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Crystal-Glass High-Entropy Nanocomposites with Near
Theoretical Compressive Strength and Large Deformability

Ge Wu, Shanoob Balachandran, Baptiste Gault, Wenzhen Xia, Chang Liu, Ziyuan Rao,

Ye Wei, Shaofei Liu, Jian Lu, Michael Herbig, Wenjun Lu,*

and Dierk Raabe*

High-entropy alloys (HEAs) and metallic glasses (MGs) are two material
classes based on the massive mixing of multiple-principal elements. HEAs are
single or multiphase crystalline solid solutions with high ductility. MGs with
amorphous structure have superior strength but usually poor ductility. Here,
the stacking fault energy in the high-entropy nanotwinned crystalline phase
and the glass-forming-ability in the MG phase of the same material are con-
trolled, realizing a novel nanocomposite with near theoretical yield strength
(G/24, where G is the shear modulus of a material) and homogeneous plastic
strain above 45% in compression. The mutually compatible flow behavior of
the MG phase and the dislocation flux in the crystals enable homogeneous
plastic co-deformation of the two regions. This crystal-glass high-entropy
nanocomposite design concept provides a new approach to developing
advanced materials with an outstanding combination of strength and ductility.
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Strategies widely employed for strength-
ening crystalline alloys typically involve
introducing  crystalline  imperfections
such as secondary phases and associ-
ated interphases, grain or twin bounda-
ries, and foreign atoms in solid solution.
These strengthening mechanisms are
mainly based on controlling the genera-
tion and propagation of dislocations, the
typical carriers of plasticity. Among these
approaches, coherent nanoscale pre-
cipitation! and transformation induced
plasticity!? have been shown to enable
improvements in both strength and duc-
tility also in the recently developed high-
entropy alloys (HEAs) containing multiple
principal elements. HEAs, introduced in
the last decade Pl are single- or multiphase
crystalline solid solutions with a wide spectrum of mechanical
properties.l Their crystalline solid solution nature usually ena-
bles high ductility, carried by dislocation slip, twinning, or phase
transformation.l'>*3 Furthermore, by controlling composition
and microstructure, the strength of the HEAs can be signifi-
cantly enhanced, in some cases even exceeding that of conven-
tional crystalline alloys.l%! Yet, the shear strength of HEAs does
not exceed G/100, and thus is far from the theoretical limit of
approximately G/10."! Metallic glasses (MGs), introduced in the
1960s,81 do not possess slip systems and lattice dislocations, !
manifest superior yield shear strength of G/37% However,
the plastic deformation of MGs at ambient temperature is
highly localized in shear bands,” thus leading to MGs’ cata-
strophic failure without any significant macroscopic ductility.
Introducing structural heterogeneity, that is, liquid-like regions
or, respectively, soft zones, into the MG matrix! is a design
technique that is capable of deflecting and deferring the propa-
gation of shear bands during deformation, thus enhancing
ductility.'l Another exception occurs when MGs undergo
homogeneous plastic flow in cases where their size is reduced
below 100 nm.[>! Based on that and the recent advance in the
development of HEAs,[2# we present a novel material design
concept combining amorphous MG and crystalline HEA phases
at the nanoscale to realize a novel material class with superior
mechanical properties. This is achieved by creating crystal—
glass high-entropy nanocomposites, realized here by doping
glass-forming elements into a high-entropy Cr-Fe-Co-Ni
system, which allows to access compositional regimes where

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a nanocrystalline phase with a low stacking fault energy!®!

coexist with a MG phase.

The crystal-glass high-entropy nanocomposite introduced
here was obtained by doping a glass-forming Fe-Si-B system
into a crystalline CrCoNi base alloy. These CrCoNi-Fe-Si-B
nanocomposites were synthesized by magnetron co-sputtering
of CrCoNi and FeySigBy; alloy targets with 99.9 at% purity
(Experimental Section, Supporting Information). Through
tuning the substrate-to-target distance differences,!®l alloys with
varied compositions and structures were produced (Figure S1,
Supporting Information). The composition of the crystal-glass
high-entropy nanocomposite investigated in the following
is 23.1 at% Cr, 20.7 at% Fe, 24.8 at% Co, 26.7 at% Ni, 1.7 at%
B, 0.3 at% C, 0.6 at% O, and 2.1 at% Si, revealed by atom
probe tomography (APT). The alloy grows in a nanocolumnar
structure with =8 nm-wide face-centered cubic (fcc) phase with
weak crystallographic texture (Figure 1a and inset). The amor-
phous phase with an average thickness of =1 nm is formed
between these nanograins, as shown by the bright interface
between them, revealed in the low-magnification transmis-
sion electron microscopy (TEM) image (Figure 1b) and annular
bright-field scanning TEM (ABF-STEM) image (Figure 1d and
Figure S2, Supporting Information). The detailed characteriza-
tion methods are included in Experimental Section, Supporting
Information. The amorphous phase does not cover all of the
grain interfaces, but occupies most of the triple junctions. This
topology may arise from the faster elemental diffusion along
the triple junctions.”l The amorphous phase is enriched in Cr,
revealed by the APT analysis (Figure 1c). The compositional
profile (Figure le) confirms that the crystalline and amorphous
phases are enriched in Fe and Cr, respectively. B, C, O, and
Si are as regular solutes distributed uniformly across the two
phases. A 2D contour plot of the Cr concentration (Figure 1f)
shows that Cr is enriched in the triple junctions, matching the
results from the ABF-STEM analysis (Figure 1d). The grain
boundary regions of the nanocrystalline reference CrCoNi alloy
(without any amorphous phase) are also enriched in Cr (Figure S3,
Supporting Information), driven by the Gibbs adsorption isotherm,
as reported before for the case of Cr in CrCoNi-based alloys.!'®!
In the following, we discuss the glass-forming mechanism
behind the amorphous phase in such a crystal-glass high-
entropy nanocomposite. Fe—Co, Co—Ni, and Fe-Ni mixtures can
each readily form single fcc solid solutions upon quenching
over wide composition ranges,!'” indicating their high mutual
miscibility. However, if Cr is introduced and its content exceeds
20%, complex intermetallic or other phases form as shown
by the Fe-Cr, Co—Cr, and Ni~Cr phase diagrams.'”} According
to metallic glass-forming theory, near-eutectic compositions
enhance a material's glass-forming ability (GFA).[2% Also, B, C,
O, and Si dopants can further enhance the GFA,?! owing to
their directional bond contribution. It is worth noting that the
size of the amorphous phase regions (Figure 1g) in the present
nanocomposite is below a critical value,'*" shifting it into a
range where homogeneous plastic flow is observed in MGs.
This means that the deformation behavior of the amorphous
phase in the current material should be different from that of
conventional monolithic MGs, as will be discussed below.

We further performed low-angle annular dark-field
(LAADF)-STEM analysis to reveal the cross-sectional structure

can
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of the crystal-glass high-entropy nanocomposite (Figure 2). The
nanotwins and stacking faults (SFs) are formed along the {111}
habit plane, and assume a typical Kurdjumov—Sachs (K-S) rela-
tionship with the adjacent crystalline matrix, that is, [1-10].in
// [-110],. Since the crystallographic texture in the columnar
grains is very weak (inset in Figure 1a), the twins occur on all
possible {111} <112> twinning systems without preference of
a specific twin system. Figure 2a,b show two columnar grains
with different twin orientations. The grains are mostly com-
posed of high-density nanotwins with a spacing below 2 nm
(Figure 2c,d). The average twin density is estimated to be
1.0 X 10° m~. Full dislocations are not detected in most lamellae,
but SFs are frequently revealed. The high-density twins and SFs
subdivide the =8 nm-wide grains into a sub-2 nm-thick twin/
SF/matrix lamellar nanostructure. The nanotwin feature is
not uncommon for metals that have low stacking fault energy
and are produced by deposition,??l but such high density of
nanotwins is difficult to realize. The stacking fault energy of
the CrFeCoNi HEA is known to be =27 m] m~2, which is suf-
ficiently low to promote twin formation. The nonequilibrium
state promoted by the high cooling rate of about 10" K s in
sputter deposition?®l could be responsible for such a high-
density nanotwin structure. Further, some of the nanotwins
are higher-order multiple nanotwins (Figure 2b). The densely
stacked twin boundary arrays are very effective barriers against
dislocation motion,?2?4 providing substantial strength increase
which is inversely proportional to the reduced dislocation mean
free path. They also enhance the material’s ductility as each
nanotwin acts itself as an additional independent shear carrier
and further provides an additional kinematic degree of freedom
for dislocation movement inside the nanotwinned regions.*’!
The mechanical properties of the crystal-glass high-entropy
nanocomposite have been probed by micro-compression tests.
For comparison and reference, pure single-crystalline CrCoNi,
nanocrystalline CrCoNi, and nanocrystalline CrCoNi-Fe-Si-B
alloys without any amorphous phase have also been investi-
gated under identical conditions. The detailed characterization
methods are included in the Experimental Section (Supporting
Information). The compressive engineering stress—strain
curves in Figure 3a show that the nanocrystalline CrCoNi and
CrCoNi-Fe-Si-B alloys have higher yield strength (3.3 and
3.8 GPa using the 0.2% strain criterion, respectively) than the
single-crystalline CrCoNi (0.7 GPa). The nanocrystalline CrCoNi
and CrCoNi-Fe-Si-B alloys have an average grain width of
~20 nm and =15 nm, respectively. Both alloys contain columnar
grains with a nanotwin structure (Figure S1, Supporting Infor-
mation), which contribute to the higher strength via grain/
twin boundary strengthening. The decrease of the flow stress,
occurring during plastic deformation of the two alloys, is due
to the abrupt formation and percolation of shear bands. These
shear/slip bands are denoted by the red arrows in Figure 3c—e.
In nanocrystalline materials, plastic deformation can also be
accompanied by grain boundary (GB) motion (i.e., load-driven
grain growth),?®! GB sliding or grain rotation, mechanisms
which can also lead to strain softening. These mechanisms
can result in frequent strain localization and restrict homoge-
neous plastic deformation, which are undesired effects often
observed in nanocrystalline alloys. It is worth noting that the
pure single-crystalline CrCoNi, nanocrystalline CrCoNi, and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structure and composition of the crystal-glass high-entropy nanocomposite. a) Typical bright-field plane-view and side-view TEM images. The
inset shows a selected-area electron diffraction (SAED) pattern obtained from side-view TEM probing. The ring feature in the SAED pattern indicates
that the nanocolumnar grains have weak crystallographic texture. An fcc structure is indexed, and the corresponding {111}, {200}, {220}, and {311}
planes are highlighted by the dashed red rings. b) Low-magnification plane-view TEM image. c) 2 nm-thick slice (right part of (c)) from 3D reconstruc-
tion of an APT dataset (left part of (c)), showing that Cr is enriched at several locations at the grain—grain interfaces. The Cr enriched regions are
highlighted by an iso-concentration surface in terms of a 12 at nm=3 Cr threshold value. d) Plane-view ABF-STEM image shows =1 nm-thick amorphous
phase (brighter regions) appearing at triple points and along some grain boundaries. e) 1D compositional profile across the region indicated by the
arrow in the right part of (c). The light shadows indicate statistical errors in terms of the standard deviations. f) 2D contour plot in terms of the Cr
concentration of a 1 nm-thick plane-view slice from (c), showing the distribution of the Cr-enriched amorphous phase. g) Iso-concentration surfaces
in terms of 22.7 at% Fe and 18.3 at% Fe threshold values, illustrating crystal and glass, respectively.

nanocrystalline CrCoNi-Fe-Si-B alloys can be compressed to  flow, which is due to shear/slip band percolation during pillar
50% strain (gray, black and blue curves in Figure 3a), but this  deformation (Figure 3c—e). What is important here is that the
does not essentially reflect their true formability. These rather  crystal-glass high-entropy nanocomposite displays the highest
large apparent compressive strain values are partially caused  yield strength of 4.1 GPa among all reference materials probed,
by a compression instability,?’] i.e., by inhomogeneous plastic ~ and also a large, homogeneous plastic strain above 45%, as

Adv. Mater. 2020, 32, 2002619 2002619 (3 0f7) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Crystalline structure of the nanograins in the as-prepared
crystal-glass high-entropy nanocomposite. a) Cross-sectional LAADF-
STEM image of a columnar grain with fcc structure that contains high-
density nanotwins of 1.0 X 10° m™'. b) Another columnar grain containing
fivefold nanotwins. The five twin boundaries are marked with TB1, TB2,
TB3, TB4, and TBS5, respectively. The orange lines indicate the atom
packing sequence. ¢,d) Higher magnification images of the dashed rec-
tangle areas in (a) and (b), respectively, showing sub-2 nm-thick twin/SF/
matrix lamellar structure. The atomic stacking sequence is labeled by “A,”
“B,” and “C.” The twin boundaries and SFs are indicated by dashed red
and solid blue lines, respectively.

shown in Figure 3a,b. Pillar samples with four different dia-
meters, that is, 380, 400, 500, and 1 pm, were tested. The yield
strength of the samples in this size regime remains constant

www.advmat.de

(Figure S4, Supporting Information). Usually, the mechanical
size effect associated with strength appears when the sample
size becomes comparable to the correlation length of the
defects that carry the plastic deformation,?® that is, extremely
small samples with low probability of containing defects or
defect sources are usually stronger than those contain a mean
field equivalent defect population.”l In the current crystal-
glass high-entropy nanocomposite, a 380 nm pillar diameter
translates to more than 40 times the grain width (=8 nm),
which means that the mechanical size effect is negligible in
this range. When calibrated by the shear modulus (G) and the
shear strength (7), G-to-7 ratio value is G/t = 24 for the cur-
rent crystal-glass high-entropy nanocomposite. G is estimated
using the equation G = E/[2(1 + v)], with v being the Pois-
son's ratio and E the Young's modulus, that is, E = 124 GPa,
as obtained from nanoindentation. 7 is calculated using
7 = 0,/2,% where o, is the yield strength. This estimate shows
that the observed G-to-7 ratio of the current crystal-glass high-
entropy nanocomposite indeed approaches the theoretical
strengthl”! for this composition, already at the onset of yielding,
due to the high stiffness of its crystal-glass nanostructure.%31
On the one hand, the thin amorphous phase in the interfacial
regions between the grains increases the stress barrier for dis-
location nucleation.?%31 On the other hand, the strength of the
nanotwinned crystalline phase increases with decreasing twin
spacing, reaching a maximum value at a specific twin thickness
(e.g., 15 nm for a 500 nm-grain-size nanotwinned Cu).l?? If the
grain size is reduced, the maximum strength will be further
improved by decreasing the twin thickness.?? In the crystal-
line phase of the nanocomposite the grain width is =8 nm and
the twin thickness is only =2 nm, yielding the highest possible
twin boundary strengthening effect® in the crystalline phase.
The amorphous phase surrounding the grains reduces the sof-
tening effect® of grain boundary-twin intersections. Conven-
tional ultrastrong fcc alloys with such a high twin density (twin
thickness < 2.8 nm) usually exhibit brittle fracture due to shear

el
8
7 | Crystal-glass CrCoNi-Fe-Si-B
6 d
‘:_u\‘ - Nanocrystalline CrCoNi-Fe-Si-B
o5
o |
2ap
g1 ;
ﬁ sl Manaocrystalling CrCoMi
2 Single-crystal CrCoNi
1 Unloading
0 i 1
0 10 20 30 40 50

Strain (%)

Figure 3. Mechanical properties of the crystal-glass high-entropy nanocomposite. a) Compressive engineering stress—strain curves of the crystal-glass
CrCoNi—Fe-Si-B high-entropy nanocomposite, nanocrystalline CrCoNi—Fe—Si-B, nanocrystalline CrCoNi, and single-crystal CrCoNi pillar samples, each
with the same diameter of T um. b—e) SEM images of the same samples after compression to an identical engineering strain of 50%. Some of the shear
bands in (c) and (e), and slip bands in (d) are indicated by red arrows.
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localization,3] similar to the deformation behavior found here
for the nanocrystalline CrCoNi-based reference alloys, Figure 3.
However, the current crystal-glass high-entropy nanocomposite
shows a large regime of homogeneous plastic deformation
without any brittle fracture features. This finding shows that
near theoretical strength values can be achieved together with
high plastic formability when combining nanoscale MG regions
with nanocrystals containing a high density of nanotwins.

APT and LAADF-STEM analyses were performed on the
deformed pillars (Figure 4a) at a total engineering strain of
=50% to investigate the underlying deformation mechanisms.
Upon deformation, the mnanocolumnar structure has—in
the deformed pillar—transformed into globular units with a
diameter of =8 nm (Figure 4b—f). This observation indicates
that the nanocolumar grains have been cut and refined into
smaller structure units, and no grain growth has occurred. In
the transition region between the deformed pillar and the base
material, the crystals have assumed a bent shape (Figure 4b—d)
intermediate deformation zone. Near-atomic scale analysis was
conducted by APT in a way that the tip was milled out with
one end in the deformed pillar and the opposite one in the base
material (Figure 4a) where the grains have maintained their
straight columnar shape.

Interface features of the material in the reconstruction
of the APT dataset have been highlighted in terms of a Cr
iso-concentration surface (10 at nm™) to reveal the three defor-
mation regimes, viz. the un-deformed base material, the bent
transition region and the heavily deformed pillar (Figure 4b).
The Cr is used here as a tracer to reveal these zones of different
deformation, owing to its enrichment in the amorphous phase.
In the deformed pillar, the Cr-enriched amorphous phase covers
the globular grains (Figure 4b and Figure S5, Supporting Infor-
mation) without occurrence of any shear banding feature, that
is, showing instead a homogeneous plastic flow pattern. This
behavior is a distinct feature of the current nanocomposite,
because bulk MGs usually exhibit limited formability due
to plastic instability caused by shear bands.”! The excellent
plastic compliance of the amorphous phase in the triple lines
and grain boundary regions is due to its small size, exploiting
the good intrinsic plastic deformation of MG at the nanoscale
where shear bands remain confined.'* When amorphous/
crystalline nanolaminates are severely deformed, localized
deformation may induce atomic-scale intermixing inside the
shear bands.?¥ Similarly, the compositions of the formerly Cr-
enriched and depleted regions have become intermixed in the
deformed pillar. The Cr concentration of the amorphous phase
is gradually increased (more red-colored zones) in the inter-
mediate transition region and assumes a maximum (highest
intensity red color) in the deformed pillar, Figure 4c. The statis-
tical concentration histograms of Cr, Fe, Co, and Ni are shown
in the Figure S6, Supporting Information, which confirms the
compositional changes in the amorphous and the crystalline
phases. The results suggest that the dislocations generated in
the crystalline phase drag Cr towards the crystal-glass interface
and then further into the amorphous phase which absorbs the
dislocations together with the dragged Cr.>*3%] Plastic flow of
the amorphous phase is enabled through its nanoscale size,*!4
and it becomes also a source for emitting fresh partial disloca-
tions into the adjacent nanograins.?! The partial dislocations

Adv. Mater. 2020, 32, 2002619 2002619 (5 of 7)
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move inside the nanograins and interact with the pre-existing
nanotwins and SFs, inducing twin boundary migration, leading
to the observed de-twinning mechanism (Figure 4e). Further-
more, the amorphous phase which undergoes plastic flow!>!4
has near ideal strength!" which prevents shear band formation.
This behavior effectively impedes instable deformation and pre-
vents load-driven grain growth. The dislocations flow through
the entire nanograins, causing their gradual subdivision. This
mechanism and the associated increase of the interface density
between the amorphous phase and the grains upon plastic defor-
mation create additional obstacles for dislocation motion, pro-
viding additional strain hardening. On the other hand, the twin
density in the deformed grains gradually decreases (Figure 4f)
due to mechanically-driven de-twinning. The average twin den-
sity is estimated to decrease from (1.0 £ 0.2) X 10° m™ to (5 £ 1)
x 108 m™! after 50% deformation. De-twinning processes usu-
ally result in strain softening.**! However, in the crystal-glass
high-entropy nanocomposite, strain hardening from the newly
formed amorphous phase/grain interfaces compensates the
softening associated with the de-twinning. The dissociation of
partial dislocations interacting with twin boundaries mitigates
stress concentration effects which would otherwise occur due
to dislocation pile-up. Dislocation dissociation thus reduces
these stress peaks and enhances ductility.”! One has to note
that it is difficult to directly locate partial dislocations inside
of the deformed nanograins (Figure 4f). This is due to the fact
that practically no obstacles exist inside the grain interiors so
that the dislocations instantaneously penetrate the crystal and
annihilate at the opposite interface during deformation. In fact,
nano-sized amorphous phase regions have been observed as
effective sinks for dislocations.?* The continuous generation,
movement, and annihilation of the partial dislocations does not
lead to formation of any pile-up configurations (Figure 4g), thus
promoting homogenous and compatible plastic deformation of
the crystal-glass nanocomposite.

In summary, a novel crystal-glass high-entropy nanocom-
posite was developed by combining a nanocrystalline HEA
phase with a nanoscale amorphous MG phase in one alloy con-
cept, taking advantages of both, the low stacking fault energy of
the HEA phase and the compliant nature of the MG phase at the
nanoscale. The concept was realized by doping the glass-forming
elements B and Si into a Cr-Fe—Co-Ni high-entropy base alloy
system. The nano-sized amorphous phase regions wrapping the
nanocolumnar grains containing high-density nanotwins leads
to a material with a high yield strength of 4.1 GPa (here probed
under compressive load). The high strength which approaches
the theoretical shear strength limit results from a synergistic
strengthening hierarchy including the duplex crystal-glass
structure, the interface-dislocation interactions, the nanoscopic
size scales of the crystalline and glassy building units and the
high-density nanotwins in the crystalline grains. The plastic
flow of the amorphous phase, the partial dislocation flow and
the deformation-induced refinement of the nanograins during
deformation result in a homogeneous plastic deformation above
45%. The findings illustrate the advantages associated with the
introduction of a new material class which merges concepts
from HEAs, MGs, and nanoscience. It is shown that this new
alloy- and nanostructure design approach does not only enable
ductile materials with near theoretical strength but can be tuned

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Plastic deformation mechanism of the crystal-glass high-entropy nanocomposite. a) Schematic indicating where APT and STEM probing were
conducted. b) 3D reconstruction of an APT dataset where some of the interfacial features are highlighted and revealed in terms of an iso-concentration
surface of Cr (10 at nm~3), showing three zones, namely, the heavily strained “deformed pillar”, the “transition part” (with bent columnar grains) and the
“base material” (with the straight columnar grains) regions. c) 2D contour plot in terms of the Cr concentration of a 2 nm-thick slice from (b), showing
Cr enriching in the “deformed pillar”. d) Cross-sectional LAADF-STEM image of a deformed pillar which has undergone =50% total plastic engineering
strain, together with the transition region and base material. The thickness of the transition region is about 80 nm, indicated by the dashed lines.
The thickness is similar to the same region that was in the APT dataset identified in terms of composition features in (b). e) Enlarged cross-sectional
LAADF-STEM image of a deformed nanograin in the transition region, indicated by the blue arrow in (d), showing twin boundary migration through the
motion of Shockley partial dislocations. The black and red lines indicate the atom packing sequence. f) Enlarged cross-sectional LAADF-STEM image
of a deformed nanograin in the deformed pillar, indicated by the red arrow in (d). The twin density of the nanograins has decreased to 5 x 108 m™
after deformation. The orange lines indicate the atom packing sequence. g) Illustration of the structure evolution during plastic deformation. Partial
dislocations (“L”) can be generated on the glass—grain (1 and 2) interfaces and then interact with nanotwins and SFs in the nanograins, inducing
de-twinning. Partial dislocations (“L”) can move inside the grain (3) and then be absorbed in the glass—grain interface (dislocation annihilation). The
red and blue spheres represent atoms that interact more or less with the dislocations, respectively. The dashed circles represent the original positions
of the atoms that interacted with dislocations. The dashed black and red lines represent the primary and secondary twin boundaries, respectively. The
black arrows denote the motion directions of the dislocations.

to also feature further interesting properties such as functional Acknow|ec|gements
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