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bstract

his paper reviews commonly used methods of analyzing and interpreting friction, adhesion and nanoindentation with an AFM tip test data, with
particular emphasis of the testing of single crystals, metals, ceramics and ceramic coatings. Experimental results are reported on the friction,

echanical and adhesion properties of these materials.
The popularity of AFM testing is evidenced by the large quantity of papers that report such measurements in the last decade. Unfortunately, a

ot of information about these topics is scare in the literature. The present paper is aimed to present the basic physical modelling employed and
lso some examples using each technique.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

.1. Classical mechanism of friction

The study of friction and its implications in our world
ormally began with the experiments of Leonardo da Vinci
1452–1519) who was the first scientist that studied friction phe-
omena in a quantitative way.1 He concluded that friction force
Ff) does not depend on the area of contact (A) and it is propor-
ional to the mass of the slider (Ms). His observations lead to the
rst definition of friction coefficient (μ) as the direct relationship
etween Ff and Ms:

= Ff

Ms

(1)

Leonardo found a μ value of 0.25 for all tested materials and
his was considered as a universal constant for several centuries.

It was Guillaume Amontons (1663–1705) who rediscovered
eonardo’s works about friction and took them a step further,
roposing that Ff is proportional to the vertical force (Fv).2

inally, Charles Augustine de Coulomb (1736–1806) set the
asis of the macroscopic friction theory as we know it today:

f = μFv (2)

He also established that Ff value is independent of veloc-
ty once motion starts, idea that was refined by Leonhard Euler
1707–1783),3–5 who introduced the concept of kinetic and static
riction for the first time; when the two sliding surfaces are in

otion relative to each other, μ is called kinetic friction coef-
cient and the Ff value is the force that tries to counteract the
ushing force that creates the sliding movement. In the case of
wo surfaces that do not move relative to each other, μ is called
tatic friction coefficient and it is usually higher than the kinetic
ne. Now, according to these new concepts, Ff value must be
onsidered as a threshold force. In other words, until Ff value is
ot surpassed by the pushing force, the sliding will not begin.
s we can see, Ff defined by Coulomb does not depend on A. In
his direction, John Theophilius Desanguliers (1683–1744) had
reviously proposed that adhesion force (Fa), which is the force
eeded to separate two bodies in contact, played a key role in
he friction phenomena and that Fa was a function of A.

q
t
a
T

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445

In 1954, as an attempt to discern the dependence between Ff
nd A, Bowden and Tabor proposed a solution for the area of
ontact dilemma6; not only did they establish that two bodies
o not contact with their whole surface, but also that they do
t by means of a finite number of small asperities. This new
oncept redefined the way of studying contacting surfaces and
rove tribology towards the micrometric world. As a matter of
act, they theoretically demonstrated that

f = F2/3
v (3)

As a result, Amontons’ laws were called into question again
ut not for long, as in 1957 Archard found the way to unify both
he old and new theories7; in their works, Bowden and Tabor
ad considered that the number of asperities, which are propor-
ional to the real A value, were independent on the applied Fv

alue. Archard considered that this assumption was not right
nd modelled the relationship between the number of asperi-
ies and Fv. Finally, he concluded that Ff and Fv values were
roportional.

.2. Mechanism of adhesion

The adhesion phenomenon is relevant to many scientific
nd technological areas and has become in recent years a very
mportant field of study.8 There are a number of theories on
ow adhesion work and there is little common agreement as
o which theory is the most relevant for any particular bond-
ng case. Based on the different approaches, many theoretical

odels of adhesion have been proposed, which together are
oth complementary and contradictory: Mechanical interlock-
ng, electronic theory, diffusion theory, theory of boundary
ayers and interphases, adsorption (thermodynamic) theory and
hemical bonding theories represent the best approaches to
esume the different mechanism which explain the phenomena
f adhesion.

It was not until 1922 that the Adhesives Research Committee
f the DSIR made a similar challenging statement, which was

uickly accepted by McBain9 who, with his co-workers, made
he first steps towards any theory of the fundamentals of adhesion
nd distinguished between “specific and mechanical adhesion.
he theory considered that there were two kinds of adhesion,
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pecific and mechanical. Specific adhesion involved interaction
etween the surface and the adhesive: this might be “chemical or
dsorption or mere wetting,” Specific adhesion has developed
nto the model we today describe in terms of the adsorption
heory. On the other hand, the electronic theory of adhesion,
roposed by Deryagin and Krotova10 in 1948, proposed that
n electron transfer mechanism between the substrate and the
dhesive, having different electronic structures, can occur to
qualize the Fermi levels. This phenomenon could introduce
he formation of a double electrical layer at the interface permit-
ing that electrostatic forces can contribute significantly to the
dhesive strength. Complementary to this theory, in the theory
f boundary layers and interphases the concept of interphase is
ntroduced since Bikerman11 demonstrate that alterations and

odifications of the adhesive and/or adherent can be found in
he vicinity of the interface leading to the formation of an inter-
acial zone exhibiting properties that differ from those of the
ulk materials and however, the diffusion theory was originally
ssociated with Voyutskii and other Russian workers.12 Much of
oyutskii’s original work was done on the self-adhesion (called
utohesion) of unvulcanised rubber. It was extended to polymer
dhesion, more generally, and to even the adhesion of polymers
o metals. The theory postulates that the molecules of the two
arts of the specimen interdiffuse, so that the interface becomes
iffuse and eventually disappears. It was argued that the devel-
pment of adhesion with time, the effects of molecular weight,
f polarity, and of cross-linking all proved that the adhesion
as associated with the interdiffusion of polymer chains. By

ontrast, the adsorption (thermodynamic) theory13 states that
dhesion results from intimate intermolecular contact between
wo materials, and involves surface forces that develop between
he atoms in the two surfaces. According to this theory, in the
vent of intimate contact between the adhesive and the adherent,
he adhesive strength arises as a result of secondary intermolec-
lar forces at the interface since physical adsorption involves
an der Waals forces across the interface. These involve attrac-
ions between permanent dipoles and induced dipoles. Finally,
he chemical bonding theory14 of adhesion invokes the forma-
ion of covalent, ionic or hydrogen bonds across the interface.
t is easily understandable that chemical bonds formed across
he adhesive–substrate interface can greatly participate to the
evel of adhesion between both materials. These bonds are gen-
rally considered as primary bonds in comparison with physical
nteractions, such as van der Waals, which are called secondary
orces interactions.

Adhesion and interfacial phenomena are topics that are of
reat technological importance and scientific interest. These
acts, together with the rapid development of analytical and com-
utational tools, have led to many significant advances in these
elds.

Areas in which interfacial and adhesion effects play an
mportant, if not dominant, role include friction, wear, triboelec-
rification, surface contamination control in microelectronics,

article adhesion, and bioadhesion. Moreover, these fields per-
ade many technological disciplines, including pharmacology,
griculture, electrophotography, electronics packaging, semi-
onductor fabrication, and, of course, adhesives. Accordingly,

c
w
e
t

eramic Society 31 (2011) 429–449 431

he fields of adhesion and interfacial phenomena have become
uite multidisciplinary in recent years.

Being one of the more prominent members of the family of
canning probe microscopies, atomic force microscopy (AFM)
as provided15 a number of highly interesting approaches
uring the last years, mostly dealing with the quantitative mea-
urement of mechanical properties at the true nanoscale.16–18

easurements of surface–surface interactions at the nanoscale
re important because many materials have unique properties
t this range.19 In general, AFM is attractive for studies at the
undamental level of single asperities, since the method is suit-
ble for the detection of adhesion forces in nanometer scale
ontacts of real surfaces with high spatial resolution under pres-
ures of up to several GPa.20 With these new approaches at hand,
ne of the main challenges of modern tribology can be tack-
ed, i.e., to develop a fundamental understanding of nanoscale
ontacts. In addition, ceramics cannot be easily deformed plas-
ically, so they do not give rise to altered contact areas and
ressures.

To summarize this brief section, three quite different reviews
pplicable to future developments in understanding adhesion
hysics involving plasticity are highly recommended. The first,
y Pettifor21, reviews materials modelling from the physics point
f view and is hierarchical in concept. The second, by Li et al.,22

eviews atomistic modelling of mechanical behaviour from a
aterials science perspective. Finally, and from a mechanics

iewpoint, Curtin and Miller23 emphasize the multi-scale mod-
lling concept as complementary to hierarchical approaches.

.3. Classical mechanism of nanoindentation

Mechanical testing has been extensively used for characteri-
ation and quality control of materials. Unfortunately, the results
re not comparable between measurements performed at differ-
nt scales and strongly depend on the experimental method.24

AFM has become a powerful tool to detect structural changes
t the nanoscale and its popularity between materials science
esearchers keeps on rising.25 Recently, AFM was used to study
urface deformation during cyclic loading26–31 and also to study
he intrinsic properties of ceramic materials.32 Furthermore,
FM can not only image with high resolution but also mea-

ure forces involved in deformation. As an example, Rodriíguez
e la Fuente et al. demonstrated the usefulness of the tungsten tip
f a scanning tunneling microscope (STM), a technique closely
elated to AFM, as an indenter and imaging tool on an Au (1 0 0)
urface in ultrahigh vacuum (UHV).33 In subsequent studies,
ndentations performed with an AFM were observed to induce
islocations in metals, which could be explained in terms of
screw dislocation loop mechanism.34,35 In an early applica-

ion of contact mode AFM, Harvey et al determined the surface
hape after nanoindentation with an AFM tip and confirmed the
alidity of continuum models for the plasticity of indentations.36

ith the same method, Gaillard et al. were able to resolve the

omplex dislocation structure after indentation on MgO and LiF
ith a commercial spherical tip nanoindenter.37,38 Teran Arce

t al. performed nanoindentations on MgO (1 0 0) with an AFM
ip and imaged the surface using tapping mode AFM.39 In these
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Fig. 1. Phononic friction. (a) liquid layer sliding on a solid surface. Due to the
low interaction between liquid molecules, it is easy for them to commensurate
with the solid substrate and increase Ff value. (b) Solid layer sliding on the
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xperiments, they detected discrete discontinuity events in the
xperimental force–distance curves but no dislocation structure
as identified in the surface topography.
Between the main drawbacks of AFM as a nanoindentation

ool, we can consider the difficulty in measuring the real radius
f the tip.32 Nanoindentation is now widely used to investigate
he mechanical properties of materials.40,41 For crystalline mate-
ials, nanoindentation can be used to characterize the nucleation
f dislocations during the initial stages of plastic deformation.
ome dislocation events can be identified by characteristic dis-
ontinuities in the force–distance curves42 called pop-in events.
tomistic simulations were performed in order to understand

he mechanisms behind dislocation nucleation and indentation
ize effects.43,44 However, there is a gap in length scale between
he limited size of atomistic simulations, which usually address
anometer-scale indenters and only a few dislocations, and
anoindentation experiments, where micrometer-scale indenters
re used and a remarkable number of dislocations are pro-
uced. Indentation processes based on AFM can contribute to
ridge the gap between atomistic simulations and experiments
y addressing the nanoscale, providing experimental data about
he smallest features in plasticity. In these regions, plasticity

ust be accommodated by a homogeneous nucleation of dislo-
ations rather than activated by Frank–Read sources.45 Incipient
lasticity has now been studied using AFM for indentation and
maging on a number of surfaces, including MgO (1 0 0),39 Au
1 0 0),46 Au (1 1 1),46 KBr (1 0 0)47 and Cu (1 0 0),48 in both
mbient and UHV conditions.

. Contact physics

.1. Physics of friction: a new era for tribology

The asperity concept led their creators to propose that the
hysical process of friction consisted on the creation and melt-
ng of microscopic contacts as the two surfaces slid, ultimately
onsidering that mechanical wear was the origin of friction. Nev-
rtheless, this explanation did not endure the confrontation with
eality: there was friction even between surfaces that did not
how any appreciable wear.

Israelachvili, a student in Tabor’s lab, took his advisor’s ideas
step further47: in order to experimentally measure the real
value between two surfaces, he developed the surface force

pparatus (SFA).48–50 The idea consisted in bringing into close
ontact two pieces of mica bent in perpendicular directions. This
etup would ensure that the apparent A value would equal the real
one, as the two contacting surfaces did not show any asperity.

sraelachvili confirmed that friction truly depends on the real A
alue and also confirmed the close relationship between Ff and
a values.

In the 80s, Gary McClelland developed a model which suc-
essfully explained the wearless friction phenomena51 that had
een previously observed. He proposed that when two surfaces

lide, the outer atoms vibrate due to the released energy. These
ibrations, called phonons,52 travel along the surface in the form
f a mechanical wave and act as a physical obstacle for the slid-
ng interfaces. Then, wearless Ff value is the necessary force to

(
e
v
f

ubstrate. The sliding layer cannot keep track with the substrate interatomic
istance and slides with low Ff value.

vercome the mechanical phononic wave, which eventually is
issipated as thermal energy. An interesting implication of this
odel is that the frequencies of the generated phonons play an

mportant role; if the two surfaces resonate, Ff increases dramat-
cally due to the consequent vibration amplitude enhancement.
urthermore, the phononic theory predicted a much more strik-

ng fact: if the phononic resonance between the two sliding
odies could be minimized in the absence of wear phenomena,
f value would virtually drop to zero.53

The development of AFM by Binnig and Rohrer15 let
cClelland and his colleagues to test their theories. Briefly,
FM consists on a microfabricated probe ended with an

xtremely sharp tip that scans the sample, establishing an appar-
nt A that can be in the nanometer range. McClelland tested
is wearless friction theories just to find out that something
as absolutely wrong; first of all, Ff was independent of Fv,
hich was in flagrant contradiction with all the previous theo-

ies. Besides, the shear stress (Ff/A) was incomprehensibly high.
uartz Crystal Microbalance measurements (QCM) performed
y Jacqueline Krim observed another striking effect: Ff between
oble gases and metals increases a lot in the presence of liquid.54

ar from being an intuitive idea, as liquid are commonly believed
o reduce friction, it fits acceptably well with the previous thesis
bout high Ff between commensurate surfaces; in fact, any liq-
id can be reasonably commensurate with a substrate due to the
eak bonds between their molecules and its fluidity. Then, the

iquid lets the two surfaces in contact to match more properly,
s depicted in Fig. 1. A recent paper by Park et al.55 shows how
o control friction by tuning the potential landscape between
he two sliding surfaces by applying an oscillatory Fv, in an
ttempt to provide a way to control adhesion and friction in
liding micro- and nanoelectromechanical systems (MEMS and
EMS, respectively).
This kind of experiments also explored the nature of elec-

ronic friction,56 an interaction due to the electrical surface
harges in the two sliding bodies. In this field of knowledge
s remarkable the contribution by Park et al.55 who showed
hat friction can be increased between doped silicon surfaces
standard base material for MEMS and NEMS) by applying an

lectric field, giving rise to extremely high and tuneable friction
alues that can be used to hold steady two surfaces in a controlled
ashion with nanometric resolution.
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Fig. 2. (a) Friction or adhesive forces increases as contacts with self-assembled
monolayers (SAMS), polymer microstructures (PM) such as pressure sensitive
adhesives (weak) or block copolymers (strong) or ionic or metallic bonding with-
out or with non-linear dissipation (dislocations) occur. Note that the schematic
is not to scale for a 104 nm2 contact. (b) A large range of contact forces can
result when pulling the contact of (a) off any of the indicated surfaces. The
contact adhesion stress increases due to increasing numbers of contacting asper-
i
f
i

λ

K = 4

3

(
1 − υ2

1

E1
+ 1 − υ2

2

E2

)−1

(7)

Fig. 3. JKR–DMT transition represented by Eqs. (5)–(7). The relationship
J.J. Roa et al. / Journal of the Europ

.2. Physics of adhesion

The role of adhesion was dramatically modified after the
dvent of three apparently disconnected events. Firstly, scan-
ing probe microscopies and the capability to finely control
xerted forces on samples, allowing atomic-scale measurement
f adhesive point contacts. Secondly, computational materials
cience and the use of large scale atomistic simulations to exam-
ne the tribological properties of the surface of nanostructures,
etting both the acquisition of data and the enhancement of the-
retical understanding of adhesion and interfacial phenomena.
hirdly, the fact that microelectronics industry recently entered

he nanoscale era has provided the driving force towards a better
nderstanding of adhesion physics.60 Gerberich et al. merged
hese separate challenges into an updating of how theoretical
nd experimental approaches are permitting new understanding
f adhesion physics. He described some of the involved phenom-
na, the magnitudes and differences between the true work of
dhesion, the work of separation and the practical work of adhe-
ion. Similarly, on the experimental side, most studies have been
ierarchical in nature and few considered examining the physics
f adhesion across the length, time and temperature scales, now
ecoming available to AFM and nanoindentation instruments.
either of these approaches, however, will be sufficient without

ppropriate multi-scale modelling that integrates the picture for
omplex engineering problems.

.2.1. Macroscopic, atomistic and mesoscopic modelling
Consider the contact of two solids, α and β, in an environ-

ent equivalent to air. The work of adhesion per unit area as
riginally defined by Dupre and complemented by the IUPAC57

orresponds to Wa
αβδ, which is the work done on the system

hen two condensed phases α and β forming an interface δ of
nit area are reversibly separated to form unit areas of each of
he αδ- and βδ- interfaces.

αβδ
a = γαδ + γβδ − γαβ (4)

here γαβ, γαδ and γβδ are the surface tensions between two
ulk phases α and β; α and δ and β and δ, respectively.58

As a complement of the general approaches of Wa, the var-
ous levels of possible bonding, i.e., from electrostatic to full
ohesion, are given and the approaches to modelling the physics
f adhesion are manifold. Each of these is applied to the levels of
dhesion in Fig. 2, with special emphasis on the higher adhesive
tress regime.

.2.1.1. Macroscopic modelling. Macroscopic modelling is
sed for almost all elastic contacts and it is based on the con-
act mechanics established by Johnson.59 Different theories have
een used for explaining the different nature of the elastic
ontact,60 i.e. JKR61 and DMT62 theories are applicable. A map
ue to Johnson59 that sets the limits for the different contact

echanics models is reproduced in Fig. 3. Here, the normalized

¯ value and a dimensionless scaling parameter, λ, are given by:

¯ = Fa

πWadR
(5)

b
t
r
a
a

ties such that the real-to-apparent area ratio approaches unity or the bonding
orces increase. In turn, the number of non-linear energy dissipation mechanisms
ncreases with increased bond energy.

= 3.39

(
W2

a R

K2z3
0

)1/3

(6)
etween A value and Fv for an elastic sphere contacting a plane depends upon
he range of attractive surface forces. A–load curves for the JKR limit (short-
ange adhesion), DMT limit (long-range adhesion) and an intermediate case
re shown. All of these models approach the Hertz curve in limit γ → 0 (no
dhesion). Load and area are plotted in non-dimensional units as indicated.
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here zo is the equilibrium size of atoms in contact and K is an
ffective Young’s modulus associated with two elastic bodies
aving Young’s modulus E1 and E2 and Poisson ratios ν1 and
2, respectively.63

When the pull-off takes place, the contact recession is like
rack growth and the crack position advances with the remaining
ontact. This approach is applied for forces in the nanonew-
on regime for contacts smaller than 10 nm tip radius. For an
lastic–plastic contact, Biggs and Spinks64 proposed that

ad = 3πWa

2(πH)3/2 P1/2 (8)

here H is the hardness or mean pressure and P is the pressure
r applied force. For the same set of the above given parameters,
gain the Fa value is usually substantially less than 10 �N.

Other studies complement the macroscopic models; i.e. Suo
t al.65 conceptualized a continuum plasticity region contigu-
us to an elastic strip of height, 2D and dislocation-free,
acroscopic modelling complemented by the elastic–plastic
odelling at sharp interfaces. Furthermore, additional macro-

copic modelling involved strain gradient plasticity models.66–69

evertheless, as recognized by a large community, from the
icroscopic point of view, macroscopic modelling presents

ome lacks which can be complemented by atomic models.

.2.1.2. Atomistic modelling. The main two types of atomistic
odelling are those dealing with both structure and chemistry of

nterfaces and those dealing with dislocation structures at or near
nterfaces. These models need a previous consideration about
hase boundaries;70–72 there is some concern here since many, if
ot most, atomistic73,74 and ‘macroscopic atom’ models75 have
hown to give energies greater than experimental values. Bennet
t al.,75 Siegel et al.76,77 and Raynolds et al.78 have studied the
heoretical Wa, the former using a macroscopic atomistic model
nd the two latter using self-consistent density functional theory
DFT) calculations.

Several studies demonstrate that there seems to be a trend for
nterfacial energy to decrease with increasing misfit, where the

isfit parameter is defined by ξ. This crude misfit parameter is
iven in terms of radii (rα, rβ) at the interface,

= rα − rβ

rβ
(9)

ith rα being the larger of the two species. On the other hand,
ther studies show a very weak dependence among the studied
xides and their corresponding metals.74–79

In an elegant and detailed study using first-principles cal-
ulations, Batyrev et al.74 showed that the work of adhesion
f Nb/sapphire interfaces could depend on the cleavage plane
s well as on the terminating surface atoms prior to adhesion.
inally, other atomistic simulation approaches try to understand
esoscopic structures.80,81
.2.1.3. Mesoscopic modelling. Mesoscopic refers to the
iddle-ground plasticity effect on de-adhesion. It is neither the
icrostructural effect on the work of separation at the atom-

stic end nor the continuum plasticity effect that might apply to

c
r
s
a
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ar-field regions from the interface. There are two mesoscopic
pproaches which have dominated to date; one deals with sim-
le, idealized arrays of a few dislocations that can be handled by
nteractive codes with either static82 or dynamic conditions.83

hese have generally involved dislocation emission at the crack
ip82 or near from it.83 The other type typically involves larger
imulation codes with many external sources randomly placed
y a Voronoi tessellation.84 We talk about quasi-continuum mod-
ls when a far field continuum region is modelled by finite
lements.85–87 They can include atomistic, microstructural and
ontinuum plasticity in a single simulation. These and similar
rack-tip source models88–91 were generally directed towards
leavage phenomena in relatively brittle materials. For the adhe-
ion subject at hand, only a few attempts at adapting this type of
odelling have been made.88,89

With various theoretical components and computational
pproaches described, it is appropriate to next consider the
xperimental approaches for measuring the work of separation.

.2.2. Normal force experimental techniques
Gerold et al.92 discussed the magnitude of Fa the adhesion

orce experienced between two solid surfaces and concluded
hat is dependent on a number of factors, including tempera-
ure, relative humidity, and surface chemistry. One of the most
mportant factors though is the real A value.93 If the surfaces in
ontact are rough, then the real A value is composed of multi-
le asperity contacts. Also, adhesion-modifying agents, such as
ondensed liquids, fillers, and chemical additives, typically con-
ribute directly to the asperity bond force, a key factor in order
o gain greater insight into the mechanisms of adhesion. Unfor-
unately, the techniques that directly measure Fa between solid
urfaces (scanning probe microscopies94–96) make the study of
sperity adhesion difficult.

.2.2.1. Force–distance curves. Fig. 4 exhibits the schematic
f a typical force–distance curve obtained in AFM-force spec-
roscopy mode, i.e., a nanoindentation. When the AFM tip is far
rom the sample surface there is no cantilever deflection (Δ), as
here is no interaction between the tip and the surface (Fig. 4(a)).
hen, as the AFM probe moves towards the sample, a process
nown as jump-to-contact takes place; the AFM probe bends
ownwards due to van der Waals and water meniscus interac-
ions which force the probe to contact the sample (Fig. 4(b)).
s Fv value increases, the cantilever deflection also increases

nd the sample is compressed (Fig. 4(c)). During the unloading
rocess, i.e., the AFM probe moving back to the initial position
ar from the sample, another process known as jump-off-contact
ppears (Fig. 4(d)), which is related with the Fa established
etween tip and sample during the contact.101,102

.2.3. Mapping of multiphase systems
An obvious application area of AFM concerning adhe-

ion measurements is the study of heterogeneous systems as

eramic films deposited onto substrates. Gerberich and Cordill97

eported, Wa values for metal/ceramic and metal/semiconductor
ystems and complemented the work with a shorter review of
dhesive organic contacts. Wang et al.98 and Venkataraman
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Fig. 4. Schematic of the AFM picoindentation procedure showing the different
parts of a typical F–z curve, both in the loading and in the unloading process:
(a) when the tip is far from the surface, there is no interaction between the AFM
probe and the sample; (b) as the tip approaches the surface, it bends downwards
due to attractive van der Waals forces, the water meniscus or electrostatic forces
(jump-to-contact); (c) due to the hard contact between the sample and the surface,
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he tip bends upwards and the sample is elastically compressed; and (d) during
he unloading process, adhesion forces arise between the tip and the sample
jump-off-contact).

t al.99 reported on successful adhesion studies of metal/ceramic
nterfaces with increasing metal-film thickness. For example, in
i/Al2O3 interfaces, Wa value as measured by both microscratch
nd four-point bending increased from 0.3 to 90 J m−2 as thick-
esses increased from 100 nm to 100 �m, a factor of 300-fold

ncrease in toughness.

Fa of micro and nanoscale particles to surfaces is of
remendous interest in a wide range of industrial and civilian
pplications. Nevertheless, the lack of experimental studies is

o
i
b
d

Fig. 5. Rod model used to calculate Fa between particles. Validation b
eramic Society 31 (2011) 429–449 435

bvious, although some exceptions are found; Cooper et al.100

nd Larson et al.101 studied the Fa value in modelled rough
lumina particle and SiO2, respectively, and Muir et al.102 pre-
ented an interaction force study of alumina fibers in water with
oadsorbed polyelectrolyte.

The Fa of particles with different radii can be reasonably
ell described by an adsorbed layer model,103,104 i.e., neglect-

ng deformation and roughness. Nevertheless, the surface of real,
rystalline spheres, even those made as ideal as possible, always
how some defects105 and to describe the particle interaction of
real, usually rough particle, an appropriate model is necessary

ince geometry fluctuations in the nanometric range affect Fa

alue strongly. Because molecular van der Waals forces rapidly
ecrease with separation distance, the geometry and the density
f matter in the interaction volume dominate the particle inter-
ction. This phenomenon is properly expressed by the density
heorem.106 The contact volume inside a 200–300 nm spacing
etween the interacting partners is the most relevant for particle
nteraction and Fa value can be calculated by a rod model where
he total particle Fa is divided into surface forces and bulk forces
see Fig. 5)107.

However, the quantity of matter inside the interaction vol-
me of the contact can be increased due to deformations and can
ffect the Fa value. Unfortunately, A value of hard oxide particles
s difficult to determine experimentally and has been theoreti-
ally calculated using the JKR approach61 or the Hertz theory
y means of the adhesive van der Waals pressure.108 There-
ore, the rod model is able to predict reasonably an accurate Fa

etween particles but it cannot describe the force as a function

f separation at small distances (<10 nm). One possible reason
s that the applied static view of the adhesion process might not
e relevant. For this reason, a revision developing molecular
ynamic (MD) calculations is required to understand adhesion

y an ideal sphere (top) and application to real particles (bottom).
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ig. 6. Nanoparticle in contact with a surface in the pull-off stage. The formation
f a nanowire in the contact zone just begins.

n a molecular level. In MD simulations performed after con-
act, the interaction force is attractive due to rearrangement of
he ions. As shown in Fig. 6, large deformations occur and a
ong nanowire is formed in the pull-off stage. The formation of
anowires was also observed in MD studies of gold by Land-
an et al..109 However, as Götzinger and Peukert107 confirm,

o appropriate model is available yet that allows a description
f this phenomenon (step-wise rip off). The understanding of
he material rearrangement together with the development of
n appropriate water model seems to be a key to understanding
article adhesion in the future.

.3. Physics of nanoindentation

.3.1. Improving force calibration
A desire for accurate, traceable, small forces measurement is

merging within the International Organization for Standard-
zation (ISO) task groups and ASTM International technical
ommittees that work on instrumented indentation standards.110

he most common approach to force measurement consists on
calibrated mass in a known gravitational field or deadweight

orce, which is universally accepted as the primary standard
f force. The smallest calibrated mass available from NIST is
mg having a relative uncertainty of about 10−4. In principle,

maller masses could be calibrated, but they would be diffi-
ult to handle.111 Moreover, the relative uncertainty tends to
ncrease inversely with mass,111 potentially resulting in uncer-
ainties that are of similar magnitude to deadweight forces in
he range of nanonewtons. Besides, forces in this range can be

easured using the electrical units defined in the International
ystem of Units (SI) and linked to the Josephson and quantized
all effects in combination with the SI unit of length.112,113

The mechanical work required to change either the overlap or
he separation of two electrodes in a one-dimensional capacitor

hile maintaining constant voltage is

W = F · dz = 1

2
· V 2 · dC (10)

b
i
d
f
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here dW is the change in energy (also, known as mechanical
ork), F is the force, dz is the change in the overlap or separation
f the electrodes, V is the electric potential across the capacitor,
nd dC is the change in capacitance. Thus, F can be obtained by
easuring V and the capacitance gradient, dC/dz:

= 1

2
· V 2 · dC

dz
(11)

This result indicates that the electrostatic force can be con-
trained and measured in a fashion that is traceable to the SI and
ith accuracy high enough to warrant consideration as a primary

tandard of force in this regime.

.3.2. Improving tip shape calibration
A number of recent efforts have been made to improve tip

hape calibration for nanoindentation technique.114–120 These
fforts have included material-independent methods of tip shape
alibration using AFM114–118 and alternative procedures using
ndentation of reference materials.114,119,120 Roa et al.32 devel-
ped a method to obtain the correct AFM probe radii. The AFM
robe radii were reconstructed using specific software (SPIP,
mage Metrology, Horsholm, Denmark) and a SiO2 test grating
ith nanometrically sharp spikes (NiOProbe, Aurora Nanode-
ices, Nanaimo, Canada). The probe radius (R) was measured
efore and after each mechanical test in order to ensure that the
ip shape did not change due to plastic deformation under the
pplied Fv value, which would invalidate the calculated Young’s
odulus. Fig. 7 exhibits the last 20 nm of the AFM tip apex

efore and after indentation experiments performed at a Fv value
f 200 nN. Fig. 7(a) and (b) shows that the AFM tip did not
ndergo plastic deformation during the indentation experiment,
here a F value of 200 nN was applied around 50 and 60 times.32

The AFM tip shows the same radius (approximately 9 nm)
nd general shape before and after the indentation process. For
his reason, it can be inferred that under the exertion of the cited
v value, the AFM tip only deforms elastically. This result led
s to firmly believe that the force–distance curves obtained for
he different materials studied render E values that are not biased
y any tip contribution.

.3.3. Mechanical characterization at picometric scale
Nanoindentation with an AFM tip is a powerful tool which

et us obtain quantitative, reliable and reproducible E values.
owever, very little information about this theme is available

n the literature.32 Nowadays, it is widely accepted that a cor-
ect understanding and characterization of the E values during
he working lifetime of advance ceramic samples is critical to
ny desired structural application. Nanoindentation by means of
FM and force spectroscopy has several advantages over stan-
ard methods (such as nanoindentation using a Berkovich tip
ndenter, micro- or macroindentation technique, Bending, and
ther) when it comes to the quantification of E values for ceramic
amples. Firstly, the measurements are extremely local and can

e performed on different areas so as to average the mechan-
cal properties of the sample. Secondly, measured E value is
epth-sensing so it allows characterization of a material at dif-
erent penetration depth values (δ). Finally, it is not necessary to
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Fig. 7. Software reconstruction images of the AFM tip, (a) before the p

bserve the residual imprint with an AFM or scanning electron
icroscope (SEM). All of these advantages mean that nanoin-

entation performed by Nanoindenter (Agilent Technologies),
SM+ or Hysitron Triboscope allow us to extract hardness and
oung’s modulus for bulk and coatings materials with a limited

hickness of 50 nm. However, nanoindentation with an AFM tip
s a suitable and reliable technique for measuring E values while
pplying Fv values ranging from a few nN down to the pN level.

The main principle of nanoindentation technique is widely
xplained in Section 1.3. Nanoindentation by means of AFM-FS
as several advantages compared to standard methods regarding
he quantification of E value for YBaCuO samples.

F is calculated as (see Fig. 8(b))

= kv · Δ (12)

here Δ is the cantilever deflection, defined as

�V
=
S

(13)

here �V is the increment in photodetector vertical signal as
he tip contacts the sample and S is the sensitivity, which is the

ig. 8. Images of the different steps taking place during the picoindentation
rocess. (a) AFM image with 40 different spots, (b) force–distance curve, (c)
orce–penetration curve, and (d) force–penetration3/2, where E value can be
alculated using Hertzian equations.
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entation test at 200 nN and (b) after the picoindentation test at 200 nN.

lope of the contact region of a force–distance curve performed
n a rigid sample.

δ value due to the exerted F value is evaluated as (see Fig. 8(c))

= z − Δ (14)

here z represents the piezo-scanner displacement in the axis
erpendicular to the sample plane. After puncturing the sample,
topographic image was captured in order to ensure that sample
ad not undergone any plastic deformation.

Force–distance curves obtained at a certain Fv value were
nalyzed using the Hertz model in the elastic region121–123 by
eans of Eq. (15) (see Fig. 8(d)32):

v =
(

3

4
Eeff

√
R

)
δ3/2 (15)

here Eeff is the effective E value and can be obtained using the
ollowing relation:

1

Eeff

= 1 − ν2

E
+ 1 − ν2

i

Ei

(16)

here ν is the Poisson ratio. Subindex i corresponds to the
echanical properties of the SiO2 AFM probe (Ei = 76 GPa124

nd νi = 0.17125).

. Quantification of mechanical properties of single
rystals, ceramics and ceramic coatings using AFM

.1. Examples of friction

.1.1. Diamond single crystals, diamond coatings and
iamond-like carbon coatings for MEMS and NEMS

In the last years, the awakening of MEMS and NEMS, has
ed to the development of new nanotribological tools in order to
est the performance of these systems. Besides, the surface pro-
esses as friction and adhesion are extremely important design
actors. MEMS and NEMS are usually made out of silicon due
o the extensively studied microfabrication processes developed

or this material but it turns out to be a bad candidate in terms of
ear and adhesion, as mobile parts tend to get stuck and degrade
ery fast, partly due to the high hydrophilicity of silicon oxide. In
hese scenario, diamond has become one of the best candidates in
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rder to coat silicon surfaces, as C–C bond is 1.8 times stronger
han Si–Si bond, has a much higher thermal conductivity (dis-
ipation of energy during sliding is faster), its wear rate is 104

imes lower, it is biocompatible and has a tailorable and stable
urface chemistry.126 It is remarkable the extremely low μ value
f near-frictionless carbon coatings, as low as 0.001, and their
utstanding wear rates better than diamond.127 Diamond thin
lm technology has been greatly improved in the last years128,129

nd it is a candidate to reduce wear processes in silicon MEMS,
hich are controlled by high friction induced cracks, while fric-

ion itself is mainly controlled by the presence of dangling or
dsorbate-passivated bonds. The first attempts to measure fric-
ion at the nanoscale where performed with the development of
he Scanning Electron Microscope (SEM) tribometer,130 which
s basically a slider inside a vacuum chamber where the wear
racks can be SEM-visualized and the pressure of gasses con-
rolled. In this context, the formation of dangling bonds after
he desorption of adsorbates increases the μ value, while the
resence of H2 and the consequent saturation of surface bonds
educe μ value. This effect was also seen for diamond single
rystal (1 1 1) surfaces in UHV, where μ value was found to be
wo orders of magnitude smaller in the presence of H2.131 In
he field of molecular dynamics (MD) simulations, experiments
or diamond surfaces at 80%, 90% and 100% H2 saturation,
howed that, the lower the saturation degree the more tribo-
hemical reaction between the AFM tip and the sample at lower
ertical forces.132 This experiment introduced applied force on
he sample as an important sample functionalization parameter,
he higher the functionalization degree with ambient molecules,
he higher the μ value and the lower the wear resistance. In the
ame line, density functional theory (DFT) calculations by Qi
t al.133 showed how water dissociates into –OH and –H on a
iamond-like carbon film (DLC) surface, where –OH groups
orm covalent bonds with carbon atoms and Gardos also pro-
osed water as a perfect lubricant for diamond and silicon
urfaces.134

Surface orientation has proved to be an important factor when
t comes to tribology. By means of simulations, Çagin et al. pro-
osed that crystal surfaces sliding in different directions give
ise to different μ values, extremely sensitive to the area of con-
act and the presence of asperities. In the case of diamond single
rystals, macrotribological measurements showed that crystal
rientation and sliding direction have a strong effect,126 while
n the case of nanotribology by AFM no effect was found, sup-
osedly by the avoidance of wear at the atomic scale. A pioneer
xperiment performed in 1992135 between an H-terminated dia-
ond sample with two different crystallographic surfaces and a

iamond AFM tip showed qualitative differences due to changes
n crystal lattice and orientation and also showed the presence
f stick-slip phenomenon; This mechanical instability at the
tomic scale has been shown in a wide variety of samples and
hought to arise from the surface potential periodic landscape
f the sample, which is tracked by the AFM tip. This process

issipates a high quantity of energy in the form of heat and fric-
ion and different approaches have been devised to reduce it.
asically, obtaining an incommensurate interface reduces the
nergy loss and this can be achieved by means of the presence

l
f
l
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f certain gases between the sliding surfaces. This is the case of
ethane, which seems to dampen the vibrational excitation of
diamond slider and reduces the transference of energy to the
ther side of the interface.136 A remarkable friction anisotropy
ffect due to sample orientation was shown in an experimen-
al (AFM) and simulation (MD) work for diamond (0 0 1) and
2 x 1) surfaces.137

The first quantitative nanotribological study of ultrananocrys-
alline diamond (UNCD) was performed by Sumant et al.138

NCD thin layers are formed by pitless 5 nm diameter diamond
rains (mainly sp3 bonds) separated by narrow boundaries where
here is a certain quantity of sp2 C–C bonds. Friction measure-

ents were performed using an AFM on the flat underside of
NCD layers after etching away the silicon substrate, render-

ng surfaces with a RMS roughness of 0.9 nm. UNCD Young’s
odulus is similar to the value for single crystal diamond, as
ell as its μ value (0.03 in air139). Friction experiments were
erformed scanning a WC-coated AFM tip in contact mode in
direction perpendicular to that of the main cantilever axis in

rder to observe the twisting of the cantilever, which is pro-
ortional to friction force (see Fig. 9). The work of adhesion
etween the tip and the silicon substrate was 115 mJ/m2 and
9 mJ/m2 for the UNCD-coated sample. Both friction and adhe-
ion work were greatly reduced after treating the UNCD surface
ith hydrogen plasma, which resulted in a diminution of dan-
ling bonds and in a reduction of the sp2 hybridization in favour
f the sp3, as well as a reduction in C–O bonds.131 The presence
f sp2 bonds had been previously proved to promote bonding
etween sliding surfaces by means of MD simulations.140 After
ydrogen plasma treatment, an adhesion work of 32–36 mJ/m2

as measured, similar to the 10 mJ/m2 observed for the same
ind of AFM tips on H-terminated single crystal diamond (1 1 1)
n UHV, where it was proposed that this energy was due to pure
an der Waals interactions.141

Diamond-like carbon films142 (DLC) are also widely studied
s surface coatings for their outstanding mechanical properties.
evertheless, as they have different ratios of sp2 and sp3 bond-

ng, tribological properties can be varied and they are highly
ependent on the degree of –H termination.143 Experimen-
al AFM results with diamond coated tips show that μ value
ncreases with the presence of hydrogen and hardness and wear
erformance of the coating worsen. Nevertheless, macroscopic
xperiments suggest that there can be an optimal –H content.
ifferent methods have been devised to control the ratio of sp3

onding in DLC layers, such as the microwave plasma chemical
apour deposition (MPCVD)144 and the pulsed laser deposi-
ion (PLD).143 With this last technique, DLC coatings with 34
nd 53% of sp3 bonding were achieved and AFM experiments
ith Si3N4 tips showed that, as Young’s modulus increases with

p3 content, μ value remains unchanged. Complementarily, MD
imulations by Gao et al.145 showed that not only the sp3 bond-
ng ratio is important, but also the 3D structure of the surface
nd the bulk chemistry of the sliding interfaces.
There is an interplay between humidity and DLC nanotribo-
ogical properties, when sliding a Si3N4 tip on a DLC surface,
riction increases with humidity but adhesion remains more or
ess constant.146 It is proposed that water increases the shear
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Fig. 9. (a) Schematics of an AFM. The cantilever deflection is detected by a laser
that is reflected on a photodetector, which translates the laser spot movement
into surface topography. (b) Scheme of the operating bases of the friction force
microscope. The scanning direction is perpendicular to the main cantilever axis
to enable the cantilever torsion during sliding. The figure shows a front tip
view while performing a friction loop. (1) The tip lays still on the surface. (2)
The probe scans to the right and the cantilever lateral deflection is recorded
in the photodetector. (3) The probe scans to the right and the signal in the
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hotodetector changes. (4) Scanning stops. (c) Shape of a typical friction loop.
he Y axis represents the lateral photodetector signal as the tip slides on the
ample surface, which is proportional to friction force.

trength of the contact but it is also suggested that the idea of
water meniscus being formed between the tip and the sample
uring sliding can be inaccurate. Besides, hydrogenated DLC
lms have proved to degrade in the presence of water147 while
ingle crystal diamond tribological performance is really poor in
ry conditions.131 A recent study by Konicek et al. deals with the
ffect of humidity in the friction response of UNCD samples vs. a
NCD slider;148 it is well known that diamond shows a remark-

bly low friction in humid environments,147 while showing a
everse behaviour in dry conditions. The low friction response

s attributed to two different processes: first of all, a graphitiza-
ion of the sliding surfaces,149 i.e., rehybridization of sp3 bonds
o sp2 as graphite is the stable form of carbon at room condi-
ions. This process can be promoted during friction because the

m
P
l
p
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nergy barrier of the rehybridization is lowered by shear and
eat released during sliding;149 Secondly, a passivation of the
angling surface bonds due to the effect of water and H2. By
eans of X-ray absorption fine structure (NEXAFS) and X-ray

hotoelectron emission microscopy (X-PEEM), Konicek et al.
oncluded that passivation is the main responsible of nanotribo-
ogical behaviour of a UNCD–UNCD interface, as the chemical
nalysis of the sliding interface do not show signs of sp2 bond-
ng. These results are supported by simulation works showing
hat the dissociation of H2 and H2O molecules on a diamond
urface are energetically favourable,150 fact that is experimen-
ally confirmed by the increase of C–O and C O bonds in the
liding surfaces after conducting the friction experiment.

.1.2. SiC single crystals, ceramics and coatings
SiC has become one of the most interesting advanced ceram-

cs and it is used in electronics due to its capability to be doped
nd its wide band gap, as a structural material and specially as
igh abrasion resistance coating for MEMS, NEMS and cutting
ools.151 Nevertheless, recent studies showed that oxidation of
iC leads to the formation of a SiO2 surface layer with much

ower wear resistance and tribological performance than the
nderlying material.152–154 In order to study this phenomenon
own to the nanoscale, Pöhlmann et al. used an AFM diamond
ip to scratch the surface of a SiC single crystal and test its wear
esistance.155 After applying a vertical force of 60 �N on single
canning lines of 5 �m at a sliding velocity of 10 �m/s, they
oncluded that the wear track is slightly deeper in SiC C-face
han in the SiC Si-face. This trend also repeats on thermally
reated samples, where wear tracks are deeper due to the thicker
iO2 layer grown on top of the sample. They concluded that the
xidation rate of the SiC Si-face is slower than that of the SiC
-face and that the oxide layer thermally grown degrades the

ribological performance of the SiC single crystal. More recent
D works dealt with the mechanism of elastic–plastic deforma-

ion of SiC in great detail.156 Noreyan and Amar157 simulated
he sliding of a rectangular indenter on a Si-terminated SiC sin-
le crystal, revealing a sample wear mechanism mainly due to
loughing and a remarkable single crystal orientation anisotropy
n scratch hardness, μ value and dependence of μ value with
ndentation depth. The scratching process promotes the amor-
hization of the material under the slider and the extent of this
rocess depends on the sliding speed. The authors propose that
t higher sliding speeds, the sliding steady-state temperature
ncreases and the material becomes softer, fact that explains the
bserved diminution of μ value and scratch hardness.158

.1.3. Titanium dioxide coatings
Titanium dioxide has become an important material in a

ariety of fields that range from pigments to solar cells159 but
t is the field of biocompatibility160 that gives to the nanotri-
ological properties of this material a key performance role.
revious mechanical studies were performed in the past in the

icro and in the nanoscale, as is the case of the work by
iwonski163 They measure the wear response and COF of TiO2

ayers deposited on silicon wafers as a function of the level of
orosity by means of AFM. Basically, the scratch tests show
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hat wear is maximum at a medium level of porosity and min-
mum when the porosity is low. In fact, no wear is detected
or non-porous samples, which is in accordance with previous
tudies.162 The authors propose that the observed wear resis-
ance vs. porosity behaviour is due to the thicker pore walls of
ow porosity samples, which increase the mechanical resistance
f the sample. Besides, as the material becomes more plastic
hen it exhibits high porosity, COF increases, mainly due to the
igher area of contact between the AFM tip and the sample.

.1.4. SiO2 and Al2O3 surfaces
SiO2 has become a candidate to be one of the main struc-

ural materials for MEMS and NEMS and has been widely used
n the microelectronics industry for years. The development of

iniaturized sliding parts demands accurate friction measure-
ents in order to improve the performance and durability of
iO2 parts. A pioneer work from Scandella et al.164 studied the
rictional response of SiO2 surfaces, both thermally and natively
rown, and compared it with the response of H-terminated Si, a
assivating strategy widely used in Si cleaning and preparation
hich remains stable for several hours in room conditions.165

easurements performed in dry N2 atmosphere with a Si3N4
ip, passivated with a SiOx thin layer at room conditions,166,167

howed no difference in the μ value for thermally and natively
rown SiO2 surfaces but reported a noticeable increase in μ

alue for H-terminated Si surfaces (0.6 ± 0.1 and 0.3 ± 0.1,
espectively; reported μ values correspond to Fv values in the
ange 0–30 nN). μ values for SiO2 are consistent with previously
eported data (0.25–0.35 for polisilicon on Si168 and 0.21–0.38
or polisilicon on Si3N4

169). Scandella et al. concluded that the
bserved differences in frictional response do not respond to
dhesion effects but to the formation and destruction of Si–O–Si
onds during the sliding of the AFM tip and also remarked that
races of water present in the chamber could play an important
ole in the chemistry of the contact. This specific effect was
horoughly studied by Binggeli and Mate170 by performing tri-
ological tests on Si surfaces coated with a native SiO2 layer
s a function of humidity in a bidirectional force microscopy.
hey reported a μ value of 0.5 for measurements performed
t 0–75%RH and a progressive tip wear due to sliding. Nev-
rtheless, higher humidity values led to μ values of 0.25 and
egligible tip wear after a number of cycles, concluding that
ater molecules reduce the shear strength of the SiO2-probe

unctions and promote a smoother sliding. To further explore the
nfluence of surface chemistry, they coated the SiO2 surface with
1.5 nm thick hydrophobic perfluoropolyether layer, obtaining
μ value of 0.35 at low humidity and 0.25 at high humidity. Fur-

her contact experiments demonstrated that the polymer-coated
urface greatly reduce the size of the water meniscus in the
ip-sample contact and that high humidity values reduce fric-
ion response for both hydrophilic and hydrophobic surfaces.
t is worth to mention the work by Opitz et al.,171 who was
ble to control the thickness of water deposited on SiO2 sur-

aces down to the nm level by means of STM measurements.

precise control of the amount of water present on the sample
urface revealed that the lowest frictional response between a
i AFM tip and a SiO2 sample is obtained in the absence of

g
t
t
r
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ater. In this regime, only cohesive (bonding) forces are present
etween the surfaces. As humidity increases, double layers of
ater molecules form on the hydrophobic surfaces, especially

round the contact region; this phenomenon increases the shear
trength and viscosity of the contact leading to a higher friction
egime. The properties of these specific water structures had
een reported before and demonstrated to be remarkably differ-
nt from those of bulk water.172,173 As humidity increases and
oats the sample surface forming 1–3 nm thick layers, friction
esponse is highly dominated by capillary effects. Interestingly,
pitz et al. report that water does not gather in the sliding inter-

ace but around it when a nanocontact is established, stressing
hat cohesive forces between the AFM tip and the sample sur-
ace are always present but masked by strong capillary forces.
his fact complements previous microscopic tests where water
as demonstrated to be confined in the sliding interface, loos-

ng degrees of freedom and behaving as a two-dimensional
iquid.174 In a later paper, Opitz et al.175 studied the frictional
esponse and chemical modifications that SiO2 undergo under
he presence of small amounts of water in UHV in more detail.
hey concluded that silanol terminated surfaces show a high
urface energy when no water is present on the surface (for-
ation of Si–O–Si bonds between tip and sample), that this

urface energy noticeably decreases at higher water pressures of
× 10−9 mbar due to a nanolubricant effect and that finally the

urface energy increases again at higher water contents due to
apillary forces. In fact, they proposed that the sample surface
ndergoes important chemical changes, as –OH groups initially
resent in the surface desorb in the absence of water forming
iloxane groups, appearing again as water content increases.
anotribological tests performed on siloxane-terminated SiO2

urfaces (hydrophobic) show that water promotes the formation
f silanol groups only in the sliding interface, indicating that
iO2 surface chemical modifications may be temperature and
ressure mediated.

Al2O3 tribology is of capital importance as it is applied in
icroelectronics recording devices that imply sliding interfaces

uring long periods of time. Bhushan et al.176 performed wear
ests on Al2O3 coatings deposited on single crystal Si (1 0 0)
afers by means of a ball-on-flat reciprocating tribometer. The
btained μ values range from ca. 0.2 for Fv values between
and 25 mN, increases up to 0.6 between 15 and 18 mN of

pplied Fv values and then decrease to a steady value of 0.45
or Fv values up to 25 mN. SEM investigation of the tested
egions showed the presence of an unexpected ductile defor-
ation and surface chipping. Friction experiments by AFM

erformed on Al2O3 surfaces performed on wear tracks after
in-on-disc tests in humid environment showed that wear is
ighly reduced in the presence of water due to the formation of
luminium hydroxide by combination of the fine Al2O3 debris
ccumulated along the track with water.177 Molecular dynamics
imulations performed at the atomic level178 demonstrated that
he friction arisen between two hydroxylated �-Al2O3 surfaces

reatly depends on the sliding velocity; as proposed, atomic fric-
ion is due to atomic vibration of the interface atoms and also due
o interdigitation of these atoms as both surfaces slide, giving
ise to a certain temperature increase. This temperature, lower
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n the layers below the surfaces due to poor heat conductivity,
s accompanied by a disturbance of the potential energy mini-

um of atoms, i.e., their equilibrium state. As sliding velocity
ncreases, Ff value decreases as there is less time to dissipate
eat and let the atoms to return to the cited minimum energy
tate. Experimental tests performed at variable humidity condi-
ions by means of AFM reported μ values of 0.2 for Al2O3 at
0%RH and values as high as 0.6 at 70%RH.179 Interestingly,
he authors also report that μ values remain constant when Fv

alues ranging from 250 to 900 nN are applied at humidity lev-
ls below 50% but that they decrease in a hyperbolic fashion for
igh Fv values at high humidity tests.

.1.5. Ceramic in aqueous environment: a matter of charge
When immersed in aqueous environment, oxides have a cer-

ain surface charge. Its value depends on the different pKa values
f the involved surfaces and the pH of the medium.180 The
mount of charge and the quantity of ions present in the solution
etermine the nature of the electrostatic double layer (EDL) that
orms on top of the sample and that counterbalances its charge
p to a certain extent. Apart from the EDL, the presence of
tructured water has also to be considered, as water molecules
re structured on the surfaces and around the ions and origi-
ate strong short range repulsive forces which can mask the
ttractive van der Waals interactions.181 Considering the case of
-alumina colloidal dispersions, which was studied by Yilmaz
t al.,182 their surface can protonate and deprotonate depend-
ng on the pH (AlO− at basic pH and AlOH2

+ at acidic pH).
he measurement of friction forces between colloidal particles

s of great interest as it defines how particles flow over one
nother, process which proved to be highly dependent on the
lectrostatic structure around the involved sliding surfaces. To
o that, Yilmaz et al attached a micrometric sapphire (0 0 0 1)
phere at the end of an AFM cantilever and studied the fric-
ional response of a �-alumina surface in basic medium as a
unction of electrolyte concentration. They concluded that μ

alue decreases from 0.54 to 0.27 as ionic KCl concentration
anges from 10−3 to 1 M. They attribute this fact to the higher
lectrostatic interactions that arise between surfaces as salt con-
entration increases and the thickness of the EDL decreases in
ccordance. This data is supported by similar works.183,184 The
heological properties of water trapped between two ceramic
urfaces (in this case, mica) was studied by Raviv and Klein181

y means of surface force balance studies, they proved that
he fluidity of water between two sliding pieces of mica held
t 1 nm distance at high salt concentration (>0.1 M) keeps on
eing the same as bulk water and that this compressed fluid is
he origin of a strong electrostatic repulsion between the mica
urfaces.

.2. Examples of adhesion

The AFM tip is used as a pull-off adhesion tester, measur-

ng the force required to pull a specified surface contact point
etween tip and sample. Unequal pulling force during test-
ng caused by uneven adhesive bond lines and surfaces can
esult in random, unexplainable readings. Nevertheless, adhe-

f
t
t
e
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ion measurements by means of force spectroscopy can be
niformly distributed over the tested surface, obtaining an aver-
ge response that minimizes the effect of spurious results. One of
he main applications of this technique is the study of the general
ffect of surface hydrophobicity/hydrophilicity on the adhesion
ehaviour; if both substrate and AFM tip are hydrophilic, water
eniscus around the tip promotes large Fa values.185 In contrast,

f the sample surface is hydrophobic, Fa value is reduced due to
he high interfacial tension in the sample-tip system, which is
ndicative of low compatibility. Moreover, during the adhesion

easurements another effects we should to take into account as
lectrostatic forces, van der Waals, or hydration forces as can be
idely described in Ref. 186.

.2.1. AFM substrates: mica and silicon oxide
Leite et al.187 measured Fa value (mean pull-off force in

orce spectroscopy experiments) between an AFM tip and two
ypes of substrate (muscovite mica and silicon wafers) and con-
luded that Fa strongly depends on both the surface roughness
nd type of material since the dispersion is higher for the rougher
ubstrate. Indeed, it is well-known that mechanical surface prop-
rties in the nanoscale, such as friction and adhesion, are affected
y the surface topography,188 where smooth samples show lower
a values.189

Pöhlmann et al.190 and Zum Garh et al.191 tried to better
nderstanding the tribological mechanisms of self-mated SiC
liding pairs under far different operating conditions with con-
act areas ranging from the nanoscale to the millimeter scale,
ifferent roughness and oxidation state of SiC surfaces and
ariable humidity conditions, both in vacuum and in air. The
xperimentally obtained μ values suggest a strong dependence
n the chemical composition (carbon content of the oxide layer,
tc.), the type of surface (hydrophilic or hydrophobic surfaces),
nd the amount of water surrounding the AFM-probe. Binggeli
nd Mate192 carried out a study in order to quantify the Fa

alue of SiC as a function of the humidity for hydrophilic and
ydrophobic. This paper reveals that strong capillary interaction
ake place around the tip for hydrophilic surfaces. However,
n abnormal behaviour takes place for hydrophobic surfaces
f silicon oxide covered with a perfluoropolyether lubricant.
n this case, the water capillarity formation around the tip is
uppressed.

.2.2. Spherical ceramic particles: SiO2 and Al2O3

anoparticles
One of the first works where scanning probe microscopies

ere applied to measure the nanoscale adhesion properties of
anoparticles was reported by Zou et al.,193 who studied the sil-
ca nanoparticle-textured (SNPT) and silicon oxide films (SOF)
urfaces. The SNPT and the SOF samples were characterized
y AFM using a diamond tip of nominal R value = 40 nm. In
he case of the SNPT surface, the nanoparticles were barely dis-
ributed on the surface and only the tallest ones were selected

or the adhesion measurements. The effective radius of curva-
ure of the contact was determined by the radius of curvature of
he silica nanoparticle (<100 nm) and the results show the pres-
nce of single asperity contacts between the diamond tip and the
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urface. In the case of the SOF surface, the radius of curvature of
he contact was determined by the diamond tip, as SOF samples
re extremely flat. In these last conditions, it was shown that the
a value increases almost linearly with the R value.194

In order to study the effect of adsorbed layers on Fa value,
ötzinger and Peukert107 coated alumina particles that were pre-
iously glued on SiO2 cantilevers with water, CO2, N2, Kr, Ar
nd different length hydrocarbons. The advantage of using par-
icles instead of a sharp AFM tip is that the interaction volume
nd A can be more precisely defined during the experiments.
he measured interaction forces were compared with calculated

orces using the Hamaker concept195,196 and a rod model that
ncludes an adsorbed surface layer and the experimentally deter-

ined interaction volume. It turned out that calculated Fa values,
eglecting deformation, are smaller than measured ones.

As alumina and SiO2 particles are high surface energy materi-
ls, in ambient conditions the surface energy tends to be reduced
y one up to two orders of magnitude because of water and
ydrocarbon adsorption. This fact highly affects the particle
dhesion properties and has to be taken into account when estab-
ishing the experimental conditions.109 Ducker et al.197 in 1992,
eveloped an AFM-related technique employing AFM which
an be used to measure forces on small particles or fibers. This

echnique is suitable to study materials of a high variety of
ompositions and geometries; in that specific work, the authors
tudied the surface forces acting between colloidal particles in
queous solution.

T
t
t
i

ig. 10. Surface topography and force–distance curves for indentations performed w
ith a 7 nm tip radius. Not the single occurrence of a jump-out event detailed in the i

urve recorded during indentation with a 30 nm tip radius. The inset shows the only
ecorded after this indentation, the lateral size of the dislocation structure is significa
hich is caused by a large retraction of the sample before indentation as a safeguard
eramic Society 31 (2011) 429–449

.2.3. Biocompatible ceramics: calcium hydroxyapatite
Calcium hydroxyapatite is the primary mineral component

f all mammalian skeletal and dental tissues, i.e. bone, dentine,
ementum and enamel. The crystal properties were investigated
y means of AFM by Kirkham et al.198,199 showing that, dur-
ng early development, crystal surfaces display morphological
eatures resembling regular bead-like swellings. By contrast,
t later stages regular patterning was seen. In addition to this
tudy, Robinson et al.200 investigated adhesion properties of
alcium hydroxyapatite by means of AFM and chemical force
icroscopy (CFM), using both hydroxyl and carboxyl modi-
ed AFM tips. Experimental adhesion maps indicate that Fa

alue per unit area increases when pH decreases, presumably
ue to increased protonation of the crystal surface. Below pH
.6 Fa values become erratic due to destabilisation of the crystal
urfaces and adherence of material to the AFM tip.

.3. Example of plastic deformation using nanoindentation

.3.1. (0 0 1)-KBr crystal
Fig. 10, taken from the work of T. Filleter and coworkers,47

hows nanoindentation experiments performed in a KBr-(0 0 1)
urface with AFM tips with different radii of 7 nm and 30 nm.

he force–distance curves for each experiment exhibit charac-

eristic discontinuities when a critical Fv value is reached. For
he smaller tip, several discontinuities take place during the load-
ng process up to 150 nN. As expected, the jump heights in this

ith two different tip radii. (a) Force–distance curve recorded during indentation
nsert. (b) Topography image recorded after this indentation. (c) Force–distance
discontinuity in this curve, with a height of about 3 nm. (d) Topography image
ntly large than in (b). A large hysteresis effect is observed in both force curves
to conserve the tip shape.
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Fig. 11. (a) Force–distance curve and its derivative for a monatomic deep inden-
tation. Loading is indicated by straight lines and unloading by full squares.
Arrows indicate the discontinuity in the force–distance curve and the corre-
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ow-force regime correspond with the indentation of monatomic
teps. In the unloading portion of the force–distance curve a
ingle discontinuity of reversed direction can be recognized,47

robably indicating the relaxation of a formerly slipped plane.
or the higher tip, discernible discontinuities appear in load
anging from 2.5 to 3 �N, both in the loading and in the unload-
ng portion of the force–distance curve. The discontinuities in
ig. 10(c) show steps that are 3.1 nm high that correspond to
bout nine atomic layers of KBr. Moreover, the topographic
mages identify where the dislocation loops created in the inden-
ation process intersect the surface. In Fig. 10(b) and (d), the
uthors47 propose that during the first stages of dislocation
ucleation the lateral extension of the dislocation structure
epends on the tip R value; the smaller its value, the more
xtended the initial dislocation structure.

.3.2. (1 0 0)-MgO crystal
Fig. 11(a) exhibits a force–distance curve recorded while per-

orming an indentation corresponding to a monoatomic layer.
he discontinuity, identified by the large peak in the derivative
f the loading curve (see the arrow), takes place about 21 nm
fter the tip has come into contact with the surface. Furthermore,
he sign of the peak in the derivative curve indicates an abrupt
ncrease in the rate of penetration of the tip as it presses the
urface. Therefore, the mentioned discontinuity is interpreted to
orrespond with the rupture of one MgO atomic layer while the
ip penetrates the surface.201 The cavity shown in Fig. 11(b) has

mean diameter of about 16 nm and its depth coincides with
he measured height of the MgO (1 0 0) monatomic step to the
ight of the cavity. The debris resulting from the indentation
dopts a planar disk shape with a height that corresponds to one
onatomic layer and a volume which is similar to that of the

avity after tip convolution is taken into account.201

Fig. 12(a) exhibits the force–distance curve and correspond-
ng derivative of a 5.5 nm deep indentation (Fig. 12(b)). The dif-
erent discontinuities, identified by peaks in the force–distance
erivative, are also observed in the force–distance curves dis-
ontinuity and are interpreted as atomic planes being expelled
y the AFM tip during the nanoindentation process. Creation of
islocations was not observed on the surface of the MgO crystal
uring the experiments.201

The loading curve in Fig. 13 exhibits two regions separated by
n abrupt jump. The first region (I) extends from 0 to a depth ca.
nm and it is interpreted to correspond to the elastic behaviour
f MgO crystal. This region can be modelled using Hertzian the-
ry for a parabolic shaped tip indenting a plane.201 The second
egion (II), which begins with the onset of the first discontinu-
ty, corresponds to plastic deformation of the crystal. The first
egion of the unloading curve [region (III)] corresponds to elastic
ecovery of the crystal during the unloading process.

Plastic deformation is characterized by the sequence of dis-
rete events in region (II). The width of region (II) lies between
and 5.5 nm and each discrete event detected in this region
orrelates with the number of atomic layers expelled by the tip
uring the indentation process (the number of ejected atomic
ayers is shown above each discontinuity of the loading curve in
ig. 13). In this case, the total number of expelled layers (18),

e
s
Y
s

ponding peak in its derivative. (b) AFM image and cross section corresponding
o the created cavity. Note that the depth of the cavity is approximately the same
s the monatomic step height to the right.

nferred from the force–distance curve, agrees with the depth of
he cavity (Fig. 12(b)).

.4. Examples of elastic deformation using nanoindentation

YBCO materials show high critical current density and high
rapped magnetic field at cryogenic temperatures (liquid nitro-
en, 77 K). However, practical applications of these types of
aterials are often limited by their poor mechanical perfor-
ance, especially at cryogenic temperatures. Hence, mechanical

roperties such as hardness, microhardness, elastic modulus,
tc., are crucial for industrial applications of these kinds of
aterials. These parameters are really important to employ this

ype of materials for in the current transport, motors, flywheels,

tc. YBa2Cu3O7-� (YBCO or Y-123) presents a heterogeneous
tructure of Y-123 (which is the superconducting phase) and
2BaCuO5 (which is the non-superconducting phase). YBCO

amples prepared by the Bridgman and TSMG technique render
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Fig. 12. (a) Cantilever deflection–distance curve and its derivative for a picoin-
dentation. Loading is indicated by straight lines and unloading by full squares.
(b) AFM image and cross section of the picoindentation performed in (a), where
the cavity depth corresponds to 18 monatomic layers.

Fig. 13. The discontinuities in the force–distance curve correspond to the peaks
in the force–distance curve derivative present in 12(a). The inferred number of
atomic layers expelled by the tip is indicated above each discontinuity. The depth
measured from the nanoindentation curve corresponds to 18 atomic layers and
agrees with the cavity depth shown in 12(b).
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igher E values for Y-211 than for Y-123 phases. This fact could
e due to different reasons: (i) Y-211 phase ionic bond is stronger
han Y-123 (related to the different melting point of the two
ifferent phases: TY-123 ∼ 1010 ◦C and TY-211 ∼ 1200 ◦C202),
nd/or (ii) the high anisotropy confined onto the (0 0 1) plane of
he Y-211 phase creates dislocations and residual stresses inside
he particle due to its compressive state during the solidifica-
ion process, which generates microcracks in the surrounding

atrix.203 These microcracks drastically affect the microstruc-
ure acting as nucleation sites.203

When the YBaCuO samples textured by self-flux technique
re doped with Ca and Sr, E value drastically decreases due
o the ionic and crystallographic radius of the different doping
lements. Then, as the Y3+ is substituted by a Ca2+ cation in
he YBaCuO unit cell, an increment of the unit cell volume
s produced. In this case, E value reduction can be attributed
o different effects; (i) the ionic and crystallographic radii are
ifferent, rCa2+ > rY3+ , and (ii) the different elements present a
ifferent coordination number.204 Both phenomena promote the
reation of vacancies, which in turn originate dislocations that
re the origin of a high density of surface defects.203 A similar
henomenon takes place when the Ba2+ is substituted by Sr2+;
evertheless, as Ba2+ and Sr2+ present the same coordination
umber, E value for Sr2+ doped samples is a bit higher (∼6%)
han in the case of Ca2+ doping agent. In conclusion, dopants
odify YBaCuO crystallographic parameters and produce an E

alue reduction. The different values presented in this section
re in correct agreement with several previous works performed
y Roa et al.205 by nanoindentation technique.

. Conclusions

The present paper seeks to present and discuss the most rele-
ant results concerning the analysis of friction, adhesion and
anoindentation with an AFM tip of single crystals, metals,
eramics and ceramic coatings at the nanoscale in order to pro-
ide a clear overview of ceramic nanomechanics to researchers
ntering the field and a useful guide to those seeking for exper-
mental advice. Besides, the theoretical framework necessary
o interpret the results concerning the different nanomechanics
isciplines is also reviewed.

Nanomechanics is a field of knowledge that moves forward at
ast pace due to new technical developments, especially related
o scanning probe microscopies; these developments provide
aster and more accurate results that eventually will lead to a
ull understanding of mechanics at molecular and atomic scale.
he works reviewed in this paper show that there is a reasonable
orrespondence between macro- and nanometric friction results,
lthough the latter are much more influenced by surface phenom-
na as water meniscus, electrical charges and intermolecular
nteractions. Such is also the case of adhesion measurements,
here the constant development of new models to calculate

he true area of contact between surfaces is leading researchers

o conclude that the true area of contact is much smaller than
xpected due to the presence of nanoasperities. These consider-
tions are also important in the field of nanoindentation, where
orces in the range of piconewtons can be applied in order to
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tudy individual movement of atoms in crystal structures and the
ropagation of surface defects as dislocations and point defects.
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: Contact of an environment.
δ: Interphase.
W: Change in energy.
z: Change in the overlap or separation of the electrodes.
C: Change in capacitance.
C/dz: Capacitance gradient.
: Penetration depth.
: Cantilever deflection.
V: Increment in photodetector vertical signal.
: Young’s modulus.

a: Adhesion force.

v: Applied vertical force.

f: Friction force.
f,s: Surface energies of the film and substrate.
: Hardness.
: Surface energies for materials.
: Penetration depth.

s: Mass of the slider.
: Friction coefficient.
a: Adhesion force.
: AFM tip radius.
: Stiffness.

ys: Yield strength.
: Poisson ratio.
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: Electric potential across the capacitor.

a: Work of adhesion.
FA: Surface force apparatus.
NPT: Silica nanoparticle textured.
OF: Silicon oxide films.
FM: Atomic force microscopy.
STM: American Section of the International Association for Testing Materials.

SO: International Organization for Standardization.
CM: Quartz crystal microbalance.
EMS: Microelectromechanical system.
EMS: Nanoelectromechanical system.
EM: Scanning electron microscopy.
I: International Systems.
FT: Density functional theory.
D: Molecular dynamics.
NCD: Ultrananocrystalline diamond.
LC films: Diamond-like carbon films.
PCVD: Microwave plasma chemical vapour deposition.
LD: Pulsed laser deposition.

EXAFS: X-ray absorption fine structure.
-PEEM: X-ray photoelectron emission microscopy.
DL: Electrostatic double layer.
FM: Chemical force microscopy.
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