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ABSTRACT: The atomic force microscope (AFM) has been modified to a continuum force microscope
(CFM) by using a tip of a large radius of curvature (1000 nm), in an attempt to reduce the pressure in
the contact region. The elastic modulus, hardness, and friction of the surfaces of low density polyethylene,
high density polyethylene, isotactic polypropylene, and atactic polypropylene have been quantitatively
measured at low loads (1078—10-% N) with the CFM. The effect of pressure applied by the tip has been
observed in the measurements, resulting in an increase in the elastic modulus and the shear strength of
the polymer surface with increasing pressure. The effect of pressure increases with decreasing density
of the polymer. The higher values of elastic modulus and hardness of the polymer surface correlate well
with the higher crystallinity of the polymers. Frictional properties of the polymers show characteristics
that can be explained by the JKR model; the relative frictional behavior of the polyolefin surfaces however
is controlled by the deformation component of the friction, i.e., the yield strength, the elastic modulus

and the pressure dependence of the shear strength.

Introduction

Understanding the mechanical properties (elastic
modulus, hardness, and friction) of polymers at the
surface and near surface region is crucial to many of
their applications. These properties can be measured
only at low loads, which can be carried out with the
atomic force microscope (AFM),! which also provides a
nanoscale level scrutiny of the polymer surface. At
higher loads, the probes that monitor polymer mechan-
ical properties break through the surface layer, and
therefore measure bulk values on the macroscopic scale
and some excellent books are available on the subject.?~®
The AFM has been used successfully to measure elastic
modulus, hardness and friction on many systems.”~1!
However the pressure applied by the typical silicon
nitride AFM tip (tip radius of 20—50 nm), used in these
experiments, is extremely high, even at very small loads.

Figure 1 shows a theoretical plot of the mean pressure
P, at the contact between a single asperity of radius R,
and a planar surface vs the load (W) applied as predicted
by Hertzian contact mechanics,'? defined by the expres-
sion

%2\1/3
_g(GWE ) O

P =
3\ #°R?

As can be seen from the figure, the contact pressure
depends more strongly on the radius of the tip than on
the load. For example, the pressure applied by a tip of
radius 20 nm (typical radius of commercial ultralevers
used in AFM) at 1 nN is equal to the pressure applied
by a tip of radius 1000 nm at a load of 2.5 uN.

While working on soft materials such as polymers it
is important to keep the pressure in the contact region
low, to do meaningful experiments without considerable
deformation of the polymer surface. To reduce the
pressure at the contact, we must use blunt tips, thereby
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Figure 1. A theoretical plot of the average pressure (P)
applied by tip (as given by the Hertzian model of continuum
mechanics) vs load (W) i.e., eq 1, for two tips of radii of
curvature 20 and 1000 nm. The pressure is calculated for a
junction of modified elastic modulus of 1 GPa, which is a
typical value for the polymers examined. The pressure under
the tip is extremely high even at small loads and depends
strongly on the radius of curvature of the tip. To reduce the
effect of high pressure under the tip we have used a tip of
radius 1000 nm in the continuum force microscope as opposed
to a tip of radius 20 nm used typically in ultralevers in atomic
force microscopy.

sacrificing spatial resolution but keeping the pressure
low. In the present study we have used a tip with a
large radius of curvature (1000 nm). The mean pres-
sures being applied are considerably lower than similar
experiments done with the AFM till date.”"11 By using
a tip of a large radius, however, we are now measuring
continuum and not atomic forces, and this justifies the
term “continuum force microscopy” (CFM).

In this study, we have used a CFM to monitor the
elastic modulus, hardness, and friction of a series of
polyolefins, i.e., low and high-density polyethylene
(LDPE and HDPE) and isotactic and atactic polypro-
pylene (IPP and APP) in the load range of 1078—10-%
N. The reason for studying the above polymers, is that
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they provide fundamental systems for studying the
effect of density, tacticity, and crystallinity on the
mechanical properties of polymer surfaces composed of
similar hydrophobic monomer units. Moreover we
would like to address crucial phenomenon like the low
friction coefficient observed on high-density polyethyl-
ene.13

To do a systematic study of the surface mechanical
properties, thereby justifying a comparison of the rela-
tive mechanical properties based on the intrinsic prop-
erties of the polymer, we have reduced the number of
variables affecting the measurements. The polymers
were processed in the same manner and characterized
extensively. Special care was taken to prepare smooth
surfaces; the mechanical measurements were done on
all the polymers using the same well-calibrated experi-
mental set up, i.e., with the same tip, with the same
environment, and at the same velocity/frequency.

To our knowledge this is the first quantitative mea-
surement of the elastic modulus, hardness, and friction
of polyethylene and polypropylene in this load regime
We have measured the radius of the tip accurately and
have applied continuum contact mechanics to explain
the experimental results.

We have demonstrated the effects of high pressure
in our measurements. The elastic modulus is found to
increase with increasing pressure. Friction vs load
curves show characteristics predicted by the JKR model'*
such as friction at negative loads, i.e., when the tip and
surface are in the attractive regime, and pull-off forces
(a finite force required to separate the bodies in contact);
however, a dependence of the shear strength on pres-
sure is observed for LDPE and IPP, which results in a
linear dependence of frictional force and load.

The expected trend of increasing elastic modulus and
hardness with increasing density and crystallinity was
observed. The friction process in all cases is dominated
by the deformation of the polymer surface. Even though
the surface energy, elastic modulus, and hardness of
HDPE as compared to those of IPP are similar, the
friction coefficient measured on HDPE is much lower
than that of IPP. This has been attributed to a
negligible increase in the shear strength of HDPE with
increasing pressure, due to the high density of the
polymer.

Experiments

Sample preparation and characterization. LDPE,
HDPE, IPP, and APP were purchased from Aldrich in the form
of pellets. The polymers were melted on a Pyrex glass plate
in air while pressing on them with a weight of around 10 kg
for an hour. The polymer was cooled by taking it off the hot
plate. The polymer cools to room temperature in around 20
min. The polymer was then peeled off. The surface of the
polymer in contact with the glass plate was used to measure
the various mechanical properties mentioned above. This
method of preparation was used as it was found that a smooth
surface is formed since the polymer surface in contact with
the glass takes the shape of the glass surface. Smooth surfaces
are essential to rule out topographic artifacts on the measure-
ment of mechanical properties.’>® The roughness of the
surfaces were measured by imaging the surfaces of these
polymers with a standard AFM, (Park Scientific Autoprobe)
using ultralevers with radii of curvature of the order of 20 nm.
The rms roughness is around 20 nm on a 60 um x 60 um scale.
On areas 200 nm x 200 nm, the rms roughness on this scale
is <1 nm. The chemistry of the surface was analyzed by X-ray
photoelectron spectroscopy (XPS)Y with a Perkin-Elmer ESCA
5000 series instrument. XPS is a surface sensitive technique
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Table 1. Polymers Used in the Experiments and Their
Properties?

properties of the original
polymer obtained from % crystallinity

polymer the supplier after molding
low density polyethylene density = 0.92 g/cm? ~23
(LDPE) Tm=115°C
high density polyethylene M,, = 125 x 103, T, = ~65
(HDPE) der:lLs?’l%);(:: 0.95 g/cm3
M,y = 250 x 108 ~63

isotactic polypropylene
(1PP) Tm =189 °C, Ty= —26 °C

density = 0.90 g/cm?3

viscosity = 23 poise <2

atactic polypropylene
(APP) Ty=-10°C

2 The percent crystallinity was obtained by measuring heats of
fusion of the final sample, i.e. after molding, by DSC in our
laboratory.

(probing depth) providing chemical information in the form of
core level electronic excitation peaks characteristic of the
chemical environment of the surface. A carbon and oxygen
peak was seen. The amount of oxygen on the surface is small
(<5%). The oxygen is there because the sample was heated
in air. However no other contaminant like Si or Na from the
glass was observed. The contact angle of methylene iodide and
water was measured on the polymer surfaces using a Rame-
Hart contact angle goniometer, and was found to be ap-
proximately 95 and 52°, respectively on all the polymers.
These values are in agreement with literature values for the
polymers.13:18-20,

The properties of the polymers are listed in Table 1. The
percentage crystallinity of the processed film was determined
by measuring heats of fusion by differential scanning calo-
rimetry (DSC)?! on a Perkin-Elmer (DSC 7) differential scan-
ning calorimeter. The heats of fusion were determined by
integrating the peaks obtained on the resulting polymers at
the melting point. The ratio of the heat of fusion measured
to the heat of fusion of a 100% crystalline sample gives an
approximate measure of the percent crystallinity of the sample.
The heats of fusion for 100% crystalline polyethylene and
polypropylene used were 295.8 and 208.8 J/g, respectively.??
HDPE and IPP are highly crystalline materials as opposed to
LDPE and APP. This is expected, and the effect of density
and tacticity on the degree of crystallinity has been discussed
in detail elsewhere.??

The Instrument. The continuum force microscope (CFM)
used to measure the mechanical properties uses fiber optic
interferometry to measure the motion of the cantilever.?* A
fiber optic is impinged on the back of the cantilever. This
forms an interference cavity, as light reflected back from the
edge of the fiber optic and that reflected off the back of the
cantilever interfere. This interference pattern is a periodic
function of the wavelength of the light used (in our case 780
nm), and hence movement of the tip is calibrated against the
wavelength of light used and is very accurate. The normal
and lateral forces are measured independently by two separate
fiber optic cables; hence, the signals measured for the vertical
and horizontal displacement of the cantilever are independent
of each other. The cantilever is prepared by bending a
tungsten wire at a right angle and etching the end to a sharp
tip. The resonance frequency of the cantilever was measured
by oscillating it at different frequencies and was found to be
16 kHz. The diameter of the cantilever was measured with a
micrometer. The force constant was then calculated from the
resonance frequency, diameter, and the density and elastic
modulus of bulk tungsten. The cantilever was approximated
as a cylinder of circular cross section, clamped at one end and
free at the other. We can back-calculate the length of the
cantilever from the above treatment and measure the length
independently to check for any discrepancies. The force
constant of the tip is 235 N/m (£15%). The primary error
comes from the measurement of the diameter; this is because
the force constant of the tip scales as the diameter to the fourth
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power. To better understand the mechanical properties, the
radius of the tip was measured by imaging the stepped surface,
(305) of strontium titanate? in the contact mode. The ridges
on this surface are sharper than the tip, and hence the image
obtained reflects the tip profile. The radius was determined
by fitting a parabola to the features scanned and extracting a
radius of curvature of 1000 nm.?® In all experiments, the
sample is scanned using a piezoelectric tube with respect to
the tip. All measurements were done while purging the
chamber with dry nitrogen to avoid capillary condensation of
water at the contact between the tip and the surface.?”?8
Humidity levels are below 10% when this is done.

Elastic Modulus. To measure the elastic modulus of the
sample the tip was oscillated at a frequency (1.5 kHz) far below
its resonance frequency (16 kHz) with an amplitude of 1-1.5
nm. This was done by applying an ac signal to a piezoelectric
chip on which the tip was mounted. This amplitude was then
measured by lock-in techniques.

Hardness. Hardness was measured by indentation and
was defined as the load divided by the projected area of the
indent after the load was removed. Typical loads used were
5—-50 uN. Typical diameters of the indents were on the order
of 1 um.

Friction. Friction was measured by scanning a line around
200 nm in length. The scan speed was around 1076 m/s. After
each line scan, the load is increased by ramping the voltage
applied to the scan piezoelectric tube. The force constant for
the lateral displacement of the cantilever was assumed to be
the same as that for the vertical displacement. The difference
in frictional force between left and right scans gives us twice
the frictional force.?® This is done because it is difficult to
establish the zero of the frictional force.

Theory used in the evaluation of elastic modulus. The
experimental set up is similar to that used in phase imaging
and forced oscillation AFM.2°=32 |n the present experiment
we modulate the tip, instead of the sample. Since we wish to
guantitatively analyze the elastic modulus dependence on load,
a brief theoretical description of our experimental setup is
detailed below. The experiment can be modeled as follows.
The tip is treated as a forced oscillator with damping.3¥3# In
the experiments the phase of the lock-in amplifier is set to
maximize the output signal A of the lock-in amplifier, far away
from the surface. It has been shown by Salmeron et al.3* that
the expression for the in-phase component of the oscillation
when this is done is

A= aQ 1-0+60—f'(2)Q?
(1—-06+06%Q)*2 1 -6+ (6 — f'(2)°Q?

)

Here a is the amplitude of the applied oscillation of the tip
out of contact, d = 1 — w?w¢? where w is the frequency at which
the tip is driven and wy is the resonance frequency of the tip.
Q is the quality factor of the cantilever and is related to the
frictional forces acting on the tip or the width of the resonance
peak. f'(z) is the derivative of the interaction force between
the tip and the surface in units of the force constant of the
tip, defined as

o) = ©)

Let us call the derivative of the interaction force with
distance as the stiffness of the junction (S), so that S = dF/dz.

We measure A, at a frequency w? < w¢?, so that 6 = 1. Then
eq 2, for repulsive loads, becomes

a ak

ANT=t@ S+k @

Thus since S = k(a/A — 1) if we measure A, we have
determined S. This expression is the same as that obtained
by Pethica et al.113

Now let us examine the quantity S. In noncontact, S is
related to the attractive van der Waals potential®® but is very
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difficult to model quantitatively as the tip is in contact with
the surface for only a fraction of its period of oscillation. To
get the elastic modulus of the sample, we analyze S, where
the tip is always in contact with the sample. Thus the
amplitude of oscillation must be smaller than the mean
deflection (load) of the tip, i.e.

a=

®)

~|g

In the present experiment this occurs only at loads above
~300 nN. At loads above ~300 nN we can apply Hertzian
contact mechanics*? (the Hertz contact describes a purely
elastic contact between a sphere of radius R and a planar
surface) which gives us

S = 1.8E*¥3\ 3RS 6)

where W is the external load applied, R is the radius of the
tip, and E* is the modified elastic modulus of the junction
defined as

2

1 1-v? 1-w,

E* E E, )

where E; and E; are the elastic modulus of the polymer and
tip respectively and v, and v, are the Poisson ratios of the
polymer and tip, respectively. (When a material is stretched
in one direction it contracts in a direction at right angles to
the direction of stretching, this ratio is the Poisson ratio of
the material. It is always a positive number less than 0.5.)3

If we assume the tip to be composed of tungsten or tungsten
oxide then E; < E,. Thus we can approximate the above
equation as

1 1-v® g
B TR ES ®

Thus if we measure A at a fixed load W with a tip of radius of
curvature R, we can determine E;*. Since all the above
polymers have Poisson ratios in a similar range,®” we are
mainly measuring differences in E;, the elastic modulus of the
polymer. Also it should be noted from eq 6 that the effect of
an error in the measurement of R does not have a very
pronounced effect on the value of E*. Another important point
is that for a tip radius 1000 nm, S is in the range 15—250
N/m for the polymers examined for loads ranging from 1 to
100 nN; hence, it is important to choose a tip with a large force
constant k, so that the damping (A/a) is not too significant and
can be measured with a good signal-to-noise ratio.

Results and Discussion

Stiffness. Shown in Figure 2 are plots of load W and
amplitude damping (A/a) in percentage vs sample
displacement, obtained simultaneously on IPP, while
approaching and retracting the sample and the tip.
Initially the tip is out of contact and the load and
amplitude damping are unchanged. As the tip ap-
proaches the surface, the amplitude gets damped.
There is further damping in repulsive contact of the tip
and the surface, depicted by an increase in the load and
a decrease in the amplitude. When the tip is retracted,
a similar behavior is observed; there is, however, some
hysteresis. This hysteresis is related to pull-off forces,
piezo hysteresis, and inelastic forces and is difficult to
quantify.

From approach curves such as those in Figure 2 we
have obtained values for the elastic modulus from eqgs
4, 6, and 8. We have assumed Poisson ratios (v1) of 0.34
for polyethylene and 0.32 for polypropylene®” in the
calculation. We have then plotted, in Figure 3, the
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Figure 2. (a) Plot of vertical displacement of the cantilever of load (W) vs sample displacement. (b) Plot of the amplitude damping
(A/a) vs sample displacement. Both the curves were obtained simultaneously on IPP.
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Figure 3. Plot of the elastic modulus E, measured on LDPE, HDPE, IPP, and APP vs mean contact pressure P (defined by eq
1). The lines drawn represent linear fits to the data as expected by eq 9. We have obtained values for Eq and 3, which are listed

in Table 2.

elastic modulus vs mean contact pressure (given by eq
1) on sample approach, for loads when contact is
maintained during the entire period of oscillation of the
tip (i.e., the condition in eq 5), i.e., above loads of ~300
nN. Although the load regime analyzed (~300—5000
nN) is similar for all the polymers, the contact pressure
depends on the elastic modulus of the polymer and
hence is different for different polymers.

In this repulsive load regime, the Hertzian theory is
a good approximation to study the effect of increasing
load or pressure on the elastic modulus. The elastic
modulus is seen to increase with mean contact pressure
for all the polymers studied. To explain this we note
that, in the contact region, a large component of the
pressure under the tip is hydrostatic. It is known that
the elastic moduli of these polyolefins increases with
hydrostatic pressure.3’-40 The increase in elastic modu-
lus of the polymer with increasing pressure has been
attributed to two effects:

(a) an increase in the density of the polymer, which
increases the interactions among polymer chains, thereby
increasing the elastic modulus;*°

(b) changes in the relaxation dynamics of polymer
chains which increase the elastic modulus.3® The
amorphous or disordered component of the polymer is
more sensitive to these changes.

We find the relation of elastic modulus, (E) vs mean
contact pressure (P) to agree with the expression
observed in high-pressure experiments,3’—38 of the form

E=E,+pP ©)

We have fit expressions of this form to the data and
have obtained values for the extrapolated elastic modu-
lus at zero pressure, (Eg) and the constant of propor-
tionality (). These values are listed in Table 2. The
constant 3 decreases with increasing density of the
polymer. This is reasonable, since the effect of high
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Figure 4. Topographic image of the indents formed on HDPE,
after indenting with loads of 29 and 34 uN. Microhardness
values were obtained from such indents and are listed in Table
2.

Table 2. Average Values of the Extrapolated Elastic
Modulus Eg, the Constant # (Obtained from Line Fits in
Figure 3), and Hardness Values (+25%) Measured on the

Polymers
polymer Eo (GPa) B hardness (MPa)
LDPE 0.47 8.8 22
HDPE 1.6 5.7 60
IPP 1.09 11.9 125
APP 0.15 13.3 1.4

pressure is to increase the density of the polymer,*° and
thus a larger pressure effect is seen on a low-density
polymer such as LDPE or IPP than on an already
densely packed HDPE. The values of Eg obtained from
the curves fall into the range of elastic moduli expected
on the polymers.#142 The expected trend of increasing
elastic moduli with increasing density and crystallinity
is observed. Itis known that HDPE has a higher elastic
modulus than LDPE due to an increase in density, and
this is what we see. For the polypropylenes, an isotactic
sample allows good packing of the chains which in-
creases crystallinity substantially; this explains the
higher values of elastic modulus of IPP as compared to
APP.

Hardness. The hardness values obtained by micro-
indentation, and defined as the load divided by the
projected area of the indent are tabulated in Table 2.
There is a considerable error bar on the hardness
measurements; this is because the indent is not uniform,
and it is thus difficult to measure the area accurately.
Moreover tip effects are observed, i.e., the fact that we
are imaging the indent with the same tip that was used
for indentation results in imaging artifacts. The ex-
pected trend of increasing hardness with increasing
crystallinity is observed, and we can comment qualita-
tively on the relative yield strengths of the polymers.
The hardness values compare well with literature
values obtained by Vickers indentation,*344 and no
pressure effects could be observed.

Friction. In Figures 5 and 6 we have plotted the
frictional force vs load for the various polymers. The
standard deviation is around 50 nN. Since we have
measured friction on all the polyolefins at the same
speed and the same temperature, we do not expect the
viscoelastic properties of the polymers to play a major
role in determining the relative behavior of these very
similar polyolefins.

Any reasonable model for friction includes to first
order four quantities: (1) the adhesion of the interface
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Figure 5. Effect of yield strength of the polymer in determin-
ing frictional behavior. Atactic polypropylene (APP) is amor-
phous, which results in a very low yield strength. The friction
is dominated by wear of the sample even at low loads which
results in jumps in the frictional force and a very steep slope
or friction coefficient as compared to the crystalline isotactic
polypropylene (IPP).

being sheared; (2) the yield strength of the material; (3)
the elastic modulus of the material; (4) the shear
strength of the material.

For LDPE, HDPE, IPP, and APP it is known in the
literature,1318-20 and also from our own contact angle
measurements that the critical surface tensions, indica-
tive of the surface energy or adhesion of the interface
are similar. This is because these polyolefins are all
composed of similar hydrophobic monomeric units of
carbon and hydrogen only. Thus we do not expect
adhesion or surface energy of the interface to influence
the relative frictional behavior of LDPE, HDPE, and IPP
significantly.

The importance of the yield strength of the polymer
in determining friction is seen by comparing friction vs
load curves for the chemically similar polypropylenes
APP and IPP (Figure 5). APP is amorphous, which
results in a very low yield strength, as compared to IPP
as can be seen in the low hardness value of APP as
compared to IPP. We see a lot of jumps in the frictional
force on APP; this is due to the fact that there is
considerable wear of this sample even in the low load
regime. A very high friction coefficient 0.75 is observed,
and this is due to wear of the sample. For IPP, however,
we get uniform friction data and a much lower friction
coefficient around 0.3. Because of sample wear it was
not possible to measure the friction on APP reproducibly
at high loads.

LDPE, HDPE, and IPP have significantly higher yield
strengths than APP (see hardness values). We could
not resolve any wear of LDPE, HDPE, and IPP in the
range of loads over which friction was measured. It is
true that we are using a tip with a large radius of
curvature and are unable to resolve nanoscopic wear;
however, our friction data show no jumps and are
reproducible. Hence, to a first approximation, we are
measuring frictional properties of these polyolefins in
the elastic regime and the effect of yield strength on the
frictional behavior of these polyolefins can be neglected.
The elastic modulus and shear strength of LDPE, HDPE,
and IPP (or polymer deformation) control their relative
frictional behavior in the load regime investigated (0—2

uN).
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Figure 6. (a) Scatter graphs representing plots of friction (F) vs load (W) measured experimentally on LDPE, HDPE, and IPP.
In parts (b), (c), and (d), the dashed line represents curve fits to the friction data as expected by eq 13 for LDPE, HDPE, and IPP,
respectively. As can be seen from the poor fit, eq 13 must be modified in the repulsive load regime to include the effects of high
pressure under the AFM tip. The solid lines are theoretical curve fits to the data as expected by eq 17 (which includes the high-
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pressure effects). From these curves estimates of the shear strengths of the polymer were obtained and listed in Table 3.

In the elastic regime, all models for friction assume

that the frictional force is

F=17A (20)
where 7 is the shear strength of the material and A is
the contact area.

There are many models which describe elastic contact
of a single asperity (i.e., the tip) with a planar surface;
we will invoke the JKR model.1445 This we do because
we see friction at negative loads that is predicted by the
JKR model. Also we do get pull-off forces, i.e., a finite
force required to separate the tip and the surface, but
they are not sharp (this is due to the large force constant
or stiffness of the AFM tip). Moreover, experiments
done with the surface force apparatus (SFA) on poly-
mers are in good agreement with the JKR model.*®
Note that the contact pressure is considerably lower in
the SFA where smooth surfaces are in contact with each
other over large areas..

The JKR model expresses the contact area A between
a single asperity and a surface as

32 2/3
= 3ZE*R[W + 37Ry + V6aRYW + (37Ry)7]
(11)

A

where E* is the modified elastic modulus of the junction
as defined above, y is the surface energy per unit area
(i.e. the work per unit area required to separate the
surfaces from contact to infinity), R is the radius of
curvature of the tip, and W is the load applied.

The JKR model suggests a finite contact area A, at
zero load, which is given by

97vR?\23
AOZ.T[( 22;* )

(12)

The JKR model gives an expression for contact area,
in our experiments we do not measure contact area but
frictional force (F) which is a product of the contact area
(A) and shear strength (7). From egs 10 and 11, this is
given by

3

_ 3.71'3/2R

A 4E*

[W + 37Ry + y67RyW + (3nRy)2]]2/
(13)

In Figure 6 we have plotted the friction (F) vs load
(W) measured (in the elastic regime) on LDPE, HDPE,
and IPP. We have tried to fit eq 13 to the friction curves
obtained experimentally; the curve fits are depicted by
the dashed lines in Figure 6. It can be seen from the
figure that the frictional force does not exhibit the
functional dependence on load as expected by eq 13 in
the repulsive load regime. This does not mean that the
JKR model is inapplicable; instead, the experimental
data can be explained by noting that the shear strength
of the polymer, 7, is not a constant, but increases
linearly with pressure P. Many authors!®3%46 have
suggested an expression of the form

=1+ 0P (14)
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Table 3. Values for 7y, the Shear Strength of the Polymer
at Zero Load, and a for LDPE, HDPE, and IPP?2

7o (MPa) o
polymer expt lit. expt lit.
IPP 9 519 0.24 0.17%°
HDPE 17 142848 ~0 (0.03—0.09)*8
2.5—-1419
LDPE 6 61° 0.3 0.1419

a These values were obtained by fitting eq 17 to the experimen-
tal friction vs load curves. The fitting parameter y = 32 mJ/m?2
was used for all the polymers. (This was a typical value seen from
approach curves such as those in Figure 2.) The parameters used
for the functional dependence of elastic modulus on pressure are
those measured and listed in Table 2. Literature values for 7o and
o vary widely depending on strain rate and the type of experiment,
and it is difficult to compare numbers exactly, however the
numbers obtained from the fit are of the right order of magnitude.

Thus the expression for frictional force in eq 13 must
be modified in the repulsive load regime, to take into
account the dependence of shear strength on the load
or pressure (eq 14). The modified expression for friction
in this region is

3/2
F = (1, + aP)A = 7, %(w + 37Ry +

JeaRyW + (37tRy)2)] * o aw (15)

(Note: PA =W, e.g., the pressure multiplied by the
contact area is the load and hence the second term that
has a linear dependence on load.)

And the frictional force at zero load is

97vR2\23
Fo= nto(—zé* ) (16)

This introduces another variable o, which is the
pressure coefficient of the shear strength. This quantity
is small and only becomes significant at high pressures,
which is what we have under the AFM tip. The effect
of ais to introduce a linear behavior of the friction force
vs load in this high-pressure regime where the second
term in eq 15 becomes significant. The elastic modulus
E* (in eq 15) also depends on pressure or load as
measured above and a functional dependence of elastic
modulus on load ( egs 1 and 9) must be introduced in
eq 15 for an exact expression.

Thus the exact equation for friction (introducing the
increase of elastic modulus with load), after taking into
account pressure effects on the measurement, is

. 3ﬂ3/2R
l4(Ey* + constrw™)

(W + 3nRy +

2/3
+aW (17)

«/ 67RYW + (37tRy)2)

We have measured the dependence of elastic modulus
on pressure; hence, the unknowns in eq 17 are the shear
strength at zero load 7o and the pressure coefficient of
the shear strength oap.

Equation 17 fits the experimental data very well, and
we have obtained estimates for 7o and a.. These values
are listed in Table 3 along with literature values for the
same. The values seem to be of the right order of
magnitude. Although there have been attempts to
interpret the significance of 7o and o in microscopic
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Figure 7. Maps of topography, amplitude damping (A/a), and
friction obtained simultaneously on IPP at a load of 800nN.
The maps are uniform; i.e., no significant spatial variations
of the quantities are observed. This implies that the tip is
averaging over crystalline and amorphous domains, and
nanoscale spatial variation of these quantities is not possible
with the CFM

terms using Eyring theory, these parameters are best
regarded as empirical constants.*® The effects of high
pressure on the shear strength of LDPE and IPP are
similar. We could not observe any significant pressure
effect on the shear strength of HDPE. To explain this,
we note that the density of both LDPE and IPP are
lower than that of HDPE. The increase in density with
increasing pressure follows the trend LDPE > IPP >
HDPE;* i.e., for the same increase in pressure, the
increase in density is the smallest for HDPE (because
it is already a dense well-packed polymer). This could
be a reason the value of a is the smallest for HDPE.
However an exact interpretation of 7o and o requires a
more detailed theoretical analysis and is not the focus
of this paper. The small pressure effect of the shear
strength in HDPE explains the low friction coefficient
observed on the polymer.

Spatial variation of Elastic Modulus and Fric-
tion. In addition to measuring the elastic modulus and
friction as a function of increasing load, we have
spatially mapped out these quantities on the polymer
surfaces. We obtained uniform maps (Figure 7), and
no significant spatial variation of these quantities is
observed. This is because of the large radius of curva-
ture of the CFM tip and hence the large contact area,
which is larger than the characteristic size of the
crystalline and amorphous domains. This results in an
average value for these quantities over the domains.
This is a limitation of the CFM, and we would have to
use sharper tips or AFM to map out these quantities
with nanoscale spatial resolution (at higher contact
pressures), which has been successfully carried out in
various other studies.30-32

Conclusions. We have demonstrated that the pres-
sure applied to polymers is an important factor in
determining the mechanical response of the polymer;
the effect of pressure in any similar measurements with
the AFM or CFM cannot be neglected.

In macroscopic real friction between two solids,
contact occurs only at very few microscopic junctions,
where the pressure is very high. Thus the effects of high
pressure in friction experiments are crucial in explain-
ing the friction observed in real systems, and the low-
pressure response of the shear strength is responsible
for the low friction observed on HDPE.
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