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ABSTRACT:

Nanotribological properties of polystyrene/poly(vinyl methyl ether) blend surface mainly at its melt

state were investigated using frictional loop (FL) measurement by atomic force microscopy (AFM). The energy dissi-
pation estimated from the area inside the FL showed each peak against both temperature and scan rate. Indentation

depth profile against scan rate was simultaneously detected. The indentation was largely restricted above the scan rate

where the dissipation energy curve had a peak. We could succeed in drawing both master curves for the energy dis-
sipation and the indentation depth using the same shift factor ar. It was concluded that AFM is a powerful tool for

evaluating the nanotribological properties of polymer melt.
Nanotribology / Atomic Force Microscopy / Polymer Blend / Energy Dissipation /

KEY WORDS
Indentation / Master Curve /

Polymers are soft-materials and have inevitably dif-
ferent physical properties from metals, semiconduc-
tors, ceramics and so on. Some technical terms such
as viscoelasticity, elastic and plastic deformation,
adhesion, friction and lubrication are therefore quite
essential in polymeric materials research. Higher-
order structures of polymers have characteristic nano-
meter-scale sizes. This is because polymers are “giant
molecules” that cannot be fully understood merely in
terms of atoms or low-molecular-weight molecules.
Thus, to promote “polymer nanotechnology,”! me-
chanical property studies such as rheology and tri-
bology of polymers are of great importance. Research
in these fields has been reported using macroscopic
instruments such as dynamic mechanical analyzer
(DMA), surface force apparatus (SFA) and ball inden-
tation method to date.

When friction occurs between two surfaces in a
macroscopic scale, both surfaces contact at numerous
asperities in most cases. Therefore, apparent and real-
istic contact areas are different from each other due to
their macroscopic roughness. To understand this phe-
nomenon, investigation of tribological properties at a
single asperity contact is very important. Scanning
probe microscopy (SPM) allows one to systematically
investigate surface and interfacial properties on atom-
ic and nanoscopic scales. Atomic force microscopy
(AFM)? and frictional force microscopy (FFM)® are
designed for measuring the force between a probe
tip and a specimen surface both statically and dynam-
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ically as well as the topographic pattern of surfaces.

We have been investigating AFM and FFM as pow-
erful tools for evaluating nanomechanical properties
of polymeric materials, especially in their melt states,
namely, at temperatures above their glass-transition
temperatures, T,. Basically, both methods are used to
obtain “microscopic images” of surfaces and applied
to hard (or non-soft) materials. Our attention has been
directed to mechanical properties of soft materials,
such as viscoelasticity, adhesive force, friction, sur-
face deformation, etc. In the Kajiyama group, many
studies on mechanical properties of polymeric materi-
als measured by AFM have been reported.* Lower
T, on a surface of polymeric materials than the bulk
T, has been finely demonstrated through lateral force
measurements by AFM.> These studies have been
conducted in the glass state of polymeric materials be-
low the bulk T},. Previous articles'®!! measured force-
distance curves (FCs) and frictional loops (FLs) of
polystyrene/poly(vinyl methyl ether) (PS/PVME)
blends in glass, glass-rubber transition and rubber
(melt) states by AFM and FFM. The present research,
reports the nanotribological properties of PS/PVME
blends in more detail including temperature and scan
rate dependence of FLs. We will discuss that change
in intimateness of contact caused by a tip indentation
into a polymeric surface remarkably contributes to the
friction of polymer melt.

"To whom correspondence should be addressed (E-mail: komura-pd @pfc.res.titech.ac.jp).
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Figure 1.

Frictional loops for (a) mica surface and (b) PS/PVME blend surface. For the former, a clear boundary between static and

kinetic frictions was observed, while it disappeared in the latter due to large deformation.

EXPERIMENTAL

PS/PVME blends were prepared with PS (TOSOH
Corp., Japan) with My = 190,000 and PVME (Poly-
sciences Inc., PA, USA) with Mw = 99,000. The
degrees of polymerization of both samples were al-
most same. T,s of PS and PVME were about 100
and —24°C, respectively. T, determines the mechan-
ical properties of polymers: polymers below T, are
hard glassy materials with GPa-order elastic modulus,
while they become soft rubbery with MPa-order elas-
tic modulus above T. Since this blend had a phase di-
agram of lower critical solution temperature (LCST)
and was miscible below 120 °C, T, and its viscoelastic
properties could be widely changed with its blend ra-
tio. Therefore, it is an appropriate model sample for
measurement of mechanical properties of polymeric
materials. Since our AFM instrument controls an envi-
ronmental temperature from room to higher (about
200°C) temperature, we mainly report the results of
the sample with the PS content of 60% (PS60) whose
T, was 47 °C measured by differential scanning calo-
rimetry (DSC2910, TA instruments, DE, USA). The
blend samples were prepared using toluene as a mutu-
al solvent. The solution was cast onto freshly cleaved
mica substrate and spin-coated at 3000 rpm for 1 min.
Each film was dried for one day at 80 °C in a vacuum
chamber.
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All AFM data were obtained by contact-mode oper-
ation with NanoScope IV (Veeco Instruments, CA,
USA). We used cantilevers with a pyramidal SizNy
tip and a normal spring constant of 0.1 N/m (OMCL-
RC800PS, Olympus, Japan). All measurements were
performed under dried nitrogen gas to exclude the
effects of vapor and oxidation.

In frictional loop (FL) measurement, after a normal
load of 1.6nN was given to an AFM cantilever, its
probe tip was scanned laterally on a polymer blend
surface. We measured the lateral bend of the cantile-
ver (torsion) as a function of lateral displacement of
the sample. Lateral force was in an arbitrary unit,
because the nominal value of torsional spring constant
is generally unreliable and direct measurement of tor-
sional spring constant has not been well established.
Scanning length was set at 1 um.

RESULTS AND DISCUSSION

FL of a mica surface as an example of hard materi-
als is shown in Figure la. To know the features well,
the scan range was set to 10nm. The shape of FL
seemed like a parallelogram. As schematically shown,
in the region from I to II a probe tip stuck to the sur-
face and static friction was observed. At the point II,
torsional force of a cantilever overcame the adhesive
force between the tip and surface and the tip began
to slip. In the region from II to III, kinetic friction
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was observed. In the case of mica, there was a clear
boundary between static and kinetic frictions.

Figure 1b shows a typical FL of PS60. Contrary to
the results for mica, there was no clear boundary and
the lateral force gradually increased on scanning. As
schematically shown, when a tip slides over a soft
polymer surface, a mould is formed and grows at the
front rim of the tip. The growth leads to increment of
the lateral force. Thus, in the case of soft materials
the deformation of specimen surface contributes to
friction. Classical theory introduced by Bowden and
Tabor'? describes that friction is proportional to a real
contact area that is regarded as JKR contanct.!? Such
a theory, however, is obviously not applicable to a
largely deformed system. Though there is a theoreti-
cal framework that considers surface deformation by
Ludema and Tabor,' the idea is also based on a macro-
scopic way of thinking and thus not enough to be used
for previous results. We should have a certain theory
capable for discussing nanometer-scale deformation.
One of our co-workers reported a computer simulation
based on molecular dynamics and reproduced a mould
formation."

Figure 2 shows the temperature dependence of FL
of PS60 at the scan rate 2.5Hz. At 75°C the area
inside the FL showed a peak somewhat unexpected
because all measurements were performed above T,
and thus there was no specific “phase transition.” This
implies that there exists some contribution to the fric-
tional phenomenon. Although a more precise answer
will be given later, we qualitatively interpret the result
here. As known through conventional force-distance
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Figure 2. A series of FL with elevated temperature. Scan size

and scan rate were kept constant at 1 um and 2.5 Hz, respectively.
The area inside FL shows maximum at 75 °C.
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curve measurements (data not shown), with elevating
temperature the specimen surface becomes more easi-
ly deformed due to decreased elastic modulus. The
contact area between the tip and surface and adhesive
force thus become larger. Therefore, the frictional
force increases. The lateral resisting force to deform
the surface decreases with temperature for the same
reason. Because of the competition between the two
effects, frictional force meets its maximum at a certain
condition. The energy dissipation of friction (friction-
al energy) is generally given as kinetic frictional force
times scan length. Since the restoring energy accumu-
lated in the cantilever is cancelled when an area inside
a FL is calculated, the area can be evaluated as energy
dissipation. In summery, the energy dissipation had a
peak at 75°C in this measurement.

Figure 3 shows the scan rate dependence of FL of
PS60 at 75°C. The area inside FL again showed a
peak at a certain scan rate around 2 Hz. The relation-
ship was replotted in terms of energy dissipation and
is shown in Figure 4. As expected, there exists re-
markable similarity between temperature dependence
and scan-rate dependence. Thus, “time-temperature
superposition principle,” which is quite specific for
polymeric materials, is valid even in nanoscopic
world.

To confirm the above competition, we investigated
tip indentation into a surface. An average value of
height associated with z-piezo scanner during one
frictional loop was defined as “indentation depth”
because normal load applied for all measurements is
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Figure 3. The dependence of FLs on scan rate. Scan size was
1 um and the temperature was kept at 75 °C. The behavior simi-
lar to Figure 2 may be due to “time-temperature superposition
principle.”
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Figure 4. The relationship between the energy dissipation es-
timated from Figure 3 and scan rate. Measurement of indentation
depth was performed and is superimposed in the same graph.

identical and thus cantilever deflection was kept con-
stant. Scan rate dependence of the indentation depth at
the sample temperature of 75°C is superimposed in
Figure 4. Since the position of an uppermost surface
could not be detected because the sample deforms
by a normal load of 1.6nN, a relative value for each
scan rate was plotted. The behavior of the indentation
depth profile remarkably changed at a scan rate where
the energy dissipation peaked. Large indentation
depth was observed below the peak and was almost
constant (reason unknown; the sample thickness of
2 um and probe tip height of about 4 um are sufficient-
ly larger than this value). Therefore, the contact area
between the tip and surface was also constant. Conse-
quently, increment in energy dissipation with increas-
ing scan rate (left side of the peak) was due to that of
resisting force mainly caused by effective elastic mod-

ulus change. The indentation was suppressed at much
higher scan rates (right side of the peak) due to further
change in elastic modulus, which caused decrement in
frictional force due to smaller contact area and thus
smaller adhesion.

The reason for change in indentation depth is prob-
ably stick-slip of a probe tip on a specimen surface.
Torsional force of a cantilever gradually increases
on scanning, because the mound of the sample grows.
When the force overcomes the adhesive force between
the tip and surface, the tip is detached from the surface
and has a new contact with the next position of the
surface along the scan direction. Since the temporal
detachment causes decrement of the contact area,
the cooperative effect makes contact more easily bro-
ken. Since the cantilever more largely twists at higher
scan rates even on the same scanning length because
of larger elastic modulus, the slip more easily occurs.
Therefore, indentation is restricted at higher scan
rates. To our knowledge, this is the first report that
friction of a polymeric material was discussed on
the basis of depth information of samples evaluated
by AFM. In nanometer scale, tribological properties
are strongly correlated with sample deformation, ef-
fective elastic modulus and adhesion, namely, rheo-
logical parameters.

Temperature dependence of the frictional energy
curve and indentation depth profile are shown in
Figure 5. Both curves shifted to higher scan rates with
increasing temperature. Since the surface is more easi-
ly deformed with increasing temperature, contact
between the tip and surface becomes closer so that slip
hardly occurs. Therefore, large indentation takes place
even on higher scan rates and both curves shift to the
right. Because a sample stage had to be separated
from a tip using a stepping motor equipped with a
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Figure 5. (a) Dependence of energy dissipation curves on temperature. (b) That of indentation depth. Indentation depth was not the real

depth from an uppermost surface but a relative value to each other.
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Figure 6. Master curves for (a) Figure 5a and (b) Figure 5b, respectively were drawn using the same shift factor, ar.

z-piezo scanner when the sample temperature was
changed, absolute values of indentation depth at dif-
ferent temperatures could not be directly compared.
Therefore, vertical shifts for each curve were mean-
ingless and shifted along the vertical axis merely for

eye guide.

Figure 6a shows the master curve for energy dissi-
pation curves determined by shifting each curve to the
curve at reference temperature, 75 °C. Since a good
master curve was obtained, we were quite sure that
“the time-temperature superposition principle” could
be applied to the friction of polymer melt in nanome-
ter scale. A series of the same shift factor ar was
applied to the indentation depth curves as shown in
Figure 6b. Two different master curves were drawn
by the same ar. Both physical parameters must have

the same origin.

In macroscopic systems, the origin of frictional
force peak against velocity or temperature is thought
to be due to a-relaxation of polymer chains.'® Figure

7 shows the result fitting to the WLF equation,'’

350 360

340
Temperature (K)

Figure 7. Curve fitting of shift factor, ar to WLF equation.
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8.86 x (T'—Ty)
1015+ T —T;

where Ts = Ty, + 50 °C and ary is a shift factor of the
curve at 75 °C. Ty is the reference temperature. The fit-
ting resulted in 7, ~ 15°C, which is lower than that
obtained by DSC, 47 °C. Though the difference could
be explained due to the segregation of PVME moiety
to the surface and/or the increment of molecular mo-
bility at the surface owing to more free space, these
phenomena were effective in the region of a few nm
from an uppermost surface. Since our experiment
was conducted in much deeper region, the lower T,
might be explained by different reasons. Application
of the WLF equation might not be adequate for the
friction of polymer melt in nanometer scale.

One may notice the sharpness of the master curve in
Figure 6a compared with that by conventional macro-
scopic measurement.'® We speculate that the friction
measurement by AFM probe tip ideally corresponds
to a single asperity measurement. To elucidate this
point, the dependence of energy dissipation curve on
applied load was investigated (data not shown). With
increasing applied load, the curve shifted to higher
scan rates, because the tip indentation is enhanced
by larger applied load. If macroscopic friction is real-
ized by multiple asperities and there is distribution of
applied load at each asperity, the width of master
curve must be broadened. To mediate macroscopic
and nanoscopic friction phenomena, however, both
experimental and theoretical studies must be conduct-
ed more extensively.

ey

logar = —logary —

CONCLUSIONS

We investigated temperature and scan rate depend-
ence of the frictional loop for PS/PVME blend sur-
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face by AFM. Energy dissipation curves against tem-
perature and scan rate had each peak. AFM tip inden-
tation was largely suppressed above the scan rate
where the frictional energy curve had a peak. We suc-
ceeded in clarifying contribution of surface deforma-
tion to the friction of a polymer melt. Tribology of
polymeric materials in nanometer scale must be dis-
cussed with rheological consideration. We conclude
that AFM is a powerful tool for evaluating the nano-
mechanical properties of a polymer melt.
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