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Abstract

For engineering applications of thin films, appropriate combination of high hardness with other properties (such as high toughness, low
residual stress, good adhesion with substrate and oxidation resistance) is of vital importance. Super high hardness alone does not have too
much use. For practical application, hardness and toughness are of the same importance. This paper gives a critical review on toughening
methodologies for hard nanostructural thin films, these are: ductile phase toughening, nanograin boundary strengthening and sliding,
composition and structure grading, multilayer design, carbon nanotube toughening, phase transformation toughening, compressive stress
toughening, etc. A summary is given to cap the essence of toughening methodologies in terms of increasing the storage or dissipation of

plastic energy.
© 2004 Elsevier B.V. All rights reserved.

PACS: 68.55.-a; 68.90.+g; 68.35.Gy
Keywords: Toughening; Hardness; Nanostructural; Thin films

1. Introduction

Nanostructural thin films represent a new class of
materials, which exhibit improved mechanical, electronic,
magnetic and optical properties owing to the size effect [1-3].
Of all the exotic properties, toughness and hardness are most
important for applications in manufacturing industry. Thin
films with superhardness from 40 to 105 GPa have been
frequently reported recently [4—8]. However, for engineering
applications, film toughness is as important as, if not more
than, hardness.

Toughness is the ability of a material to absorb energy
during deformation up to fracture [9,10]. Fracture toughness
is the ability of a material to resist the growth of a preexisting
crack. According to this definition, toughness encompasses
the energy required both to create the crack and to enable the
crack to propagate till fracture, whereas fracture toughness
only takes account of the energy required to facilitate crack
propagation to fracture. These are two different concepts and
should not be confused and interchangeably used.
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For bulk materials and most thick films, fracture tough-
ness is easily measured according to ASTM standards
[11,12]. Under the plane strain condition, fracture toughness
is related to the rate of strain energy release via [13],

EG,
2 (1)

where E is the Young’s modulus and v is the Poisson’s ratio,
G. is the critical rate of strain energy release given by [14]:

K. =

a%na

where oy is the fracture strength and the length of the crack.
A plane strain condition requires that the film must be thick
enough to satisfy [15]

2
K
B = 2.5 <£> 3)
Oy

where oy is the yield stress and /A, is the minimum
thickness. For brittle materials, (Kc/ay)2 is roughly 0.1 mm
[16]; therefore, the minimum thickness requirement for
fracture toughness measurement is 250 pm, or 0.25 mm to
use the plane strain assumption for brittle films. Evidently,
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the conventional fracture toughness determination by
propagating a known precrack is not suitable for thin
films owing to the thickness limitation [17]. The toughness
measurements for thin films seen so far can be summarized
into bending or buckling, indentation and scratch tests
[18-20]. In most of these testing methods, there is no
known precrack to start with. The measurements thus
inevitably embedded crack initiation; thus, the result is not
the same as the classical “fracture toughness”. It is
therefore suggested [21] that, to avoid confusion, the term
“toughness” be used for thin films instead of “fracture
toughness”.

Refs. [22-25] reviewed various toughening method-
ologies for bulk ceramics, or, in particular, ductile phase
toughening [26,27], fiber and whisker toughening [28],
transformation toughening [29], microcrack toughening
[30], etc. Recently, nanosized ductile phase has also been
used to toughen bulk ceramics [31,32]. However, thin
films have their own virtues, thus require special
methodologies to enhance their toughness. This paper
summarizes the toughening designs for thin films,
focusing more on nanostructured or nanocomposite thin
films.

2. Ductile phase toughening

To overcome the brittleness of ceramic films, a ductile
phase is often incorporated, and two mechanisms are
responsible for the enhanced toughness (cf. Fig. 1): (1)
Relaxation of the strain field around the crack tip through
ductile phase deformation or crack blunting, whereby the
work for plastic deformation is increased. (2) Bridging of
cracks by ligaments of the ductile phase behind the
advancing crack tip, whereby the work for plastic
deformation is also increased. Musil et al. added metallic
Cu [33,34], Ni [35-37] and Y [38] into nitride coatings in

Crack propagation

Fig. 1. Schematic diagram of ductile phase toughening through (1) ductile
phase deformation or crack blunting, and (2) crack bridging.

order to improve both hardness and toughness. Results
showed that for high film toughness, crystallite size of the
nitride phase should be controlled below 10 nm, and the
volume of the grain boundaries greater than that of hard
phase [39]. In other words, the grain boundaries must have
certain thickness since too thin a grain boundary renders
the toughening mechanism ineffective [40].

Addition of metallic phases to form Me/a-C or Me/a-
C:H film (where Me is Cu, Ni or Ag) improves
toughness [41-45]. The embedded metallic phase can
be nanocrystalline or amorphous. In case of nanocrystal-
line embedment, toughening is obtained through strain
release via sliding of the crystallites in the amorphous
matrix [46,47]. In case of amorphous embedment,
toughening is realized through relaxation of stress via
plastic deformation of the amorphous phase. Zhang et al.
[48] doped Al into a-C films by cosputtering of graphite
and Al targets and drastically improved the film tough-
ness. However, this came at the expense of hardness: the
a-C hardness dropped from 31.5 to 8.8 GPa. In order to
bring back the hardness, the authors further embedded
nanocrystalline TiC into the a-C matrix doped with Al to
form nc-TiC/a-C(Al) nanocomposite film and achieved a
hardness of ~20 GPa while maintaining a high toughness
(indentation plasticity of 55%) and very low residual
stress (only 0.5 GPa).

3. Toughening through nanograin structure design

Toughness can be enhanced if crack initiation and
propagation are hindered. Crack initiation needs the
effective stress at the tip of an existing flaw to exceed the
fracture stress of the material. The stress at the tip depends
on the stress concentration factor estimated through the
following equation [49]

applied P

where 2a is length of the crack and p is the tip radius. Since
the crack size is usually proportionally associated with grain
size, the stress concentration factor can be drastically
decreased by reducing grain size or flaw size to nanoscale.
For example, the stress concentration factor is only 4—6 with
a crack length of 1-2 nm and tip radius of 0.2-0.3 nm (one
atomic bond length) in a nanostructured material, compared
with that of 30-100 for the conventional bulk materials.
Usually, cracks propagate along the weak region, in most
cases, the grain boundaries. Therefore, hindrance of crack
propagation can be realized by strengthening grain boun-
dary and increasing boundary complicacy. As a result, in
order to propagate, the crack has to undergo bending or
branching, which brings about deceleration of crack
propagation.
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Fig. 2. Schematics of the nanostructure of nc-TiN/a-SizNy/a- and nc-TiSi,
nanocomposite [7].

In pursuit of films with both superior hardness and high
toughness, Veprek [50-52] proposed a design concept, in
which the crystallite size should be controlled to approx-
imately 3—4 nm, and the separation between crystallites be
maintained less than 1 nm to limit the flaw size. Multiphase
structure should be used to maximize the interface complex-
ity, and ternary or quaternary systems with strong tendency of
segregation into binary compounds be used to form sharp and
strong interfaces in order to strengthen grain boundaries.
Based on this design, Veprek et al. prepared a spectrum of
nanocomposite thin films by means of plasma CVD: nc-TiN/
a-Si3Ny [53], nc-W,N/a-SizNy [54], nc-VN/a-SizNy4 [55], nc-
TiN/a-SizNy/a- and nc-TiSi, [7], nc-TiN/a-BN [56] and nc-
TiN/a-BN/a-TiB, [57,58]. In nc-TiN/a-Si;N4/a- and nc-TiSi,
nanocomposite coating system, TiN nanocrystals were
embedded in an amorphous Si;N, grain boundary. Amor-
phous TiSi, and crystallite TiSi, also exist in grain boundaries
(cf. Fig. 2). An ultrahigh hardness (H,=105 GPa [7]) was
obtained in this system. The indentation test did not show
microcracks, indicating a good toughness. In this design, two
immiscible nitrides (nc-TiN and a-Si;N,) were used to
achieve thermal stability [50,59], but the cohesive strength
of the interface between the crystal and boundary could be
degraded [60]. When local tensile stress at the crack tip is
high enough, unstable crack propagation sets in [61].

Another way of enhancing film toughness is to allow
certain degree of grain boundary sliding (rather than
inhibiting) [62] to release the accumulated strain. Voevodin
et al. [40,63] prepared nanocomposite films with carbide
crystals of 10-20 nm imbedded into amorphous carbon (a-C)
matrix. Crystallite size of this magnitude can restrict initial
crack size and create a large volume of grain boundaries [64].
The thickness of amorphous boundary is maintained above 2
nm to prevent interaction of atomic planes in the adjacent
grains and to facilitate grain boundary sliding, but less than 10

nm to restrict path of a straight crack. As a result, nc-TiC/a-C
and nc-WC/a-C nanocomposite thin films achieved a “scratch
toughness [65]” four- to fivefold that of the nanocrystalline
carbide alone, at a slight expense of hardness.

4. Toughening through composition or structure grading

Graded interlayer is often used to reduce crack concen-
tration and enhance adhesion between film and substrate. In
gradient coating, the substrate is first covered with a highly
adhesive layer, and then the coating constituents are allowed
to change homogeneously or heterogeneously while the
coating thickness grows to a stable outer layer [66—68]. Such
a gradient design is often used in preparing thick films to
enhance wear properties: a-BN films (up to 2.7 pm) deposited
via a graded interlayer [69], WC-Ni film with volume fraction
of WC varied gradually from top surface to substrate [70,71].
Zhang et al. [72] prepared 1.5 pm a-C gradient coating on tool
steels with moderately high hardness (25 GPa) but very high
toughness (plasticity of 57.6%) using magnetron sputtering
by a process called bias-graded deposition. Through gradu-
ally increasing substrate bias from —20 to —150 V during
deposition, graded sp*/sp® fraction through the film thickness
is achieved. This is not grading in composition, but grading in
structure: the bottom layer has the highest sp®/sp® fraction,
thus the lowest residual stress and good adhesion, whereas
the top layer contains the highest sp*/sp” fraction to render the
best tribological performance. At the same time when bias-
graded coating enhances the toughness, the adhesion of the
coating on tool steel shot up: with expense of about 15% in
hardness, the adhesion strength increased more than two
times as compared to the same coating deposited at constant
bias.

5. Toughening through multilayer structure

A multilayer structure has many layers of different
constituents stacking on top of one another with distinct

-t
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Fig. 3. Schematic representation of toughening mechanism in multilayer
films: (1) crack deflection, (2) ductile interlayer ligament bridging, and (3)
crack tip blunting due to nanoplasticity at interlayer.
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Fig. 4. Hard materials for nanocomposite coatings in the bond triangle and changes in properties with the change in chemical bonding [94].

interface between adjacent layers. Within the single layer,
the composition is usually homogeneous. Multilayer
structure design is another way to improve toughness
of thin films, through the following three main mecha-
nisms: crack deflection at interface between layers,
ductile interlayer ligament bridging and crack tip blunt-
ing due to nanoplasticity at interface (cf. Fig. 3) [73-77].
Material selection plays an important part in this design
[78]. Fig. 4 shows some potential materials that can be
used for multilayer design. Covalent bonding materials
have high hardness and high temperature strength;
metallic bonding materials possess good adhesion and
toughness; ionic bonding materials have stability and
inertness. Multilayer film systems of ceramic/ceramic
(such as TaN/TiN [79], ZrN/TiN [80], TiN/TiAIN [81],
VN/TiAIN [82] and TiN/TiCN/TiAIN [83]), ceramic/
metal (such as CrN/Cr [84], TiN/CrN/Ti [85] and
TiAIN/Mo [86]) and ceramic/DLC (for example, TiC/a-
C [87]) have been successfully experimented with high
hardness and toughness. As an example, TiC/TiB,
multilayer film composes of 100-200 single interlayer,
the overall film thickness reaches about 5 um but no
cracks are found in the film with Vickers indentation up
to an applied load of 100 N [88]. Multilayer film system
can also be designed based on one material with
different microstructures, such as a-C film with different
sp*/sp> ratios [89]. In multilayer film design, the number
of interlayer, the thickness of each interlayer and the
thickness ratio of different interlayers combine to govern
the resulted toughness [90]. For instance, the fracture
toughness of TiC/TiB, multilayer films decreased from
3.34 to 2.52 MPa m'? when number of total interlayers
changed from 4 to 10 [91]. The fracture toughness of
TiC/CrC multilayer films decreased from 4.2 to 1.4 MPa
m'? while the interlayer thickness decreased from 1.2 to
0.1 pm [92]. In TiN/Ti multilayer films, the thickness of

Ti layers determines the dissipation of energy, thus the
degree of toughening [93].

6. Carbon nanotube toughening

Toughness of ceramic bulk materials can be improved by
whisker and fiber reinforcement [95]. The toughening is
obtained through crack deflection at the fiber/matrix inter-
face, crack bridging by fiber and fiber pullout on the fracture
surface (cf. Fig. 5). The same idea is applied in toughening of
thin films: carbon nanotubes (CNTS) are used as “fibers” or
“whiskers” to toughen nanocomposite thin films [96]. In Ref.
[97], carbon nanotubes were used to enhance both hardness
and toughness of alumina films. Toughness enhancement was
obtained through crack deflection, cracking bridging and

Crack propagation
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Fig. 5. Schematic diagram of fiber toughening: (1) crack deflection, (2)
crack bridging and (3) fiber pullout.
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Fig. 6. Schematic diagram of transformation toughening, transformed
zirconia 1 (monoclinic) and original metastable zirconia 2 (tetragonal).
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fiber pullout mechanisms. Up to date, reports in this category
are very scarce.

7. Phase transformation toughening

Partially stabilized zirconia (PSZ) is one of the typical
examples of toughness improvement through phase
transformation. Under applied stress, tetragonal zirconia
phase transforms to monoclinic structure with a volume
increase. This transformation occurs in the stress field
around the tip of the crack, and the resultant strain
involved in the transformation locally relieves the stress
field and absorbs the fracture energy (cf. Fig. 6). In
order to facilitate transformation toughening, retention of
the high-temperature tetragonal phase is the key, and this
is easily realized in film deposition. Ji et al. [98]
prepared a metastable tetragonal zirconia coating by
reactive D.C. magnetron sputtering, and the volume
fraction of the tetragonal phase was controlled by a
combination of substrate bias and postdeposition anneal-
ing. As the substrate bias was varied from 0 to —850 V,
the resulting ZrO, crystal structure changed from random
equilibrium monoclinic to random metastable tetragonal
and finally strongly (111)-oriented tetragonal. Another
potential candidate material for phase transformation
toughening is shape memory alloy TiNi film. In TiNi
films dominated by austenite structure, stress-induced
martensitic transformation could help to relieve the stress
and increase crack propagation resistance [99].

8. Compressive stress toughening

In order to hinder crack initiation and improve tough-
ness, compressive stress is often introduced to the surface
layer of bulk materials via either ion implantation [100] or
surface oxidation, which induces volume expansion [101].

This is also a common method for improvement of both
hardness and toughness in thin films. Since cracking is
generally initiated by tensile stresses, compressive residual
stress in thin films has to be overcome first; thus, the
coated component takes more tensile strain (thus, the
toughness is increased [73]). Although a certain level of
compressive stress increases film toughness, it should be
pointed out that large residual stresses could cause
delamination or cracking of the film [102]. Therefore, this
method should be used with caution.

9. Summary and ending remarks

This paper reviewed the often-used toughening design
and methodologies for thin films (coatings included).
These methods are ductile phase toughening, grain
boundary strengthening and grain boundary sliding,
composition and structure grading, multilayer design,
carbon nanotube toughening, phase transformation tough-
ening and finally, compressive stress toughening. The
common basis of all the toughening methodologies is
increasing of the critical failure stress (thus, cracks are
difficult to form) and, once the crack forms, hindering the
crack propagation. Toughening can also be achieved if the
accumulated strain is properly released via dislocation
propagation or grain boundary sliding; thus, crack for-
mation is avoided.

In essence, toughening can be summarized to increasing
the material’s ability to absorb deformation energy, as
schematically shown in Fig. 7. Toughness can be considered
as the total area under the stress—strain curve ABC. It is
casily seen that either raising yield stress ¢y, or maximum
strain € results in larger area under the curve (thus,
increasing toughness). Since hardness H is directly related
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Fig. 7. Illustration of stress—strain curve obtained from tensile testing,
showing starting at point A, yielding at B and fracture at C.



S. Zhang et al. / Surface & Coatings Technology 198 (2005) 2-8 7

to o, through =30, [10], yield stress is increased by
making the coating harder. Most hardness improvement
methods for nanostructural films are thus also effective in
increasing toughness (as long as the maximum strain
attainable is maintained), as can be deduced from Fig. 7.
Maximizing strain € can be achieved by increasing plastic
deformation (area FCDGF). Hardening plus increasing the
plastic deformation result in the maximum increase in
toughness (arca AB'D’DBA). That is the key to realization
of superhard yet tough films.

References

[1] R.A. Andrievski, A.M. Glezer, Scripta Mater. 44 (2001) 1621.

[2] B. Cantor, C.M. Allen, R.D. Burkowski, M.H. Green, J.L.
Hutchinson, K.A.Q. Q’ Reilly, A.K.P. Long, P. Schumacher, J.
Sloan, P.J. Warren, Scripta Mater. 44 (2001) 2055.

[3] A.L Gusev, Phys. Uspekhi 41 (1) (1998) 49.

[4] S. Ulrich, T. Theel, J. Schwan, H. Ehrhardt, Surf. Coat. Technol. 97
(1997) 45.

[5] D. Hegemann, R. Riedel, C. Oehr, Thin Solid Films 331 (1999) 154.

[6] S. Veprek, P. Nesladek, A. Niederhofer, F. Glatz, M. Jilek, M. Sima,
Surf. Coat. Technol. 108-109 (1998) 138.

[7]1 S. Veprek, A. Niederhofer, K. Moto, T. Bolom, H.D. Mannling, P.
Nesladek, G. Dollinger, A. Bergmaier, Surf. Coat. Technol. 133—134
(2000) 152.

[8] Jan Prochazka, Pavla Karvankova, Maritza G.J. Vepiek-Heijman,
Stan Vepiek, Mater. Sci. Eng., A Struct. Mater.: Prop. Microstruct.
Process. 384 (2004) 102.

[9] G.E. Dieter, Mechanical Metallurgy, second edition, McGraw-Hill,
1976.

[10] J.F. Knott, Fundamentals of Fracture Mechanics, John Wiley-Halsted
Press, New York, 1973.

[11] Standard Test for Plane Strain Fracture Toughness of Metallic
Materials, ASTME-399, American Society for Testing and Materials,
Philadelphia, PA, 1987.

[12] G.P. Cherepanov, Mechanics of Brittle Fracture, McGraw-Hill, 1979.

[13] W.D. Callister Jr., Materials Science and Engineering an Introduc-
tion, 6th ed., Wilery, New York, 2003.

[14] R.W. Hertzberg, Deformation and Fracture Mechanics of Engineer-
ing Materials, Wiley, New York, 1983.

[15] W.E. Brown Jr., J.E. Srawley, ASTM STP 410 (1966) 12.

[16] A.D.S. Jayatilaka, Fracture of Engineering Brittle Materials, Applied
Science Publishers, London, 1979.

[17] D.K. Leung, M.Y. He, A.G. Evans, J. Mater. Res. 10 (1995) 1693.

[18] B.R. Lawn, A.G. Evans, D.B. Marshall, J. Am. Ceram. Soc. 63
(1980) 574.

[19] Xiaodong Li, Dongfeng Diao, Bharat Bhushan, Acta Mater., V 45
(11) (1997) 4453.

[20] J. Malzbender, J.M.J. den Toonder, A.R. Balkenende, G. de With,
Mater. Sci. Eng., R Rep. 36 (2002) 47.

[21] S. Zhang, D. Sun, Y.Q. Fu, H.J. Du, Thin Solid Films (2004)
(in press).

[22] J.D. Kuntz, G.-D. Zhan, A.K. Mukherjee, MRS Bull. (2004
(January)) 22.

[23] M. Ruhle, A.G. Evans, Prog. Mater. Sci., V 33 (1989) 85.

[24] 1.E. Reimanis, Mater. Sci. Eng., A Struct. Mater.: Prop. Microstruct.
Process. 237 (1997) 159.

[25] H. Tan, W. Yang, Mech. Mater. 30 (1998) 111.

[26] P.A. Mataga, Acta Metal., V 37 (12) (1989) 3349.

[27] O. Raddatz, G.A. Schneider, W. Mackens, H. Vob, N. Claussen,
J. Eur. Ceram. Soc. 20 (2000) 2261.

[28] J.D. Birchall, J. Phys. Chem. Solids, V 49 (8) (1988) 859.

[29] D.J. Green, R.H.J. Hannink, M.V. Swain, Transformation Toughen-
ing of Ceramics, CRC Press, Boca Raton, FL, 1989.

[30] A.G. Evans, K.T. Faber, J. Am. Ceram. Soc. 67 (4) (1984) 255.

[31] D.G. Morris, Proceedings of the 22nd Riso International Syposium
on Materials Science: Science of Metastable and Nanocrystalline
Alloys Structure: Properties and Modelling, 2001, p. P89.

[32] R.S. Mishra, A.K. Mukherjee, Mater. Sci. Eng., A Struct. Mater.:
Prop. Microstruct. Process. 301 (2001) 97.

[33] J. Musil, P. Zeman, Vacuum 52 (1999) 269.

[34] J. Musil, P. Zeman, H. Hruby, P.H. Mayrhofer, Surf. Coat. Technol.
120-121 (1999) 179.

[35] J. Musil, P. Karvankova, J. Kasl, Surf. Coat. Technol. 139 (1) (2001)
101.

[36] M. Misina, J. Musil, S. Kadlec, Surf. Coat. Technol. 110 (1998)
168.

[37] J. Musil, F. Regent, J. Vac. Sci. Technol., A, Vac. Surf. Films 16 (6)

(1998) 3301.

J. Musil, H. Polakova, Surf. Coat. Technol. 127 (1) (2000) 99.

J. Musil, J. Vicek, Mater. Chem. Phys. 54 (1998) 116.

A.A. Voevodin, J.S. Zabinski, Thin Solid Films 370 (2000) 223.

Y. Pauleau, F. Thiery, V.V. Uglov, V.M. Anishchik, A.K. Kuleshov,

M.P. Samtsov, Surf. Coat. Technol. 180—181 (2004) 102.

[42] H. Dimigen, H. Hubsch, R. Memming, Appl. Phys. Lett. 50 (16)
(1987) 1056.

[43] V.V. Uglova, V.M. Anishchik, Y. Pauleau, A.K. Kuleshov, F. Thiery,
J. Pelletier, S.N. Dub, D.P. Rusalsky, Vacuum 70 (2003) 181.

[44] Y. Pauleau, F. Thiery, Surf. Coat. Technol. 180-181 (2004) 313.

[45] Y. Pauleau, F. Thiery, Mater. Lett. 56 (2002) 1053.

[46] F. Theiery, Y. Pauleau, J.J. Grob, D. Babonneau, Thin Solid Films
467 (2004) 10.

[47] S. Dub, Y. Pauleau, F. Thiery, Surf. Coat. Technol. 180-181 (2004)
551.

[48] S. Zhang, X.L. Bui, Y.Q. Fu, Thin Solid Films 467 (2004) 261.

[49] T.L. Anderson, Fracture Mechanics, CRC Press, Boca Raton,
1996.

[50] S. Veprek, S. Reiprich, Thin Solid Films 268 (1995) 64.

[51] S. Veprek, Surf. Coat. Technol. 97 (1997) 15.

[52] S. Veprek, J. Vac. Sci. Technol., A, Vac. Surf. Films 17 (5) (1999)
2401.

[53] S. Veprek, S. Reiprich, S. Li, Appl. Phys. Lett. 66 (20) (1995) 2640.

[54] S. Veprek, M. Haussmann, S. Reiprich, J. Vac. Sci. Technol., A, Vac.
Surf. Films 14 (1) (1996) 46.

[55] S. Veprek, M. Haussmann, Li Shizhi, Electrochem. Soc., Proc. 96-5
(1996) 619.

[56] P. Karvankova, M.G.J. Veprek-Heijman, O. Zindulka, A. Bergmaier,
S. Veprek, Surf. Coat. Technol. 163164 (2003) 149.

[57] P. Karvankova, M.G.J. Veprek-Heijman, M.F. Zawrah, S. Veprek,
Thin Solid Films 467 (2004) 133.

[58] P. Nesladek, S. Veprek, Phys. Status Solidi, A Appl. Res. 177
(2000) 53.

[59] H.-D. Mannling, D.S. Patil, K. Moto, M. Jilek, S. Veprek, Surf. Coat.
Technol. 146-147 (2001) 263.

[60] V. Provenzano, R.L. Holtz, Mater. Sci. Eng., A Struct. Mater.: Prop.
Microstruct. Process. 204 (1995) 125.

[61] C. Mitterer, P.H. Mayrhofer, M. Bechliesser, P. Losbichler, P.
Warbichler, F. Hofer, PN. Gibson, W. Gissler, H. Hruby, J. Musil,
J. Vicek, Surf. Coat. Technol. 120—121 (1999) 405.

[62] J. Schiotz, F.D.D. Tolla, K.W. Jacobsen, Nature 391 (1998) 561.

[63] A.A. Voevodin, S.V. Prasad, J.S. Zabinski, J. Appl. Phys. 82 (2)
(1997) 855.

[64] S. Zhang, Y.Q. Fu, HJ. Du, X.T. Zeng, Y.C. Liu, Surf. Coat.

Technol. 162 (2002) 42.

A.A. Voevodin, J.S. Zabinski, J. Mater. Sci. 33 (1998) 319.

[38
[39
[40
[41

— D

[65]

[66] H. Holleck, Surf. Coat. Technol. 43—44 (1990) 245.

[67] H.W. Holleck, Vacuum, V 41 (7-9) (1990) 2220.

[68] C.Q. Sun, Y.Q. Fu, B.B. Yan, J.H. Hsieh, S.P. Lau, X.W. Sun, B.K.
Tay, J. Appl. Phys. 15 (2002) 2051.



S. Zhang et al. / Surface & Coatings Technology 198 (2005) 2-8

[69] K. Yamamoto, M. Keunecke, K. Bewilogua, Zs. Czigany, L.
Hultman, Surf. Coat. Technol. 142—144 (2001) 881.

[70] P. Wu, C.Z. Zhou, X.N. Tang, Surf. Coat. Technol. 73 (1995) 111.

[71] P. Wu, HM. Du, X.L. Chen, Z.Q. Li, H.L. Bai, E.Y. Jiang, Wear 257
(2004) 142.

[72] S. Zhang, X.L. Bui, Y.Q. Fu, D.L. Bulter, H. Du, Diamond Relat.
Mater. 13 (2004) 867.

[73] S. Hogmark, S. Jacobson, M. Larsson, Wear 246 (2000) 20.

[74] H. Holleck, H. Schulz, Surf. Coat. Technol. 36 (1988) 707.

[75] S. PaDey, S.C. Deevi, Mater. Sci. Eng., A Struct. Mater.: Prop.
Microstruct. Process. 342 (2003) 58.

[76] H. Holleck, V. Schier, Surf. Coat. Technol. 76-77 (1995) 328.

[77] G.S. Was, T. Foecke, Thin Solid Films 286 (1996) 1.

[78] H. Holleck, J. Vac. Sci. Technol., A, Vac. Surf. Films 4 (6) (1986)
2661.

[79] M. Nordin, R. Sundstrom, T.I. Selinder, S. Hogmark, Surf. Coat.
Technol. 133-134 (2000) 240.

[80] S. Ulrich, C. Ziebert, M. Stuber, E. Nold, H. Holleck, M. Goken,
E. Schweitzer, P. Schlobmacher, Surf. Coat. Technol. 188-189
(2004) 331.

[81] J.H. Hsieh, C. Liang, C.H. Yu, W. Wu, Surf. Coat. Technol. 108-109
(1998) 132.

[82] Q. Luo, P.E. Hovsepian, D.B. Lewis, W.-D. Munz, Y.N. Kok, J.
Cockrem, M. Bolton, A. Farinotti, Surf. Coat. Technol. (2004)
(in press).

[83] H.G. Prengel, P.C. Jindal, K.H. Wendt, A.T. Santhanam, P.L. Hegde,
R.M. Penich, Surf. Coat. Technol. 139 (2001) 25.

[84] M. Berger, U. Wiklund, M. Eriksson, H. Engqvist, S. Jacobson, Surf.
Coat. Technol. 116-119 (1999) 1138.

[85] Q. Yang, D.Y. Seo, L.R. Zhao, Surf. Coat. Technol. 177-178
(2004) 204.

[86] C.J. Tavares, L. Rebouta, E. Alves, A. Cavaleiro, P. Goudeau, J.P.
Rivie‘re, A. Declemy, Thin Solid Films 377-378 (2000) 425.
[87] A.A. Voevodin, S.D. Walck, J.S. Zabinski, Wear 203-204
(1997) s16.
[88] H. Holleck, M. Lahres, P. Woll, Surf. Coat. Technol. 41 (1990) 179.
[89] S. Logothetidis, C. Charitidis, M. Gioti, Y. Panayiotatos, M.
Handrea, W. Kautek, Diamond Relat. Mater. 9 (2000) 756.
[90] M. Nordin, M. Larsson, S. Hogmark, Wear 232 (1999) 221.
[91] D.E. Wolfe, J. Singh, K. Narasimhan, Surf. Coat. Technol. 165
(2003) 8.
[92] D.E. Wolfe, J. Singh, K. Narasimhan, Surf. Coat. Technol. 160
(2002) 206.
[93] K.J. Ma, A. Bloyce, T. Bell, Surf. Coat. Technol. 7677 (1995) 297.
[94] H. Holleck, in: A. Kumar, Y.W. Chung, J.J. Moore, J.E. Smugeresky
(Eds.), Surface Engineering: Science and Technology I, Minerals,
Metals & Materials Society, 1999, p. 207.
[95] Y.Q. Fu, Y.W. Gu, H.J. Du, Scripta Mater. 44 (2001) 111.
[96] S. lijima, Nature 354 (1991) 56.
[97] Z. Xia, L. Riester, W.A. Curtin, H. Li, B.W. Sheldon, J. Liang, B.
Chang, J.M. Xu, Acta Mater. 52 (2004) 931.
[98] Z. Ji, J.A. Haynes, M.K. Ferber, J.M. Rigsbee, Surf. Coat. Technol.
135 (2001) 109.
[99] Y.Q. Fu, H.J. Du, WM. Huang, S. Zhang, M. Hu, Sens. Actuators,
A, Phys. 112 (2004) 395.
[100] F. Halitim, N. Ikhlef, L. Boudoukha, G. Fantozzi, J. Phys. D: Appl.
Phys. 30 (1997) 330.
[101] O. Abe, Y. Ohwa, Solid State Ionics 172 (2004) 553.
[102] S.H.N. Lim, D.G. McCulloch, M.M.M. Bilek, D.R. McKenzie, Surf.
Coat. Technol. 174-175 (2003) 76.



	Toughening of hard nanostructural thin films: a critical review
	Introduction
	Ductile phase toughening
	Toughening through nanograin structure design
	Toughening through composition or structure grading
	Toughening through multilayer structure
	Carbon nanotube toughening
	Phase transformation toughening
	Compressive stress toughening
	Summary and ending remarks
	References


