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Chapter 4 
MICROSTRUCTURE AND 
DEFORMATION BEHAVIOR  
OF TiC/a-C COATINGS* 

 

This chapter is focused on the microstructure and deformation behavior of TiC/a-C 
nanocomposite coatings. The microstructural evolution as a function of pulse frequency 
was scrutinized. The nanoscale structures together with chemical composition, especially 
at the growing front, have been investigated. Concurrent ion impingement to the growing 
coatings produces an amorphous capping layer ~ 3 nm in thickness where spatially 
modulated phase separation is initiated. It is shown that the modulation of multilayers, as 
controlled by the self-organization of nanocrystallites below the capping layer, can be 
tuned through the entire coating thickness. Combined nanoindentation and ex situ cross-
sectional transmission electron microscopy (XTEM) investigations are carried out on 
TiC/a-C nanocomposite coatings, with and without multilayered structures deposited by 
pulse DC magnetron sputtering. It is shown that by controlling the distribution of 
nanocrystallites forming nanoscale multilayers, the system can be used as a 
“microstructural ruler” that enables distinguishing various deformation patterns which 
can be hardly detected otherwise in a homogenous structure. It is shown that 
rearrangement of TiC nanocrystallites and displacement of a-C matrix occurs at length 
scales from tens of nanometer down to 1 nm. At submicrometer scale, homogeneous 
nucleation of multiple shear bands has been observed within the nanocomposites. The 
multilayered structure in the TiC/a-C nanocomposite coating contributes to an enhanced 
toughness.  

                                                 
* This chapter is published in the following papers: 
1. C.Q. Chen, Y.T. Pei, K.P. Shaha, J.Th.M. De Hosson. Tunable self-organization of nanocomposite 
multilayers. Appl. Phys. Lett. 96 (2010), 073103.  
2. C.Q. Chen, Y.T. Pei, K.P. Shaha, J.Th.M. De Hosson. Nanoscale deformation mechanism of TiC/a-C 
nanocomposite coatings. J. Appl. Phys., 105 (2009), 114314. 
3. C.Q. Chen, Y.T. Pei, K.P. Shaha, J.Th.M. De Hosson. Nanoscale deformation in TiC/a-C multilayered 
nanocomposite coatings. Appl. Phys. Lett. 92 (2008), 241913. 
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4.1   Introduction 

In nanocomposite coatings composed of hard nanograins and a compliant matrix, 
two different designs have been recently put into practice in thin coating applications, 
namely superhard and supertough nanocomposite coatings.1 The concept of superhard 
nanocomposite coatings lies on the suppression of dislocation operation by using 3-5 nm 
small grains and inducing grain incoherence strains with <1 nm thin matrix for grain 
separation. On the other hand, nanocomposite coatings generate a high density of 
interphase interfaces that assist in crack deflection and termination of crack propagation. 
Especially, the introduction of amorphous matrix facilitates grain sliding that releases the 
strain energy stored. Based on these toughening mechanisms, the concept of supertough 
nanocomposite coatings has been proposed. It has been suggested for super toughness a 
coating structure consisting of 10-20 nm nanocrystalline grains separated by 2-10 nm 
amorphous matrix.2 Furthermore, the ductility and therefore the toughness will be 
enhanced provided the particle size of the nanocrystallites becomes of approximately the 
same size as the separation.3 To manipulate the size and separation of TiC 
nanocrystallites, a possible approach is to tailor a multilayered structure into a 
nanocomposite coating, such that the nanocrystallite containing sub-layers are separated 
by the matrix sub-layers of desired thickness via composition fluctuation during 
deposition. Through such an integrated multilayer-composite structure, the size and 
separation of TiC nano-particles can be well controlled independently, which is not 
possible in a homogeneous nanocomposite coating.  

Recently self-assembling has been realized and utilized in the growth of thin 
coatings with nanoscale ordered structures, like superlattices or multilayers in metal-
metal4,5 and metal-carbon systems.6-10 Despite the experimental accomplishments, 
understanding of the physical mechanism and the driving force is still rather limited, 
partially due to the fact that a high spatial resolution examination of the structures were 
not performed. Self-assembling is often associated with surface irradiation,5,9,10 high 
temperature,10 metal species and content,8,10 deposition rate,7 etc. However, the atomic 
underpinning mechanism is still rather obscure. Also, the self-organized nanocomposite 
multilayers reported in literature generally degrade fast and the modulation is lost after 
growth of tens of nanometers.6-10 Further, the driving force of self-organization, i.e. 
whether it refers to nucleation and growth or spinodal decomposition, is still under 
debate.8,10  

Also, despite the importance and extensive study on amorphous and nanocomposite 
carbon systems, several aspects regarding the deformation and fracture behavior at the 
nanoscale, and the underpinning physical mechanisms are not yet understood. Recently 
several molecular dynamics (MD) simulations have been reported on the deformation and 
fracture mechanism of DLC and DLC-based nanocomposite at atomic scale11-14. 
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However, direct experimental validations of the theoretical models are not available. 
High resolution transmission electron microscopy (HRTEM) is the most direct method to 
observe the effects of a mechanical response at nanometer scales. Nevertheless, it 
experiences a practical difficulty in the examination of DLC or DLC based 
nanocomposites due to the amorphous nature of DLC. In crystalline materials, HRTEM 
makes use of the fact that defects create local discontinuity in the otherwise perfect 
periodicity of the crystalline structure. Thus, it is the presence of a lattice, which acts as 
an intrinsic reference, that allows the detailed characterization of various defects like line 
defects (dislocations), and planar defects (homophase and heterophase interfaces), and to 
investigate their evolution during or after deformation. However, in pure DLC or a 
homogeneous DLC-based nanocomposite the amorphousness and homogenous state at 
various length scales make tracing of defects, and evolution of nanostructure, during and 
after deformation quite elusive. In this chapter, it is shown that, by controlling the 
distribution of nanocrystallites (NCs), so that they form nanoscale multilayers, the NCs 
can serve as perfect markers for distinguishing various deformation patterns that can 
hardly be detected in a homogenous structure. Multilayers with bilayer thicknesses down 
to <10 nm and interparticle distance of ~1 nm provides extremely fine interior markers 
for high resolution observations. 

In this chapter, the first section describes a tunable and sustainable growth of self-
organized nanocomposite multilayers by surface ion-impingement during p-DC 
sputtering of carbon and Ti. The evolution of the nanostructure with growth (thickness) is 
investigated in detail by combined atomic scale HR-XTEM (high resolution cross-
sectional transmission electron microscopy) and energy filtered XTEM, which is capable 
of resolving atomic scale chemical information. The second section concentrates on 
visualizing nanoscale deformation mechanisms of the nanocomposite thin coating under 
depth sensing indentation. XTEM investigation of individual indents on a thin coating is 
a nontrivial problem, due to the difficulty of precisely preparing a cross-section specimen 
out of the microscaled indent. The nanoscale deformation processes are first visualized in 
a typical nanolayered nanocomposite thin coating. Thereafter, investigations are extended 
to nanocomposites of various structural configurations, with and without multilayer and 
having controlled TiC nanocrystallites size and distribution. An interparticle deformation 
process involving rearrangement of TiC nanocrystallites and displacement of a-C matrix 
is demonstrated to dominate the deformation mechanism at length scales ranging from 
tens of nm down to 1 nm. The mechanism and toughening effect of this interparticle 
process are discussed. This process provides a link between the submicron deformation, 
which can be readily experimentally revealed, and the atomic scale process as recently 
modeled by molecular dynamics simulations. 
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4.2   Experimental  

The TiC/a-C nanocomposite thin coatings were deposited on <001> oriented Si 
wafer by simultaneous non-reactive DC sputtering of Ti and pulsed-DC sputtering of 
graphite targets at different pulse frequency viz. 100, 250 and 350 kHz. A TiCr interlayer 
was deposited between the substrate and the top thin coating to improve adhesion. A 
substrate bias of 40 V was used for all the depositions. The substrate rotational speed was 
kept at 3 rpm during deposition. Structure observations were performed in a JEOL 
2010FEG high resolution TEM operating at 200 kV and having a Gatan energy filtering 
system. Depth sensing indentation with a Berkovich diamond indenter was employed to 
measure the indentation hardness and modulus of the nanocomposite thin coatings and to 
study their deformation mechanism. The indentations were performed with a MTS 
Nanoindenter XP® system. TEM observations of the nanostructure of the top layer and 
interlayer were carried out before and after indentation by TEM. Si wafer was used as a 
model substrate that is expected to decrease the influence of substrate because of its high 
modulus and hardness.15 For post-indentation XTEM investigation, a special design 
making an array of nanoindentations (up to 400) was used and followed by classic cross-
section TEM specimen preparation. This method of XTEM specimen preparation may 
produce extremely thin specimen for atomic scale high resolution examination of a 
particular indent or even a specific area within the indent, due to the feasibility of 
intentional interruption and resumption of the ion beam thinning process. Two indented 
samples were glued face-to-face, followed by cutting, grinding, dimpling, and finally ion 
thinned to electron transparent thickness using a Gatan PIPS operated at 3.5 kV.  

4.3   Results and discussion 

4.3.1   Evolution of nanostructure as a function of pulse frequency  
In this section, the evolution of the nanostructure as a function of pulse frequency 

for p-DC sputtered TiC/a-C coatings is described in detail by combined atomic scale HR-
XTEM (high resolution cross-sectional transmission electron microscopy) and energy 
filtered XTEM, which is capable of resolving atomic scale chemical information. The 
deposition and structural parameters of the TiC/a-C nanocomposite coatings studied are 
listed in Table 4.1. The coatings are termed by a combination of pulse frequency applied 
to the graphite targets and substrate bias voltage. With increasing the p-DC frequency, 
the sputtering yield of graphite targets decreases so that the content of carbon in the 
coatings decreases even though the sputtering currents applied to the targets were kept 
unchanged for the first three coatings. On the other hand, increasing substrate bias 
voltage enhances the re-sputtering of carbon atoms from the coating, also leading to the 
reduction of carbon content. 
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Table 4.1Chemical composition of TiC/a-C coatings named with p-DC pulse frequency and 
substrate bias voltage, size d of TiC nanocrystallites, wavelength Λ of the multilayers, revolutions 
n needed to yield a bilayer, surface roughness w, and impingement enhanced diffusion coefficient 

*D . Sputtering currents applied to Ti and graphite targets are ITi=0.35 A and IC =1.5 A 
respectively, except the ITi=0.55A for the last coating for comparison. 

Composition (at%)
Coating code 

C Ti O 
Λ  

(nm) 
d 

(nm) n w 
(nm) 

*D  
(×10-19 m2s-1)

100k40V 89.8 9.7 0.5 Homogeneous ~2 - 4.6 - 
250k40V 86.6 12.9 0.5 6.7 3-5 3.7 0.3 -1.5 
350k40V 80.1 19.3 0.6 9.8 4-6 6 0.28 -2.0 

350k100V 75.2 23.9 0.9 14.2 3-7 11 0.23 -2.3 

350k40V0.55 66.3 32.7 1.0 Weak 
multilayer 3-7 - 0.25 - 

Accordingly, the composition of the nanocomposite coatings covers a wide range of 
interest. The XTEM of the nanostructures of the coatings is shown in Figure 4.1.  

 
Figure 4.1 HR-XTEM images showing the structure evolution of p-DC deposited TiC/a-C coating 
with increasing pulse frequency and substrate bias. Circles in white color mark TiC 
nanocrystallites. 

The coating deposited at 100 kHz showed a seemingly homogeneous 
nanocomposite structure with weak contrast of crystalline domains; while those deposited 
at pulse frequencies higher than 250 kHz possessed multilayered structures, with tunable 
bilayer thickness that increased with increasing pulse frequency and substrate bias 
voltage. The multilayers were composed of alternating Ti-rich and C-rich layers, with the 
darker ones containing aligned TiC nanocrystallites separated by a-C boundaries, while 
the bright ones being C-rich layer mainly composed of a-C. From a closer examination of 
the nanostructures it turns out that the formation of these multilayers was a spontaneously 
assembling process via phase separation, rather than a direct result of the sequential 
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deposition of Ti and C species, as the formation of a bilayer generally involved more than 
one substrate revolutions, e.g. 3.7, 6 and 11 revolutions for the coatings 250k40V, 
350k40V and 350k100V, respectively. Moreover, the number of revolutions yielding one 
bilayer increased with increasing pulse frequency and/or substrate bias voltage. 
Consequently, the bilayer thickness of the three coatings was 6.7, 9.8 and 14.2 nm, 
respectively, despite the slight decrease of deposition rate. Presumably this trend is 
associated with the intensified concurrent Ar ions impingement at the growing surface at 
higher pulse frequency and substrate bias voltage. A detailed evaluation of the energy 
distribution of sputtering ions showed that the energy flux coincides well with the trend 
of bilayer thickness, as illustrated by Figure 4.2.  
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Figure 4.2 Diagram showing the trend of energy flux and bilayer thickness (except 100k40V 
where no layers form) at different deposition parameters with the inset showing the energy 
distribution of impinging ions at various deposition frequencies. 

It has been revealed that the coating 100k40V exhibited a homogeneous 
nanocomposite structure composed of ~2 nm TiC nanocrystallites (NCs) embedded in 
brighter C-rich matrix. By increasing the pulse frequency and thus the energy of ion 
impingement, the deposited atoms were able to diffuse over a larger depth, which 
facilitated local enrichment of Ti atoms and thus the subsequent formation of larger TiC 
NCs. These NCs were aligned parallel to the surface, giving rise to a multilayered 
structure. In the coating 250k40V, each Ti-rich sublayer contained one monolayer of TiC 
NCs of 3-5 nm diameter. The size of TiC NCs increased to 4-6 nm with the frequency 
increasing to 350k. The further intensified ion impingement by applying higher bias 
voltage of 100V produced a stack of NCs in an individual Ti-rich layer in the coating 
350k/100V, in addition to the larger wavelength. At the same time, the size of the 
nanocrystallites was getting more scattered within a range of 3-7 nm. It is also noticed 
that in the coatings 250k40V and 350k40V the C-on-Ti and Ti-on-C interfaces showed 
equally well defined contrast. However, in the 350k100V coating, the Ti-on-C interface 
appeared rather sharp, but the C-on-Ti interface was relatively diffuse, as to be discussed 
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later. The diffuseness was likely related to the random growth of TiC NCs and 
subsequent random nucleation and growth of new (secondary) NCs that stack on the 
preformed (primary) NCs. 

 
Figure 4.3 (a) XTEM images showing the evolution of multilayers with growing thickness in the 
coating 350k100V, with (b) filtered inverse FFT image highlighting multilayer waviness, which 
shows similarity with edge dislocations induced distortion in lattice planes in a crystal, with the 
maximum fluctuation smaller than a period. 

In contrast to the multilayers deposited layer by layer, whose waviness is governed 
by the surface roughness, the waviness of the multilayers presenting the self-organized 
distribution of TiC NCs was decoupled from the surface roughness and was more 
complex. In fact, this is also one of the major difficulties in maintaining the growth 
stability of the self-organized multilayers, and the reason why the modulation reported in 
literature was generally lost after tens of nanometers growth. However, the self-organized 
multilayers reported here were rather stable during growth. The XTEM micrograph, in 
Figure 4.3a, shows the overall evolution of the multilayered structure of the coating 
350k100V. Clearly, the waviness increased slowly at the early stage (~10 periods), but 
subsequently became saturated and stable. It is concluded that the intensive ion 
impingement used results in a continuously low or even decreasing roughness of the 
growing surface with deposition time, which ensured the self-assemble process and 
multilayered structure throughout the entire thickness of the coatings. The waviness of 
the nanocomposite multilayers is highlighted in Figure 4.3b by an inverse filtered FFT 
treatment. Interestingly, the fluctuation of the multilayers, if deemed as crystallographical 
planes, resembles the distortion introduced by an edge dislocation. These “dislocation”-
like defects introduce locally an extra layer of TiC NCs, resulting in distortion of the 
multilayers. The “dislocations” generally appear as dipoles, i.e. two dislocations with 
deferent signs close to each other locating at a vertical sliding plane. They cancel the 
effect of each other, and as a result, the fluctuation initiated at the lower “dislocation” is 
flattened out by the upper one. The “dislocation-glide-plane” in-between the two 
dislocations appears as a stripe-like region with a locally diffuse appearance. HRTEM 
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examination of the stripe-like regions (not shown) revealed that the diffuse multilayered 
configuration was related to an increasing local disorder of TiC nanocrystallites, i.e. 
imperfections in the self-organization. 

 
Figure 4.4 HR-XTEM observations at the growing fronts of coatings deposited at 350kHz 
frequency, with the current to Ti target and substrate bias noted in the images. A dashed line 
indicates the surface of the coatings. Insets of (a) and (c) are energy filtered compositional map 
(Ti green, C blue) at the growing front and zoom out of (c), respectively. 

A detailed HRTEM examination of the growing front revealed a very thin (~3 nm) 
capping layer or surface layer, which was invariably amorphous and covered the coating. 
It is noticed that for a multilayered coating the surface layer may contain alternating C-
rich and Ti-rich segments as confirmed by the energy filtering TEM in Figure 4.4a, while 
the C-rich domains were not clearly distinguishable from the underneath a-C sublayer. 
However, this surface layer could be clearly observed in the coating 350k40V0.55 shown 
in Figure 4.4c, which was composed of monolithic structure of TiC nanograins and a-C 
boundaries due to the largely increased Ti content. The capping layer is clearly 
observable in either the high-resolution or the bright field (inset) micrographs in Figure 
4.4c. The existence and amorphous nature of the surface layer were mainly attributed to 
the greatly intensified concurrent impingement by p-DC sputtering at high frequencies. It 
is also a direct evidence of impingement induced subplantation model for surface 
smoothing in diamond-like-carbon.16 The surface layer was supposed to be sp2 bonded 
carbon of a relatively low density,16,17 but could not be imaged in pure a-C due to the lack 
of contrast. The wavelength that can be tuned via the p-DC sputtering process was 
associated with an enhanced interdiffusion of C and Ti species caused by the concurrent 
ion impingement, a phenomenon noticed as early as in 1970-80s.18,19 It was suggested 
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that the high density of defects may be responsible for the enhanced diffusivity under 
intensified ion impingement. The impingement-enhanced diffusion coefficient )(* zD  
decays exponentially with depth z and can be expressed as:19  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

dL
zDzD exp)0()( **      (1) 

where *(0)D  is the enhanced diffusion coefficient at the surface ( 0)=z , and dL  
represents a characteristic diffusion length of the ion-impingement-produced defects and 
can be assumed here as the wavelength Λ. For the present case, *(0)D  was associated 
with the experimentally measured energy flux I illustrated in Figure 4.2 and can be 
tentatively expressed in the form of: 

*
0(0) exp expα α−⎛ ⎞ ⎛ ⎞= = −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
th

I Q ID D D
kT kT

 (2) 

with thD representing the thermal diffusion coefficient of the phase separation given 

by the pre-exponential factor 0D  and the activation energy Q , ( )exp /α I kT  being an 

enhancement factor and α  is a positive constant. Equation (2) can be interpreted as an 
effective coefficient of thermal diffusion with the activation energy decreasing to ( α−Q I ) 
linearly with the energy flux. Therefore Eqs. (1) and (2) provide a correlation between the 
bilayer thickness and the intensity of ion impingement as shown in Figure 4.2. 

The spatial coordinate z in Eq. (1) is related to the deposition rate υ and deposition 
time t  by υ=z t . For a rough estimate, the diffusion length can be approximated by 

Λ= tDLd
*2 , where Λt  is the deposition time for one bilayer and *D  the average 

impingement-enhanced interdiffusivity. By assuming the bilayer thickness as a measure 
of dL , *D  is calculated for the coatings as listed in Table 4.1, and the minus sign 

represents the up-hill nature of the interdiffusion.  

The C-rich and Ti-rich segments in the surface layer indicated that the local 
composition of the layer was markedly influenced by the underneath wavy sublayers via 
the vertical diffusion process. For example, on the right side of Figure 4.4a the capping 
layer was C-rich since the Ti atoms could travel a short distance downwards to the 
underneath Ti-rich layer. However, on the left side Ti atoms could not travel to the 
underneath Ti-rich layer due to the larger distance, consequently Ti is locally enriched 
and a new TiC nucleus marked by a circle forms at the bottom of the amorphous capping 
layer. This process initiated the formation of a new Ti-rich sublayer. While the capping 
layer was "flat", the waviness of the multilayers was thus restricted by the diffusion 
length (wavelength). Once the amplitude of local waviness of the Ti-rich layer 
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underneath the capping layer is larger than the diffusion length, an extra layer 
("dislocation") can be introduced, which causes local disordered arrangement of TiC NCs 
on the slip plane of the “dislocations”. 

One final point to be considered is the driving force of phases separation, i.e. 
nucleation and growth versus spinodal decomposition. In one of the previous reports 
about a Ti-C coating containing 5 at.% Ti the Ti-rich layers was found to be fully 
amorphous,8 which definitely points to spinodal decomposition. We did not observe a 
fully amorphous Ti-rich layer here due to the relatively high Ti-concentrations. 
Nevertheless, the wide size distribution of TiC NCs in the coating 350k100V (Figure 
4.1d) and especially the fine TiC NCs formed right at the bottom of the amorphous 
capping layer (Figure 4.4a and b) indicate nucleation and growth mechanism. It should be 
stressed that the up-hill interdiffusion of Ti and C atoms driven by the intensified 
concurrent ion impingement lays the basis for the phase separation and multilayer 
formation. 

4.3.2   Deformation behavior of TiC/a-C coatings  

4.3.2.1   Nanostructure and mechanical properties 
In this section, the deformation behavior of nanocomposite/multilayer TiC/a-C 

coatings is discussed. TiC/a-C nanocomposite coatings were obtained by p-DC sputtering 
of graphite targets at 350 kHz, to enhance the impingement at the growing interface for 
producing the multilayers, as discussed in above section. The properties are listed in 
Table 4.2, with the coating having three different Ti contents named according to the 
atomic ratio of C and Ti elements. With the optimized deposition parameters, nanoscale 
multilayers were successfully produced in the thin coatings C85Ti15 and C73Ti27 with well 
aligned TiC nanocrystallites. 

Table 4.2 Chemical composition, coating thickness t, wavelength Λ of multilayers, volume 
fraction VF and size d of TiC particles, and mechanical properties including hardness (H), 
Young’s modulus (E) (H and E are derived from the data with displacement up to 100 nm 
indentation, i.e. < 1/10 of the coating thicknesses), as well as the ratio of residual to total 
indentation depth dr/dt. 

Composition 
(at%) Thin 

coating C Ti O 

t 
(µm) 

Λ 
(nm)

VF 
(%)

d 
(nm) 

H 
(GPa)

E 
(GPa) H/E H³/E² 

(GPa) 
dr/dt 
(%) 

C85Ti15 84.8 14.9 0.3 1.30 27.4 2-4 7.5 19.1 195.2 0.098 0.183 53.8

C73Ti27 71.7 27.1 1.2 1.29 52.4 3-5 11.4 21.1 207.9 0.101 0.217 51.8

C65Ti35 64.0 35.0 1.0 1.50 69.1 3-5 Uniform 27.5 262.5 0.105 0.302 48.5
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Figure 4.5 High resolution XTEM micrographs showing the microstructure evolution of the 
coatings with increasing Ti content: multilayered structure of the coating C85Ti15 (a) and C73Ti27 
(b), and homogeneous nanostructure of the coating C65Ti35 (c). 

As shown in Figure 4.5a, the multilayers in the thin coating C85Ti15 consist of 
amorphous carbon sublayers (bright lamellae) and Ti-rich sublayers (darker lamellae) 
composed of aligned discrete TiC nanocrystallites. The microstructure parameters for all 
the thin coatings are listed in Table 4.2. The bilayer thickness and the diameter of TiC 
nanocrystallites increased with increasing Ti contents. The multilayered structure was 
formed through a self-organization process governed by the interdiffusion of C and Ti, 
with the bilayer thickness, the size of TiC nanocrystallites, and the growth front 
roughness controllable with the intensity of concurrent ion bombardment but independent 
of the substrate rotation speed. The detailed mechanism is discussed in chapter 3. By 
increasing Ti content to C65Ti35, the whole system evolved into uniform nanocomposite 
of homogeneously distributed TiC nanoparticles separated by very thin a-C tissue phase 
(matrix), as shown in Figure 4.5c. 

The indentation hardness of the coatings, listed in Table 4.2, showed a monotonic 
increase with Ti contents: from 19 GPa for the thin coating C85Ti15 to 21 GPa for the thin 
coating C73Ti27 and then rapidly rising to 27 GPa for the thin coating C65Ti35. The 
Young’s modulus showed a similar tendency of increase. The other two parameters often 
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used to predict the wear resistance of a thin coating, i.e. the ratios H/E and H3/E2, are also 
listed in Table 4.2. The ratio H³/E² is considered as an indicator of the resistance to 
plastic deformation (resilience) in loaded contact while H/E ratio is known as the 
elasticity index20. These two ratios increased with increasing Ti content, suggesting an 
enhanced deformation and wear resistance of the nanocomposite thin coatings. 
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Figure 4.6 (a) Indentation load responses of three nanocomposites coatings, indented to a 
maximum depth of 1200 nm and (b) SEM top view of an indent revealing tiny side cracks in the 
coating C65Ti35. 

Figure 4.6a shows indentation load responses of the three thin coatings indented to a 
maximum depth of 1200 nm, which almost penetrated through the entire thin coating 
thickness. The load-depth curves showed a weak discontinuity at large indentation 
depths, which could be related to the phase transformation inside the Si substrate as to be 
discussed later. SEM top views of the impressions confirmed no radial cracks formed 
along the indenter corners. Closer examination reveals only a couple of tiny and 
discontinuous side cracks located at the border of the impressions due to high tensile 
strain there, which became increasingly noticeable with increasing Ti content but were 
still small surface cracks even in the coating C65Ti35 (Figure 4.6b) as to be further 
discussed. Plastic deformation in the indented thin coatings may be estimated by the ratio 
of residual indentation depth to the total indentation depth dr/dt, derived from the load 
response curves, as listed in Table 4.2. The obtained values ranging from 48.5-53.8% at 
1200 nm indentation depth were reasonably high, which can be considered as an 
indication of a tough character of the nanocomposites21. 

4.3.2.2   Visualization of deformation processes from micro- down to nano- scale 

Coating C73Ti27: shear delocalization and nanocrystallites rearrangement: 
To make use of well aligned nanocrystallites as nano-markers for the observation of 

nanoscale deformation process, the nanolayered coating C73Ti27 was first examined. 
Deformation behaviors were examined at the indentation depth of 1000 nm and 1200 nm, 
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close to the thickness of the top-layer and the entire thin coating, respectively. It revealed 
information of the deformation mechanism in the nanocomposite especially near the top 
layer-interlayer interface where major shear processes transfer from the interlayer to the 
top layer with increasing indentation depth. At both indentation depths, XTEM 
observations revealed that no detectable cracks or delamination were formed at various 
interfaces.  

Figure 4.7 shows the deformation morphologies of a 1000 nm deep indent in the 
thin coating C73Ti27. It can be seen that the interlayer already showed significant plastic 
deformation to accommodate externally applied strain. The dark field image of the 
deformed interlayer in Figure 4.7c revealed clearly two dominant and highly localized 
shear processes appearing symmetrically at either side of the indent, which will be further 
discussed later.  

  

 
Figure 4.7 XTEM micrographs showing a 1000 nm deep indent in the coating C73Ti27: (a) overall 
morphology, (b) magnified micrograph taken after further ion-thinning (part of the top coating 
removed) revealing localized plastic deformation indicated by arrows; (c) dark field image taken 
after ever further ion-thinning highlighting the intense shear bands in the interlayer indicated 
with arrows. 

Bright field TEM micrographs at moderate magnifications revealed that one of the 
common deformation morphologies of the indented top layer was the permanent bending 
of the sublayers following the indenter tip geometry, which was necessarily accompanied 
by an in-plane extension (Figure 4.7b). At the same time, a resulting reduction of the 
layer spacing up to ~50% is observed underneath the indenter, which was consistent with 
the ratio of residual indentation depth to the total indentation depth listed in Table 4.2. An 
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interesting feature, revealed by closer observations, was the numerous shear bands 
inclined at an angle of about 60° to the substrate interface and distributed symmetrically 
on both sides of the impression (Figure 4.8). 

 
Figure 4.8 Bright field XTEM image at a modest magnification showing multiple short-range 
shear processes within an impression of 1000 nm depth in the coating C73Ti27. 

High shear deformation in an indentation is common due to the huge strain gradient, 
the intrinsic nature of nanoindentation. What is interesting is that many homogeneously 
distributed, rather than a few predominant and highly localized shear bands were 
observed, the latter being the common situation in bulk amorphous materials. In addition, 
these multiple shear bands were of short range characters, namely propagating only 
several nanolayers rather than crossing the entire cross section of a thin coating as shown 
in Figure 4.8.  

 
Figure 4.9 Cross-sectional morphology of a 1200 nm deep indent in the coating C73Ti27, with 
solid arrows indicating the central major shear bands and open arrows pointing to the side major 
shear bands. 

At 1200 nm indentation depth, the nanocomposite coating showed much enhanced 
plastic deformation especially near the interlayer, with several highly localized major 
shear bands distributed symmetrically on both sides of the indent. The deformation 
morphology is shown in Figure 4.9, while a schematic illustration representing the 
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microscale deformation features as well as the nanoscale deformation processes, 
visualized subsequently with high resolution XTEM investigations, is displayed in Figure 
4.10. In addition to the two central primary shear bands, several new (secondary) shear 
bands formed. The two central bands initiated from the two sharp wedges at the top side 
of the interlayer, which arise most likely from the lattice dislocation sliding along the 
{10 10}<1210>  slip system in the interlayer.  

 
Figure 4.10 Schematic illustration of submicroscale deformation morphologies and nanoscale 
deformation mechanism of indented multilayered nanocomposite coatings: The microscale 
features, like multilayer densification at the center, primary and secondary shear bands (SBs) at 
either side of the indent, pile up (unique for C85Ti15) at the edge, are linked to nanoscale 
interparticle processes, including reordering of nanocrystallites and extensive relative sliding in 
the nanocomposite, which are visualized by high resolution XTEM observation with the help of 
well aligned nanocrystallites. The multiple short-range shear bands shown in Figure 4.8 are 
excluded for better view. 

Interestingly, the abrupt shear deformation was gradually weakened by the 
nanocomposite multilayers after it transferred through the interlayer/toplayer interface. 
The two central shear bands in the top layer carry the highest shear strain /s wγ =  at the 
interface, where they have the highest shear displacement s  (height of the wedge), and 
the minimum width w . After crossing the interface, the abrupt shear band expanded 
gradually to a certain width (up to ~50 nm), and the shear displacement s  faded off 
gradually after propagating not more than 150 nm into the top layer, clearly 
demonstrating a shear delocalization effect of the multilayered nanocomposite (see the 
schematic in Figure 4.10). According to the local deformation morphologies and 
shear/normal strain, resolved with the help of the layered nanomarkers, an impression of 
the multilayered nanocomposite can be roughly divided into several regions as illustrated 
in Figure 4.7b, 4.9 and 4.10. The regions A, C and C’ are dominated by normal strain and 
primarily characterized by layer densification, while regions B and B’ are featured by 
intense shear strain. 
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Figure 4.11 Comparison of the nanostructure of the coating C73Ti27 (a) before and (b) after 
indentation showing densified wavelength of the multilayers in the region “A” and 
rearrangement of the nanocrystallites in individual Ti-rich sublayers from more than 1 
monolayer into a monolayer. 

Figure 4.11 is a comparison between the undeformed and deformed nanostructures 
taken from the region A. In the original (undeformed) multilayered nanocomposite 
(Figure 4.11a), each Ti-rich sublayer contained more than one monolayer of TiC 
nanocrystallites such that the TiC nanocrystallites near the Ti-on-C interface almost 
touched each other, but those near the C-on-Ti interface were more loosely distributed in 
a-C phase. In correspondence with the compressed wavelength of the multilayers after 
indentation, the particles spacing between two adjacent Ti-rich sublayers in the region A 
(see Figure 4.6b and 4.9b) was decreased noticeably (Figure 4.11b and the schematic in 
Figure 4.10). That is to say, the in-plane extrusion and densification of the a-C sublayers 
were mainly the result of the severe indentation. In addition, the configuration of the 
nanoparticles in the Ti-rich sublayers also changed by means of remarkable 
displacements and rearrangements. Each Ti-rich sublayer after indentation was composed 
of a monolayer of TiC nanocrystallites well separated by the a-C phase (Figure 4.11b). 
The separation was about 1-2 nm thickness, noticeably larger than that before indentation 
(less than 1 nm). This kind of reconfiguration of the nanoparticles can happen only when 
a remarkable sliding between TiC nanocrystallites is accompanied with significantly 
plastic flow of the a-C matrix under the strain gradient inside the indent. The flow of the 
a-C matrix occurs not only in the a-C sublayers but also in the very thin intralayer regions 
separating the nanoparticles in the Ti-rich sublayers, resulting in an interparticle process 
of plastic deformation. 
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Figure 4.12 (a) Diffused multilayered structure in the region B/B’ with intense shear deformation 
adjacent to the interlayer (note the interface bent by the intensive shear bands marked with a 
dashed white line); (b) completely random distribution of TiC nanocrystallites as a result of 
particle sliding and rearrangement 

Within the regions B and B’ that bear intense shear strain, as marked in Figures 
4.7b, 4.9 and 4.10, the well-defined nanolayers became diffuse after the intensive shear 
deformation (Figure 4.12a and schematically shown in Figure 4.10). Under high 
magnification, these regions showed a homogeneous structure characterized by random 
and homogeneous distribution of the nanoparticles, with the particle size unchanged 
(Figure 4.12b). This indicates a relative movement of the nanoparticles following the 
shear deformation and mixing of the nanoparticles from adjacent Ti-rich sublayers. The 
random and homogeneous distribution of TiC nanocrystallites was a result of the 
intersection between in-plane deformation and shear banding inclined to the sublayers, as 
indicated in Figures 4.3b and 4.4. Plastic deformation was not observed in the individual 
TiC nanocrystallites due to their intrinsic high strength and suppressed dislocation 
activity resulting from the nanometer sizes. The deformation was mainly accommodated 
by an interparticle-mediated process, namely nanoparticle sliding mediated by 
displacement of the a-C matrix under the high strain gradient. 

Coating C85Ti15: long range displacement of a-C and TiC nanoparticles: 
According to the above observations, it seems reasonable to expect a considerable 

plastic flow of the a-C matrix surrounding the TiC particle. Consequently, such a-C 
mediated process may be more significant in a thin coating with a higher fraction of a-C 
matrix, e.g. the thin coating C85Ti15. Figure 4.13a shows the cross-sectional morphology 
of a 1200 nm deep indent in the thin coating C85Ti15. A clear pile up was observed at the 
edge of the indent. Under high resolution observation, the outmost part (about 50 nm 
thickness) of the pile-up region showed a very bright contrast. 
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Figure 4.13 Pileup at the edge of a 1200 nm deep indent in the coating C85Ti15: (a) overview, (b) 
the pileup front composed mainly of a-C embedded with a very few TiC nanocrystallite and (c) 
densely packed nanocrystallites behind the pileup front due to the outflow of the a-C matrix. 

The HRTEM micrograph revealed that this region was composed mainly of a-C 
embedded with very few randomly distributed TiC nanocrystallites (Figure 4.13b), 
indicating a preferential squeezing of the a-C matrix to the front of the pile up, as 
schematically shown in Figure 4.10. Consequently, the very pile up front may be better 
understood as an outward “extrusion” of the a-C matrix under high strain gradient 
underneath the indenter tip. Behind the pile up front was a region composed of dense 
nanoparticles, due to the flow of a-C matrix (Figure 4.13c). This process was 
accompanied, at the same time, by a rearrangement of the nanoparticles, as illustrated in 
Figure 4.10 As a result, the original multilayered structure fades off. Compared with the 
above observed rearrangement of the nanoparticles in the thin coating C73Ti27, the 
relative motion of TiC nanocrystallites and a-C matrix in the thin coating C85Ti15 
occurred at much larger length scales (> 20 nm), which was attributed to the increased 
volumetric fraction of the moving a-C matrix. Importantly, the extensive displacement 
and rearrangement of TiC nanocrystallites along with the a-C matrix did not lead to 
distinguishable cracks or nanocavities in any way. 

No cracks or voids were observed in the matrix or at the interfaces of a-C/TiC 
nanocrystallites in this thin coating, with close examination confirmed atomic scale 
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integrity at the interface. Nevertheless, within the region of dense nanoparticles 
experiencing extensive deformation with the outflow of a-C matrix (as shown in Figure 
4.13c), direct contact between the hard particles may occur, as illustrated in Figure 4.10. 
In this case, very high local contact stress may be generated and as a result, local 
deformation of individual particles may be possible. Deformation-induced defects, if any, 
could possibly be retained within the individual nanoparticles after indentation. 

  
Figure 4.14 HRTEM micrographs showing lattice distortion or nanocrack-type defects within 
individual TiC nanocrystallites. 

Figure 4.14 shows the HR-TEM micrograph of two individual nanoparticles taken 
from the same region as that of Figure 4.13c. Some kind of lattice voids or crack-like 
defects inside these nanoparticles were observed. Nevertheless, these kinds of defects 
were restricted within the nanocrystallites and without propagating to the phase interface 
or into the surrounding matrix, and thus had a limited contribution to the deformation or 
fracture process. 

Coating C65Ti35: Advancing crack dissipated by TiC nanoparticles: 
In the thin coatingC65Ti35, the whole system is composed of homogeneously 

distributed TiC nanoparticles instead of multilayers with thicker Ti-rich sublayers and 
thinner a-C layers. For such a homogeneously nanostructured system, it is hard to 
distinguish any deformation path/morphology regarding the interparticle deformation 
process due to the lack of intrinsic markers as already stressed in the introduction section. 
In this case, the possible cracks and their propagation behavior under indentation were 
studied, keeping in mind the interparticle processes revealed in the multilayered 
nanocomposite. 

As shown in Figure 4.15a, the small surface side cracks of the indent previously 
revealed by SEM top view (Figure 4.6b) were observed to propagate only a very short 
distance (hundreds of nanometer) underneath the surface.  
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Figure 4.15 XTEM micrographs showing restrained micro-/nano-cracks in an indent in the 
coating C65Ti35: (a) overview and (b) magnified HR-XTEM micrograph taken from the area 
marked with a square box in (a). 

The propagating cracks followed the a-C tissue phase in-between the TiC 
nanocrystallites (Figure 4.15b), and finally were halted at the nanoparticles. In addition, 
deflection of propagating cracks was obvious in the nanocomposite. It is very interesting 
that, instead of propagating continuously, the crack was halted at the TiC nanocrystallites 
but restarted at a region a few nanometers away from the crack tip. From the HRTEM 
image presented in Figure 4.15b, it seems that the crack was arrested at the left bottom by 
the nanoparticles and starts in a distance tens of nanometers ahead.  

Under indentations up to a depth of 1200 nm that was close to penetrating the entire 
thin coating thickness, all three thin coatings showed excellent structural cohesion at 
various interfaces, without cracks, micro-voids, or delamination detected. The interlayer 
was found to perform very well in accommodating the plastic deformation and to keep 
the interface adhesion. Another factor contributing to the perfect adhesion at the 
substrate-thin coating interface is dislocation slip and phase transformation plasticity of 
the Si substrate22,23, which was clearly observed under the applied large indentation depth 
even penetrating into the Si substrate. The slight pop-in and distinct pop-out appeared to 
be due to the slip and transformation in the silicon22, as they were observed even for thin 
coatings without any cracking or delamination.  

Mechanism of interparticle process and flaw tolerance at nanoscale: 
One of the major phenomena observed in this work was the extensive interparticle 

process characterized by rearrangement of TiC nanocrystalites and remarkable a-C 
displacement at nanometer scale, as schematically illustrated in Figure 4.10. This a-C 
matrix assisted process became increasingly significant in the thin coatings of higher 
volumetric fraction of a-C matrix, provided that the distance between the nanocrystallites 
is comparable with their size2. Within individual TiC nanoparticles, general plastic 
deformation was not observed due to the intrinsic high strength of TiC and suppressed 
dislocation activities at nanometer size. To accommodate the interparticle process, 
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besides particle translation, grain (particle) rotation is considered as another favorable 
mechanism involved in the rearrangement of nanoparticles. Although it has not been 
directly distinguished with XTEM on individual nanocrystallites, due to the amorphous 
nature of the a-C matrix, this grain rotation mechanism has been proven to be one of the 
major deformation mechanisms in nanocrystalline materials24. Extensive displacement of 
a-C was observed either in the a-C sublayer separating the Ti-rich layers or the a-C tissue 
phase within individual Ti-rich layers. The most interesting observation was that even 
with extensive displacement and relative sliding under large deformation, observable 
cracks and cavities were successfully avoided either at the boundaries between the 
various layers in the multilayered structure or at the phase boundaries between TiC and 
a-C.  

HRTEM confirmed the atomic scale integrity at the phases boundary, i.e., the 
interface between a-C matrix and TiC nanocrystallites, without detectable nucleation and 
coalescence of void-like defects (Figure 4.11b and 4.12b) even in the area experienced 
significant out flow of the a-C matrix (Figure 4.13c). Considering the extensive relative 
sliding, it seems reasonable to assume that the bonding either at the interface or within 
the a-C has the capability to re-establish the bond after it was broken. Recently MD 
simulations12 on a-C embedded with diamond crystallites suggested the possibility of 
bond breaking and reattaching at the interface of a-C and hard particles during the 
process of relative sliding at the interface, which seems in a good agreement with our 
HRTEM experimental observation. 

Apart from the behavior at the phases interface, atomic sliding in the a-C itself is 
necessary to achieve the interparticle process and large displacement of a-C (e.g. that 
shown in Figure 4.13b) while keeping the bonds undestroyed. The amorphous structure 
of DLC containing mainly sp² bonded carbon seems to favor the interparticle sliding and 
a-C displacement, which could be further improved by doping of Ti25. However, the 
atomic scale deformation process in a-C matrix related to the sp²/sp³ ratio has not been 
well understood up to now 11,12. Microscopic quantification of the effects of sp² fraction 
in the a-C on the interparticle process is still a challenge but in the present case the sp² 
dominates over sp³. 

In a recent MD simulation14, the amorphous based nanocomposites have been 
reported to exhibit a certain flaw tolerance. That is to say, fracture is a gradual process 
accompanied by gradual nucleation and coalescence of void-like defects, and especially, 
crack-like defects smaller than 40 Å have almost no effect on the fracture strength. This 
flaw tolerance for fracture in amorphous carbon appears to be due to its intrinsic structure 
disorder. Therefore, flaw tolerance may be a characteristic of disordered atomic 
structures at the nanoscale. 



Chapter 4 

84 

Mechanism of toughening regarding the nanoscale interparticle process: 
The collective behavior of the interparticle process operating at nanometer scale has 

significant effect on the structural response at modest (medium) length scales, and 
prompts shear delocalization in nanocomposite thin coatings. The nanocomposites are 
composed of two kinds of phases, i.e., TiC nanocrystallites and highly 
disordered/amorphous a-C. The deformation behaviors of the nanocomposites are found 
being distinct from that of either nanocrystalline26 or bulk amorphous materials27, and the 
latter suffer highly localized shear banding often resulting in catastrophic failure.  

In the nanocomposites, shear deformation occurred in the amorphous matrix can be 
tuned by the existence of the nanocrystallites, evolving interparticle process and assisted 
by the flow of a-C matrix. As a result, a large number of short-range multiple shear bands 
nucleate homogeneously throughout the specimen and carry uniform shear deformation. 
The three dimensional a-C matrix seeds the initiation of organized shear bands and 
confines them to small domains, i.e, the a-C sublayers and interparticle boundary regions. 
The nanoparticles and TiC-containing sublayers act as obstacles to restrict excessive 
deformation in these domains. In this way, shear deformation becomes effectively 
delocalized. The flaw tolerance enables the a-C matrix to sustain reasonable shear 
deformation without causing catastrophic failure. Even when shear bands carrying 
extremely high shear strains occurred in the interlayer, they were delocalized in the top 
layer by flowable a-C carrying TiC nanoparticles and consequently the shear strain faded 
away after the shear bands travel a small distance.  

The toughening mechanism for the nanocomposite thin coatings is consistent with 
the previously proposed ideas of composite microstructure for bulk amorphous alloys28 
and recently for nanocrystalline metals29. Another toughening mechanism in the 
nanocomposite thin coating is to dissipate propagating cracks via confinement in the a-C 
tissue phase. Micro-openings are surfaced by nanocrystallites (Figure 4.15b) that 
substantially increase surface area and surface energy that has to be overcome for the 
crack to propagate. This was confirmed by the fact that the crack does not continuously 
propagate, but was repeatedly halted and restarted at an area ahead of the crack tip, as 
clearly indicated by the indicated individual cracks. This crack re-initiation together with 
the deflection effect essentially causes a reduction in the crack-driving force or stress 
intensity factor and consequently increases the fracture toughness. A detailed analysis on 
these effects based on fracture mechanic analysis can be found in refs30,31.  
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4.4   Conclusion 

The nanostructure of self-assembled nanocomposite multilayers that are induced by 
surface ion-impingement can be tailored by p-DC sputtering. The nanoscale structures 
together with chemical composition, especially at the growing front, have been 
investigated with high-resolution transmission electron microscopy. Concurrent ion 
impingement of growing coatings produces an amorphous capping layer 3 nm in 
thickness where spatially modulated phase separation is initiated. It is shown that the 
modulation of multilayers as controlled by the self-organization of TiC nanocrystallites 
below the capping layer, can be tuned through the entire coating. Well aligned 
nanocrystallites that form multilayers served as extremely fine intrinsic markers in 
XTEM to reveal the deformation process in TiC/a-C nanocomposite thin coatings 
subjected to nanoindentation. It is shown that by controlling the distribution of 
nanocrystallites forming nanoscale multilayers, the system becomes a “microstructural 
ruler” that is able to distinguish various deformation patterns which otherwise can be 
hardly detected in a homogenous structure. Interparticle processes, including 
rearrangement and sliding of TiC nanocrystallites with respect to the a-C matrix, were 
found to occur at various length scales (from 1 nm to tens of nm), assisted by the flow of 
the a-C matrix. Because of the nano-scaled geometric constraint, shear deformation was 
brought under control by multiple shear bands, with each band contributing to plastic 
deformation but propagating only in nanometer scales and conveying a shear strain not 
large enough to cause local damage. At large indentation depths, the multilayered 
nanocomposites delocalized abrupt shear deformation arising from the interlayer 
significantly. Consequently, the multilayered nanocomposite thin coatings exhibited a 
prominent plasticity while maintaining high hardness. In the nanocomposite thin coating 
without multilayer structure, the cooperative deformation of nanocrystallites was found to 
dissipate and deflect propagating cracks effectively. The observed interparticle 
deformation mechanism facilitated by the separating a-C phase and the crack dissipation 
effect provide useful clues for the design of nanocomposites composed of hard 
nanocrystallites and a compliant amorphous matrix.  
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