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1. INTRODUCTION 

According to the data of numerous studies (see,
e.g., [1–5]), low�alloy titanium nitride–based coat�
ings usually have submicrocrystalline grains elongated
in the growth direction, i.e., a so�called columnar
structure. The specific features of this structure
implies competition of the growth of columnar grains
with texture formation and depend on the growth acti�
vation energy (ion energy, temperature), the substrate
orientation, the gas partial pressure, and some other
factors [6–9]. Most results of these works are based on
describing the macroscopic picture of coating growth
obtained by scanning electron microscopy and X�ray
diffraction [2, 3, 8, 9]. Therefore, some obtained
dependences, such as the change in texture induced by
a change in the deposition conditions [9], have no
structural grounds. 

Using transmission electron microscopy, the
authors of [1, 4, 5, 10, 11] studied the structure of
columnar coatings in the growth direction (in cross
section), determined the column diameters in a
columnar structure and the influence of a substrate of
the column sizes (no division into grains or subgrains
was performed in those works), and detected disloca�
tions and low�angle boundaries. However, these data
are incomplete and mainly qualitative. For example,
dislocations were detected but characteristic disloca�
tion structures and the dislocation density were not
determined, and low�angle boundaries were detected
but data on their density and misorientation at bound�
aries were not presented [10, 12, 13]. 

It is also known that titanium nitride–based
columnar coatings have a relatively low fracture
toughness, at most 10–15 MPa m0.5 [14]. Therefore,
the formation of various cracks, namely, radial,
inclined, edge cracks, is the main deformation mech�
anism during the indentation of coatings on soft (steel)
substrates [15–17]. The data on the modification of a
defect structure in the indentation zone are scarce. In
particular, only the authors of [17, 18] noted that indi�
vidual high�angle boundaries form under the indenter
tip. The mechanism of their formation and the related
structure relaxation effects were not discussed in those
works. The authors of [16–21] performed an electron�
microscopic investigation of the indentation zones
and found no action of dislocation deformation mech�
anisms on the dislocation density. In addition, the
authors of [19] detected material extrusion at the
periphery of an indentation and material bending in
the indentation zone, which were caused by the gener�
ation of geometrically necessary dislocations, and
observed stress relaxation in the zone of cross cracks
via dislocation motion. 

The purpose of this work is to obtain the quantita�
tive characteristics of a microstructure by dark�field
electron�microscopic analysis of a lattice orientation,
which makes it possible to determine local spectra and
characteristics of structural defects (dislocations, low�
angle boundaries) [22, 23]. To localize deformation in
a substrate, the hardness of the substrate material
(T15K6 hard alloy) was chosen to be comparable with
that of the coating. 
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2. EXPERIMENTAL 

Ti–Al–Si–Cu–N coatings were deposited by reac�
tive magnetron sputtering of targets made of titanium
(VT1�0 alloy, sputtering power of 2.4 kW), Al60Si40
alloy (sputtering power of 0.2 kW), and commercial�
purity copper (sputtering power of 0.1 kW) in argon
and nitrogen atmosphere using two assisted sources of
gas (nitrogen) plasma onto substrates made of T15K6
((in wt %) 79WC, 15 TiC, 6 Co) and subjected to plan�
etary rotation. A coating was deposited at a pulsed bias
voltage of –200 V and a substrate temperature of
≈150°C for 120 min, and the nitriding of a titanium
sublayer was performed at a negative bias voltage of
6 kV applied to a substrate. The coating thickness
along with the sublayer was about 0.85 μm. 

The elemental composition of the coatings was
determined by energy dispersive electron�probe
microanalysis using the Genesis Software Version 5.1
software package. The nanohardness of the coatings
was carried out using the TTX NHT2 (CSM) system in
the load range up to 350 mN, and load–indentation
depth curves were recorded. Structural studies were
performed with scanning (SEM�515, Philips) and
transmission (CM�12, Philips) electron microscopes. 

3. RESULTS AND DISCUSSION 

3.1. Micro� and Substructure 
of the Deposited Coatings 

Under the chosen deposition conditions, the coat�
ing has the following composition (at %): 49.0 Ti,
2.1 Al, 0.1 Si, 2.7 Cu, and 46.1 N. Note that the total
concentration of alloying elements, in particular, sili�
con (which favors grain refinement [24]), is low (less
than 5 at %). Therefore, we expected the formation of
a coating structure with relatively large grains, which
was supported experimentally. 

The identification of electron diffraction patterns
points to the formation of a single�phase B1 structure
of alloyed TiN with lattice parameters a = 0.422 ±
0.001 and 0.418 ± 0.001 nm in the coating plane and
in the cross section, respectively (Fig. 1). The electron
diffraction pattern taken from the cross section also
contains reflections of α�Ti, which is obviously the
part of the α�Ti sublayer that has not reacted with
nitrogen upon nitriding. 

The electron diffraction pattern taken from a
region about 1 μm in size in the coating plane demon�
strates an in�plane {110} texture and wide (up to 40°)
azimuthal misorientations (Fig. 1a). The electron dif�
fraction pattern taken from the cross section indicates
the presence of several crystals of different orienta�
tions (Fig. 1b), which can correspond to a {110} tex�
ture in the presence of the mechanism of competitive
growth of columnar grains (which is well known for
columnar coatings). The operation of this mechanism
can be supported by dark�field electron�microscopic
analysis of the bending–torsion of a crystal lattice in

the sections that are parallel to the coating growth
direction [22, 23]. 

Figure 2 shows fragments of dark�field analysis of a
columnar grain structure. As examples of columnar
grains, arrows 1 and 2 in Fig. 2a indicate the regions
the orientation of which is unfavorable for growth.
These regions are grains, since the extinction contour
corresponding to an operating reflection is not excited
in them in the angle of inclination range at least 8° and
the neighboring regions are in a reflecting position.
The length of these regions reaches ≈200 nm at a width
of 30–50 nm. 

The width of the columnar grains corresponding to
the texture component changes from several tens to
300–400 nm. (Examples of grains of various sizes are
indicated by the arrow in Fig. 2b). The grain sizes
change (the widths of some grains increase and those
of others decrease) with the coating thickness, which
indicates different growth abilities of crystals of differ�
ent orientations (with a wide spectrum of azimuthal
misorientations) within the in�plane texture. The
columnar grains of the give sizes are divided into sub�
grains 200–250 nm in length and 25–40 nm in trans�
verse size, which are elongated in the growth direc�
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Fig. 1. Electron diffraction patterns taken from (a) surface
layer and (b) cross section of a titanium nitride–based
coating. 
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tion, by longitudinal low�angle boundaries (one�sided
arrows in Fig. 2b). 

According to a dark�field image of the structure of
the interface between the coating and the TiN–α�Ti
gradient layer, the orientations of the reflecting planes
of the coating (arrow 2) and the sublayer (arrow 3) are
close to each other (Fig. 2c). This fact is likely to evi�
dence possible epitaxial nucleation of coating crystals
on TiN crystals in the nitrided sublayer. Moreover, a
developed columnar subgrain structure with misorien�
tations of several degrees is observed near the coating
surface. This means that the misorientations of the
adjacent volumes change along subgrain boundaries
and increase along the growth direction. One of these
boundaries is shown in Figs. 2d and 2e (indicated by
arrows). It follows from a comparison of these images
that, at an inclination of 2.5°, the contour in the upper
crystal with respect to the boundary shifts ≈90 nm to
the left and the crystal below the boundary is in a
reflecting position over the entire angle of inclination
range. Therefore, a misorientation vector gradient of
≈25 deg/μm takes place along the boundary. A struc�
tural model of the grain volume that corresponds to
the misorientation vector gradient can be represented
by a state with an excess density of dislocations of the
same sense, which determine the elastoplastic bend�
ing–torsion of the crystal lattice on either side of the
boundary. In particular, the density of such disloca�
tions estimated from the relation ρ± = (dϕ/dr)/b gives
≈1.5 × 1011 cm–2; here, dϕ/dr is the misorientation
vector gradient and b is the Burgers vector of disloca�
tions. 

The defect structure of the coating is represented by
a dislocation network formed by long (100–120 nm)
dislocations or dislocation tangles with transverse dis�
locations, which intersect an entire subgrain, and the
distance between them is 6–8 and 5 nm, respectively.
Thus, the dislocation density in the network reaches
≈2 × 1012 cm–2. This value is an order of magnitude
higher than the excess dislocation density. 

The homogeneity of the dislocation structure in a
subgrain should be noted. In this case, the local bend�
ing–torsion of the crystal lattice can significantly
exceed the misorientation vector gradient along a
boundary (25 deg/μm) and reach 80–90 and
70 deg/μm for the crystallographic planes that are per�
pendicular and parallel to the growth direction,
respectively. 

3.2. Micro� and Substructure of the Coating 
in Indentation Zones

When processing load–indentation depth curves, we
were able to find the hardness (≈22 GPa), Young’s mod�
ulus (≈240 GPa), fracture toughness (≈1.15 MPa m0.5),
and the specific work of adhesion coating separation
(≈800 J/m2) [25]. 

The results of electron�microscopic investigations
of the coating structure in the indentation zones that
formed at a load up to 200 mN demonstrate that the
coating retains its integrity at a distance of 1–1.5 μm
from the indentation vortex. Cracks, which are similar
to the crack shown in Fig. 3a, are observed at the
periphery of the indentation. Sometimes, they reach
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Fig. 2. Dark�field images of the structure of a titanium nitride–based coating (see text). 
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the α�Ti sublayer or grow into it from substrate asper�
ities, and the substrate can undergo brittle fracture
along grain boundaries in the indentation zone. 

It should be noted that the coating thickness
decreased during indentation by ≈25%, from ≈0.85 to
0.64 μm in the indentation zone (Fig. 3b). No defor�
mation (flexure) of the substrate under the indenter is
observed at an indentation depth up to 700–750 nm.
However, the edges of some indentation faces have an
irregular shape and the asperity height can reach
≈60 nm (indicated by arrows in Fig. 3b). This can be
related to the extrusion of the material from the
indenter, since relief asperities associated with growth
are observed on the coating surface. 

The lattice parameter calculated from electron dif�
fraction patterns in the indentation zone is a =
0.4165 ± 0.001 nm, which coincides with the lattice
parameter in the cross section in the undeformed state
(a = 0.418 ± 0.00 nm) within the limits of experimen�
tal error (Fig. 3c). However, the reflection density and
the azimuthal scattering of the quasi�ring reflections
taken from regions of the same size (≈300 nm) are sev�
eralfold larger for the structure in the indentation
zone. This finding indicates an increase in the density
of low�angle boundaries and the change of a lattice
orientation in individual grains. Here, some regions of
quasi�ring segments are continuous, which points to a
small (at most 1°) or a quasi�continuous change in the
azimuthal component of the orientation of reflecting
planes. 

An analysis of the dark�field image of the coating
structure under the indenter vortex shown in Fig. 3d

allowed us to find the following. First, one crystallo�
graphic orientation (angle of sample inclination of 7°)
exist in an indentation region 400 nm in size. A grain
≈90 nm in diameter of a columnar morphology is
detected at a distance of ≈100 nm under an indenta�
tion (Fig. 3d, arrow 1). Such specific features of
growth, i.e., its completion at the coating surface, were
not detected in the state after deposition. Second, the
shape of the boundaries of columnar grains changes in
some zones: they become curved (Fig. 3d, arrows 2).
This change can cover significant coating volume,
sometimes from the coating surface to the nitrided
sublayer. The curved boundaries have a faceted struc�
ture, i.e., numerous steps along the normal to the
growth direction (Fig. 3e, arrows 3). Third, as com�
pared to the initial state, the density of transverse low�
angle boundaries, which essentially form new sub�
grains, increases in the indentation zone. This density
reaches ≈8.5 deg/μm in the indentation vortex zone,
which is approximately twice as large as that in the
undeformed sample. Some grains have a length of
100–150 nm and their misorientations reach 5°
(Fig. 3e, arrows 4). 

The defect structure in the indentation zone is
analogous to that detected in the as�deposited state: it
is represented by a dislocation network with a disloca�
tion density of ≈2 × 1012 cm–2 (Figs. 4a, 4b). No uni�
directional motion of an extinction contour across
subgrains was detected. However, quasi�continuous
motion of an extinction contour and similar lattice
bending–torsion can be determined in some regions at
an angle of sample inclination of 0.5°. For example, in
the region indicated by arrow 2 in Figs. 4a and 4b, the
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Fig. 3. Structure of titanium nitride–based coating in the cross section of the indentation zone: (a) scanning electron microscopy,
(b)–(e) transmission electron microscopy, (b) bright�field image, (c) electron diffraction pattern, and (d), (e) dark�field image. 
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extinction contour shifts ≈7 nm to the left and up when
the angle of inclination changes from 7.5° (Fig. 4a) to
7° (Fig. 4b). This shift is caused by the bending of the
crystallographic planes that are perpendicular to the
electron beam, and this bending–torsion is ≈70°/μm
[22, 23]. A similar analysis of the contour motion in
the region indicated by arrow 1 in Figs. 4a and 4b gives
a bending–torsion of ≈50 deg/μm. 

The shifts of an extinction contour at such angles of
inclination are on the order of the sell size in a network
dislocation structure. Therefore, the reorientation of the
material in the regions under study can be discrete and
related to the structural defects that form cells. As noted
above, the network dislocation structure is formed by
long parallel dislocations, which move through an entire
subgrain and weakly change their direction. In some
cases (e.g., those indicated by the arrows in Figs. 4c, 4d),
the material volume in a certain length of these disloca�
tions is misoriented with respect to the adjacent volumes
so that a structure with a periodic change in the orienta�
tion forms. Therefore, we can assume that these disloca�
tions can be dislocation dipoles. 

4. DISCUSSION OF RESULTS 

As noted above, the coating formed by magnetron
sputtering has an in�plane {110} texture at a wide
range of azimuthal orientations on the growth surface.

It is known [8] that such a texture forms from an axial
texture at a tilted location of a substrate with respect to
plasma streams. Therefore, this azimuthal scattering
of reflections reflects insufficient development of an
in�plane texture because of, first, a relatively small
coating thickness and, second, a decrease in the time
of tiled deposition, since certain part of deposition
occurs during perpendicular incidence of a gas–
plasma flow on the substrate plane because of short
substrate fixation in the corresponding position. 

One of the mechanisms of texture formation in the
coating upon the completion of competitive columnar
grain growth is surface diffusion of adsorbed atoms
from grains to grains, which results in a change in the
grain size [8]. Therefore, it was interesting to estimate
the surface diffusion coefficient from the following
data. The columnar grain 2 width decreases uniformly
from 38 nm to zero in a length of 50 nm (Fig. 2a,
dashed line), which corresponds to a growth time of
≈500 s (Fig. 2). In other words, the grain diameter
decreases by about 0.15 nm in 2 s. We put 0.15 nm
equal to the mean diffusion length (2Dsur × 2 s)0.5

expressed through the surface diffusion coefficient and
find that this coefficient is 5.6 × 10–21 m2/s. 

According to the results of studying the bending–
torsion of the coating lattice in the region of the coat�
ing–substrate interface, we find that the orientations
of the reflecting planes in the coating and the TiN layer

(c) 100 nm 100 nm

40 nm40 nm

(d)

(а) (b)

1

2 2

1

Fig. 4. Dark�field images of a titanium nitride–based coating at the indentation vortex: (a), (b) motion of extinction contours and
(c), (d) dislocation structure (see text). 
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formed by ion nitriding of α�Ti are close to each other.
This crystal�geometric relation is likely to favor a sim�
ilar orientation of crystallographic coating nucleation
centers along a significant (several hundred nanome�
ters) distance along the interface between the nitrided
sublayer and the coating with predominant low�angle
boundaries. The density of these boundaries is an
order of magnitude higher than the density of high�
angle boundaries. One of the horizontal components
of the misorientation vector can reach several degrees
in the surface layer with allowance for the detected
increase in the misorientation between low�angle

boundaries (Figs. 2d, 2e).
1
 

The detected increase in the misorientation angles
at subgrain boundaries can be the manifestation of
growth stress relaxation, which results in a change in
the structure of low�angle boundaries when they
absorb lattice dislocations, and/or can reflect the
increase in the elastoplastic lattice bending–torsion in
the subgrain volume when the density of dislocations
of the same sense increases in subgrains. This increase
in the defect density with the coating thickness forms
a gradient composite material with a high surface
strength. Therefore, all cracks detected in the cross
sections of indentations are likely to nucleate and
propagate to a distance of at least half the coating
thickness from the coating surface. 

All cracks are detected at the contact interface
where the loaded surface bends. It is known [15, 28]
that a complex state of stress forms in these regions
both during loading and after unloading. The state of
stress across an indentation changes along both the
coating thickness and in the cross section relative to
the indentation direction, and this state is character�
ized by the existence of shear and compressive (under
indentation) or tensile (at a certain distance from an
indentation) stresses. A combination of these stresses
can lead to the formation of mode I and II cracks. In
addition, the tensile stresses that operate at an angle of
45° to the normal to the surface in the bending zone at
the edge of the indenter–coating contact can result in
crack opening in the sublayer, which undergoes com�
pression and shear in the transverse direction [28].
Under these conditions, cracks are known to form
along a compression direction, i.e., in the transverse
direction [29]. 

In the case of comparable coating and substrate
hardnesses, the coating mainly deforms at an almost
unchanged substrate surface shape under an indenta�
tion. The absence of bending the substrate should sub�
stantially decrease the transverse tensile stresses at the
coating–substrate interface and in the periphery of the
indentation. Moreover, a finite element simulation of

1 Although the possibility of changing the orientation columnar
crystals during growth was noted earlier [26, 27], we do not
know analogs of the quantitative estimates presented in this
work. Such estimates can be important to analyze the strength
characteristics of the material and to predict the microhardness
behavior of the material as a whole.

the state of stress in the coating–substrate system
showed that the peak tensile stresses related to the
shear stresses decrease as the strength properties of the
substrate increase (in particular, upon the substitution
of high�speed steel for aluminum) [28]. This behavior
should decrease the probability of cracking along
columnar boundaries. Note that we did not detect
such cracks in this work. Moreover, in contrast to
[16, 17, 21], the increase in the relative shear stresses
at the coating–substrate interface does not relax with
the formation of steps in it when individual columnar
grains glide. Along with the decrease in the coating
thickness under an indentation, these facts indicate
plastic deformation of the coating. 

Note that the increase in the azimuthal misorienta�
tions under an indentation detected in the cross section
points to an increase in the bending of reflecting planes in
the coating growth direction. This behavior corresponds
to a macroscopic character of the coating deformation,
namely, nonuniform compression along the indentation
axis and shear in the transverse direction. On a micro�
structure level, deformation changes the characteristics
of the interface–high� and low�angle boundaries ensem�
ble. In this case, the characteristic boundary shape
(bending toward the growth direction) and the increase
in the density of transverse low�angle boundaries and
steps at boundaries also correlate with the detected mac�
roscopic character of the state of stress. 

It is interesting that extended columnar structure
boundaries are absent in the indentation zone under
the indenter vortex, where the compressive stresses are
maximal. This fact is likely to indicate breaking of such
boundaries under the vortex or their migration under
stresses in the directions that are transverse to the
indenter axis. Obviously, the formation of new low�
angle boundaries is a relaxation process, which is
caused by high stresses and the density of excess dislo�
cations of the same sense under the indenter. 

CONCLUSIONS 

(1) The conditions of the deposition of titanium
nitride–based coatings determine the competitive
growth of columnar grains up to complete disappear�
ance of some of them as a coating grows. 

(2) The structure of columnar coatings is formed by
submicron columnar grains, which are divided into sub�
grains 30–50 nm in size by low�angle boundaries with a
high scalar dislocation density (up to 2 × 1012 cm–2)
that are extended in the growth direction in a network
intrasubgrain structure at a significantly lower (by an
order of magnitude) excess density of dislocations of
the same sense. 

(3) A crystallographic relation was found between
the formed ion–plasma nitrided α�Ti TiN sublayer
and the adjacent coating crystals. 

(4) Inclined bent cracks were detected at the
periphery of the indenter–coating contact when slip is
suppressed (because of high substrate hardness), and
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cracking along the boundaries of columnar crystals
was observed. 

(5) The significant decrease in the coating thickness
under the indenter vortex at an unchanged substrate
shape indicates plastic deformation of the coating. On a
microscopic level, this deformation manifests itself in
an increase in the density, the misorientation, and the
nonequilibrium of the interface. 
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