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Abstract: A strategy to improve the mechanical and electrochemical properties of Cry5FeyyCossNixgMoyg
(Mojp) high-entropy alloys (HEA) by regulating the thermal-mechanical process was investigated.
Due to the mutual competition between recrystallization and p-phase precipitation behavior, the
microstructure after annealing consists of recrystallized fine face-centered cubic grains with numer-
ous annealing twins, non-recrystallized deformed grains with high-density dislocations as well as
high-density nanoscale p-phase precipitates. The combination of grain boundary strengthening,
precipitation strengthening, and hetero-deformation induced strengthening endowed an ultrahigh
yield strength of 1189 MPa and a uniform elongation of 17.5%. The increased yield strength activated
the formation of stacking faults and deformation twinning as the additional deformation modes,
which enabled the Moy HEA to exhibit a high strain-hardening rate and thus maintained superior
ductility and enhanced tensile strength. Most importantly, when high-density dislocations accumu-
late at the phase boundaries, the nanoscale p-phase can plastically deform by dislocation slips and
the formation of stacking faults, which can relieve the high stress concentrations and thus prevent
the cracking. The electrochemical properties of the annealed Moy HEA are decreased (compared to
the homogenized ones), but can be optimized by adjusting the content and size and fraction of the
u-phase. This work sheds light on developing high-performance HEAs.

Keywords: high-entropy alloys; hetero-deformation induced strengthening; tensile strength; ductility;
electrochemical properties

1. Introduction

High-entropy alloys (HEAs), a new alloy family, exhibit a versatile range of structure—
property combinations due to their massive compositional space [1-4]. From the conceptual-
ization of HEAs to today, researchers have explored various alloy systems to identify HEAs
with excellent property combinations. Among them, single-phase face-centered cubic (fcc)
HEAs have attracted extensive attention due to their high ductility and fracture toughness
at room temperature and even 4.2 K as well as excellent corrosion resistance [5-10]. How-
ever, they are generally weak in yield strength [3,5,8-11], which limits their engineering
applications. Various conventional strengthening strategies for enhancing yield strength
will inevitably cause a significant decrease in ductility. Therefore, the primary scientific and
technical challenge is to improve their yield strength without compromising the ductility.

Precipitation strengthening is one of the most effective and common methods for
strengthening alloys. Most HEAs energetically tend to the precipitation of brittle inter-
metallic phases (IMPs) such as the o-phase, p-phase, and laves phase [12-15]. Their
ultra-high hardness and inability to be sheared by dislocations make them effective in
impeding the motion of dislocations and thus act as strengthening phases to improve the
yield strength [16-21]. The increased yield strength is beneficial to introducing deformation
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mechanisms other than dislocation slip into fcc HEAs (room temperature) such as stacking
faults and deformation twins. The formation of deformation twins can shorten the mean
free path of the dislocation slip, thus improving the dislocation storage and strain hardening
capability of the alloys [22]. Nevertheless, achieving strength—ductility synergy in HEAs
containing IMPs remains challenging because IMPs are prone to cracking during deforma-
tion and eventually lead to the early onset of plastic instability [23,24]. It is reported that
the size and distribution of IMPs can be tailored by the “big to small, divide and conquer”
strategy in HEAs and conventional alloys to balance the strength and ductility at the same
time [17,25,26]. Therefore, our past work and some other researchers have focused on the
precipitation behavior of the precipitates and the changes in mechanical properties caused
by them, while neglecting the effect of the formation of the precipitates on the recrystal-
lization and grain growth behaviors [27-29]. Notably, IMP precipitation has been found
to be effective in inhibiting the recrystallization process of some age-hardening steels [30].
The delayed recrystallization implies that the originally fully recrystallized microstructure
may be transformed into a heterogeneous microstructure containing both recrystallized
and unrecrystallized grains at the same annealing temperature. It is well-known that the
strain-hardening ability associated with back stresses brought about by the heterogeneous
structure can improve the strength—ductility synergy. In addition, fcc HEAs have a strong
grain boundary strengthening ability [31], and the strength improvement from the refined
grains due to the pinned grain boundaries is not negligible. So far, we believe that pre-
cipitation hardening, heterogeneous structure-induced hardening, and grain boundary
strengthening caused by IMP precipitation can optimize the comprehensive mechanical
properties of the alloys.

In addition, the formation of IMPs has a significant effect on the electrochemical
properties of the alloys. On one hand, the standard potential of IMPs normally differs
from the matrix phase, which may lead to an increased chance of micro-galvanic corro-
sion occurring near the phase boundaries [32-34]. On the other hand, the precipitation
of IMPs with a large quantity and coarsening size will also reduce the electrochemical
properties of alloys because of the IMPs’ excessive consumption of the corrosion-beneficial
elements in the matrix [35]. Therefore, the inverse effect of IMPs relative to the mechanical
properties and electrochemical properties must be considered when designing precipitation-
strengthened HEAs. It is believed that strong, ductile, and corrosion-resistant fcc HEAs can
be obtained by introducing IMPs, if their morphology, size, distribution, and fraction can
be well-tailored.

Appropriate compositional and thermal-mechanical process adjustments can facili-
tate the precipitation of IMPs in the CrFeCoNi-based HEAs, which is a good matrix for
brittle IMP strengthening [36—40]. For example, our previous work demonstrates that the
nanoscale p-phase can be introduced in CrisFey0CossNipgMojg HEA (hereinafter denoted
by Mojg HEA) via regulating the Mo content and annealing temperature [28]. Furthermore,
the addition of Mo is beneficial to improving the electrochemical properties by increasing
the denseness of the passivation film in stainless steels and Cr-containing HEAs [39,41].
However, the effect of the precipitation of the Mo-rich nanoscale p-phase on the elec-
trochemical properties is not clear. Based on the above considerations, the purpose of
this paper can be divided into three sections. The first was to obtain a comprehensive
understanding of the evolution of the size, distribution, and fraction of the p-phase in the
Mo;o HEA with annealing temperature; the second purpose was to clarify the relationship
between the precipitation of the p-phase and recrystallization (and grain growth) behavior;
the third was to obtain a precipitation-strengthened HEA with high strength, ductility, and
excellent electrochemical properties through microstructure modulation.

2. Materials and Methods
2.1. Alloy Processing

HEA ingots of the nominal composition Cri5Fe;0Co35NixgMoyg (at.%) were cast in a
water-cooled copper crucible under an Ar atmosphere using pure metals (purity higher than
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99.95%) by vacuum arc-melting. During the arc melting of the samples, the purity of the
argon gas used was higher than 99.999% and the pressure of the reduced argon atmosphere
was 0.03 MPa. Each ingot was flipped and re-melted six times to reduce the chemical
inhomogeneity. The obtained button ingots were homogenized at 1200 °C for 5 h and then
hot-rolled to a 8 mm thickness at 1100 °C. Subsequently, the hot-rolled sheets were cold-
rolled (CR) at room temperature with a thickness reduction of 70% (from 8 mm to 2.4 mm) to
refine the grain size. To investigate the relationship between the microstructure, mechanical
properties, and electrochemical properties, a set of rolled samples were aged at 650 °C to
1150 °C for 5 min or 60 min, followed by water quenching and air cooling, respectively.

2.2. Microstructure Characterization and Mechanical Properties Testing

Phases present in CR and as-annealed Mo;g HEA were examined by X-ray diffraction
(XRD, Rigaku, Tokyo, Japan) using a Rigaku SmartLab X-ray diffractometer (Cu K radia-
tion). The XRD experiments were performed at room temperature (~20 °C). The MDI Jade
6.0 software was used to filter the Kg diffraction peaks and analyze the crystal structural
information of the samples. The spatial distribution and compositional information of the
precipitates evolving with the annealing temperature were characterized by transmission
electron microscopy (TEM, JEOL 2100F, Tokyo, Japan) equipped with energy dispersive
spectroscopy (EDS). Subsequently, the distribution characteristics of the precipitates at low
magnification were obtained by scanning electron microscopy (SEM, Tescan GAIA3 Ga,
Brno, Czech Republic) in backscattered electron (BSE) mode. The samples for BSE analysis
were mechanically ground on 2000-grit SiC sandpapers, and electro-polished using a 90%
CH3COOH + 10% HClOy4 solution at —20 °C and a direct voltage of 30 V. The dimensions
of the IMP particles and recrystallized grains were measured by Nano Measurer software.
To ensure the reliability of the results, the number of grains or IMP particles counted was
not less than 300. The Image-Pro Plus software was used to determine the surface area
fraction of the IMPs.

Flat dog bone-shaped tensile specimens were cut from the annealed sheet by electrical
discharge machining. The gauge length of the specimens was 18 mm, with a thickness of
2 mm and a width of 3 mm. The gauge section was carefully ground with 2000-grit sandpa-
pers to ensure a flat surface before performing the tensile test. The room temperature me-
chanical properties of the as-annealed Moy HEA were tested using an electronic universal
testing machine (SUNS UTM5105GD, Shenzhen, China) with a strain rate of 1073571 The
tensile fracture morphology and deformation microstructure of the as-annealed Moy HEA
were observed using SEM and TEM, respectively. The samples for the TEM analysis were
fabricated by double-jet electropolishing using a 59% CH3COOH + 35% CH3(CH,);OH +
6% HCIOy solution at —30 °C and an operating voltage of 30 V.

2.3. Electrochemical Measurement

The potentiodynamic polarization experiments were tested on a three-electrode elec-
trochemical workstation (CHI 660E, Shanghai, China). The Mojy HEA was viewed as
the working electrode with a saturated calomel electrode (SCE) as the reference electrode
and a platinum foil as the counter electrode. The specimens were wrapped with epoxy
resin and the exposed surface area was 1.0 cm?. Before the polarization measurements
and electrochemical impedance spectroscopy (EIS) experiments, the open circuit potential
(OCP) was observed for 7200 s to stabilize the potential of the specimens in the electrolyte.
Potentiodynamic polarization was swept from —0.6 Vgcg to 1.2 Vgcg with a scanning rate
of 10 mV/s. Samples after the polarization tests were washed with deionized water and
then dried naturally before the observation of the corrosion morphology. The EIS tests
were carried out at the Eocp with a sinusoidal potential amplitude of 10 mV, running from
10° Hz to 10~2 Hz. The measured EIS data were fitted in the ZSimpWin software.
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3. Results
3.1. Tailoring the Characteristics of u-Phase via the Competition between Recrystallization and
Precipitation Processes

The TEM micrograph and corresponding selected area electron diffraction (SAED)
pattern of the CR sample are presented in Figure 1a. The microstructure of the CR sample
was composed of a high-density of nano-sized dislocation cells, which led to the formation
of ultra-fine sub-grains. The diffraction rings in the SAED pattern corresponded to the
fee structure without the formation of fine second phase particles. During the subsequent
annealing process, the second phase will preferentially precipitate and grow at the disloca-
tion cell walls that are natural nucleation sites for it [42,43]. In addition, recrystallization
will occur in the deformed grains with high-density dislocation cells during the annealing
process. Therefore, we first determined the recrystallization temperature of the Moo HEA
and the precipitation temperature of the second phase. As exhibited in Figure 1b, after
annealing at 650 °C for 60 min, the microstructure remained unchanged. With a further
increase in the annealing temperature to 700 °C (in the following discussion, the annealing
time refers to 60 min unless otherwise specified), numerous nanoscale IMPs formed around
the dislocation cells (highlighted with yellow arrows in Figure 1c). The SAED pattern
inserted in Figure 1c illustrates the rhombohedral structure of the IMPs. In addition, a few
recrystallized, dislocation-free fine grains with several IMPs distributed in the grain interior
and at grain boundaries formed in the deformed matrix (Figure 1d), which suggests that the
IMP precipitates prior to recrystallization. We note that the grain boundaries were pinned
by the IMPs, which can suppress the grain growth during the annealing process. Based on
the above discussion, we can determine that both the recrystallization and precipitation
of IMPs occurred between temperatures ranging from 650 °C to 700 °C. In light of this,
the formation of IMPs could effectively inhibit the recrystallization and subsequent grain
growth processes.

In fact, the interaction between recrystallization and IMPs precipitation behavior is
not unidirectional. The recrystallization process also affects the distribution and size of
the IMPs. To better understand the relationship between the two behaviors, we further
increased the annealing temperature. As depicted in Figure le, when annealed at 750 °C
for 60 min, more IMPs precipitated at the dislocation walls, while the alloy still retained
a high-density of dislocations without the onset of extensive recrystallizations. With
an increase in the annealing temperature to 800-850 °C, the alloy exhibited a partially
recrystallized microstructure comprising non-fully recrystallized grains (marked by yellow
circles in Figure 1f,g) that retained a high-density of dislocations and some IMPs, and
fully recrystallized grains that contained a large number of IMPs that formed at the grain
boundaries and twin boundaries. When the annealing temperature was further increased to
900 °C, the alloy underwent complete recrystallization (Figure 1h). It is noteworthy that the
u-phase tended to aggregate in certain positions before extensive recrystallization began
(Figure 1c—e). However, they were still discrete individuals, which is essential to obtain
good mechanical properties. In the Mo;g HEA with a higher recrystallization fraction, the
nanoscale IMPs formed mainly at the grain boundaries, and secondarily within the fcc
grains (Figure 1g—i). The distribution characteristics of the IMPs can be explained as follows.
First, both line defects (dislocations) and plane defects (grain boundaries and annealing
twin boundaries) can be considered as fast channels for the diffusion of atoms [44,45], so
that IMPs are distributed both at the grain boundaries and interior of the grains. Second,
the dislocation density in the grains will decrease rapidly during the annealing process
and the effect of “short-circuit diffusion” is significantly weakened, resulting in the slow
growth of IMPs within the grains. As mentioned earlier, IMPs on the grain boundaries can
impede the rapid grain growth (Zener pinning effect) [46,47], as directly evidenced by the
fact that samples annealed at 1000 °C still exhibited fine grains without significant grain
growth (Figure 1i). In conclusion, the precipitation of IMPs leads to the refinement of the
recrystallized grains, and the increased fraction of the grain boundary in turn makes the
distribution of IMPs more uniform. A reasonable explanation is that the increased grain
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boundary fraction provides more sites for IMP nucleation and growth. Regarding the effect
of recrystallization on the size of the IMPs, this will be discussed in the subsequent statistics
on the size of the IMPs.

Figure 1. The microstructural evolution of the Mojy HEA: (a) CR sample; (b) 650 °C—annealed
sample; (¢,d) 700 °C—annealed sample; (e) 750 °C—annealed sample; (f) 800 °C—annealed sample;
(g) 850 °C—annealed sample; (h) 900 °C—annealed sample; (i) 1000 °C—annealed sample.

Figure 2 shows the scanning TEM (STEM) image and corresponding EDS line-scan
results for the Cr, Fe, Co, Ni, and Mo elements in the matrix and IMPs. The EDS test results
of the two phases are tabulated in Table 1. The average chemical composition of the IMPs
was identified as Fe1314C027 66Cr12 43Nig 36Mo03g 41. It can be seen that both the IMPs and
fcc matrix exhibited the multiple-principle elements feature, with the difference that there
was a significant Mo element enrichment and depletion of other elements in the IMPs.

Table 1. The chemical composition (at.%) of the fcc matrix and p-phase obtained by SEM-EDS and
STEM-EDS in the Moo HEA.

Test Technique Phase Fe Co Cr Ni Mo
SEM-EDS fcc matrix 20.05 + 0.05 35.44 +0.17 15.28 £ 0.33 18.64 £+ 0.33 10.59 £0.22
. p-phase 13.54 £ 0.64 2791 £ 0.83 13.33 £ 0.48 9.63 + 0.83 35.59 +2.27
STEM-EDS fec matrix 20.18 £ 0.05 34.90 + 0.30 16.26 + 0.30 19.89 + 0.50 8.75 £ 0.40

p-phase 12.25 + 0.45 27.58 £ 0.35 12.71 £ 0.25 8.35 £0.45 39.16 + 1.45
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Figure 2. The STEM image and corresponding chemical composition analysis of the
1000 °C—annealed sample: (a) STEM image containing IMPs; (b) chemical composition of the ele-
ments constituting the IMPs plotted along the black arrows in (a).

To determine the crystal structure and distribution characteristics of IMPs, XRD and
SEM characterizations were conducted, respectively. Figure 3a shows the XRD patterns
of the CR and annealed Mojg HEA. The typical diffraction peaks of the fcc structure
dominated all XRD patterns, indicating that the matrix in both the CR and annealed
Moj9 HEA was the fcc phase (space group: Fm-3m). In addition, several small peaks
appeared around the {111} diffraction peak, which corresponded to the p-phase with
a thombohedral structure (space group: R-3m, a = 4.757 A, ¢ = 25.589 A, c¢/a = 5.379).
The identification of a p-phase has been mentioned in the reported literature [48]. The
abnormal peak intensity in the XRD pattern of the CR sample indicates the formation of
a {111} texture, which was eliminated after annealing. After annealing at 850 °C, 1000 °C,
and 1150 °C for 1 h, several small peaks in the range of 35° to 50° became more apparent in
the XRD patterns, revealing that the annealing treatment promoted the formation of the
u-phase. The microstructural evolution with increasing temperature is presented in the BSE
images of Figure 3b;—bs where the p-phase particles exhibit a bright contrast. Obviously,
the p-phase that formed during the annealing process exhibited a uniform distribution in
the fcc matrix. It should be noted that some p-phase particles with much larger sizes were
produced during the homogenization annealing and were retained in the matrix rather than
formed during the annealing process [28]. The nanoscale p-phases were formed during
the annealing process, as demonstrated by the TEM observations in Figure 1. Figure 3¢
shows the EDS maps of the Mo;y HEA obtained from the area shown in Figure 3bs. The
chemical compositions of each phase are summarized in Table 1. The coarse p-phase
particles exhibited Mo enrichment and depletion of other elements, which is consistent
with the TEM-EDS results. The precipitation of coarse p-phase particles will consume
the Mo element from the matrix phase during the annealing process. Electrochemical
corrosion tends to occur near the phase interface where the corrosion-beneficial elements
(Mo) are depleted in the matrix phase. The key to reducing the deterioration of the corrosion
performance due to electrochemical corrosion is to control the distribution of elements in
the two phases, especially the corrosion-beneficial elements. Here, we can effectively reduce
the loss of corrosion-beneficial elements in the matrix by tailoring the size and distribution
of the p-phase, thus reducing the chance of the formation of corrosion-beneficial element
depleted zones.

Figure 4 summarizes the average grain size, y-phase size, and fraction in the Moy
HEA as a function of the annealing temperatures. The fcc grain size showed a slow increase
with the increasing temperature to 1000 °C. After that, the grain size increased sharply
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with further increases in the annealing temperatures. The fraction of the p-phase increased
monotonously with an increase in the annealing temperature, reaching the maximum value
of 21.3% at 850 °C. Then, the fraction of the p-phase decreased significantly with a further
increase in the annealing temperature. When the fraction of the p-phase decreased, the
rate of the recrystallized grain growth increased significantly, especially at temperatures
higher than 1000 °C. However, the growth rate of the grain size of the Mojg HEA under the
same thermal treatment conditions was still much smaller compared to the alloy without
the p-phase. For example, the average grain size of the single-phase CoCrFeNi HEA was
11 pm and 57 pm after annealing at 800 °C and 1000 °C for 60 min [31], respectively,
which was significantly higher than the corresponding grain size of 0.66 um and 1.81 um
in the Mojg HEA. This further supports the fact that the presence of the precipitates can
suppress grain growth. Additionally, we noted that the u-phase size grew at a slow rate
before 850 °C, which is consistent with the growing trend of the fcc grain size. As the
temperature approached the recrystallization temperature range (850 °C to 900 °C), the
u-phase size remained at a relatively stable level. However, the growth rate of the p-phase
increased significantly after 900 °C due to the loss of the inhibitory effect of recrystallization.
The mutual competition between the recrystallization process and p-phase growth will
provide a favorable way to optimize the microstructure of the Mog HEA. In conclusion,
by regulating the thermal-mechanical processing condition, a dual-phase microstructure
consisting of fine fcc grains and a uniformly distributed p-phase in the matrix can be
obtained. This microstructure creates favorable conditions for the Mojg HEA to achieve
high strength, ductility, and excellent electrochemical properties.
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Figure 3. (a) The XRD patterns of the Moo HEA in the CR and different annealing conditions; (b1—b3)
BSE images of the 850 °C, 1000 °C, and 1150 °C—annealed samples. (c) EDS maps of the five elements

corresponding to the rectangular area in (b3).
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Figure 4. The variation in the average size and fraction of the p-phase with the annealing temperature
and the recrystallized grain size at the corresponding temperature.

3.2. Mechanical Properties and Deformation Mechanisms

Figure 5a presents the room temperature engineering stress—strain curves of the Moy
HEA in different states. The mechanical properties of the Mojy HEAs are summarized
in Table 2. The samples annealed at 750 °C for 60 min, 800 °C for 5 min, and 800 °C for
60 min as well as the CR sample were extremely brittle without apparent ductility, which
can be attributed to the high-density of dislocations and p-phase in the unrecrystallized or
slightly recrystallized microstructure. After annealing treatment at higher temperatures, the
strength was reduced while the ductility and strain-hardening were increased significantly.
For example, the yield strength (oy) and ultimate tensile strength (oyts) of the samples
annealed at 850 °C for 5 min were approximately 1189 MPa and 1347 MPa, respectively,
with an elongation (EL) to fracture of 17.5%. It is worth noting that compared with the
850 °C—annealed sample, samples annealed at 900 °C for 5 min or 60 min showed similar
EL, but lower oy and oyrs. Combining Figure 1g,h and Figure 4, it can be concluded
that the heterogeneous deformation-induced strengthening caused by the incompletely
recrystallized microstructure and precipitation strengthening due to the higher p-phase
fraction were the main reasons for the high strength in the 850 °C—annealed sample.
Although the back stress was not quantified, the higher strength level on the basis of the
same EL suggests a key role of heterogeneous microstructures. Mojg HEAs annealed at
1000 °C reached oy = 783 MPa and EL = 27.3%. In addition, the accelerated decomposition
of the p-phase above 1000 °C (see Figure 4) allowed the 1150 °C and 1200 °C—annealed
samples to exhibit mechanical properties similar to those of the single-phase fcc HEAs,
although a few large p-phase (~2.28 um in diameter) formed in the fcc recrystallized
grains. The fracture morphology of the sample annealed at 1000 °C for 60 min is shown
in Figure 5by,by. The macroscopic fracture morphology showed a uniform deformation
without the onset of necking. A typical dimple feature was found in the local magnification
micrograph (Figure 5b,), indicating the ductile fracture. Some cracked p-phases were
observed in the matrix, but the cracks could be blunted by the surrounding ductile matrix
and therefore their propagation was impeded.
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Figure 5. The mechanical properties testing and fracture morphology characterization of the Mo

HEA. (a) Representative room temperature engineering stress—strain curves of the Mojg HEA; (b1,b2)
fracture morphology of the 1000 °C—annealed sample.

Table 2. The mechanical properties after various heat treatments in the Moo HEA.

Sample oy (MPa) oyrts (MPa) EL (%)

CR 1619 1674 7.8

800 °C—5 min 1473 1548 8.5
850 °C—5 min 1189 1347 17.5
900 °C—5 min 1044 1240 18.2
1000 °C—5 min 822 1175 32.6
750 °C—60 min 1625 1691 6.7
800 °C—60 min 1276 1396 12.3
900 °C—60 min 1037 1216 16.3
1000 °C—60 min 783 1124 27.3
1150 °C—60 min 385 897 54.2
1200 °C—60 min 305 691 52.5

To understand the reason for the excellent combination of strength and ductility
in the Mojyp HEA, TEM observations were conducted on the deformed samples, (see
Figure 6). The formation of a high-density p-phase at the grain boundaries can impede
the grain growth during the annealing process, which results in the formation of ultra-fine
grains (<600 nm). This can increase the yield strength significantly due to the Hall-Petch
effect [49,50]. In addition, the p-phase at the grain boundaries can block the dislocation
motion and suppress the annihilation of dislocation at the grain boundaries. The grain
interior p-phase can impede the dislocation motion, leading to precipitation-hardening.
As a result, high-density dislocations accumulate inside the ultra-fine grains (Figure 6a,b),
which greatly contributes to the enhanced strain-hardening rate and ductility. Generally,
stress concentrations occur at phase boundaries with high-density dislocation pileups,
which can lead to cracking at the phase boundaries [51]. In contrast, the current p-phase
can plastically deform via the dislocation slip and formation of stacking faults (SFs). As
shown in Figure 6¢, numerous dislocations and SFs formed in the interior of the p-phase as
the phase boundaries were surrounded by high-density dislocations. This can effectively
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relieve the stress concentrations at the phase boundaries and thus suppress or postpone
the onset of plastic instability. More importantly, additional deformation mechanisms
such as SFs and twinning (Figure 6d-f) are activated in the fcc matrix due to the enhanced
yield strength by ultra-fine grains and the high-density p-phase. As shown in Figure 6e,
intersections of SFs led to the formation of Lomer—Cottrel (L-C) blocks, which are strong
barriers to dislocation motions, leading to significant dislocation accumulations within
the ultra-fine grains. Twinning, by continuously producing coherent twin boundaries that
decrease the mean free path of dislocations (“dynamic Hall-Petch” effect), generates a high
strain-hardening rate and a remarkable increase in the tensile strength and ductility [22,52].
The multiple strengthening mechanisms associated with ultra-fine grains, high-density
u-phase and dislocation, SFs, twinning, and heterogeneous microstructure promoted the
exceptional combination of the strength and ductility in the Moy HEA.

100 nm

Figure 6. The room temperature deformation microstructure of the 1000 °C—annealed sample:
(a,b) sub-micron grains formed after the p-phase pinning of grain boundaries, and a large number
of dislocations have accumulated in the grains; (¢) TEM dark-field pattern of deformable p-phase;
(d) deformation twins form within the grains, which can be confirmed by the selected electron
dif-fraction pattern of the [011] zone axis; (e,f) high-resolution TEM patterns obtained from the fcc
grains show the formation of SFs, L-C blocks, and twins.

3.3. Electrochemical Properties and Corrosion Morphology

Figure 7a shows the potentiodynamic polarization curves of the 850 °C—annealed
sample, the 1000 °C—annealed sample, and the homogenized Moy sample. Corrosion
parameters obtained from the polarization curves including the corrosion potential (Ecorr),
corrosion current density (icorr), passivation current density (ipass), and breakdown potential
(Ep) are displayed in Table 3. All samples exhibited approximately the same Ecorr and Ey,
which suggests that the size and fraction of the p-phase do not influence the Ecorr and Ey, of
the Mojy HEA. However, due to the abundant p-phase particles in the samples annealed at
850 °C and 1000 °C, their ipass was at a higher level compared to the homogenized Mo
HEA. Moreover, although both samples annealed at 850 °C and 1000 °C contained p-phase,
their ipass was different. The smaller ip,ss of the 1000 °C annealed samples with a smaller p-
phase fraction demonstrates that it is possible to optimize the electrochemical performance
of the Mo;¢g HEA by modulating the precipitation behavior of the p-phase through adjusting
the thermal-mechanical processing. This will be further discussed in the subsequent EIS
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tests. We also noted that the current density of the samples annealed at 850 °C and 1000 °C
tended to be stable in the range of 0.4~0.9 Vscg. However, this does not represent the
real passivation state. The current density of the two samples was more than 50 pA /cm?,
indicating that the passivation film could not effectively inhibit the corrosion of the matrix,
and the corrosion behavior should be called pseudo-passivation [53]. In contrast, the ipass
of the homogenized Mojg HEA was only 12 pA/cm?. The surface morphology after the
polarization test is shown in Figure 8. The corrosion pits were mainly concentrated near the
coarse p-phase, which indicates that the corrosion tended to preferentially attack the large
size precipitates rather than the small sized ones introduced during the aging treatment.
The coarse precipitates in the homogenized Mojyp HEA were mainly concentrated at the
grain boundaries (GBs), so the corrosion damage was grain boundary corrosion, while the
samples annealed at 850 °C and 1000 °C showed widespread pitting. It has been mentioned
that recrystallization can inhibit the growth of the p-phase, so we think that it is feasible
to optimize the electrochemical performance of the Moy HEA by carefully regulating the
competitive behavior of recrystallization and p-phase precipitation.
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Figure 7. Electrochemical testing of the Mojy HEA: (a) potentiodynamic polarization curves of
the 850 °C—annealed sample, the 1000 °C—annealed sample, and homogenized Mojy sample in
0.5 M H,S0; solution; (b) Nyquist curves; (c) Bode curves; (d) equivalent circuit.

Table 3. The electrochemical testing results obtained from Figure 7a.

Conditions Ecorr/VSCE icmr/A~Cm_2 ipaSS/A~cm—2 Eb/VSCE
850 °C—60 min —0.294 2.097 x 1076 1.152 x 104 0.922
1000 °C—60 min —0.289 1.983 x 10~° 6.375 x 1075 0.926

Homogenized Mojg HEA —0.297 2.246 x 106 1.262 x 1072 0.934
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Figure 8. The corrosion morphology of the Mojg HEA in the 0.5 M H;SO4 solution:
(a) 850 °C—annealed sample; (b) 1000 °C—annealed sample; (c) the homogenized Mo sample.

Prior to the EIS test, the Mojg HEA was subjected to 7200 s of the OCP test in
0.5 M H,SOy solution. As can be seen in Figure 7b, the Nyquist curves of all samples
showed a semicircular shape, which indicates that their corrosion processes were all
controlled by electron transfer processes [54]. According to the radius of the semicir-
cle, the impedance decreased in the following order: the homogenized Mo sample >
1000 °C—annealed sample > 850 °C—annealed sample, which is consistent with the results
obtained by the polarization test. Figure 7c shows the Bode curves for the different samples.
The equivalent electric circuit shown in Figure 7d was selected in the ZSimpWin software
to fit the EIS data. Rs is the solution resistance, R; and Q; represent the resistance and
capacitance of the film, respectively, R, is the charge transfer resistance, and Q, represents
the capacitance related to the metal/electrolyte interface layer. The fitted values of all pa-
rameters are shown in Table 4. It can also be seen from the table that the fitted circuits had
a low chi-square value, which shows that the choice of the equivalent circuit is reasonable.
In the Bode plots, the phase angle in the high-frequency region (103~10° Hz) was close
to 0°, and the IZI value was small, indicating that the impedance in the high-frequency
region is determined by the solution resistance. Arranged in ascending order of sample
annealing temperature, the Ry values of each solution were 4.127, 8.161, and 5.739 Q0 /cm?,
respectively. Although the solution resistance in each electrolyte solution was different, it
was within the allowable range of error. The passivation film exhibited a capacitive-type
characteristic response behavior in the intermediate frequency region (10°~10% Hz). At
this time, the phase angle was close to its maximum value and basically did not change,
while the IZI showed a linear slope close to —1. In the low frequency region (10-2~10° Hz),
the IZI value decreased continuously with decreasing frequency, but the IZI value of the
1000 °C—annealed sample was always higher than that of the 850 °C—annealed sample.
In the acid solution, the IZI value at 0.01 Hz could best reflect the corrosion resistance of
the passivated film, so we determined that the denseness of the passive film of the 1000
°C—annealed sample had improved. In other words, tailoring the precipitation behavior of
the p-phase can indeed improve the electrochemical properties of the current alloy.

Table 4. The equivalent circuit fitting parameters.

Conditions Rs/Q-cm? R1/Q-cm? Q/01.cm—2.s" R,/Q-cm? Qy/0~1.cm—2.s" Y x%/10-3
850 °C—60 min 4.127 1.982 x 10* 3.465 x 107° 6.145 x 103 1.568 x 10~ 1.324 x 1073
1000 °C—60 min 8.161 2.479 % 10* 3.273 x 107° 9.667 x 103 9.865 x 107° 1.686 x 10~
Homogenized Mojg HEA 5.739 4567 x 10* 4783 x 107° 6.286 x 103 1.030 x 1073 7.553 x 1074

4. Conclusions

In the present work, we investigated the recrystallization and p-phase precipitation
behavior in non-equiatomic Mojg HEA and its influence on the mechanical and electro-
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chemical properties. In addition, the strengthening mechanisms and corrosion mechanisms
were discussed. The main conclusions are as follows:

1.  Single-phase Mojp HEA can be transformed into a dual-phase structure containing a
Mo-rich p-phase and fcc matrix phase through thermal-mechanical processing. The
p-phase is uniformly distributed at the grain boundaries and within the grain, and its
size, distribution, and fraction can be controlled by adjusting the thermal-mechanical
treatment conditions. The precipitation of the p-phase delays the recrystallization and
subsequent grain growth process, resulting in grain refinement and the formation of
a heterogeneous microstructure in the Mo;g HEA. After 900 °C, the heterogeneous
microstructure transformed into a fully recrystallized structure. After 1000 °C, the
inhibitory effect of the p-phase on grain growth was severely reduced due to the
accelerated decomposition of the p-phase at high temperatures. At the same time, the
recrystallization process also optimized the distribution of the p-phase in the matrix
and inhibited its growth.

2. The homogenized Mojg HEA had a low oy but an EL over 50%. The comprehen-
sive mechanical properties of the Mojy HEA could be improved by introducing an
appropriate fraction of the p-phase. For example, when the fraction of the p-phase
in the sample annealed at 1000 °C for 60 min was 8.07%, its oyrs could reach up to
1.1 GPa, with the EL over 27%. The TEM observations revealed that the combination
of various strengthening mechanisms such as ultra-fine grains, high density pu-phase
and dislocations, SFs, deformation twins, and heterogeneous microstructure resulted
in an exceptional room-temperature tensile property in the Moo HEA.

3. The precipitation of the p-phase impaired the corrosion resistance of the Moo HEA.
However, by adjusting the distribution and fraction of the p-phase, the consumption
of the corrosion-beneficial elements in the matrix could be reduced, thereby improving
the electrochemical properties of the Moo HEA.

These findings provide a promising guidance for the development of precipitation-
strengthened HEAs with high strength, high ductility, and excellent electrochemical properties.
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