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Abstract: The effect of temperature on the microstructural stability and mechanical properties of ordered ellipsoidal
B2-NiAl nanoprecipitates in a novel body-centered-cubic (BCC)-based Fes sCr; sNiAjs multicomponent alloy (MCA)
was investigated. XRD, EBSD, EPMA and TEM were used to characterize the microstructure and phase composition of
this MCA. The results showed that the designed coherent microstructure with a high-content ellipsoidal B2
nanoprecipitates in BCC matrix could be maintained up to a high temperature of 1073 K with an average particle size of
245.509-251.328 nm. The unique coherent structure of the as-cast and heat-treated (873 K < 7'< 1073 K) alloys could
be designed to provide a high yield strength (809.2—1164.1 MPa) owing to the low-misfit coherent precipitation
strengthening mechanism. When heat treatment temperature was further increased (1173 K < 7' < 1273 K), the mean
particle size of the B2 nanoprecipitates gradually coarsened, and the load transfer strengthening mechanism played a
major role in improving the yield strength.

Key words: multicomponent alloy; coherent microstructure; microstructural evolution; mechanical properties;
strengthening mechanism

achieve both high strength and maintain reliable
ductility [8—11].

Precipitation strengthening, especially coherent
precipitation  strengthening, can  profoundly
strengthen the solid-solution matrix and reduce

1 Introduction

High-entropy alloys (HEAs) or multi-
component alloys (MCAs) have received

considerable interest for their unique chemical,
physical, and mechanical properties, and have
become a hot spot in the field of metal alloy
research [1—4]. HEAs generally contain five or
more elements with equimolar, near-equimolar, or
non-equimolar mixing, resulting in the formation of
simple solid solution structures, such as face-
centered-cubic (FCC), body-centered-cubic (BCC),
and hexagonal close-packed (HCP) [5—7]. Recent
research has revealed that single structured HEAs/
MCAs are still challenging to simultaneously

plastic loss due to the low lattice misfit between the
coherent ordered precipitates and solid-solution
phase [12—15]. For instance, JIANG et al [1]
proposed a counterintuitive strategy for designing
ultrastrong steel alloys by high-density nano-
precipitation and minimal lattice misfit, with a
strength of up to 2.2 GPa and good ductility (about
8.2%). Owing to these highly dispersed, fully
coherent precipitates, the strengthened alloys show
very low lattice misfit with the surrounding
matrix and high antiphase boundary energy without
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sacrificing the ductility. Recently, the precipitation
strengthening mechanism has been applied to
HEAs/MCAs to trade off the strength and
ductility [16—19]. Previous research analysis has
revealed that controllably introducing high-density
ductile nanoparticles is also an effective method
of improving the comprehensive mechanical
properties in complex alloy systems. Moreover,
different from the conventional wisdom of
intermetallic-induced brittleness, such nanoparticle-
strengthened alloys exhibit an ultrahigh strength
(1.5 GPa) while retaining good ductility (~50%) in
tension at ambient temperature [3]. Interestingly,
dispersively distributed nanoscale BCC precipitates
were also observed in a lightweight refractory
AlMoo sNbTagsTiZr HEA with a B2-based matrix,
and the nanoscale precipitates had a good coherent
relationship with the matrix [20]. In addition, Al is
an important element to regulate the transition from
FCC-based alloy to BCC-based alloy for the
improvement of strength [21]. However, the wavy
microstructure formed by the BCC phase and the
B2 phase has been found to dramatically deteriorate
the plasticity of the AINiCoFeCr alloy. Thus,
the type of the substrate material and the
coherently-precipitated particles are critical to
strengthen the material meanwhile maintain enough
ductility [22—25].

In the present study, to achieve excellent
comprehensive mechanical properties, a novel
Fe-based MCA was designed, which could induce
the formation of a low-misfit NiAl-type B2
coherent nanoprecipitates into the BCC matrix, and
the effects of heat treatment at different
temperatures on both the mechanical properties and
the precipitation behavior were investigated. In
particular, the strengthening mechanism and the
microstructure of these nanoprecipitates at different
treatment temperatures were also addressed. This
study not only offered a further understanding of
the nature of precipitation hardening in MCAs but
also assisted in designing MCAs with excellent
mechanical properties.

2 Experimental

Master FessCrisNiAlps MCAs (elements in
atomic ratios) were prepared in nonconsumable
vacuum arc melting furnace. The purity of the raw
materials (Fe, Cr, Ni, and Al elements) was higher

than 99.9 wt.% and remelted at least five times to
ensure chemical homogeneity. The as-cast ingots
were button-shaped, about 12 mm in thickness and
32 mm in diameter, and then heat-treated at 873,
973, 1073, 1173, and 1273 K for 2 h, respectively,
followed by water-quenching.

The phase structure of Fe; sCri sNiAlps MCAs
was performed by X-ray diffraction (XRD) using an
EMPYREAN diffractometer with Cu K, radiation
operating at 45 kV and 40 mA and a scanning rate
of 4 (°)/min in the 26 range of 20°—100°. Electron
backscatter diffraction (EBSD, Bruker eFlashHR)
analyses were performed using a Zeiss supra 55
scanning electron microscope, and a step size of
0.5 um was used to generate the EBSD maps.
Microstructural characterization was carried out
using an electron probe microanalyzer (JXA—8530F)
and a JEM—F200 transmission electron microscope
(TEM) equipped with a selected phase electron
diffraction (SAED), and the chemical composition
was identified with an attached energy-dispersive
spectrometer (EDS). The TEM specimens were
firstly mechanically ground to 35 pum in thickness,
then punched into foils with a diameter of 4 mm,
and finally thinned by a twin-jet electropolisher
using the electrolyte contained 10 vol.% perchloric
acid and 90 vol.% alcohol at a voltage of 20 kV.
The hardness of the specimens was measured under
a 500 g load that was applied for 15s using an
MH-50 Vickers hardness tester. Each specimen can
obtain 6 indentations at equal interval of 0.4 mm
and the average value of them is regarded as the
hardness value. The room-temperature compressive
test was performed using a DNS—100 universal
testing machine, and the loading rate of the test
was 1x107°s!. The cylindrical specimens had a
diameter of 5 mm and a height of 10 mm.

3 Results

3.1 Microstructural characteristics

The XRD patterns of the as-cast and different
heat-treated Fe;sCrisNiAlps MCAs are shown in
Fig. 1(a), which exhibited a dual-phase structure of
the BCC phase plus the B2 phase. In addition, a
minor (100) reflection peak emerged, which was
identified as the ordered B2 phase. Further, the
lattice constants of both the BCC and B2
phases were apcc=0.2876 A and a@=0.2888 A,
respectively, calculated through the (110)sccs2
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diffraction peak. However, the XRD patterns
indicate that the (110)pccis2 diffraction peak
intensities decrease after aging, and the minor
(220)Bce/m  diffraction peaks are not found in
the alloys heat-treated at 1173 and 1273 K, which
can be ascribed to the decrease of the volume
fraction of precipitate phases. The thermodynamic
calculation of the phase diagram (CALPHAD) of
the MCAs was analyzed using the JMATPro
software (Fig. 1(b)), which revealed the phase
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constitutions and fractions with temperature during
solidification. The liquid phase line gradually
decreased, and the primary phases were found to be
the BCC phase. The ordered B2 phase was formed
after the solidification and no other phases were
found.

Figure 2 shows the grain size, morphology
and distribution of the nanoprecipitate phases of
the Fes sCrisNiAlpgs MCAs. From the EBSD inverse
pole figure map, it was found that all specimens

(b)
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Fig. 1 XRD patterns of as-cast and different heat-treated Fes sCr; sNiAlps MCAs (a) and thermodynamic analysis results
of solidification path of Fe; sCri sNiAlps MCAs by IMATPro software (b)

Fig. 2 EBSD micrographs of as-cast and heat-treated Fes
for 2 h, with insets showing corresponding EPMA images
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showed randomly oriented grains. The grains had
an average grain size of several hundred
micrometers (>500 um) for the as-cast MCA
sample. Subsequently, the alloy was subjected to
isothermal heat treatment at different temperatures.
The grain was gradually refined with a nonuniform
size distribution, and the average grain size of the
alloy was ~420.5 um after the heating treatments at
873 and 973 K. However, after annealing at 1073,
1173, and 1273 K, the grains were elongated up to
several hundred micrometers (>500 um), which
were remarkably larger than those achieved at
low-temperature heat treatments. In alloys that
were as-cast and heat-treated below 1073 K, the
nanoprecipitates were uniformly distributed into the
matrix with an average particle size of 245.509 nm
at as-cast state, 246.146 nm at 873 K, 248.424 nm
at 973 K, and 251.328 nm at 1073 K, as shown
in Fig.2. When the heat-treatment temperature
continued to increase to 1173 and 1273 K, a drastic
change was observed in the microstructure: the
nanoprecipitate phases were coarsened with an

© S

average size of about 323.425nm at 1173 K and
650.263 nm at 1273 K, and the volume fraction of
the precipitates decreased, which was consistent
with the thermodynamic phase diagram analysis.

A bright-field TEM image of FessCrisNiAlgs
MCAs with the incident electron beam parallel to
the [001] zone axis of sample grains is presented in
Fig. 3. Nanoprecipitate particles with high volume
fraction were uniformly distributed in the matrix, as
shown in Fig. 3(a). Based on the results of the XRD
analysis and thermodynamic calculations, the
MCAs were composed of a B2 and BCC dual-
phase structure. SAED pattern further verified
their structures. The primary diffraction spots
demonstrated that the matrix was indeed a BCC
structure, whereas additional weak spots observed
in the image confirmed the precipitates with
a B2 structure. Moreover, to further observe the
interfaces between nanoprecipitates and matrix in
the as-cast alloy (red dashed line), high-resolution
TEM (HRTEM) was employed. A coherent
interface was observed between the nanoparticles
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Fig. 3 Morphology, composition, size of particles, and structure of phases of as-cast Fe; sCri sNiAlos MCAs: (a) Bright-
field TEM image of B2 particle and BCC matrix and corresponding SAED pattern of BCC/B2 phase; (b) HRTEM
image revealing distinctive nanostructure consisting of B2 particle and BCC matrix with coherent interfaces marked
with red square in (a), in which IFFT and FFT patterns obtained from BCC matrix (b;) and B2 particle (by) are also
given; (c) Elemental distributions of nanoprecipitates mapped with EDS; (d) Frequency distribution histogram

corresponding to as-cast alloy in Fig. 2 showing size of nanoprecipitates
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and matrix (green dashed line), which is given in
Fig. 3(b). Inverse fast Fourier transform (IFFT) and
fast Fourier transform (FFT) patterns were derived
from the BCC matrix (Fig. 3(b1)) and the B2
nanoparticles (Fig. 3(b2)) (yellow dashed line). In
addition, the chemical distribution of each element
of the as-cast alloy was also mapped by the EDS
(blue dashed line), as shown in Fig. 3(c). Obviously,
the BCC matrix was still preferably enriched with
Fe and Cr elements, while the coherent B2
nanoprecipitates were enriched with Ni and Al
elements. The results of EDS are summarized in
Table 1. The precipitate diameter distribution map
corresponding to the as-cast alloy in Fig.2 is
presented in Fig. 3(d). The average diameter of the
precipitate was measured to be 245.509 nm.

3.2 Mechanical properties

At different temperatures, FessCrisNiAlgs
MCAs exhibited a combination of high yield
strength and high hardness, as shown in Fig. 4.
The yield strength of the as-cast sample was
~1164.1 MPa. With the increase in annealing
temperature, the yield strength of alloys decreased
continuously to 1116.3, 895.9, and 809.2 MPa at
873, 973, and 1073 K, respectively. Nevertheless,
the yield strength of the alloys at an annealing
temperature of 1173 K was ~1155.3 MPa. On the
contrary, the alloys at an annealing temperature of
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1273 K displayed the highest yield strength of
~1281.8 MPa, which was about 1.58 times as high
as that of the alloys at an annealing temperature
of 1073 K. With an increase in the annealing
temperature, the Vickers hardness decreased
from HV 416.3 to HV 329.9 when the heating
temperature was not higher than 1073 K. However,
the Vickers hardness of the alloy rapidly increased
to HV 466.6 when the heating temperature was
1273 K, which was about 1.41 times as high as
that of the alloy at a heating temperature of 1073 K.
The relationships between the average Vickers
hardness, the yield strength and heat treatment
temperature are shown in Fig. 4(b) and Table 2.
Meanwhile, it was noteworthy that the elongation
of the alloys with different annealing temperatures
still remained at high levels owing to the
strengthening of coherent B2 nanoprecipitates in the
BCC matrix [26—29].

4 Discussion

According to the strengthening mechanism of
traditional polycrystalline alloys, the yield strength
(oy) mainly originated from the intrinsic strength
(00), the solid-solution strengthening (Aos), the
grain-boundary strengthening (Aog), the dislocation
strengthening  (Aogs), and the  precipitation
strengthening (Aoyp), which could be expressed by

Table 1 Chemical compositions of different phases in as-cast alloy by TEM—EDS measurements

Content/at.%

Alloy Phase
Fe Cr Ni Al
P1 Nanoprecipitate 16.72+0.2 3.50+0.1 39.02+0.3 40.74+0.2
P2 Matrix 63.52+0.7 27.86+0.4 4.98+0.1 3.62+0.1
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Fig. 4 Compressive stress—strain curves of FessCrisNiAlops MCAs (a) and statistics of yield strength and hardness of

Fe; sCrisNiAlps MCAs (b)
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Table 2 Hardness and yield strength of Fes sCrisNiAlgsg
MCAs under different conditions

Heat treatment Hardness Yield
temperature/K (HV) strength/MPa
As-cast 416.3 1164.1
873 381.4 1116.3
973 349.9 895.9
1073 329.9 809.2
1173 459.2 1155.3
1273 466.6 1281.8
the following equation [30]:
0,50y + Ao + Aoy + Aoy + Ao, (1)

where the value of intrinsic strength 6o was
calculated to be 160 MPa using the rule of
mixture [7]. For HEAs or MCAs, distinguishing
between solute or solvent atoms was still
difficult [19,31], making it hard to -calculate
the solid-solution strengthening. The Hall-Petch
equation [32,33] could be considered as a constant
method to measure grain-boundary strengthening of
alloys. As the grain of the MCAs was coarse, the
contribution of the grain-boundary strengthening to
the yield strength was negligible.

During the process of plastic deformation,
dislocations were suffered by strong diffuse
obstacles, leading to the increment in strength. The
dislocation density and the strength could be
evaluated from Eq. (2) [7,19]:

Aoy =MaGbp'? ()

where M(=2.73) is the Taylor factor of the BCC
matrix [25], a(=0.33) is a constant related to
materials [15], G(=83 GPa) is the shear modulus of
the BCC matrix [26], 5=(0.2501 nm) is the
magnitude of Burgers vector of the BCC matrix,
and p is the dislocation density. In this case, the

following simple equation was applied to
evaluating the dislocation density p:
£
=23 3
p Db 3)

where D is the crystallite size and & is the
microstrain, and both parameters could be obtained
through the Williamson—Hall method [34]. The
dislocation density was determined to be
p=2.56x10"m™2. Substituting these values into
Eq. (2), the increased yield strength from
dislocation strengthening was obtained to be

299.2 MPa. The result showed that dislocation
strengthening played a significant role in the yield
strength increment of the alloys.

The contribution from the precipitation
hardening to the yield strength of the as-cast
FessCrisNiAlps MCA could be approximately
estimated as follows. As shown in Fig. 3, the B2
precipitates were highly coherent with the matrix,
and these NiAl-type coherent precipitates were
expected to produce hardening. The precipitation
hardening of a solid-solution matrix usually
occurs either through the dislocation by-pass
mechanism (Orowan-type) or the dislocation shearing
mechanism [35]. Generally, the Orowan mechanism
will occur when the size of its own precipitates is
large. The yield strength increment caused by the
dislocation by-pass mechanism (Acorowan) could be
calculated using Egs. (4)—(6) [36,37]:

0.4Gb In(2r,/b)
wl-v A

r, =~2/3r (5
Ay =2 2/3r(1/n/4 f —1) (6)

where »(=0.3) is Poisson ratio [25], #(=245.509 nm)
and f(=0.44) are the mean radius and the volume
fraction of precipitates in the matrix, respectively,
rm and A, are the mean radius of the circular
cross-section for the spherical precipitates and
interprecipitate spacing, respectively [29].

The shearing mechanism occurred when the
precipitate size was small or coherent with the
solid-solution matrix, and the yield strength
increment mainly resulted from three contributing
factors: coherency strengthening (Aaccs), modulus
mismatch  strengthening (Aowms), and order
strengthening (Aagos) [16]. The Aocsand Aoms made
contributions before the dislocation sheared the
coherent precipitate, while the Aocos occurred
during shearing. The resultant yield strength
increment from the coherent precipitate sheared by
dislocations is the larger one between Aocs + Aowms
or Aogos[25]. When calculating the contribution of
the precipitation for the yield strength by shear
mechanism, the three factors were considered
comprehensively because the ordered B2 precipitate
had a good coherent relationship with the BCC
matrix. Equations (7)—(9) used for calculating the
yield strength increment with particle shearing
mechanism are as follows [38]:

AO-Orowan =M (4)
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v rf 12
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cs =Mac(Gz.) (O.SGJJ @
1/2 3m/2-1
A6s=0.0055M (AG)™? [ﬁ) (1) (8)
G) \b
1/2
AGog =0.81M %{%) (9)

where 0.(=2.6) is a constant for a BCC structure
metals [39], m is a constant, and m=0.85 [40],
e(=2/3Aa/a) is the constrained lattice misfit
(6~2.8x107%), AG=|G—G,| is the shear modulus
mismatch between B2 precipitate and its matrix
(Gy=80 GPa [25]), and yaps is the antiphase
boundary free energy of the B2 precipitate phase
(yars=0.25 J/m? [26]). By substituting these values
into Egs. (7)—(9), the increased yield strength from
dislocation shearing mechanism was obtained to be
Aocs=2565.5 MPa, Aowms=53.4MPa and Aogos=
795.7 MPa. This result clearly demonstrated that
the dislocation shearing mechanism was not
applicable to Fe; sCri sNiAlps MCAs.

The values of Acorowan, Adcs, Aoms, and Aogos
from Eqgs.(4)—(9) are listed in Table 3. The
calculated increments of the yield strength for the
B2 precipitates from the dislocation Orowan
mechanism (Acorowan) Were much smaller than those
from the dislocation shearing mechanism (Aocs +
Aoms or Acgos), implying that the Orowan
mechanism was the operative mechanism for the B2
precipitates [19]. Thus, the resultant yield strength
increment (Aop) was 4724 MPa for the B2
precipitate-strengthened BCC phase.

Table 3 Calculated increments of yield strength for B2

precipitates in as-cast MCAs

Acorowan/ Aocs/ Aoms/ Aoos/ (AO‘cs+A(IMs)/ A(Ip/
MPa MPa MPa MPa MPa MPa

472.4 25655 534 7957 2618.9 472.4

A bar chart directly indicating the yield
strength contributions from different mechanisms
according to the aforementioned results is exhibited
in Fig.5. It is apparent that there is a small
discrepancy between the predicted data and the
experimental values. The small discrepancy may be
attributable to two factors. Firstly, the precipitates
are modeled to be spherical to simplify calculations,
but many of them are actually in plate-like shape.
Irregular plate-shaped precipitates are anticipated to

produce more resistance to plastic flow as
compared to spherical precipitates [19]. Secondly,
in our calculations, several intrinsic parameters
(e.g., M, G, and yapg) are borrowed from BCC-
based HEAs, which can to some degree affect the
overall strength of the MCAs. Nevertheless, it is
especially noted that the precipitation strengthening
and the dislocation strengthening provide the largest
strength increment.
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s, 800
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Fig.5 Contribution of different strengthening

mechanisms to yield strength in as-cast Fes sCrisNiAlos
MCAs

A comparison showed that the size of the
precipitates increased with increasing the annealing
temperature but the volume fraction decreased,
clearly indicating that the precipitates grew with the
increase in annealing temperature. At higher
temperatures, for example, 1173 and 1273 K, the
average radius of the precipitates increased
significantly, indicating that they grew coarse. The
calculated increments in the yield strength based on
the Orowan mechanism were 220.6 and 83.9 MPa
at 1173 and 1273 K, respectively. Thus, the yield
strength increments obtained from the calculated
precipitation strengthening were far lower than
the tested values of 11553 and 1281.8 MPa,
respectively. This discrepancy clearly demonstrated
that the aforementioned Orowan mechanism was
not applicable to coarse B2 precipitates. The load-
transfer strengthening (Ao.t) of the B2 precipitates
could be assessed by the improved shear lag model
as follows [41]:

Aoy ;=050 fs (10)
where f(=0.38 and 0.28) is the volume fraction of

B2 precipitates at 1173 and 1273 K, respectively;
s(=1.8 and 2.4) is the average aspect ratio of B2
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precipitates at 1173 and 1273 K, respectively. Thus,
the values of the load-transfer strengthening Aop.r
at 1173 and 1273 K were estimated to be 395.1 and
430.7 MPa, respectively.

The strength enhancement in FessCrisNiAlos
MCAs was also related to the uniform distribution
of B2 precipitates. Usually, when some of the
nanoprecipitates agglomerate together to form
coarse B2 precipitates, stress concentration will
appear in the BCC matrix, which will have higher
strength. The uniform distribution of B2 precipitates
could help strengthen the matrix and facilitate a
more effective load transfer at the precipitate/matrix
interfaces, which could pin the mobile dislocations
and suppress the dynamic recovery of the
grains, subsequently increasing the probability of
dislocation accumulation and propagation [42]. This
was confirmed by the high yield strength of the
alloys heat-treated at 1173 and 1273 K.

5 Conclusions

(1) The addition of Ni and Al elements could
cause uniform dispersion of B2 NiAl-type coherent
nanoprecipitates in a BCC-based Fe;sCrisNiAlgs
MCA. The coherent B2 nanoprecipitates could be
maintained stable at temperatures lower than
1073 K for 2 h, with an average particle size of
245.509-251.328 nm. After the heat treatment at
temperatures higher than 1173 K for 2 h, the B2
nanoprecipitates could be coarsened.

(2) Mechanical properties of the as-cast and
heat-treated MCAs were well correlated with their
microstructures, with the B2 coherent precipitated
particles contributing to the high yield strength
(809.2—-1281.8 MPa) and high Vickers hardness
(HV 329.9-466.6).

(3) Precipitation strengthening was the
dominant strengthening mechanism, and the final
yield strength increment from the Orowan
mechanism was determined to be 472.4 MPa in the
as-cast Fe;sCrisNiAlps MCA. When the heating
temperature exceeded 1173 K, the load-transfer
strengthening mechanism rather than the Orowan
mechanism was the main contributor to the increase
in the yield strength.
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