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A B S T R A C T

Three-dimensional (3D) ultrasounds were applied to the solidification process of multicomponent (FeCo-
NiCr)85Mo15 eutectic alloy. At the small ultrasonic amplitude of 14 μm, the lamellar (γþσ) eutectic was signifi-
cantly refined, and the interface orientation was shifted from [001]γ//[112]σ and (�110)γ//(11-1)σ to the most
stable configuration of [011]γ//[-110]σ and (-11-1)γ//(001)σ. If ultrasonic amplitude was increased, σ phase
transferred from tetragonal to hexagonal close-packed (HCP) structure, while its independent nucleation and
growth facilitated the formation of anomalous (γþσ) eutectics. Once the ultrasonic amplitude reached 16 μm, a
metastable μ phase enriched with Cr element was found in the form of lamellar (γþμ) eutectic structure. These
crystallographic structure transitions were attributed to the ultrasound induced high energy and nonlinear
cavitation and acoustic streaming effects. The diverse eutectic structures obtained by 3D ultrasonic solidification
brought in superior mechanical properties. The maximum yield strength and ductility were enhanced by 1.4 and
2.1 times to 2000 MPa and 21.4 %, respectively. The strengthening mechanism belonged to the refinement of
lamellar (γþσ) eutectics and the stable interface configuration secured by weak ultrasounds, whereas the
increased volume fraction of the FCC-structured γ phase in (γþσ) eutectic and the metastable (γþμ) eutectic
structure formed under strong ultrasounds contributed to enhance alloy ductility.
1. Introduction

Since eutectic structures facilitate the optimal balance between high
strength and exceptional ductility, multicomponent eutectic alloys have
attracted significant attention in recent years for their promising me-
chanical properties and potential applications [1–4]. With the develop-
ment of alloy design and diverse demands for multicomponent alloys,
researchers have explored the addition of refractory elements such as Mo,
Nb, Ta and W into FeCoNiCr-based alloys to further enhance the alloy's
strength, thermal stability and wear resistance [5–11]. For example,
FeCoNiCrNb0.5, FeCoNiCrTa0.4 and (FeCoNiCr)85Mo15 alloys containing
FCC and intermetallic phases with high hardness exhibit exceptional
work-hardening behavior and excellent high-temperature stability,
thereby broadening the mechanical performance spectrum of multi-
component eutectic alloys and enhancing their potential for advanced
applications.

In addition to compositional modifications, the optimization of
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multicomponent eutectic alloys performance also comes from micro-
structure regulation. The distinctive characteristics including the phase
constitution, the volume fraction and the crystal structure of each
eutectic phase, and the orientation relationships at eutectic interfaces
jointly determine mechanical performance [12–15]. For example, Wang
et al. [13] obtained good mechanical properties in Al17Ni34Ti17V32 alloy
at both room and elevated temperatures through eutectic structure
modulation with ultrafine lamellar and low-mismatch eutectic interfaces.
Based on theoretical calculations, Zhou et al. [15] demonstrated that
balancing the phase fractions of FCC and BCC eutectic phases could
enhance the tensile strength and work-hardening capability for the
FeCoNi2.1CrAl alloy.

Applying ultrasound during alloy solidification to modulate micro-
structure and improve performances has a well-documented history
[16–21]. Numerous studies have established that ultrasonic solidification
provides considerable advantages, such as grain structure refinement
[22,23], segregation mitigation [24,25], and mechanical property
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enhancement [26,27]. However, the majority of existing research pri-
marily concentrates on conventional alloys, with limited investigations
into high-temperature multicomponent alloys. Currently, we have con-
ducted studies on the ultrasonic solidification of FeCoNi2.1CrAl and
FeCoNi2Al0.9 alloys [24,28]. The research indicates that high-power ul-
trasound can refine eutectic and enhance the coherent degree of the
Kurdjumov-Sachs (K-S) orientation between the FCC and BCC eutectic
phases, which simultaneously result in the overall improved perfor-
mance. However, in contrast to the BCC phase, intermetallic compounds
typically possess more complex and highly ordered crystal structures,
along with higher melting points and superior high-temperature stability
[29]. Therefore, it speculates that the intensive nonlinear effects of ul-
trasound may induce unexpected changes in the interface orientation or
phase structures in multicomponent eutectic alloys comprising FCC and
intermetallic phases.

In this work, by utilizing a self-designed ultrasonic solidification
system for high-temperature alloys, three-dimensional (3D) ultrasounds
with 20 kHz frequency were applied throughout the solidification pro-
cess of (FeCoNiCr)85Mo15 alloy. The eutectic microstructure and crys-
tallographic characteristics were carefully analyzed to reveal out the
dynamic solidification mechanism of the (FCC þ intermetallic)-type
eutectic within ultrasound field. The relationship between the
ultrasound-tuned eutectic microstructure and mechanical property was
also clarified.

2. Experimental procedure and numerical simulation

2.1. Three-dimensional ultrasonic solidification and microstructure
characterization

The (FeCoNiCr)85Mo15 alloy samples were prepared by arc melting
for five times with purity of 99.99% Fe, 99.99% Co, 99.99%Ni, 99.99%
Cr and 99.99 % Mo elements in proportion to the composition. The ex-
periments were performed by self-designed 3D ultrasonic solidification
apparatus for metallic alloys [18]. Before the experiment, the ultrasonic
transducers with a 20 kHz driving frequency were arranged in the X, Y
and Z directions by locating TC4 ultrasonic horns perpendicularly at the
center of the graphite mold walls through elastic contact. The size of the
mold and ultrasonic horns were well-designed to keep the whole system
in the resonance state. During the experimental process, the master alloy
sample was inductively heated to 1773 K, which was then poured into a
rectangular graphite mold with an internal size of 20 � 20 � 50 mm
preheated to 1173 K. The three orthogonal ultrasound transducers were
simultaneously switched on to introduce ultrasound waves with the same
amplitudes of 14, 16, and 18 μm into the solidification process until the
alloy temperature monitored by a type K NiCr-NiSi thermocouple
reached 1273 K. Afterwards, the power ultrasound sources were turn off
and the solidified alloy samples were naturally cooled down to room
temperature.

The acoustic signal in the solidifying alloy was measured synchro-
nously by a self-designed high-temperature sound field detecting system
[18,30]. The validity of this detecting system was confirmed by a stan-
dard commercial TC4035 hydrophone. A quartz waveguide rod in 4 mm
diameter was inserted at 3 mm away from the side wall of the solidifying
alloy sample with the submergence depth of 30 mm to collect local
acoustic signals. These signals were captured by the acquisition card and
processed by a self-compiled analysis program. The acoustic spectra of
frequency domain with the bandwidth of 0~1 MHz and a resolution of
0.03 kHz were obtained, and the stable/transient cavitation intensities
were further calculated by integrating different frequency bands.

After experiment, the solidified alloy samples were cut longitudinally
and polished. A Netzch 404C Differential Scanning Calorimeter (DSC)
was used for thermal analysis of statically and ultrasonically solidified
alloy specimens at a scan rate of 10 K/min. The phase constitution was
analyzed by a D8 discover A25 X-ray diffractometer (XRD) with Co
target. The microstructural morphology, compositional identification,
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and crystallographic analyses were carried out on a Tescan Clara GMH
scanning electron microscope (SEM) equipped with an Oxford Nordly
spectrometer and an electron back scattered diffraction (EBSD) detector.
The residual stress of EBSD specimens were eliminated by mechanical
vibration on VibroMet 2 equipment for 8h. Mechanical tests were per-
formed at the compression rate of 1 � 10�3 s�1 by an Instron 3382
universal testing machine with the sample size of Φ 4 � 6 mm. A FEI
Talos F200X transmission electron microscope (TEM) was used to char-
acterize morphology and crystallographic structure. The TEM specimen
was prepared by a Fischione Model 110 automatic Twin-Jet Electro-
polisher at room temperature after uniformly polishing to 50 μm. All
solidification experiments and mechanical tests were repeated more than
three times to ensure the repeatability of results.
2.2. Numerical simulation of acoustic and flow fields

The Comsol Multiphysics software was employed to develop a geo-
metric model for the analysis of acoustic streaming field distribution in
liquid (FeCoNiCr)85Mo15 alloy. The vibration of the graphite casting
mold induced by 3D ultrasound with 14, 16, and 18 μm amplitudes were
calculated by the solid mechanics module. The result was provided as the
excitation to calculate the sound distribution by pressure acoustic mod-
ule using a nonlinear inhomogeneous Helmholtz equation considering
the energy loss caused by the cavitation effect [31]:

r2Pþ k2cP ¼ 0; (1)

where P and kc represent the sound pressure and the acoustic wave
vector, respectively. The square of kc satisfies the following relation:

A
0�
k2c
� ¼ �2rLωN

ðΠth þ Πv þ ΠrÞ
jPj2 ; (2)

bA�k2c � ¼ ω2

c2L
þ 4πR0Nω2

ω2
0 � ω2

; (3)

where ω0 and R0 represent the resonant frequency and the initial radius
of the bubble, N is the initial bubble number density and ρL is the liquid
density. П th, Пv, and П r stand for heat dissipation, viscous dissipation,
and acoustic radiation force dissipation respectively. The radius and the
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where σL is the surface tension between the liquid and gas phases, ρL
represents the liquid density, ηL is the dynamic viscosity of the liquid, R
stands for the bubble radius, P0 and Pa are the static pressure and driving
pressure, ω ¼ 2πf is the angular frequency, c is the speed of sound and Pg
represents the pressure inside the bubble. Based on the result of the
calculated ultrasonic field, the acoustic streaming was simulated by the
continuity equation and Navier-Stokes equation [33]:

r ⋅U ¼ 0; (5)

�r ⋅ ð � Plþ τÞ þ ρLðU ⋅rÞU ¼ F; (6)

where U is the flow velocity, τ represents the pressure tensor of viscosity,
l stands for the unit matrix and F is the acoustic radiation force per unit
volume, which can be calculated by the spatial variation of Reynolds
stress. In the model, the no-slip boundary was set in the acoustic
streaming module except the surface between the melt and air which was
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to be slip boundary. The used physical parameters in simulation were
obtained by JMatPro software calculations and references [34,35] as
shown in Table 1.

3. Results and discussion

3.1. Acoustic and flow fields inside liquid alloy

The measured stable cavitation intensity Is and transient cavitation
intensity It versus solidification time are presented in Fig. 1a and b. Under
14 μm ultrasonic condition, It is much less than Is. As ultrasonic ampli-
tude rises, both Is and It significantly increase and the transient cavitation
intensity surpasses the stable cavitation intensity. Once the amplitude
attains 18 μm, the average Is and It dramatically increase to the maximum
values of 2613 and 3939 W/m2. The average It/Is ratio shows a
remarkable increase with the rise in amplitude, reaching a maximum
ratio of 1.5, which indicates that transient cavitation becomes the major
energy form during 18 μm ultrasonic solidification. The distribution of
acoustic streaming is calculated by Comsol Multiphysics, as displayed in
Fig. 1c and d. The acoustic streaming exhibits a simple convective pattern
from bottom to top along the center axis, and its rate increases with ul-
trasonic amplitude. Further statistics indicate that the maximum and
average acoustic streaming velocities grow rapidly from 214 to 56 mm/s
under 14 μm ultrasonic amplitude to 273 and 71 mm/s under 18 μm
ultrasonic amplitude.

3.2. Phase constitution and solidification path

As demonstrated by the X-ray diffraction (XRD) patterns presented in
Fig. 2a, the statically solidified alloy sample is comprised of FCC and
tetragonal structured phases. Notably, under 14 μmultrasonic amplitude,
the phase remains consistent. However, under ultrasonic amplitudes of
16 and 18 μm, in addition to the FCC and tetragonal phases, a new HCP
structure emerges. The DSC curves of the (FeCoNiCr)85Mo15 alloy are
shown in Fig. 2b. During the heating process, only a single peak appears
for the statically solidified alloy sample, indicating that the alloy un-
dergoes a normal eutectic reaction, i.e., L → γ þ σ. Under 14 μm ultra-
sonic amplitude, the melting process and solidification path are similar to
those under static condition. As the amplitude rises to 16 and 18 μm,
several endothermic peaks emerge in the heating curves, suggesting that
there are other phase transition processes, in addition to the original
eutectic reaction.

3.3. Stable (γþσ) eutectic structure modulated by power ultrasounds

3.3.1. Eutectic morphology transition
The solidified (γþσ) eutectic structures under different ultrasonic

conditions are shown in Fig. 3. After static solidification, well-developed
fishbone-like eutectic structure consisting of lamellar γ and σ phases
forms. The EDS analysis reveals that the contents of γ phase are 23.3 at.%
Ni, 22.6 at.% Fe, 22.1 at.% Co, 19.6 at.% Cr, and 12.4 at.% Mo, and the σ
phase exhibits 23.8 at.% Mo, 21.1 at.% Cr, 19.8 at.% Fe, 19.6 at.% Co,
and 15.7 at.% Ni. When 14 and 16 μm ultrasounds are applied, the
regular eutectic undergoes great refinement, with lamellar spacing
sharply decreasing from 1.4 μm during static solidification to 0.4 μm
Table 1
Physical parameters used to calculate acoustic and flow fields.

Parameters Units Value References

Ultrasound source frequency, f kHz 20 Self setting
Density of liquid alloy, ρL kg/m3 7595 [34]
Surface tension of liquid alloy, σL N/m 1.29 [34]
Viscosity of liquid alloy, ηL 10�3 Pa s 4.0 [34]
Sound speed, cL m/s 5000 [35]
Sound speed in graphite mold, cm m/s 3000 [35]
Displacement from ultrasonic horn, A μm 14, 16, 18 This work
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under 16 μm ultrasonic amplitude. Based on the published reports [36]
and our previous work, the phenomenon of eutectic refinement can be
ascribed to two primary factors. Firstly, stable cavitation dominating the
cavitation effect under ultrasound condition with small amplitudes im-
proves wettability by decreasing the contact angle between impurity
particles and the molten alloy, thereby facilitating heterogeneous
nucleation and resulting in the refinement of eutectic cells. Secondly,
according to the J-H model [37], the lamellar spacing is inversely pro-
portional to the growth rate of the eutectic. Therefore, the acoustic
streaming accelerates the growth rate of the eutectic by reducing accu-
mulation and enlarges the solute gradient at the front of solid-liquid
interface, which further promotes the refinement of the lamellar spacing.

However, when ultrasonic amplitude goes up to 18 μm, the regular
eutectic only accounts for 19.6 % volume fraction of the microstructure,
displaying coarsened lamellar spacing of 2 μm (Fig. 4a). Meanwhile,
anomalous eutectic becomes the major morphology form, whose volume
fraction further increases with the rise of ultrasonic amplitude. These
phenomena are attributed to the local high-pressure induced by transient
cavitation, which is described by the following Clausius-Clapeyron
equation [38]:

ΔTp ¼ TLΔV
ΔH

ΔP; (7)

where ΔTp respects the undercooling generated by sound pressure; TL is
the liquidus temperature; ΔP is the relative sound pressure; ΔV and ΔH
are the volume change and enthalpy change during solidification of the
alloy, respectively. Therefore, the pressure generated by cavitation has
an impact on the nucleation rate by changing local undercoolings. Ac-
cording to the classical theory of nucleation [39], the nucleation rate J
reads

J ¼ J0 ⋅ exp
�
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�
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�
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�
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σ ¼ αmΔHm�
NV2

m

�1
3
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where J0 is the nucleation factor usually taken as 1041 m�3 s�1; Q is the
activation energy for atomic diffusion, and exp(-Q/kBT) is set to 10�2 due
to little change of Q with temperature [40]; θ is the contact angle be-
tween alloy melt and the solid impurity; σ is the liquid-solid interface
energy; αm is the factor of structural difference between crystalline and
liquid taken as 0.86 for FCC crystal and 0.48 for Tetragonal crystal; ΔHm
is latent heat, which is obtained from DSC curves; Vm is the molar vol-
ume; N is the Avogadro constant. The parameters used are calculated by
CALPHAD software and obtained from Ref. [35], as listed in Table 2.

The nucleation rate variation with the pressure is drawn in Fig. 4c.
Clearly, the local high-pressure induced by transient cavitation under
high ultrasonic amplitude markedly amplifies the disparity in nucleation
rates between the two phases, ultimately leading to their independent
nucleation. Subsequently, the intense acoustic streaming generated
during the early stages of solidification, which extends the diffusion
distance of constituent elements to maintain the γ and σ phases inde-
pendent growth for anomalous eutectic. In the late solidification period,
the transient cavitation intensity decreases, which no longer leads to
independently nucleate for γ and σ phases, while the prolonged diffusion
distance causes the lamellar coarsening of the eutectic formed through
dependent nucleation and growth. Consequently, γ phase grows as the
leading phase during anomalous eutectic formation due to more inde-
pendent nuclei, which results in its volume fraction increasing from 44.0
% to 62.6 % within the whole (γþσ) eutectic structure, and that of σ
phase steadily decreasing from 56.0 % to 30.8 % (Fig. 4b).



Fig. 1. Acoustic field and flow field characteristics inside solidifying (FeCoNiCr)85Mo15 alloy: (a) measured stable and transient cavitation intensity; (b) average stable
and transient cavitation intensities; (c) calculated flow field distribution; (d) average and maximum velocities of acoustic streaming versus 3D ultrasonic amplitude.

Fig. 2. Phase constitution and thermal analysis of (FeCoNiCr)85Mo15 alloy solidified under different ultrasonic conditions: (a) XRD patterns; (b) DSC melting curve.
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3.3.2. Interphase orientation transition
Fig. 5 illustrates the orientation relationship of the γ/σ interfaces

under static (Fig. 5a) and 14 μm ultrasonic (Fig. 5b) conditions. The
bright field image captured under static condition combined with high-
resolution imaging at the γ/σ interface and corresponding fast Fourier
transform (FFT) images, indicate a semi-coherent interface orientation
4

characterized by [001]γ//[112]σ and (�110)γ//(11-1)σ relationships.
Magnified structural images (Fig. 5a3 and a4) reveal that the FCC-
structured γ phase has a lattice parameter of aγ ¼ 0.372 nm, and the
tetragonal σ phase exhibits lattice constants of aσ ¼ 0.908 nm and cσ ¼
0.444 nm. Under the application of 14 μm ultrasounds, the γ phase's
lattice constant (aγ) decreases slightly to 0.369 nm, and that of tetragonal



Fig. 3. Ultrasonic solidification microstructure of (FeCoNiCr)85Mo15 alloy: (a) static; (b) 14 μm ultrasonic amplitude; (c) 16 μm ultrasonic amplitude; (d) 18 μm
ultrasonic amplitude.
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σ phase increases to aσ ¼ 0.911 nm and cσ ¼ 0.482 nm. Importantly, the
γ/σ interface relationship undergoes a complete alternation, character-
ized by the alignment of [011]γ//[�110]σ and (�11-1)γ//(001)σ. Fig. 5a6
and b6 show the crystalline structures corresponding to the orientation
relationships for the regular eutectic under static and 14 μm ultrasonic
conditions, respectively. The presence of common lattice atoms of γ and σ
phases represented by yellow spheres illustrates that the phase bound-
aries retain semi-coherent.

Fig. 6 shows more extensive analyses using EBSD, revealing the sta-
tistical crystallographic orientation between γ and σ phases under
different conditions. Judged by the orientation relationship (OR)
boundary map and pole figures, the lamellar eutectic interfaces in the
static sample exhibit less than 5� misorientation, which well fits the semi-
coherent relationship of [001]γ//[112]σ and (�110)γ//(11-1)σ (Fig. 6a
and b). As for the 14 μm ultrasonic sample (Fig. 6d and e), the γ/σ
interface relationship not only is alternated to [011]γ//[�110]σ and
(�11-1)γ//(001)σ but also has a higher proportion of strictly semi-
coherent interfaces. This confirms that the crystallographic orientation
transformation induced by ultrasound is complete, rather than partial.

According to thermodynamic theory [41], eutectic phases generally
grow in a synergistic manner, with the interface orientation aligning in a
way that corresponds to the lower energy state. This alignment generally
occurs when the coherent crystal planes of the two phases coincide with
their respective close-packed planes. The close-packed planes for FCC,
BCC, hexagonal close-packed (HCP), and tetragonal structures are {111},
{011}, {0001}, and {001} respectively [42,43]. A well-known example is
the K-S relationship, where the {111} plane of the FCC structure is
coherent with the {011} plane of the BCC structure [44]. However, in the
actual solidification process, not all eutectic interfaces adopt the lowest
energy configuration. In the present work, the statically solidified
(FeCoNiCr)85Mo15 alloy sample exhibits the semi-coherent interface
orientation rather than the most stable configuration. When 14 μm ul-
trasounds are applied, high-frequency vibration provides additional
activation energy and facilitates the alternation of the interface rela-
tionship into a lower-energy state, leading to the γ phase with FCC
structure and the σ phase with tetragonal structure growing synergisti-
cally along their close-packed planes to form the most stable crystal
5

orientation relationship.

3.3.3. Crystalline structure variation of σ phase
With the further rise of ultrasonic amplitude, σ phase structure un-

expectedly transforms from tetragonal to HCP structure thoroughly, as
shown by the TEM and EBSD analysis of 18 μm ultrasounds specimen in
Fig. 7. The lattice parameters of the HCP-structured σ phase are aσ ¼
0.771 nm and cσ ¼ 1.950 nm, and the γ phase maintains its FCC structure
with a lattice constant of aγ¼ 0.369 nm as determined by the TEM results
in Fig. 7a2-a4.

Utilizing the above crystallographic information, more comprehen-
sive regional analysis can be conducted using EBSD. As demonstrated in
Fig. 7b1, the EBSD phase mapping further confirms that the structure of σ
phase in both the regular and anomalous eutectic completely transforms
into HCP. In the regular eutectic part, the γ/σ interface still exhibits a
semi-coherent relationship, while the specific orientation relationship
alters to [011]γ//[�1�120]σ, (�11�1)γ//(1–101)σ, where the parallel
planes correspond to their respective close-packed planes, representing
the most stable configuration in this case. In the OR boundary map
(Fig. 7b2), 5� is taken as the threshold to determine whether the desig-
nated crystallographic orientations are parallel to each other. The blue
boundary lines further show that the semi-coherent orientation rela-
tionship exists only in the regular eutectic region (Fig. 7b2). In contrast,
within the anomalous eutectic region, the γ/σ interface lacks any crys-
tallographic correlation. The above structural transformation may be
related to the local high-pressure nucleation environment caused by
intensive transient cavitation.
3.4. Metastable (γþμ) eutectic formation induced by ultrasounds

When ultrasonic amplitude exceeds 16 μm, a small amount of meta-
stable (γþμ) eutectic structure unexpectedly appears among stable (γþσ)
eutectic cells, as shown in Fig. 3c and d. SAED patterns of the eutectic
structure (Fig. 8b and c) indicate that μ phase adopts a tetragonal
structure with lattice constants of aμ ¼ 1.443 nm and cμ ¼ 0.801 nm.
Furthermore, the FFT image at the γ/μ interface displays the semi-
coherent relationship of [011]γ//[211]μ, and (�11�1)γ//(�11�1)μ, as



Fig. 4. The (γþσ) eutectic characteristics versus 3D ultrasonic amplitude: (a)
interlamellar spacing and eutectic volume fraction; (b) volume fractions of γ and
σ phases; (c) the ultrasonic cavitation effect on the nucleation rates of γ and
σ phases.

Table 2
Physical parameters used in the calculation of nucleation rates.

Parameters Units Values Reference

Molar enthalpy change of σ phase, ΔHm
σ J/

mol
1.65� 104 This work

Molar enthalpy change of γ phase, ΔHm
γ J/

mol
1.41� 104 This work

Volume change of alloy during solidification,
ΔV

% 3.83 [35]

Fusion enthalpy of alloy, ΔH J/m3 1.13� 109 This work
Liquidus temperature, TL K 1613 This work
Wetting angle factor, f (θ) – 0.0001 Self setting
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depicted in Fig. 8d. EDS-mapping results for the (γþμ) eutectic region
(Fig. 8e) reveal its composition of 35.3 at.% Cr, 23.5 at.% Fe, 21.4 at.%
Co, 12.6 at.% Ni, and 7.2 at.%Mo. The μ phase is enriched in Cr element,
6

with a content up to 47.0 at.%, while the γ phase is enriched in Fe, Co,
and Ni, with concentrations of 27.5 at.%, 28.5 at.%, and 25.5 at.%,
respectively.

Under the effect of strong acoustic streaming within 3D ultrasounds
fields, the (γþμ) eutectic region contains the Cr concentration of 35.3
at.%, which is greater than the average concentration. Based on the so-
lute distribution data alongside statistical analysis, a thermodynamic
pseudo-binary phase diagram for the (Fe23.5Co21.4Ni12.6Mo7.2)100-xCrx
alloy is constructed by CALPHAD software, as shown in Fig. 8f. It assumes
that the solute composition in the examined (γþμ) eutectic region is
approaching that in remaining liquid, suggesting that the concentration
of residual liquid is close to the predicted eutectic point of 40.5 at.% Cr.
As the temperature decreases, the Cr-rich μ phase and γ phase simulta-
neously nucleate and grow into the lamellar eutectic structure from the
residual liquid alloy. In fact, our previous work has demonstrated that in
the FeCoCrNi2.1Al system, intense acoustic streaming generated by the
ultrasound could promote the diffusion of Cr from the solid-liquid
interface into the liquid phase [28], causing Cr atoms to accumulate in
the remaining liquid and ultimately promoting the precipitation of
Cr-rich metastable phase.
3.5. Ultrasounds enhanced synergy of strength and plasticity

Fig. 9a displays the compressive strength-strain curves for (FeCo-
NiCr)85Mo15 alloy solidified under static and ultrasonic conditions. The
yield strength, compressive strength, and strain for statically solidified
alloy sample are 1400 MPa, 1774 MPa and 10.28 %, respectively. When
ultrasonic amplitude is 14 μm, yield strength and compressive strength
both rapidly increase to 2000 and 2197 MPa with unchanged ductility.
As the ultrasonic amplitude increases to 18 μm, the ductility elevates by
more than 2 times to 21.4 %. The yield strength-strain comparison be-
tween (FeCoNiCr)85Mo15 alloy in this work and other Mo-containing
alloys reported in Refs. [9–11,45–52] is drawn in Fig. 9b. The ultrason-
ically solidified (FeCoNiCr)85Mo15 alloy shows obvious superiority in
both strength and plasticity than other Mo containing alloys. Through the
design of 3D ultrasounds, both strength and plasticity can be actively
modulated in a wide range over their trade-off effect.

The Schmid Factor (SF) is generally used to reflect the feasibility and
extent of activation of a particular slip system under a given loading
direction [53]. The smaller the SF value, the more difficult it is to activate
the slip system, and correspondingly, the greater the stress that can be
sustained [54]. Based on the EBSD orientation data, the SF distribution
maps for the slip systems under static condition of {�110}γ <001>γ and
{11�1}σ <112>σ, as well as under 14 μm ultrasounds condition of
{�11�1}γ <011>γ and {001}σ <�110>σ, are shown in Fig. 10a and b.
Clearly, compared with that of statically solidified alloy sample, the SF
value under 14 μm ultrasounds is smaller, indicating that the activation
of the slip system is more difficult. Therefore, the alteration of crystal-
lographic orientation relationship of γ/σ phase interfaces contributes to
the improvement of yield strength through increasing resistance to
dislocation motion. Moreover, the increase in the number of interfaces
between the γ and σ phases brought by the refinement of eutectic
lamellae, not only impedes dislocation movement but also promotes the



Fig. 5. Interface orientation of lamellar (γþσ) eutectic structures: (a) static solidification and (b) 14 μm ultrasonic amplitude; (a1) and (b1) bright field images; (a2)
and (b2) HRTEM images of σ/γ interface; (a3) and (b3) HRTEM images of σ phase and (a4) and (b4) HRTEM images of γ phase; (a5) and (b5) FFT/SAED images of σ/γ
interface; (a6) and (b6) visualization of the semi-coherent interface.
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generation of back stress [55]. Thereby strain-hardening capability is
enhanced, jointly leading to the remarkable improvement of yield
strength and ultimate strength.

The main reasons for the enhancement of ductility under 16 and 18
μm ultrasonic solidification conditions mainly come from two aspects.
7

Firstly, the remarkable γ phase volume fraction increase from 44.0 % to
62.6 % provides sufficient space for dislocation motion, which might be
the most critical factor for the ductility enhancement. Secondly, the
crystallographic structure of σ phase transitions from tetragonal to HCP
structure, which brings great symmetry and higher packing density,



Fig. 6. EBSD analysis of lamellar (γþσ) eutectic structures: (a) the phase mapping, (b) boundary mapping, and (c) pole figures with the interface misorientation
distribution of static sample; (d) the phase mapping, (e) boundary mapping, and (f) pole figures with the interface misorientation distribution of 14 μm ultra-
sonic sample.

Fig. 7. The σ phase crystal structure and orientation relationship in (γþσ) eutectic structures under 18 μm ultrasonic amplitude: (a) TEM characterization; (a1) HAADF
image; (a2) HRTEM images with FFT of σ phase; (a3) structure transformation of σ phase; (a4) HRTEM image with FFT of γ phase; (a5) HRTEM and (a6) FFT image of
σ/γ interface; (b) EBSD analysis, (b1) phase mapping, and (b2) phase boundary distribution.
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Fig. 8. Crystallographic and compositional characteristics of (γþμ) eutectic structures: (a) HADDF image; (b) SAED image for γ phase, (c) SAED image for μ phase; (d)
FFT image at γ/μ interface; (e) phase composition; (f) the pseudo-binary phase diagram of (Fe23.5Co21.4Ni12.6Mo7.2)100-xCrx alloy calculated by CALPHAD based on the
composition of (γþμ) eutectic region.

Fig. 9. Compressive property of (FeCoNiCr)85Mo15 alloy: (a) strength-strain curves of statically and ultrasonically solidified alloy samples; (b) the “yield strength-
strain” comparison between this work and as-solidified alloys containing Mo element.
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leading to strong atomic interactions to withstand deformation. In
addition, a limited quantity of newly developed (γþμ) regular eutectics
featuring semi-coherent interfaces could facilitate the coordination of
deformation between the block γ and σ phases in anomalous eutectic
region, which serves to mitigate stress concentration and postpone the
fracture of the alloy, thereby improving the ductility.

4. Conclusions

The eutectic microstructure transition and corresponding mechanical
property improvement for multicomponent (FeCoNiCr)85Mo15 alloy
9

were studied under 3D ultrasounds. The main conclusions are summa-
rized as follows.

(1) Under weak ultrasounds condition, the stable (γþσ) lamellar
eutectic structures exhibited significant refinement, and the high
frequency vibration induced by ultrasound shifted the γ/σ inter-
face orientation from [001]γ//[112]σ and (�110)γ//(11�1)σ to
the most stable configuration of [011]γ//[�110]σ and
(�11�1)γ//(001)σ.

(2) Under the intensive transient cavitation effect generated by strong
ultrasounds, the lamellar eutectic predominantly evolved into



Fig. 10. Schmid factor distribution for slip modes of (FeCoNiCr)85Mo15 alloy under different conditions: (a) static solidification; (b) 14 μm ultrasonic amplitude.
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anomalous eutectic accompanied with the complete crystallo-
graphic transformation of σ phase from tetragonal to HCP struc-
ture. The intensive acoustic streaming induced by ultrasounds
promoted the diffusion of Cr element during γ phase growth,
which caused the residual liquid composition approaching
eutectic point and stimulated the formation of a novel metastable
(γþμ) eutectic with the semi-coherent relationship [011]γ//
[211]μ and (�11�1)γ//(�11�1)μ.

(3) The maximum yield strength, ultimate strength, and alloy
ductility after ultrasonic solidification attained 2000 MPa, 2197
MPa, and 21.4 %, which corresponded to increases by 1.4, 1.2,
and 2.1 times in comparison with those of statically solidified
alloys. Both strength and plasticity are actively modulated in a
wide range over their trade-off effect by 3D ultrasounds.

(4) The enhancement of strength is mainly attributed to the stable
interface configuration facilitated by weak ultrasounds and the
refinement of stable (γþσ) lamellar eutectics. The significant
volume fraction increase of FCC-structured γ phase and the crys-
tallographic transformation of σ phase into HCP structure induced
by strong ultrasounds jointly improved alloy ductility.
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