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A Novel Hypoeutectic High-Entropy Alloy
CrFe,NioMog 3Nbg o5 with High Tensile Strength
and Good Ductility

Wandong Wu, Weizhong Liang, Sheng Guan, Ransong Wei, and Zhiliang Ning

In this paper, a new CrFe,Ni,Mo, ;Nb, (x values in molar ratio, x = 0, 0.25, 0.5, 0.75) eutectic high-entropy
alloy (EHEA) family was prepared to investigate the effect of intermetallic compounds upon its
microstructure and tensile properties. The microstructure evolved from an initial single-phase FCC solid
solution structure (x=0) to a hypoeutectic microstructure (x = 0.25), then to a near-eutectic microstructure
(x = 0.5) and finally to a hypereutectic microstructure (x = 0.75), where the lamellar eutectic structure
consisted of a dual phase of FCC solid solution and C14-type Laves phase. The tensile test results showed
that the C14-type Laves phase significantly affected the tensile properties of the EHEAs. With increase in
element Nb, the ultimate tensile strength increased firstly and subsequently decreased till with 8.62 at.%
(x=0.5) Nb addition. The CrFe,Ni,Moy;Nby 5 hypoeutectic high-entropy alloy exhibited a well combina-
tion of the ultimate tensile strength (868MPa) and an appropriate ductility (17%), which can be attributed
to the balance of FCC and Laves phase, the second-phase strengthening provided by Laves phase as well as

the solid solution strengthening resulted from adding element Nb in FCC solid solution.

Keywords eutectic high-entropy alloys, eutectic microstructure,

laves phase, tensile properties

1. Introduction

The design concept of traditional alloy was often based on
single principle, that is, one element was the primary element of
the alloys, which limited the variety of alloys. The high-entropy
alloys (HEAs) have rapidly attracted tons of attention due to the
breaking through of the traditional alloy design strategy (Ref 1-
3). HEAs have many excellent properties due to the unique
microstructures and four effects (Ref 4-11), such as soft
magnetic properties of FeCoNi(AlISi)o, HEA (Ref 5), the
outstanding wear resistance of Co; sCrFeNi; sTi and Alg,.
Co;sCrFeNi; s HEAs (Ref 6), superconductivity of
TazsNbs3HfgZr14Ti;; HEA (Ref 7), the excellent fatigue
resistance of Aly sCoCrCuFeNi HEA (Ref 8, 9), the outstanding
mechanical properties at low temperature of CoCrFeNiMn and
AlICoCrFeNi, ; HEAs (Ref 10, 11). So, these HEAs may have
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potential applications in cutters, mold, magnetic materials and
other fields (Ref 12). However, most HEAs exhibited inferior
fluidity and castability, which made scholars doubt the
production and application of high-entropy alloys at kilogram
or even ton grade (Ref 13).

Recently, eutectic high-entropy alloys (EHEASs) are becom-
ing a new research hot spot for improving fluidity and
castability of HEAs and maintaining their excellent mechanical
properties (Ref 14-21). The appearance of EHEAs provided the
possibility for industrial scale ingots with good quality and high
performance (Ref 22). Many EHEAs with excellent mechanical
properties have been designed, such as Zrg45/Nbg 73/Hfy 55/
Tag 76CoCrFeNi, ; EHEAs (Ref 13), AlCoCrFeNi,; EHEA
(Ref 18), CrFeNi,Al EHEA (Ref 23), CoCrFeNiNbg 45/Zrq 55/
Hf0_4/TaO.4 EHEASs (Ref 24), Ni3OC030Cr10Fe10A113W2 EHEA
(Ref 25) and CoCrFeNiMnPb EHEA (Ref 26). Most of these
EHEAs contained some intermetallic compounds. Previous
studies have shown that intermetallic compounds had a strong
influence on the tensile properties of usual traditional alloys
(Ref 27, 28). The excess intermetallic compounds directly led
to the embrittlement of the traditional alloys. So, the formation
of intermetallic compounds should be avoided for most
traditional alloys (Ref 29). However, few studies have system-
atically studied the effect of intermetallic compounds on the
tensile properties of EHEAs.

In this paper, in order to investigate the effect of intermetal-
lic compounds upon EHEAs, CrFe,Ni,Mog 3Nb, (x values in
molar ratio, x= 0.25, 0.50 and 0.75) EHEA family with
intermetallic compounds Laves phase was successfully pre-
pared by adding Nb element in CrFe,Ni;Mog3; HEA. The
effects of Nb element and Laves phase on the microstructure
and tensile properties of CrFe,Ni,Moy;Nb, EHEAs were
systematically investigated.
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2. Experimental

The button-shaped ingots of the alloys with the composition
of CrFe,Ni,Mog 3Nb, (x values in molar ratio, x=0, 0.25, 0.50
and 0.75, denoted as NbO, Nb0.25, Nb0.5 and NbO.75,
respectively) were prepared by arc vacuum melting in a Ti-
gettered argon atmosphere. The nominal purity of each element
(Cr, Fe, Ni, Mo and Nb) is higher than 99.9%. In order to
ensure the uniformity of composition, each ingot was re-melted
six times. The cylindrical rods with a diameter of 9 mm and the
length of 75 mm were fabricated by drop-casting into a copper
mold.

The phase identification of the studied alloys was detected
by a DX-2700B x-ray diffractometer (XRD) with Cu-K,
radiation (A=1.5405A), and the 20 angle was from 20° to 100°
with a scanning step of 0.02°. The thermal behavior analysis of
the studied alloys was carried out by using a high-temperature
differential scanning calorimeter (DSC) at a heating rate of
10K/min. The tensile tests of the studied alloys were performed
on an AG-S plus tensile testing machine at a strain rate of
1.7x107s™!, where specimens for tensile tests were cut into
dog-bone from each cylindrical rod by electro-discharge
machining. The microstructures of the studied alloys were
characterized by a QUANTA 200F scanning electron micro-
scopy (SEM) with the energy-dispersive distribution (EDS).
The volume fractions of the phases of the studied alloys were
estimated by Image-pro Plus (IPP) software.

3. Results and Discussion

3.1 Phase Constitutions and Microstructures
of GrFesNi,Mo, sNb, Alloys

3.1.1 Phase Constitutions. Figure 1 shows the XRD
patterns of the CrFe,Ni;Mog3;Nb, (x=0, 0.25, 0.5 and 0.75)
alloys. It can be seen that the Cl4-type Fe,Nb Laves phase
(space group of P63/mmc, a=b=4.813A, c=7.849A) (Ref 30)
and the FCC solid solution phase were clearly identified on the
CrFe,NiMog 3Nb, alloys patterns. With increase in element
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Fig. 1 The XRD patterns of the CrFe,Ni;Mog 3Nb, (x=0, 0.25, 0.5
and 0.75) alloys
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Nb, the structure of the alloys changed from the simple FCC
solid solution phase (x = 0) to a FCC+laves duplex phase (x >
0). The increase in diffraction peak intensity of the Cl4-type
Laves phase showed its increase in volume fraction (Table 1).
Besides, the peaks of FCC phase shifted slightly to lower
diffraction angle (20) with increase in Nb, indicating the
increase in its lattice parameters of FCC phase. The similar
phenomenon was observed in other studies (Ref 22, 31, 32).
According to the AH,,;x (the mixing enthalpy), J, (the atomic
radius difference) and VEC (valence electron concentration)
thermo-physical parameters, which are closely related to
Hume—Rothery’s rule (Ref 33-38), the phases formation
regularity can be inferred for the CrFe,Ni,Mog;Nb, alloys.
The values of VEC, ¢, and AH,,;, were calculated for the
CrFe,;NiMog 3Nb, alloys, as shown in Table 2. It can be
concluded that the 6, and AH,,;, value ranges of the Nb0 alloy,
which had a single phase, did agree with Zhang’s criterion that
a single-phase solid solution would form when J, < 4% and
— 15 £ AH,ix £ 5 kl/mol in HEAs (Ref 33). The VEC
value ranges of the Nb0O and Nb0.25 alloys, which had FCC
solid solution phase, were consistent with Guo’s criterion that
FCC solid solution would form when VEC was greater than 8
(Ref 34). The NbO0.25, Nb0.5 and NbO0.75 alloys fully
conformed to the rule of eutectic structure formation proposed
by Barnasree chanda, i.e., it was propitious for the eutectic
structure to become stable when J, > 3%, — 18 < AH;, <
-6 and 6 < VEC < 8.5 (Ref 35). According to the XRD
results, the observed phases conformed to the predictions by the
thermo-physical parameters of the EHEA design.

3.1.2 Microstructures of the CrFe,Ni,Mo,3;Nby
Alloys. Figure 2 shows the microstructures of the CrFe,Ni,.
Moy 3Nb, (x=0, 0.25, 0.5 and 0.75) alloys. It can be seen that a
single dendritic morphology was observed in NbO alloy
(Fig. 2a), which was consistent with its XRD pattern. The
formation of dendritic morphology for the NbO alloy may be
due to the non-equilibrium solidification, which was caused by
the element Mo with a large atomic radius and high melting
temperature during the solidification process (Ref 22). Regions
enriched in element Mo tended to solidify firstly and formed
dendrites (as marked by DR in Fig. 2a) due to the composition
fluctuations, while regions containing less element Mo solid-
ified later and formed interdendrites (as marked by ID in
Fig. 2a) (Ref 22). The EDS results listed in Table 3 further
proved the changes of Mo element in ID and DR regions. This
similar phenomenon has appeared in other studies (Ref 22).
With increase in element Nb, the Nb0.25, Nb0.5 and Nb0.75
alloys displayed the morphological characteristics of the
different degree eutectic structure, as shown in Fig. 2(b), (c)
and (d), respectively. The Nb0.25, Nb0.5 and Nb0.75 alloys
were hypoeutectic, full near-eutectic and hypereutectic HEAs,
respectively. The hypoeutectic structure of the Nb0.25 HEA
consisted of a primary FCC solid solution structure (as marked

Table 1 The volume fraction of the FCC phase and C14-
type Laves phase

Alloys, % Nbo0 Nb0.25 Nb0.5 Nb0.75
FCC 100 82.6 52.7 31.7
Laves 0 17.4 473 68.3
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by A in Fig. 2b) and lamellar eutectic structure. The
amplificatory image of the square region was shown in inset;
the lamellar eutectic structure was marked by E in Fig. 2(b)
inset. The full near-eutectic structure of the NbO0.5 alloy
(Fig. 2c¢) was similar to the microstructures of the several
reported typical EHEAs (Ref 39-43). The amplificatory image
of the square region was shown in Fig. 2(c) inset. A primary
Cl4-type Laves phase (as marked by B in Fig. 2d) and lamellar
eutectic structure were present in the hypereutectic structure of
Nb0.75 HEA. The amplificatory image of the square region is
shown in Fig. 2(d) inset. The observed eutectic structure of
Nb0.25, Nb0.5 and Nb0.75 HEAs conformed to the expectant
EHEA family design.

Figure 3 shows the DSC curves of the CrFe,Ni,.
Moy 3Nb,(x=0, 0.25, 0.5 and 0.75) alloys. It can be seen that
the NbO alloy only had one endothermic peak, in agreement
with its single-phase FCC solid solution structure. With
increase in element Nb, a sharp endothermic peak appeared
on the Nb0.5 alloy DSC curve, proving the near-full eutectic
structure of the Nb0.5 alloy (Ref 22). Two distinct endothermic
peaks were observed on the Nb0.25 and Nb0.75 alloys DSC

Table 2 Calculated parameters (AH,,i, or, VEC) of the
CrFe,;Ni,Mo, ;Nb, (x=0, 0.25, 0.5 and 0.75) alloys

Alloys AHmix, kJ/mol Ar, % VEC
NbO - 3.75 2.71 8.26
Nb0.25 - 7.09 3.85 8.12
Nb0.5 -9.49 5.01 7.98
Nb0.75 — 11.47 5.61 7.85

Table 3 The chemical compositions of different regions
in the CrFe,Ni,Mo,3;Nbx (x=0, 0.25, 0.5 and 0.75) alloys

Chemical compositions/at.%

Alloys Regions Cr Fe Ni Mo Nb
NbO DR 17.52 3483  37.69  9.96
IR 1632 3740 39.78 6.5
Nb0.25 A 18.63  38.81 3723 396 1.37
E 17.21 3262 3527  6.64 8.26
Nb0.5 E 1466 3235 3459 795 10.44
Nb0.75 B 15.07 33.10 2495 7.23 19.65
E 18.07 3549 3584  3.53 7.08
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Fig. 3 The DSC curves of the CrFe,Ni,Mog3Nbx (x=0, 0.25, 0.5
and 0.75) alloys

Fig. 2 The microstructures of the CrFe,Ni,Mo,3Nbyx alloys: (a) x = 0 (b) x = 0.25; (¢) x = 0.5; (d) x = 0.75

Journal of Materials Engineering and Performance

Volume 31(10) October 2022—7915



curves, respectively. When combined with the primary FCC
phase + eutectic structure of Nb0.25 alloy and the primary
Fe,Nb Laves phase + eutectic structure of Nb0.75 alloy, it can
be concluded that the Nb0.25 and Nb0.75 HEAs were
hypoeutectic and hypereutectic HEAs, respectively (Ref 22,
25).

Figure 4 shows the EDS maps of the CrFe,Ni,Mog3;Nby
(x=0, 0.25, 0.5 and 0.75) alloys, giving a vivid presentation of
element distribution in the alloys. The EDS results are shown in
Table 3. In the NbO alloy, the constituent elements Ni, Cr and

Fe were distributed uniformly except for element Mo, where
region DR was enriched in element Mo. This may be due to the
large atomic radius difference and negative mixing enthalpy
between Mo and the other elements Cr, Fe and Ni. For the
Nb0.5 alloy, all the constituent elements were distributed
uniformly. For the Nb0.25 and Nb0.75 alloys, it was clear that
the constituent elements Ni, Cr and Fe were still distributed
uniformly except for elements Mo and Nb. The region E
(eutectic structure, Nb0.25 alloy) and region B (the primary
Cl4-type Fe,Nb Laves phase, Nb0.75 alloy) were enriched in

Fig. 4 The EDS maps of the CrFe,Ni;Mog ;Nby (x=0, 0.25, 0.5 and 0.75) alloys
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Nb and Mo element, further proving correctness of the analysis
of their XRD patterns.

3.2 Mechanical Properties and Fracture Behaviors

Figure 5 shows the tensile stress—strain curves of the
CrFe,;NiMog sNb, (x=0, 0.25, 0.5 and 0.75) alloys. With
increase in element Nb, the ultimate tensile strength increased
firstly and subsequently decreased till with 8.62 at.% (x=0.5)
Nb addition. The NbO alloy exhibited excellent ductility, the
tensile strain reached ~67%, and the yield strength and ultimate
tensile strength were 244 MPa and 549 MPa, respectively. The
lower strength of the Nb0 alloy was due to no alloying effects
of Nb element and its solution strengthening (Ref 22). With
adding element Nb, the Nb0.25 alloy exhibited the most
excellent comprehensive tensile properties, the yield strength
and ultimate tensile strength were up to 533MPa and 868 MPa,
respectively, and tensile strain was up to ~17%. By combining
the results of XRD (Fig. 1), SEM (Fig. 2) and the volume
fraction of the FCC phase and C14-type Laves phase (Table 1),
it was reasonable to infer the reasons for the improvement of
the tensile properties of the Nb0.25 alloy. During the tensile
deformation process, initially, the hard and brittle Cl4-type
Laves phase and the soft FCC solid solution underwent elastic
deformation; then, the soft FCC solid solution was elongated
and deformed while the hard C14-type Laves phase was barely
deformed, resulting in a mechanical incompatibility. Therefore,
further deformation of the plastic deforming soft regions was
restricted, leading to the formation of the gradients of plastic
strain between the deforming soft region and eutectic structure
(FCC+Cl14-type Laves phase), which required geometrically
necessary dislocations (GNDs) to deform further, which was
helpful to the promotion of the strength of the Nb0.25 alloy
(Ref 29). Apart from GNDs, the second-phase strengthening
provided by the Cl4-type Laves phase, as well as the solid
solution strengthening resulted from the additions of element
Nb in FCC solid solutions, also made contributions to the
promotion of the strength.

With further adding element Nb, for the Nb0.5 and Nb0.75
alloys, a prominent decrease in both ductility and ultimate
tensile strength appeared. The reason why a prominent decrease
in both ductility and strength of the Nb0.5 and Nb0.75 alloys

1000
——Nbo0

Strength(MPa)

0 1 1 1 1 1 1
Strain(%)

Fig. 5 The tensile properties of the CrFe,NiMo,3Nby alloys: x =
0;x=025x=0.5;x=0.75
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may be the embrittlement which led by excess C14-type Laves
phase (Ref 44). With increase in element Nb, the volume
fraction of the Cl4-type Laves phase increased (table 1). This
indicated that the Cl14-type Laves phase significantly affected
the tensile properties of the two alloys. That meant that the
Nb0.5 and Nb0.75 alloys might fracture before the fracture
strength reached its ideal value because of the embrittlement
which led by excess Cl4-type Laves phase (Ref 44, 45). In a
word, for the CrFe,Ni;Mog 3Nby (x=0.25, 0.5 and 0.75) alloys,
when the content of C14-type Laves phase (Nb0.25 alloy) was
low, the EHEA at these hypoeutectic states was still dominated
by the FCC solid solution phase, so the strength of the EHEAs
can be significantly improved by GNDs, the second-phase
strengthening and the solid solution strengthening under the
premise of maintaining a high ductility (Ref 29). With increase
in the C14-type Laves phase content (Nb0.5~Nb0.75 EHEAs),
the alloys were dominated by the hard and brittle Laves phase,
and became rapidly brittle and the strength and ductility
decreased sharply (Ref 44).

The tensile properties (ultimate tensile strength (UTS) and
elongation (Ef)) of as-cast Nb-added Laves intermetallic
containing EHEAs (in our study) are compared with other
selected Nb-added Laves intermetallic containing EHEAs and
HEAs in Fig. 6 (Ref 28, 46-48). It is observed that the as-cast
CrFe,NiMog 3Nbg 5 hypoeutectic high-entropy alloy has
better comprehensive tensile properties than other as-cast Nb-
added Laves intermetallic containing HEAs. However, com-
pared with the Nb-added Laves intermetallic containing HEAs
which have undergone aging or thermomechanical treatments,
there is a gap in tensile mechanical properties, which has also
provided inspiration for our subsequent research to improve the
mechanical properties of the EHEAs we designed by aging and
thermomechanical treatments.

The tensile fracture surface morphologies of the CrFe,Ni,.
Moy 3Nby (x =0, 0.25, 0.5 and 0.75) alloys are shown in Fig. 7.
The fracture surface of the Nb0 alloy presented mainly dimples
(see Fig. 7a), indicating a ductile fracture mode, which was
consistent with the excellent ductility of the NbO alloy. With
increase in element Nb, for the Nb0.25 alloy, the number of
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Fig. 6 The tensile properties of as-cast Nb-added Laves
intermetallic containing EHEAs (in our study) are compared with
other selected Nb-added Laves intermetallic containing EHEAs and
HEAs in the ultimate tensile strength versus Elongation plot
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dimples decreased sharply and the fracture surface exhibited
tearing ridges and many trenches, where the trenches mainly
formed in the eutectic structure region (Fig. 7b). By connecting
the primary FCC phase + eutectic structure from the results of
XRD (Fig. 1) and SEM (Fig. 2), the formation of trenches
morphologies can be explained reasonably: during tensile
process, the soft FCC phase was elongated and deformed, while
the hard and brittle Laves phase was barely deformed, resulting
in the undeformed hard and brittle Laves phase forming the
bottom of the trenches while the stretched thin layer FCC phase
forming the two edges of the trenches (Ref 11). The decrease in
dimples, the formation and inhomogeneous distribution of
trenches directly led to the decrease in the ductility of the
Nb0.25 alloy. For the Nb0.5 alloy, the dimples disappeared
completely, the fracture feature of the Nb0.5 alloy was mainly
trenches (Fig. 7c), suggesting a brittle fracture mode, which
was consistent with the inferior ductility of the Nb0.5 alloy. The
reason why the fracture surface was filled with trenches was
that the Nb0.5 alloy was a full near-eutectic structure. With
further increase in Nb content, for the Nb0.75 alloy, most of the
trenches were replaced by the large and irregular plane of the
primary Cl14-type Laves phase, further proving that, during the
tensile deformation process, the soft FCC phase deformed,
while the hard and brittle C14-type Laves phase was directly
broken without deforming. The inhomogeneous distribution of
the large and irregular Laves phase can lead to the stress
concentration at the phase interface between Laves phase and
eutectic structure, and it is easy to fracture at the phase interface
during the tensile process.

4. Conclusions

In this work, CrFe,;NiMog 3Nb, (x =0, 0.25, 0.50 and 0.75)
EHEAs were prepared. The effects of the addition of element
Nb and Cl4-type Laves phase on microstructures and tensile
properties of the CrFe,;Ni,Mo, ;Nb, EHEAs were investigated;
the conclusions were as follows:

1) For the CrFe,NiMog 3Nb, EHEAs, with increase in ele-
ment Nb, the microstructure evolved from an initial sin-
gle-phase FCC solid solution structure (x = 0) to a
hypoeutectic microstructure (0.25 < x < 0.5), then to a
full near-eutectic (x =0.5), and finally to a hypereutectic
microstructure (x > 0.75).

2) The CrFe,Ni;Mog3; HEA exhibited a good ductility, the
tensile strain was up to 67%, the CrFe,Ni;Mog3Nbg s
hypoeutectic HEA exhibited an excellent combination of
ductility and strength, the ultimate tensile strength was
up to 868 MPa, and the tensile strain was up to ~17%.
For the CrFe,;Ni,Moq 3Nbyg 5 eutectic HEA and CrFe,Ni,.
Moy 3Nbg 75 hypereutectic HEA, the ultimate tensile
strength was 578, 358 MPa and the tensile strain was
2.5, 1.6%, respectively.

3) The content of Cl4-type Laves phase had a significant
effect on the tensile properties of the CrFe,Ni;Mog ;Nb,
(x =0, 0.25, 0.50 and 0.75) EHEAs. A proper amount of
Laves phase can greatly improve the strength and main-
tain an appropriate ductility in CrFe,Ni;Mog3Nbg ;s
hypoeutectic high-entropy alloy, which can be attributed

Fig. 7 The tensile fracture surface morphologies of the CrFe,Ni;Mog 3Nb, alloys: (a) x = 0; (b) x = 0.25; (¢) x = 0.5; (d) x = 0.75
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to the balance of FCC and Laves phase, the second-
phase strengthening provided by Laves phase as well as
the solid solution strengthening resulted from adding ele-
ment Nb in FCC solid solution.
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