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The recently established theory has built clear connections
between hardness and toughness and electron structure
involving both valence electron concentration (VEC) and
core electron count (CEC) in transition metal nitride (TMN)
ceramics. However, the underlying deformation mecha-
nisms remain unclear. Herein, we conduct in-depth analysis
on microstructure evolution during deformation of the high
VEC-CEC solution TiMoN coatings having desired com-
bination of high hardness and toughness. The effects of solid
solution, preferred orientation linked with symbiotic com-
pressive stress, grain size and dislocations are systematically
discussed. We discover that numerous dislocations have
been implanted into the nanocrystals of the TiMoN coating
during the high-ionization arc deposition. Using two-beam
bright-field imaging, we count the dislocation density and
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confirm occurrence of dislocation multiplication to form
effective plastic deformation, which contributes to signifi-
cant strain hardening, comparable to solid solution harden-
ing, fine-grain hardening and compressive stress hardening.
The improved dislocation activities also play a crucial role in
enhancing the toughness by providing extra energy dissipa-
tion paths. This work gains new insights into the origins of
mechanical properties of ceramic coatings and possibility to
tune them via defects.

Owning high hardness, excellent wear resistance and
strong oxidation resistance, transitional metallic nitride
(TMN) hard coatings have been extensively employed to
prolong the durability of key components used in extre-
mely harsh conditions, such as cutting tools, drills and
engine blades etc. With poor coordinated deformation
ability, however, TMN coatings suffer from low toughness,
which can even embrittle the coated substrates [1].
Therefore, it is a perennial and important issue to promote
the toughness and thus to obtain a promoted load-bearing
capacity of TMN coatings.

To date, many attempts have been elaborated to improve
the toughness of TMN coatings [2-5]. Among them, solid
solution with heavy early-transitional metal (ETM)
including W [6-8], Mo [9-11], Ta [12] and Nb [13] has
shown advantage to break through the hardness-toughness
paradox. Recently, a guiding theory for solid solution
design of TMN has been established, showing reliable
connection attributing the simultaneous enhancement of
hardness and toughness to the enhanced occupation of both
covalent and metallic orbits, which is caused by the high
valence electron concentration (VEC) and core electron
count (CEC) of the solution elements. This theoretical
prediction has been attested by numerous experimental
results before and after [8, 9, 13-17].
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Whereas, the actual mechanical properties of TMN
coatings often deviate from theoretical prediction, because
other factors, like plastic deformation-related processes,
also have significant influences. There still lack funda-
mental understanding on such correlations till now. It
might be due to that many TMNs behave in highly elastic
manners. For physical vapor deposition (PVD)-deposited
TMN coatings owning typical nanocrystalline columnar
structure, the deformation has been observed to be domi-
nated by grain boundary (GB) activities, such as GB sliding
and rotation [18, 19] as well as intergranular cracking [20],
without obvious intragranular plasticity. A recent work by
Chen et al. [21, 22] shows that high density of dislocations
can be created inside the brittle superlatticed TiN/AIN
single crystal, although no apparent differences can be seen
between its deformation with those of previously reported
TMN coatings [20] from morphological sight.

In this work, we focus on the investigation of defor-
mation mechanisms of the model material-TiMo,;N coat-
ing, which possesses a desired combination of high
hardness and toughness due to high fraction solution of the
high VEC-CEC Mo element. By performing systematic
indentation tests and in-depth transmission electron
microscope (TEM) characterization, we identify the acti-
vation of dislocation-mediated plasticity during indentation
deformation and its significant roles on both hardness and
toughness. Mechanical mechanisms with respect to solid
solution, grain size, orientation and compressive stress are
also discussed in details.

The TiMoy;N coatings were deposited by a home-made
multi-arc ion plating system supplied with alloyed Ti;3Moy;
targets at a N, working pressure of 1.6 Pa. Mirror-polished
cemented carbide (WC: 90 wt%, Co: 10 wt%) cubes were
used as substrates. Prior to deposition, all substrates were
ultra-sonically cleaned in ethanol liquid for 20 min to
remove adhesive contaminants. The base pressure of
chamber was about 7 x 107 Pa, and temperature was
maintained at 250 °C. After that, an Ar" etching process was
conducted at a direct-current (DC) pulsed bias of —500 V to
improve coating adhesion strength. The actual composition
of the as-deposited coating is Tiz; sMog ;N5 4 determined by
energy-dispersive spectroscopy (EDS), indicating a fraction
of Mo loss during deposition. Phase structure of the coating
was examined by a grazing incident X-ray diffraction
(GIXRD) method in Rigaku Smartlab with a Cu-K,, source.
Transition electron microscope (TEM, FEI TALOS-
200 kV) was employed to investigate the pristine and
deformed microstructure of TiMo,;N coatings. Dislocations
were observed using two-beam bright-field (BF) imaging
technique. The TEM foil samples were prepared by focused
ion beam (FIB) lifted-up technique.

Mechanical properties were acquired by nanoindenta-
tion tests (CSM, Anton Paar) using Berkovic indenter with
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a constant load mode at 5 mN. All indentation depths were
less than 150 nm, below one tenth of coating thickness, to
minimize the influences from the substrates. Vickers
indentation tests were carried out to evaluate the crack
resistance of coatings. A high load of 200 gf was used.
Additionally, sharp cube-corner indenter was also per-
formed to probe toughness and induce severer plastic
deformation in a smaller volume. An extremely high load
of 400 mN was used for approaching the cracking limit of
the coating, where the surface profiles were visualized by
atom force microscope (AFM).

Figure 1 shows the XRD pattern of the as-deposited
TiMo,;N coating, indicating that the TiMo,;N coating has
a dual-phase structure comprising the predominating Bl
face-centered cubic (fcc)-TiN phase and a small amount of
body-centered tetragonal (bct)-Ti,N phase. This is different
from the previous theoretical results that assumed a single
fce phase structure of TiMoN system [9, 15]. The fcc phase
shows strong (111) preferred orientation, which is a typi-
cally seen strain energy-predominant feature. Its formation
is associated with the strong ion bombardment effect
generated during the arc ion plating process, which facili-
tated structural densification and growth of compressive
stress due to massive adatom inserting into and pinning the
grain boundaries (GBs) [23]. The resulting compressive
stress of the current TiMo,;N coating reached 3 GPa,
determined by substrate curvature method using Stoney
equation [24]. In fcc-TiN crystalline, the (111) plane pos-
sessed the lowest strain energy but highest surface energy
[25]. When stressed in compressive state, the columnar
grains tend to evolve along preferential (111) planes to
reduce the strain energy of GBs. It was noticeable that
although the fraction of bct-Ti,N phases was quite small, it
could deteriorate the toughness of coating because of the
large lattice misfits at bct-fee interfaces [26].

As clearly presented in the bright-field (BF) image in
Fig. 1b, the TiMo,;N coating has a dense, nanocrystalline
columnar structure. The inserted selected-area electron
diffraction (SAED) shows the sole existence of fcc main
phase, with Ti,N phase absent. It might be because that the
Ti,N phase is in extremely fine-needle shape dispersed
among the fcc matrix (further details are referred to Ref.
[26]). The grain size was determined by counting the width
of about fifty grains from the BF images, yielding an
average grain size of 56.5 £ 25 nm (Fig. Ic). The high-
resolution TEM (HRTEM) images (Fig. 1d, e) further
reveal dominating (111) orientation for most of columnar
grains. All these SAED patterns, as depicted in Fig. 1d1,
e2, presented the identical [110] crystallographic zone axis
with (111) plane perpendicular to the growth direction,
which agreed well with the XRD results. Since the (111)
orientated GBs comprise most of interface areas, the
overall surface energy is increased. Consequently, it
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Fig. 1 a XRD pattern of the as-deposited TiMo,7N coatings; b BF TEM morphology of TiMo,;N coating; ¢ grain size distribution;
d evidence of LAGB by atomic HRTEM image and SAED patterns; e1 rotation GB with in-plane coherent GB but out-of-plane
misorientation; e2 corresponding IFFT; f identifying multiple nanoscale dislocation conserved by high-energy deposition through two-

beam BF imaging under g = [111]

facilitates a strong tendency to form lower-energy GB
(LEGB) configurations. For example, Fig. 1d showcases a
low-angle GB (LAGB), with the angle between two adja-
cent (111) planes being about 14.5°. The small angle forms
a recognizable Moire fringes when the lattice overlaps at
the GB. Figure lel shows a second type of LEGB, (111)
in-plane coherent rotation GBs. We can see that the lattice
fringes of the left-side grain can extend across the GB to
the right-side grain, but soon becomes blurry, as it is off-
axis with the left-side grain at out-of-plane direction by a
small angle. The HRTEM image and corresponding
inverse-FFT image (Fig. lel, e2) capture a pair of
misorientation dislocations near GB.

Two-beam BF imaging was conducted to figure out the
intragranular dislocation structure. Surprisingly, we found
numerous nanoscale dislocations inside the as-deposited
nanograin (Fig. 1f). These dislocations or their resolved
components all array along the long side of columnar
grains with length over 100 nm, that offers enough space
for storing dislocations. With g = [111] and the slipping
plane parallel to (111), the Burgers Vector should be
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B = 1/2a[110]. We have examined four more nanograins
under two-beam BF condition (they are shown in Fig. S1)
to see analogous structure. The dislocation density was
then determined to be (1.90 + 0.87) x 10'' cm™2, coun-
ted from a total area of 57,955 nm?. These observations
verify a previously overlooked fact that the fast nonequi-
librium deposition plus ion bombardment implants plenty
of crystal defects into the as-deposited coatings. Mean-
while, we suppose point defects should also ubiquitously
exist [27], yet very hard to visualize. But our analysis
didn’t find any planar defects like stacking faults (SFs) or
twins. Because the stacking fault energy (SFE) of ceramic
is extremely high, formation of SFs or twins is excep-
tionally difficult and so the plentiful deposition-stored
dislocations can’t form extension either. We speculate that
the strengthened metallic bonding due to high fraction of
Mo solution also contributes to the dislocation storing
ability of these nanograins.

Comprehensive mechanical behaviors were probed via
indentation-based tests. The hardness and elastic modulus
of the coating derived from nanoindentation tests is 33 + 5
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GPa and 483 4+ 56 GPa, respectively. The hardness is
approximately 10 GPa higher than hardness of pure TiN
(23 + 0.8 GPa). The Vickers indentation result (Fig. 2a)
shows a nearly crack-free morphology under load of 200 g
(1.98 N), except for an extremely narrow and short crack
can be seen. Nanoindentation using cube corner provides a
more accurate evaluation of crack resistance because the
effect of substrate is minimized. As shown in Fig. 2b, the
coating remains crack-free after indented under a high load
of 400 mN. Instead, the large pile-up phenomena at indent
edges can be seen, indicating strong plastic deformation
ability.

To further understand the deformation mechanisms, we
performed load-controlled nanoindentation under various
strain rate ranging from 0.00417 to 0.0833 s~'. Figure 2c
shows the representative load—displacement curves. As
shown in Fig. 2d, the strain rate sensitivity (SRS) index
m is 0.009, indicating a rate-insensitive behavior. For
typical metal like fcc-Cu [28], high m values are observed
when grain size is refined to nanoscale due to enhanced
resistance for dislocation and GB sliding [29, 30].
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Conversely, brittle materials like ceramics and metallic
glass often exhibit negative m values due to formation of
large-sized shear band and cracks during deformation [31].
For nanograined nitride ceramic coatings, GB sliding [32]
and intergranular cracking [33] have been frequently
observed. Obviously, the small positive m implies effective
suppression of intergranular cracking and possibly activa-
tion of plasticity.

To precisely understand deformation mechanisms, in-
depth microstructural investigations have been performed.
Figure 3 shows the cross-sectional TEM morphology of
Vickers and cube-corner prints. As seen in Fig. 3a, the
coating—substrate interface remains intact after deforma-
tion, showing strong adhesion strength of the coating.
Shear steps formed at the bottom mark the occurrence of
typical GB sliding. The curved columnar grains in the
severely deformed area (Fig. 3b) indicate that the coating
has strong plastic deformation ability. No phase transfor-
mation has been found. Meanwhile, GB rotation also
occurred. Figure 3c exhibits a representative that the left-
side grain totally off-axis with the right-side one. Figure 3d
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Fig. 2 a Vickers print under 200 g showing a nearly crack-free except for a narrow and small one pointed by red arrow. b Morphology
of cube corner under 400 mN. Surface and line scan clearly show pile up at the edges. ¢ Representative load—depth curves of TiMoN
coatings taken from load control mode. The arrow indicates the rising strain rate. d log—log plotting of hardness as a function of strain

rate. The slope represents strain rate sensitivity, m
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Fig. 3 a Cross-section TEM morphology of deformed structure under Vickers print, b enlarged image showing curved GBs. ¢ HRTEM
image showing rotated GB and the inserted image indicate its location. d Deformed structure under cube-corner print. e Enlarged
image of curved GBs and high-density dislocation under two-beam condition g = [111]. f HRTEM image showing deformed area and
g corresponding strain maps of horizontal (&) and vertical (e,y) normal strain, and shear strain (&), showing highly strained areas

correspond to severe distortions in raw HRTEM image

demonstrates the cross section of cube-corner indentation
print, for comparison. We can see that no intergranular
cracks can be found in either the cube-corner indentation
(Fig. 3d) or the Vickers indentation (Fig. 3a), testifying the
deduction that cracking during deformation causing nega-
tive m of ceramics has been suppressed. On the other hand,
the positive but low m value indicates possible dislocation
mechanism aside the activating GB sliding.

Next, focus has been put on the severely deformed area
right under the tip. Figure 3e exhibits the morphology
enlarged from green-boxed area in Fig. 3d. The yellow
dashed lines profile the analogous curved GBs, confirming
occurrence of plastic deformation. More importantly, high-
density nanoscale dislocations were observed inside the
nanograins under two-beam BF with g =[111]. By
counting the number of dislocations within a certain area
(as marked by red dashed boxes in Fig. 3e), the average
dislocation density was determined to be
(2.88 + 1.24) x 10" cm™?  after examining a total
deformed area of 82,536 nm? (see Fig. S2 for more evi-
dences), which yields a 50% increment after deformation
(Fig. 4a). Note that no extended partials or stacking faults
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al

&«



2850

S.-H. Zhou et al.

have been found. We performed geometry phase analysis
(GPA) to investigate the influences of dislocation cores on
strain distribution in a deformed area with local distorted
lattices (Fig. 3f). The resulting strain map in Fig. 3gl—g3
reveals that local strains appears at the same location of
distorted areas where dislocations exist in Fig. 3f, while the
rest areas remain less strained, in good agreement with the
raw HRTEM image (Fig. 3f). Note that the scale of elastic
strain field of TiMoN is quite small, accounting for the
reason that TiMoN lattices are capable to contain large
amounts of dislocations.

The above observations unambiguously verify the
occurence of dislocation multiplication, along with con-
current GBs sliding in the nanocrystalline TiMoN coating,
which has been sparsely discussed in previous studies.
Dislocation multiplication increases the total slipping dis-
tances, and consequently offset the diffusion effect of GB
sliding, ultimately leading to an extremely low m value. In
addition, the observed dislocation activities have signifi-
cantly influences on both hardness and toughness, which is
discussed in the following.

On one hand, dislocation multiplication can cause strain
hardening. Together with solution hardening, residual
stress and GB hardening, the hardness of nanocrystalline
TiMoy;N coating can be expressed as
H = Hiheo + Abgyress + Aopp + AO-Taylor’ where  Hipeo
represents the theoretical hardness of the solid solution,
AGgiress, Aoyp and Acr,yio, represent the contributions from
residual stress, GB (Hall-Petch) hardening and strain
(Taylor) hardening, respectively. Using value from the
former theoretical calculation in reference [9], Hyeo is 16.6
GPa for TiN and 21.1 GPa for TiMosgN, yielding Hyeo =

19 GPa for Tiz; sMog Nsg4 assuming it follows the
mixing rule. This is still 14 GPa lower than the actual
hardness of 33 GPa, meaning that the other factors should
have great influences. The GB hardening Aoyp is estimated
according to Hall-Petch relation Aoyp = k-d~'?, where k
is constant and d is grain size. Taking a large k = 21.2
GPa-nm'? for ceramics [34] and d = 56.5 nm, Aoyp = 2.8
GPa. The strain hardening is estimated according to the
Taylor’s law [35]:

Actayior = aMGh(/p — /py), (1)

where o is the hardening factor that range 0.3 — 0.6 for
nanocrystals [36] (we used maximum o = 0.6 for ceram-
ics), M is the Taylor factor (about 3.06 [36]), G is the shear
modulus, b is the magnitude of Burgers vector B. Taking
the data from reference [9], G = 171.4 GPa is for TiMoN
using mixing rule. As the dislocations visible under
g = [111], taking the Burgers vector B = 1/2a[110] (a is
the lattice parameter), b is 0.3 nm. For a dislocation density
of 2.88 x 10'! cm~2, A0 Tay10r is estimated to be about 5.1
GPa. This indicates that dislocations have significant
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contribution on the hardness, comparable to GB hardening,
and they jointly make a 7.9 GPa increment to hardness. The
remaining 6.1 GPa differential could be primarily caused
by compressive stress, which implies that compressive
stress could pry a hardness increment twice its own value
(3 GPa here). Although the quantitative relation between
compressive stress and hardness increment remain unclear,
this conjecture is supported by previous findings where a
superhardness of 41 GPa was achieved under an ultrahigh
compressive stress of 6.3 GPa [37].

On the other hand, the improved dislocation activities in
the TiMoN coatings also have crucial effect on toughness.
It is well established that the intergranular sliding governs
the deformation of PVYD TMN coatings [38]. Chen et al.
revealed that GBs sliding in polycrystalline TiN/AIN
superlattice screens dislocation activities, which are
responsible for significant strain strenghthening in single-
crystalline counterpart [21, 22]. Although it is believed that
GB sliding can dissipate deformation energy during
deformation [32], our previous study showed that the GB
sliding-dominating mode [37] was vulnerable to inter-
granular cracks [33] when intragranular plasticity is absent.
In contrast, our observations identify effective dislocation
multiplication in the TiMoN coating. Although the dislo-
cation density is still much lower than fcc nanograined
metals [36], such a high density has scarcely been reported
for nanocrystalline ceramics. This triggered dislocation-
mediated plasticity in TMN coating, offering extra energy
dissipation paths, mitigated the stress concentration at GBs,
being the key factor for toughness enhancement. This is
well showcased by the GB curving (Fig. 3b, €) and the
suppressed crack in Fig. 3a that supports the scanning
electron microscopic (SEM) observation in Fig. 2a.

Figure 4b depicts the schematic deformation process for
the nanocrystalline TiMo,;N coating. The pristine structure
of the as-deposited coatings comprises nanoscale columnar
grains containing numerous deposition-stored dislocations
with their GBs pinned by high compressive stress. There-
fore, GBs undergo constrained sliding and intergranular
cracking is suppressed during the actual deformation.
Furthermore, the prestored high-density dislocations pro-
vide considerable sources for dislocation to slip, which are
then continuously multiplied and absorbed at GBs, gener-
ating strain hardening as well as improved plasticity.

In summary, a hard-yet-tough TiMoN coating was pre-
pared via high-ionization arc plating and its deformation
behaviors have been thoroughly investigated. Our analysis
verifies that dislocation, GBs and compressive stress each
have significant contribution on hardness. Furthermore,
compressive stress-constrained GB sliding and dislocation
slipping collectively predominate the deformation process
and result in improved toughness, as testified by GB
curving  microscopically and  surface  piling-up

Rare Met. (2025) 44(4):2845-2852
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mesoscopically. The highlighted discovery of dislocation-
mediated deformation generate new insights on the origins
of hardness and toughness of TMN coatings that construct
better links between electronic structure and overall
mechanical behaviors of ceramic coatings, and imply
possibility to tune mechanical properties by manipulating
dislocation inside ceramics.
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