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Abstract
The benefits of increasing the ratio between the hardness (H) and the 
elastic modulus (E) for tribological coatings are discussed in terms of 
an enhanced ability to accommodate loads and deflections elastically, 
increased resilience and toughness and a reduced likelihood of the sur-
face yielding under load. Thus the wear resistance is enhanced. An effec-
tive means of increasing the H/E ratio is to use nanostructured coatings, 
and information is provided on developments in such coatings.

Introduction
There has been significant progress over recent years in the understand-
ing of tribological mechanisms and in the development of new coating 
and treatment processes to reduce friction and wear. Particularly in the 
coatings tribology field, improved techniques and theories which enable 
us to study and understand wear phenomena occurring at the nano-, 
micro- and macro-scale have provided insights into contact mecha-
nisms and the influence of third bodies [1]. Simultaneously, Surface 
Engineering has emerged as a discrete scientific discipline, in which a 
bulk material (the substrate) and a coating are combined in a synergistic 
way that provides a cost-effective performance enhancement. In fact the 
recognition of Surface Engineering as a field in its own right has been 
driven largely by the recent increased availability of advanced vacuum 
plasma-based coating and treatment processes, providing previously 
unobtainable surface properties. The recent rapid proliferation of various 
nitride, carbide and oxide PVD coatings which can impart remarkable 
performance enhancements to cutting tools, by providing improved sur-
face hardness and tribo-chemical properties at higher temperatures, has 
resulted from these developments.

However, in many product applications other than cutting tools, 
different wear regimes are often encountered concurrently and the 
substrate elastic modulus (and/or strength) may be comparatively low. 
Ultra-hard ceramic films - which tend also to be brittle and exhibit 
high elastic modulus - are then rarely the ideal solution, since they are 
unable to accommodate substrate deformation under load and often 
perform poorly under (for example) impact or abrasion. Such drawbacks 
are further magnified when set in the context of an increasing need for 
weight reductions in engineering components, driving the increased 
use of light-alloy and composite materials in manufactured products. 
These materials often exhibit poor wear performance, but they also place 
even greater demands on coatings, due to the low level of coating load-
support provided. Fortunately, plasma-based PVD coatings (and other 
plasma treatments) still offer excellent solutions [2,3] – not through 
the ceramic coatings which drove the early emergence of this method, 
but through the development of new nanocomposite metal-metal and 
ceramic-metal coatings, which possess “near-ceramic” hardness levels, 
but elastic moduli closer to the (lower) levels exhibited by the typical 
bulk materials used in engineering components. In effect, these coatings, 
through the high ratio between their hardness (H) and modulus (E), pos-
sess a long “elastic strain to failure” and can therefore better tolerate large 
substrate deformations (be they elastic or plastic) without yielding; they 
also exhibit high resilience and toughness (as quantified by an ability to 
absorb energy without fracture). The need to increase the “H/E” ratio in 

tribological coatings was until recently neglected, but is now attracting 
wider interest, due to an improved understanding of materials and their 
behaviour and developments in coating process technology. With these 
new insights and the concurrent process developments, novel nano-
structured films (or/and surface diffusion layers) can be created, which 
provide scope to decouple the (hitherto presumed fixed) relationship 
between E and H and achieve previously unachievable combinations 
of both high hardness and low(er) elastic modulus [4,5,6]. This paper 
discusses the background and origins of the H/E concept and describes 
nanostructured coatings developed to optimise tribological properties 
(especially wear-resistance), with an emphasis on structure-property 
performance aspects.

Theoretical Background
For many years, the dominant philosophy whenever the wear resistance 
of a surface was found to be inadequate seems to have been that it 
should be made harder. The origins of this viewpoint can be traced back 
to the work of tribologists such as Archard [7], who proposed an inverse 
relationship between wear rate and hardness. Whilst it is true that (par-
ticularly under conditions of abrasion) it is necessary that the surface 
hardness should ideally significantly exceed that of any abradants pres-
ent [8], in many practical situations, hardness is by no means the sole 
factor to be considered when trying to optimise wear resistance.

In fact, well over 50 years ago, a Metallurgist at the Caterpillar 
Tractor Co in Peoria (Theodore L. Oberle) observed that the “elastic 
limit of strain” appeared to be an important parameter when seeking to 
enhance wear resistance [9]. He pointed out that this parameter defined 
the amount of deformation that can be absorbed elastically by a metal 
(i.e. the limit of deformation without yield – and therefore resistance 
to wear). Strictly speaking, the elastic limit of strain is defined by the 
yield stress (σy) divided by the elastic modulus (E). However, given the 
widely-accepted close relationship between yield stress and hardness 
(H), it is not unreasonable to cite the H/E ratio as a useful ranking 
parameter when seeking to optimise wear resistance (since both H and 
E can easily be measured). This relationship is particularly important 
in coatings tribology – since to be effective, ideally a coating must (as 
well as resisting wear) be able to deflect in sympathy with the substrate 
– without failing – under an applied load.

The importance of the H/E ratio has in fact been known by bearing 
designers for many years. They routinely use a parameter known as 
the “Plasticity Index” when determining the degree of polish required 
by bearing surfaces to ensure that surface asperity plastic deforma-
tion under load is avoided. The Plasticity Index includes the ratio of 
the elastic modulus to the hardness within it [10], but in this context 
the ratio is presumed fixed (i.e. a material-specific ratio which usually 
cannot be changed significantly). With the availability of advanced 
coating techniques that allow material surface properties to be manipu-
lated independently (particularly by controlling nanostructure) it is pos-
sible to adjust and optimise the H/E ratio.

Another reason why the H/E ratio is important is because it defines 
the amount of energy which a material can absorb. Fundamentally 
speaking, this equates to the area under the ‘load-extension’ curve in 
a tensile test. The area under the elastic part of the curve defines the 
elastic resilience – whilst the total area under the curve defines the 
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(engineering) toughness. Simple analysis shows that the elastic resil-
ience is related to H2/E.

It is also interesting that the contact load (Py) at which a surface 
yields can be defined in terms of H and E. The yield force for a rigid 
ball on an elastic/plastic surface is given by [11,12]:

 Py = 0.78 r2 (H3/E2)

– where r is the contact radius. In effect this takes account of the 
important (and sometimes neglected) fact that a more elastic material 
will allow the applied load to be distributed over a greater surface area, 
thus reducing the contact stress and requiring application of a higher 
contact force to initiate yielding (or, conversely, allowing a higher 
contact load to be supported whilst avoiding yielding). This analysis is 
based on restricting the loading level to ensure that the surface remains 
elastic (i.e. that it will recover fully from any deformation).

When considering a limiting level of loading (i.e. beyond which 
plastic deformation, and then fracture, occurs), it is useful to review 
the principles of fracture mechanics. Under such analysis it is the 
convention to consider the influence of incipient cracks and flaws in a 
material.

In the 1920’s, Griffith developed a criterion for the propagation of 
an elliptical crack by considering an energy balance between the elastic 
energy input and the surface energy (γs) of the new crack surfaces gen-
erated, finding that the critical stress for crack propagation in a solid is 
given by:

Where “a” is the half-length of the crack.

In 1957, Irwin extended this theory to accommodate ductile mate-
rials, incorporating a plastic deformation energy term (γp) and com-
bining (γs + γp) into a single term, to describe the “critical strain energy 
release rate” for fast fracture, which he called Gc, such that:

        or:  

Ge may be considered as the rate of strain energy release which 
would have to be reached in order to cause the material to fracture. In 
other words the “fracture toughness” (related to the energy required to 
create a new fracture surface) is improved by both a high critical stress 
for fracture (which implies a high hardness) and a low elastic modulus. 
Again, since the critical stress relates to the hardness, the energy input 
required to cause failure is related to H2/E.

Incidentally, sometimes the literature refers to fracture toughness as 
Kc, which is actually a “critical stress intensity” factor, related to both 
geometry and applied stress. For plane stress Kc = (EGc)1/2 and for plane 
strain Kc = (EGc/[1-υ2])1/2; where υ = Poisson’s ratio.

For bulk materials Lawn et al [13] and Pharr et al [14] have shown 
that Kc can be obtained by examining the surface radial cracks around 
an indentation using:

 Kc = α1(E/H)1/2(P/c3/2)

Where P is the peak indentation load, c is the radial crack length 
and α1 is a constant related to the indenter geometry. However, it has 
been found that the application of indentation tests for the evaluation of 
Kc for coatings can be problematic, due to limitations in the applicability 
of this approach at typical coating thickness levels – and particularly for 
thin (typically sub-10μm) PVD ceramic films.
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Nanostructured Tribological Coatings
continued from page 41

The Benefits of Nanostructured Coatings
Above we have discussed some of the theories relating to mate-
rial properties which enhance wear resistance. We have emphasised 
mechanical properties, and not chemical or thermal properties, at this 
stage. Moving on now to how we might achieve the required mechani-
cal (as well as tribo-chemical, thermal or corrosion) properties, it 
becomes evident that nanostructured (i.e. nano-layered or nano-
composite) coatings offer unrivalled capabilities. A small grain size is 
beneficial in enhancing the yield strength and hardness of materials 
(according to the well-known “Hall-Petch” relationship) with little or 
no change in elastic modulus. Also, through prudent material choices, 
nanostructured coatings can exhibit a relatively low elastic modulus 
(even whilst retaining high hardness), as well as providing much-
enhanced toughness (in an engineering sense).

It should however, be noted that the early advocates of nanostruc-
tured coatings were (almost) all only interested in using small grain 
size to achieve enhanced hardness. For example, Gissler, Veprek, 
Mitterer, Musil and their co-workers made major progress in using this 
approach to deposit ‘superhard’ coatings [15-20].

Musil has traced the developments in hard and superhard vapour 
deposited films, identifying the important steps which have occurred 
[20]. His view was that nanolayered superlattice films represent a very 
important milestone in controlling coating deformation behaviour, but 
the inherent problems of controlling precisely the layer thickness, and 
preventing interdiffusion of elements at high service temperatures, can 
largely be avoided by the use of nanocomposite coatings. He discussed 
methods to control the size and orientation of grains, through ion 
bombardment and mixing processes, and described the key differences 
between nanocrystalline alloy films and nanocomposite films based 
on pseudo-binary mixtures of a transition-metal nitride and another 
(usually late-transition) metal – with relatively weak nitride-forming 
capability in the latter.

Examples of such nanocomposite films are ZrN-Cu [21], CrN-Ni 
[22] and TiN-Ni [23]. In these films, one phase (usually metallic) seg-
regates to the grain boundaries of the second (usually ceramic) phase 
and this limits grain growth, provided that appropriate deposition con-
ditions are selected. Hardnesses values quoted for such films are mostly 
in the 16-20 GPa range, but some coatings are claimed to achieve 50 
GPa. Musil states that questions remain regarding the thermal stability 
of such films.

The next group of nanocomposite films which Musil discussed are 
the superhard nanocomposites. He stated that these can be produced 
not only with two ceramic phases present, as proposed by Veprek et 
al. [24] but also with one hard, ceramic and one soft, metallic phase 
present such as for a nanocrystalline (nc)-ZrN/Cr ceramic/metal nano-
composite [21]. Musil thus cites two groups of superhard nanocom-
posite (nc) coatings: nc-MeN/nitride (e.g. TiN + Si3N4) and nc-Me1N/
a-Me2 (e.g. transition metal nitride + Cu, Ni, Y, Ag, Co, etc.). Clearly 
there is some overlap in the second group with those mentioned above 
in the intermediate hardness range, and Musil points out that the hard-
ness of both of these groups can be continuously varied from values of 
about 10 GPa up to 50-70 GPa. Indeed, following work by Veprek [17], 
it would seem that hardness values of around 100 GPa can be measured 
for come compositions (e.g. nc-TiN/a-SiNx) under certain conditions.

Some of the earliest work on nanocomposite tribological coat-
ings was based on the Ti-B-N and/or Ti-B-C ternary phase systems 
[15,25,26]. These offer considerable potential to control the hardness 
and elastic properties, as demonstrated using both plasma-assisted 

electron beam PVD and sputter deposition [27-29]. In particular the 
controlled addition of aluminium to Ti-B-N coatings can give reduced 
E values, while maintaining a sufficiently high hardness. Such coatings 
exhibit excellent sliding wear properties [30]. 

It is interesting to calculate the H/E values for the best of these 
coatings, i.e. approximately 30 GPa divided by 330 GPa, which gives an 
H/E value of about 0.09. This is better than diamond; with controlled 
additions of titanium to adjust the metal content, the H/E value can 
be increased further, to 0.12 or higher [31]. Moreover, considering the 
high temperature stability and hot hardness of Ti-Al-B-N, a high H/E 
ratio (≥0.1) is indicative of favourable properties also for applications in 
cyclic high temperature environments [32], or situations in which heat is 
generated in the contact, such as metal cutting, especially in view of the 
enhanced oxidation resistance of this material.

Developments in Nanostructured Coatings
We saw in the previous section that the early developments in nano-
structured coatings were founded largely on “Hall-Petch” type consid-
erations, manipulating the grain size to control hardness. There is now 
increasing evidence that those who are developing nanocomposite coat-
ings (in particular) are adopting a more sophisticated approach, and are 
taking greater care in selecting the materials (and their proportions) in 
the nanocomposite, in order to achieve not only the benefits induced by 
grain size, but also other metallurgically-controlled benefits, such the 
creation of composites with a closely-controlled degree of crystallinity. 

At the vanguard of this approach have been Sanchette, Billard and 
co-workers who have for some years been investigating nitrogen-con-
taining sputter-deposited metallic coatings comprising supersaturated 
alloys of aluminium and a “nitride-forming” transition metal [33], for 
combined corrosion resistance and mechanical strength. They found 
that the mutual solubility of metal atoms in each other (even amongst 
the nitride forming elements) is strongly dependent on their relative 
atomic size, and on their crystallographic structure and bonding char-
acteristics. The mixing of, for example, BCC (eg. Fe, Cr) or HCP (eg. 
Ti) metals (in the range of 10-40 at.%) with FCC-Al, in sputtered films 
deposited at low temperature, can give combinations of hard, nanoc-
rystalline, supersaturated Al and amorphous Al-based phases. With Cr 
and Ti particularly, the addition of nitrogen can extend the composition 
range over which completely amorphous films are produced, giving 
desirable combinations of corrosion resistance, strength and ductility 
[34, 35]. Similar effects were seen by the present authors for TiAlB films 
with varying Al/B ratios [27]. In our work on nitrogen-containing low-
miscibility Cr-Cu [36], Mo-Cu [37] and, particularly Zr-Cu [38], sput-
tered metal-alloy coatings, we showed that mixed crystalline/amorphous 
nanocomposite coatings with unusual mechanical properties can be 
produced. 

In general, the crystalline phase will be that which contains the 
majority of the “nitride-forming” early-transition metal component (ie. 
Cr, Mo, Zr), whilst the amorphous, intergranular phase is the copper-
rich region. Unlike Musil’s nc-Me1N/a-Me2 ceramic/metallic nano-
composite approach however (but parallel to the findings of Sanchette, 
Billard and co-workers), in our work the best combinations of properties 
tend to arise from coatings which are essentially metallic in nature, with 
the nitrogen bound predominantly in supersaturated interstitial solid 
solution in the “nitride-forming” component – rather than as a nitride 
phase [36, 39]. In this case such coatings tend to exhibit a high (but not 
necessarily the highest) H/E ratio and ceramic (or near-ceramic) levels 
of hardness, combined with (more significantly) a relatively low elastic 
modulus – influenced strongly by the metallic phase(s) present – that is 
generally better matched in mechanical and chemical properties to the 
(metal) substrate material onto which the coatings are deposited.
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Despite the fact that such low-miscibility “nitride-forming/non-
nitride forming” binary metal systems have a propensity to form amor-
phous phases (and that this propensity is enhanced by interstitial addi-
tions of nitrogen or boron) it is however in our experience rare that a 
completely amorphous film is produced. This is perhaps surprising, 
particularly considering recent claims for binary metallic glass forma-
tion in the Zr-Cu system [38, 40, 41, 42], however it seems that the 
addition of N or B – with these elements tending to be drawn towards 
the component which is deficient in copper (ie. the stronger “nitride-
former”) has a tendency to promote segregation into a nanocomposite 
mixture – whether fully nanocrystalline or partially amorphous in 
constitution. In our experience, this tendency can, to some extent, be 
suppressed by the choice of (i) a suitably low deposition temperature, 
(ii) a low- or floating-dc substrate bias, and (iii) a composition toward 
the Cu-rich end of the binary equilibrium phase diagram. Equally, if a 
nanocrystalline film is desired, then increased temperature, a pulsed-
bias regime (as in [38]) and a composition that is relatively “Cu-defi-
cient,” are all likely to promote such a result. 

These arguments lead us to suggest some generic design considera-
tions for the formulation of nanocomposite and glassy metallic coat-
ings where, in the former, a choice of an interstitially supersaturated 
(with N, B) nitride-forming early-transition metal in combination 
with a low-miscibility non- (or weak-) nitride-forming element is 
desirable. In the latter (ie. glassy films), a combination of “competing” 
nitride-forming elements, with different atom sizes, crystallographic 
orientations and bonding characteristics (eg. a smaller, FCC-Al atom 
with a larger, BCC-Cr or HCP-Ti, Zr atom) may be preferable (over 
the multicomponent systems of many bulk metallic glass formula-
tions) in developing amorphous films with good mechanical proper-
ties. Another consideration in this case is the tendency for Al (or, for 

example, Si) to form covalently bonded nitrides and for Cr, Ti, Zr to 
form predominantly metallically-bonded nitrides, which could also 
beneficially influence the final coating structures. Furthermore (and 
despite the recent development of more sophisticated predictive models, 
eg.[43, 44, 45]) the Hume-Rothery “14%-rule” of size-mixing for inter-
stitial (N, B), small (Al, Si), medium (Cr, Ti, Cu) and large (Zr, Hf) 
metal atoms remains a useful guide for glass-forming capability in PVD 
amorphous films. In terms of practical considerations for the above 
discussions, crystalline/crystalline (or crystalline/amorphous) metallic 
nanocomposite formulations show promise for generating highly elastic, 
resilient PVD films, better matched to low-strength and/or low modulus 
substrate materials, whilst amorphous, glassy-metal films are expected 
to be less hard, but tough and corrosion resistant. In the latter however, 
the additional prospect to partly, or more extensively, devitrify the film 
by annealing to achieve nanocrystallinity (if desired), raises particularly 
intriguing prospects to control both phase distribution and nanostruc-
tural feature size in tribological films more precisely than has previously 
been possible, providing (for example) a corrosion-resistant film that is 
both hard and ductile – and indeed that exhibits other, non-tribological, 
but desirable, multifunctional properties.

The emphasis of the discussion so far has been centred largely on 
coating wear properties, rather than their frictional behaviour. Usually 
low friction coatings do not exhibit low wear rates – since the achieve-
ment of low friction is often associated with a shear mechanism at the 
interface between the coating and the counterface surface. Such shearing 
may be accompanied by wear. However, the nanocomposite coating 
concept allows unique combinations of properties in a single coating. 
This ability has been harnessed by researchers at the Wright Patterson 
Air Force Laboratory, who have developed several novel nanostructured 

continued on page 44
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tribological coatings for aerospace systems [46, 47]. For example, 
Zabinski et al studied the co-deposition of a number of materials, Ni, 
Fe, Au, and Sb2O3 with MoS2, and evaluated their effect on film chem-
istry, crystallinity, microstructure, and tribology [48]. The presence of 
dopants caused film densification and affected grain size, resulting in a 
reduction in the friction coefficient and wear rate. Presently this is an 
area of fairly intense research activity. This is due, in part, to the fact 
that undoped MoS2 films are known to be susceptible to undesirable 
oxidation and water absorption effects which can adversely influence 
their in-service performance and shelf-life [49]. Recently, further work 
has focussed on metal additions, following on from early observations 
that the co-deposition of metals such as nickel can improved the per-
formance of MoS2 coatings [50].

The addition of ceramic phases is arguably of even greater signifi-
cance, since this route can provide a means to create a very hard low-
friction composite with a relatively low elastic modulus, i.e. a high H/E. 
Goller et al. [51] reported a nano-indentation hardness measurement 
of 29 GPa for TiN, and 30 GPa for a TiN coating with 8 mol% MoS2 
added; the latter giving low friction and low wear. This unexpected 
result is probably related to the in-situ formation of MoS2 at the coating 
surface during sliding; i.e. the coating is ‘adaptive’ to the operating 
conditions. These coatings will probably be suitable for a wide range of 
tribological contact types – e.g. from dry sliding to metal cutting [52].

The concept of ‘adaptive’ or ‘chameleon’ coatings is one which is 
receiving increasing attention. For example, PbO+MoS2 coatings can 
provide low friction across a wide range of operating temperatures 
[53-55]. WC/DLC/WS2 nanocomposites have also been produced 
which demonstrate low friction and wear in tests performed under 
high vacuum, in dry nitrogen, and in humid air [47]. These are just a 
few examples where mixed-phase nanocomposite coatings can provide 
performance which could not be achieved with single-phase coatings.

Conclusions
Based on simple mechanical property considerations, it can be shown 
that coatings with a high ratio of hardness to elastic modulus are likely 
to possess desirable anti-wear characteristics. Nanostructured coatings 
offer the best potential to achieve a high H/E ratio – and access to a 
uniquely diverse range of desirable combinations of surface properties 
(both tribological and functional). Considering tribo-chemical proper-
ties (for example when seeking a controlled friction response across 
a range of environments and temperatures) nanocomposite coatings 
– and related amorphous or glassy metal films – also offer considerable 
advantages over other coating types.
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