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Abstract: For engineering applications, hardness must be
complimented with high toughness for applications where
high contact loads are there. A good combination of hard-
ness, toughness and low coefficient of friction can be
achieved, by suitable tailoring of microstructures of coat-
ing in hard nanocomposite coatings. Tribologocal appli-
cations require hard coatings with tailored functionalities
for different applications; hard nanocomposite coatings
are potential materials for such applications. Ti and amor-
phous carbon based systems have shown more promising
material. The present review discusses the nanocomposite
hard coatings, mechanism of enhancement of toughness,
multilayer hard nanocomposite coatings. Here, mainly Ti
and Si based nanocomposite has been discussed as carbon
based reviews are available in plenty in literature and well
documented. Ti-B-N, Ti-Si-B-C, Ti-Si-B-C-N, Si-C-N, Ti-Al-
N, Ti-Al-Si-N, Al-Si-N, Ti-Cr-Al-N, Zr-Si-N and some other
similar system nanocomposite hard coatings are impor-
tant where the gradual and intelligent additions of differ-
ent elements in hard single component phase provides the
combination of hardness, toughness and low coefficient of
friction. Some of these systems are discussed. In the end,
the future directions of research, Technology,, which are re-
quired to achieve tough nanocomposite hard coatings for
actual applications are also highlighted.
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1 Nanocomposite hard coatings

Nanoscale dispersion of phases, particles or controlled
nanostructure in the composite can introduce new phys-
ical properties and can change significantly the properties
of the original matrix, which may not be possible in sin-
gle conventional microstructure or material [1-4]. It can
result into very effective change in thermal, optical, elec-
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trical and mechanical behavior [5]. In literature, nanocrys-
talline materials are composed of grains, crystallites, lay-
ers of the order of less than 100 nm at least in one direc-
tion, but it is not only a theoretical number but should
lead to physical importance. The nanocomposite coatings
have either two nanocrystalline phases or a combination
a nanocrystalline and an amorphous phase. The applica-
tion of thin films and coatings are the alternative methods
to get the required surface characteristics. Corrosion re-
sistance, wear resistance, higher hardness, lower friction,
controlled optical properties, aesthetics coatings, and dif-
ferent functional coatings are important. Among them
hard coatings are very important. Newer hard coatings are
being researched by different methods of deposition tech-
niques to obtain [6, 7] simple monolayer, multilayer or gra-
dient coatings. The limitation is the selection of the coat-
ing material. It is impossible to get numerous properties
from an ideal coating simultaneously. The application of
the nanostructure coatings is a potential solution to meet
the complex demand.

Hard nanocomposite coatings with tailored function-
ality such as low coefficient of friction, wear and oxida-
tion resistance, aesthetic, biocompatibility has many tri-
bological applications [5, 8]. Nanocomposite coatings are
isotropic hence, can be applied to three dimensional ob-
jects having similar properties [9]. The high density of
boundaries between nanometer size grains embedded in
the polycrystalline or amorphous matrix results in an in-
creased mechanical resistance.

In nanocomposite hard coatings mechanical and tri-
bological properties may not follow volume mixture rules
rather they depend on the synergy of the constituents and
grain boundary effect [10]. Along with the hardness, tough-
ness also needs to be good for actual applications. Hard-
ness enhancement apart from toughness has been the pri-
mary goal of material scientist all over the world work-
ing in the area of nanocomposite hard coatings. Hardness
is the resistance to plastic deformation, which predom-
inantly caused by dislocation movement under applied
load in a crystalline material. Hard materials usually clas-
sified as hardness around 20 GPA. Superhard materials
have hardness in the range of 40 GPa, whereas materials
having around or more than 60 GPa are called ultrahard
materials. Diamond is the hardest material (70-100 GPa)
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depending upon crystallographic orientation and purity.
Cubic boron nitride c-BN on the other hand has hardness
of 50GPa, which are conventionally used for different cut-
ting tool and other applications.

Though single layered coatings of transition metal car-
bides, nitrides and oxides have achieved hardness yet
toughness is quite poor to meet the complex demands.
Since, single phase coatings fail at high temperature due
to decrease in strength, oxidation and decompositions of
the phases. Hard coatings with good stability and oxida-
tion resistance are required. Achieving hardness, low fric-
tion coefficient, toughness, thermal stability in a coating
is very challenging [11].

Nanocomposites have high surface to volume ratio of
the reinforcing phase. Super hard nanocomposite coatings
have nano-sized sized grains embedded in an amorphous
matrix, which influence the hardness of the material. Phys-
ical and Chemical vapor deposition processes have been
mostly used to deposit nanocomposite coatings. Hardness
in the range of 40-80 GPa [12-15], corrosion resistance [16,
171, excellent high temperature oxidization resistance [18—
21] and high abrasion and erosion resistance [22—24] have
been reported.

The refining of grain size is one of the mechanisms
of enhancement of hardness. According to Hall-Petch rela-
tion, with the decrease in grain size, the dislocations mo-
bility and multiplicity are hindered leading to increase in
hardness. The maximum hardness is achieved at a critical
size of the grain below that it softens due to grain bound-
ary sliding and inverse Hall-Petch relation become domi-
nant [19, 25, 26].

The hardness can be improved in two ways:

¢ Multilayer coatings
¢ Single layer Nanocomposites

Figure 1: Schematic diagram of Multilayers
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Multilayers (shown in Figure 1) with reduced layer (of
few nm) thickness and alternate layers of low and high
elastic modulus (say B and A respectively) results in high
strength films as the dislocations forms in the lower mod-
ulus and is hindered at the interface due to repulsive
force by high modulus layer when stresses are applied.
If one of the layers is amorphous then also the stresses
are accommodated. However, to apply multilayers to three-
dimensional components and maintaining the right pe-
riod of layers is very difficult and hence leads to failures.

2 Hardening mechanism in
coatings

Nanocomposite hard coating’s hardening mechanisms
work by providing obstacles for the dislocation move-
ments. Dislocation movement can be hindered by:

¢ Solid solution hardening

¢ Grain boundary hardening

¢ Compressive stress hardening
¢ Age hardening

The high strength achieved is also due to high cohe-
sive energy and high elastic modulus. The multiplication,
movement and pile up of dislocation in crystalline materi-
als and growth of micro cracks affect the strength of ma-
terial. The dislocations move across the barrier and newer
dislocation forms, once the applied stress is more than crit-
ical value, and continues until accumulated stress field is
balanced by the applied stress. The decrease in crystallite
size also results in increase in hardness, which is given by
the Hall-Petch relationship between the strength in terms
of the critical stress o and grain size d

Oc=0p+ kd /2 @

Where, o = critical stress, 0, = bulk stress, k = material
constant

The immiscibility of the two phase’s nanograins and
amorphous matrix in the nanocomposite induces hard-
ness in the coating. The amount of matrix, size and shape,
dispersion of the nanocrystalline phase influence the hard-
ness. A thermodynamic segregation, similar to spinodal
decomposition is required for achieving enhanced hard-
ness.

The nanocrystalline amorphous composites show im-
provement in strength due to reduced dislocations in very
small crystallites and reduction of stress due to presence
of amorphous phase. The dislocation in the crystalline
phase cannot propagate in the amiorphous phase due
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Figure 2: Schematic diagram for nanocomposite coatings with enhanced hardness (a) Columnar structure (b) Nanograins surrounded by

tissue phase (c) mixture of Nanograins with different orientation [27]

to lattice misfit and vice versa. The cohesive energy is
also high in high strength amorphous and nanocrystalline
phases. In small crystallites the energy and multiplication
of dislocation is very high and they are repelled towards
grain boundary leading to further inhibition of dislocation
movement [27]. The dislocation movement restrictions in
the amorphous matrix show no or very less plastic defor-
mation and have brittle behavior.

The nanocomposite films for high hardness can have
the:

a) Columnar nanostructure composed of grains assem-
bled in nanocolumns with sufficient amount of sec-
ond phase, Figure 2(a).

b) Dense globular nanostructure having nanograins
surrounded by amorphous phase, Figure 2(b).

¢) Nanostructure with mixture of different oriented
grains of different materials., Figure 2(c) [2]

3 Toughening of nanocomposite
hard coatings

For engineering applications, hardness must be compli-
mented with high toughness. High fracture toughness is
necessary for applications where high contact load ap-
plications are there. The component or the substrate ma-
terials deforms significantly. A tough material is of high
strength with good elastic recovery. A high elastic mod-
ulus and high yield strength gives higher hardness, but
the introduction of ductility in hard materials is very chal-
lenging. Toughness is also the resistance of formation of
crack and its propagation and is the ability of the material
to absorb energy during deformation up to fracture. High
resistance to crack formation, crack deflection and high
energy absorption under applied stress is essential for a

tough coating, which helps in preventing chipping, flaking
or catastrophic failure.

In order to obtain high hardness in nanocomposite
coatings, the microstructures are designed such that plas-
tic deformation is prohibited by preventing dislocation
movement and grain boundary sliding. For glasses and ce-
ramics, when the applied stress exceeds the critical value
for a particular crack size, micro cracks starts growing
and leads to brittle failure of the materials as per Griffith’s
theory. However, in nanocrystalline composites the crack
growth is hindered and very small in the range of to 2-4
nm. Hence, nanocomposite coatings also provide tough-
ness and low friction along with hardness.

Hard nanocomposite coatings with enhanced tough-
ness should be very elastic, exhibit a low plastic deforma-
tion, resilient with an enhanced resistance to cracking.

Hard, tough and resilient coatings follow Hooke’s law
o=E. ¢

Here, o is the stress (load); € is the strain (deforma-
tion).

For higher elastic deformation the Young’s modulus E
must be reduced. The coatings should have lowest value
of the Young’s modulus E (¢ = const) at a given hardness
H. However, it is very difficult to meet.

Hard and tough materials exhibit both elastic and plas-
tic deformation. A tough material shows the stability to
cracking at higher strain i.e. €1 < € < € (max) and higher
hardness can be obtained if € (max) is achieved at higher o.
whereas; fully resilient hard coatings show lesser hardness
with no plastic deformation and have high elastic recov-
ery. This leads to more resistance to the cracking. Figure 3
shows the schematic of different properties in the stress
and strain curve, showing the different behavior [28].
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Figure 3: Stress vs strain curves of superhard (brittle), hard (tough)
and hard (resilient) coatings [27]

4 Designing hard and tough
nanocomposite coatings

The grain boundary hardening is one of the mechanisms
for enhancing the hardness and is applicable for coating
also. When the grains are of the order of 10 nm or so the en-
hancement of hardness are observed even more as the mul-
tiplication and mobility of the dislocations are hindered
(Figure 4) [19].

Nano-materials

Hardnes

Conventional grain
size materials
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Figure 4: Hardness of material as function of grain size [29]

The complex boundaries accommodate coherent

strains and prevent cracking & defect formation. Hence,

multiphase structures can be designed suitably to have
more interfaces with high cohesive strength. High fracture
toughness in the nanocomposite coatings can be obtained

with nano-size grain structure, deflection of cracks by sec-
ondary phase, and pinning of cracks at boundaries. The
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grain boundary properties such as structure and angle
are important for movement of dislocations that deter-
mine the mechanical properties of the nanocomposites.
A small amount of diffusion and grain boundary sliding
are required to improve toughness of the nanocompos-
ite coatings. A variety of hard materials can be used in
nanocomposite coating design [27, 29].

Ternary, quaternary or more complex systems with
amorphous phase of higher strength as matrix and
nanocrystalline phase increase the grain boundary
strength. The bonding in the composite also decides the
hardness and toughness. Figure 5 shows the bond triangle
showing change in properties with the change of chemical
bonding.

Covalent hard materials
Diamond like structure

Strength
Hardness

Adhesion

Toughness Stability

Inertness
Ionic
bond

Ionic hard materials Ionic
structure

Metallic
bond

Metallic hard materials Metal
like structure

Figure 5: Hard materials in the bond triangle that affect the prop-
erties due to change in chemical bonding in nanocomposite coat-
ing [30]

5 Material selection for hard
coatings

For selection hard coatings following issues are very im-
portant:

¢ The coating and substrate interface as it affects the
adherence and interaction of the substrate with the
layer.

e Composition and microstructure that determines
the properties such as hardness, strength, internal
stress, fracture tougghness and thermal stability.

¢ Layer surface interaction conditions for actual appli-
cation.
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The material selection are tough as obtaining high
hardness with good adhesion with minimum substrate-
layer interface interaction, high toughness simultaneously
is difficult [30-32].

Nanoscale multilayer increases the hardness and
toughness. Alternating layers of high and low elastic mod-
ulus can achieve high shear strength coatings as it in-
hibits dislocation formation and mobility [33-35]. The pe-
riodicity of multilayer could be related to hardness as 1
| (periodicity)"*/? like Hall-Petch relation in Al/Cu and
Al/Ag multilayers [36]. Few other researchers also have
shown that some metal-ceramic and ceramic-ceramic lam-
inates followed the similar Hall-Petch relationship [30, 37—
44]. The layers must have sharp interface with 5-10 nm peri-
odicity for such coatings [45-47]. However, it is difficult to
apply uniform periodicity on three dimensions with uni-
form thickness. Hence, nanocomposite single layer that
has the similar advantages along with other additional im-
provement in properties. Such coatings are not critically
dependent on thickness or substrate geometry.

The superhard nanocomposite coatings generally
have 3-10 nm grains embedded in an amorphous ma-
trix separated by 13 nm [14, 28, 48-54]. The nanocrys-
talline phases are nitrides, carbides, borides, and oxides,
while the amorphous phase may be metal or ceramics
such as silicon nitride and diamond-like carbon (DLC).
The nanocrystalline phase should have strong interaction
with the matrix phase to impart super-hardness. Some of
the systems which have shown high hardness’s are TiN/a-
SisN, [48, 55, 56], W,N/a-Si3N,, VN/a-SizN,, TiN/c-BN
[49, 57], TiN/a-(TiB,+TiB+B,03), TiN/TiB, [58], TiC/TiB,
[59], TiN/Ni [60], ZrN/Cu [61], ZrN/Y [62], TiAIN/AIN [63],
CrN/Ni [52], Mo, C/a-(carbon+Mo,N) [64], TiC/DLC [65, 66],
and WC/DLC [67, 68]. Among the carbon matrix systems,
The DLC with no hydrogen showed the higher hardness 30-
40 GPa [39, 40, 65-68].

The hardness enhancement is due to the suppression
of dislocation movement in small grains and the narrow
amorphous space between grains make strains incoher-
ent [39, 40, 51]. In the absence of dislocation activity, Grif-
fith’s equation for crack opening can be written as,

1/2
oo (41573) @

na

Where, E, s and ‘a’ are the elastic modulus, surface en-
ergy of the interface of grain and matrix and initial crack
size, which is considered as equal to average grain size, re-
spectively [57]. The increase in the elastic modulus, surface
energy of the combined phases, and decrease in grain size
can enhance the strength. The elastic modulus is inversely
dependent on grain size as in nanometer grains lattice in-

Toughening of nanocomposite hard coatings =—— 557

coherence strains and the high volume of grain boundaries
are present. The Griffith-Orovan model [69] may describe
the composite strength of metal / ceramic nanocomposites
as:

oz (4E (s + ) rﬂ) 1 3)
na 3dq

Where, ~p, 1, da are the work of plastic deformation, cur-

vature of the crack tip, interatomic distance respectively.

The crack tip blunting improves the material strength and

the lower elastic modulus of metals reduces strength as

compared to ceramics.

Composite designs with increased elastic modulus
and hardness do not necessarily achieve high toughness.
When the stresses exceed the strength limit, dislocation
movement hindrance and the crack opening takes place.
The moving crack energy is balanced by friction loss and
breaking of bonds. The stored potential energy is released
by crack opening and the Kkinetic energy is gained lead-
ing to the crack propagation [30, 70]. A stored stress re-
sults into potential energy release through the moving
crack and crack can propagate through macrocracks caus-
ing brittle fracture. However, in nanocomposite coatings
the higher grain boundary volume limits the initial crack
sizes and helps to deflect, split, and terminate growing
cracks. In superhard coatings, the dislocation activity is re-
stricted but that is one of the mechanisms to get tougher
material. In addition to ductility, a tough coating must
have high elastic modulus and high hardness so that strain
relaxation and crack termination occurs. Combination of
these properties in a coating results in high cohesive tough-
ness. It is also important to prevent failure at the coating

-substrate interface by increasing interface toughness and

adhesion.

6 Tough multilayer coatings

Toughening can be achieved in many ways in multilay-
ers [9, 14, 45, 46, 71]. The crack splitting, deflection at the
grain boundary and interface of multilayers, stress concen-
tration reduction and energy dissipation at the interface by
plastic deformation and stress relaxation are the different
mechanisms which acts in multilayers. While interfaces in
ceramic / ceramic multilayer can deflect cracks and relax
stress, they can also initiate brittle fracture. This is critical
when the adjacent layers have very different elastic mod-
ulus and chemistry, which causes a sharp change in the
stress field across the interface. In the absence of good
chemical bonding and adhesion, coating failure is initi-
ated. Depending on the applied stress field and individ-
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ual layer properties (e.g., elastic modulus, yield strength,
residual/induced stress, and thickness), the coating may
fail by interfacial crack propagation due to shear, tensile,
compressive stresses [72, 73].

To improve fracture toughness and reduce the brittle
failure a graded interfaces between the coating and sub-
strate and between layers are required. The WC-TiC-TiN
graded coating [74] showed considerably less wear than
single layer hard coatings. Hydrogen free DLC coating on
steel has a very high hardness and large residual com-
pressive stress, however, the adhesion problem remains.
The graded compositions in Ti-TiN-TiCN-TiC-DLC for hydro-
genated DLC [75, 76] and Ti-TiC-DLC for hydrogen-free DLC
[77] showed the enhanced adhesion with good toughness.
The graded coatings showed five times higher strength
in scratch and no brittle failure was observed [78]. The
tribological properties can be further enhanced by using
graded approach with multilayer and nanocomposite ar-
chitectures. The DLC coating with Ti under layer showed
much higher toughness than single layer DLC coatings
though reduction in hardness was also observed [78]. The
low elastic modulus ductile layer in coating system, allow
dissipation of crack energy at the crack tip by plastic defor-
mation, is an efficient way to improve toughness. However,
in mulitilayers the process controls to ensure the correct
compositions, structures, and properties during growth is
tough due to difficulties in managing multilayers [79].

7 Tough nanocomposite coatings

An alternative to multilayers coatings, a single layer hav-
ing fine grains of a hard, high yield strength phase into
a softer matrix also gives toughness as ductility is intro-
duced [50, 80-82]. In single layer nanocomposite coat-
ing, the high volume of grain boundaries with a crys-
talline or amorphous transition across soft matrix inter-
faces reduces dislocation activity and limits the crack size.
It also deflects and terminates growing cracks [22, 83]. In
single-phase nanocrystalline systems, grain boundary dif-
fusion [84] and grain boundary sliding [84—88] provide the
plasticity. Multiphase or multicomponent structures [89-
93] also improve the toughness by grain boundary sliding.
The grain boundary sliding happens due to the presence of
amorphous phase at boundaries, high angle grain bound-
aries and low surface energy [84, 85, 94].

The graded interface layer between the substrate and
crystalline / amorphous composite coating additionally
enhances the adhesion strength of the nanocomposite
coatings to relieve stresses [95-97]. The 3-10 nm hard crys-
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Figure 6: Schematic of a tough nanocomposite coating for cohesive
and adhesive toughness [19, 102]

talline grains in amorphous matrix due to large volume
fraction of grain boundaries provides toughness through
grain boundary sliding by reducing the dislocation mobil-
ity and arresting and diverting the cracks [35, 98—101]. The
primary differences between superhard and tough coating
designs are selection of a matrix phase with a lower elas-
tic modulus and larger range of grain size of nanocrys-
talline phase in tough coatings. The design of amorphous-
nanocrystalline with higher cohesive interface (adhesive)
and functionally graded interface for higher toughness in
a single coating is shown in Figure 6 [102].
Nanocomposite coatings can be designed suitably to
achieve high hardness, toughness, and low friction into a
single coating. The inclusion of a solid lubricant film amor-
phous or poorly crystalline in nanocomposite coatings
minimizes friction forces and surface reactions with the en-
vironment. A lubricious transfer film on surface is formed
at the tribological contact, which can self-adjust with each
environmental change [98, 103, 104]. Figure 7 presents a

e
o= [T} E
223 g
= =
-] L -
i h =5
58 = = £
—_ o E‘_r
Bxve 3 5
ZEE gE
-
= EE
o E = - ® =
= 2 ] "
| E E @
= [~ E‘"
o =0 Ll El=
gz £ a1 E5
=] B =
£ % = o2
- 3 - .
S = O3, OF W, a8 ard carbade,
ES< Mos,orws, Hard carbiid
amorphous or nano- nitride, oxide

erystalline inclusions
for vacuum and dry
lubrication

nano-crystals for
hardness and
Wedr resistance

Figure 7: Conceptual design schematic of self surface adaptive
nanocomposite tribological coating [19, 102]
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Figure 8: Control of E* and H of different binary nitrides [27]

schematic of a nanocomposite coating design that can ex-
hibit the hardness, toughness and low coefficient of fric-
tion with self-adaptive during contact wear [19, 102].

The hard nanocomposite coatings with high tough-
ness should satisfy high H/E > 0.1 and a high value of the
elastic recovery. This can be achieved by addition of suit-
able elements in the base material. The H/E dependence
of different systems with different elemental addition is
shown in Figure 8 [27]. The straight line H/E*= 0.1, divides
the H-E* plane in two regions one H/E*>0.1 and other H/E*
<0.1. The effective Young’s modulus E* coating can be dif-
ferent for the similar hardness H depending on the com-
position and phases formed. Hard coatings satisfying the
ratio H/E*> 0.1 show higher toughness, as it enhances the
resistance to plastic deformation and distribute the load
more effectively. However, it is a difficult task as hardness
H and the effective Young’s modulus E* are directly propor-
tional generally.

The possibility of mixing hard and lubricious phases
in thin nanocomposite coatings has been explored. Re-
ports on producing TiN/MoS, composites by chemical va-
por deposition [105, 106], TiB,/MoS,, TiB,/C, TiC/DLC,
WC/DLC and TiN/MoS, composites by magnetron sput-
tering [107-109], hybrid deposition of WC/DLC/WS, and
YSZ/Au/DLC/MoS, composites by laser ablation and sput-
tering have shown good combination of toughness and low
friction coefficient. They were also found stable at high
temperatures in the range of 300°C-500°C and different en-
vironment [110-117].

The nanocrystalline and amorphous soft phases of
MoS,, DLC, WS; embedded in the nanocomposite coat-
ings act as seal from the environment. During sliding pro-
cesses, the stress and frictional heat cause changes in
chemistry and structure. A graphitic-like transfer layer is
formed in DLC reducing the friction coefficient to 0.10 to
0.15 and wear loss is decreased in humid atmosphere. How-
ever, in humid environment MoS; or WS, transfer layers is
not favorable as they have high friction coefficient, but are
very good for dry air, nitrogen and vacuum environments.
Different carbides, nitrides, borides, and oxides in combi-
nation with carbon can be used as nanocomposite coat-
ings for lubrication in ambient conditions, whereas MoS,
and WS; for dry and vacuum environments.

The addition of small atoms such as carbon, nitro-
gen, boron in the hard ceramic coating has shown en-
hancement of mechanical properties leading to the suit-
able combination of phases in the nanocomposite coat-
ings. A good combination of hardness, toughness and even
low coefficient of friction can be achieved. Significant mi-
crostructure and crystalinity of the films change leading to
the formation of fine grained nanocomposite films. There
are many systems which have been researched. Ti based
and amorphous carbon based systems have shown more
promising material for applications. Here, mainly Ti and Si
based nanocomposite shall be discussed as carbon-based
reviews have already been discussed and well reported in
literature in detail [65, 118—121]. The nanocomposite coat-
ings of Ti-B-N, Ti-Si-B-C, Ti-Si-B-C-N, Si-C-N, Ti-Al-N, Ti-Al-
Si-N, Al-Si-N are important, where the gradual and intelli-
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gent additions of different elements in hard single compo-
nent phase provides the combination of hardness, tough-
ness and low coefficient of friction. These systems shall be
discussed further.

8 Toughness and hardness
enhancement of Nanocomposite
Silicon carbonitride Si-C-N hard
coating

8.1 Single layer Si-C-N nanocomposite

The ternary nanocomposite material Si-C-N is high temper-
ature oxidation resistant polymer derived ceramics (PDCs)
[122, 123]. It has functional properties of polymers with
the mechanical, chemical durability of ceramics. The sili-
con oxycarbide (SiOC) and silicon carbonitride (Si-C-N) are
two families of polymer-derived ceramics. Both of them
have very high crystallization temperature of the order of
1500 to 1600°C. The X-ray diffraction patterns are though
featureless but are not strictly amorphous. A short-range
structural feature is there. The crystallization gets retarded
because of extremely low atomic mobility in polymer-
derived Si-C-N [124, 125]. Apart from high temperature ox-
idation resistance, the hardness as well as high tempera-
ture stability of Si—C-N phase exceeds individual SiC and
Si3N,. The electronic band gap of 2.5-3.8 eV makes it poten-
tial as a wide band gap and dielectric material. More impor-
tantly, the stability of 8-C3N, with comparable diamond
hardness has been achieved in ternary silicon carboni-
tride. These properties make silicon carbonitride a promis-
ing material for prospective applications such as MEMS,
hard protective coatings, and electronic materials [126—
131]. The amorphous Si—-C-N transforms to thermodynam-
ically stable crystalline phases, by shrinking and cracking
and a phase separation into C-rich, SiC-rich, and SisN,
rich amorphous domains takes place [124, 132]. These
structures depend on the silicon and nitrogen ratio irre-
spective of the carbon content in the film.

Si-C-N being a ternary structure, solid solution of the
formation of a-and -C5Ny, SisN, and SiC has been found.
With the addition of small amount of Si in C-N matrix small
crystallites of 8-C3N,4 10 nm sizes have been found to nu-
cleate in the amorphous Si-C-N matrix and show better
mechanical properties. However, the addition of excessive
amount Si led to the formation of amorphous phase [122,
123, 129-131, 133]. The electrical conductivity (DC) for Si-C-
N at room temperature is 10*Q 'cm ™!, due to formation of
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sp? carbon atoms. The refractive index of oxidized Si-C-N
is 1.4 and that of nonoxidized is 2.07. The band gap is ad-
justable between 2.86 to 5.0eV. The extinction coefficient is
10.0 for oxidized and 2.0 for nonoxidised samples. Fracture
toughness of 2.1 MPa,/m and 3.3-4.3 MPa./m have been re-
ported by indentation crack length and single edged notch
beam method respectively. These materials compared to
monolithic ceramics see better creep behavior. The Si-C-
N has shown stability up to 1600°C and it remains in the
amorphous state up to 1500°C [122, 123, 125, 128-136] due
to low oxygen diffusion, cross-linking of Si, C and N atoms,
and covalent bonding. Additionally, the smaller grain size,
larger interface fraction & amorphous layer between grain,
compressive residual stress, and solid solution of differ-
ent phases show enhanced mechanical behavior in Si-C-N
nanocomposite coatings. The formation of SiC, Si;sN4 and
C3Ny4 phases gives the higher hardness of Si-C-N coating.

The Si-C-N coating both crystalline and amorphous
have been deposited on various substrates by different
methods [137-165]. The different processes are plasma
and ion assisted deposition [137-139], Pulsed high energy
plasma deposition [140], Chemical Vapor Deposition [137],
sputtering [158, 164, 165], microwave and electron cy-
clotron resonance PECVD [161, 163], ion implantation [165],
pulsed laser deposition [157], HWCVD [144], electrochemi-
cal methods [143], remote plasma CVD [149] and rapid ther-
mal Chemical vapor deposition. Nanocrystalline Si;CN,
has been prepared by metal organic CVD. The incorpora-
tion of 10% Si3 N, in graphite through PLD the CSixNy films
show hardness around 23 GPa, but elastic modulus de-
creased from 464 to 229 GPa. Amorphous Si-C-N films syn-
thesized by CVD showed the hardness in the range of 22-38
GPa with 224-289 GPa stiffness [161, 163]. Sputtered Si-C-N
films are mainly amorphous consisting of Si-N, C—N sin-
gle, C=N double, and C=N triple bonds.

The Si-C-N films formed along the SiC-SisNy tie line
exhibit the highest load carrying capacity in lubricated
sliding [166]. In dry sliding the premature coating failure
occurs due to their brittleness coupled with a high coeffi-
cient of friction. The carbon rich Si-C-N films showed good
wear resistance and low coefficient of friction due to forma-
tion of graphitic structure. However, their ability to with-
stand high pressures is reduced [163]. The gradient films
from silicon rich to carbon rich at the surface showed good
wear properties in dry reciprocating sliding and high load
carrying capacity [166, 167].

SiCN film growth by magnetron sputtering is highly in-
fluenced by plasma parameters. Author and group have
reported magnetron sputtered Si-C-N film of around 4 pm
showed different hardness deposited at different pressure.
The hardness was 4445 Hv at 1 Pa, 3918 Hv at 5 Pa and 2545
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Figure 9: Variation of maximum average nanohardness and elastic modulus with pressure for Si-C-N coatings deposited on (a) Silicon and

(b) Steel substrates.

Hv for 10 Pa [168]. The hardness and modulus measured

by nanoindentation of these films on silicon and steel sub-

strate also showed effect of deposition pressure similarly
(Figure 9).

The reason for obtaining the highest hardness was the
formation of hard phases like 8-C3N, along with -SisN,
in the pressure range 1-5 Pa and lowering of particle size
to about 2-20 nm. A decrease in the hardness and modulus
values on the other hand at higher and lower pressures 4
and 10 Pa respectively were due to formation of graphitic
phase [168, 169]. The substrate temperature played a good
role for tailoring the modulus and hardness. The hardness
increased from 2238 Hv at room temperature to 4445 hV
for 500°C substrate temperature. At 600°C, it decreased
to 3166 Hv as at higher temperature additional graphitic
phase formation took place along with hard 8-C3N, and
B-Si3N, phases in the amorphous Si-C-N matrix [170]. The

deposition source whether DC (Direct current) or RF (Ra-

dio frequency) also affects the hardness and toughness

of the film. RF source resulted into higher hardness com-

pared to that of DC deposited Si-C-N film. Table 1 shows
the nano hardness values for coatings deposited on silicon

and steel substrates in both RF and DC mode. The deposi-

tions were carried out at around 400 watt in both RF and

DC mode at deposition pressure 1 Pa and thickness of Si-

C-N film was around 4 pm for both cases. The film in the
RF mode deposition had finer grains; absence of elemental
Si and the presence of higher amount of SisN, and C3N4

phases were observed as compared to DC deposited films.
The slower deposition rates in RF allow sufficient migra-

tion of the atoms to form the different phases [170].
The total work done (W7) is a sum of elastic (Wg)

and plastic work (Wp) during indentation and can be es-

timated from the area under load-depth curve, as shown

Table 1: Hardness and modulus of different mulitilayer stacked SiCN
nanocomposite hard-soft coatings

Layers Hardness Modulus H/E
(GPa) (GPa)
Hard 32 265 0.12
Soft 9 115 0.078
Hard-soft 25 265 0.094
Soft-hard 36 335 0.11
Hard-soft-hard 36 310 0.11
in eqn. 4
Wr=Wg+ Wp (@)

The DC deposited Si-C-N film showed higher plastic work
done than that of the RF deposited one. The elastic recov-
ery was more in case of RF sputtered coatings. Hence, the
RF deposited film was tougher than DC deposited Si-C-N
coating. The holding depth at 105 mN was also higher in
DC films (30nm) compared to RF films (5nm) [Figure 10],
proving it to be better creep resistant too. The linear un-
loading in load -depth curve was observed in the DC films
which was absent in the RF film, which is associated with
buckling of the coating. Hence, RF deposited Si-C-N films
were tougher and mechanically more stable than the DC
deposited films.

The applied normal load vs. coefficient of friction
(c.o.f) plots is an effective mean to measure the coat-
ing adhesion [171, 172] in scratch experiment. The critical
load, the load at which the film fails as the indenter slide
through, is the point where change in the coefficient of
friction [173, 174] happens. The RF deposited Si-C-N films
showed much higher critical load 175 N as compared to
that of DC deposited one which was 2 N.
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The scratch tracks showed tensile cracking on both
the coatings which is through thickness cracking, but the
extent of failure of the DC film was more compared to the
RF film, circular flakes (Figure 11c,d) coming out at higher
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loads is seen in DC mode film, which was absent in RF
deposited film. The nanoscratch studies also confirmed
higher scratch resistance in RF deposited films and higher
elastic recoveries [175, 176].
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Figure 10: The nanoindentation load depth curves for (@) DC and (b) RF modes Si-C-N coatings on silicon substrates [170]
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The ultimate toughness is also dependent on the
coating-substrate combination. Figure 12, 13, 14 shows the
hardness and load-displacement curves with and without
Si-C-N coatings on Si and SS substrate. Different power
laws express the loading curve during nano indentation,
which is the function of the load, indenter geometry, rough-
ness of the indenter and sample. The sharp Berkovich in-
denter is used for thin coating so that the contact stresses
are high enough to cause yield in the coating before the
substrate. The initial contact behaves like the spherical tip
and is elastic. At very low load it can be expressed as P=kh,
h is the displacement. Further, the load varies as displace-
ment raised to the power of 3/2 (P=kh3/2), which is typi-
cal Hertzian elastic behavior due to the interactions of the
roughness of the indenter and the substrate (Figure 12b).
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Asload increases, the indenter behaves like truncated
cone as sloping sides come into contact then plastic defor-
mation is initiated and further behaves like a sharp cone
with increase of the load. Here, the load varies parabol-
ically (P=kh?) with displacement and full elastic—plastic
deformation takes place below the indenter [177].

Atlow loads, the elastic response of the hard coating is
more which is unlikely to be happening in case of the bare
substrates. At higher loads, the substrate effect increases
due to the deformation of substrate [177-179].

Si substrate, which is harder than steel, shows elastic
recoveries as was observed on Si-C-N coated substrate, ex-
cept during unloading the substrate showed pressure in-
duced phase transformation signature, a kink in the un-
loading curve (shown by arrow) [Figure 12, 13b]. An elastic
recovery of 50% was observed in both. Whereas, a large

Load P (mN)

160 I 260 ‘ 360 ' 460 560
Depthh m)

(b)

Figure 12: (a) Hardness and modulus variation with indentation depth and the corresponding (b) Load-depth curve for Si-C-N coatings

deposited on Silicon substrates [178]
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Figure 13: (a) Hardness and modulus variation with indentation depth and the corresponding (b) Load-depth curve bare Silicon substrates
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Figure 14: Load-depth curve for bare steel and SiCN Coated steel

plastic deformation takes place when only bare 304 SS sub-
strate is indented (Figure 14a). The elastic recovery was
very less (10%) with hardness and modulus 4 GPa and
200 GPa respectively. Si-C-N nanocomposite coated steel
increased the elastic recovery to 50% with H and E with
26 GPa and 250 GPa respectively (Figure 14). Hence, SiCN
coatings can improve the surface and resistance to failure
largely and depend on the nature of substrate and coating
combination.

Thus for increasing hardness and toughness deposi-
tion parameters such as pressure, power, mode of electri-
cal source RF and DC, substrate and film combination such
as soft or hard substrate over which hard film is deposited
influences the toughness of SiCN Coating. RF depositions
showed a better elastic recovery, scratch resistance and
gave a tougher film compared to DC deposition under sim-
ilar condition. Soft substrates used for hard coating depo-
sition showed plastic deformation primary due to not the
film failure rather substrate deformation is induced before
film, where as hard substrate showed brittle failure.

8.2 Multilayer nanocomposite SiCN coatings

The alternating layers improve the fracture toughness by
crack inhibition at layer interface and by inhibiting the
crack propagation by tough material. The deformation ac-
commodation is increased by alternating soft and hard
layers. The thin hard layers slide by shear deformation
of low modulus layers [180-182]. However, the two dis-
similar layers have interface stresses, thermal and lattice
mismatch. The deposition pressure and nitrogen to argon
ratio play a dominant role in the formation of different
phases and results into a hard film (>20 GPa) or soft (<20
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GPa) in nanocomposite coatings. The deposition of alter-
nate hard and soft layer of same Si-C-N material by suit-
able adjustment of C to N ratio circumvents the problems
of interface stresses, thermal mismatch, and lattice mis-
match. S.K.Mishra et al. by depositing Si-C-N hard and soft
alternate layers by maintaining different pressure during
deposition have addressed this issue [183]. The soft films
were deposited at 10 Pa during deposition and hard films
were at 1 Pa with 99:1 and 1: 99 nitrogen to argon ratio re-
spectively. The soft films had larger particle size (100-200
nm), whereas the hard films had very fine structures. The
hardness of both hard and soft nanocomposite individual
layers were 32 and 10 GPA respectively. The modulus was
265 and 115 GPa for hard and soft layers respectively. Both
soft and hard layer were deposited for 2 hrs each at 150
watt and their thicknesses were 1.7 and 2 pm respectively.
Same 2 hr duration was maintained for developing hard-
soft-hard layers deposition for each layer [183].

The cross-sectional studies interface of the trilayer
film having sequence hard-soft —hard three layers on sil-
icon is shown in Figure 15. The hard layer was found amor-
phous and had sharp boundary with soft layer and subse-
quently with the upper hard layer. No delaminations were
found. The middle layer showed nano columnar growth
morphology and had larger particle size compared to hard
layer. The middle soft layer had more nitrogen compared to
hard layer, which is expected as was the tailored condition
during deposition.

Nitrogen incorporation in the film reduces the hard-
ness due to formation of soft phases. The slower growth
rate due to nitrogen species gives, enough mobility to ad
atoms leading to more structured growth. The deposition
rate was much higher for hard layers compared to soft
layer. The hardness and modulus as measured and H/E
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Figure 15: Cross section TEM microstructure and interface of SiCN coating at different interfaces of trilayer hard-soft-hard sequence [183]
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Figure 16: Optical picture of Indent for trilayered SiCN coating (a) and single layer SiCN Coating (b) [183]

are given in Table 1. It was observed that underlayer soft
layer gave higher elastic recoveries and higher surface
hardness and modulus compared to the individual layered
films [183].

The trilayer film had better resistance to loading than
single layer hard coatings. A soft layer in between had sig-
nificant effect on building resistant behavior against in-
dentation on both the substrates silicon and steel. Mul-
tilayers deposited on steel did not show failure even at
2000gf, rather pileups were developed due to plastic de-
formation of the SS (Figure 16), but no spalling or crack-
ing was observed. However, such failure took place for
single hard coating on steel, spalling was clearly visible.
Hence, a soft layer film increased the load bearing capac-
ity of the film. In multilayer soft -hard structure load dis-
tribution happens so that stresses are managed resulting
into tougher film. Also, the columnar growth of the soft
SiCN layer beneath or in between hard layers increased the
toughness due to the stress distribution and deflection.

The Fracture toughness of the trilayer nanocompos-
ite SiCN hard- soft-hard layer was found around of 9.5-
10 MPa m'/2, which is significantly higher than the re-
ported values for ceramic nanocomposite and single phase
films. The fracture toughness of single layer Si-C-N film
was around 3.5-4 MPa m'/2.

Thus, multilayer hard and soft nano composite of the
same system can be made to increase the toughness of the
same nano composite coating by suitably adjusting the car-
bon and nitrogen ration in SiCN film. This is also applica-
ble to other systems where role of C, N, B are very impor-
tant and they dictate the ultimate properties of the coating,
J. Musil et al. has also shown such in Zr-Si-O system [184].
Such multilayer will be free from two dissimilar material
stresses that are normally developed in multilayer films

leading to spallation and other failures due to lattice mis-
match, thermal stresses.

9 Toughness and hardness
enhancement of TiB, coating by
adding different elements and
forming nanocomposite hard
coating

9.1 Nanocomposite Ti-B-N

Titanium diboride (TiB,) is a high temperature material
with high melting point (>3000°C), good electrical con-
ductivity (electrical resistivity 13 x 10~ Qm), high thermal
conductivity (65-110 W/mK), high hardness (25-35 GPa) and
elastic modulus (500 GPa), high temperature oxidation re-
sistance (<1000°C) and harsh environment stability [185].
Hence, TiB; is very potential material for tribological coat-
ing applications [186], optical mirrors, diffusion barrier
in microelectronics [187, 188], high temperature strain
gauge [189], surface coatings on first wall components,
cathode materials [190-192]. TiB, has hexagonal crystal
structure [193]. Different techniques have been used for de-
position of TiB, coatings such as chemical vapor deposi-
tion [187, 194-205], pulsed laser deposition [206—-208], dy-
namic ion mixing [209] and magnetron sputtering [210-
217]. Though TiB, has high hardness, the coatings accom-
modate high compressive residual stress during deposi-
tion limiting its applications. The macro stress in the films
can be reduced by controlling the energy imparted to the
growing film by ion bombardment. Kunc et al. [217] has
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reported that the intrinsic macrostress decreases with in-
creasing ratio Ts/Tm, (where Ts is the deposition tempera-
ture and Tm is the melting point) and for Ts/Tm >0.25, it
is lower than approximately 0.3GPa. Substrate dependent
stress was observed by Isao et al. [218] and they found that
the TiB, films have a tensile stress depending on the sub-
strate on which the films were deposited. A low tensile
stress was observed on graphite substrates whereas it was
high on the copper substrates. Sanchez et al. [219] have ob-
served that the internal stress of the TiB, films is compres-
sive in nature and increases with the increase in the film
density.

The deposition parameters, such as, temperature,
pressure, substrate distance, rotation, substrate angle, DC
or RF sputtering, all play an important role in the struc-
tural evolution and TiB, film properties. The deposition
pressure has significant effect on the properties of sput-
tered coatings [220]. The TiB, film transforms to the dis-
ordered crystalline or amorphous structure from crystal-
lized (001) texture of hexagonal system as the deposition
pressure is increased during sputtering. Substrate rotation
during deposition led to the difference in the orientation of
the films [221]. A large variation in the hardness of the TiB,
films from 20 GPa to 60 GPa is reported for films deposited
using different deposition methods such as PECVD, sput-
tering etc. [214, 217, 222-225]. Nitrogen incorporation made
the films better resilient and have been studied as Ti-B-N
System [58, 226—229].

The TiB,, TiN, c-BN hard and h-BN soft phases are
found in Ti-B-N coating system [226, 230-232]. This gives
immense flexibility to tailor the mechanical properties
by controlling the coating deposition conditions. Variety
of methods, such as PECVD [192, 228, 233-235], thermal
CVD [236, 237], MCVD [238], ion plating [239, 240], arc
evaporation [241] and sputtering [242—-251] have been used
to obtain Ti-B-N coatings with different composition and
structures. Among the various methods, most of the re-
searchers have focused on the deposition by PVD methods
and mostly by magnetron sputtering.

The Ti-B-N films deposited by reactive magnetron sput-
tering have shown a transition from the crystalline to com-
pletely amorphous microstructure with the increase in the
nitrogen flow rate [227, 245, 249]. With the increase in the
nitrogen flow the bonding of boron atom changed from ti-
tanium to nitrogen, thus favoring the formation of amor-

phous BN [252]. A dual phase of BN and TiN was observed.

The formation of the h-BN was also reported for films de-
posited in Ar/N, gas mixture at high nitrogen partial pres-
sures along with the formation of the TiB, and TiN phases
[249, 253-257]. The formation of amorphous Ti-B-N films
has also been reported [258—-260]. In contrast, the Ti-B-N
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films deposited by non-reactive sputtering of segmented
target of TiN-TiB, resulted in the formation of nanocrys-
talline phases of TiB, and TiN [248]. A large variation in
the hardness 12 GPa to 80 GPa was reported for Ti-B-N
films [227, 245-260]. High hardness was reported for films
with TiN and TiB, or TiB phase formation. The formation
of h-BN is favored with increasing nitrogen content and the
hardness was found to decrease.

The wear resistance of the Ti-B-N coating with the TiN-
TiBx composition was observed to be an order of magni-
tude higher than TiN [261]. The incorporation of boron into
TiN decreased the coefficient of friction and specific wear
rate. Also, the wear mode changed from abrasive wear to
dominant adhesive one. When B content was increased to
42 at% an inverse trend occurred due to the formation of
hexagonal BN phase [262]. The Ti-B-N and TiN/BN/TiB,
multilayer thin films show very less self-lubrication [263].
The coefficient of friction decreased for lower nitrogen con-
tent but gradually increased with higher nitrogen content
in the plasma [242].

One of the most important issues of the coating is the
reliability. This assumes importance where the coatings
are hard and brittle, such as TiB,. The property governing
this issue is fracture toughness. Fracture toughness of the
brittle materials can be calculated using the following re-
lationship to within 40% accuracy based on maximum in-
dentation load, 9Pmqx and the crack length ¢ [208, 209]:

1/2
E Pmax
K¢ = ﬁ : (H) . c3/2 (5)

Where, S is an empirical constant dependent on inden-
tor geometry. It has value 0.032 and 0.016 for cube corner
and Berkovich & Vickers indenter respectively. E and H are
the elastic modulus and hardness respectively. A cube cor-
ner indenter with a semi-angle of 35.3° introduces cracks
at very shallow depth of the film, which is beneficial for
measuring the toughness of the film. The Berkovich in-
denter significantly lowers the cracking thresholds mini-
mizing the substrates influence, due to large angle of tip.
The fracture toughness was found to be of the order of
0.598+0.05 MPa-m!/2. The fracture toughness determina-
tion from energy based models from nanoindentation p-h
curve is another method which also takes into account the
thickness of the film [211], besides the radial crack method.
The pop-in from P-h curve, which occurs due to fracture
in film, gives the energy released during fracture. An en-
larged view of pop-in is shown in the loading curve (Fig-
ure 17). If the fracture would not have taken place the load-
ing curve path would have been AD rather than ABCE. The
crack formation changes the path of the loading curve. So
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Figure 17: a) P-h plot with cube corner indenter for TiB,-Si. The fracture event is shown by the arrow b) Enlarged plot of the pop-in where
the area ABCD gives the energy released due to the crack formation [264]
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Figure 18: p-h and Slope of the loading curve Vs. displacement for the film 93:7 Ar:N,

the energy difference before and after crack generation is
estimated as area ABCD.

The fracture toughness is calculated using the follow-
ing equation 6 [27]

(=) (7)

Here, E, v, U, t, Cy are the elastic modulus, Poisson’s
ratio, strain energy released, thickness of the film and the
radius of the circumferential crack respectively. The to-
tal length of ring-like crack is used when circumferential
crack takes place for the measurement of toughness. Here,
the sum of the radial cracks at three corners of the cube
corner indenter is considered and the fracture toughness
gave similar K = 0.578+0.11 MPa-m*/2 [264].

1/2

K¢ = (6)

The authors have reported Ti-B-N deposition under
different N,: Ar ratios using a single TiB, target by DC
magnetron sputtering with different Nitrogen content. In
order to investigate the effect of nitrogen on toughness,
the first derivative (slope) of the nanoindentation curves
with depth were analyzed. The Ti-B-N films deposited on
silicon substrates undergo deformation upon indentation.
The fracture events will be marked by discontinuities. The
load at which these discontinuities occur indicates the crit-
icalload for fracture of the films. The p-h plots and slope of
the loading curve with depth of the Ti-B-N films are shown
in Figure 18. The curve is very smooth up to a displacement
of 1100 nm. After 1100 nm, marked discontinuities are ob-
served. From the load-depth curve the corresponding load
for these discontinuities is found as 250 mN. These discon-
tinuities are a result of the fracture events. Films deposited
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Figure 19: Slope of the loading curve vs. depth for Ti-B-N films at different N fraction in the film [265]

at different Nitrogen content the slope of loading curve ver-

sus depth or displacement is shown in Figure 19. The 1st
discontinuity varied with nitrogen content, which is the

critical load for that film. The critical load varied with nitro-

gen content, for pure TiB, it was 31.4 mN, which was much

less than TiBN film. This shows that the by suitable incor-

poration of nitrogen in TiB, the toughness of TiB, film can
be enhanced, but the hardness decreases (Figure 20).
Fracture toughness using the method of Lawn [193]
of TiB, film and for the film deposited at N,: Ar ratio
of 0.66:99.34 was found to be 0.43 MPa m /2 and 1.41
MPa m~'/? respectively. The results show that fracture

toughness of the Ti-B-N films increases with nitrogen incor-

poration. Thus, the Ti-B-N films can be tailored to obtain
the optimal values of hardness and toughness. The XPS

and other studies revealed the formation of TiN and soft h-

BN phase [266]. Thus, the presence of h-BN enhances the
toughness as soft phase in hard matrix compared to only

TiB, Film. Nitrogen incorporation also affects the topog-
raphy and grain size decreased with nitrogen content in-

crease. The topographic picture of TiB, and TiBN is shown

in Figure 21. Thus, from above it is clear that the nanocom-
posite Ti-B-N film showed a good enhancement of tough-

ness compared to TiB, film.
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Figure 20: Hardness vs Critical load for the Ti-B-N films, the paren-
thesis shows the nitrogen fraction

9.2 Nanocomposite Ti-Si-B-C hard coating

The addition of elements such as C, N, Al, and Si can alter
the properties of TiB,. Ti-Si-B-C, adding suitably Si and C
in TiB, have shown significant enhancement in different
properties. The Magnetron sputtered TiSiBC film’s prop-
erties can be tailored by suitable adjustments of deposi-
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Figure 21: AFM micrographs of the deposited films (a) TiB2 (b) TiBN [267]

47.70

Figure 22: AFM Picture of TiSiBC hard coating deposited by Mag-
netron sputtering

tion parameter. The films are nanocomposite having very

fine crystallites of the order of 510 nm and can be var-

ied to 150 nm; accordingly the mechanical behavior also

changes. The AFM and TEM pictures of nanocomposite TiS-

iBC thin films are shown in Figure 22 and 23. It consists of

two crystalline phases TiB, and SiC in amorphous Ti-Si-B-
C amorphous matrix. The crystalline particles were homo-

geneously dispersed in the matrix.

The hardness and modulus of the order of 45 GPa and
450 GPa with Percentage elastic recovery around 50% have
been obtained. The H/E ratio was around 0.1, confirming

them to be tough too. The immiscibility of the nanocrys-
talline phases and thermal segregation of nanocrystalline
phase contributes for increase in hardness. The critical
load (Lc) during scratch test was found to be about 21 N,
and the coefficient of friction varied between 0.1-.2. The
calculated average toughness measured by nanoindenta-
tion using cube corner indentor was around 4.5-5 MPam?/2
[268], which is higher in single layer film with good hard-
ness compared to TiN, TiC, TiAlIN, TiCN and other mate-
rials [269, 270]. The incorporation of C and Si also en-
hanced the oxidation and further hardness and tough-
ness [182, 271].

Hence, it was observed that by suitable incorporation
of the specieslike N, C, Siin TiB, system during deposition
makes the nanocomposite hard coatings and enhances the
toughness of the nanocomposite coatings significantly.

10 Toughness and hardness
enhancement of TiN
nanocomposite coatings by
adding of different elements

10.1 Ti-Al-N and Ti-Al-Si-N nanocomposite
hard coatings

Titanium nitride (TiN) hard coatings enhances the lifetime
of cutting tools [272]. However, TiN oxidizes in air at 500°C
limiting applications in high-speed cutting process. The
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Figure 23: TEM Picture of TiSiBC hard coating deposited by Magnetron sputtering [268]

elements such as Al, Si, Cr or B into TiN are used to pre-
pare nanocomposite coatings [273-276] to enhance the per-
formance. At present, Si is the most frequently added ele-
ment as it enhances the hardness and thermal stability [14,
277, 278]. Various techniques such as plasma-enhanced
chemical vapor deposition (PECVD) [277-280], sputter-
ing [281, 282], cathodic arc plasma evaporation [283, 284],
and ion beam deposition [285] have been used to deposit
TiAlSiN coatings. However, the PECVD process needs rela-
tively higher substrate temperature hence, application of
it is limited for precision components. The sputtered coat-
ings have shown poor adhesion strength. Plasma immer-
sion ion implantation and deposition (PIIID) have shown
better adhesion strength and low temperature (t<200 °C)
processing [286].

TiAlSiN coatings have TiN as crystalline phase mainly
in amorphous matrix. The content of Al and Si when in-
creased it has more nano crystal or amorphous structure
respectively. The solubility of Al and Si is also observed in
matrix [287, 288]. The hardness of the TiN film increases
to 32 GPa from 19 GPa when Si content is incorporated
around 0.9%. Further increase of Si content to 6.0% a
very high hardness around 57 GPa is reported. However,
at 15.7% it decreased to 28 GPa. The hardening mecha-
nism for TiAlSiN coatings with different Si contents are
solution hardening for lower Si content. Further increase
of Si induces self-organized spinoidal phase segregation
and the TiN grain is enveloped with thin amorphous Si3 N,
layer that hinders the dislocation formation at the inter-
face [14, 277, 279, 289, 290]. The decrease in hardness at
higher i.e. 15.7% Si is due to increase of amorphous Si3N,

matrix phase that limits the grain boundary blocking ef-
fect [14]. The TiAlSiN film with the 6 mole % Si showed
higher hardness, better toughness and adhesion strength.

In nc-TiN/a-Si3N, hard nanocomposite, the grain re-
finement induced by SisN, increases the hardness; still
dislocation movement within crystalline TiN phase can
lead to deformation. The thin phase of silicon nitride
around TiN crystallites interface inhibits deformation by
grain boundary sliding. Nanocracks are deviated at grain
boundaries leading to increase in toughness. The deforma-
tion process in such system is the propagation of nanoc-
racks in the amorphous silicon nitride phase with the in-
crease of a-SisN, phase and hardness decreases to that

nc-TiN/a-Si;N,
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Figure 24: Hardness variation with Si % in Ti-Al-Si-N film [291].
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Figure 25: Cross sectional micrograph of with different percentages of Si a) TiN, b) Ti-Si-C-N16% c) Ti-Si-C-N 6% [302]

of silicon nitride. Figure 24 shows the hardness variation
with Si content in Ti-Al-Si-N nanocomposite coating and
the possible mechanism schematic of hardness at different
percentages of Si [291]

10.2 Ti-Si-C-N nanocomposite hard coating

The addition of Si and C to TiN also enhanced the proper-
ties leading to nanocomposite hard and tough Ti-Si-C-N
coatings [292-297]. The Ti-Si—C-N coating systems have
been deposited by physical vapor deposition (PVD), mag-
netron sputtering [298-301] and chemical vapor deposi-
tion (CVD). Ti-Si-C-N nanocomposite coatings consist of
nanocrystalline TiCN or TiN in silicon nitride amorphous
matrix. The grain size was found to decrease from 20 nm
to 6 nm with increase of Si content and grainboundary /
amorphous area increased with Si. The addition of C fur-
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Figure 26: Hardness and H3/E2 variation with (Si +C) content in
TiSiCN coating [302]

ther led to the decrease in crystalline particle size. The
cross-section microstructure showed a coarse columnar
structure for TiN, whereas with increase of Si content it
showed very fine columnar structure and then featureless
microstructure having very fine grains in amorphous ma-
trix [Figure 25]. Hence, by the tailoring of microstructure
dislocation movements gets restricted leading to increase
in hardness and toughness. The hardness and the plas-
tic deformation resistance, H?/E? ratio [105, 302] were the
function of (Si+C) concentration of coatings and both in-
creased with the increase of (Si+C) content (Figure 26).

10.3 TiAlSiN nanocomposite coating having
Ti-Al-N nanocomposite/ amorphous
Si3;N, multilayer

As has been stated before the design of microstructure
can change the hardness and toughness of the coatings.
Nanocomposites having amorphous matrix with nanocrys-
talline grains enhances the toughness. This can also be fur-
ther enhanced or by having multilayer of hard nanocom-
posite with amorphous layer composite coatings. In such
combination a few nanometer thick amorphous layer
can inhibit the dislocation generation and propagation.
TiAlSiN coatings have been reported as layered coating
with Ti-Al-N nanocomposite layer with Si3N, alternate
layer of thickness few nanometers. The backscattered im-
age of such multilayer is shown in Figure 27 [303].

A maximum hardness of 35 GPa was obtained which
is higher than monolayer film of TiAISiN of same thick-
ness. The dislocation motion is hindered due to under
layer. The fracture mechanism changed from spalling to
tensile cracking. The alternate layer with 20 nm periodic-
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20 nrm
Figure 27: Ti-Al-Si-N multilayer coating having Ti-Al-N and SisN,
alternate periodic layers [303]

ity showed nano cracks deflection at the internal interface
and propagation in the interface (Figure 28) between the
layers, suggesting such multilayers are tougher than sin-
gle layer TiAlSiN or TiAlN. The critical load of scratch was
found to increase to large extent. The dominant toughen-
ing mechanism was deflection of cracks between the layers
and within the layers of nc-TiAIN /a-Si3 N, multilayer films.

Figure 28: Ti-Al-Si-N coating with TiAIN/Si3N4 multilayer coating
showing crack deflection at the interface and within the layer [303]

Hence, it was seen that by adding Si, C, Al to TiN the
fracture toughness, hardness can be increased. The mi-
crostructure design is very important for achieving hard-
ness and toughness in combination. Si and C addition and
their ratio plays significant role in increasing hardness and
toughness. The alternate layer of nanocomposite Ti-Al-N
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and amorphous silicon nitride layer enhance the tough-
ness as compared to TiN coating, where the thickness of
the periodic layer plays significant role in crack deflection
and toughening mechanism.

Similarly, the AICrN/TiSiN nanomultilayer coatings
with single-phase solid solution structures have been re-
ported recently and have shown a good toughness, H/E
more than 0.1 along with hardness [304]

11 AL-Si-N nanocomposite hard
coating

The ternary Al-Si-N nanocomposite coatings are less stud-
ied but are very potential material for electronic and opti-
cal application as well for wear protection coating for op-
tical material as it has shown both optical visible range
transparency along with high hardness and toughness. Si-
doped AIN is considered as an interesting material for op-
toelectronic applications for field emission display, mag-
neto optical disk and other applications. Nanocomposite
coatings of nanocrystalline AIN embedded in an amor-
phous matrix of Si3N4 are hard and transparent and thus
are useful as scratch-resistant optical coatings [305, 306].
Also, they have shown good oxidation resistance [307]. The
reactive DC-magnetron sputtering (DCMS), chemical vapor
deposition or reactive cathodic arc evaporation is used for
the deposition of Al-Si-N nanocomposite coatings. Mag-
netron sputtering is one of the important processing meth-
ods for nanocomposite coatings; however, by addition of
high power pulsed source in magnetron sputtering (HIP-
IMS) smoother morphology than normal DC source can
be obtained. The H/E and the H3/E? values are higher
for the coatings deposited by pulsed source, and hence
the tougher coatings [308]. Addition of Si also altered the
hardness and toughness. Authors have also reported fab-
rication of optically transparent hard and tough coating
by magnetron sputtering. The Al-Si-N nanocomposite film
mainly consisted of AIN nanocrystallites in Al-Si-N matrix
(Figure 29) [309]. The nitrogen partial pressure had the sig-
nificant effect on the hardness and toughness [310]. The
H/E value of were found to be of the order of 0.11 for Al-Si-
N film having ratios Al:Si:N:: 57:32:11 in atom percent.
Hence, it was seen that like other systems discussed
above the role of element addition such as Si is very sig-
nificant to enhance the toughness and hardness of Al-Si-N
system. The microstructure can be tailored by process pa-
rameter during deposition as well by compositions Si per-
centage in particular. There are other important systems
also have been studied such as Zr-Si-N, Ti-Cr-Al-N, Zr-Cu-
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(b)

Figure 29: TEM microstructure of AL-Si-N film showing (a) nanocrystallites in amorphous matrix (b) structure of matrix area [309]

N, Al-Cu-N, Zr-N etc [311-315] that also essentially depend
on the microstructure design of the coating and hence the
different additions of elements leading to enhanced tough-
ness along with hardness.

Hence, in the nanocomposite hard coating systems to
achieve the hardness along with good toughness it is estab-
lished that films should have higher hardness with low E*,
H/E* should be 0.1 or little and the elastic recovery be the
order of 55-60%. The noncloumnar void free microstruc-
ture normally gives a higher tougher material compared to
that of the columnar structure.

12 Issues and future directions in
the area of nanocomposite hard
coatings

The following issues and directions are very much re-
quired to be addressed further for the advancement and
the application of the nanocomposite hard and tough coat-
ings:

¢ The recovery, recrystallization, segregation, grain
growth interdiffusion related phenomena are the
controlling factor needs investigation in depth for
the development of next generation nanocomposite
coatings

e The nonlinear elastic behavior and mechanism
of plastic deformation of nanocomposite coatings
needs investigations.

¢ The elevated temperature and oxygen and other en-
vironment is very less. Such studies will help in de-

signing the coatings for different industrial applica-
tions.

It is important to understand and control the plastic
instability of these materials; many nanocomposite
coatings are macroscopically brittle but microscopi-
cally ductile.

The process needs even more refinements to gen-
erate nanocomposite coating with controlled grain
size, shape, crystallographic orientation and lattice
structure.

Understanding of deformation mechanisms in
nanocrystalline multi-phase coating and better con-
trol of interface is still in infancy state.
Measurement and methodology for estimating cor-
rect toughness by different methods and standard is
still not there for nanocomposite coatings, needs de-
velopment.

Abinitio calculations on interfaces, multilayers and
atomic scale simulations are almost not available,
which needs to be developed for better understand-
ing as well for less trial for processing of tailored
nanocomposite coating.

The control of interface states and understanding of
non-equilibrium processes is still a change.

Other than widely used sputtering and cathodic arc
deposition, soft chemistry processes are very less
available, which can meet the challenges.

Stability is an issue for nanostructures, such studies
are very few needs detailed investigations in many
nanocomposite systems of coatings.

During operation at higher temperatures, grain
growth makes them conventional crystalline mate-
rial thereby loosing the properties. Thermal stability
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needs to be not only studied but newer high temper-
ature stable at 1000°C temperatures or higher coat-
ings are required for different applications, such as
high speed cutting tools, turbine blades for power in-
dustry and aerospace engine, nose-tip of high speed
rockets and re-entry launches.

e Hard coatings with enhanced toughness resisting
to cracking under an external loading are very less
available. Optimum structure such as micro- and /
or nano-structure of the coating having highest re-
sistance to cracking is still not known.

e The interface of nanocrystalline and amorphous
structure is less understood

¢ Residual stresses are less studied at different type of
substrates

e There is lot of scattered data for similar system,
needs a more effort so that a standard system can
be obtained

e The toughness mechanism is still not clearly under-
stood.

e Whether H/E*>0.1, high elastic recovery We, low ef-
fective Young’s modulus E* are the sufficient condi-
tions to form the hard coatings with enhanced tough-
ness is not exactly answered yet.

e The understanding of charge transfer between
nanograins with different chemical composition
and different Fermi energies effecting functional
properties are lacking.

e High-rate reactive deposition of hard coatings by
PVD systems are required to be fabricated. New
sputtering technologies based on strongly non-
equilibrium at an atomic level are also required.

e Long-term durability tests for nanocomposite coat-
ings are missing

e Very few coatings have been used on actual compo-
nent such as cutting tools, piston etc. However, en-
gine and component tests are required.

¢ Scale up of the coating for bigger components needs
to be developed for successful coatings, along with
cost and economics of it.

13 Summary

Thus, the present review focused on the enhancement of
toughness in nanocomposite hard coatings, which is es-
sentially required for to meet the complex demand of en-
gineering applications. The importance of hard nanocom-
posite coatings, basic principles of hardening, methodol-
ogy for the enhancement of toughness, processing of hard
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and tough nanocomposite coating have been explained.
Some important systems such as Si-C-N, Si-C-N multilay-
ers, Ti-B-N, Ti-Si-B-C, Ti-Si-N, Ti-Al-Si-N, Al-Si-N single
layer nanocomposite and multilayer nanocomposite coat-
ings have been discussed to emphasize the way of en-
hancement of toughness by microstructure modulations.
Some of the other systems such as Ti-Cr-Al-N, Zr-Si-N etc
were not discussed in detail but they also work on the sim-
ilar line and are potential materials. It was seen that by
Si, C, Al, N addition to TiN, TiB,, AIN single phase ma-
terials enhances the fracture toughness, hardness and re-
silience due to formation of nanocomposite coatings. The
microstructure design is very important for achieving hard-
ness and toughness in combination. Si and C addition and
their ratio plays significant role in increasing hardness
and toughness. The alternate layer of nanocomposite and
amorphous layer enhance the toughness, where the thick-
ness of the periodic layer plays significant role in crack
deflection and toughening mechanism. By suitable adjust-
ment of different elements hardness, toughness and re-
silience of the coatings can be tailored to as per the require-
ment of the different engineering applications. The chal-
lenges of nanocomposite coatings, lack of understandings
and future requirements are also discussed in the need for
further research and Technology, requirements.
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