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Achieving superb strength in single-phase
FCC alloys via maximizing volume misfit
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Single-phase face-centered cubic (SP-FCC) alloys normally possess low strength. Conventionally
strengthening strategies inevitably cause significant ductility sacrifice. Here, a single-phase Ni-based
FCC alloy with a superb yield strength of ~1.05GPa and a good ductility of 37% is designed through
maximizing the volume misfits. The misfit of the purposely targeted NigoMo,( alloy is severer than all
existing FCC alloys, bringing the alloy a highest-ever Hall-Petch coefficient (kgp = 1034 MPa-um'/?) and
a pronounced solid solution strengthening (Ao, = 224 MPa). Current work yields two surprising and
novel findings for SP-FCC alloys. First, volume misfit is a good pertinent indicator of kyp. Second, the
conventional impression about the sole contribution of edge dislocations to strengthening in SP-FCC
alloys may no longer hold; instead, screw dislocations can also kick in once the nonsphericity of the
solute-induced stress field reaches a critical value. Altogether, this work paves a new avenue of pursuing
ultimate strengthening without significant ductility sacrifice for SP-FCC alloys relying on the volume-
misfit-maximization strategy.

Keywords: Single-phase face-centered cubic alloys; Volume misfit; Solid-solution strengthening; Grain-boundary
strengthening; Mechanical properties

merits toward raising the load-bearing capability of these engi-
neering materials. Conventionally, strengthening of SP alloys
relies on introducing various defects that can affect the ability
of dislocation initiation or the mobility of dislocations. These

Introduction

Single-phase face-centered cubic (SP-FCC) alloys normally exhi-
bit good ductility, making them excellent candidates for struc-
tural applications, especially at sub-zero temperatures. They are

also irreplaceable failure-delaying matrices in a variety of multi-
phase or composite engineering materials (e.g., Ni-based superal-
loys). Designing high-strength SP-FCC alloys bears significant

E-mail addresses: Zhao, S. (shijzhao@cityu.edu.hk), Yang, T. (taoyang6-c@my.cityu.edu.hk),
Wei, D. (wei1987xiu@imr.tohoku.ac.jp), Gao, Y. (ygao7@utk.edu), Wu, Z. (zwu9@hnu.edu.cn).

defects mainly include dislocations, solutes, and grain bound-
aries. Among them, a high density of dislocations generated by
extensive cold-working may cause dramatic ductility sacrifice.
In contrast, solutes and grain boundaries are two crucial medi-
ums that can strengthen SP-FCC materials without a severe sac-
rifice of the ductility or even in some cases, benefit the
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(a) the misfit parameter & of different Ni-based binary alloys as a function of solute concentration. (b) Comparison of the misfit parameter & of NigyMo,, with
those of other SP-FCC alloys. The correlation of (c) Hall-Petch coefficient and (d) friction stress with & in SP-FCC alloys.

ductility. Therefore, maximizing these two strengthening contri-
butions is an auspicious approach to design SP-FCC alloys with
high strength while maintaining their high ductility.
Solute-induced solid solution strengthening (Aos;) arises from
the elastic interaction between the stress field of dislocation and
the local strain of solute atoms, which affects the dislocation
mobility [1-7]. Recent development of high/medium entropy
alloys (H/MEAs) [8-19] instigated the design of an increasing
number of SP-FCC alloys with high yield strength (o) through
taking the greatest advantage of the solute effect by introducing
considerable compositional complexity. As representatives, the
quinary CoCrFeMnNi alloy [9-14], which is a benchmark HEA,
exhibits strength-ductility overall properties outweighing a
majority of conventional FCC alloys; one of its sub-alloys, the
ternary CoCrNi [10-12,14], which is a statue of MEA, exhibits
even better mechanical performance. The strength of CoCrNi
was surpassed recently by another MEA, NiCoV, via further
boosting the solute effects [12,16] and the property of NiCoV
has not been beaten by any other SP-FCC alloys. A multitude
of theoretical models [20-30] suggested that Ac in high/med-
ium entropy as well as conventional SP-FCC alloys is strongly

correlated with the volume misfit, which is a structural feature
that reflects the average local strain induced by the diverse
atomic environments around the constituent element. On the
other hand, grain-boundary-induced strengthening (Acg,)
depends on the extent of stress concentration at boundaries to
reach the critical level that can activate the dislocation source
in the nearby grains. From the dislocation nucleation mecha-
nism, some recent studies [13,16,31-34] showed that, SP-FCC
alloys with more pronounced lattice friction tend to possess
higher sensitivity of yield strength to grain size (the so-called
Hall-Patch coefficient, kyp). This well indicates the possibility of
using volume misfit as a design criterion for high-strength SP-
FCC alloys.

Based on the above-mentioned scenarios, here we rely on a
misfit-volume-maximization strategy to successfully design a
SP-FCC alloy with superb yield strength (~1.05GPa) and good
ductility (~37%). The resultant compositionally-simple alloy
has a volume misfit severer than all existing SP-FCC alloys, lead-
ing to a highest-ever kyp and pronounced Aoy, Fundamentally,
our work underlines that the misfit volume can be used as a per-
tinent indicator of kyp and demonstrates that screw dislocations
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FIGURE 2

Representative microstructure of NigogMo,o. The EBSD inverse pole figure (IPF) maps of NiggMo,o annealed at (a) 800 °C, (b) 900 °C, (c) 1000 °C, and (d) 1100 °C
for 1 h, respectively. The inset shows the corresponding XRD pattern. (e) Low-magnification HAADF-STEM image and (f) High-resolution HAADF-STEM image
of NiggMo, after annealing at 900 °C for 1 h. The images on the right show the SAED patterns or corresponding STEM-EDS maps. The SAED patterns confirm
that the NigogMo, is a SP solid solution with a FCC structure. The STEM-EDS maps also verifies that there is no substantial chemical segregation of Ni or Mo or
structural transition at the grain boundary. (g) HAADF-STEM micrograph in the grain interiors and (g1, g2) intensity-line profiles of the red and green squared
regions in g. (h) 3D APT reconstructions of Ni and Mo atoms. (i) elemental frequency distribution analysis. The absence of local chemical fluctuation was

confirmed by the STEM and APT analysis.

can also control the strengthening of SP-FCC alloys with extreme
lattice distortion, which is overlooked in previous studies.

Result and discussion
Targeting desirable composition
To search compositions with severe volume misfits, we first con-
sider Ni as the solvent and a variety of transitional metals as
solutes, including Hf, Nb, Ta, Mo, W, Cr, Al, Mn, V and Zr.
The contribution of the volume misfit to strengthening can be
collectively reflected using a ¢ parameter [5,6,22-27]. Therefore,
we quantified ¢ of the so-formed Ni-based binary alloys through
the expression:

AV
o= Vot (1)
where b is the Burgers vector, ¢, is the concentration, AV,, = V,, -
Vanoy is the misfit volume of each type-n constituent element, V..
loy i8 the alloy atomic volume, and V,, is the FCC apparent volume
of type-n element in the given alloy. The V,, of each element in

the FCC structure were computed using first-principles spin-
polarized DFT as implemented in VASP (Table S1) [22,23,26].
The values of V obtained here is 13.9021 A%, in very good agree-
ment with that reported by Yin et al. [23]. Zr and Hf hold appar-
ent volumes more than twice that of Ni. The FCC apparent
volumes of Mo, Al, W, Ta and Nb also are also very large. The
so-obtained ¢ values are presented in Fig. 1a as a function of the
concentration of each element. It is found that alloying Co, Fe,
Cr and Mn into Ni without exception leads to ¢ values lower than
2%. In contrast, V is much more efficient in generating larger vol-
ume misfits. This may explain why, as Fig. 1b shows, Nig3 V365
(6 = 3.834%) and NiCoV (8 = 3.647%) alloy possess much higher
Ao than NiCo (8 = 0.272%), CoCrNi (8 = 1.716%), CoCrFeNi
(6 = 1.672%) and CoCrFeMnNi (6 = 1.850%) alloys.

As seen from Fig. la, the elements with much larger FCC
apparent volumes, including Mo, Al, W, Ta and Nb, can as-
expected cause more pronounced volume misfits. It is notewor-
thy that § value relies also on the solute concentration. A desir-
able strengthener should also entail high solubility in Ni.
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Exceptional strength-ductility combination. (a) Representative engineering stress—strain curves of NiggMo,o with different grain sizes. (b) Yield strength vs
total elongation and (c) Ultimate tensile strength vs total elongation of NiggMo,, and other metallic materials (Table S2) [37-43]. (d) Dependence of yield
strength on the grain size of NiggMo,, and a few other FCC alloys, including CoCrFeMnNi, CoCrFeNi, CoCrNi, NiCoV, Nigs ;V365, and Ni (see Figs. S4, S5, and S6
for representative microstructure, engineering stress—strain curves and Hall-Petch relation of NiCoV and Nigs35V36s, as reproduced in the current study). (e)
Hall-Petch coefficient and (f) Friction stress of different SP-FCC materials (Table S3).

Therefore, the solubility of different solute in Ni [35] was
extracted and plotted as function of temperature (Fig. S1). The
900 °C-solubility of each solute in Ni was also labeled in
Fig. 1a. From this analysis, the NigopMo,, alloy was eventually tar-
geted as the desired composition. The & value of this specific
alloy reaches 5.68%, higher than any of the existing SP-FCC
alloys, including H/MEAs (Fig. 1b). This serves as a good indica-
tion that a high-strength SP-FCC alloy may not need consider-
able compositional complexities.

Forming single phase without significant ordering

The NigoMo,q alloys were fabricated using arc-melting under an
argon atmosphere. 16 mm x 16 mm square ingots of NigoMo3g
were homogenized at 1200 °C for 24 h, followed by cold-
rolling to produce ~1.5 mm thick sheets. 800 °C-1 h-annealing
results in partial recrystallization (Fig. 2a). A single-phase, fully
recrystallized microstructure is achievable by annealing at
900 °C and above (Fig. 2b-d). This unprecedented high recrystal-
lization temperature is in fact the first uniqueness of NigoMoxo.
Under the same homogenization and rolling procedures, most
other SP-FCC alloys can reach full recrystallization at ~700 °C
[13,29,33,36]. The grain sizes of NigoMo,o annealed at 900 °C,
1000 °C, and 1100 °C for 1 h are 4.8, 13 and 55.3 um, respec-
tively. A microstructure with an even finer grain (~1.7 um) can
be obtained through 2-minute annealing at 900 °C (Fig. S2).

The SP nature of NiggMoy is further confirmed using high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) and three-dimensional atom probe tomog-
raphy (3D APT) taken for the 900 °C-annealed specimen as a
representative case (Fig. 2e to i). The Low-magnification
HAADEF-STEM image of the 900 °C-annealed NigoMoyo in
Fig. 2e and selected-area diffraction (SAED) patterns confirms
the absence of any precipitates or long-range ordered (LRO)
structure. The corresponding STEM-EDS maps show that Ni
and Mo elements are uniformly distributed in the microstruc-
ture. High-resolution HAADF-STEM image and corresponding
STEM-EDS maps (Fig. 2f) further show that there is no substantial
elemental segregation or structural transitions (disordered or
ordered) at the grain boundary regions. Fig. 2g displays the
HAADEF-STEM image in the grain interiors, in which a homoge-
neous contrast can be seen. From the intensity-line profiles cor-
responding to the green and red squared regions, no evident
deviation (such as an abrupt, significant rise or fall) from the
average intensity is observed. Note that such analysis is based
on the HAADF Z contrast, and the contrast/intensity is highly
sensitive to the atomic mass. Considering the large difference
in the atomic masses of Ni and Mo, the observed periodic fluctu-
ation around the average level suggests the absence or insignifi-
cance of long-range/short-range ordering (SRO) or other phase
(s). Further atomic-resolution EDS maps also show a random dis-
tribution of Ni and Mo (Fig. S3). The Ni and Mo atomic maps
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FIGURE 4

Experimental and theoretical justification of active dislocation. (a) High-energy X-ray diffraction patterns of the 900 °C-1 h-annealed NigyMo,, alloy at an
engineering strain of 0%, 4%, 7%, and 8%, respectively. (b) Evolution of dislocation characteristic parameters, g, as a function of engineering strain. The value
of q is obtained by Convolutional Multiple Whole Profile (CMWP). (c) Plots of 4K? vs K°C according to the modified Williamson-Hall at engineering strain of
4%, 7%, and 8%, respectively. (d) TEM image and (e) annular-bright-field (ABF)-STEM image of the 900 °C-1 h-annealed NigoMoy, alloy at a plastic strain of 5%
with a two-beam condition near Z = [112] and g = [111]. The measured dislocation lines were highlighted. The red and blue lines were edge and screw
dislocations, respectively. (f) The corresponding stereographic projection to (e). Interactions between Mo solutes with an edge (g) and screw (h) dislocations
in the NigoMo,, alloy. The values are colored by the interaction energy given by meV. (i) Total interaction energies as a function of the integration radius
centered at the dislocation core for Mo in the NigoMo,, alloy. Interactions between V solutes with edge (j) and screw (k) dislocations in NiCoV. (l) Total
interaction energies as a function of the integration radius centered at the dislocation core for V in NiCoV.

from the APT reconstruction are shown in Fig. 2h. The distribu-
tion of elements appears to be homogeneous from these maps.
Further investigation using the frequency-distribution analysis
does not reveal any statistically significant non-random distribu-

tion (Fig. 2i). A collective picture drawn from the multi-scale
characterization ascertains that NiggMo,q is a SP solid solution
with a FCC structure in which no significant elemental segrega-
tion or L/SRO is present.
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Exceptional strength-ductility superiority

Fig. 3a shows the representative room-temperature engineering
stress—strain curves of NigopMo,o with different grain sizes. The
strength and elongation are summarized in the inserted table.
It is seen that, NigoMo,o with a grain size of ~55.3 pm possesses
a o, of ~366 MPa, and an & over 80%. This outperforms most
other SP-FCC alloys with similar grain size, such as CoCrNi
(o, = 282 MPa, € = 76%) [10]. As the grain size reduces to 2 and
1.7 pm, o, of NiggMo0, skyrockets to ~929 MPa and 1.05 GPA,
respectively, while still maintaining an & of ~37%. We compared
the properties of NigoMo,o with a series of conventional alloys
and H/MEAs. From the so-generated “o, - €” (Fig. 3b) and “oyrs
- ¢” (Fig. 3c) “banana” diagrams, NigopMoyo exhibits obvious
exceptional strength-ductility superiority that rivals not only
SP-FCC alloys, including NiCoV and Nig; V368, but also most
other types of alloy, such as multi-phase alloys [37-43].

As a fully-recrystallized, single-phase and SRO-free alloy, the
yield stress is a combination of intrinsic lattice resistance to dis-
location motion (o;), plus two incremental strengthening contri-
butions, Acy and Acgy. o; here in NiggMo,o represents the
strength of a pure Ni with an infinite grain size, which was
reported to be ~10 MPa [44]. Agys and Agy, are normally quanti-
fied through a classic Hall-Petch treatment of grain-boundary
strengthening, in which ¢, is plotted as a function of the inverse
square root of grain size (d"?). Fig. 3d shows such a plot for Nig,-
Moyo. A well linear correlation between ¢, and d™/? is as expected
seen. From the linear fitting (R? = 0.989), o5, which consists of g;
and Aosg, and the Hall-Petch coefficient (kyp) of NiggMo,o are
derived as ~234 MPa and 1034 MPa-um'/?, respectively.

The Hall-Petch relation as well as kyp and o4 of a series of
single-phase FCC materials, including NiCoV and a few sub-
sets of CoCrFeMnNi, are compared in Fig. 3d-f [13,32-34,44—
48]. First, an extreme kpp (1034 MPa-um'/?) is with no doubt
the second uniqueness of the investigated NigopMo, alloy. This
value easily outweighs any of the existing SP-FCC alloys, suggest-
ing the success of current volume-misfit-maximization strategy,
at least for the purpose of designing strong SP-FCC alloy relying
on grain refinements. A tight positive linear kyp - 6 correlation, as
observed in Fig. 1c, further indicates the possibility to use the &
parameter as an indicator of kyp. We try to understand this essen-
tial role of volume misfit through the dislocation source model of
grain boundary strengthening. From the model, the kyp is deter-
mined by the critical resolved shear stress (CRSS, 1) required for
operation of a dislocation source inside a grain as [30,49]

ko = (192’ @

where B = 1-v for edge dislocations (v = 0.33 is Poisson's ratio) and
B =1 for screws; b=0.2552 nm and G = 86GPa are the Burgers vec-
tor and shear modulus of the investigated NigoMo, alloy. It has
been shown that CRSS in a SP alloy can be well related to the min-
imum shear stress required to move a dislocation at 0 K against
the lattice friction [16,50,51]. The existence of volume misfit
would generate a pressure field around the specific elements
[5,6,20,23-26,29]. The pressure field interacts with dislocations
to affect their easiness of initiation and/or movement, and the
strength of the interaction is linearly dependent on the severity
of volume misfit.

Second, a7 of NigoMoyo (234 MPa) is also greater than a major-
ity of SP-FCC alloys, such as austenitic steels [47], nickel-base
alloy [33], and CoCrFeNi alloy [48], and is comparable to that
of CoCrNi [32] and Mo- or Ti-doped CoCrFeNi alloys [48]. Never-
theless, o5 of NigopMoy is ~35% lower than that of NiCoV
(362 MPa). This is interesting, since it is expected that a large &
would cause higher Acg and hence higher oy. To show this,
based on the calculated & values and the elastic constants, we pre-
dict the of a series of SP-FCC alloys and the currently investi-
gated NigopMoyo. The predicted values of NiCoV, CoCrNi,
CoCrFeNi, CoCrFeMnNi, and Nig3 V36 5 alloys match well with
those in Yin et al. [23]. As Fig. 1d shows, for most SP-FCC alloys,
the predicted values (o5.prep) match well with the reported exper-
imental values (o4.gxp). However for NiggMoyo, o4.pxp (234 MPa)
has not reached even one-third of its o4.prep (1020 MPa). This
significant og.prep-0/-gxp deviation accounts for the third unique-
ness of NigpMoyo and is worthy of further elucidation as will be
focused in the following sections.

Strength controlled by both types of dislocations

For SP-FCC alloys, the volume-misfit-based solid solution
strengthening theories [5,6,21-27] were established by consider-
ing the sole contribution of edge dislocations to Acs. The agree-
ment between os.gxp and og.prep for most FCC alloys, such as
NiCoV and CoCrNi, thus signifies the dominant role of edge dis-
locations in them. For NiggMo,o, the dramatic og.gxp - 0f-preD
deviation indicates the breakdown of the assumption. In other
words, screw dislocations may also serve to strengthen NigoMoyo.
To further understand this trend, we trace back to the classical
Labusch model (2,3,12,29,48], which integrated contributions
from both types of dislocations. By considering the atomic-size
misfit (g, =1 %, a is the lattice constant) and modulus (G) mis-
match (gg :é‘é—‘c}) between the solute and solvent atoms, the
model has an expression:

2

AUSS = foolv‘g%Cg (3)
where f is a dimensionless fitting parameter, G, is the shear

2
2 3
modulus of the solvent, ¢ = |:<1+0£—g|£(\) + o@sg} represents the

overall contributions from the elastic misfit, « is a dimensionless
parameter that describes the type of dislocations, o = 3 for screw
dislocations, and « = 16 for edge dislocations [3,12,48].

Recognizing the dominating role of edge dislocations (o = 16)
in Ni-50%Co and Ni-33.3%Cr binary alloys [23], with their
known Agg,, a, and G, and by assuming linear c-a and ¢-G rela-
tions, we quantified f for Ni-50%Co (0.0081) and Ni-33.3%Cr
(0.0058) and applied the average value (f=0.00695) to NigopMo5.
g, and gg in NigoMo,n were determined from a and G of Ni [10]
(3.5267 A, 76GPa) and NigoMoyo (3.6089 A, 86GPa). By feeding
f, G, g4, and g, the Labusch model predicts a Agg of ~85 MPa
and 353 MPa for NiggMo,, using an o value of 3 and 16, respec-
tively. From the differences in o5 between the pure Ni and Nigo-
Mo,o, Aogg in NiggMo,y is determined to be ~224 MPa. The
falling of this experimentally obtained Ac within the predicted
range (85-353 MPa) suggests the active role of both types of
dislocations.
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FIGURE 5

Deformation microstructures of the NigoMo, alloy with a grain size of 4.8 um at tensile strains of (a,b) 2%, (c,d) 15%, (e,f) 22.5%, and (g,h) fracture. The SAED

pattern taken from [110] zone axis.

Experimental and theoretical justification of active dislocation
We follow the method of the XRD line broadening to reveal the
dislocation characteristic parameters, g [52,53]. To achieve this,
we captured the XRD patterns (Fig. 4a) of NigopMo2o (900 °C-1 h-
annealed) with different engineering strains (0%, 4%, 7%, and
8%) using in-situ synchrotron high-energy X-ray diffraction
(HEXRD) and compared the g values obtained using Convolu-
tional Multiple Whole Profile (CMWP) [54,55] procedures with
the theoretical value for edge dislocations (g = 1.5) and screw dis-
locations (g = 2.3), which were determined based on the elastic
constants (C;;, Cqz, and Cyy) of NiggMoyo. As shown in Fig. 4b,

the g values (3.031-3.352) revealed experimentally match better
with that for screw dislocations, suggesting the non-ignorable
role of screw dislocations in the strengthening and deformation
of NiggMoyo. Further analysis via the modified Williamson - Hall
analysis [53,56] (Fig. 4c) yields a consistent conclusion.
Moreover, we try to provide a direct observation of the types
of mobile dislocations in NigopMo05o. To this end, a NigopMoy, spec-
imen (900 °C-1 h-annealed) tensile-deformed to 5% engineering
strain was characterized via bright-field scanning transmission
microscopy (BF-STEM) and stereographic analysis, following
the method in research by Lee et al. [52] and Feng et al. [21]. Note

114



Materials Today ® Volume 63 ® March 2023

RESEARCH

that the Burgers vector of perfect dislocations in the FCC struc-
ture is 1/2[110]. That is, the corresponding dislocation line vec-
tors of edge and screw types are 1/2[112] and [110],
respectively. The dislocation line would be chosen if it satisfies
the length (>5nm) and degree difference (<5 degrees). The direc-
tion of chosen lines was compared to stereographic projection,
and the dislocation type was determined. The results are shown
in Fig. 4d-f. The number of screw dislocations occupied more of
all measured dislocation lines (24 of 42, or 57%), suggesting the
active or even predominant role of the screw character in
NigoMoy.

To theoretically understand the role of different dislocations,
the solute-dislocation interactions are calculated through molec-
ular statistics. NigopMoyo and NiCoV were investigated for com-
parison purposes. Here we consider both edge and screw
dislocations with b = [110]/2. The obtained interaction energy,
U,(xi, y:), for each element in the two alloys is provided (Fig. S7
and S8). Fig. 4g-1 present the interaction energy of Mo and V with
edge and screw dislocations. It is clear that, the interaction
energy of Mo (-161 and —200 meV in the core for edge and screw
dislocations, respectively) in NigopMoy is much larger than V (-11
and —51 meV in the core for edge and screw dislocations, respec-
tively) in NiCoV, consistent with the large misfit volume of Mo,
according to U,(x;, y;) = —p(x;, yi)) AV, where p(x;, y;) is the pressure
field around the dislocation.

To gain further insight into the overall interaction contribu-
tions of solutes with different dislocations, we have integrated
the obtained interaction energies around the dislocation core
(centered at one of the two partials) for both edge and screw dis-
locations. The results for Mo in NiggMoyo (Fig. 4i) and V in
NiCoV (Fig. 41) are compared, as these two elements dominate
the interactions. The results demonstrate that in NiCoV the
solute-screw dislocation interactions are much weaker than the
solute-edge dislocation interactions, suggesting the dominating
role of the edge dislocation in terms of strengthening. In con-
trast, in NigopMo,(, the total interaction energy with screw dislo-
cations is even higher than those with edge dislocations,
signifying the vital role of the screw dislocation in the alloy.

Differences in the contribution from screw dislocations can be
rationalized through the effects of solutes on the spherical sym-
metry of the stress fields generated by solutes. In dilute alloys,
each solute atom is surrounded by identical solvent atoms. Thus,
the stress field created by the solute atom is spherically symmet-
ric and contains no shear stress component. They therefore do
not interact with screw dislocations due to their pure shear nat-
ure. In concentrated alloys, the atoms surrounding a certain type
of solute will no longer be the same. In this case, if each con-
stituent element has a similar atomic size, the spherical symme-
try can still be retained. This trend explains why edge
dislocations dominate in the CoCrFeMnNi alloy and its sub-
alloys, such as NiCo and CoCrNi. In contrast, if the constituent
atoms differ largely in the atomic size, the spherical symmetry
will be reduced. This is the case for both NiCoV and NigopMo,,
in which there is a type of element whose atomic size (V and
Mo) is obviously larger than the others. Compared to V, Mo
has more pronounced differences than V in atomic sizes with
other constituent elements (Co and/or Ni). As a consequence,
the stress field in NigopMo,o would be less spherical than that in

NiCoV. A collective analysis of NigoMo,o and NiCoV indicates
the presence of a critical nonsphericity beyond which screw dis-
locations would play a noticeable role in strengthening. A further
theoretical framework is needed to quantify this threshold.

Multiple consecutive strain-hardening mechanisms

We performed TEM characterizations on the 900 °C-1 h-anneal
ed NigpMoy alloy, as a representative, at different deformation
stages to understand the origin of high ductility. At the initial
stage (~2%) of plastic deformation (Fig. 5a-b), the dislocation-
slip mode is dominated by planar slip, as evidenced by the forma-
tion of numerous planar-slip bands. At ~15% deformation,
dense dislocation networks and multiple non-coplanar slip sys-
tems are activated (Fig. 5c-d). Upon further deforming to
~22.5%, extensive SFs emerge and dominate, some deformation
twins (DTs) are also observed, as confirmed by the SAED pattern
in Fig. Se-f and Fig. S9. Fig. 5g-h reveal the deformed microstruc-
ture at the tensile failure. At this stage, a tremendous amount of
DTs formed (Fig. 5g and Fig. S9). All of the observed features,
including the planar-slip dislocation configuration at the prelim-
inary stage, SFs at the intermediate stage, and DTs at the late
stage, are beneficial for the alloy’s strain-hardening capability
[10-12,29,57-59] and are signatures of the alloy’s medium-to-
low SFE, as supported by our DFT calculations, which shows that
the SFEs of NiggMo0yg is ~45 mJ/m?. An important phenomenon
that is worthy of special mention is that, upon failure, a special
dislocation structure, parallel-distributed extended dislocation
walls, can be seen (Fig. 5h). These features can benefit the
strain-hardening capability and tensile ductility in twofold man-
ners. First, the walls have a large dislocation-storage capacity, as
suggested by its containment of high-density dislocations
(Fig. Sh), which is critical for increasing the work-hardening
capability according to the classic plastic-deformation theory.
Next, the walls uniformly subdivide the grains and, on the one
hand, consequently, disperse the local strain concentration and
homogenize the plastic deformation. The active role of SFs and
DTs is also observed in the deformation of finer-grained and
coarser-grained NigopMoyg alloys (Fig. S10 and S11).

Conclusion

In the present work, a compositionally-simple single-phase FCC
alloy with a superb strength (~1.05GPa) and a good ductility
(37%) is designed through maximizing the volume misfits. The
targeted NigopMoy, alloy has a volume misfit (8 = 5.68%) severer
than any existing FCC alloy, including both conventional alloy
and high/medium entropy alloys. The unprecedented volume
misfits lead to a highest-ever sensitivity of strength to grain size
(kyp = 1034 MPa-pm'/?), making this alloy extremely strengthen-
able through grain refinements. The severe volume misfit also
brings the alloy a high solid solution strengthening, though cur-
rent d-based strengthening theories fail to reproduce the experi-
ment values due to the proven active role of screw dislocations
in controlling the strengthening, as demonstrated by means of
a variety of theoretical and experimental techniques. Overall,
the current findings pave a novel avenue for designing more
advanced out-performing FCC alloys by maximizing and well
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balancing contributions from solutes and grain boundaries
through the volume-misfit-maximization strategy.

Materials and methods

Alloy fabrication

The NiggMoy alloy was produced by arc melting and drop-
casting. The cast ingots underwent a series of thermomechanical
processing, including homogenization (1200 °C, 24 h, water
quenching), cold-rolling (~90% thickness reduction), and fur-
ther heat treatments (800 — 1100 °C, water quenching).

Physical characterization

The phase component was characterized, using X-ray diffraction
(XRD) in a Panalytical XPert PRO MRD goniometer equipped
with Cu-Ka radiation (20 — 100°, 5°/min., step size: 0.01°). The
microstructure was characterized by a field-emission scanning
electron microscope (FE-SEM, TESCAN MIRA3 LMH) with elec-
tron backscatter diffraction (EBSD) and transmission electron
microscope (TEM, JEOL 2100F). For SEM observations, the spec-
imens were ground through 2000-grit SiC papers, followed by a
two-step vibromet polishing (Buehler Vibromet 2), using
aluminum-oxide suspensions and colloidal silica suspension,
respectively. For TEM analyses, the specimens were first ground
to ~50 pm and then punched to ®-3 mm discs, followed by
jet-polishing and Ar-ion cleaning. Atomic-resolution high-angle
annular dark-field (HAADF)-scanning transmission electron
microscopy (STEM, Themis Z 3.2) and atom probe tomography
(APT, CAMECA LEAP 5000 XR) were performed to analyze the
chemical homogeneity on an atomic scale, where the specimen
was prepared, using a dual-beam focused ion beam (FIB/SEM,
Helios 5 CX). An Image Visualization and Analysis Software
package (IVAS 3.8) was used for three-dimensional reconstruc-
tions and data analysis. Microstructures of tensile specimens
after deformation were also characterized using TEM. Tensile
tests were conducted at an engineering strain rate of 1 x 10°
371 using a SHIMADZU AGS-X 50KN tensile testing machine
at room temperature. A full-range extensometer (SHIMADZU
Non-Contact Digital Video Extensometer) was utilized for strain
measurements.

Shear modulus was measured using resonant ultrasound spec-
troscopy (RUS) at room temperature [10]. The bright-field STEM
images were acquired on JEOL ARMZ200F TEM/STEM with
spherical-aberration correctors. The dislocation types in the
images were identified by stereographic analysis [52]. In-situ
high-energy X-ray diffraction experiments were performed at
the beamline, BL46XU, of SPring-8 in Japan. The wavelength
of the X-ray beam was 0.4131 A (energy: 30 keV), and the beam
size was 500 um x 300 um. The strain rate of the uniaxial tensile
was ~1 x 10 s~1. More details of the experiments can be seen
elsewhere [60]. The convolutional multiple whole profile
(CMWP) method was used to analyze the dislocation characteris-
tic parameters g [52].

Theoretical calculations

The density functional theory (DFT) calculations were performed
using the VASP package [61,62]. The exchange and correlation
interactions were described by the generalized gradient approxi-
mation (GGA) in the Perdew, Burke, and Ernzerhof (PBE) form

[63]. In this study, we mainly consider the ferromagnetic (FM)
states of the interested alloys. Therefore, spin polarization was
considered for all calculations. The energy cutoff was set to
400 eV. For structural relaxation, the convergence criteria were
10%eV for the energy and 0.01 eV/A for atomic forces, respec-
tively. To model the random solid solutions considered in the
present work, special quasirandom structures (SQSs) were built
with a Monte-Carlo algorithm by optimizing the short-range
order (SRO) parameters close to zero [64,635].

Stacking-fault (SF)-energies calculations were carried out
employing the supercell method, as detailed in our previous

study [64]. Specifically, a SQS oriented along the [112], [i 10],

and [i 11] directions were constructed first. Then, a vacuum
layer larger than 10 A is added to it, and an SF is introduced by

rigidly shifting the upper [1 11] layers with respect to the lower
half along the Burgers vector direction. After the shift, the atomic
positions were relaxed along the close-packed direction only. The
SFE was calculated by:

SFE = 1 (Esp — Eo) (4)

where Egr and E are the energies for the configurations with and
without SF, respectively, and the SF area is A. It is known that the
SFE calculated from the supercell method depends on the local
atomic arrangement near the SF [66]. To obtain the distribution
of SFEs, a total of 3 SQS supercells were used for calculations, gen-
erating a total of 27 SFE values for each alloy.

Apparent volumes of elements in FCC alloys were calculated
by optimizing the volume and atomic positions simultaneously
until the force on each atom was lower than 0.01 eV/A. The final
obtained structures were used to deduce the apparent atomic vol-
umes for each element. The calculation results are listed in
Table S1.

Solute-dislocation interactions were calculated through
molecular statistics using the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) [67]. The embedded atom
method (EAM) potential proposed by Zhou et al. [68] was used
to describe the interactions in NiggMo,3 and NiCoV. This set of
potentials has been extensively utilized to model HEAs previ-
ously [69]. To compute the interaction energy in random solid
solutions, we constructed an average atom potential for the con-
sidered NigopMoy, and NiCoV alloys [70]. The average atom
potential bears the average properties of the true random alloy.
Within this averaged medium, an individual alloying atom was
used to substitute into different lattice positions around disloca-
tions, and the energy difference before and after substitution was
recorded. This energy difference can then be used to calculate the
solute-dislocation interactions at different locations [5]. Here we
considered both edge and screw dislocations with b = [110]/2. For
edge dislocation, the supercell size used in the simulation was

around 385 x 374 x 44 A® along the X[110], Y[1 11], and Z[1 1
2] directions, respectively. Periodic-boundary conditions were
applied along the X and Z directions. The size was around

267 x 251 x 51 A® along the X[1 1 2], Y[1 11], and Z[110] direc-
tions, respectively. Periodic-boundary conditions were applied
along the X and Z directions, with a tilt factor, as suggested in
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previous studies [71]. The dislocation line was along the Z direc-
tion in both cases.

Estimation of friction stress

We adopted the solid-solution strengthening theory from Yin
et al. [23] to evaluate the friction stress of the considered alloys.
In this model, the alloying elements are regarded as solutes that
interact with a dislocation in an averaged matrix that can repre-
sent the averaged macroscopic properties of the disordered alloy.
By virtue of the elasticity theory and ignoring the details of the
dislocation core, the solute-dislocation interaction energy can
be directly calculated by —p(x, y)AV,, where p(x, y) is the elastic
pressure field at the position (x, y), and AV, is the average misfit
volume for the type n element. In FCC and BCC alloys, the
model results provide the zero-temperature shear yield stress 1o
and the activation energy barrier AE,, as:

2
3

(5)

) cnAV?
P et PO

1
The standard thermal activation theory then leads to the pre-
dicted tensile yield stress as follows, at temperature, T, and strain
rate, é.

o,(T, &) = 3.067, {1 ~(#1n (%)ﬂ 7)

where the 3.06 is the Taylor factor. & o = 10%™!, b is the Burgers
vector, and the values was taken as b = @a based on the FCC lat-
tice parameters. 1 and v are the shear modulus and Poisson’s ratio.
a=0.125 (FCC) or 0.0833(BCC) is the line-tension paramater for
the edge dislocation. Calculations [22] of the typical atomistic
structures of the edge dislocation give the prefactor coefficients
(A, Ag) = (0.01785, 1.5618) for FCC alloys and (A,, Ap) = (0.040,
2.00) for BCC alloys. The misfit volumes AV, of the constituent
element, n, in alloy at composition {c,} can be calculated,

AV, =V, - Vulloy (8)

Where V,, is the apparent volume of the constituent element,
n, in the given crystal structure. The alloy atomic volume V,y is
estimated by applying Vegard’s law, i.e., Vallo},:ch,,AVi. Then
the misfit parameter 9 is estimated,

5= V2ot 9)

T 3Vay

Determination of dislocation types

We have performed the broadening analysis of diffraction peak
by using the in situ synchrotron HEXRD technique to demon-
strate that screw dislocations can control the plastic flows during
tensile deformation in NigoMo,o alloy. Recently, the XRD line
broadening has been conducted and applied to FCC and BCC
alloys such as 304 steel [72], NbTaTiV and CrMoNbV HEAs [52]
to reveal the dislocation character. Noted that line broadening
of diffraction peak during deformation contributed from size
broadening and strain broadening [53,73]. The degree of strain
broadening is related to dislocation type and dislocation density.
The full-width at half-maximum (FWHM) of line profiles

obtained from diffraction peak is substituted into the following
modified Williamson-Hall equation [73]:

Ak =99+ (222 ikt 1 okl (10)

Where AK is the FWHM and M is a constant. D, b, and p rep-
resent the average grain size, the Burgers vectors of dislocations,
and the dislocation density, respectively. K = 2sin6/A (here, 6, A is
the diffraction angle and the wavelength of X-rays, respectively).
O stands for higher order terms in KC'2 In a polycrystalline
cubic crystals, the average contrast factors C are calc

C = Choo(1 — gH?) (11)

Where Cyp is a constant depending on the elastic constants
Ci1, C12 and Cyy of the materials. For a given {hkl} plane, H* =
(WK% + K212 + W?P)/(* + k* + I?)%. Here, q is a character parameter
of the dislocation depending on the relative fractions of screw
and edge dislocations.

The cubic elastic constants, C;1, C;2, and Cy4 for NiggMo,, are
carried out by DFT calculations, and the results are 258 GPa, 180
GPa, and 109 GPa, respectively. The resulting elastic anisotropy
2C44/(Cq1 - Cqp) = 2.79487 and the ratio C;1/Cyq = 1.65138.
Therefore, the theoretical value of q is 1.5 for edge dislocations,
and the theoretical value of q is 2.3 for screw dislocations in Nigg-
Moyo. Having analyzed the nature of the peak broadening, the
Convolutional Multiple Whole Profile (CMWP) method was
applied to reveal the q value at different strain levels [52-54].
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