
the dimple distribution of Al0.6 is more uniform, and the
Al0.6 shows the typical dendritic fracture morphology
with the trace of the softer phase being torn. For Al0.8 and
Al0.9 in Fig. 7c¢, d, the dimples are very shallow, and the
fracture surface is bright and stepped, indicating a more
brittle fracture mode.

After comparative analysis of the comprehensive prop-
erties of the alloys, it is seen that Al0.6 exhibits excellent
comprehensive mechanical properties. In order to under-
stand the ductile effect of the alloys, we have carefully
assessed the work hardening rate (dS/de), and the strain
hardening exponent (n) of the alloys is calculated from
the true stress—strain curve obtained at room temperature.
It is known that the true stress—strain curve (Fig. 5b) is
assumed to be expressed by the Hollomon equation:
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where K is coefficient of hardening, and n is referred to the
work hardening exponent. The formula can be converted to
a logarithmic form:

InS=InK +nlne. ©6)

The higher n value is usually associated with the higher
level of strengthening and toughness which effectively alle-
viates the localized deformation (inhibit crack formation and
propagation) and enhances the uniform elongation under
complex stress conditions. The work hardening exponent n
is theoretically a constant; however, it varies with the plastic
deformation in certain materials [27, 29].

The strain hardening rates (dS/de) and n values were cal-
culated from the yield to the ultimate tensile strength, and
the results are illustrated in Fig. 5c, d. In our research, the
ultimate tensile strength of the alloy is equal to the breaking
strength caused by non-necking of the alloy, which will be
demonstrated below.

Figure 5c shows that the strain hardening rate of the
alloys increases with the increasing addition of aluminum.
Except for Al0.6 which maintains almost constant strain
hardening rate of 1.7-1.8 GPa during the uniform plastic
deformation stage, the strain hardening rate of other alloys
always decreases with increasing strain. Based on the neck-
ing criterion, necking occurs when the slope on the true
stress—strain is equal to the true stress at that point, i.e., dS/
de =S [30]. Obviously, no necking takes place in all alloys,
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Table 5 Data summary for Al,CrFe,Ni,Mo, , alloys, including tensile yield strength o, tensile fracture strength oy, tensile elongation &, Vick-
ers hardness HV, the volume fraction of BCC phase [BCC (%)] and the product of strength and elongation (GPa%)

Alloy oy (MPa) oy (MPa) g (%) HV BCC (%) Product of strength
and elongation
(GPa%)

Al0.6 341 744 52 241.52 6.74 38.6

Al0.7 398 785 25 298.17 17.01 19.6

AlO0.8 622 1059 388.56 38.76 9.5

Al0.9 657 1067 8 397.10 42.43 8.5

that is, the alloy will fracture during the uniform plastic
deformation stage. Therefore, their minimum strain harden-
ing rates are still greater than their true tensile strengths.
This view is also supported by the tensile fracture shown in
Fig. 5c (from left to right: Al0.6, Al0.7, Al0.8 and Al0.9).
From Fig. 5d, we can find that Al0.8 and Al0.9 have
equivalent n value of 2.2+ 0.1. However, the equations of
Al0.6 and AlO.7 do not fit straight lines, indicating that in
these two alloys, the work hardening exponent changes with

the increase in deformation. Especially, the n value of Al0.6
varies wildly from the early to the late stage of the deforma-
tion which reflects huge transformation of the deformation
mechanism in Al0.6 during deformation.

As is well-known, the strain hardening ability is usu-
ally related to the alloy’s stacking fault energy [31]. FCC
metals generally have lower stacking fault energy and a
higher work hardening exponent. In Al0.6, the alloy shows
a lower work hardening ability in the early stage because
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of the dislocation slip deformation. With deformation pro-
gresses, deformation-induced stacking faults may occur
in the alloy, resulting in a significant improvement in its
work hardening ability. Stacking faults are considered to
be important crystal defects that affect mechanical prop-
erties at room temperature [32]. The intersecting stacking

fault bands have similar effect with grain size refinement,
which could be a reason for excellent tensile stress and
ductility of Al0.6 [33-35]. Moreover, necking is associ-
ated with the work hardening ability of alloys. The neck-
ing is caused by the uneven deformation of the material.
When the work hardening is slower than the change of
external stress, the local deformation of the material will
be activated and lead to necking. It is the improvement
of work hardening ability during the deformation process
that makes Al0.6 and Al0.7 show great toughness without
necking.

As for Al0.8 and Al0.9, numerous BCC phase would
inevitably cause embrittlement of the alloys. Especially
in AlOQ.8, the existence of tissues similar to Widmanstit-
ten structure causes the matrix to split, which may lead
to great loss of plasticity. High hardening rate and low
hardening capacity can also bring about the reduction
of plasticity for both alloys. In addition, the decreasing
work hardening rate throughout the plastic deformation
process and the constant hardening exponent of both
alloys indicate that the deformation of these two alloys
takes place mainly via dislocation slip [27]. Dislocations
encountered a large number of grain boundaries and solid

Fig.7 Fracture morphologies of Al,CrFe,Ni,Moy,: a Al0.6, b Al0.7, ¢ Al0.8, d Al0.9
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solution atoms during the slip process, forming disloca-
tion entanglements, which results in a higher strength and
meanwhile great loss of plasticity in the alloy.

Furthermore, the product of strength and elongation of
Al CrFe,Ni,Mo,), is listed in Table 5. The comparison of
yield strength and the product of strength and elongation
with some other as-cast high-entropy alloys [11, 28, 31,
36-44] is summarized in Fig. 8. It is clear that Al0.6 has
excellent comprehensive mechanical properties due to the
above-mentioned special deformation mechanism. And its
product of strength and elongation reaches up to 39 GPa%,
which is higher than most of the reported as-cast high-
entropy alloys.

4 Conclusions

1. The microstructures with dual phases of FCC+BCC
are formed in Al CrFe,Ni,Mo,, with the x value from
0.6 to 0.9. And solidified structures change from den-
drite (A10.6, Al0Q.7) to columnar grain (Al0.8) then
back to dendrite (Al0.9) again. With the increase in
the Al content, the volume fraction of the BCC phase
increases, and the distribution of two-phase microstruc-
ture becomes more uniform. The woven mesh structure
can be observed in the entire Al0.9, and the width of the
two phases is only about 200 nm.

2. Results of tensile experiments show that the yield
strength increases from 341 to 657 MPa, but the plas-
ticity is severely reduced from 52% at Al0.6 to 8% at
Al0.9. The increasing BCC phase and its nearly uniform
distribution in Al0.8 and Al0.9 generate more two-phase

interfaces, which increases the resistance of deformation
and thus improves the strength of both alloys.

3. Strain hardening rates increase from Al0.6 to Al0.9;
among them, Al0.6 has a most stable strain hardening
rate of 1.7-1.8 GPa during the whole stage of uniform
plastic deformation. Higher hardening capacity and sta-
ble strain hardening rate make Al0.6 excellent plasticity
without necking.

4. The product of strength and elongation of Al0.6 reaches
up to 38.6 GPa% which is higher than most of reported
as-cast high-entropy alloys.
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