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Abstract Tribological properties mapping is a new
technique that extracts friction coefficient and adhesion
maps obtained from lateral atomic force microscope
(LAFM) images. By imaging the surface systematically as
a function of load, a series of images can be tiled, and
pixelwise fitted to a modified Amontons’ Law to obtain
friction coefficient and adhesion maps. This removes the
ambiguity of friction contrast in LAFM imaging which can
be a function of the load used for imaging. In ambient
laboratory, air and tetradecane, a sample of Vancron®40,
commercial powder metallurgical tool alloy containing
nitrogen, have been scanned using a standard silicon can-
tilever in order to obtain tribological data. The tribological
properties mapping provides unique information regarding
the heterogeneous alloy microstructure as well as shedding
light on the tribological behavior of the alloy.
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1 Introduction

In materials with complex microstructure, the different
components generally have specific roles to play with
regard to the macroscopic properties of the material. In a
nanocomposite material, for example, rod-like fibrils may
be used to impart strength to an otherwise brittle matrix [1],
and biopolymers perform a similar function in, for exam-
ple, shells and gastroliths [2]. In tool alloys, which contain
hard phase particles in the alloy matrix, the particles have a
strong influence on the strength, hardness, frictional and
corrosion properties [3]. Thus, the surface properties of
components, as well as their distribution in the surface, are
of great importance. Scanning probe technologies now
abound for the characterization of materials at the nano-
scale, and lateral force microscopy (LFM) has long been a
part of this armory. As the scanning tip traverses the sur-
face in contact mode, frictional forces cause a twisting of
the cantilever which is easily measured and which provides
a sensitive means of obtaining chemical contrast on a
surface. While the measured force can be obtained quan-
titatively, the friction at any point on the surface is a
function not only of the constant applied load, but also
depends on the local adhesion between tip and surface,
which of course varies with the surface composition and
microstructure. The friction force, and thus the image
contrast, therefore varies depending on the tip, the surface
and the ambient conditions. The friction coefficient is a
more useful measure of the tribological properties, but it is
not obtained from conventional LFM measurements.

The friction coefficient dates from studies of friction by
Leonardo da Vinci and Guillaume Amontons who both
postulated that the lateral friction force (Fy is directly
proportional to the applied load (F;) and independent of
the apparent area of contact according to Eq. 1.
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Fy = uFy (1)

The proportionality between the lateral friction force
and the applied load is given by u, known as the friction
coefficient. This parameter allows comparison of the
frictional properties between systems and contains more
information than the absolute value of friction at an
arbitrary load. However, when the adhesive forces in the
system are comparable with the applied load, for example,
in single asperity contact, the adhesion acts as an additional
load that also has to be considered and Eq. 1 is no longer
valid. As a result, measureable friction extends to negative
applied loads. In the adhesive regime, there can be
significant deviation from linearity for soft surfaces, but
[4, 5] for hard (and rough) surfaces, the friction—load
relationship can often be simplified (by ignoring the
contact mechanical deviation from linearity) by the
following equation proposed by Derjaguin [6]:

Fy(FL) = uFL + Fy(0) (2)

[where F;(0)] is the friction at zero applied load.

In this simplified, but usually reasonable approximation,
the friction coefficient can thus be defined independently of
adhesion (in the limit of nondeformable materials) and a
measure of the adhesion is obtained from the negative
apparent applied load at which the friction force becomes
zero [Fp (Fr= 0)]. Equation 2 is generally valid for both
multi-asperity contacts and adhesive contacts whenever
deformation is small over the measured range [7, 8]. This
empirical relationship has been proven in many experi-
mental systems [4, 9-13], has a broad range of applicability
and is the most common means of quantitatively describing
the friction between surfaces [7, 8, 14].

Around 1942, Bowden and Tabor [15] demonstrated that
the real contact area between two solids is only a small
fraction of the apparent contact area because of surface
roughness. At the nanometer/micrometer scale, every sur-
face is rough, and when surfaces are slid with respect each
to each other, they make contact at some microscopic
contacts (asperities). Hence, in order to get a mechanistic
understanding of the friction processes that take place at
microcontacts, it is instructive to study friction at the
micro- and nanoscales, particularly in the case of multi-
component materials, where the asperities may not be
representative of the material as a whole and may in fact be
determining for the tribological response.

A lot of effort has thus been devoted recently to the
study of micro-/nanotribology employing techniques such
as the surface force apparatus (SFA) and atomic force
microscope (AFM), especially with lateral AFM (LFM).
The friction forces originating from the interaction between
the tip and the surface lead to twisting of the cantilever, and
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this tip—surface interaction is often held to mimic the
interactions between microcontacts [16].

LFM has been applied to map a wide range of sur-
faces, such as thiol monolayers [17], graphite [18], hair
[19], biological surfaces [20], polyurethanes [21] and
conductive polymers [22], providing qualitative friction
images (by sliding the probe’s tip across the sample). On
the other hand, quantitative friction map measurements
are possible but more difficult to obtain. They rely on
the conversion of photodiode signal to force which
demands the arduous calculation of both the torsional
spring constant of the cantilever and lateral deflection
sensitivity [23]. These qualitative and quantitative mea-
surements provide useful information about the tip and
sample interaction and can be successfully related to the
interfacial properties of the sample. However, to com-
pletely map the tribological properties of the surface, the
adhesion and friction coefficients are required for each
pixel—that is, Equation 2 needs to be fitted to the data
pointwise.

Breakspear et al. [24] reported in 2004 the first example
of friction coefficient mapping where an SizN, cantilever
was used to map a binary polymer blend. This mapping
technique was able to provide, for the first time, an image
with friction coefficient information in every pixel. As
mentioned above, and as is clear from Eq. 2, both the
adhesion and the friction coefficients are required for a
complete tribological description of the surface. Thus, it
would be useful if a mapping technique were able to
deliver both these properties simultaneously.

In this study, a new technique, tribological properties
mapping (TPM), has been developed based on LFM data to
study friction at the micro-/nanoscale. With this technique,
a series of images containing torsional deflection infor-
mation of the cantilever at different applied loads are
converted into two new images in which each pixel rep-
resents the friction coefficient and adhesion, respectively.
Further, the adhesion is obtained without the need of sep-
arating the surfaces. The alloy Vancron®40, a commercial
powder metallurgical tool alloy containing nitrogen, was
selected for this study, because of its heterogeneous
microstructure which allows identification of domains of
differing properties. This tool alloy contains a homoge-
neous distribution of fine hard phase particles of carbides
(5 %) and carbide-nitrides (19 %) embedded in a metallic
solid solution matrix, where the matrix and the hard phase
particles have markedly different material properties [25].
The tool alloy exhibits high hardness and low friction, and
it is a goal of this study to attempt to relate such behavior to
the exposed surface microstructure. In this study, we
demonstrate how the tribological properties of this material
can be mapped in both air and tetradecane.
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2 Experimental
2.1 Samples

The alloy Vancron®40 was generously provided by Ud-
deholm (Hagfors, Sweden) and was polished (Labopol-5,
Struers, Ballerup, Denmark) using different silicon carbide
polishing papers (Struers, Ballerup, Denmark). For the final
polishing, several polishing cloths (Struers, Ballerup,
Denmark) with different diamond pastes with 3, 1 and
1/4 pm particle size (Struers, Ballerup, Denmark) and an
alumina suspension with 0.04 pum particle size were used in
order to eliminate any scratches over 30 nm. The sample
was cleaned with ethanol (99.5 %, Kemetyl, Haninge,
Sweden), after every polishing step. Finally, before mea-
surement, it was rinsed with Milli-Q water (Millipore,
Molsheim, France) and ethanol and dried with N,. The
measurements were performed both in air and in tetrade-
cane (99 %, Sigma, Haninge, Sweden).

2.2 Atomic Force Microscopy

A NanoScope IIla Atomic Force Microscope (Bruker®,
Santa Barbara, CA) with the J piezoelectric scanner was
used in this work. Rectangular silicon cantilevers (NSC14/
ALBS and, NSC36/Cr-Au MikroMasch Estonia) with
normal spring constants of 3.5 and 0.8 N/m, respectively,
and a nominal tip radius of 10 nm were chosen. These
cantilevers were chosen based on their stiffness compared
to the expected magnitude of adhesive/attractive forces.
The normal spring constants of the cantilevers were
determined using a method developed by Sader which is
based on their thermal fluctuations and viscous damping
[26]. The normal Q value and normal resonant frequency
were determined by the thermal noise method, and the
cantilever dimension was measured by optical microscopy
(Nikon Optiphot 100, Tokyo, Japan) and digitally analyzed
using the open software ImageJ (NIST, Gaithersburg, MD).
The torsional spring constants (k4), needed for friction
measurement data processing, were calculated using the
method developed by Alvarez-Asencio et al. [27]. ARM
experiments using contact mode were performed to obtain
three different kinds of data: normal force, friction and
topographic data.

2.3 Normal Force Measurements

In normal force measurements, the sample is moved toward
and away from the cantilever tip by the piezoelectric
scanner, and raw data are collected as cantilever deflection
versus piezo movement. These raw data are converted into
force versus distance through several steps as described
elsewhere [23].

Normal force measurements were conducted with an
approach and retraction velocities of both 4 and 1 pm/s,
and triggered at 207.7 and 158.7 nN of deflection; 25-30
curves were collected in different locations on the surface.

2.4 Topography and Conventional Friction Imaging

This measurement is performed by moving the sample
laterally with respect to the tip (scanning direction of 90°)
and recording the tilt of the cantilever while applying a
specific applied load. While the variation of the vertical
cantilever deflection provides topography, the variation of
the lateral deflection gives simultaneous friction informa-
tion on the system. As the sample is scanned by the tip in
both directions (often called trace and retrace), the AFM tip
tilts in different directions, providing 2 lateral photode-
tector signal outputs with reversal signs for every scan line
(Fig. 1). The inversion of the voltage sign is due to the
torque applied to the end of tip when the scanning direction
is reversed. Under perfect scanning conditions and in the
absence of anisotropy, the retrace will be a mirror image of
the trace.

The applied loads (that are treated in the instrument as
cantilever deflections and controlled by the setpoint) were
converted to force using the deflection sensitivity and the
normal spring constant as for the force curves. Experiments
at different applied loads over a range of the order of 10 to
150 nN were performed with a scan rate of 1.5 Hz, at load
intervals of around 20 nN. A set of three images was obtained
at each load, where every set contains one image with lateral
photodetector signal information during trace, another dur-
ing retrace and a third image with topographic information.
The scan sizes were either 10 x 10 or 12 x 12 umz, and
each image set had a resolution of 128 x 128 pixels. Since

Trace

Static friction

B ]

Fn

Retrace

Fig. 1 Schematic representation of friction forces on the tip during
trace and retrace
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the images consist of pixels, they can be considered as
matrixes with 128 rows and 128 columns for the calculations
performed subsequent to the AFM measurements.

Afterward, lateral photodetector signal outputs, Vp
(where the D refers to the trace or retrace scan direction),
were converted to friction forces (Fp) by Eq. 3 where 0 is
the lateral deflection sensitivity [28], k4 is the torsional
spring constant (determined as described above), and h.g; is
the effective height (the height of the tip plus half the
thickness of the cantilever).
_Vpky

Fr —
P heir 0 ®)

While this successfully converts deflection to units of
Newton, zero force is determined by the baseline value,
which is arbitrary. Under the assumption that the friction
force is independent of the direction of motion, the issue of
baseline drift can be obviated by taking the difference
between the trace and retrace.

When the images were obtained, a flattening algorithm
was applied in order to remove tilts from the images and
correct for scan line misalignments. In practice, each scan
line on the image was fitted using a linear regression and
this regression was subtracted from the real data. Finally,
the data average of each line, before the flattening, was
added to the filtered data in order to keep them in the same
range as that before applying the flattening. To obtain a
friction coefficient and adhesion images, a set of lateral
force images were obtained as a function of load. They
were tiled and pixelwise fitted to a modified Amontons’
Law (Eq. 2) to create two images where the z-axes return
the friction coefficient and adhesion values, respectively,
which provide a general description of the tribological
response of the surface. This technique development is
integrated into the following section.

3 TPM: Results and Discussions

Figure 2 shows trace, retrace and average friction force
images obtained at 3 different applied loads. (7 such ima-
ges are used to obtain TPM images). The set of average
friction forces was created by combining trace and retrace
data using Eq. 3. Such averaged friction images taken at
different loads are the data subsequently used to create the
friction coefficient and adhesion maps, respectively.

A linesection (black line) of 1.7 um over the same
feature is shown as an inset in every image of Fig. 2. These
insets clearly demonstrate how the measured friction varies
over different regions, displaying the friction during trace
and retrace, and finally how the absolute difference in
friction force increases with increasing applied load. The
friction images displayed in Fig. 2 show clear contrast,
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indicating that there are different regions with significantly
different frictional properties and hence presumably dif-
ferent composition and phases. The “particle/matrix”
structure implicit from these images is consistent with
earlier studies [25, 29], which show that Vancron®40 has a
heterogeneous microstructure characterized by a homoge-
neous distribution of fine hard phase particles of carbides
and carbide-nitrides in the alloy matrix.

Each of these images was obtained at a single and
specific applied load; consequently, they would not provide
information about friction properties at other loads and
neither could they predict whether the friction contrast
would vary as a function of load. For example, if the
adhesion properties and friction coefficients of the different
regions are very different, the contrast between different
regions could change with load. A highly adhesive region
might display relatively high absolute friction at a low load
while nonetheless having a relatively low friction coeffi-
cient. A less adhesive region in the same image, but with a
higher friction coefficient could appear to have lower
friction at low loads and higher friction at high loads. Thus,
it is more useful to generate images that provide tribolog-
ical information independently of the specific applied load.
With such images, it would be possible to fully describe
friction properties of the studied system and predict friction
values and contrast at any applied load.

In order to show how these images can be obtained, the
calculation is simplified to two positions on the image, one
located where the friction contrast is lower (x), which
corresponds to the matrix in the material, and the other
located in a particle where the friction is higher (4)
(Fig. 2). The average friction force is extracted at each of
these two pixels in each of seven images performed at
different loads, and these two set of friction data were
plotted with respect to the applied load in Fig. 3.

A linear regression was used to fit the data in Fig. 3 in
order to extract p (from the slope) and adhesion values
(from the intersection of the line with the load axis)
according to Eq. 2. These two parameters provide load-
independent tribological information related to the com-
position and microstructure of the two pixels analyzed on
the surface. Such a treatment is automatically applied pixel
by pixel across the tiled images to generate friction coef-
ficient and adhesion maps. The friction coefficients gen-
erated on the particle and the matrix are 0.75 and 0.50,
respectively, and the adhesion values observed on the
matrix and on the particle are relatively similar, —38.5 and
—48.7 nN, respectively. These values of adhesion detected
by TPM are comparable to the jump-out on the retraction
arm of the normal force curves where the adhesion was
obtained by multiplying the jump-out distance between the
tip and the surface with the k, of the cantilever [30]. (Note
that it is essentially untenable to perform imaging at
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Fig. 2 Friction images of Vancron®40 obtained in air and constructed from trace (a, d, g), retrace (b, e, h) and average (c, f, i) LFM data for
applied loads of 15.19, 80.29 and 145.39 nN. The insets show the variation of the friction value through a cross section of 3.7 pm

negative loads, so any small nonlinearity due to contact
mechanics is inaccessible—for soft surfaces, however, this
effect will be manifested even at positive loads [4] and
could even be utilized for materials mapping).

We note that in this way, it is possible to extract an
adhesion value from the data without actually separating
the surfaces from contact and for convenience we hence-
forth refer to this value as “contact adhesion.” This method
of adhesion determination avoids several potential prob-
lems which can affect “conventional” pull-off adhesion
measurements [30]. These are, for example, (1) surface
sliding during the separation process, due to the finite angle

between the probe and surface, with resulting relative axial
motion during separation, the magnitude of which depends
on the probe size [31]; (2) thermal fluctuations or
mechanical noise, which otherwise may lead to underesti-
mation of the adhesion due to the premature departure of
the probe from the surface; (3) inaccessibility of the
adhesion value due to either too low spring constant or
large adhesion value. (In some cases, the piezo travel is
insufficient to perform the adhesion measurement. In oth-
ers, the adhesion value is prejudiced by departure from the
linear response region of the photodiode.) Hence, as long
as the modified Amontons’ Law is a reasonable description

@ Springer



392

Tribol Lett (2013) 50:387-395

200 T T T T T T

(nN)

100 |

Friction

F

0 T T T T T T
-40 0 40 80 120 160

FLoad(nN)

Fig. 3 Effect of applied load on friction force, at individual pixels,
where the filled and empty symbols correspond to the particle (+) and
matrix (x), respectively

of the friction—load relationship (which as Fig. 3 shows the
case for this system), the adhesion calculated using lateral
forces may be more reliable than using pull-off curves.

If the calculation of the friction coefficients and adhe-
sion values is instead performed for every pixel in the
images in Fig. 2, it is possible to obtain two images: a
spatial map of the friction coefficient and a spatial map of
the adhesion value (Fig. 4).

Figure 4a is a topography image taken in contact mode,
which once again shows the microstructure of the alloy,
that is, a matrix containing particulate features with
diameters below 2 pum, which are present both above and
below the matrix surface. In Fig. 4b, the friction coefficient
at each pixel is mapped for the same portion of the surface
as in Fig. 4a, and the image contrast is provided by the
difference in friction coefficient rather than friction force.
Arguably, the resolution of the different domains is even
sharper than for Fig. 4a. It can be seen that the particle
features systematically display a larger friction coefficient
than the matrix, independently of whether they protrude or
not. This implies that they may be the same or similar kind
of particles. The friction coefficient values observed on the

asperities ranged between 0.65 and 0.85. On the other
hand, the matrix displayed a lower friction coefficient with
values between 0.40 and 0.70.

Figure 4c is the equivalent contact adhesion image
obtained pixelwise as in Fig. 3, and it arises solely from the
lateral force data in the tiled images. While it is possible to
distinguish some of the domains and correlate their posi-
tion with Fig. 4a, b, contrast in the image is, however, not
very good. This is probably due to the fact that the contact
adhesion values are rather similar for the two materials for
the case of interaction with the AFM tip in air (the adhesion
is relatively constant at around —40 nN over the whole
scan area). For the case of imaging in air, this is not
unexpected. Since the surfaces were exposed to ambient
relative humidity (19 % on this occasion), layers of water
are expected to exist on the surface. Furthermore, during
measurement, when the tip is close to, or in contact with
the surface, a capillary bridge between the tip and the
sample should also spontaneously condense, leading to an
additional adhesive contribution [9], the strength of which
depends on the local surface properties and the relative
humidity. This bridge forms and swells during the friction
measurement (capillary harvesting) [9], but is not likely to
change dimensions significantly with position during
scanning, and thus, its contribution to the adhesion force is
likely to be highly similar, independent of position.

If the capillary effect dominates the adhesion, it becomes
difficult to distinguish between matrix and hard phase par-
ticles. The capillary adhesion contributes to the friction
inasmuch as it provides an extra “internal” load and there-
fore increases friction according to Eq. 2. The linearity of the
behavior with load clearly indicates that there is no change in
1 associated with changes in the condensate with varying
load. It is worth noting that if the relative humidity becomes
quite large (over the critical threshold regime of complete
contact flooding) [9], the presence of water on the surfaces
can change the sliding regime from “interfacial” to “lubri-
cated” and thus appreciably alter the friction coefficient

(c) Contact Adhesion nN

Fig. 4 Silicon-Vancron®40 images studied in air, a height, b friction coefficient and ¢ contact adhesion
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Fig. 6 Normal force curves on approach (bold line) and retraction
between a silicon tip and Vancron®40 in tetradecane

[9, 11]. Consequently, it is very important to measure the
humidity under which the experiments are performed in
order to sensibly compare friction coefficients.

In liquid, however, capillary condensation does not
occur (except, for example, for polar substrates in nonpolar
liquids with significant water contamination [32], or for air
bridges between nonpolar surfaces in a polar liquid)
[33, 34]. Thus, this “equalizing” component to the adhe-
sion is not likely to operate and the value is more likely to
reflect the respective surface energies of the tip and surface
regions if the experiment is performed in liquid.

This hypothesis was evaluated by performing the TPM
between Vancron®40 and silicon cantilever in tetradecane,
and the results are summarized in Fig. 5. This figure shows
a topography image taken in contact mode, and as expec-
ted, the surface topography is similar to the case in air, that
is, it consists of particulate features with diameters below
2 pm, which are present both above and below the matrix
surface. This image indicates that the surface structure of
the alloy is not perturbed by the liquid. Figure 5b shows a
friction coefficient image, once again based on the tiling of
a set of lateral force images as done in Fig. 4b where it can

be observed, just as in Fig. 4b, that the particle features
display a larger friction coefficient than the matrix. The
friction coefficients in tetradecane are somewhat lower
than those in air. This decrease in friction coefficient is due
to the lubricating effect provided by the tetradecane, where
the particles display friction coefficients ranging between
0.25 and 0.55 and the matrix displays values ranging
between 0.25 and 0.45. The friction coefficient map also
displays less noise than its counterpart in air (Fig. 4b)
probably due to the absence of artifacts associated with
movement of the condensate while scanning.

As expected, the contact adhesion image in Fig. 5c
displays heterogeneity much more clearly than observed in
air. The domains are now clearly seen in the image, and the
resolution is comparable with that in Figs 4b and 5b since
there is a clear difference in the adhesion values of the
matrix and the particles in the absence of condensate. The
adhesion contrast is partly enhanced due to edge effects
around the domains (dark on the left and bright on the
right)—this reflects that the tip position is slightly offset
between “forward” and “back” scans, due to the friction
forces it is sensing and possibly also height tracking. Such
effects are intrinsic features of scanning probe imaging,
though usually appear asymmetric due to the selection of
only one imaging direction. Nonetheless, the image clearly
shows different colors for different domains, indicating
distinctly different properties.

With the immersion of the system in liquid, the capillary
forces were eliminated and adhesion force values related to
the surface properties of the alloy microstructure are
observed in Fig. 5c. The particles display adhesion values
ranging between —10 and —40 nN and the matrix values
ranging between approximately —15 and —25. These
contact adhesion values are larger than the example of
adhesion value of —3 nN obtained from the jump-out of the
retraction force curve (e.g., in Fig. 6) by pull-off
measurements.
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In this case, where no capillary condensate contributes
to the adhesive interaction, the artifacts discussed earlier
are expected to have large effect on the pull-off force. We
surmise that this is the reason for the much lower adhesion
values obtained from the force curves.

Finally, it is worth noting that while Eq. 2 represents a
simplified form of the true friction—load relationship, it
appears to be justified by the data. For a softer substrate,
there would be no hinder to fitting the tiled pixel data to a
more complex, nonlinear friction versus load relationship,
which would reflect the deformation of the material and
could be used to instead return the shear stress and elastic
modulus in addition to the friction coefficient and adhesion.

4 Conclusions

For the first time, tribological properties mapping (TPM)
has been performed based on lateral atomic force micro-
scope data. TPM includes three-dimensional, quantitative
maps of friction coefficients and contact adhesion force.

Application of the TPM mapping to Vancron®40 shows
that the matrix/particle microstructure of this tool alloy is
equally well revealed by friction coefficient or contact
adhesion as by topography. It can thus be used as a com-
plementary technique which not only provides clues to the
material composition of the different phases, but can also
be used to predict the nanotribological properties of the
surface, based on the distribution, relative abundance and
height of the different components.

The contact adhesion values extracted from the friction
curves were systematically larger than the values extracted
from the retraction curves of force measurements. The fact
that there is no need to separate the tip from the surface to
obtain the adhesion means that the approach avoids several
artifacts associated with conventional adhesion measure-
ments. It may well be that the contact adhesion value is a
more useful and representative quantity than the conven-
tional pull-off force.

Capillary condensates cause an additional adhesive
contribution, and the relative invariance of the dimensions
of the condensate as it scans over the surface means that
this contribution leads to poor spatial resolution of adhe-
sion in air. This is likely to be equally a problem for
techniques such as so-called chemical force microscopy,
where force curves are performed at each point on the
surface. Even worse, the inability of such a condensate to
equilibrate might lead to further rate-dependent artifacts for
such techniques. In the absence of such condensates, for
example, upon immersion in liquid, the contact adhesion
map displayed high resolution and was very sensitive to the
surface composition.

@ Springer

As for any other imaging technique, the most important
resolution-limiting factor in TPM is the size of the probe.
When the tip radius is larger than the topographic features,
artifacts such as edge effects and probe imaging are
unavoidable. For a smooth surface, however, with varying
only in tribological properties, then the resolution is
essentially controlled by the pixel size.

In this scanning technique, TPM provides powerful
complementary information to conventional imaging and
in particular allows the tribological behavior to be better
related to microstructure.
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