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Abstract: Fe, ;MnNi, ;CrNb, (x=0, 0.05, 0.1, molar ratio) high-entropy alloys were prepared by vacuum induction melting. The effect
of Nb content on the microstructure and mechanical properties of the new alloy was analyzed. The results show that the Nb-free alloy

has a single-phase fcc structure, and its tensile strength and elongation to failure (i.e., ductility) are 519 MPa and 47%, respectively.
With the addition of Nb (x=0.05), the (200) texture and Fe,Nb Laves phase appear. The ductility of alloy increases to 55%, while the
tensile strength increases to 570 MPa. When the molar ratio of Nb increases to 0.1, the texture diminishes, whereas the volume

fraction of the Fe,Nb phase is increased. The resultant tensile strength and ductility are 650 MPa and 45%, respectively.
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High-entropy alloys have superior properties to those of
traditional alloys due to their special structure. They are
typically made of single fcc or bee phase or their mixture. In
some cases, a small amount of intermetallic compounds are
also identified in solid solution matrix"*, While high-entropy
alloys often have excellent plasticity due to their simple
structures, the tensile strength remains to be improved for
structural applications'®”.. To address this issue, Jiang et al'”
added Ta to CoCrFeNi high-entropy alloy at a molar ratio of
0.5 and increased the yield strength of the alloy from 145 MPa
to 1346 MPa. In other study, a small amount of Nd was
incorporated to CoCrFeMnNi high-entropy alloy™", and the
tensile strength of the alloy increases from 590 MPa to 820
MPa. A previous investigation also found that by increasing
Al content, Al CoCrCuFeNi high-entropy alloy changed first
from fce to fectbee structure and then to single bee phase
structure. In doing so, lattice distortion deepened, leading to
the strength increase!”. In addition, it is found that the
addition of alloying elements such as Ti, V, and Pd to high
entropy alloys can improve the mechanical properties of

596 Fu et al™" found that the unequal-atomic

materials
CoNiFeCrAl,Ti,, high-entropy alloy has nanoscale twins

after spark plasma sintering. The yield stress, compressive
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strength, compression ratio and Vickers hardness of the alloy
are 2.08 GPa, 2.52 GPa, 11.5% and 5730 MPa, respectively.
The CoNiFeCrAl, Ti,, high entropy alloy displays excellent
comprehensive mechanical properties due to the effect of
Unequal-atomic Al CoNiFeTi,, high-
entropy alloy prepared by mechanical alloying and spark
plasma sintering has excellent mechanical properties at room

nanoscale twins.

temperature (yield stress ~2732 MPa; compressive strength
~3172 MPa). In other study™, the nanoscale twins appear in
fcc phase of Al ,FeCrCo, NiTi,, high-entropy alloy, which
makes the alloy have great mechanical properties. It can be
seen that changing the content of one or several elements in
the high-entropy alloy mardedly affects the microstructure and
properties of the alloy. In the previous work, it is found that
Fe,;MnNi, ;Cr alloy has good plasticity but inferior tensile
strength. It is known that alloying elements with a large
difference in atomic radius from the matrix affects the
microstructure and mechanical properties of the alloys!**'?¥,
Nb has a high melting point and is often added to refractory
materials to improve their high temperature strength. Its
atomic radius is 0.146 nm, and the difference in atomic radius
between Nb and the Fe,;MnNi, ;Cr alloy components such as
Fe (0.126 nm), Mn (0.126 nm), Ni (0.124 nm) and Cr (0.127
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nm) is quite large. In addition, the relatively low density of Nb
as compared to other high-melting elements can reduce the
alloy mass®***".

In this experiment, the effect of Nb addition on
Fe,;MnNi, ;CrNb, high entropy alloys was studied, and the
strengthening mechanism was analyzed to guide the design of
the high-entropy alloys with high strength and enhanced

plasticity.
1 Experiment

The vacuum induction heating method was used to heat the
mixture of Fe, Mn, Ni, Cr, and Nb particles with a purity of
99.99% (Table 1) to a molten state. After thorough mixing, the
molten metal was poured into a copper mold and cooled down
to the room temperature in the furnace. The size of as-cast
samples is shown in Fig. 1. During the entire process, the
furnace always maintained an argon atmosphere to prevent the
sample from being oxidized or contaminated.

I-shaped tensile specimens (length ~10.6 mm; width ~2.0
mm; and thickness ~1.5 mm) were prepared by wire electrical
discharge machining (WEDM). The tensile testing was
performed to determine the mechanical properties of the
material at room temperature. The tensile fracture surface was
observed by a scanning electron microscope (SEM, FEI
Duanta 250F) at a voltage of 20 V. X-ray diffractometer
(XRD, Bruker-AXS D8 Advance) with a Cu Ka radiation,
SEM, and energy dispersive spectrometer (EDS, FEI Duanta
250F) were used to characterize the crystal structure,
microstructure, and element distribution of the alloys,
respectively. The scanning angle of XRD ranged from 20° to
80° at a speed of 6°/min. Before the SEM analysis, the

Table1 Chemical composition of Fe,.MnNi, CrNb, samples

(wt%)

Sample Fe Mn Ni Cr Nb
Nb0 12.5 25 37.5 25 0
Nb0.05 12.3 24.6 36.9 24.6 1.23
Nb0.1 12.2 244 36.6 24.4 2.44

Note: Fe,;MnNi, ;CrNb, (x=0, 0.05, 0.1, molar ratio) are named as Nb0,
Nb0.05 and Nb0. 1, respectively.

Fig.1 Optical image of as-cast sample (A represents the top surface

and B denotes side surface or surface vertical to A)

samples were corroded with aqua regia for 20 s. The
observation was performed along two directions, one parallel
to the A surface and the other along the B surface (Fig.1).
Accordingly, the samples parallel to the A surface are named
as A-Nbx and the samples parallel to the B surface are named
as B-Nbx, where x represents the Nb content in molar ratio.

2 Results

2.1 Microstructure features

Fig.2 shows the XRD patterns of Nbx. Fig. 2a~2c¢ are the
XRD patterns obtained from samples NbO, Nb0.05 and Nb0.1,
respectively. The different Nb contents cause the change of
alloy crystal structure. The (111) diffraction peak intensities of
both A-Nb0 and B-Nb0 samples are low, but the (200) plane
diffraction peaks of B-NbO are high (Fig.2a). The intensity of
the (200) plane diffraction peak of the A-Nb0.05 sample
remains high, while the intensity of the fcc diffraction peak in
B-NDb0.05 is low (Fig.2b). Fig.2d represents XRD patterns of
A-Nbx samples. In comparison, Nb0.1 is dominated by fcc
diffraction peaks (Fig.2c), where the difference in intensity
between the (111) and (200) diffraction peaks is reduced. In
addition to the fcc peak, some other diffraction peaks appear
near the (111) diffraction peak, which correspond to the Laves
phase with Nb (Fig.2d). According to PDF card, the Nb-rich
phase is Fe,Nb. For the B-Nb0.1 sample, the intensities of the
(200) peak and the Laves phase diffraction peak around the
(111) are quite low. In addition, Fig. 2e shows the partially
enlarged view of diffraction angle from 45° to 55° in Fig.2d.
The diffraction peak shifts slightly to the left and then to the
right as the Nb content increases.

Fig.3a~3c show the SEM images of A-Nb0, A-Nb0.05, and
A-NDbO.1 samples, respectively. The grain boundaries of the A-
NbO sample are evident, revealing equiaxed grains. Uniformly
distributed corrosion pits (artifacts from sample preparation)
can be seen but no precipitates are discernible on the surface.
In comparison, the grain boundaries in A-Nb0.05 and A-Nb0.1
samples are not visible and the alloys show a dendritic
structure. The corrosion pits are evenly distributed, and worm-
like white precipitates appear within them. It is worth noting
that the volume fraction of the corrosion pits in A-Nb0.1 is
larger, and there are precipitates in each pit. In the sample A-
Nb0.05, however, the precipitates only appear in some
corrosion pits. Fig.3d and 3e illustrate the SEM images of B-
Nb0.05 and B-Nb0.1 samples, respectively. The B-Nb0.05
sample has a dendritic structure, the equiaxed corrosion pits
are parallel to the dendrites, and some corrosion pits contain
worm-like precipitates. Fig. 3f is a high magnification SEM
image of B-Nb0.05 sample. The yellow dotted line is used to
highlight the grain boundaries, which shows that the corrosion
pits are distributed along the grain boundaries. The B-Nb0.1
sample also shows a dendritic structure (Fig.3e).

Fig. 4 shows the high magnification SEM image of A-
Nb0.1. White worm-like particles appear in most of the
corrosion pits between the dendrites, and the corrosion pits are
randomly distributed. The EDS analysis results of the
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Fig.2 XRD patterns of Nb0 (a), Nb0.05 (b), Nb0.1 (c), and A-Nbx (d, e) samples

Fig.3 SEM images of A-NbO (a), A-Nb0.05 (b), A-Nb0.1 (c), B-Nb0.05 (d, f) and B-Nb0.1 (e) samples

precipitates (region A) and the matrix (region B) are shown in
Table 2. It can be seen that the precipitates are Laves phase
with Nb (region A), which is consistent with the XRD results
(Fig. 2¢). However, the Laves phase diffraction peak is not
detected in the sample Nb0.05, which might be due to the fact
that the volume fraction of Laves phase in the sample Nb0.05 is
too low to be identified by XRD. While the chemical compo-
sition of as-cast Nb0.1 alloy matrix is close to the nominal value.

Fig.5 illustrates the tensile fracture surfaces of the samples
Nb0, Nb0.05, and Nb0.1. Table 3 shows the atomic percentage
of elements in sediments. All the fractures exhibit equiaxed
dimples which are uniformly distributed. Meanwhile,
sediments appear within some dimples, which are Mn-rich
precipitates according to the EDS analysis (Table 3). For the
sample NbO, the dimples are deep and large in size; the
dimples in the sample Nb0.05 are shallower but similar in
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Table 2 EDS analysis results of different regions of sample
Nb0.1 marked in Fig.4 (at%)

Region Fe Mn Ni Cr Nb
A 9.61 24.83 34.08 20.40 11.09
B 13.04 24.10 35.26 26.31 1.30

Nominal 12.20 24.40 36.60 24.40 2.44

size, and the number of the Mn-rich precipitates in the dimples
increases significantly. When the Nb content increases to x=0.1,
the size of the dimples becomes smaller, and the dimples still
contain Mn-rich precipitates, but their number is greatly
reduced. All three alloys show typical ductile fracture.

Fig.5 Fracture surface morphologies of samples NbO (a), Nb0.05 (b), Nb0.1 (c)

Table 3 EDS analysis results of sediments (at%)

Fe Mn Ni Cr Nb

23.90 54.16 7.79 13.99 0.16

2.2 Mechanical properties

Fig. 6 is the tensile engineering stress-strain curve of the
Nbx samples. It can be seen that the elongation of all the three
samples exceeds 40%. Among them, the elongation of Nb0
samples is up to 47%, but the tensile strength is relatively low
(519 MPa). When the molar ratio of Nb is 0.05, both the
ductility and tensile strength of the alloy are improved (i.e.,
the tensile strength is increased to 570 MPa, and the elon-
gation is also 55%). As the Nb content further increases to 0.1,
the tensile strength is increased to 650 MPa but the ductility is
reduced to 45%.

3 Discussion

3.1 Phase stability

The phase stability of high-entropy alloys is affected by
many factors, including mixed entropy (AS,;,
(AH,,), mismatch (J), interaction parameter (L), etc. When
the atomic mismatch 0<6.6% and interaction parameter Q>

), mixed enthalpy

1.1, a simple solid solution phase tends to form™. It is easier
to form a stable solid solution when the size of different atoms
is similar. There is severe lattice distortion and high strain
energy in the formed solid solution when §>6.6%. J can be

calculated by the following formula®#%!:
I
o= |2l e-—) M
r=20 e @

where 7 and r, are the average atomic radius and the atomic
radius of each component, respectively; c,is the atomic ratio
of each component (already listed in Table 1). The formula for

calculating the interaction parameters is as follows™ *":
Tm ASmix
Q=-——" 3)
‘ AH mix
700 —INb
I ——2Nb0.03
——3NbO.1

0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Engineering Strain/%

Fig.6 Tensile engineering stress-strain curves of three Nbx alloys
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AS.. =-RY" (c;Inc,) )
T, =2 Ty, ()
AH,, =43 AH!™cc, (©)
i#j

where R is the ideal gas constant (R=8.314 J-mol"-K™), and T,
is the melting point (K). The calculation results are shown in
Table 4. It can be seen that 0 of alloys with different Nb
contents does not exceed 6.6%, and the Q is greater than 1.1,
so a solid solution structure can be obtained. However, ac-
cording to XRD and SEM results, there are Laves phase in
alloys when x=0.05. It indicates that there is other more
important factor affecting the structure of the alloy. The
prerequisite for using £ to determine the phase structure is
that the atomic sizes are similar?**. According to Fig.2e, as
the Nb content increases, the (200) peak shifts slightly to the
left and then to the right. This phenomenon indicates that
lattice distortion first increases and then decreases. Due to the
difference in radius between Nb and other atoms, lattice
distortion increases with adding Nb, while the precipitation of
the Nb-rich phase leads to the decrease of lattice distortion.
While the decrease of lattice distortion leads to the reduction
of strain energy of the alloy.

3.2 Microstructure development

With the increase of Nb content, the fcc (200) diffraction
peak first shifts to the left (Fig.2e) and then to the right. This
is due to the increase in the degree of lattice distortion after
the Nb with a larger atomic radius occupies the lattice position
in the solid solution. By further increasing the Nb content,
however, the lattice distortion promotes the precipitation of
the second phase, which reduces the Nb atoms in the matrix,
and lowers the level of lattice distortion in the matrix.

According to Fig.3 and Fig.4, Nb-rich Laves phase appears
in both Nb0.05 and Nb0.1 samples, in which the Fe and Cr
contents are relatively small (Table 2) but the Ni contents are
large. The enthalpy of mixing is an important parameter to
predict the formation of phase conformation. The mixing
enthalpies of Nb-Fe, Nb-Mn, Nb-Ni, and Nb-Cr are -16, -4,
-30, and -7 kJ/mol, respectively P, A high Ni content in the
Nb-rich precipitates is attributed to the lowest mixing
enthalpy of Ni-Nb among the four elements.

3.3 Mechanical properties

Compared with those of the NbO sample, the tensile
strength (increasing from 519 MPa to 570 MPa) and the duc-
tility (47% to 55%) of sample Nb0.05 increase simultaneously
(Fig.6). The reasons for the increase in strength are given as
follows. First, the addition of Nb with a larger atomic radius
causes lattice distortion, which increases the resistance to

Table4 1, AS, > Too

mix?

o and 2 value of Nbx samples

mix?

ASy/ H,yd
Sample  »/nm T./K 0/% Q
J-K'*mol! kJ-mol!
NbO  0.1255 10977 17853 -3.6250  0.08 5.41
Nb0.05 0.1253 11.465 17904 -6.2210 0.021 3.30
Nb0.1  0.1260 11.663 1809.3 -6.7752  0.027 3.11

dislocation slip. Second, the formation of a small amount of
Nb-rich precipitates pins the movable dislocations so that the
dislocation slip requires higher stress. In addition, the grain
shape, distribution and size also affect the mechanical
properties of the alloy®****, When the Nb content is increased
to x=0.1, the grain shape changes from equiaxed to short
dendrites (Fig.3). As the grains are refined and the interfacial
area is increased, the tensile strength is further increased (650
MPa). In addition, the mechanical properties, volume fraction,
size and distribution of the second phase in the matrix are
important factors affecting the mechanical properties of the
material"®*'73¥ Fig, 3 shows that when the content of Nb is
increased, the volume fraction of the precipitates in the Nb0.1
sample increases. As such, the dispersion strengthening effect
of the Nb-rich Laves phase is enhanced. The elongation of the
sample Nb0.1 decreases to 45%. The possible reason is that
the distribution of the Nb-rich Laves phase in the matrix
interrupts the continuity of the matrix, and stress concen-
tration occurs near the interface between the two phases
during the tensile tests, causing fracture.

4 Conclusions

1) The Fe,sMnNi, ,Cr alloy has a single-phase fcc structure.
With the increase of Nb content, Nb-rich Laves phase appears
and increases in volume fraction.

2) The tensile strength of Fe, ;MnNi, ;CrNb, alloys increases
from 519 MPa to 650 MPa, while the ductility first increases
to 55% and then decreases to 45%. Both precipitation
strengthening and solid solution strengthening are responsible
for enhanced strength.

3) When the Nb content is x=0.1, both tensile strength (650
MPa) and ductility (45%) of the Fe,;MnNi, CrNb,, alloy are
high, and as such, the alloy has potential for load-bearing
applications.
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