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Ultrastrong Medium-Entropy Single-Phase Alloys

Designed via Severe Lattice Distortion

Seok Su Sohn,* Alisson Kwiatkowski da Silva, Yuji Ikeda, Fritz Kérmann, Wenjun Lu,
Won Seok Choi, Baptiste Gault, Dirk Ponge, J6rg Neugebauer, and Dierk Raabe

Severe lattice distortion is a core effect in the design of multiprincipal element
alloys with the aim to enhance yield strength, a key indicator in structural
engineering. Yet, the yield strength values of medium- and high-entropy alloys
investigated so far do not substantially exceed those of conventional alloys
owing to the insufficient utilization of lattice distortion. Here it is shown that
a simple VCoNi equiatomic medium-entropy alloy exhibits a near 1 GPa yield
strength and good ductility, outperforming conventional solid-solution alloys.
It is demonstrated that a wide fluctuation of the atomic bond distances in
such alloys, i.e., severe lattice distortion, improves both yield stress and its
sensitivity to grain size. In addition, the dislocation-mediated plasticity
effectively enhances the strength—ductility relationship by generating
nanosized dislocation substructures due to massive pinning. The results
demonstrate that severe lattice distortion is a key property for identifying
extra-strong materials for structural engineering applications.

thermomechanical  processing routes
which introduce high densities of disloca-
tions and interfaces into materials. These
defect populations introduce long-range
stress fields, enabling substantial strength-
ening of materials. Thus, processing with
the aim to introduce high densities of
lattice defects into materials is a well-
established and efficient method to
enhance their strength.?l Yet, when
single-phase metallic materials have few
defects such as in the recrystallized state
and at the beginning of plastic yielding,
they often have insufficient intrinsic lat-
tice friction and thus low flow stress.[!314
The lattice friction, quantified by the
Peierls stress, is a measure of the resist-

Solving the strength—ductility trade-off dilemma is an essential
challenge in advanced materials science and engineering.l'’]
Many research directions are pursued to improve the bal-
ance of strength and ductility via exploring so far unrevealed
or untapped mechanisms and correspondingly control-
ling the microstructure.ll! In engineering structures, how-
ever, yield strength is an essential bound which limits the
maximum stress that can be carried by a material without
causing inelastic deformation.'®!! To improve yield strength,
conventional alloys usually rely on complex and expensive
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ance that an infinite straight dislocation

has to overcome when moving from one
potential valley to the next. The height of this energy barrier
scales with the intrinsic atomic-scale lattice distortions and thus
differs profoundly in nature from the long-range stress fields
imposed by dense defect populations. In other words, the fric-
tion stress describes how severely dislocations are dragged as
they move through the distorted Peierls potential landscape of
massive solid solutions. In that respect, multiprincipal element
solid mixtures, often termed high- or medium-entropy alloys
(HEAs or MEAs), provide a very promising material design
basis because each individual atom experiences a set of dif-
ferent neighbor atoms creating high and ubiquitous local lattice
distortions and stresses.[!>16]

In that context, multiprincipal element face-centered cubic
(fcc) alloys have the potential for achieving an outstanding yield
strength—ductility ratio as they naturally carry high inherent
lattice distortions.>1718] However, two key challenges have not
been addressed in this context so far. First, the yield strength is
low due to the close packed fcc lattice structure.l'*2! Second,
although the friction stress of these alloys is often higher than
in pure metals or binary alloys, it is still usually too close to
conventional structural alloys. This means that the level of
lattice distortion currently exploited in most substitutional solid
solution alloys does not contribute significantly to the yield
strength.[20.22-28]

Here, based on a combined theoretical and experimental
approach, we show that the degree of lattice distortion is
indeed a key parameter in controlling strengthening mecha-
nisms for the design of hitherto unexplored ultrastrong
medium-entropy single-phase alloys. For this purpose,
we exploit vanadium (V) as a very efficient element in a
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Figure 1. Typical microstructure of a VCoNi medium-entropy alloy. a) Electron backscatter diffraction (EBSD) inverse pole figure (IPF) map of the VCoNi
alloy annealed at 900 °C for 60 min. The inset shows X-ray diffraction patterns. b) A bright-field transmission electron microscopy (TEM) image of
the fcc matrix. The inset shows selected-area diffraction (SAD) patterns along the [001] zone axis of an fcc grain. c—e) Energy dispersive spectroscopy
(EDS) maps of V, Co, and Ni confirming the material’s chemical homogeneity. The EDS result also verifies that particles are mostly rich in V and
O (Co 19.4 £ 1.0 at%; Ni 19.6 + 1.1 at%; V 34.8 £ 0.9 at%; O 26.2 £ 1.7 at%). f) 3D atom probe tomography (APT) tip reconstructions of V, Co, and
Ni atom positions. g) A 2D density map considering all detected ions. h) 1D compositional profiles (0.1 nm bin size) along the cylinder shown in g).
i) Bulk normalized concentration profiles obtained by a radial distribution function analysis for V as a center ion. No chemical clustering was detected

by APT analysis.

disordered VCoNi solid solution alloy. Density functional
theory (DFT) simulations reveal that V significantly increases
the fluctuation in the atomic bond distances, thus leading to a
substantially distorted structure relative to the ideal fcc lattice.
This severe lattice distortion enhances the lattice friction stress
experienced by dislocations which are the main carriers of the
inelastic deformation in metals. Further, as we will discuss
below, it also increases the sensitivity of the yield stress on
grain size changes in terms of the Hall-Petch relationship.
Both, high friction stress and a high Hall-Petch coefficient
significantly strengthen the current alloy. These design ideas
result in a new alloy with near 1 GPa yield strength despite
its precipitation-free and fully recrystallized fcc structure, i.e.,
strain-free grains with very low dislocation density. The alloy
also shows good ductility (about 38% tensile deformation to
fracture) and strain hardening capacity. The latter features
arise from dislocation-mediated plasticity generating pinned
nanosized dislocation substructures, thereby overcoming the
so far existing strength—ductility trade-off in solid solution
alloys. Our experimentally validated results demonstrate the
key role of severe lattice distortions as a pertinent design
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strategy for developing new alloys with high yield strength for
load carrying structural applications.

The VCoNi equiatomic alloy was fabricated in a vacuum
induction melting furnace under argon atmosphere. Ingots
were homogenized at 1200 °C for 24 h and cold-rolled (reduction
ratio; 75%) to produce 1.8 mm thick sheets. The rolled sheets
were then recrystallized at 900-1200 °C for 1-60 min and
immediately water-quenched. The inset in Figure 1a is an X-ray
diffraction (XRD) pattern of the alloy annealed at 900 °C for
60 min. The alloy consists of a single fcc phase structure with a
lattice parameter of 0.3601 nm. An electron backscatter diffrac-
tion (EBSD) inverse pole figure (IPF) map in Figure la shows
recrystallized fcc grains with an average size of 5.64 £ 3.05 um.
The representative transmission electron microscopy (TEM)
micrograph in Figure 1b and selected-area diffraction (SAD)
patterns inset in Figure 1b show that the alloy is devoid of
precipitates and ordered phases. The representative high-
resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) micrograph and SAD pat-
terns suggest that no precipitates or ordered phases occur at the
grain boundaries (Figure S1a, Supporting information).
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The chemical homogeneity on a microscale was observed
by energy dispersive spectroscopy (EDS) (Figure lc—e). The
analysis reveals that all elements are uniformly distributed, but
a few, scattered V-rich oxide particles with an average size of
0.95 + 0.32 um exist. These oxides are generally found when
alloys containing reactive elements are melted and cast. It is
well known that (Cr,Mn)-rich and Crrich oxides form in the
CrMnFeCoNi high-entropy alloy?®3!l and CrCoNi medium-
entropy alloy,['®#32 respectively. The average volume fraction of
the V-rich oxide particles is only 0.3 £ 0.1%, which is similar to
the fraction of Crrich oxides reported for the CrCoNi alloy.?
The oxide hardening contribution amounts to only 3 MPa, thus
not acting as a microstructurally relevant factor for the high
yield strength of the VCoNi alloy (see the Experimental Section
in the Supporting Information for details). Further STEM-EDS
probing (Figure Sla—d, Supporting information) also shows
that there is no substantial chemical segregation of V, Co, or
Ni at the grain boundaries. Atom probe tomography (APT)
analysis in Figure 1f-i shows atomic-scale compositional homo-
geneity. The distinct high-density line feature visible in the ion
density map showing the sum of all detected ions (Figure 1g)
is a grain boundary. The composition profile along the cylinder
across the grain boundary is shown in Figure 1h. The overall
lattice composition is 33.7 £ 0.3, 33.4 £ 0.4, and 32.0 + 0.4 (at%)
for V, Co, and Ni, respectively, similar as measured by EDS.
The grain boundary composition is slightly different from
the grain interior with peak compositions around 36.5 * 0.4,
31.9 £ 0.4, and 30.6 + 0.4 (at%) for V, Co, and Ni, respectively.
The segregation tendency of V can be attributed to the contri-
bution of this element to the lattice distortion and to the conse-
quent slight release of elastic strain energy upon segregation to
regions of higher excess volume like grain boundaries.**-3% In
the investigated volume, the radial distribution function reveals
no apparent local chemical ordering (Figure 1i). These results
confirm that the present alloy is in a solid solution state.

Although V has been known to be prone to form interme-
tallic phases,*®l a disordered single solid-solution phase is
maintained for the VCoNi alloy annealed at 900 °C for 60 min.
This is partly from the high configuration entropy (=1.1R, R;
ideal gas constant) which enhances the stability of solid solution
phases.'>] However, the configurational entropy is not the only
ingredient because the mixing enthalpy, atomic size difference,
and competing adjacent elemental and intermetallic phases
also affect the phase stability of a solid solution.['] Based on the
Hume-Rothery rules and thermodynamic parameters to predict
solid-solution phase formation in multiprincipal element alloys,
the following composition-weighted terms and their empirical
bounds have been developed:1738 i) differences in atom radii
(0; < 6.6%); ii) average valence electron concentration (VEC 2 8
for FCC); iii) mixing enthalpy (—15 k] mol™! < AH,;;, < 5 k] mol™!);
and iv) the Q parameter expressed by T,,AS.;x /JAH ;| which
combines the average melting temperature (T,), mixing
entropy (AS,;), and mixing enthalpy (€ > 1.1). Interestingly,
8, VEC, AH,,;, and Q are 6.19%, 8, —14.2 k] mol™!, and 1.22,
respectively, for the current VCoNi alloy, which should indeed
fulfill the empirical criteria of solid-solution phase formation.

Room-temperature stress—strain curves reveal that the
VCoNi alloy has a higher strength compared to the CrCoNi
alloy (389 MPa for the grain size of 11.0 + 6.7 um) which is
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known as the single fcc solid solution alloy currently exhibiting
the highest yield strength in a recrystallized state (460 MPa for
the grain size of =6.5 um) (Figure 2a).l'718:21.22.26] Of particular
significance is that the fine-grained VCoNi alloy (grain size of
2.0 £ 1.5 um) reaches a yield strength of nearly 1 GPa despite
being in a single fcc solid solution state. In addition, the alloy
shows an ultimate tensile strength of 1359 MPa and a large
total elongation of 38%, revealing also high strain hardening
capability (Table S1, Supporting information).

Of specific interest in the field of massive solid solution
alloys is the question of how severely the lattice distortions and
the associated lattice friction affect the macroscopic mechan-
ical properties. Since direct observation of single atom lattice
distortion is experimentally not accessible, we reveal these
effects here for the VCoNi alloy system by combining mean
field experimental ab initio theoretical approaches. The lattice
distortions are clearly revealed in terms of the experimentally
obtained friction stresses of the materials. This approach is in
line with corresponding previous studies on solid solution dis-
tortion effects in HEAs and MEAs compared to conventional
alloys using friction stress measurements.[?>22-28 In addition,
ab initio calculations have been recognized as a reliable method
to investigate atomic scale solid solution structures and the
associated local distortions.[3%4%

First, the role of the atomic scale solid solution dependent
lattice distortions on the mechanical properties was studied
by performing tensile tests after varying the annealing condi-
tions and under consideration of the alloy’s average grain sizes
(Table S1, Supporting information). Figure 2b reveals that
the yield strength and grain size well agree with a Hall-Petch
strengthening behavior with an R-square of 98.6%. The meas-
urement of the friction stress must be conducted very care-
fully as it is derived from the yield strength, which can actually
contain various strengthening contributions in polycrystalline
materials: There are first, the intrinsic friction stress (which
is the main objective in the current study); second, grain-
boundary strengthening (the so-called Hall-Petch effect); third,
dislocation hardening (creating long-range stress fields scaling
with =1/r); fourth, precipitation hardening; and fifth, oxide dis-
persion hardening. In the current VCoNi alloys, the latter three
contributions (dislocation, precipitation, and oxide) to the yield
strength are all negligible (6-14 MPa, see the Experimental
Section in the Supporting Information for details) compared
to the much larger contribution of the measured lattice friction
stress obtained after Hall-Petch correction. This means that in
the current case the corrected yield strength serves as a good
measure of the lattice distortions acting in the alloy. Based on
this conclusion, we compared the friction stress of the VCoNi
alloy with those observed for conventional alloys.

The calculated lattice friction stress (o) of the VCoNi alloy
is 383 MPa, which is almost three times higher than that of the
previous medium- or high-entropy alloys and of conventional
austenitic steels (Table S2, Supporting information).l2%-22-27]
Therefore, the severe lattice distortion is indeed a most effec-
tive alloy design approach for enhancing strength through an
adjusted solid solution blend as demonstrated here for the
VCoNi alloy. It should also be noted that the Hall-Petch coef-
ficient of 864 MPa um!/? is remarkably large. This strong
dependence of strength upon grain size change implies that
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Figure 2. Room-temperature tensile properties of VCoNi alloys compared with selected high strength alloys. a) Engineering stress—strain curves
of the annealed VCoNi and CrCoNi alloys. b) Dependence of the yield stress (measured by 0.2% offset) on the average grain size of VCoNi alloys
annealed at various conditions. The dependence is compared with the reconstruction plot from the Hall-Petch coefficient (k,) and friction stress (oy)
of conventional alloys.2%22-27] c) Overview of yield stress versus elongation values for the current VCoNi alloy, in relation to several high strength steels
and single or multiphase high-/medium-entropy alloys. The excellent combination of strength and ductility of the VCoNi alloys surpasses that of the
other high- and medium-entropy solid-solution alloys.7:17:21:41-48]

grain refinement plays a significant role in further improving  remarkable shrinkage of the dislocation width is observed in
the yield strength. These notable properties are put in perspec-  multiprincipal element alloys compared to pure Ni or binary Ni
tive in Figure 2c, with a direct comparison with high strength  alloy, rendering the dislocation movement more difficult. This
steels as well as high- and medium-entropy alloys.”"'7:21#1=48]  reduced width thus leads to the high friction stress, in agree-
Owing to the high friction stress, the Hall-Petch coefficient, ~ment with the previous report.?8! Specifically, the width of a
and the high strain hardening capability, the VCoNi alloys show  dislocation in the current VCoNi alloy presents the lowest value
an excellent combination of strength and ductility surpassing  of 1.19 among all reported alloys. The degree of the dislocation
that of conventional high- and medium-entropy solid-solution = width reduction could be a significant factor for generating
alloys. Note that all the investigated high- and medium-entropy  the high friction stress because it represents a measure of the
alloys are in a fully recrystallized state. Tuning properties via  reduced distance over which the lattice is distorted due to the
microstructural control warrants further study in the VCoNi  presence of a dislocation. However, a mere average value of

alloy. the reduction in dislocation width does not adequately embody
To understand the origin of the high friction stress, we con-  the nature of this effect in multiprincipal element alloys,

sidered the classical theory for the lattice friction stress (i.e., ~ where the lattice is no longer periodic but becomes irregular.

Peierls stress) which can be expressed using the following Our ab initio calculations further indeed reveal these atomic-

Equation (1)#°% scale local lattice distortion fields arising from the locally
reduced symmetry. Recent studies also suggest a correlation
0o =2MG/(1-Vv)-exp(-27w/b) (1)  between the degree of lattice distortions (accessible via ab initio

calculations) and experimentally measured yield strengths
where M = 3.06 is the Taylor factor for fcc, G is the shear mod-  (related to an enhanced friction stress).?*4% The main results of
ulus, v is the Poisson’s ratio, w is the width of a dislocation,  our calculations are presented in Figure 3. The calculations
and b is the magnitude of the Burgers vector. We compared elucidate two important contributions of V when alloyed into
the width of a dislocation normalized by the Burgers vector — Co and Ni. The first observation is the change of the average
(w/b) for various Ni-containing equiatomic alloys (Figure S2  atomic (Voronoi) volume of the individual elements in VCoNi
and Table S3, Supporting information).21?829 The ¢, and and CrCoNi alloys as compared to their elemental volumes

w/b closely follow an inverse exponential relationship. The in the fcc phases (Figure 3a). Note that elemental phase data
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Figure 3. Ab initio calculations for the local lattice distortion effect. a) Relative changes of an average atomic (Voronoi) volume of the individual ele-
ments in VCoNi and CrCoNi alloys in comparison with the volumes of the pure elements in the fcc phases. Relative changes are caused not only by
the alloying effect but also by macroscopic lattice constant changes between specific elements in the alloys and the corresponding elemental phases
(3.575 A for VCoNi; 3.544 A for CrCoNi). b) First nearest-neighbor distances of each elemental pairs in the VCoNi and CrCoNi alloys. The mean value
and their fluctuations were evaluated by fitting the computed bond distances to normal distribution functions (Figure S2a,b, Supporting information).
c) Mean square atomic displacement (MSAD) for various multiprincipal element alloys.

pertain to the “fcc” structures and not to their respective
ground-state structures. An expansion of the Co and Ni atoms
and a contraction of the Cr atom can be readily expected due
to their atomic size differences when rendered jointly into the
solid solution lattice. V has a larger atomic size than Cr, and
the relative changes of expansion and contraction in the VCoNi
alloy are thus higher than those found in the CrCoNi alloy. The
contraction of V is —14.7%, which is indeed three times larger
than that of Cr.

The second contribution of V is the increase of strength by
introducing large fluctuations of the bond distances. An atom
surrounded by atoms of a different species is subjected to lat-
tice strain and stress because of differences in atomic size.!'”!
The large atomic size of V, and the associated relative larger
atomic size differences in VCoNi can generate higher friction
stresses when dislocations pass through the material. This is
also reflected in the calculated fluctuations of the bond dis-
tances, a measure which allows more quantitative insights into
the lattice distortions than the mere comparison of the mean
volumes and their differences to those of the pure elements.
Figure 3b shows the first nearest-neighbor distances of all ele-
mental pair combinations in the VCoNi and CrCoNi alloys. The
computed bond distances for both alloys were fitted to normal
distribution functions to evaluate the mean values and their
fluctuations, i.e., the standard deviations (Figure S3a,b, Sup-
porting information). The results for CrCoNi reveal that the
mean bond distances do not strongly vary among the consid-
ered pairs except for the Cr—Cr bonds, which display slightly
larger bond distances (2.53 A) as compared to the others
(2.50-2.53 A). Interestingly, the fluctuations of bond distances
for Cr-containing pairs are larger than those for Co—Co, Ni—Co,
and Ni—Ni pairs, a finding which has also been recently made
in the CrMnFeCoNi (Cantor) alloy.P!] These larger fluctuations
imply that Cr promotes local lattice distortions. In the VCoNi,
the mean bond distance of the V—V pairs is apparently much
larger than those of any other pair combination with a mean
value of =2.65 A. In addition, overall fluctuations of the bond
distances even exceed those found for the CrCoNi. The lat-
tice friction stress, also known as the Peierls—Nabarro stress,
is an intrinsic obstacle that dislocations have to overcome
during their movement. This stress strongly depends on the
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dislocation width and Burgers vector. As a result of local lat-
tice distortions, both should be prone to increased fluctuations
resulting in a locally fluctuating Peierls potential for disloca-
tions. This fluctuation should eventually yield increased lattice
friction and friction stress.*% Inspecting the pair-resolved bond
distances, all V-containing pairs reveal large bond distance fluc-
tuations, thus confirming the dominant role of V in generating
severe local lattice distortions.

We further quantified the local lattice distortion by com-
puting the mean square atomic displacement (MSAD, cf.
Methods) (shown in Figure 3c), ie. the deviation of the
internal atomic positions from the ideal lattice sites. It has been
recently shown that this quantity linearly correlates with the
0 K yield strength.3%40l The current VCoNi alloy also well fits
on the linear correlation (Figure S4, Supporting information).
The MSAD value of VCoNi is almost twice as large as for
the investigated ternary, quaternary, and quinary alloys in
Figure 3c, further corroborating our findings of very high
lattice distortions in the VCoNi alloy. This distortion leads to
a lattice friction stress as calculated by the Hall-Petch relation
and contributes to a potential superior mechanical performance
of up to =1 GPa of yield strength.

However, an outstanding yield strength is attributed not only
to a high friction stress, but also to grain boundary strength-
ening, which implies a high sensitivity of the yield stress to
grain size (Table S2, Supporting information). Ever since this
Hall-Petch relation was empirically introduced at first, much
effort has been devoted to explaining it from a fundamental
aspect of dislocation nucleation mechanism. The dislocation
sources are mainly categorized as the grain-boundary ledges
themselves and the grain interiors producing the stress concen-
tration by a pile-up to the adjacent grain. Here in this study, at
the onset of plastic deformation, we observed that most disloca-
tions arise from Frank-Read dislocation sources®? in the grain
interiors for both, fine- and coarse-grained alloys (Figure S5,
Supporting information). For the interior source model, the
original definition of the Hall-Petch coefficient k, reads as
Equation (2)P3!

k, =m* r '’ (2)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where m is the orientation factor related to the orientation
relative to the loading direction and to the number of activated
slip systems, 7, stands for the critical resolved shear stress
(CRSS) required for operation of a dislocation source inside a
grain, and r indicates the distance of the dislocation source in
the adjacent grain from the nearest dislocation pile-up in the
considered grain. The dislocation density thus may control
the distance r although there is still some uncertainty about the
exact nature of this term r.°%l

Assuming that our current alloy and regular recrystallized
fcc alloys have similar numbers of activated slip systems (m)
and source distance values (r), the CRSS plays the most sig-
nificant role for determining nucleation of dislocations. The
CRSS value—except for its temperature dependence—is in
solid solutions essentially determined by the Peierls stress,
i.e., the minimum shear stress required to move a dislocation
at 0 K against the lattice friction.’* Thus, the high lattice fric-
tion induces high Peierls stress and high CRSS consequently,
thereby leading to high k, value. The coefficient k, in the
Hall-Petch relation is not exactly proportional to the measured
lattice friction stress (op), but typically higher, in particular
for high- or medium-entropy alloys (Figure S6 and Table S2,
Supporting information). Thus, the severe lattice distortions
generating the high lattice friction also enhance the sensitivity
of the yield stress to grain size, i.e., grain boundary strength-
ening which results in 864 MPa um'/? for the k, value.

To understand the high strain hardening capability and the
resulting excellent combination of strength and ductility, we
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performed EBSD experiments on the 40%-deformed VCoNi
alloy with 5.6 um of grain size. Figure 4a—c shows EBSD IPF,
kernel average misorientation (KAM), and image quality (IQ)
maps. Neither deformation twinning nor deformation-induced
phase transformation was observed during tensile straining
(Figure 4a). Instead, the KAM map reveals straight and elon-
gated strain localization features at grain boundary and also
in the grain interiors. These patterns reflect modest double
cross slip activity through planar dislocation cores and hence
pronounced planar pile-up configurations and accumulation of
geometrically necessary dislocations.>>°?! The misorientation
profile, calculated through the parallel line defects in the region
highlighted by the dashed white box in Figure 4c and plotted
in Figure 4d, shows the generation of low-angle grain bound-
aries in terms of the stepwise increments of the local misori-
entations. This deformation substructure suggests that planar
arrays of high dislocation density walls contribute to the plastic
accommodation and hardening processes.

To further reveal the evolution of the deformation struc-
ture and the underlying plasticity mechanisms, we performed
electron channeling contrast imaging (ECCI) analyses on the
5%, 10%, and 40%-deformed samples (Figure 4e-g). At early
deformation stages, the alloy deforms by typical planar dislo-
cation glide on {111} planes. Frank-Read sources indicated
by white arrows and the lack of intense cross slip results in
planar slip character and formation of crystallographically
aligned slip bands. As the applied strain increases to 10%,
dense dislocation networks start to form with activation of
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Figure 4. Deformation mechanisms of a VCoNi alloy. a—c) EBSD IPF, kernel average misorientation (KAM), and image quality (IQ) maps of the
40%-deformed VCoNi alloy annealed at 900 °C for 60 min devoid of any deformation twinning or deformation-induced phase transformation during
tensile straining. d) The corresponding plots of the misorientation variation measured both with respect to the origin and from point to point, across
a white arrow in inset area of c). e-g) Electron channeling contrast imaging (ECCI) analyses for the 5%, 10%, and 40%-deformed samples revealing
the formation of nanosized planar dislocation substructures.
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non-coplanar slip system with reduced slip band spacing of
=530 nm. Upon further deformation, the spacing between
coplanar slip bands is remarkably refined to =40 nm and slip
bands intersect more frequently, creating a nanosized disloca-
tion substructure.

The high dislocation density in the concentrated slip bands
effectively reduces the mean free path of the mobile disloca-
tions. Also, dislocation slip on parallel slip bands is increasingly
impeded by the high passing stresses as the slip band spacing
gets finer at higher loads (Figure 4g). The absence of frequent
cross slip reduces dynamic recovery and promotes massive
dislocation storage.’”) Such a mechanism of finely structured
parallel slip bands with only =40 nm spacing at elevated loads
leads to the high and sustained strain hardening rate observed
in the current alloy. A similar microstructure-strain hardening
relationship has been identified before for Fe-Mn-Al-C alloys as
the main mechanism for high strength and good ductility.>*>¢!

The lattice distortion in MEAs/HEAs was discussed quite
controversially in the literature, and in most cases, it was
indeed not so much larger compared to that in conventional
alloys. Here, we find that the severe lattice distortion indeed
substantially improves the strength through an adjusted solid
solution alloying concept. Many of the recent approaches in
medium- or high-entropy alloy design deviate from the original
idea of single-phase stabilization for improving mechanical
properties, moving toward multiphase and precipitate con-
taining material concepts.”®] However, our results demonstrate
that for a single-phase homogeneous solid solution fcc alloy, the
inherent severe lattice distortions can substantially improve
the friction stress enhancing both strength and its sensitivity
to grain size, to eventually realize a near 1 GPa yield strength.
Also, our quantum mechanical calculations elucidate the asso-
ciated local distortions, enabling the quantitative visualization
of the local low-symmetry structures at the atomic scale. We
emphasize that these remarkable properties arise from only
two kinds of fundamental strengthening mechanism, i.e., solid-
solution and grain-boundary strengthening. This builds the
basis for improving such alloys further, e.g., by doping them
with interstitials or by introducing nanosized precipitates.
Regarding the empirical criteria of solid-solution phase forma-
tion each of the parameters used in the current study is already
close to their respective limits. Therefore, we envisage that the
VCoNi medium-entropy alloy introduced here has the highest
friction stress so far reported for any fcc solid-solution multi-
principal element alloy.
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