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High-strength nanocrystalline intermetallics with room
temperature deformability enabled by nanometer

thick grain boundaries

Ruizhe Su’, Dajla Neffati?, Jachun Cho', Zhongxia Shang1, Yifan Zhang‘, Jie Ding1, Qiang Li",
Sichuang Xue', Haiyan Wang’, Yashashree Kulkarni? Xinghang Zhang'*

Although intermetallics are attractive for their high strength, many of them are often brittle at room tem-
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perature, thereby severely limiting their potential as structural materials. Here, we report on a previously unidentified
deformable nanocrystalline CoAl intermetallics with Co-rich thick grain boundaries (GBs). In situ micropillar
compression studies show that nanocrystalline CoAl with thick GBs exhibits ultrahigh yield strength, exceed-
ing 4.5 gigapascals. Unexpectedly, nanocrystalline CoAl intermetallics also show prominent work hardening to a
flow stress of 5.7 gigapascals up to 20% compressive strain. Transmission electron microscopy studies
show that deformation induces abundant dislocations inside CoAl grains with thick GBs, which accommodate
plastic deformation. Molecular dynamics simulations reveal that the Co-rich thick GBs play a vital role in
promoting nucleation of dislocations at the Co/CoAl interfaces, thereby enhancing the plasticity of the inter-
metallics. This study provides a perspective to promoting the plasticity of intermetallics via the introduction of

thick GBs.

INTRODUCTION

B2 ordered intermetallic compounds normally have high strength,
high melting point, low density, good thermal conductivity, and ex-
cellent oxidation resistance (I1-7). However, their extreme brittleness
at room temperature limits their applications as practical structural
materials. Most B2 intermetallic compounds (CoAl and NiAl) (8-13)
are intrinsically brittle due to the lack of independent slip systems.
Because of the high antiphase boundary (APB) energy, <111> type
dislocations, which enjoy 12 slip systems, are rarely observed at room
temperature. Instead, <100>/{010} slip with only three independent
slip systems dominates plastic deformation and does not meet Von Mises
criterion. Although FeAl intermetallics deform by activation
of <111>/{110} slip systems, they are often brittle at room tempera-
ture due to hydrogen embrittlement (14). A new family of materials,
IVa-VIII intermetallic compounds, including YAg, YCu, DyCu, and
CeAg, are known to sustain a tensile strain of more than 10% at room
temperature (15). However, their high-cost and low yield strength, 100
to 200 MPa, make them poor candidates as structural materials.

Extensive studies have been performed to improve the plasticity of
B2 intermetallics (NiAl, FeAl, and CoAl) with limited success. Some
of the classical approaches for NiAl are briefly summarized below.

1) Grain refinement. Nagpal and Baker (16) showed that room
temperature tensile strain improved slightly to 2.5% when the average
grain size decreased to 13 pm. The reduction in grain size increases
fracture strength more rapidly than yield strength and thus improves
tensile ductility.

2) Modifications of grain boundary chemistry. It was shown that
L1, NizAl single crystals are ductile, whereas polycrystal NizAl is
brittle due to poor grain boundary (GB) cohesive strength. The
addition of 0.1 weight % B can induce B segregation to the GB, thus
improving GB cohesive strength and in turn significantly improving
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tensile ductility at room temperatures (17, 18). However, George and
Liu (19) showed that modification of GB chemistry with B, C, and Be
is ineffective in alleviation of brittle fracture in NiAL

3) Multiphase composites. Extensive studies have been performed
to investigate the influence of second phases, such as metallic phase
(20-26), carbides and oxides (27) on deformability of NiAl

Compared with the well-studied B2 NiAl, CoAl intermetallic,
despite its higher strength and comparable melting point, has not
drawn much attention due to its worse ductility at room temperature.
CoAl alloys reported to date often have tens of micrometers grain size
and yield strength less than 2 GPa (28). Some efforts have aimed at im-
proving the ductility of CoAl intermetallics (28). The Co-rich CoAl
(such as Co7,Alyg) has shown slightly improved compressive strain
at room temperature (5). CoAINiTi alloys with B2 and L1, phases
appear to have a few percent tensile ductility (2). CoAlC with B2 and
E2, phase also has some tensile ductility at room temperature (I, 3, 29).
Although prior studies improved the room temperature plasticity in
certain cases, the mechanical strength of CoAl composite decreased
markedly to merely a few hundred megapascals at room tempera-
ture (29).

Here, we report on an ultrastrong and deformable nanocrystal-
line CoAl with Co-rich thick grain boundaries. In situ micropillar
compression studies inside a scanning electron microscope show that
CoAl intermetallic with Co-rich thick GBs has an ultrahigh yield
strength of ~4.5 GPa and sustains prominent work hardening to a
flow stress of ~5.7 GPa, one of the highest reported to date among B2
intermetallics. Such a combination of high strength and room tem-
perature compressive deformability rarely exists in intermetallics.
Microscopy analyses show high-density <100> and <111> type dis-
locations in CoAl with thick GBs. Molecular dynamics (MD) simu-
lations reveal that the stacking faults (SFs) in Co-rich thick GBs can
promote the nucleation of dislocations from the CoAl/Co inter-
faces and thus enhance the plasticity of CoAl intermetallics. The
discovery of thick-GB enabled high strength and plasticity may cre-
ate new opportunity to design strong and deformable intermetallics
for various industrial applications.
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MATERIALS AND METHODS

Experiments

Multilayers (2-um-thick Co 4 nm/Al 6 nm and Co 5 nm/Al 5 nm)
were sputter-deposited on SiO; substrates. The overall atomic com-
position of the two films was designed to be 50 atomic % (at %) Al,
50 at % Co (CospAlsg) and 60 at % Co, 40 at % Al (CogpAlyg), respec-
tively, tailored by adjusting the layer thickness ratio between Al and
Co layers. The base pressure of the sputter chamber was 4 x 10™° Pa,
and the deposition rates were 0.35 nm/s for Co and 0.5 nm/s for Al
The two multilayer films were annealed in a high vacuum furnace at
450°C for 1 hour forming nanocrystalline CoAl intermetallics. Bulk
CoAl intermetallic with stoichiometric composition was fabricated
by arc-melting the mixture of high purity Al (99.9%) and Co (99.9%)
under ultrahigh purity argon atmosphere using an Edmund Buhler
Arc Melter. X-ray diffraction (XRD) experiments were performed
by using a Bruker D8 Discovery X-ray powder diffractometer at
room temperature. Transmission electron microscopy (TEM) ex-
periments were performed on an FEI Talos 200X TEM operated
at 200 kV. In situ micropillar compression tests were performed
by using a Hysitron PI 88xR Picolndenter inside an FEI Quanta
3D field emission gun (FEG) dual-beam scanning electron micro-
scope (SEM). CoAl pillars with ~1 pm in diameter and ~2 pm
in height were fabricated using the same SEM equipped with
focused ion beam.

Nanocrystalline CogyAl;,

Simulations

MD simulations of compression were performed on two CoAl nano-
pillar specimens, one with a regular GB (CoAl) and another with an
hexagonal closely packed (HCP) Co layer (CoAl/Co) separating the
two grains. The CoAl pillar in B2 structure had a diameter of 12 nm
and a height of 24 nm, consisting of two grains of equal thickness
oriented along the [0I3] and [013] directions, respectively, and sepa-
rated by a low-energy 2.5 GB. The CoAl/Co pillar had a diameter of
13.5 nm and a height of 27 nm, consisting of two grains of equal
thickness of 12 nm oriented along the [0I3] and [013] directions,
respectively. The two grains were separated by a 3-nm-thick HCP
Co layer orientated along the [1210] direction.

Both pillars were subjected to conjugate gradient energy minimi-
zation, followed by equilibration at 300 K for 50 ps. Compression sim-
ulation was applied for 900 ps at a constant strain rate of 2 x 10%s™". All
simulations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (30), and the results were visualized using
Ovito (31). The Al-Co atomic interactions were described by the
embedded-atom method potential developed by Pun et al. (32).

RESULTS
XRD profiles of the annealed Co 4 nm/Al 6 nm nanolayers are
shown in fig. S1A. Various peaks typical for the polycrystalline CoAl

c

5nm"
i

Fig. 1. Microstructures of nanocrystalline CosoAlso and CogoAl4o. (A to D) TEM, STEM micrographs, and EDS maps of nanocrystalline CosoAlse. (A and B) TEM and STEM
micrographs show conventional (sharp) grain boundaries between CoAl nanograins. (C and D) EDS maps show homogeneously distributed Al (red) and Co (green)
elements. (E to L) TEM, HRTEM, STEM, and EDS maps of nanocrystalline CogoAlso. (E and F) Thicker grain boundaries (2 to 10 nm) were observed in TEM and STEM
micrographs. (G and H) EDS maps reveal Co segregation along grain boundaries. (I and J) SFs were observed in the Co-rich phase along grain boundaries. (K and L) HRTEM
of CoAl lattice along [100] zone axis. Interplanar spacing measured by HRTEM matches well with literature data for CoAl intermetallics.

Suetal., Sci. Adv. 2021; 7 : eabc8288 2 July 2021

20f8

1202 ‘6 1snbny uo /B10°Bewaousios saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

intermetallic were observed. Figure 1 shows the TEM micrographs and
Energy-dispersive X-ray spectroscopy (EDS) analyses of the nano-
crystalline CosgAlsg and CogoAly derived from the annealing of the
nanolayers. Low-magnification and scanning TEM (STEM) micrographs
of CospAlsg (Fig. 1, A and B) show equiaxed grains with an average
grain size of ~40 nm. The inserted selected area diffraction pattern
confirms the formation of B2 phase. EDS mapping (Fig. 1, C and D)
reveals a homogeneous distribution of Co and Al in nanocrystalline
CospAlsg, validating the formation of single-phase CoAl inter-
metallics. The CogpAlyg also has nanocrystalline grains with B2
phase (Fig. 1E). However, STEM micrographs (Fig. 1F) show the
formation of thick GBs, varying from 2 to 10 nm, with an average
GB thickness of ~5 nm. EDS maps (Fig. 1, G and H) reveal the segre-
gation of Co in thick GBs. High-resolution TEM (HRTEM)
micrographs in Fig. 1 (I and J) show typical CoAl nanograins sur-
rounded by Co-rich thick GBs with SFs, revealed by SFs strips in fast
Fourier transform (FFT) on GBs. HRTEM micrographs in Fig. 1 (Kand L)
confirm the formation of CoAl B2 phase (examined along CoAl
<100> zone axis) within the grains with conventional d-spacing for
the intermetallic phase.

The mechanical behaviors of nanocrystalline Cos¢Also and
CogoAly were investigated by nanoindentation (fig. S1B) and in situ
SEM pillar compression tests (Fig. 2). The annealing-induced nano-
crystalline CospAlsg and CogpAls have high hardness, ~15 and
14.6 GPa, respectively, representing one of the hardest intermetallics
reported in the literature. In situ compression tests of bulk (casted)
single crystal and bicrystal CoAl pillars were also performed for
references (Fig. 2 and fig. S2). All pillars have a diameter of 1 to
1.2 um and a height of 2 to 2.5 um. Multiple shear bands emerged
in the deformed single crystal CoAl (fig. S3), accompanied with inter-
mittent stress-drops on the stress-strain curves. A major shear band
was also observed in the deformed bicrystal CoAl. Postdeformation
TEM analysis (fig. S4) shows the shear band along the GBs (inter-
granular crack). Both experiments indicate the brittle nature of CoAl
lattice and GBs. Figure 2A compares the true stress-strain curves for
nanocrystalline CosoAlsg, CogoAlsg, and bulk bicrystal CosoAlsy
obtained at a constant strain rate (5 x 10°/s). Nanocrystalline
CosgAlsg pillars show ultrahigh yield strength, more than 6 GPa, but
a crack nucleated at ~11% strain (Fig. 2, D to F), accompanied with
a substantial stress drop. Nanocrystalline CogoAlyy with thick GBs
has a yield strength of ~4.5 GPa with a prominent work hardening
to 5.8 GPa. Instead of forming cracks, the CogoAly exhibited a
uniform deformation up to ~20% strain with a slight bulging near the
pillar top (Fig. 2, H to J). No shear bands or cracks were observed.
See movies S1 and S2 for more details.

Figure 2B compares the fracture stress versus €,y (strain where
unstable plastic deformation happens, indicated by the formation of
shear bands or cracks) for various CoAl, NiAl, and FeAl intermetallics
(5, 33-38). Nanocrystalline CospAlsy and CogpAlyg in our study show
much higher fracture stress and good deformability compared to
prior studies. The &, of nanocrystalline CogyAly reaches an impressive
20%. Figure S5 shows good reproducibility of mechanical tests on
CospAlsg and CogoAlyg intermetallic pillars.

DISCUSSION

GBs with a thickness of 1 to 2 nm have been observed in few poly-
crystalline metallic and ceramic materials, often referred to as GB
complexions (39-43). The thickness of GBs reported in our study is
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Fig. 2. In situ micropillar compression studies of the three types of CoAl pillars.
(A) True stress-strain curve of nanocrystalline CosoAlso, CogoAlag, and bulk bicrystal
CospAlsg measured by in situ SEM pillar compression tests. Nanocrystalline CosoAlsg
had the higher strength but a large stress drop was observed at 10 to 15% strain.
Nanocrystalline CogoAlso had a very high yield strength (4.5 GPa) and work hardened
significantly to a flow stress of 5.7 GPa. Bulk bicrystal CosoAlsg had the flow stress at
~2.5 GPa. (B) Comparison of fracture stress and fracture strain between B2 inter-
metallic alloys (5, 33-38). (C to F) SEM snapshots of nanocrystalline CosgAlsg show a
major shear crack formed during compression, corresponding to the prominent
stress drop in the stress-strain curve. (G to J) SEM snapshots of nanocrystalline
CogoAlsg show that the pillar top experienced bulging during plastic deformation,
and no cracks or shear bands were observed (see movies S1 and S2 for details). (K to
N) SEM snapshots of bulk bicrystal CosoAlsg show the formation of one single shear
band during deformation.

greater than those reported previously. Furthermore, the influence
of GB complexion on mechanical behavior of materials is largely un-
known. Recently, Ding et al (44) reported that Mo segregation leads
to thick GBs in Ni-based alloys, and the thick GBs can improve the
mechanical strength of Ni alloys because they can effectively block
the transmission of dislocations. Furthermore, thick GBs appear
to improve the thermal stability of nanocrystalline metals (43, 45).
Nanocrystalline MgCu, with amorphous shell prepared by magnetron
sputtering shows ultrahigh strength (39). But there is little study on
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the influence of thick GBs on plasticity of nanocrystalline metals or
intermetallics.

Compared with coarse-grained CoAl intermetallics (Fig. 2B)
(5, 33-38), grain refinement substantially boosted the yield strength
of nanocrystalline CosoAlsy to more than 6 GPa, but shear bands re-
main prominent during compression tests (fig. S5). Compared with
the compression behaviors of other B2 intermetallics, nanocrys-
talline CogpAlyg has an ultrahigh flow stress while still exhibiting a
giant uniform compressive strain up to 20% (Fig. 2B). Furthermore,
nanocrystalline CogpAly and CospAlsy exhibit superior me-
chanical properties, as illustrated by the Ashby map of specific
strength versus specific elastic modulus (fig. S6.). To understand the
mechanical properties of nanocrystalline CoAl and reveal the
underlying deformation mechanisms of CogoAly, systematic post-
deformation TEM analyses were performed. A large shear crack was
observed in the deformed CospAls pillar, as revealed by the TEM
and STEM micrographs (Fig. 3, A and B). In contrast, no cracks or
shear bands were detected in CoggAly pillar deformed to a strain of
20% (Fig. 3E), consistent with the SEM snapshots showing uniform
deformation of the pillar (Fig. 2, G to I). High-density SFs are ob-
served inside the Co-rich GB in the deformed CogpAlyg (Fig. 3F).
These SFs may arrive from the migration of Shockley partial dis-
locations (46-50). The migration of partials in Co-rich thick GBs
may carry a small amount of plasticity but cannot explain the 20%
giant uniform deformation of the entire CogAlyg pillar.

The deformed CospAlsp and CogpAly pillars were analyzed by
ASTAR automated crystal orientation mapping inside the TEM mi-
croscope. Two boxes were selected in the less deformed pillar bottom,
defined as region 1, and in the plastically deformed pillar top, defined
as region 2. In the deformed CosoAlsg (Fig. 3, C and D), grains in
region 2 (containing a shear crack) were reorientated and elongated
along the shear direction (Fig. 3C). Grain size distribution analysis
also reveals the grain coarsening (from 40 to 65 nm) in the deformed

200 nm

area in CospAls pillar (Fig. 3D). In nanocrystalline materials, dislo-
cation nucleation and pile-ups become increasingly difficult with the
reduction of grain sizes (51-53). Correspondingly, GB sliding or
grain rotation is frequently observed and dominates the plastic de-
formation (54-57). In nanocrystalline CosoAlsg, GB sliding and grain
reorientation may dominate the plastic deformation. Furthermore,
in the shear crack region 2, severely elongated grains due to stress-
induced grain coarsening were observed. The aspect ratio of these
elongated grains is shown in fig. S7.

In contrast, shear bands or cracks were not observed in the de-
formed nanocrystalline CogoAlyg (Fig. 3, E to H). Grains in the large-
ly deformed region 2 in the CogoAlyg pillar were mostly elongated
along the lateral direction, in contrast to the elongation of grains
primarily along the shear crack direction in region 2 of the nano-
crystalline CospAls pillar. These observations imply that the plastic
deformation in CogpAlyg is more uniformly accommodated by the
deformable CoAl nanograins. So why would the deformability of
nanograins be so different in CospAlsy and CogoAls? To answer
this question, systematic HRTEM analyses together with MD simu-
lations were performed.

HRTEM analyses of the deformed grains show prominently dif-
ferent distribution of dislocations in Cos¢Alsy and CogpAlyy samples.
To better identify the types of dislocations in deformed grains, we
tilted several grains along the [110] zone axis (as shown in Fig. 4 and
fig. S8). By using FFT, the filtered HRTEM micrographs in Fig. 4
(B and C) reveal that the deformed Cos¢Alsp nanograins contain few
scattered [111] type and [100] type dislocations, indicating less dis-
location activities and poor intragranular plasticity. However, in the
deformed CogoAlyp grains, the densities of both [111] type and [100]
type dislocations are much higher (Fig. 4, E and F). This comparison
supports our hypothesis that the intragranular dislocation activities
in CogoAlyy were much more intensive during compression, thus
accommodating significant plastic strain. We also compared the

[ Region 1
[ Region 2|

[ Region 1
] Region 2

40 60 80 100
Grain size (nm)

Fig. 3. Post deformation TEM analysis on nanocrystalline CosoAlso and CogoAls deformed to ~20% of strain. (A and B) TEM micrographs show a major intra-
granular shear crack in the deformed nanocrystalline CosAlsg pillar. (C) Inverse pole figure (IPF) of the deformed pillar (obtained from ASTAR automated crystal orientation
map). A less deformed region 1 and shear band dominated region 2 are outlined in boxes. (D) Statistics shows that the average grain size in region 2 is 65 nm, greater than
that in region 1, 40 nm. (E) No shear bands or cracks were observed in the deformed nanocrystalline CogoAlsg pillar. (F) HRTEM micrograph showing high-density SFs in Co
along grain boundaries. (G) IPF of the deformed pillar. Two regions, regions 1 and 2, were selected for further analysis. (H) The average grain sizes in the two regions are

similar, ~40 nm. Grains in region 2 elongated slightly after deformation.
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Nanocrystalline Cos,Als,

[111] type dislocations

[100] type dislocat
C 7

Fig. 4. Dislocations in the deformed nanocrystalline Cos¢Also and CogoAls pillars. (A) HRTEM micrograph of the deformed nanocrystalline CosgAlsg showing a grain
examined along [110] zone axis. (B and C) Filtered TEM micrographs show few scattered [111] and [100] type of dislocations. (D) HRTEM micrograph of the deformed
nanocrystalline CogoAlsg grain examined along [110] zone axis. (E and F) The inverse fast Fourier transform (IFFT) of the HRTEM micrograph showing high density of [100]

and [111] type of dislocations.

dislocation density of CogoAlyy before and after deformation, as
shown in fig. S9. In the deformed CogAly, the densities of both
[100] and [111] dislocations are much higher than those in as-annealed
CogoAlyg, confirming that high-density dislocations observed in the
deformed CogoAly are formed during deformation.

The next question is why are there much more dislocations in the
deformed CogoAlyg pillars than in the CosoAlsg pillars? Since both
samples have equiaxed CoAl grains with similar grain size, we spec-
ulate that the drastically different dislocation density is related to the
Co-rich thick GBs in the CogyAlyg. Therefore, we performed MD
simulations of nanopillar compression to investigate the detailed dis-
location nucleation mechanisms in CoAl. Because of the limitation
of the spatiotemporal scale of MD simulations, it is computationally
prohibitive to mimic the compression of the actual polycrystalline
CoAl at experimental size and strain rates. Hence, we focused on iden-
tifying deformation mechanisms that can arise from different in-
terfaces. Specifically, we considered two CoAl nanopillars, one with
aregular 25 GB (Fig. 5B), denoted as the CoAl sample, and another
with a 3-nm-thick Co layer (mimicking the thick GB observed ex-
perimentally), denoted as the CoAl/Co sample (Fig. 5C). MD simu-
lations show that the CoAl pillar with regular GB has a higher yield
strength compared with the CoAl/Co pillar (Fig. 5A). Before yielding,
no dislocations were observed in the CoAl nanopillar, except for the
GB dislocations (Fig. 5D). At the yield point (Fig. 5E), two 45° slip
bands nucleated in the upper and lower grains and propagated through
the GB, leading to a substantial stress drop (see movie S3 for more
details). Consequently, intragranular fracture induced by slip band
propagation dominates the plastic deformation (Fig. 5F). The for-
mation of slip bands/cracks is similar to those observed during in situ
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micropillar compression tests (Figs. 2F and 3A). Similar mechanical
response was also observed in nanopillars with 313 and 17 GBs (fig.
$10). These simulations suggest that regular GBs in CoAl cannot pro-
mote dislocation nucleation, and plasticity is mainly accommodated
by shear band propagation.

In contrast, the dislocation activity in the CoAl/Co sample is
markedly different. First, high-density inclined SFs were formed in
the HCP Co layer (Fig. 5G), in good agreement with our experimen-
tal observations (Fig. 3F). Right before yielding, dislocations nucle-
ated at the CoAl/Co interface and aligned along the SF habit planes
(Fig. 5, G and H). At the yield point, %[111] dislocations (green lines)
and [100] dislocations (red lines) nucleated from the CoAl/Co in-
terfaces started to propagate into the CoAl grains (Fig. 5I). During
subsequent plastic deformation, instead of forming shear cracks as
observed in the CoAl pillar (Figs. 5F and 6A), bulging at the center
of the bottom grain in the CoAl/Co pillar became apparent (Fig. 6B),
indicating good plasticity under compression. Dislocation analyses
show that [100] dislocations nucleated from the CoAl/Co interface
propagate downward through the bottom grain (see Fig. 5, ] to M,
and movie S4 in detail). ¥2[111] dislocations cannot propagate over a
long distance due to the high APB energy barrier. Instead, they reacted
with each other and form [110] and [100] dislocations (see Fig. 5,
N to Q, and movie S4 in detail), which can keep gliding across the
grain and accommodate plasticity.

When comparing between the deformed CoAl and CoAl/Co nano-
pillars, an apparent difference is their dislocation densities. A statis-
tical study (Fig. 6) compares the densities and distributions of both
[100] and ¥%[111] dislocations in the two nanopillars at 13.5% strain
(GB dislocations and dislocations in the Co layer are not counted).
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Fig. 5. MD simulations of the CoAl and CoAl/Co nanopillar. (A) True stress-strain
curves reveal that CoAl nanopillar has a high flow stress but experiences a sharp
stress drop. In comparison, CoAl with Co layer has work hardening without promi-
nent stress drops. (B and C) Initial configuration of CoAl pillars with 5 GB (B) and
thick Co layer (C). Atoms are color coded using common-neighbor analysis, where
blue, orange, purple, and white denote Body-centred cubic (BCC), face-centred cubic
(FCC), HCP, and unidentified structures, respectively. Green, red, blue, and black
lines represent 2[111] superpartial dislocations, [100], [110], and other dislocations,
respectively, identified using dislocation analysis in OVITO. (D to F) Atomic struc-
ture (left) and dislocation analysis (right) of CoAl pillar with regular GBs. (D)
Dislocations are entangled in regular GB region. (E) Shear band formation
leads to the major stress drop shown in Fig. 5A. Dislocations are only observed at
the GB and shear band. (F) Plasticity is accommodated by shear band propaga-
tion. Few mobile dislocations were observed away from the shear band and GB
region. (G and H) Corresponding atomic structure (left) and dislocation analysis
(right) of CoAl pillar with thick Co-rich GB. The Co layer contains inclined SFs.
(G and H) Right before yielding, dislocations start to nucleate at the CoAl/Co interface
along the direction of SFs in Co. (I) Y2[111] dislocations propagate into CoAl grains
and lead to yielding. In the CoAl/Co pillar, (J to M) [100] dislocations can propa-
gate through the entire bottom grain. (N to Q) %2 [111] dislocations react with
each other to form [110] and [100] dislocations. (See movies S3 and S4 for details).

The total lengths of both types of dislocations in the CoAl/Co sam-
pleare much higher than those in the CoAl sample (Fig. 6, Cand D),
especially the }2[111] super partial dislocations. It is worth mention-
ing that the dislocations in the CoAl/Co sample are mobile and
homogeneously distributed in the bottom grain, whereas those in
the CoAl sample are mostly accumulated along the slip band
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Fig. 6. Dislocation analysis of CoAl pillar and CoAl/Co pillar. (A and B) Atomic
structure (left) and dislocation analysis (right) of (A) CoAl pillar and (B) CoAl/Co
pillar, respectively, at 13.5% true strain. (C and D) Comparison of total length of
(C) [100] and (D) ¥2[111] dislocations in the CoAl pillar and the CoAl/Co pillar at differ-
ent strain. With the existence of the thick Co layer, the densities of both dislocations
increase more rapidly than those in the CoAl pillar.

and immobile (similar phenomenon is also observed in CoAl with
213 and Y17 GBs as shown in fig. S10). Thus, the mobile disloca-
tions that propagated into the grains can accommodate plasticity
and prevent brittle shear fracture of the CoAl with Co thick GBs.

The MD simulation results match well with our experimental ob-
servations. The ultrafine grain size and high APB energy prohibit the
nucleation of dislocations in nanocrystalline stoichiometric CosAlsg
intermetallics with regular GB. Both experiments and MD simulations
show that CoAl samples deform by brittle shear fracture. However,
the existence of Co-rich thick GBs (manifested as a Co layer in the MD
simulation) can substantially promote the nucleation of dislocations.
MD simulation reveals that at the early stage of deformation, dislo-
cations nucleated at the CoAl/Co interface align well with the SFs in
Co (Fig. 5G). In general, SFs are bound by two Shockley partial dis-
locations. Thus, the dislocations in CoAl could originate from the
interaction between those Shockley partials and the CoAl/Co inter-
face. There is another possibility that the Shockley partials near the
interface increase the local stress, promoting dislocation nucleation.
More experiments and simulation studies are needed to understand
the role of thick GB and SFs in promoting dislocation nucleation in
intermetallics.

We report on an ultrahigh strength, room temperature deform-
able nanocrystalline CoAl intermetallics (CogpAlyg) with thick GBs
fabricated by annealing Al/Co nanolaminates. Nanocrystalline struc-
ture and Co-rich thick GBs provide CogpAlyy with simultaneous high
strength and room temperature plasticity, as revealed by in situ SEM
compression tests. Postdeformation TEM analyses show that the dis-
location density in CogoAlyg with thick GBs is much greater than that
in conventional CosgAlsq. MD simulations elucidate that both [100]
and }4[111] dislocations nucleate from CoAl/Co interface during de-
formation and propagate through the CoAl grains to accommodate
plasticity. Dislocation nucleation at the CoAl/Co interface is
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intimately connected to the presence of SFs in the Co-rich thick
GBs, an intriguing phenomenon that warrants further investigation.
The current study provides a fresh perspective to enhance room
temperature plasticity in intermetallics.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabc8288/DC1
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