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Thermodynamic calculations were utilized to accelerate the pace of discovering promising
composition combination by tailoring phase fraction. Then a family of Fe2Ni2CrAlx multi-
principal element alloys (MPEAs) were synthesized to investigate the effect of Al on the
crystal structure, microstructural evolution, and mechanical properties. A two-phase, face-
centered cubic (FCC) and body-centered cubic (BCC), structure was identified in alloys with
lower Al content (x = 0.9 and 1.1), the alloy consists of structure with stripe patterns. As the
Al concentration increased, the FCC phases disappeared, the volume fraction of BCC and B2
phase increased. The morphology turned into polygonal grains in which the periodic maze-
shaped microstructure can be identified. Higher Al content dramatically increased the
nanohardness and strength of the Fe2Ni2CrAlx MPEAs, but reduced the plasticity. Among
the developed alloys, the Fe2Ni2CrAll.2 alloy displayed the best property combination,
with yield stress, compressive strength, and plasticity of 1117.8 MPa, 2961 MPa and 42.3%.
These values are superior to most reported as-cast MPEAs. Precipitation strengthening was
found to be the main strengthening mechanism responsible for the enhanced mechanical
properties of the Fe2Ni2CrAll.2 alloy. The current work offers the systematic under-
standing of the strengthening.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To overcome the restrictions on alloy design and applications,
the concept of high entropy alloy (HEAs) or multi-principal
element alloys (MPEAs) has been developed, such alloys have
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been investigated as potential new structural materials for
engineering applications [1—3]. With multi-principal elements
in the alloys, the alloy tends to form simple solid-solution
phases, rather than intermetallic compounds or complex
phases [4—6]. Compared with conventional metallic materials,
exceptional mechanical properties, e.g., hardness, strength,
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and ductility (at room and high temperatures), corrosion and
oxidation resistance, have been reported in previous studies
[7—13]. Therefore, alloy design with multi-principal elements
has gained immense popularity.

To date, several MPEA systems have been designed and
investigated, AlCrCoFeNi [14], AlCrFeNiMo [15], AlCrFeNiMn
[16], etc. Particularly taking the cost factor into account, one of
the most extensively investigated Co-free alloy systems is the
quaternary Al-Cr—Fe—Ni alloy system. To achieve a balance
of strength and ductility, more attention has been paid to two-
phase or multi-phase MPEAs. Lu et al. [17] have proposed the
eutectic alloy idea for MPEAs design. With the aid of this
concept, Dong et al. [18] developed an Fe2Ni2CrAl alloy based
on the AlCoCrFeNi2 alloy, expensive Co was replaced by cheap
Fe. In general, Ni and Co showed a nearly equal partitioning
behaviour to FCC and B2 phases. Fe and Cr partition preferably
to FCC and BCC phases than the B2 phase. The strength of the
alloy is determined by the ratio of Ni to Al as well as by the
volume fraction of B2 phase [19,20]. Increasing Fe at the
expense of Co will increase the volume fraction of the BCC
phase, and increasing the Al-concentration stabilise the B2
phase. With a FCC + BCC two phase structure, the cast
Fe2Ni2CrAl alloy showed an excellent combination of high
strength and good ductility.

The Fe2Ni2CrAl alloy has attracted extensive scientific in-
terests [21—-25]. For instance, Qu et al. [21] proposed that a deep
cryogenic treatment can enhance the hardness, yield strength,
and wear resistance of this alloy. D. Vogiatzief et al. [23]utilized
the processing technique of laser powder bed fusion to prepare
this alloy with microstructural refinement as well as further
improvement of the mechanical properties. B. Tripathy et al.
[25] found that this alloy after thermo-mechanical processing
can exhibit enhancement in mechanical properties compared
to many reported as-cast materials. Our previous work [26] has
utilized the molecular dynamics simulation and finite element
method to unveil the compressive behavior of Fe2Ni2CrAl
MPEAs. Experiments and molecular dynamics simulation have
been performed to uncover its wear mechanism [27]. The re-
sults show that the Fe2Ni2CrAl MPEAs show good mechanical
properties and wear resistance. While, to further improve the
mechanical properties in this alloy system worth further
exploration. In general, by adjusting the proportion of alloying
elements, the mechanical properties can be enhanced
significantly.

To screen the desired alloys in a vast composition space,
the trial-and-error experimental method is costly and time-
consuming [28,29]. Computational simulations have served
as effective tools to aid alloy design for enhancing mechanical
properties and providing an in-depth understanding of the
deformation and strengthening mechanism [30]. Thermody-
namic calculations technique has been applied to clarify the
stability and microstructure of HEAs [31—-33]. Shu et al. [32] has
constructed a pseudo-ternary phase diagram and proposed a
CALPHAD aided eutectic high entropy alloy (EHEA) design
method to explore more EHEA systems. Huang and Tan et al.
[33] used machine learning (ML) and thermodynamic calcu-
lations to find the eutectic composition in Ni—Co—Cr—Al sys-
tem. Two FCC + BCC EHEAs were successfully developed and
showed excellent compression strength and high fracture

ductility. As potential candidates for possible structural ap-
plications, the mechanical property and deformation behavior
have attracted extensive attention in the field of MPEAs.

Past research has mainly focused on understanding the
microstructure and the properties of the Fe2Ni2CrAl alloy,
which consisted of soft FCC and hard BCC phases. To pursue
higher mechanical properties, thermodynamic calculations
were carried out to accelerate the pace of discovering prom-
ising composition combination. Through reasonable compo-
sition optimization, we report the microstructure, nanoha-
rdness and mechanical properties of Fe2Ni2CrAlx (x is the
aluminum content in molar ratio, from 0.9 to 1.3) alloy. The
strengthening mechanisms have been discussed in detail with
the aim to achieve enhanced mechanical properties. The
present work is part of a wide effort to assess the mechanical
properties of Fe2Ni2CrAlx based MPEAs at ambient tempera-
tures, which provides insights into developing high-
performance MPEAs and understanding the strengthening
and deformation mechanism.

2. Methodology
2.1. Materials and experiments

The multi-principal element Fe2Ni2CrAlx alloy system, with
different aluminum contents (x = 0.9 to 1.3), was produced by
arc melting of the high-purity (>99.9 (at)%) elements under a
protective argon atmosphere inside a water-cooled copper
cavity. Repeated melting for at least 5 times was carried out to
ensure the chemical homogeneity of the alloy. The phase and
microstructure of the prepared alloy were investigated using
X-ray diffraction (XRD), optical microscopy (OM) and scanning
electron microscopy (SEM). The XRD analysis was performed
using a XPERT diffractometer with a Cu K« radiation source
with 26 scan from 10° to 110°. SEM investigations were per-
formed utilizing a Zeiss Merlin Compact microscope equipped
with an energy-dispersive (EDS) detector which was used for
chemical composition measurements. Phase identification
and compositional analysis were also carried out by trans-
mission electron microscopy (TEM) and selected area diffrac-
tion pattern (SADP) tilt series analysis. Prior to the SEM
observation, the extracted sample was mechanically polished
using abrasive papers to obtain a flat surface and remove
oxides and contamination.

The mechanical properties of the samples were evaluated
using nanoindentation and compressive tests. The nano-
indentation tests were conducted by using a Nano Indenter
G200 (Agilent, US) with a Berkovich indenter under the
continuous stiffness measurement (CSM) mode. The testing
depth was set as 1200 nm and a constant strain rate of 0.05s~*
was used in the loading and unloading process. The Poisson's
ratio used in this case was 0.3. The compressive tests were
performed on an AG-X Plus 250kN/50 kN Electronic Universal
Testing Machine. Cylindrical samples of 4 mm in diameter
and 6 mm in height were extracted from the ingots for the
compressive tests. The compressive tests at room tempera-
ture were conducted at an initial loading speed of 0.5 mm/
min.
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3. Results and discussion
3.1. CALPHAD calculation results

To understand the formation of muti-component alloy, phase
diagrams play a critical role for the alloy design and process-
ing optimization. On the basics of CALPHAD, Ni based super-
alloy thermodynamic databases have been successfully
employed for the Al-Cr—Fe—Ni alloy system that covers the
integral compositional ranges [34]. Considering the solidifi-
cation and solid state transformation, the equilibrium state of
the alloy system can be determined at a given composition
and temperature. For Fe2Ni2CrAlx-based MPEAs, the phase
formation includes Fe—Cr—Ni forming FCC phase, Fe—Cr
forming BCC phase and Ni—Al forming B2 phase. Thus, the
phase stability needs to be considered in terms of alloy design.

By using CALPHAD method, Fig. 1 presents the effect of Al
and Cr on the volume fraction of B2, BCC and FCC phases in
the Fe2Ni2CrAl-based MPEAs. From Fig. 1 (a), the volume
fraction of B2 phase increases at first and then decreases with
the increasing content of Al. Analysis in Fig. 1 (b) and (c) shows
that addition of Al to Fe2Ni2CrAl-based MPEAs stabilizes the
BCC phase while destabilizes the FCC solid solution. While,
the Cr contributes to the formation of FCC phase in the
Fe2Ni2CrAl-based MPEAs. As known, a severe distortion of
crystal lattice can be induced by the addition of Al due to the
larger atomic radii of Al. The volume fraction of B2 phase
dominates the mechanical properties of MPEAs, including the
hardness, strength, etc. Combined the calculated results, the
content of Al ranging from 17 at.% ~ 21 at.% is tailored for
Fe2Ni2CrAl-based MPEAs systems. Accordingly in the
following section, Fe2Ni2CrAlx (x = 0.9, 1.1, 1.2, 1.3) alloys are
designed for further analysis by experimental characteriza-
tion and modeling calculations.

3.2.  X-ray diffraction analysis

Fig. 2 presents the XRD profiles of the as-cast Fe2Ni2CrAlx
MPEAs. The phase structure changes with the content of Al
element. From Fig. 2 (a), with a lower concentration of Al, the
presence of FCC, BCC, and B2 phases can be identified in the
Fe2Ni2CrAl0.9 and Fe2Ni2CrAll.1 alloys. The stronger in-
tensity of the (200) peak indicates a large FCC phase content in
the Fe2Ni2CrAl0.9 alloy, this peak becomes weaker when the x

62.40
59,29 (b4)5 )

56.18
53.07
49.96 7o

value increases to 1.1. For the alloy with higher Al content
(x = 1.2 and 1.3), the FCC phases disappear whereas the
overlapping peaks of (200) and (211) can be detected in the
alloy. Besides, a weak peak intensity of the (100) peak, corre-
sponding to the B2 phase, was identified in Fe2Ni2CrAl1.2 and
Fe2Ni2CrAl1.3 alloys. Accordingly, the FCC/BCC + B2 phase
structure changes to BCC + B2 phase structure when the Al
content increases fromx = 0.9 tox = 1.2.

The overlapping peaks of (110) observed in the XRD pat-
terns indicated the formation of a disordered BCC phase and
an ordered B2 phase. The Fe2Ni2CrAll.2 alloy possesses the

BCC phase with a lattice parameter of 2.8765 A. A small frac-

tion of B2 phase with lattice parameter of 2.8782 A was also
observed. The lattice parameters of the two phases are similar
and the lattice parameter of the B2 phase is slightly larger than
that of the BCC phase. As the volume fraction of Al increases,
higher intensity can be observed for the (110) peak of the BCC
and B2 crystal structure in the as-cast alloys. The deconvo-
lution method was utilized to estimate the phase fraction. The
peak profile fitting on the Fe2Ni2CrAl1.1 alloy (Fig. 2 (b)) show
that the phase fraction of BCC and B2 was estimated to be 0.84
and 0.16, respectively. When the x value increases to 1.2, Fig. 2
(c), the volume fraction of the B2 phase increases to 0.28 in the
Fe2Ni2CrAl1.2 alloy. Thus, Al plays an important role in
enhancing the B2 phase fraction, which agrees well with the
evolution trend obtained from CALPHAD calculation.

3.3. Microstructure

Fig. 3 presents the metallographic images of Fe2Ni2CrAlx
MPEAs obtained from optical microscope. It is observed that
the morphology varies with the content of Al. At lower Al
content (x = 0.9), coarse phases are identified which delineate
the grain boundaries, as plotted in Fig. 3 (a). A fine lamellar
microstructure is formed within the grains. From Fig. 3 (b),
distinct grain boundaries can be clearly observed and the
disordered needle like structure appears near the grain
boundary. When the atomic ratio of Al reaches above 1.2, it
shows flower-like morphology within the grains, as illustrated
in Fig. 3 (c) and (d). With higher Al content (x = 1.3), the needle-
like structure completely disappears, as plotted in Fig. 3 (d).
Fig. 4 presents the microstructure of the as-cast Fe2Ni2-
CrAlx MPEAs by SEM characterization. At low magnification
(Fig. 4 (@) (c) (e) (g), typical dendrite and inter-dendrite
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Fig. 1 — The effect of Al and Cr on the volume fraction of phases in the Fe2Ni2CrAl-based MPEAs (a) B2 phase (b) BCC phase

(c) FCC phase.
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Fig. 2 — (a) XRD patterns of Fe2Ni2CrAlx alloy (x = 0.9, 1.1, 1.2 and 1.3) and profile fitting of (110) on (b) x = 1.1 (c) x = 1.2.

structures were observed in all the samples. Fig. 4 (c) (e) (g)
shows distinct grain boundaries and phase separation can be
identified within the grains. Fig. 4 (b) (d) (f) (h) show the high-
magnification SEM images of each sample. Two regions can be
observed, including the interconnected microstructure (re-
gion A) and strip microstructure (region B). The periodic maze-
shaped microstructure is a typical characteristic of spinodal
decomposition in multi-component alloys. The morphology
changed with Al concentration. With a small addition of

aluminum (x = 0.9), the strip microstructure occupied the
higher proportion. As x increased to 1.1, the interconnected
microstructures becomes apparent and constructed with
BCC/BCC eutectic phases. As can be seen, a large amount of
strip structures form and exist in disorder. When x is more
than 1.2, the formation of a modulated plate structure is
favored due to the spinodal decomposition, which shows good
agreement with the higher intensity of the (110) peak of the
BCC crystal structure in the XRD analysis. Thus, the Al content

Fig. 3 — Metallographic images of Fe2Ni2CrAlx MPEAs (a) x = 0.9 (b)) x = 1.1 (c) x = 1.2 (d) x = 1.3.
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Fig. 4 — Microstructure of Fe2Ni2CrAlx MPEAs.(a) (b) x = 0.9 () (d) x = 1.1 (e) (f) x = 1.2 (g) (h) x = 1.3.

has obvious effect on the microstructure, as the Al content
increases, the strip morphology turned into polygonal grains
and a periodic maze-shaped microstructure in the grains.
Based on the SEM analysis on the microstructure, Table 1
presents the chemical composition of Fe2Ni2CrAlx MPEAs
measured for region A and B, which exists significant segre-
gation. At the SEM/EDS level, no obvious defects were detected
in the prepared alloy. For the interconnected microstructures
in region A, the grains were rich in Ni and Al and Cr and
depleted in Fe. Region B consisted of a strip microstructure

which was rich in Cr, Fe and depleted in Al, Ni. When the
atomic ratio of Al increases to 1.2 and 1.3, the dendritic
segregation and interdendritic segregation regions were
clearly identified, the dendritic region is Al, Ni rich and the
interdendritic region is Cr, Fe rich. Fe and Cr lead to the for-
mation of the BCC phase whereas the presence of Al and Ni
contributes to the formation of ordered BCC (B2) phases. Thus,
the strip microstructure and grain boundaries correspond to
the FCC and Fe—Cr rich BCC phases, the ultrafine inter-
connected phases mainly consist of B2 phases.
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To further explore the phase structure, Fig. 5 presents a
TEM analysis of the as-cast Fe2Ni2CrAl1.2 MPEAs. Fig. 5 (a) and
(b) illustrate the typical bright-field micrographs, in which the

Table 1 — EDS analysis for chemical composition (at.%) of

Fe2Ni2CrAlx MPEAs.

: " o
L No. bl gourposiiion (%) microstructure is identified with the alternating phases. Fig. 5
Al Cr Fe Ni (c) and (d) presents the selected-area electron diffraction

Al0.9 Nominal 15.2 16.9 33.8 33.8 (SAED) patterns, confirming the existence of a Ni—Al rich or-
A 20.04 18.64 33.47 27.85 dered B2 phase and a Fe—Cr rich disordered BCC phase. The
N 5.15 21.94 44.20 28.71 high-resolution TEM (HRTEM) images of the regions circled by
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A 22.9 151 28.9 331 an important role in the enhancement of mechanical prop-
B 16.9 20.6 344 28.1 erties by hindering dislocation motion.

Al1.3 Nominal 20.7 15.9 318 31.8 Fig. 5(g) presents a typical HAADF (high angular annular
A 208 17.9 328 28.6 dark-field imaging)-STEM (scanning transmission electron
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microscopy) image, showing the ultrafine structure of the
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Fig. 5 — TEM analysis results of the Fe2Ni2CrAl1.2 MEAs (a) (b) Bright field image of the microstructure (c) (d) SAED patterns of
Fe—Cr rich phase and Ni—Al rich phase (e) (f) HRTEM of the interface between B2 and BCC phases (g)—(k) HAADF images and
the elemental distribution.
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Table 2 — Chemical composition of each phase in the as-
cast Fe2Ni2CrAl1.2 MPEA.

Location Chemical composition (at.%)

Al Cr Fe Ni
A 1.70 18.70 56.58 23.02
B 14.59 4.20 23.67 57.54

Fe2Ni2CrAl1.2 alloy. The irregular spherical precipitates are
marked by a filled yellow circle. The EDS mapping results in
Fig. 5(h)—(k) demonstrates that the spherical precipitates are
enriched with Fe and Cr, and the matrix is enriched with Ni
and Al. Based on the different phase structures and mor-
phologies, the EDS point analysis was performed on different
locations (marked by A and B) and the chemical composition
was summarized in Table 2. The spherical precipitate (loca-
tion A) primarily comprises of Fe (~56.58 at%) and Cr (~18.70 at
%), accompanied by the dissolution of Ni (~23.02 at%). While
the matrix phase consists of a large amount of Ni (~57.54 at%)
and relatively high concentration of Fe (~23.67 at%) and Al
(~14.59 at%), very small concentrations of Cr dissolved in this
phase.
3.4. Nano-indentation test

As aresult of indentation tests, the load—displacement curves
of Fe2Ni2CrAlx MPEAs are shown in Fig. 6 (a). A shallower
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indentation depth is derived with increasing Al concentration,
suggesting higher hardness for alloys with relatively high Al
content (x > 1.1). The average elastic modulus and hardness of
each alloy can be derived, Fig. 6(b). For alloys with lower
concentration of Al, a high-volume fraction of softer FCC
phases can be detected, with hardness values typically be-
tween 4.00 and 5.00 GPa. When the x value increases to 1.1, the
nanohardness of the alloys increases from 4.45 to 6.47 GPa.
With further increase of Al concentration, a significant
enhancement to more than 7.00 GPa for the Fe2Ni2CrAl1.2 and
Fe2Ni2CrAll.3 alloys was revealed. As known, the increasing
Al content can increase the volume of B2 phases, which pos-
sesses higher hardness compared with FCC and BCC phases
[35,36], thus increasing the overall hardness of the alloy.
Among the developed alloys, the Fe2Ni2CrAl1.2 alloy pos-
sesses the highest hardness of 7.45 GPa. In general, this
enhancement in nanohardness can be attributed to the
increasing volume fraction of the harder BCC phase, as well as
the precipitation of nano-sized B2 phases. Solid solution
strengthening resulting from the excess Al atoms dissolved in
the BCC/FCC phases also contributes to the increased hard-
ness values. Furthermore, the larger atomic radius of Al usu-
ally contributes to a severe lattice distortion in MPEAs.

The elastic modulus of Fe2Ni2CrAlx MPEAs exhibits a
similar trend with the addition of Al. As the x value increases
from 0.9 to 1.2, an evident enhancement can be obtained in
the modulus of the alloy, from 177.9 GPa to 222.1 GPa. With
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Fig. 6 — (a) The load—displacement (P-h) curves of Fe2Ni2CrAlx MPEAs (b) The average hardness and modulus of the alloys
(c) The hardness-indentation depth curves (d) The moludus-indentation depth curves.
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Fig. 7 — Engineering stress—strain curves of the
Fe2Ni2CrAlx MPEAs at room temperature.

further increasing Al content (x = 1.3), a slight decrease to
218.7 GPa was observed. Our previous work [27] showed that
the modulus of 199.4 GPa can be derived for the Fe2Ni2CrAl
alloy. It can be deduced that the developed Fe2Ni2CrAl1.2 alloy
shows much higher modulus than Fe2Ni2CrAl alloy.

The Fe2Ni2CrAl1.2 alloy has the highest elastic modulus as
well as the highest hardness among the developed alloys. In
Fig. 6 (c) and (d), the hardness and modulus values of the
developed alloys are plotted against the indentation depth.
Similar tendencies can be identified from the curves that the
nanohardness reduces with increasing indentation depth. In
general, this phenomenon can be attributed to the indentation
size effect (ISE), dislocation density usually decreases with the
increase of indentation depth.

3.5. Mechanical properties

Fig. 7 shows the engineering stress—strain curves of the as-
cast Fe2Ni2CrAlx alloy in the compressive condition at room
temperature. The strength and plasticity of the alloy are
closely associated with Al content. The yield strength and
fracture strength can be derived for each sample and are
summarized in Table 3. With lower Al concentration, the
Fe2Ni2CrAl0.9 alloy exhibits exceptional plasticity since no
fracture occurred until the plastic strain of 70% under
compression at room temperature. With the addition of Al, it
can be observed that the strength of the alloy is dramatically
enhanced.

When the x value increases to 1.1, the Fe2Ni2CrAl1.1 alloy
has a yield strength of 973.9 MPa, a fracture strength of
2894 MPa, and plastic strain of 48.7%, respectively. It can be
deduced that increasing volume fraction of the BCC phase
contributes to the enhancement of strength. For alloys with
relatively high Al concentration (x>1.2), a further increase
from 2894 MPa to 2961 MPa can be observed in the strength of
Fe2Ni2CrAl1.2 alloy, with the plastic strain decreasing to
42.3%. With further increase in concentration of Al, the
strength of the Fe2Ni2CrAll.3 alloy decreases to 2811 MPa,
accompanied by a reduced plastic strain of 36.9%. From the

Table 3 — The mechanical properties of Fe2Ni2CrAlx
MEAs at room temperature.

Alloy Yield strength

Fracture strength Plastic strain

(MPa) (MPa) (%)
Al0.9 484.8 Not fracture Not fracture
All.1 973.9 2894 48.7
All1.2 1117.8 2961 42.3
Al1.3 1165.9 2811 36.9

above analysis, the compressive fracture strength of the as-
cast Fe2Ni2CrAl1.2 alloy is the highest among the developed
alloys. Tailoring the Al concentration in the Fe2Ni2CrAlx alloy
system can tune the mechanical properties of the alloys. The
alloy with high FCC phase content exhibits relatively low
strength but extended ductility. Enhanced strengthening can
be derived via the increasing Al concentration, accompanied
by only a small loss of plasticity. Accordingly, the addition of
Al contributes to the presence of a desirable microstructure
and enhancement in mechanical properties, which was quite
attractive for the MPEAs in the as-cast condition.

From the stress—strain curves, it can be observed that
apparent work hardening occurred during deformation. Fig. 8
illustrates the work hardening behavior of the Fe2Ni2CrAlx
MPEAs, which is further analyzed by plotting the work hard-
ening rate as a function of true plastic strain. A sharp decline
in the strain hardening rate of the Fe2Ni2CrAlx MPEAs after
yielding was observed, followed by a slight decrease before
fracture.

From Fig. 4, the microstructure of alloys are significantly
influenced by the addition of Al, influencing the work-
hardening rate during the compression deformation process.
The volume fraction of the spinodal structures composed of
the BCC and the B2 phases increase with higher concentration
of Al, resulting in lower plasticity. As the x value increases
from 0.9 to 1.1, an obvious decrease can be observed in the
strain hardening rate. With further increase of Al contents
(x = 1.2 and 1.3), the strain hardening rate shows a slight in-
crease. Thus, the exceptional plasticity is closely related to the
high work-hardening capability.

To further study the work hardening behavior, the Hollo-
mon equation was adopted according to the true stress-true
strain data:

o = ke" (1)

where k is the strength coefficient and n is the hardening
exponent. Taking the logarithmic function on both sides of (1)
gives

Inoc=Ink+nlne 2

Fig. 9 presents the relationship of Ine — In¢ for the
Fe2Ni2CrAlx MPEAs. Table 4 presents the fitting equations for
each sample. The work hardening exponent n was determined
by using the slopes of curves. The Fe2Ni2CrAl1.2 alloy displays
the highest n value of 1.20. In general, the higher n value
suggests a good formability. The Fe2Ni2CrAl1.2 alloy pos-
sesses a most desirable work hardening ability and is com-
parable with some conventional metallic materials [37].

To demonstrate the exceptional mechanical properties of
Fe2Ni2CrAl1.2 alloy, Fig. 10 provides the plastic strain versus
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Fig. 8 — The (a) true stress—strain curves and (b) strain hardening rate of Fe2Ni2CrAlx MPEAs.

ultimate compressive strength of several as-cast HEAs for
comparison [38—44]. The FCC structure usually possesses
good plasticity but low strength, on the other hand, the BCC-
type structure presents high strength and poor plasticity.
The high compressive strength was attributed to the effect of
Al concentration which can tune the volume fraction of the
two phases (FCC/BCC). Compared with a Ti-based ultrafine-
grain alloy, it is very interesting that the as-cast Fe2Ni2CrAl1.2
alloy has such high strength and plasticity. The FCC phase
disappears at Al contents above x = 1.1, due to the combined
effect of BCC phases and B2 phases, the mechanical properties
of the as-cast Fe2Ni2CrAl1.2 alloy are superior to most of the
reported HEAs, even rather than our previously developed
Fe2.5Ni2.5CrAl and Fe2Ni2CrAl alloy [28].

As a result, the as-cast Fe2Ni2CrAl1.2 alloy is one of the
promising candidates among the reported as-cast HEAs and
possesses an excellent combination of strength and plasticity.
3.6. Strengthening mechanisms of Fe2Ni2CrAl1.2 alloy
Given the excellent combination of strength and plasticity, the
Fe2Ni2CrAl1.2 alloy displays promising mechanical properties
among the developed MPEAs. The strengthening mechanisms
in the Fe2Ni2CrAl1.2 alloy are now analyzed, and the quanti-
tative contribution of each strengthening mechanism is esti-
mated. Overall, the main strengthening mechanisms that
contribute to the compressive yield strength of Fe2Ni2CrAl1.2
alloy can be divided into four independent categories: grain
boundary strengthening Ao, dislocation strengthening Aop;s,
solution strengthening Asss, and precipitation strengthening
Aoy, respectively [45]. Besides, to examine the misfit effects,
the lattice friction strength of the alloy was also considered.
Then the total yield stress can be expressed as Eq. (3).

(3)

where ¢; is the intrinsic strength caused by lattice resistance
which is composed of all the alloying elements. The lattice
friction stress was assumed to be 108.04 MPa according to the
mixing rule [46]. The contribution of the different kinds of
strengthening mechanism is discussed in detail.

oy = 0; + Aogp + Aopis + Adss + Ady,

3.6.1. Grain boundary strengthening

The grain boundary strengthening is a typical strengthening
mechanism in the metallic materials, which can hinder
dislocation movement and further improve the strength. The
contributions of grain boundary strengthening can be esti-
mated via the Hall-Petch relationship, as

Aogp = Kupd 2

(4)
where K denotes the constant of strengthening coefficient and
d is the average grain size. According to the [46], the K value of
Fe2Ni2CrAl1.2 alloy can be estimated as 0.3854 MPa » m"/2. The
average value of d can be estimated from the optical micro-
graph (Fig. 4) as ~ 50 um: the contribution of grain refined
strengthening is about 60.9 MPa.

3.6.2. Dislocation strengthening
The contribution of dislocation strengthening can be derived
using the well-known Egq. (5).

Aopis = MaGbp/?

()
where, M is the Taylor factor with a value of 2.73 for bcc
structure [47], a is a constant of 0.4. G denotes the shear
modulus, which can be obtained according to G = E/2(1 + v),
and p is Poisson ratio equals to 0.3 for the bcc HEAs. According
to the elastic modulus measured by nano-indentation exper-
iment, the G of Fe2Ni2CrAl1.2 can be assumed as 144.4 GPa.
Besides, b is the Burgers vector, which can be obtained by b =
v3a/2 = 0.248nm [48], p represents the density of dislocation
and can be derived by Eq. (6) [49].

p =2V3e¢/db (6)

where, ¢ is the lattice strain, d is the average grain size. Then
the dislocation density can be determined as 1.12 x 10?m™2,
suggesting high dislocation densities. Thus, the strength
increasing from dislocation can be estimated to be 41.4 MPa.

3.6.3. Solid solution strengthening

The contribution of solution strengthening can be estimated
via the model proposed by Gypen and Deruyttere, which can
be expressed as [50].
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Table 4 — The fitting equations for each sample.

Alloy Fitting equation
Al0.9 Inoc=1.11lne + 4.8
All.1l Inoc =0.82lne + 5.6
All1.2 Ingc =1.20lne + 5.0
All1.3 Inoc =0.85lne + 5.6
p
Aoss = (Silkiv@)™") )

where k; is the strengthening coefficient, C; is the atomic
percentage of solutei. p is a constant equal to 1/2. With respect
to the Fe2Ni2CrAl1.2 alloy, it exhibits very small difference in

the atomic size of Cr, Fe, and Ni elements. Recognising this,
the element Al, which possesses the largest atomic radius
among the 4 principal elements, can be considered as the
major solute in the solvent matrix. The k; value of Al element
is 225 MPa/(at. %) thus the Acss can be estimated to be
107.9 MPa.

3.6.4. Precipitation strengthening

Due to the spinodal decomposition in Fe2Ni2CrAl1.2 alloy, one
should pay particular attention to the second phase
strengthening effect, especially spinodal decomposition
hardening. The second phase hardening mechanisms pri-
marily includes Orowan-type and precipitate shearing. The
shearing mechanism dominates in this case with coherent
and small precipitates. Considering the effect of precipitates
sheared by dislocations, three contribution factors should be
considered: the coherency strengthening (Accs) mechanism,
the modulus strengthening (Asys) mechanism and the order
strengthening (Agos) mechanism. The equations available to
quantitatively calculate the strength increments can be
expressed as Egs. 8—10 [51].

s 1f 2
A‘7'CS = Mae(Gea) / <05Gb) (8)
1/2 3m_q
_ LYPARNGAL
Acys = M x 0.0055 x (AG) ( G> (b) ©)
. 3 1/2
A%S:Mx081x25<%g) (10)

where «. is a constant equal to 2.6, € is the constrained lattice
misfit . = 2¢/3, AG is the shear modulus mismatch between
precipitates and matrix, f is the volume fraction of the pre-
cipitates, r is the average radius of the precipitates, m is a
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Fig. 10 — The mechanical properties of Fe2Ni2CrAlx alloy compared with other reported HEAs [38—44].


https://doi.org/10.1016/j.jmrt.2023.04.015
https://doi.org/10.1016/j.jmrt.2023.04.015

4006

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3996—-4008

- 0;
- OGp
E Opis
- Oss
B 5,

71.57%

9.72%
OT1% 4 099%4.9%

Fig. 11 — The contribution of each strengthening
mechanism.

constant with the value of 0.85, v, is the anti-phase
boundary energy of the precipitates, 0.25]/m?. The value of ¢
can be estimated from XRD patterns by Williamson-Hall
method [52] and the value of r can be measured by TEM im-
ages. Accordingly, the strength increments caused by the
precipitation BCC nanoparticles are evaluated to be
829.2 MPa.

3.6.5. Total strengthening

As mentioned above, the total strength increment could be
deduced as 1141.04 MPa. It is in excellent agreement with the
yield strength (¢ = 1117.8 MPa) from experiment. The contri-
bution of each strengthening mechanism is displayed in
Fig. 11. To conclude, the precipitation strengthening plays a
predominant role among the strengthening mechanisms.

4., Conclusion

In this work, thermodynamic calculations were applied to
multi-component alloy design by tailoring phase fraction. A
new class of Co-free Fe2Ni2CrAlx MPEAs were designed and
prepared which possesses exceptional mechanical properties.
Detailed microstructural characterization was carried out by
means of XRD, SEM, and TEM techniques, as well as me-
chanical properties performed by nano-indentation tests and
compressive tests. The main conclusions are.

(1) The phase and microstructure of this Fe2Ni2CrAlx alloy
can be tuned by the Al concentration. The presence of
FCC, BCC and B2 phase were identified in the alloy with
lower Al content (x = 0.9 and 1.1). As the Al concentra-
tion increased (x>1.1), the volume fraction of the B2
phase increases and the FCC phase disappears. The
strip morphology turned into polygonal grains and a
periodic maze-shaped microstructure can be identified
in the grains. The EDS results show that the dendritic
segregation is Al-Ni rich and interdendritic segregation
is Fe—Cr rich.

(2) The irregular spherical precipitates identified in the
FeNiCrAl1.2 alloy by TEM analysis are enriched in Fe
and Cr. An ultra-fine spinodal decomposition micro-
structure of the BCC and B2 phases can be observed
with coherent interfaces.

Higher Al content increased the nanohardness and
elastic modulus of the alloys. The Fe2Ni2CrAl1.2 alloy
possesses the highest hardness and elastic modulus of
7.45 GPa and 222.1 GPa. The enhancement in nano-
hardness can be attributed to the increasing volume
fraction of the harder B2 phase.

(4) The fracture strength increases dramatically from
484.4 MPa to 1165.9 MPa with the increasing concen-
tration of Al (x value from 0.9 to 1.3). The as-cast
Fe2Ni2CrAl1l.2 alloy displayed the most desirable com-
bination of strength and plasticity with an engineering
plastic strain of 42.3%, the yield strength of about
1117.8 MPa and a high fracture strength of about
2961 MPa under uniaxial compression at room tem-
perature. The mechanical properties of the Fe2Ni2C-
rAl1.2 alloy are superior to those of most reported as-
cast HEAs at room temperature.

The strengthening mechanisms of the Fe2Ni2CrAl1.2
alloy were discussed. The contributions of strength-
ening mechanisms were quantitatively estimated
which was in excellent agreement with the experi-
mental value. The results show that the precipitation
strengthening mechanism plays a significant role in
enhancing the mechanical properties.
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