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Ceramic materials are usually hard but brittle, and it is challenging to achieve a

simultaneous enhancement of strength and plasticity using conventional
strengthening methods. In ceramic materials with similar atomic size and
properties, the fabrication of nanotwins is a promising approach to enhance
the plasticity, but it is unknown whether the strategy works for transition metal
nitrides. Herein, nanotwinned CrN (NT-CrN) with a twin density of 9.0 x 10°m*
and twin-containing grain volume fraction of about 52 % is prepared by
adjusting the ion kinetic energy during growth. Owing to the twin boundaries,
NT-CrN exhibits high hardness (>36 GPa) and enhanced room-temperature
plasticity at the same time. Compression deformation of over 40% without
brittle failure is achieved. The enhanced room-temperature plasticity is
attributed to the distributions of nanotwin boundaries (nano-TB) which allow
special slipping by twisting the polyhedron constructed by nano-TB without
bond breakage. The accompanying twin proliferation and fusion subsequently
dissipate the energy to enhance the plasticity.

Ceramic materials characterized by high strength, high hardness, and
high-temperature resistance are essential for a wide range of industrial
and scientific applications'. However, compared to metals, ceramics
often exhibit greater brittleness, which induces catastrophic fracture
under even slight deformation’. Therefore, enhancing the deform-
ability and suppressing the initiation and propagation of cracks are
paramount challenges to ceramic materials®>. Studies on the
improvement of ceramics toughness have mainly focused on second-
phase toughening (particles®, whiskers’, composite phases’, etc.) and
nanostructure toughening (nanolayers®, nanocrystalline/amorphous
composites®). Recently, some in-situ prepared microstructural defects
such as dislocations®’ and nanotwins'"! have been shown to improve
the toughness of ceramics, for example, high-density nanotwinned
cubic boron nitride and diamond with toughness exceeding 12 MPa m'?
and 9.7-14.8 MPa m"?, respectively, which are comparable to those of
cemented carbide'*". Furthermore, deformation behaviors in ceramics
have also been reported by designing some special structures. For

example, a tensile deformation of over 40% has been achieved in Mo/
La,05 using the borrowing-dislocations strategy’?; 14% compressive
strain can be achieved by introducing a twisted laminated structure in
boron nitride®™; and 20% compressive plastic deformation is observed
from double-phase Si;N4 due to a mechanism involving covalent bond
breaking-rotation-rebonding at the coherent interfaces. Therefore,
ceramic materials can resist the applied loads through plastic defor-
mation at room temperature similar to metals®. Simulations also indi-
cate that introducing nanoscale defects into ceramics can reduce the
energy threshold of dislocation slipping, thereby suggesting the
potential to achieve room-temperature plasticity. In fact, nanotwins
have been demonstrated to facilitate dislocation slipping in the
deformation processes of metals, alloys, and covalent-bond ceramics
with similar atomic size and properties’®". However, with regard to
transition metal oxide/carbide/nitride ceramic materials (TMO/TMC/
TMN), which have larger differences in the atomic size and properties
but are used more broadly in the industry, the effects of high-density
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nanotwins are unknown. Moreover, all previously reported ceramics
exhibiting plasticity are wide-bandgap semiconductors or insulators,
with no instances reported in conductive ceramics.

In this work, combining high power impulse magnetron sputter-
ing (HiPIMS) and electromagnetic screening technology, anion source
with nearly 100% ionization and controllable ion energy has been
developed (see supplementary Fig. 1)'%. By producing discharges from
a Cr target in a mixed atmosphere of nitrogen and argon, a chromium
ion beam with an energy of about 100eV is used to deposit CrN
coatings. The highly energetic ions produce strain to promote
nucleation of nanotwins and NT-CrN with a high nanotwin density of
9.0 x10®m™ and twin-containing grain volume fraction of about 52 %
has been fabricated. The abundance of nanotwins and other poly-
morphic nanostructures produce structural responses during defor-
mation resulting in a yield strength of 32 GPa. The proliferation and

movement of nanotwin boundaries occurring between the Cr and N
lattice positions activate dislocation slipping and allow for compres-
sive deformation exceeding 40% without brittle fracture in room-
temperature.

Results

The CrN coating has the typical face-centered cubic (FCC) structure
with a preferred (200) orientation (Supplementary Fig. 2). Calculations
based on the Scherrer equation reveal a grain size of approximately
30.7 nm, which aligns with the statistical data (32 nm) obtained from
the TEM images (Supplementary Fig. 3). The EDS results show the ratio
of Cr to N is nearly 1:1(Supplementary Fig. 4). The electrical resistivity is
about 3.3x10*Qcm which is closed to the metals as displayed in
Supplementary Table 1. Figure 1 shows the typical microstructure of
the NT-CrN. Three-dimensional reconstruction based on the surface
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Fig. 1| Typical microstructures of CrN by bright-field transmission electron
microscopy (TEM). a Three-dimensional TEM reconstruction with the grain fea-
tures within the plane (x-y plane) showing distinct brightness contrast and the
cross-section showing the columnar characteristic. b High-resolution TEM (HR-
TEM) image of the dark-contrast region (I) within the plane with the corresponding
Fast Fourier Transform (FFT) in (c). The red and white solid lines indicate the twin
boundary (TB) and crystal plane, respectively. In the FFT, the red, white, and blue
dashed lines indicate different directions of diffraction spots, and the yellow
hexagon along with white and red arrows indicates the presence of different moiré

fringes. d HR-TEM image of the dark-contrast region (lll) in the cross-section with
the corresponding FFT shown in the inset. The red and black rectangles in the FFT
indicate the presence of diffraction moiré fringes. The zones in the white circles
display stacking faults. e HR-TEM image of the bright-contrast region (II) within the
plane with the corresponding FFT in the inset. f HR-TEM image of the bright-
contrast region (IV) in the cross-section with the corresponding FFT shown in the
inset. There are numerous nanoscale twins in the dark-contrast regions (with TBs,
marked by red solid lines and crystal planes by white solid lines), while high-density
dislocations are present in the bright-contrast regions (indicated by white letter T).
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(x-y plane) and cross-section (x(y)-z plane) TEM images reveals a
smooth and dense surface and cross-section. The grains in the coating
are closely packed with no noticeable pores, and mutual compression
between grains gives rise to irregular grain boundaries (Fig. 1a). There
are regions with distinct bright and dark contrasts. High-resolution
TEM (HR-TEM) shows darker areas on the surface (Region I) with a
multitude of atomic structures with mirror-symmetrical distributions
of grains indicative of twin boundaries (TBs)". The TBs appear straight
with sizes ranging from a few to several tens of nanometers (Fig. 1b).
The electron diffraction lattice obtained by Fast Fourier Transform
(FFT) shows (Fig. 1c) multiple diffraction spots from different direc-
tions as well as symmetrical spot-sets in the same direction. It can be
inferred that the diffraction spots in the symmetric axis correspond to
mirror symmetry planes, namely TB. According to Bragg’s equation,
the TB in this region can be determined to be the (111) plane with the
crystallographic axis of <110 >. Similarly, in the dark-contrast area in
the cross-section (Region IlI), there are high-density nanotwin struc-
tures (Fig. 1d) and between twins, some irregular atomic arrangements
with partially continuous and blurred features in the corresponding
FFT appear in a smaller size scale, indicating the presence of even
smaller lattice defects such as dislocations and stacking faults (SFs)
(Fig. 1d inset)’*?. Both the bright-contrast areas in the surface and
cross-section (Regions Il and IV) do not exhibit apparent twin char-
acteristics, but dislocation structures are observed (Fig. 1le, f). The
images obtained by inverse fast Fourier transform (Supplementary
Fig. 5) also confirm the existence of dislocations. According to the
diffraction characteristics, twins in FCC are observed only along
{111} <110 >, while undetectable along other directions®. With the
exception of {111}, the FFT diffraction spots corresponding to the
bright-contrast region reveal the presence of multiple high-index
crystal planes (such as {242} and {020} planes) with the crystal-
lographic axes being <321> and <100 >, respectively. Therefore, the
existence of twinning is probable in this region, but cannot be
observed along this specific direction. This phenomenon can also be
illustrated through 3D reconstruction image. In the context of 3D
reconstruction image, the intersection of two planes corresponds to
the same grain, but the contrast varies between the planes. On the
black-contrast plane, the twin structure is clearly visible, whereas on
the bright-contrast plane, it often appears as dislocations. This
observation confirms that twin structures are only observable along
specific orientations.

A statistical analysis (Supplementary Fig. 6) is conducted on the
widths and quantities of 634 twins (excluding SF) randomly selected
from 69 grains observed by high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). The twin thickness
varies from one to several nanometers, with approximately 43% of
twins in the range of 2-4 nm. The average twin size is about 3.8 nm, and
each grain on average contains 9.2 twins (Supplementary Fig. 6b). The
twin density is approximately 9.0 x 108m?, calculated from both the
dark and bright regions. Additionally, the volume fraction of twin-
containing grains is also calculated by randomly selecting 200 grains,
which is about 52%, comparable to that of nano-twinned Cu**'. Gen-
erally, achieving a high density of nanotwins in ceramics is particularly
challenging due to their high stacking fault energy?*. Energy regula-
tion is crucial for overcoming the energy barrier and inducing twin
formation®”; however, excessive energy can lead to twin annihilation®,
Thus, precise control of particle energy is essential to achieve a high
density of twins. In conventional PVD techniques, the ionization of the
plasma is typically around 10%, while advanced methods like arc ion
plating or HiPIMS achieve 70%-90% ionization®’. Additionally, the
energy of the atoms in these techniques usually does not exceed 30
eV*° and it cannot be adjusted through bias control”, making precise
ion energy control difficult. In this study, we combined HiPIMS with
electromagnetic screening technology (Supplementary Fig. 1), ensur-
ing that all Cr particles generated from the Cr target discharges are

ions. These ions were uniformly accelerated to approximately 100 eV
using a bias of 100 V. This homogeneous ion energy effectively
overcomes the energy barrier for twin formation, enabling the gen-
eration of high-density nanotwins.

The twin structures were further observed by HR-TEM and
HAADF-STEM (Fig. 2). Different from metals/alloys with similar ele-
mental or atomic sizes”, the TBs in CrN are observed from two dif-
ferent locations along the Cr-{111} and N-{111} axes, denoted as Cr-TB
and N-TB, respectively. According to the schematic diagram of the Cr-
TB and N-TB twin boundaries (Supplementary Fig. 7), the twin
boundaries shown in Fig. 2b are centered at Cr-{111} axes, which cor-
responds to Cr-TB. Meanwhile, the TBs depicted in Fig. 2c are located
between two Cr-{111} axes and should be N-TB. The Helmholtz free
energies of Cr-TB and N-TB are -10.342 and -10.400 eV/atom (Sup-
plementary Fig. 7), respectively, with a minimal difference of 0.6%.
Consequently, under sufficiently high energy conditions, both types of
twins can grow and coexist in the coating. In addition to nanotwins,
some single atomic layer mirror-symmetric structures (Fig. 2d) and
large twins with dimensions ranging from 8 to 18 nm (Fig. 2e) are
observed. The former exhibits elongated diffraction spots in the cor-
responding FFT, indicative of a precursor to twinning (Fig. 2d)*, while
the latter, in the case of twins, involves an expanded TB rather than a
single atomic layer. The corresponding FFT reveals diffraction spots at
1/3 and 2/3{111} in the diffraction symmetry axis. HR-TEM shows the
extended TB (Fig. 2f), demonstrating a distinct periodic structural
feature, namely, SF occurring at every three {111} planes (indicated by
white arrows). This characteristic aligns with the typical features of the
9 R phase®*, suggesting that the extended region is composed of the
9R phase.

The nanohardness of NT-CrN determined by nanoindentation is
remarkably high (approximately 36 GPa) compared to single-crystal
CrN (22.5£1.0 GPa), polycrystalline CrN (16-24 GPa), and nanocrystal-
line CrN (24-28 GPa) as displayed in Supplementary Fig. 8. At the same
time, the elastic modulus of NT-CrN is only 319.0 GPa, and H/E and H*/
E? are 0.112 and 0.458, respectively, indicating concurrent toughness
(Supplementary Fig. 8). Several micro-pillars are dug out from the NT-
CrN coating by focused ion beam (FIB) techniques for the compression
experiments. To prevent bending during compression, the ratio of the
pillar height to diameter is set to be between 2 and 3*. The top dia-
meter of the pillars is 300 nm and the initial height is 700 + 60 nm. The
compression distances are 10%, 20%, 30%, and 40% of the pillar height.
The morphologies and stress-strain curves are displayed in Fig. 3a and
Supplementary Fig. 9, respectively. Upon application of the load, the
micro-pillars are gradually compressed from the top. Due to the con-
ical shape of the pillar, no significant upsetting occurs when com-
pression is less than 20%. As compression increases beyond 30%,
evident upsetting occurs as manifested by a flattened pillar top, and
the cross-sectional area of the flattened top increases with compres-
sion. The NT-CrN micro-pillar does not undergo brittle fracture during
deformation like traditional ceramics but instead, it exhibits plastic
deformation similar to metals at room temperature. However, in
contrast to metals where deformation often manifests as overall pillar
upsetting, the NT-CrN micro-pillar only shows top upsetting. The
engineering stress-strain curve corresponding to the compression
experiment is depicted in Fig. 3b. For strain less than 6%, stress
increases linearly with strain, indicating elastic deformation, and the
elastic limit is 10 GPa. When strain is larger than 6%, stress increases
nonlinearly signifying plastic deformation. Therefore, the yield
strength is approximately 10 GPa at the strain of 6%. Stress reaches a
failure value of approximately 32 GPa at strain of 41%, following by a
gradual decline until unloading commences at strain of 44.3%. After
unloading, a certain degree of elastic recovery takes place and defor-
mation stabilizes at approximately 37.3%. Compression is also con-
ducted on more pillars with diameters of 400 nm and 500 nm and the
strain and ultimate strength are 38%, 34%, and 33 GPa, 31GPa,
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Fig. 2 | Twin structures in the CrN. a Typical twin structure with twin boundaries
(TBs) marked by red solid lines and crystal planes by white solid lines. The inset
shows the corresponding Fast Fourier Transform (FFT). b, ¢ Are TBs with Cr-{111}
(Cr-TB) and N-{111} (N-TB) as interfaces observed by HAADF-STEM, respectively.
Based on the actual structure of CrN, the distribution of Cr and N atoms is shown in
the inset of Fig. 2b (yellow markers for Cr and gray markers for N, located between
Cr atoms). Therefore, the twin boundary (TB) shown in Fig. 2c is considered to be
between the Cr-{111} planes, and it is assumed to be in the N-{111} planes. d Stacking

Q) / (c)

N\

(

fault (SF) is indicated by white arrows, which can also be considered as a twin with a
single atomic layer thickness. e Twin with a large thickness, where the TB is the
region between the red solid lines indicated by white double arrows. The inset
shows the corresponding FFT, and the red arrows indicate the presence of 1/3 and
2/3{111} diffraction spots in the diffraction axis. f Extended TB shown in (e), where

there is one SF between every three {111} planes, i.e., the 9 R phase, indicated by
white arrows.

respectively (Supplementary Fig. 10), thus showing similar strength
and plastic deformation capability.

Transforming the engineering stress-strain curve into the true
stress-strain curve and strain strengthening rate reveals similar trends.
Similar to the engineering stress-strain curve, the true stress exhibits
linear increase at strain below 6%. Beyond 6% and up to 39% strain, the
true stress shows nonlinear increase, followed by a gradual decline
thereafter. The strain strengthening rate is positive at strain below 39%
and becomes negative beyond 39%. The micro-pillars exhibit con-
tinuous strain strengthening throughout strain below 39%. The sus-
tained strain strengthening in NT-CrN not only shows the plastic
deformation capability exceeding 40%, but also failure strength
exceeds 32 GPa.

Generally, metals exhibit greater ductility, but stress is typically
less than 5 GPa, displaying characteristics of low strength and high
ductility (Fig. 3c and Supplementary Table 2). In contrast, the ulti-
mate strength of ceramic materials (TMC, TMB, TMN, TMO) is typi-
cally between 5 and 20 GPa with strain below 10%. Recently reported
nanocrystalline diamond and c-BN materials have stress up to
170 GPa with strain exceeding 12%***, which still exhibit character-
istics of high strength and low ductility as ceramic materials. High
strength and deformation capability have been reported for single
crystals of TaC, ZrC, and ZrO, under compression along specific slip
systems***%, For polycrystalline TaCN, while good deformation cap-
ability has been observed during micropillar compression, brittle
fracture remains predominant, and their toughness is still char-
acteristic of ceramic materials®. In this study, by introducing high-
density twins during sample growth, we successfully achieved room-
temperature plastic deformation and recorded the highest strength

for nanotwinned CrN. The toughness of NT-CrN was also assessed by
indentation testing*®, as shown in Supplementary Fig. 11. In tradi-
tional CrN ceramic thin films, significant crack propagation typically
occurs under loads less than 100 mN**2, However, no cracks were
observed at the apex of the indentation, indicating much better
toughness. The amalgamation of high strength and high deform-
ability in NT-CrN undoubtedly holds significant potential for engi-
neering applications.

To investigate the continuous strengthening mechanism, the
microstructures corresponding to points A, B, C, and D (In Fig. 3b) are
shown in Supplementary Fig. 12. With increasing strain, NT-CrN initially
exhibits stacking faults around the twin boundaries (Point A, Supple-
mentary Fig. 12a), which are primarily attributed to the nucleation and
glide of partial dislocations'. The twin boundaries act as effective
barriers to dislocation motion, thereby contributing to early-stage
strengthening®. As the applied load increases further, the twin width
decreases and the structure gradually evolves into one characterized
by a high density of stacking faults with diversified orientations (Point
B, Supplementary Fig. 12b). Huang Y. et al.** have reported that an
increase in stacking fault density leads to enhanced material strength;
accordingly, the increased stacking fault density at Point B results in
further strengthening. With additional strain, the stacking fault density
starts to decline while a significant number of dislocations accumulate
near the grain boundaries (Point C, Supplementary Fig. 12c). Upon
further deformation, the intragranular stacking faults gradually dis-
appear and dislocation pile-ups form at the grain boundaries (Point D,
Supplementary Fig. 12d), which could further contribute to material
strengthening by generating localized stress concentrations®.
Although these microstructural evolutions continuously enhance the
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Fig. 3 | Mechanical properties of nano-twinned CrN (NT-CrN). a SEM images of
NT-CrN micro-pillars before and after compression. The micro-pillar top diameter
is 300 nm, height is 700 + 60 nm, and cone angle is approximately 7.5°. The strain
values correspond to 10%, 20%, 30%, and 40% of the micro-pillars’ height.

b Engineering stress-strain curve, corresponding true stress-strain curve, and strain
hardening rate curve obtained from the true stress-strain curve. The yield strength

Engineering Strain (%)

is approximately 32 GPa at an engineering strain of about 41%, and strength begins
to decrease slightly at a strain of 43%. There are four inflection points in the strain
hardening rate curve denoted as A to D based on different slopes. Source data are
provided as a Source Data file. ¢ Engineering stress-strain comparison with typical
engineering materials showing that NT-CrN exhibits both high strength and high
ductility. Detailed data are shown in Supplementary Table 2'33*3¢73959773,

strength of CrN, the observed decrease in defect density and the
increase in grain size (Supplementary Fig. 13) with increasing strain
lead to a reduction in the degree of strengthening. This overall trend is
also reflected in the stress-strain curve, where the strain hardening
rate decreases gradually.

Furthermore, compression tests on micropillars with varying twin
boundary densities show that as the twin boundary density increases
from 1.8 x 10" to 3.1 x 10 m?, the strength of CrN increases from 16.5
to 22.4 and 24.8 GPa(Supplementary Fig. 14). Therefore, it can be
inferred that the overall strengthening of NT-CrN is closely related to
the presence and evolution of twin boundaries. To detailly study the
strengthening effect of the nano-twined CrN, we further calculated the
elastic constants and the density of states (DOS). The calculated shear
modulus (G) of nano-twinned CrN further supports the strengthening
effect compared to single-crystal CrN. As listed in Supplementary
Table 3, the G value of single-crystal CrN is 60.91 GPa, while CrN with Cr
or N {lIl1}-twinned boundaries exhibits G values of 159.44 and
185.83 GPa, respectively. Additionally, the mechanical properties of
nano-twinned CrN with 2% nitrogen vacancies were also evaluated (In
Supplementary Table 3), and the results show that little effect occur on
the elastic constants compared to the strengthening effect provided
by the twinned structure. Furthermore, the density of states at the
Fermi level (N(Ef)) of twinned CrN with {I11}Cr-TB and {I1I}N-TB is
lower than that of single-crystal CrN (Supplementary Fig. 15). Indeed, a
lower N(Ef) correlates with enhanced crystal stability, thereby con-
tributing to the intrinsic strength of the material*®. Hence, our result
indicates improved structural stability and enhanced mechanical
strength of twinned CrN.

However, the observed N(Ef) does not suggest an intrinsic
enhancement in ductility which is directly related to the observed
strong plasticity in the nano-twined CrN samples. Therefore, the twin
boundary evolution during deformation was detailly studied, as shown
in Fig. 4 (three positions with different deformation are selected from
the top of the micropillar). Figure 4a shows the structures at small
deformation, where there are numerous nanotwins and SF structures
in the grains compared to those before deformation. Some TBs
experience fracture and proliferation, resulting in certain steps at the
fracture site with a height of several atomic layers. The breakage of TBs
leads to areduction in length and an increase in density, but the overall
length remains relatively constant. The inset indicates that the height
of the steps is different. Some interruptions occur between Cr-TB and
N-TB with a height of 0.5 d{111} (D1), and some interruptions are found
between N-TB and N-TB with a height of d{111} (D2). Multiple steps with
larger heights are also present, likely formed by superposition of D1
and D2. By utilizing the Burgers circuit calibration method, 1/6 <121>
dislocations are discovered from the interruption sites of TBs. In
metallic materials, such dislocations arise from the breakdown of pre-
existing full dislocations induced by the interactions with TBs during
deformation (e.g., 1/2[101] > 1/3[111] + 1/6[121])>>. However, in ceramic
materials, the movement of atoms from one equilibrium position to
another (1/2<121> displacement) requires a higher energy, making
such interactions almost improbable. Interestingly, Yadayv, S. K. et al.
have found from first-principles calculation that in transition metal
nitrides with TiN as an example, due to the alternating distribution of
Tiand N, and both being potential TBs, Ti and N can move 1/6 <121> to
the opposite directions (0.5 d{111}) to achieve fracture of the TB*. This
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Fig. 4 | Microscopic morphology of NT-CrN at different deformation levels.

a Structures at small deformation, TBs break with numerous twins and SFs. The
inset shows two types of steps at the TB break, one with a height of 0.5 d{111} and
the other with a height of d{111}. A 1/6[121] partial dislocation at the step (red solid
line represents TB, white arrows represent SF, white T represents dislocation, blue
line frame represents a Burgers circuit, and white solid line represents symmetric
crystal planes on both sides of TB). b With increasing deformation, the structure
shows a reduced number of TBs and the emergence of large areas with a regular
atomic arrangement (indicated by white double arrows). Two types of SF (indicated

by white arrows) are present, one parallel to TB and the other inclined to TB. ¢ At
high deformation, only SF and dislocation walls (indicated by yellow dashed lines)
were observed. d-g First-principles calculations, (d) SF energy changes for Cr-TB
and CrN single crystal with Cr(111) as the slip plane at different sliding distances; (e)
the initial and deformed structures of Cr-TB at the sliding distance of 0.7 d; (f) SF
energy changes for N-TB and CrN single crystal with N(111) as the slip plane at
different sliding distances; (g) Initial and deformed structures of N-TB at the sliding
distance of 0.7 d.(Source data are provided as a Source Data file).

significant reduction in the distance greatly decreases the energy
barrier for the interactions between dislocations and TBs. Conse-
quently, dislocations move laterally relative to the TBs, leading to TB
fracture. This is consistent with the presence of Cr-TB and N-TB in CrN.
After the partial dislocation is generated, it slides along the TB based
on the same mechanism, resulting in the transition of the TB (D1-type
interruptions). At the positions with higher strain energy, dislocations
continue to fracture TBs in the same manner, generating multi-step
lateral movements. Subsequently, they collectively slide along the TB,
leading to the D2-type interruptions or even taller interruptions among
the TBs.

Figure 4b shows that the TBs number in the grain decreases sig-
nificantly with larger deformation, giving rise to larger areas of atom-
ically regular arrangements. This indicates that a certain degree of
detwinning occurs. SFs emerge near the TBs. Some SFs (SF1) are par-
allel to the TB, while others (SF2) are mainly distributed at the ends of

the TBs at an angle of about 72° with the TB. In the process of det-
winning in metals, dislocations generated after TB interruption will
continue to glide along the TB toward its ends. This results in the
overall translation of the TB between atomic layers. When it reaches a
position coincident with another TB, merging of twins and completion
of the detwinning process occur. Previous studies indicate that the
collective glide of multiple partial dislocations can reduce the stress
required for atomic rearrangement*®. For example, in the FCC struc-
ture, when the vector sum of three 1/6 <121> dislocations is equal to
zero (e.g., 1/6[121], 1/6 [112], and 1/6[121)), it requires less force for
atomic rearrangement than three single-direction 1/6 <121>
dislocations*®**°. The preferential slip along TBs is often inclined
toward a collective slip of three atomic layers. When the number of
adjacent atomic layers is a multiple of three, the two TBs will coincide
after translation, leading to detwinning. However, when the number of
adjacent atomic layers is not a multiple of three, the two TBs slide to a
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separation of 1-2 atomic layers forming a SF referred to as SF1. At the
same time, when the interruption height between TBs is relatively
large, there will be more atomic layers between the two TBs. This
produces an energy increase at the interruption site®. To minimize the
energy, new partial dislocations will form at the interruption site*, and
these dislocations will have a 72° angle with the TBs, ultimately giving
rise to secondary SF, denoted as SF2. It is evident that a similar det-
winning process occurs in the CrN twins (Supplementary Fig. 16). The
distinction lies in the activation of dislocation slip, which initiates from
a smaller distance between Cr and N and continues with the same
displacement, leading to twin merging and new SF formation.

As deformation increases further, the TBs and SF1 formed during
the detwinning almost disappear, with only a small number of SF2 is
retained. Some dislocation walls formed by the accumulation of dis-
locations is evident (Fig. 4c), indicating that the detwinning process is
completed. Similar to metals, dislocation walls are the products of TBs
annihilation. SF1 formed by the translation of TBs interact with dis-
locations once again. Eventually, SF1 disappears and results in a reg-
ularly arranged lattice. Due to the different orientation of SF2
compared to the TB, nearby dislocations must undergo lateral move-
ment firstly before engaging in slipping along the SF. Hence, a small
quantity of SF2 persists in the grain. Ultimately, the majority of SF2
disappears, accompanied by a noticeable increase in the grain size
(Supplementary Fig. 13), marking the completion of detwinning.
However, dislocation walls still persist in the grain since there is no TB
in CrN ceramics to facilitate their propagation and movement. They
remain stationary and ultimately, become the origin of crack initiation
during further deformation.

In general, ceramics characterized by covalent or ionic bonds
cannot slip at room temperature (a key factor in determining their
plasticity). The deformation at room temperature primarily arises from
changes in atomic distances caused by the stretching and compression
of these bonds. Some special ceramic materials have also been
reported to exhibit plastic deformation capabilities. For example, Mo/
La,0; relies on the dislocation generation in the metallic layers to
facilitate dislocation motion within the ceramic?, thereby enabling
deformation. Specific structures, such as twisted-layer configurations,
were employed to reduce the interlayer sliding energy in van der Waals
materials®”, promoting slip and deformation. However, these types of
ceramic materials generally exhibit relatively low strength. Previous
studies have demonstrated how specific crystallographic orientations
or material alloying strategies can enable significant plastic deforma-
tion of ceramic materials at room temperature** . These works
emphasize the role of twin boundaries, dislocations, and stacking
faults in strengthening these materials. To investigate the slip
mechanism in NT-CrN, we compute the generalized SF energies of
single crystal CrN and NT-CrN unit cells along the [112] slip direction in
the (111) plane by first-principles, as depicted in Fig. 4d, e. For single
crystal CrN, when Cr(111) or N(111) plane is the slip plane, moving the
upper half of the structure along the [112] direction in 10 steps to the
next equivalent symmetric position requires energy barriers of 0.810
and 0.810 J/m?, respectively. These values are smaller than those of TiN
(1.46)/m?), ZrN (1.46 J/m?), and HfN (1.52 J/m?) but comparable to those
of VN (0.62)/m?), NbN (0.67)/m?), and TaN (0.63)/m?*. Although
there are low-energy positions during the slip process such as Cr-0.2 d,
Cr-0.7d, N-0.2d, or N-0.7 d, their energies are higher than the initial
position. Therefore, the crystallographic axes of Cr or N are unlikely to
undergo slip. If slip occurs, it is prone to bonding breakage, forming
hexagonal rings leading to eventual fracture while precluding plastic
deformation as displayed in Supplementary Fig. 17. In the presence of
nanotwins, either the Cr(111) twin plane or N(111) twin plane is the slip
plane, moving the upper half of the structure along the [112] direction
through the same slipping process requires energy barriers of 0.883
and 1.280 J/m?, respectively. These values are greater than the max-
imum generalized SF energy that needs to be overcome during

slipping in single crystals. Particularly, it is more challenging to induce
slipping, especially for N(111) twin planes as the slip plane. In addition,
when nanotwin boundaries exist in Cr-{111}, a much smaller energy (far
below the initial energy) at Cr-0.7d occurs during the slip process.
Based on the four-sided structure formed by the TB and adjacent
atoms, Cr-0.7 d is just the location of the nanotwin boundary at N-{111}.
This implies that at a certain external energy, the transformation of the
nanotwin boundary from Cr-{111} to N-{111} is possible, which is dif-
ferent from nano-twinned metals. In metallic materials, twin bound-
aries are relatively simple structures consisting solely of metal atoms.
In the case of nanotwinned CrN, the grain boundaries are composed of
both Cr-TB and N-TB twin boundaries. While the strengthening effect is
similar to that observed in metallic twins, the sliding mechanism
between Cr-TB and N-TB is different. Specifically, the slip of N-TB
requires much higher energy, resulting in a significantly stronger
strengthening effect. Besides, the most important discovery from the
crystal structure diagrams is that the four-sided structure formed by
Cr-TB and adjacent atoms with two Cr atoms as vertices evolves into a
quadrilateral formed by N-TB and adjacent atoms with two N atoms as
vertices, and no hexagonal ring resulting from bonding breakage
occur during the process, which is different to the single CrN crystal as
shown in Supplementary Fig. 17. This shows that slipping of NT-CrN is
attributed to twisting of a polyhedron constructed by nano-TB without
bonding breakage, and based on this special slipping, room-
temperature plasticity is obtained in NT-CrN.

As stated above, the deformation behavior at the top of the
micropillars shows a top upsetting phenomenon, which could also be
explained by the detwinning process. When the load is initially applied,
the stress at the top of the micron-pillar is higher than in other regions,
causing the top to undergo a transformation from Cr-TB to N-TB and a
detwinning process, accompanied by plastic deformation. Once det-
winning is complete, the top of the micron-pillar restores the high
crystal-quality structure, resembling the behavior observed in tradi-
tional ceramics, with cracks forming at the periphery. Meanwhile, due
to the lower stress at the bottom and the high hardness of nanot-
winned CrN, which provides sufficient support to resist deformation,
the deformation at the bottom is smaller than at the top. As a result,
the micron-pillar exhibits top upsetting and crack formation.

However, in previous research®, researchers reported that det-
winning is difficult in covalent materials like diamond and cubic boron
nitride. To reveal the ease of detwinning, the energies for the slip of
dislocation near the twin boundary and away from the twin boundary
was calculated. For purely covalent ceramics such as diamond and
cubic boron nitride, these two energies are comparable®. In other
words, since the energy required for dislocation glide along the twin
boundary is equivalent to that on other slip planes away from the twin
boundary, twin boundaries do not migrate easily, leading to a stable
structure. However, it is founded the energy barrier of dislocation slip
near the twin boundary is lower than away from the twin boundary in
NT-CrN (Supplementary Fig. 18), resembling the behavior of metals™,
which facilitates the ease of detwinning.

In summary, controlled growth of CrN structures is realized by
adjusting the ion kinetic energy, and nanotwin CrN with a density of
9.0 x 10" m? and twin-containing grain volume fraction of about 52 %
is prepared. The nanotwins have an average thickness of 3.8 nm, and
TBs are distributed in both the Cr-{111} and N-{l11} axes. NT-CrN
exhibits not only super high hardness (>36 GPa) but also room-
temperature plasticity. It can tolerate compression deformation of
over 40% without brittle failure. The room temperature plasticity
contributes to the distribution of nanotwin boundaries consequently
allowing special slipping by twisting of the polyhedron constructed
by nano-TB without bonding breakage. This leads to energy
absorption by twin proliferation and fusion in the detwinning pro-
cess and fracture and failure occur only at the extensive dislocation
walls formed after detwinning.
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Methods

The CrN coatings were deposited on (100) Si wafers, high-speed steel
(HSS, ©30 x 3mm) substrates and insulating soda-lime glass sub-
strates. The HSS substrates were polished with SiC sandpaper from
320 to 1500 grit and polished with velvet cloth and 1 pm diamond
paste. The substrates were cleaned ultrasonically for 15 minutes in
alcohol and acetone, dried for 5 minutes by heating, and fixed in a
sample holder. The coating was deposited in a vacuum chamber with
dimensions of 600 mm x 600 mm x 500 mm and at a base pressure of
5.0 x 10° Pa. A custom-designed cylindrical sputtering cathode shown
in Supplementary Fig. 1 equipped with a Melec GmbH high-power
impulse magnetron sputtering power supply was used. The deposition
process described in Supplementary Fig. 19 comprised three main
stages, cleaning, transition layer deposition, and coating deposition.
During the cleaning process, 10 sccm Ar (purity 99.99%) was intro-
duced to aworking pressure of 1.0 Pa. The Ar flow rate was increased to
40 sccm at arate of 1sccm/10 s. The substrate was biased at -650 V and
cleaning was performed at 100 W and 2.0 kW for 10 and 8 minutes,
respectively. The voltage was then reduced to —100 V and the Ar flow
rate was reduced to 10 sccm. In the transition layer deposition process,
the N, flow rate was increased to 11 sccm at a rate of 30 s/sccm. Finally,
the CrN coatings were deposited for 20 minutes at 3.5 kW (frequency
of 50 Hz, pulse width of 300 ps). The substrate temperature was
monitored throughout the process by a thermocouple (WRNK-191,
ChenYi Instrument, China), and the temperature variation is shown in
Supplementary Fig. 19.

The structural characteristics of the CrN coating, such as the
crystal orientation and grain size, were determined by X-ray diffraction
(D8 Advance, Bruker, Germany) in 6-26 mode. The thickness, surface
morphology, and interface characteristics of the CrN coating were
examined by field-emission scanning electron microscopy (FE-SEM,
SUPRA@5S5, Carl Zeiss, Germany). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) (JEM-3200FS, JEOL, Japan)
were employed to study the microscopic structure of CrN and the
variations in microstructure, such as twinning and SFs, at different
deformation levels. The nanotwin structure was confirmed and ana-
lyzed using high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM). The TEM samples were prepared by a
focused ion beam (FIB, Scios, FEI, USA) using a gradually reduced
energy Ga ion beam to preserve the original features. The resistivity of
NT-CrN on glass substrates was measured using a Hall effect mea-
surement system (Hall8800, Precision Systems Industrial Limited).
Measurements were conducted at five randomly selected regions, and
the results were averaged.

The micro-pillar samples with diameters of 300, 400, and 500 nm
were prepared by a focused ion beam (FIB, Scios, FEI, USA). The cone
angle of the pillars was set at 5° and the length-to-width ratios (dia-
meter: height) between 1:2 and 1:3 to minimize the lateral constraints.
To minimize the influence of the substrate during micro-pillar pre-
paration, the height of the micro-pillars did not exceed one-third of the
coating thickness. In order to reduce milling damage, the micro-pillars
were finely polished with ion beams at 5kV, 87 pA, and 2kV (7 pA after
initial milling at 30kV and 1nA). The hardness and strength were
measured on a nanoindenter (Nano Indenter G200, Agilent Technol-
ogies, USA) with Berkovich tips under a maximum load of 10 mN. To
minimize errors, the indentation depth during the hardness test was
kept below 1/10 of the film thickness. Fracture toughness was eval-
uated using nanoindentation (Fischerscope HM2000) under applied
loads of 100 mN and 500 mN, using a Berkovich indenter. During the
strength test, the micro-pillars were compressed at a rate of 2 nm/s,
which corresponded to a strain rate of 2.5-3.0 x 10?%/s. The load, dis-
placement and time data were recorded at 500 Hz. The compressive
strength (o) was calculated as o =F/A, where F is the applied force and
A is the cross-sectional area of the nanocolumn.

We constructed single-crystal CrN and twin CrN cells with crys-
tallographic axes [112], [110], and [111], each containing 24 atoms and
structural optimization of these two samples by the Vienna Ab Initio
Simulation Package (VASP) code®, periodic boundary conditions,
projector-augmented wave (PAW) potentials®, and Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation”. The atomic
positions and structural parameters were relaxed by the conjugate
gradient optimization method, with the total energy of the structure
converging to 10°°eV/atom and residual forces on each atom less than
0.005 eV/A. For structural optimization, an 8 x 8 x 2 Monkhorst-Pack k-
point grid and 500eV cut-off energy were used. After structural
relaxation, each sample had the (111) glide plane selection, and the
entire structure above the slip plane was shifted to the equivalent
symmetric position 10 times along the [112] direction. During struc-
tural optimization of the model after each slip, the atoms were con-
strained to relax only in the direction perpendicular to the slip plane. A
15 A vacuum gap was used to establish free surfaces and break the
periodicity in the [111]-direction. The total energy of each structure was
then calculated after the completion of structural optimization. The
generalized SF energy (GSFE) is computed using the following
formula™.

Egsre = (Er — Eo)/S @

where the Egsge is the generalized SF energy, Er and Eq are the total
energies of the structure before and after slip, respectively, and S is the
area of the glide plane.

To evaluate the strengthening effect of twinned boundaries on
CrN’s mechanical properties and explore the influence of N vacancies,
we expanded the 24-atom cell of nano-twinned CrN along the [110] axis
to obtain a 48-atom cell for elastic parameter calculations. One N atom
was removed in the 48-atom cell to simulate the vacancy effect. The
elastic constants of single-crystal CrN were also computed for com-
parison. Small finite distortions were applied to the lattice vectors to
obtain the elastic tensor, while polycrystalline bulk modulus (B), shear
modulus (G), and elastic modulus (E) were derived using the Voigt-
Reuss-Hill approximation.

Data availability

The source data generated in this study have been deposited in the
Figshare database (https://doi.org/10.6084/m9.figshare.29091080).
Source data are provided with this paper.
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Supplementary Information

Supplementary Figure 1 Experiment equipment. (a) Schematic diagram of the
cylindrical sputtering cathode including cathode and electromagnetic extraction system.
The ions sputtered from the cathode are transported to the substrate by an
electromagnetic extraction system and accelerated by the voltage applied to the sample
for coating deposition. (b) Plasma discharge showing that the plasma accumulates in

the central region of the cylindrical cathode.
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Supplementary Figure 2 Structural characteristics of CrN. (a) Electron diffraction
region by TEM and (b) SAED pattern. The diffraction ring with the highest intensity
corresponds to (200), followed by plane (111) and plane (220). (c) XRD pattern and
magnification showing the strongest peak at 20 = 44.3°, indicating that CrN has the
(200) preferred orientation consistent with SAED. The difference is that no (111) and
(220) diffraction peaks are found from the XRD pattern, which may be caused by
insufficient strength. The (200) diffraction peak exhibits significant asymmetry due to
the appearance of a shoulder peak at 20 = 43.8°, which is attributed to the formation of
polymorphic structures (nanotwins and stacking faults)’”. (Source data are provided as

a Source Data file).
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Supplementary Figure 3 Grain size distribution of CrN in TEM. (a) Grain morphology
of the twin crystals showing an irregular grain morphology and no obvious grain
boundaries and (b) Grain size distribution obtained by ImageJ showing that the average

grain size is 32 nm (Source data are provided as a Source Data file).
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Supplementary Figure 4 Morphology and composition of CrN. (a) SEM image of the
CrN cross-section; The coating is dense and can be divided into two parts: transition
layer and CrN coating layer. The transition layer has a columnar structure, but the
morphology of the CrN coating cannot be seen. The thickness of the CrN coating is
about 4.4 um, and the calculated deposition rate is 220 nm/min, which is larger than
that produced by conventional HiPIMS. (b) CrN coating surface morphology. (c) EDS
spectrum of the coating surface and elemental maps of N and Cr. The atomic ratio of

Crand N determined by EDS is about 50.2:49.8, which is close to 1:1.
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Supplementary Figure 5 IFFT of the selected zones. (a) Moiré fringes corresponding to
Fig. 1(e) and (b) Moiré fringes corresponding to Fig. 1(f). The presence of dislocations

can be clearly observed from the images.



48
49

50

51

52

53

54

55
56

(a)* (b)
12

Average thickness: 3.8 nm 1 Average number: 9.2

L
o
L

10 -

Frequency/%
o 8
[=2] -]

Frequency/%

w

o

04 12 23 34 45 56 6.7 7-8 B89 910 =10 1 2 3 45 6 7 8 9101112131415
Twin thickness/nm Twin numbers / one grain

Supplementary Figure 6 Thickness and density distribution of nanotwins. (a) Thickness
distribution of nanotwins. The average thickness of the twins is about 3.8 nm. (b)
Distribution of TB in each grain. There are 9.2 TB in each grain on the average and the

corresponding TB density is 9.0 x 10* m™. (Source data are provided as a Source Data

file)
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Supplementary Figure 7 Helmholtz free energies of the TBs. Helmholtz free energies
of the TB with different atoms as the interface, where TB is the {111} surface. The blue
and white dots represent Cr atoms and N atoms, respectively. According to first-
principles derivation, the Helmholtz free energy of N-TB is -10.400 eV/atom and that
of Cr-TB is -10.342 eV/atom.
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Supplementary Figure 8 Hardness of CrN coatings. (a) Loading and unloading curve;
The average hardness of CrN is 36.2 GPa. (b) Hardness comparison. The average
hardness of coarse CrN is 20.8 GPa, and the average hardness of nanocrystalline CrN
is 26.3 GPa. The hardness of CrN in this work is about 75% higher than that of

conventional CrN"88, (Source data are provided as a Source Data file)
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Supplementary Figure 9 Stress-strain curves for different deformation. (a) When the
compression strain is 10%, the compressive strength is 14.2 GPa; (b) When the strain
iIs 20%, the compressive strength is 20.8 GPa; (c) When the strain is 30.2%, the
compressive strength is 27.5 GPa; (d) When the strain is 44.3%, the compressive

strength is 32.2 GPa. (Source data are provided as a Source Data file)
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Supplementary Figure 10 Plasticity of micro-pillars with different diameters under
compression. (a) Stress-strain curves of micro-pillars of different diameters, with the
ultimate strain above 30% and ultimate stress up to 33 GPa. (b)-(d) SEM images before
and after compression of micro-pillars with different diameters. Cracks can be observed
from the top of the micro-pillars with d of 416 nm after compression. (Source data are

provided as a Source Data file)
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Supplementary Figure 11 Indentation morphology under different loads. (a) The
indentation morphology at 100 mN by micro-indentation; (b) The indentation

morphology at 500 mN by micro-indentation;
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Supplementary Figure 12 Typical microstructures at the top region of the micropillar
under different stages of compression. (a) Representative microstructure of the film at
point A on the stress—strain curve; (b) Representative microstructure of the film at point
B on the stress—strain curve; (c) Representative microstructure of the film at point C on
the stress—strain curve; (d) Representative microstructure of the film when a crack

appears at the top of the micropillar (Point D)
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116

117
118  Supplementary Figure 13 Statistical histogram of the grain size in different deformation

119  areas. The grain size in the low deformation region is about 29.8 nm, which is slightly
120  smaller than the grain size (S3) calculated without deformation. This may be related to
121 theregion selected by micro statistics. The grain size in the medium deformation region
122 is 36.0 nm and that in the high deformation region is 48.5nm. The grain size increases
123 gradually with deformation. (Source data are provided as a Source Data file)
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Supplementary Figure 14 SEM morphology and strain-stress curves of CrN samples
with different twin densities after micro pillar compression (20%). (a) When the twin
density is 1.8 x 101 m, the top of the micro pillar shows fragmentation traces. From
the corresponding stress-strain curve (b), the engineering stress is about 16.5 GPa, and
there has been fragmentation. (c) The twin density is 7.2 x 10 m=. The top of the
micro pillar shows the trace of fragmentation. From the corresponding stress-strain
curve (d), the engineering stress is about 22.4 GPa. (e) Twin density is 3.1 x 10'® m,
The top of the micro pillar is upsetting, and the edge has a slight sign of fragmentation.
From the corresponding stress-strain curve (f), the engineering stress is about 24.8 GPa.

(Source data are provided as a Source Data file)
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144

Supplementary Figure 15 Total DOS curves of different CrN. (a) Total DOS curves of
single-crystal and twinned CrN. (b) Enlarged view of -0.2 eV to 0.2 eV, showing

Fermi-level states. (Source data are provided as a Source Data file)
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Supplementary Figure 16 Detailed diagram of the de-twinning process. (a) Partial
dislocation in the TB disconnected region of the 1/6<121> type and partial dislocation
of this type at each TB disconnection. (b) When TB subsides, there are many partial
dislocations at the end of TB. This indicates that detwinning is accompanied by 1/6<121>

and the formation of dislocation is similar to that of FCC metals during detwinning®’.
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Supplementary Figure 17 Initial and deformed structures of single-crystal CrN at
different sliding distance. (a) Initial structure for Cr as sliding interface; (b-c) Structure
at a sliding distance of d = 0.2 and 0.7 for Cr as sliding interface. Unstable hexagonal
rings appear during sliding; (d) Initial structure for N as sliding interface; (e) Structure
at a sliding distance of d = 0.2 for N as sliding interface. Unstable hexagonal rings
appear during sliding. (f) Structure at a sliding distance of d = 0.7 for N as sliding

interface. Unstable hexagonal rings appear during sliding.
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165
166 Supplementary Figure 18 Calculated results of generalized stacking fault energy. (a)

167  slip away from the twinned boundary and its schematic diagrams of the slip (b). (c) slip
168  near the twinned boundary and its schematic diagrams of the slip(d). (Source data are
169  provided as a Source Data file)
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172
173

174
175  Supplementary Figure 19 Deposition process and temperature change of the CrN

176  coating. Deposition can be divided into the cleaning stage (including low-power
177  cleaning (1) and high-power cleaning (2)) and the bias in this stage is -650 V. The
178  second stage is transition layer deposition (3)-(7), during which the bias decreases from
179  -650 V to -100 V and the nitrogen flow increases to 11 sccm at a rate of 30 s/sccm. The
180  final stage is CrN deposition. The HiPIMS power is 3.5 kW (frequency 50 Hz, pulse
181  width 300 ps) and the deposition time is 20 min. During deposition, the temperature of
182  the substrate increases gradually and is finally maintained at 270°C. (Source data are

183  provided as a Source Data file)
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186 Supplementary Table 1 The electrical resistivity of common metals and ceramics

Materials Resisf:gigg-cm) Reference
Al 357 x 10°® 88
Ag 1.59 x 10°® 89
Metals Fe 1.0 x 10° 89
Cu 1.66 x 10 89
Au 2.0 x10° 90
Al203 2.0 x 108 91
ZnO 1.18 x 10? 92
TMO
ZrO; 5x 108 93
TiO2 7 x 10° 94
CrC 4.8 x 10* 95
CrC 3.2x10% 96
TMC
TiC 0.85 x 10* 97
TiC 0.80 x 10 98
AIN 4.5 x 10" 99
AIN 8.1 x 107 100
CrN 1.49 x 10 101
TMN CrN 7.5%x10% 102
TiN 45x10° 103
TiN 3.3x10° 104
TiN 1.5x 107 105
BN 1.1 x10° 106
SizN4 1 x 104 107
SizN4 1x10%° 108
Diamond 5 x 1010 109
TMN NT-CrN 3.3x10* This work
187
188

189
20



190 Supplementary Table 2 The engineering strain and strength of different materials

Materials Engineering Strain  Engineering Strength  Reference

(%) (GPa)
Metals Al 24 0.23 40
Metals Nb 27 0.7 41
Metals Fe 11 1.8 42
Metals Cu 29 0.6 43
TMO ZrO; 5.8 8 43
TMO ZnO 5} 3.3 44
TMO Al2O3 1.0 4.0 45
TMO CeO2 1.3 1.72 46
TMO ZrO; 61 23.0 38
TMC Ti2AIC 0.96 0.91 47
TMC Ti2AIC 1.13 1.02 48
TMC CrAlC 0.61 1.16 49
T™MC TaC 45.0 16.0 36, 37
TMN TaCN 37.0 17.0 39
TMN AIN 14 4.35 50
TMN GaN 11 12,5 51
TMN AICrSIN 11.2 5.5 52
TMN CrN 6.1 5.7 53
BN 2.2 0.11 53
BN 1.9 0.08 53
--- BN 14 0.63 o4
Diamond 1.37 16 45
Diamond 1.92 20 45
Diamond 1.19 10 55
Diamond 7.0 120 56
Diamond 13 66 56

TMN NT-CrN 44.3 32 This work
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191

192 Supplementary Table 3. The elastic constant C;; and Cs;, bulk modulus (B), shear modulus

193 (G), and elastic modulus (E) for twinned CrN with and without N vacancy, as well as single-

194 crystal CrN. The units of all these values are GPa.

Cu Cs3 Cu B G E
TW-Cr24N2sa

508.80 593.06 156.78 334.60 159.44  412.77
{111}Cr
TW-Cr24Na2s

54413 586.74 163.25 34599 16148 419.23
{111}Cr
TW-Cr24N2a

526.89 610.22 22156 340.11 185.83 471.60
{111}N
TW-Cr24Na2s

540.77 585.50 208.37 343.24 180.26 460.22
{111}N

Single crystal
405.68 390.68 130.38 278.32  60.91 170.31
CrasN24

195
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