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At present, the theoretical predictions of the mechanical properties of transition-metal nitride (TMN) su-
perlattices (SLs) are primarily based on the intrinsic properties of perfect epitaxial nanolayers. However,
due to a lack of understanding of the specific strengthening mechanism, the experimentally determined
strength, e.g., hardness, of TMN SLs often deviates significantly from the theoretical predictions. Here, by
coupling FIB (focused ion beam) sectioning with TEM, we observe the structural evolution of two repre-
sentatives TiN/AIN SL coatings, i.e., a single-crystalline and a polycrystalline SL, under identical loads. We
found that in comparison with the polycrystalline SL, the indented single-crystalline SL forms a larger
‘intermixed’ region, within which the layer structure transforms into a solid solution under loads. Close
TEM characterization demonstrates that the single-crystalline SL deformation is of variety, including the
distortion of SL interfaces, polycrystalline deformation (grain rotation) in solid solution, and SL slip de-
formation. By contrast, columnar grain boundary sliding is the primary deformation mechanism in the
polycrystalline SL. And, a relatively large solid-solution zone in single-crystalline SL is attributed to the
severe interfacial deformation. The current research unravels TMN SL deformation behavior at the atomic

scale.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Transition-metal nitride (TMN) coatings are of great importance
for wear and tribological applications due to their extreme hard-
ness and wear resistance. In the past, it has been realized that
monolithic (single layer) TMN coatings can effectively protect cut-
ting tools. However, with increasing demands from industry in
terms of material hardness and toughness, multilayer architectures
were used to further enhance the performance. It is currently
known that when a multilayer with rock-salt/rock-salt superlattice
(SL) structure is formed, the toughness and hardness are signifi-
cantly increased [1-6]. The performance improvement can be at-
tributed to the interface effect in nanoscale multilayer [7-12]. The
outstanding toughness and hardness of the SL coatings are related
to the interface, which include the effect of misfit dislocations, in-
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terface coherency strains, and the modulus difference between the
layers materials [7,9,10,13].

Although numerous studies reported on the mechanical prop-
erties of TMN multilayer coatings, only a few works explored the
deformation behavior of nitride multilayer coatings [14-17]. Since
some films using different substrate materials or applying less se-
vere deposition, TMN film tend to exhibit columnar grain struc-
tures. Previous work performed nanoindentation and nanoscratch
experiments on TMN SL coatings and performed cross-sectional
Scanning electron microscope (SEM)/Transmission electron micro-
scope (TEM) characterizations [14-16,18,19]. These structures show
that the plastic deformation of the polycrystalline coating is mainly
due to the grain rotation and grain boundary sliding of the
nanocrystals. The fracture modes were observed to initiate at the
columnar boundaries and in the layers parallel to the interfaces
[18]. However, the deformation and fracture behaviors of fully epi-
taxially stable single-crystal coatings with better mechanical prop-
erties are rarely reported. Since deformation and fracture behavior
are important factors affecting the strength of TMN coatings and
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their industrial applications, it is essential to characterize the mi-
crostructural evolution under mechanical loading.

Recent TEM research shows the deformation induced by
nanoindentation can result in intermixing of the layer materials
in a single-crystalline SL coating (with a small bilayer thickness,
A=2.5 nm) [20]. However, how the microstructure affects the inter-
mixing and deformation behaviors in TMN SL remains unexplored.
In this work, at the atomic scale, we studied the deformation, frac-
ture mechanisms, and the spatial distribution and extent of inter-
mixed regions formed in a single-crystalline SL coating subjected
to loads, and then compared the results to those of a polycrys-
talline SL coating. Using a Cs-corrected TEM, we found that the
deformation of the single-crystalline SL coating is more complex,
while the deformation of the polycrystalline coating is mainly gov-
erned by columnar grain boundary sliding. Hence, due to the dif-
ference in the deformation mechanisms, the single-crystalline SL
exhibits a larger scale of solid solution zone than the polycrys-
talline SL.

2. Methods
2.1. Material fabrication

The TiN/AIN superlattice thin film (~ 1.5 pm total thickness, TiN
~1.7 nm, AIN ~0.8 nm) was synthesized using an AJA International
Orion 5 lab-scale deposition system equipped with a computer-
controlled shutter system. This bilayer period and layer distribu-
tion was chosen based on the previous study [21], showing that
also the AIN layers fully crystallize to retain their metastable face-
centered cubic (fcc) rock-salt (rs) structure. The reactive magnetron
sputtering process was carried out at 700 °C (substrate temper-
ature) in an Ar/N, mixed gas atmosphere with a total pressure
of 0.4 Pa and an Ar/N, flow ratio of 7 sccm [/ 3 sccm. To avoid
the intermixing of the two layer materials via excessive ion bom-
bardment, we applied a rather low bias potential of -40 V (float-
ing potential was -20 V) to the MgO (100) and Si (100) substrate,
just enough to obtain a dense coating morphology. The three-inch
Ti and two-inch Al targets were DC-powered setting constant tar-
get currents of 1.0 and 0.5 A, respectively. Further details can be
found in Ref. [21]. To reduce the substrate effect and achieve bet-
ter coating quality, the first layer of all coatings is TiN (approxi-
mately 5 nm thick). Except for the first TiN layer, other TiN layers
maintain a constant thickness of 1.6 nm.

2.2. Material characterization

The nanoindentation was performed with an Ultra Micro Inden-
tation System (UMIS, Fischer-Cripps Laboratories) equipped with a
cube corner diamond tip using a maximum load of 100 mN and
150 mN. The maximum load depth is about 1.1 um. The nanoin-
dentation was carried out at a constant indentation strain rate
(loading rate is about 10 mN/s). The FIB cutting positions are cho-
sen near the tip of the indenter and cut along the (100) direc-
tion of the SL. During the FIB cutting, a protective layer of plat-
inum with a thickness of about 2.0 pm was deposited on the area
of interest. Two 6 pm deep trenches were made on either side of
the selected region by coarsely milling at a current of 1.0 nA. Af-
ter that, the exposed vertical faces of the specimen were coarsely
polished by the ion beam using a current of 500 pA. An ion beam
is used to cut off the entire bottom end and the vertical part. Fi-
nally, it is transferred and welded to a copper TEM grid for finely
polishing under conditions of 4 2° and a beam current of 50 pA.

A 300 kV field emission TEM (JEOL ARM300F) equipped with
double Cs-correctors were used in this study. Two windowless
energy-dispersive X-ray spectroscopy (EDXS) detectors, each of
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which has an active area of 100 mm?, are equipped on the mi-
croscope, which are very close to the specimen with a high solid
angle (1.7 sr). A 200 kV field emission TEM (JEOL 2100F) equipped
with an image-side Cs-corrector was used in the high-resolution
TEM (HRTEM) study, which demonstrates a resolution of 1.2 A at
200 kV. The aberration coefficients were set to be sufficient small
under which the HRTEM images were taken under slightly over-
focus conditions (close to the Scherzer defocus). Scanning TEM
(STEM) images shown in this paper were recorded using a high-
angle annular dark-field (HAADF) detector, with the detector in-
ner angle/outer angle set to 54 mrad/144 mrad, respectively. Un-
der these conditions, the STEM-HAADF contrasts are nearly pro-
portional to the atomic number (Z-contrast image).

Electron energy-loss spectroscopy (EELS) spectra were recorded
in two modes. The point spectra were recorded under the TEM-
diffraction mode with a camera length of 25 cm with a dispersion
of 0.2 eV per channel. The spectra were processed in Digital Micro-
graph (DM version 3.42, Gatan, USA). Firstly, the background was
subtracted using the power-law model. For comparison, the spec-
tra were then aligned to the N-K edge’s onset to examine the vari-
ations of N-K and T-L edges, such as the chemical shift and shape
change. EELS spectrum-images were acquired in the STEM mode
using a dispersion of 0.2 eV per channel, a collection semi-angle
of 10 mrad, and a convergence semi-angle of 2.5 mrad. The images
were aligned to the N-K first peak and processed in DM. In the
end, an energy difference map is obtained using the energy of the
N-K first peak subtracting that of the N-K second peak, which can
be used to distinguish the solid solution and layered region.

3. Results and discussions
3.1. As-deposited TiN/AIN structures

Superlattice coatings used in the present study are rs-TiN/rs-
AIN deposited on MgO (100) and Si (100) substrates, where the
AIN layer thickness is ~ 0.8 nm and the TiN layer thickness is
~ 1.7 nm. An overview of such epitaxial growth structure is dis-
played in the HAADF image (Fig. 1a). For SL grown on the MgO
(100) substrate, since crystal structure and lattice constants be-
tween MgO and rs-TiN/rs-AIN are close, the coating has an en-
tirely epitaxial single-crystalline structure (as seen in Figs. 1a-c).
HRTEM (Fig. 1b) clearly reveals the atomic structure of a cubic-
TiN/cubic-AIN a perfect epitaxial superlattice, where coating ex-
hibits a single-crystalline structure. Measured interplanar spacings
(d(200y) in AIN and TiN layers are 2.0 A and 2.1 A, respectively, cor-
responding to the B1- AIN (with a lattice constant of 4.01-4.07 A,
Refs. [22,23]) and B1-TiN (with a lattice constant of 4.24 A, JCPDF
files: 38-1420). The analysis of the selected-area electron diffrac-
tion pattern (SAED) in Fig. 1c indicates that the projection direc-
tion is along cubic (100). Fig. 1c exhibits the superlattice spots
(with some satellite spots), confirming that the periodic SL has a
fully epitaxial growth of the cubic structures. In addition, a well-
defined epitaxial SL (Figs. 1b-c) corroborates a thin AIN layer can
be stabilized in the rock-salt structure.

For the coating grown on the Si substrate, epitaxial growth
is not observed due to the presence of a native oxide on the
Si (100) surface. The entire coating exhibits a polycrystalline mi-
crostructure with columnar growth features (as seen in Fig. 1d,
low-magnification STEM-BF (scanning transmission electron mi-
croscopy bright-field) image, where the columnar grain bound-
aries are clearly visible). The width of the columnar crystals grown
on the Si (100) substrate is 10-30 nm. The HRTEM observation
(Fig. 1e, viewing on (110) direction) shows that the coating growth
on the Si (100) substrate also has a rocksalt/rocksalt coherent in-
terface structure within the individual columnar grains. However,
the SAED over a larger region (Fig. 1f) presents an intense diffrac-
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Fig. 1. a-c, as-deposited rs-TiN/rs-AIN superlattice on MgO (100) substrate. a, A cross-sectional HAADF image. b, A HRTEM image revealing the atomic structure of the as-
deposited superlattice. ¢, A SAED pattern showing a spot pattern with satellite spots. D-f, as-deposited rs-TiN/rs-AIN superlattice on Si (100) substrate. Due to the natural
oxidation of the Si surface, the coating is in fact grown on SiOx. d, A STEM-BF image. e, A HRTEM image showing the atomic structure. f, A SAED pattern (obtained using an

aperture size of about 500 nm) exhibiting a continuous ring pattern.

tion ring in (200) reflection, which proves most of the colum-
nar grains with (100) growth direction, i.e., {200} texture. Notably,
both SAED patterns (Figs. 1c and 1f) indicate that the crystal struc-
tures are cubic and no wurtzite AIN phase is present in any of the
as-deposited coatings (no extra spots/rings appearing). This also
signifies that both coatings have a rocksalt/rocksalt SL structure de-
spite being single-crystalline and polycrystalline.

3.2. Intermixing behavior in single-crystalline and polycrystalline SL
coatings

3.2.1. Intermixing in the single-crystalline SL coating

Fig. 2a shows a TEM BF (bright-field) cross-sectional view of the
indented SL on MgO (100) substrate. When moving close to the
surface of the residual impression, the layered morphology can-
not be detected anymore, instead a solid solution of uniform com-
position forms (as seen in the HRTEM image). A HRTEM image
(Fig. 2b) shows that the solid solution has a cubic structure pro-
jected along the(100) direction. Atomic-scale elemental mapping
displayed in Fig. 2d reflects that superlattice interface intermixing
has occurred at the area close to the indenter tip. Fig. 2d reveals
that Al and Ti atoms reside at identical atom column positions,
which finally confirms the formation of a cubic Ti;_4AlxN solid so-
lution from the rs-TiN/rs-AIN SL. However, at the region away from
the impression surface, the coating still has a clear and perfect
interface structure (Fig. 2c). Thus, we show that nanoindentation
causes mechanical alloying in the TiN/AIN SL, ultimately resulting
in the formation of a Tigg7Alp33N single-phase solid solution un-
der 100 mN. The solid solution forming process can be schemat-
ically illustrated in Fig. 2e, where Ti and Al atoms are randomly

distributed in lattice. The chemical composition of this solid so-
lution could be estimated from EDXS results, and it also fits the
expected value, i.e., giving x = 0.8/(1.7 + 0.8) = 0.33 for Ti;_yAlxN
when mixing a 1.7 nm-thick TiN with a 0.8 nm-thick AIN.

After confirming that nanoindentation triggers interfacial mix-
ing, here, we describe in detail the spatial distribution of the solid
solution region at the tip position of the impression. The TEM-BF
image in Fig. 3a displays the morphology of the indented coat-
ing (under 100 mN) in the impression tip region of the single-
crystalline SL. At the position marked in frame (Fig. 3a), an HRTEM
image was recorded, shown in Fig. 3b (atomic-resolution image
projected in [100] direction). From the image, apparently, the lower
part of the area has a layered structure while the upper part is a
solid solution (with nearly homogeneous contrast, and no layered
features). Therefore, according to Fig. 3b, intermixing of the two
layers is observed in film regions up to ~150 nm away from the
impression surface. The intermixing phenomenon alters the elec-
tronic structure of TiN (or AIN) accordingly [24]. Fig. 3¢ shows the
core-level EELS recorded from the solid solution (near the surface)
and the superlattice regions (away from the surface). A close com-
parison shows that for the solid solution region, the width be-
tween the second peak and the first peak of N-K is smaller than
that in SL region (AEN., ~ 7 eV in the solid solution region and
AEn., ~ 8.5 eV in the SL region). Through the fine differences in
the electronic structure, we are able to map the distribution of the
solid solution. Fig. 3d shows such a map, i.e., the measured energy
difference (AEy.x) over a large area. The green-colored area in the
upper part of the map corresponds to the solid solution zone, con-
sistent with the HRTEM result, i.e., extending about ~150 nm from
the impression surface.
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Fig. 2. a, A cross-sectional TEM-BF image of the indented (100 mN) rs-TiN/rs-AIN SL on MgO (100) substrate. b, A HRTEM image of the indented single-crystalline SL at the
surface region. ¢, The elemental mapping (EDXS) at the position far away from the impression surface. d, Atomic-resolution elemental mapping in the surface region of the
impression. e, Schematic atomic model illustration of the intermixing process, where the rs-TiN/rs-AIN SL evolves into a Tigg;Alg33N solid solution.

3.2.2. Intermixing in the polycrystalline sl coating

(i) At the tip position of the impression

A TEM-BF image in Fig. 4a shows the morphology of the in-
dented polycrystalline SL (film grown on the Si (100) substrate) at
the tip region. In Fig. 4b, red marker locations indicate many ar-
eas with multilayer features. In contrast to the single-crystalline
SL coating, we can easily detect multilayer features even at po-
sitions close to the impression surface, as shown in Fig. 4b. For
the tip region, HRTEM observation (Fig. 4c) shows a solid solution
feature, where no layer contrast is observed. More importantly,
the observation position of Fig. 4c is only present very close to

the tip surface. In comparison with the single-crystalline SL, the
nanoindented polycrystalline SL forms a smaller ‘intermixed’ re-
gion. The EELS mapping result also more directly confirm these
BF results. The energy difference mapping of the N-K edge (in
Fig. 4d) shows that a 7 eV energy gap is detected only with a
depth of 60 nm from the tip surface inwards. Thus, our EELS
mapping results reveal that the extension of the solid solution
in the polycrystalline SL coating at the tip region of the impres-
sion is much smaller than that in the single-crystalline SL coating
(Fig. 3d).



Z. Chen, Y. Zheng, Y. Huang et al.

Acta Materialia 234 (2022) 118008

N-K edge
—Solid solution
Superlattice

Intensity ©

T
0

Energy loss (eV)

T
380 390

AE=7 eV

150 nm SS

.

AE Mapping

‘ . 50,nm,

_________ [AE=8.5eV

Fig. 3. a, A cross-sectional TEM-BF image of the indented single-crystalline SL at the tip position of the impression. b, A locally enlarged HRTEM image of the transition
area (labeled in (a)) from the solid solution region to the SL region. ¢, EELS spectra (N-K edge) taken from near the surface (solid solution region) and a region away from
the surface (SL region). d, EELS mapping using the energy difference (AEy_) between the second and the first peak of N-K edge. It is approximately 7 eV near the surface
(green) and 8.5 eV far away from the surface (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

(ii) Comparison of the edge position of the impression

Moreover, there is almost no solid solution formation observ-
able for the area far away from the tip of the polycrystalline SL
impression. A HAADF image in Fig. 5a shows the morphology of
the indented polycrystalline SL coating at the edge region of the
impression. The HAADF image (Fig. 5b, from position ‘b’) confirms
that the surface area of the impression is full of the layer feature.
Similarly, the impression surface also exhibits a superlattice struc-
ture at position ‘c’ further away from the tip (Fig. 5¢). However, for
single-crystalline SL coating, besides the tip region of the impres-
sion, intermixing also occurred at the edge region of the impres-
sion. The HAADF image presented in Fig. 5d shows an overview of
the morphology of the indented coating at the edge region of the
impression. In position ‘e’, the HAADF image (Fig. 5e) shows that
the solid solution region (without the presence of layer contrast)
is present up to ~50 nm away from the contact surface. As mov-
ing further away from the tip, i.e,, ‘' position, the HAADF image
(Fig. 5f) shows that the ‘f' position hardly presents any solid solu-
tion feature, but only a severely deformed layer structure. There-
fore, compared to the single-crystalline SL coating (Fig. 5e, 5f), al-
most no layer intermixing has occurred at the edge of the impres-
sion of the polycrystalline coating. As already seen, even a very
smaller intermixed zone created by nanoindentation, hard to be
seen by conventional SAED [16], could still be visualized by uti-
lizing advanced TEM methods.

In summary, for the single-crystalline SL coating, we evidenced
the solid solution formation, the spatial extension solid solution
zone gradually decreases at the indenter impression edge when
moving away from the tip. The largest volume of the solid solu-
tion zone was observed rightly underneath the impression tip.

3.3. Deformation and fracture behavior in the single-crystalline SL
coating

3.3.1. Deformation in the solid solution region
TEM results (Figs. 1a-c) show that the as-deposited coating
grown on the MgO (100) substrate is a [100] grown ‘single-

crystalline’ film with a completely epitaxial superlattice structure.
However, after nanoindentation, SAED patterns exhibits obvious
grains rotation features in the solid solution region. Here, SAED
patterns recorded from 4 different positions (marked in Fig. 6a)
are displayed in Fig. 6b. These positions demonstrate diffraction
patterns from two solid solution regions (positions 2 and 3) and
two superlattice regions (positions 1 and 4), as also seen in in-
serted atomic-resolution HRTEM images (Fig. 6a). In position 2,
the ‘ring’ feature in SAED pattern is slightly enhanced compared
to the as-deposited SL (Fig. 1c). However, more pronounced grains
rotation features are observed in the tip region, and the corre-
sponding SAED pattern presents the ring-like pattern (Fig. 6b, po-
sitions 3). This strongly suggests more randomly oriented grains
and more severe grain rotation behavior in the solid solution re-
gion. In addition, the series of dark-field images (Figs. 6¢ and
6d, using one portion of {200} reflection) also indicate that the
nanocrystalline solid solution has a smaller grain size at the tip
region, but a larger grain size further away from the tip region
(Figs. 6e and 6f). Here, the created solid solution region (on MgO
(100) substrate) in the single-crystalline SL by nanoindentation
is mainly composed of equiaxed grains. Differently, the polycrys-
talline SL on the Si (100) substrate consists of columnar grains
with a width of tens of nanometers and a texture characteristic
(see Fig. 1d).

Through HRTEM, we further characterized the GB (grain bound-
ary) atomic structures in the solid solution region. Fig. 7a shows a
TEM-BF image of the surface region of the impression, where an
equiaxed grain with 100 nm in size can be observed. In this grain,
HRTEM observations (Figs. 6b-d, the atomic-resolution image pro-
jected in [100] direction) hardly show any multilayer features, in-
dicating that such an equiaxed grain is a cubic Tigg7Alg33N solid
solution instead of the TiN/AIN SL. Further observations performed
at different positions (Figs. 7b and c) reveal a 5°-18° tilt angle be-
tween the grain boundaries. There is even a sub-grain boundary
comprised of an array of edge dislocations within such an equiaxed
grain (Fig. 7d). The lattice rotation angle map of the corresponding
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Fig. 4. a, A cross-sectional TEM-BF image of the indented polycrystalline SL at the tip position of the impression, where red labels show the position with multilayer features.
b, Enlarged TEM-BF image (position marked in Fig. 4a). c, HRTEM observation at the tip position of the impression. d, EELS mapping of the energy difference between N-K
second peak and N-K first peak. The energy difference on the surface (green area) is approximately 7 eV and far away from the surface (red area) is approximately 8.5 eV.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

region reveals that the tilt angle across the boundary is about 2-5°
(as shown in Fig. 7e).

For the contact surface of the indenter, we believe that the to-
tal volume of the solid solution area increases as the indentation
depth increases. This is because the multilayer region accompa-
nied with high dislocation density will continue to transform into
a solid solution with proceeding indentation, and finally form a
large solid solution region as observed. Previous molecular dynam-
ics (MD) simulation results [20] show that when the load depth
is about 3 nm, a solid solution has already been formed. This indi-
cates that the solid solution behavior occurs in the very early stage
of the indentation event. After the solid solution is formed, it has
the potential to lower the resistance to shear and favors disloca-
tion glide by modifying the electronic effects (high valence elec-
tron concentration) and bonding characteristic [25,26]. Since intra-
granular dislocations are easily redistributed in a solid solution re-

gion (from dislocation accumulation before intermixing), the defor-
mation in solid solution region will be mediated by grain rotations,
including the structural evolution from the initial larger solid solu-
tion grains (come from the SL intermixing)—sub-grainboundaries—
small-angle grain boundaries—large-angle grain boundaries. In the
tip region of the impression, where the local stress is large, more
serious rotation deformation in the nanocrystalline solid solution
takes place. This statement is also confirmed by the fact that the
tip of the impression possesses much more refined grains and the
presence of a larger fraction of high-angle grain boundaries (as
seen in the SAED, i.e., Fig. 6b and Supplementary Figs. S1).

3.3.2. SL interface distortion

At the edge area of the impression (Fig. 8a), we observed
a special superlattice zone with severely distorted interfaces in
the single-crystalline SL. The HAADF image (Fig. 8b) shows the
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Fig. 5. a, STEM-HAADF image of the indented polycrystalline SL near the edge position of the impression. b and ¢, Higher magnification HAADF images taken from different
locations (as framed in a) showing the distribution of the Tipe;Alg33N solid solution zone at the edge position of the impression. d, STEM-HAADF image of the single-
crystalline SL near the edge position of the impression. e and f, Higher magnification STEM-HAADF images show the distribution of Tipg;Alp33N solid solution on the
different edge positions of the impression (as framed in d). ‘SS’, ‘SL’, and dotted lines stand forTiy;Alp33N solid solution, TiN/AIN superlattice, and boundaries in-betweens.

morphology of such distorted interfaces, where the interfaces be-
come rather rough and disrupted, and the layer morphology lo-
cally exhibits prominent bends and distortions. At the edge of
the impression, this interface distortion structure is mainly dis-
tributed near the contact surface of the indenter, further deep in-
side the coating, the ‘flat’ interface morphology still retains (not
shown here). Looking specifically at the structure of the distorted
interfaces zone, we observed that the SL here was fragmented into
small pieces (Fig. 8c). Compared to the solid solution region, no ob-
vious grain boundary structure between these fragments is found.
And, the HRTEM image (Fig. 8d) clearly shows very high densi-
ties of edge dislocations present in these distorted interface re-
gions. The dislocations are present not only near the TiN/AIN in-
terfaces but also inside the individual TiN or AIN layer. Thus, these
TEM observations unravel that the dislocation densities in the in-
terface distortion region are greatly increased as compared to the
as-deposited SL interfaces.

However, we hardly observed the severe interface distortion
and bending rightly beneath the tip region of the impression. In
Fig. 8e, the contact surface of the impression tip is a solid solution
without any layered features (not shown here). Along the compres-
sion direction of the indenter, we only observed a ‘flat interface’

and no distorted interface distribution (as seen in Fig. 8f). Based on
the observations, we may simply conclude that SL interface distor-
tions mainly appear at the indenter edge where the shear defor-
mation is dominant, while it is barely distributed at the tip area
where the local stress is more concentrated.

3.3.3. SL slip deformation

The deformation of single-crystalline TiN coating has been stud-
ied in the past either by TEM or by calculating the crystallographic
anisotropy using Schmid’s law [27]. The primary slip system for
dislocation glide in TiN crystals has been identified. Slip primar-
ily occurs on {110} planes along the (110) directions [27,28]. Our
results evidence that slipping, similar to TiN single-crystals, can
also be found in single-crystalline TiN/AIN SL coating that occurs
at the SL region away from the impression surface and gradually
approaching to the MgO substrate.

For a better understanding of the scale of the slip deforma-
tion, we also characterized the slip deformation under 100 mN
and 150 mN loads (as seen in Fig. 9a and 9b). For the 100 mN-
indented sample (Fig. 9a), several slip lines (6 slip lines) along the
(110) direction are observed, and the distance between these slip
lines is about ~100-150 nm. Under a larger indent load (150 mN,
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Fig. 6. a, TEM-BF image of the indented single-crystalline SL. Inserted images showing HRTEM images taken from the labeled positions 1-4. b, Corresponding SAED results

images were taken from the tip of the impression (c and d) and the edge area (e and f) using g= [200] reflections of the cubic. In Fig. 6b, the enlarged image (position 4,
from FIB) are accidentally located at the satellite spot positions.

inset) indicates the extra spots, confirming the presence of periodic SL structure. Please note that in Position 1, the faint diffractions due to the surface protective layer (Pt

a

Fig. 7. a, A TEM-BF image of a nanocrystalline solid solution zone (one grain is indicated) in the indented single-crystalline SL. b-d, HRTEM images of grain boundary
structures taken from different positions (labeled in a) in the solid solution zone. e, Lattice rotation angle mapping of d. Different boundaries labelled by dotted lines or an
array of dislocations are clearly visible.

PO
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in positions 1-4. The diameter of the selected area aperture used is about 150 nm. Note the differences in the SAED patterns of the different locations. c-f, TEM dark-field




Z. Chen, Y. Zheng, Y. Huang et al.

Acta Materialia 234 (2022) 118008

Fig. 8. a, A cross-sectional TEM-BF image of the indented single-crystalline SL at the edge position of the impression. b, A STEM-HAADF image recorded from one position
in a showing the morphology SL interfaces. ¢, A TEM-BF image of the distorted. d, HRTEM observation result of the interface distortion region. e, A cross-sectional TEM-BF
image of indented single-crystalline SL at the tip position of the impression. f, the STEM-HAADF observation results from one corresponding position in e.
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Fig. 9. a, b, Overall morphology of the single-crystalline SL under 100 mN and 150 mN load, respectively. The arrows indicate slip lines. ¢, The STEM-HAADF results of the
corresponding area in a. d, The high magnification TEM BF image shows the slip deformation along the (110) direction. e, A schematic diagram of SL slip direction.
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Shield <110> crack

Fig. 10. a, Overview morphology (STEM-HAADF image) of the indented single-crystalline SL (under 100 mN) some cracks along different directions are clearly visible. b,
detailed STEM-HAADF observation of the crack initiation region at the edge position of the impression. c, HRTEM observation near the crack initiation. The inserted image
shows the low-magnification morphology of the crack tip area. p-e, TEM-BF and STEM-HAADF observations of the fracture behavior in the main slip direction (<110>

direction).

Fig. 9b), the scale of slip deformation is greatly increased. Com-
paratively, the TEM BF result (Fig. 9b) shows that the density of
the slip lines at 150 mN (12 slip lines are observed) is significantly
higher than that under 100 mN. In addition, the step height on
the interface under different loads is also different. Fig. 9¢ (100
mN) shows the TEM-BF image taken near the substrate area, and
an obvious shearing step can be found, where the step height is
~30 nm. For the 150 mN-indented sample, the step height can
reach up to ~100 nm. Detailed high-magnification TEM-BF obser-
vation (Fig. 9d) confirmed the sliding deformation in the 45° direc-
tion of the SL interface, i.e., sliding deformation of the SL along the
(110) direction. Meanwhile, the interfaces near the SL slip lines are
very flat and smooth, as shown in Fig. 9d A schematic drawing il-
lustrates the sliding process happening along the 45° direction rel-
ative to the SL interface (Fig. 9e).

In short, strains generated by nanoindentation in the single-
crystalline SL could be released by various deformation mecha-
nisms, depending on the locations relative to the indenter. These
cover: a polycrystalline deformation mode (i.e., grain rotation) in
the solid solution area just rightly at the tip, distortion of the SL
interfaces at the edge of the impression, and SL slip deformation
far away from the contact surface.

3.3.4. Fracture in the single-crystalline SL coating

The fracture behavior of the single-crystalline SL coating
was closely observed after an indent was made using a sharp
cube-corner indenter and a maximum load of 100 mN. Low-
magnification HAADF observation (Fig. 10a) shows that cracks are
mainly located in the SL area at the edge of the impression, while
the solid solution area (at the tip and edge region of the impres-
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sion surface) barely exhibit any cracks. At the edge of the im-
pression, cracks have an irregular extending direction, e.g., parallel
to the interface direction, perpendicular to the interface direction,
or along the interface direction at 45°, etc. For the cracks at the
impression edge, Fig. 10b through 10c depicts the specific micro-
scopic interface morphology of the initiation area. The interfaces
in these areas are severely deformed. HRTEM observation on the
corresponding position (Fig. 10c) shows the microscopic morphol-
ogy of the crack initiation area, where the interface in the front of
the crack demonstrates significant distortions and a very high dis-
location density (as indicated). Accordingly, we can confirm that
the initiation of cracks can be related to the accumulation of dis-
locations at the SL region of the impression edge. In addition to
the edge of the impression, some micro-cracks along the sliding
direction are observed. These cracks are titled 45° with respect to
(100) growth direction (as seen in Fig. 10d), i.e., cracks along the
(110) direction. But these (110) direction cracks can only travel a
limited distance, i.e., only about 100 nm into the coating, as shown
in Fig. 10e.

In a nutshell, for the single-crystalline SL, cracks mainly initiate
and propagate in the SL area that is enriched with the distorted
interfaces. Both the solid solution zone and the SL area without
interface distortions may effectively prevent crack initiation and
propagation.

3.4. Deformation and fracture behavior in polycrystalline SL coating
Polycrystalline SL coating has completely different deformation

and fracture mechanisms from the single-crystalline SL coating.
Fig. 11a shows the overall morphology of the polycrystalline SL
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Polycrystalline SL

Fig. 11. a, Overall morphology (STEM-HAADF) of the indented polycrystalline SL (under 100 mN) with radial cracks being clearly visible. b and c, Detailed STEM-HAADF
observation result of the corresponding areas in a (framed). d, STEM-HAADF observation result of the area not affected by the indentation.

coating after nanoindentation. For the fracture, Fig. 11a depicts that
polycrystalline SL coating mainly has radial cracks perpendicular to
the interface direction. These macroscopic cracks may propagate
a distance of hundreds of nanometers (about 410 ~940 nm) and
reach the substrate interface (as seen in Fig. 11b). Meanwhile, the
indentation can cause the coating to delaminate from Si substrate
(Fig. 11b). In addition to the obvious macroscopic fractures, a high
density of micro-cracks is also observed at the tip area of the im-
pression (Fig. 11c). These high-density micro-cracks are found only
at the tip area of the impression, barely visible away from the tip
(Fig. 11d, crack-free). TEM image shows that the shear steps appear
along the column’s slide direction, and continue to the coating-Si
substrate interface. The formation of radial cracks can be consid-
ered as the gap between two adjacent steps be fractured by im-
posing more restraint and restraint on the columnar slip at the
coating-substrate interface [16]. Furthermore, due to the lack of
an epitaxial relationship and more unstable Si-N bonding [29], the
film on the Si substrate easily delaminates and causes catastrophic
failure.

As seen in Fig. 11a, the deformation in the polycrystalline SL
coating is mainly governed by the sliding of columnar grain bound-
aries [30]. The strains generated by nanoindentation are released
through shearing of the columnar grains. In Fig. 11a, the obvious
sliding steps at the height of 80-350 nm in the substrate are ob-
served, and the SL films are pushed into the substrate. Compared
with the sliding step near the coating substrate of the single crystal
SL (100 mN in Fig. 9a, and 150 mN in Fig. 9b, where comparably
small steps), the polycrystalline coating demonstrates larger slid-
ing steps. Since significant energies could be dissipated by sliding

1

deformation, this actually prevents large-scale interface distortion
and alloying in the polycrystalline SL coating.

For columnar grain boundaries, it is easy to cause stress con-
centration during deformation. As a result, the interface distortion,
dislocation accumulation and SL alloying can occur only near the
GBs or crack regions. Fig. 12a depicts the multilayer morphology
near the impression tip. Near the columnar GB (Fig. 12b), SL in-
terfaces are obviously bent and distorted. Furthermore, the inter-
face of the local area adjacent to the GB is not very clear (near
yellow label), which implies a mixing phenomenon. However, a
few nanometers away from the columnar GB (Fig. 12c), the inter-
faces are sharp, un-deformed and present a ‘flat’ feature. In ad-
dition to the GB region, a small-scale interface distortion and SL
intermixing can also be observed near the cracks. Fig. 12d shows
the morphology of one crack nearby in the columnar crystals.
HRTEM observations (Fig. 12e) reveal that no layer features near
the crack (as marked by the dotted-line area). This proves that
there exists a localized intermixing zone adjacent to the crack.
Meanwhile, HRTEM observations (Fig. 12f) also reveal the inter-
face distortion near the crack and a high amount of dislocations
(as indicated). However, it should be mentioned that the high
dislocation density and the interface distortions appear only in
the very vicinity of the crack. About 5 nm away from the crack
(Fig. 12g, position ‘g’ labeled in Fig. 12d), the interfaces exhibit
a perfectly coherent state and maintain a low dislocation den-
sity. Therefore, these atomic-resolution observations indicate that
the interfacial intermixing and interfacial deformation in polycrys-
talline SL still occur locally (near the crack or GB) but with a low
scale.
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Fig. 12. a-c, A TEM-BF image of the indented polycrystalline SL from the columnar GB region. d, A TEM-BF image of near radial crack front in the polycrystalline SL. The
white marked area demonstrates no multilayer feature is present next to the front of the crack. e-g, HRTEM observation results of the corresponding areas marked in d

without layered features (e) and with layered features (f, g).

4. Conclusions

The microstructures of nanoindented single-crystalline and
polycrystalline TiN/AIN SLs (4=2.5 nm) were intensively investi-
gated using Cs-corrected TEM and FIB sectioning. Through atomic-
scale TEM observations, we observe a variety of deformation mech-
anisms to be active in the single-crystalline SL coating, including SL
interface distortion, SL slip deformation, solid solution formation
and polycrystalline grain rotation in the solid solution. However,
columnar grain boundary sliding along the loading direction is
the predominant deformation mechanism in the polycrystalline SL
coating, and interface distortion and SL alloying occur only locally
in regions near the columnar grain boundaries. Hence, due to the
difference in the deformation mechanisms, the single-crystalline SL
exhibits a larger scale of solid solution than the polycrystalline S.
For single-crystalline SL, the largest volume of the solid solution
zone was observed rightly underneath the impression tip, and the
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spatial extension of this zone gradually decreases at the indenter’s
impression edge when moving away from the tip.
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