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ABSTRACT: Force—displacement curves have been obtained with a commercial atomic force microscope
(AFM) at different temperatures and probe rates on a thick film of poly(n-butyl methacrylate) (PnBMA).
The analysis of the force—displacement curves has been focused on the contact portion of the curves,
giving information about the stiffness of the sample and its Young’s modulus. A novel model of sample
deformations that extends the basic equations of the elastic continuum contact theories to the plastic
deformations is presented. This model gives several insights into the processes of deformation of soft
samples and permits to calculate not only the parameters of the Williams—Landel—Ferry equation but
also the Young’s modulus and the yielding force of the polymer as a function of temperature and/or probe
rate. These quantities have been measured in a wide range of temperatures (70 K) and probe rates (6
decades) for the first time with the AFM, and the results are in very good agreement with measurements
performed with customary techniques, such as broadband spectroscopy and dynamic mechanical analysis.

Introduction

One of the most important parameters characterizing
a polymer is the glass transition temperature T%.
Several physical quantities of the polymer assume
considerably different values below and above T,. The
Young’s modulus E, for instance, may decrease 3 orders
of magnitude around T%.

In the past 5 years there has been a great deal of work
aimed to the determination of T; through atomic force
microscopy (AFM) measurements! and in particular
through the acquisition of force—displacement curves.2™*

In a first publication of Marti et al.,2 the authors have
observed that the adhesion of polystyrene dramatically
increases above a certain temperature depending on the
molecular weight of the polymer.

A more exhaustive experiment, also dealing with the
adhesion between tip and sample, is that of Tsui et al.?
The authors have acquired force—displacement curves
at different frequencies and temperatures and have
been able to draw a master curve of the adhesion.

Finally, Bliznyuk et al. have calculated several
quantities from force—displacement curves acquired at
different frequencies and temperatures and have shown
that all these quantities change abruptly at T = T%.
Unfortunately, except for the pull-out force, all the
quantities measured by these authors have no clear
relationship with some physical properties of the poly-
mer sample, so that the experiment is rather a method
to determine T instead of giving some insights into the
physical processes occurring at 7' = T, and into the
dependence of physical quantities, e.g., stiffness or
hardness, on temperature and frequency.

Also, the measurement of the Young’s modulus E of
various samples has made great strides in the few past
decades.?

The theoretical work of Maugis® has combined all
previous elastic continuum contact theories’™® in a
complete and general description, showing the limits,
but also the possibilities, of AFM measurements of the
elastic properties of samples. Several publications have

10.1021/ma040135f CCC: $30.25

shown that the quantitative determination of the Young’s
modulus and the comparison between AFM data and
those supplied by other experimental techniques is
possible also for polymers.10-14

The situation is completely different in the case of
plastic deformations. In this field there are very few
significant theoretical and experimental results.!* Yet,
the study of plastic deformations and of the yield
strength has a great importance for polymers.

All the quantities mentioned above can be measured
also with well-established techniques, e.g., dynamic
mechanical analysis (DMA). The peculiarity of AFM
measurements is the capability to perform local mea-
surements with a lateral resolution on the nanometer
scale. This gives the opportunity to observe stiffness or
T, differences in finely structured polymer samples, e.g.,
copolymers with domains larger than ca. 100 x 100 nm2.

In this paper we present measurements of force—
displacement curves on poly(n-butyl methacrylate) (Pn-
BMA) at different temperatures and frequencies. A
novel analysis of the data, including a model of the
plastic deformations, permits not only to determine the
glass transition temperature of the polymer but also,
for the first time, to characterize the whole dependence
of the Young’s modulus and of the yield strength in the
vicinity of 7.

Experimental Section

Samples. Poly(n-butyl methacrylate) (PnBMA) was pur-
chased from Scientific Polymer Products, Inc., Ontario, NY,
and was used without further purification. The molecular
weight, the polydispersity index, and the glass transition
temperature given by the supplier are M,, = 319 kDa, M/M,
< 2.58, and T, = 22 °C.

Films of PnBMA were prepared by casting saturated solu-
tions of the polymer in toluene. The large thickness of the
samples (more than 1 mm) permits to perform large indenta-
tions without undesirable artifacts due to the large stiffness
of the substrate.!’® To neglect the effect of substrate, the
indentation depth should not exceed 10% of the thickness of
the film.'® Prior to the initial study, samples were dried at
room temperature for 2 weeks.

© 2005 American Chemical Society

Published on Web 02/05/2005



Macromolecules, Vol. 38, No. 5, 2005

Techniques. Atomic force microscopy (AFM) measure-
ments were performed with a MFP-3D (Asylum Research,
Santa Barbara, CA). A rather stiff cantilever has been used
for the acquisition of force—distance curves. If the cantilever’s
spring constant is smaller than the elastic modulus of the
sample, force—displacement curves will probe primarily the
cantilever stiffness.® Furthermore, one of the aims of the
experiment is to provoke large plastic deformations. On the
other hand, if the cantilever’s spring constant is too high, the
force resolution would be very bad. Hence, Pointprobe NCL
cantilevers (Nanosensors, Wetzlar-Blankenfeld, Germany)
with elastic constant .. = 45 N/m and Si tips have been
employed for all measurements.

Force—displacement curves have been acquired at different
temperatures (from 30 to 51 °C over 33, 36.5, 40.5, 43.5, and
46 °C) by heating the basis of the polymer sample through a
miniature metal plate controlled by a 340 temperature con-
troller (Lake Shore Cryotronics, Westerville, OH). The tem-
perature of the polymer surface has been measured directly
with a PT100 fixed on the sample surface. For each temper-
ature the sample has been heated overnight, so that it could
reach an equilibrium temperature, which stayed constant for
several days (0.3 °C measured on the surface).

The repeatability of the force—displacement curves mea-
surements has been checked at the end of the temperature
cycle.

For each temperature force—displacement curves have been
acquired at different frequencies (usually 30, 10, 1, 0.5, 0.1,
and 0.03 Hz) with high sampling density. Since the minimum
step of the vertical piezo displacements is 1 pm and the
piezoactuator acts like a capacitor, the piezoactuator displace-
ment has been assumed to be continuous, and the probe rate
is the frequency of the piezoactuator displacement, i.e., the
frequency of the force—displacement curve.

For each temperature and frequency a variable number of
force—displacement curves (from 100 up to 400) has been
acquired. The total number of force—displacement curves
taken into account for the analysis is ca. 11 500. Each group
of 100 force—displacement curves has been acquired on dif-
ferent areas of the sample (usually 30 x 30 um?) in force—
volume acquisition mode; i.e., all curves start from a fixed
absolute height, an approach—withdrawal cycle is performed,
then a lateral displacement, again an approach—withdrawal
cycle, and so on. Small variations of the sample topography
and variations of the starting height permit the sampling of a
large indentation range, from some 10 nm up to 500 nm for
curves at high temperatures and/or low frequencies.

Dynamic mechanical analysis (DMA) measurements have
been performed with a Netzsch DMA 242 C (Germany). The
temperature range was —60 to 100 °C, with a heating rate of
3 K/min. The frequency range was 0.1—100 Hz. The complex
Young’s modulus was calculated from the equation E* = (I/
A)(F*la*), where a is the amplitude of oscillations (10 ym), A
is the surface area of the sample, [ is the length (9 mm), and
the force F' is controlled in order to hold the amplitude
constant.

In broadband spectroscopy measurements the complex
dielectric function €*(v) = €'(v) — i'(v) @ = «/—_1, v is the
frequency, €' is the real part, and €' is the imaginary part)
was measured in the frequency range from 102 to 107 Hz by
a high-resolution dielectric spectrometer (Alpha-Analyzer,
Novocontrol).1” The temperature of the sample was controlled
by a nitrogen gas jet cryostat with a temperature stability
better than 0.1 K (Quadro-System, Novocontrol). The inves-
tigations cover a temperature interval from —20 to 120 °C.

To estimate the relaxation rate at maximal loss v, connected
to the mean relaxation time 7 by v, = 1/(277) for each process,
the model function of Havriliak—Negami (HN) e*un(v) = €. +
A€/l(1 + (ivlive)r)™] was fitted to the data.l8 vy is a characteristic
frequency close to v, € is € for v > v, and Ae is the relaxation
strength. The fractional shape parameters n and m (0 < n,
nm =< 1) describe the symmetric and asymmetric broadening
of the relaxation spectra, respectively, compared to a Debye
relaxation function.!” If two relaxation processes are observed
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Figure 1. Approach force—displacement curves on the Pn-
BMA at different temperatures and frequencies. As indicated
also in the figure, the temperature and frequencies are (from
left to right) 30 °C at 30 and 0.03 Hz, 36.5 °C at 0.03 Hz, 43.5
°C at 0.1 Hz, 46 °C at 0.1 Hz, and 51 °C at 0.03 Hz. In the
first three curves the position of the yielding point, i.e., the
point at which the stiffness (slope of the approach curve)
decreases, is marked with a circle. In the other three curves
the yielding point is near the origin and is not marked because
it would lead to confusion. The yielding force decreases with
increasing temperature and/or decreasing probe frequency.
Also, the stiffness, both before and after the yielding point,
decreases with increasing temperature and/or decreasing probe
frequency.

cement (um)
- :

in the measuring frequency window, two HN functions are
fitted simultaneously to the data. The conductivity contribu-
tion to the dielectric loss was described by o/v*, where o is
related to the dc conductivity of the sample and s (0 <s < 1)
is a fitting parameter.!” For comparison, for low frequencies
(v < 1072 Hz) relaxation data for PnBMA were added which
were taken from ref 19.

The dielectric spectra show two relaxation processes indi-
cated by peaks in the dielectric loss. The process at higher
frequencies (lower temperatures) is the f-relaxation which
corresponds to localized fluctuations of the carbonyl group,
whereas the relaxation region at lower frequencies is the
a-process related to the glass transition. The shift factor ar is
calculated by ar = vi(Tret)/vm(T) with Tyer = 40 °C.

Results and Discussion

Figure 1 shows six approach force—displacement
curves acquired at different temperatures and frequen-
cies (from left to right: 30 °C at 30 and 0.03 Hz, 36.5
°C at 0.03 Hz, 43.5 °C at 0.1 Hz, 46 °C at 0.1 Hz, and
51 °C at 0.03 Hz).

The dependence of the force on the distance during
the approach (loading) phase will be analyzed in the
following in detail, but some features can be pointed out
immediately.

All acquired curves present a yielding point,1* i.e., a
critical force Fyielq = kcdyield, at which the polymer starts
undergoing a plastic deformation and the stiffness of
the sample suddenly decreases. Such a force is observed
as a kink in the approach contact line. For F < Fyiaq
the sample undergoes only elastic deformations, and
only in this region elastic continuum contact theories
can be applied.

Along the contact line the sample deformation D is
given by

D=Z-09, (1)
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Figure 2. Retraction force—displacement curves (different
markers) corresponding to the approach force—displacement
curves in Figure 1 (continuous lines). The dissipated energy
(area between approach and retraction curves above the zero
axis), the permanent plastic deformation (intersection between
the retraction curve and the zero axis), and the adhesion (area
between the zero axis and the retraction curve) increase with
increasing temperature and/or decreasing probe frequency.

where Z is the piezo displacement and o. is the
cantilever deflection. If D is small, we can write®

ké_ kaS
ekt k

Cc S

Z=hZ (2)

where ks is the sample elastic constant.

This simple approximation is valid only for small
sample deformations, and this is not the case for most
of the curves in this experiment, as can be seen in
Figure 1. (The curves at high temperatures in Figure 1
show no linear dependence of F on Z.) An exact relation,
based on elastic continuum theories, will be given in the
following. Nevertheless, this simple relation shows that
the slope of the approach force—displacement curve is
an indicator for the stiffness of the sample. If the sample
is much stiffer than the cantilever, i.e., ks > k., Refr =
k., whereas kefr = ks when ks < k; i.e., the sample is
much more compliant than the cantilever.

Observing the curves in Figure 1, two effects of
temperature and frequency are immediately evident:
the yielding force decreases with increasing temperature
and/or probe time, and the stiffness of the sample, both
before and after the yielding point, decreases with
increasing temperature and/or probe time.

It is important to point out that the yielding force and
the stiffness do not depend on the maximum force: all
the curves at a certain temperature and frequency
overlap with each other, independently of the maximum
force.

Before we apply one elastic continuum contact theory,
namely the Hertz theory,” to the approach force—
displacement curves, we want to consider qualitatively
the retraction force—displacement curves. Figure 2
shows the six retraction force—displacement curves
corresponding to the approach curves shown in Figure
1.

Also for these curves, some features can be pointed
out immediately. First of all, we can observe that the
retraction contact line (unloading curve) does not over-
lap with the approach contact line. This happens
because the sample has undergone a plastic deformation
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during the loading phase, as confirmed by the presence
of a yielding point. During the unloading phase, the
sample cannot regain its shape and the force exerted
by the cantilever at every indentation depth is smaller
than during the approach.2°-22 We can define three
important quantities:>1014 (1) The permanent plastic
deformation 0, is the intercept between the withdrawal
contact line and the axis F' = 0. The elastic recovery o,
is the quantity omax — 0p. For a totally elastic sample it
would be d, = 0 and de = Omayx; for a totally plastic
sample it would be 0, = dmax and e = 0. (2) The elastic
energy & is the area between the approach contact line
and the axis F = 0. The dissipated energy ¢ is the area
between the two contact lines above the axis F = 0. &
=0 and ¥ = & for a totally elastic and a totally plastic
sample, respectively. (3) The work of adhesion W is the
area between the axis F = 0 and the retraction force—
displacement curve.

The curves in Figure 2 show that permanent plastic
deformation, the dissipated energy, and the work of
adhesion increase with temperature and/or probe time.
This means that, by increasing the temperature and/or
the probe time, the sample undergoes larger plastic
deformations occurring at smaller forces, and conse-
quently the dissipated energy and the work of adhesion,
proportional to the tip—sample contact area, increase.

It is important to remember that, unlike the yielding
force and the stiffness, 6,, ¥ and W depend also on the
maximum force Fiax = kcOmax €xerted during the loading
phase.

In the following, we will determine quantitatively the
effect of temperature and frequency on the yielding force
and on the stiffness. To this aim, we need to model both
elastic and plastic deformations and to get from force—
displacement curves quantities related to physical
parameters describing the polymer sample.

To begin, we use the Hertz theory to model the elastic
part of the loading curve. In the Hertz theory’ the
applied load and the deformation of the sample are
related by the equation

—4 __EJRD" -
31 -2 1 k,
4 EJR

where R is the radius of the AFM tip, vp is the Poisson’s
ratio, and E is the Young’s modulus of the sample,
defined by

F=*Fo,=E ~RD" =

D3/2 —

o, (3)

2 2
1—vp" 11—

E E,

1 _3

-4
3(1 — vpd)

Etot B 4

E (4)

tot

where v; and E; are the Poisson’s ratio and the Young’s
modulus of the tip. It is assumed that E; is much larger
than E.

In eq 3 has been assumed that the indenting tip has
a spherical shape. Correction factors can be used to take
into account the nonspherical shape, e.g., a paraboloidal
shape, of the tip.3

All other elastic continuum contact theories predict
the proportionality between D32 and the force exerted
by the cantilever, provided the forces are shifted by a
factor depending on the adhesive force between tip and
sample.® The differences in the resulting Young’s modu-
lus become very small when the adhesive force is



Macromolecules, Vol. 38, No. 5, 2005

Cantilever Deflection (nm)

aaaaa

_ Cantilever deflection (nm)
1 T T T T T

0 100 200 300 400 500
Figure 3. Fit of an average D*2 function at 30 °C and 30 Hz
vs the cantilever deflection (open circles) with an hyperbola
(eq 3) (thick continuous line). The figure shows also the linear
regime limits for d. < dyiela and O, > dyieq and the intersection
Oyield. In the inset, the average functions D%? at various
temperatures and frequencies; from right to left: 30 °C at 30
Hz, 33 °C at 30 Hz, 36.5 °C at 30 Hz, 43.5 °C at 10 Hz, 43.5 °C
at 1 Hz, 46 ° C at 1 Hz, and 51 °C at 1 and 0.03 Hz. With
increasing temperature and/or probe time the slopes of both
linear regimes increase (i.e., the stiffness decreases) and dyicla
decreases.

smaller than the applied load, and in this case, when
modeling the loading curve, the effect of adhesion can
be neglected.2* Observing the curves in Figure 2, one
could object that for high temperatures the adhesive
force is comparable with the load, but this is due to the
plastic deformation of the sample and to the increase
of the contact area; i.e., this happens when the Hertz
model cannot be applied. When Hertz model can be
applied, i.e., in case of elastic deformations, the adhesive
force is always smaller than the applied loads. The
validity of this approach is confirmed by the agreement
between AFM and DMA results, showing that the error
introduced by neglecting the adhesive force is smaller
than other ones, e.g., the error due to the heterogeneity
of the sample or to the approximations in the values of
the tip radius (see below).

Figure 3 shows the average D?2 calculated from a set
of 100 curves at 30 °C and 30 Hz vs the cantilever
deflection d.. The inset shows seven average functions
D32 vs the cantilever deflection at different tempera-
tures and frequencies (from right to left: 30 °C at 30
Hz, 33 °C at 30 Hz, 36.5 °C at 30 Hz, 43.5 °C at 10 Hz,
43.5°C at 1 Hz,46 ° C at 1 Hz, and 51 °C at 1 and 0.03
Hz).

Instead of being proportional to d., D2 presents two
linear regions. The first region is the elastic regime of
the deformation. The slope of the second region is
always larger than that of the first one. As shown in eq
3, the proportionality factor between D¥2 and 4., i.e.,
the slope of the first (elastic) linear region, is inversely
proportional to the Young’s modulus of the sample.
Hence, the increase in the slope corresponds to a
decrease in the stiffness of the sample, as it should
happen at 0. = Jyietd. The two linear regions are
connected by a third region where the slope gradually
increases. The nonlinear region corresponds to the
yielding point. If the polymer in the contact region were
completely uniform, i.e., if chains of the same length
had exactly the same bonds and entanglements with
other chains, and also the stress in the contact area were
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uniform, the yielding point would be exactly a point and
D32 would be just the composition of two lines y; = m10.
and ys = med. + q, with mg > m;, intersecting at 6, =
Oyield-

But the polymer and most of all the stress are not
uniform,? so that there is a rather dispersed distribution
of yielding points.

All these considerations lead to the idea of fitting D32
functions where a yielding point, i.e., a plastic deforma-
tion, is present with an hyperbola function in the form

y=DY%8) = (BS, — © + /o202 — 2€(B — )3, + €
(5)

witho > 0,6>0,y>0,e>0,andff—a <y <f+a.
This last condition comes from the requirement that D32
has real values for o, > 0, i.e., 020.2 — 2¢(8 — y)O. + €2
> (0 for 6. > 0.

In the two regions where D??2 and 0. are proportional,
i.e., for 0. < dyiela and O > dyield, We can approximate
the hyperbola with two lines, i.e., its tangent at 6, = 0
and its asymptote for . — o, respectively:

¢ < Oyieq =y =y'(000, = D¥* = y4,
¢ > Oyiq =y = (lim ¥, +
. . "N — 32 _ €y __Y
%10900 =0y =D =+ a)[éc a(l o+ ﬁ)]
(6)

and Jyield can be defined as the intersection of the two
lines, given by

O et = €/t (7)

It is important to point out the physical meaning of
such a fit. This model is an interpretation of a yielding
region, and hence of a plastic deformation, as a gradual
transition from a first elastic deformation D32 = v, to
a second deformation with lower stiffness in the form
D32 — ydyie1a = (o + B)(Oc — dyiela). The plastic deforma-
tion, showing the same dependence on the load as an
elastic deformation with proportionality coefficient o +
B, is added to the elastic deformation obtained at Fyicq
(y0yield) and is caused by the force £(0c — yiela). Hence,
by changing the origin of the D32 vs ¢, plot, a plastically
deformed polymer can be treated, from the mathemati-
cal point of view, as an elastically deformed polymer
with smaller stiffness.

All average D32 vs o, plots acquired at different
temperatures and frequencies have been fitted with this
model. As a result, we obtained the coefficients a + f,
¥, and Oyiela as functions of the temperature 7' and of
the frequency v; i.e., for each of the seven temperatures,
we obtain a curve (isotherm) of the coefficients, e.g., a
+ f, vs the frequency. Figure 4 shows the seven
isotherms obtained for the quantity [3(1 — vp?)/4][1/(a
+ B = 0.67/(a + ) as a function of log(v). The factor
0.67 has been calculated by assuming for the Poisson’s
ratio of the polymer a usual value of 0.33.

Most of the isotherms have more than one point at a
certain temperature and frequency. These are the
results of the fit of curves acquired at the same tem-
perature and frequency, but on different locations on
the sample, and prove that the sample is rather
homogeneous and that the measured elastic—plastic
quantities do not depend on the topography.
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Figure 4. Isotherms of the quantity 0.67/(a. + 3), proportional
to the stiffness after the yielding point, as a function of log(v)
(the versus of the X-axis is inverted). From top to bottom: 30,
33, 36.5, 40.5, 43.5, 46, and 51 °C. Lines are only a guide for
the eye. The points on the thick continuous line are the same
isotherms shifted of the quantities log(at) until they overlap
and so yielding the master curve. The thick continuous line is
only a guide for the eye.

The measured isotherms can be used to obtain a
master curve for the given quantity. The procedure is
based on the time—temperature superposition prin-
ciple: the effect of a shift of temperature is equivalent
to a certain shift of the probe time for most of the
physical properties of a polymer. Practically, chosen a
certain reference temperature Th.r or reference isotherm
(in our case 40.5 °C), every isotherm is shifted of a
quantity log(ar) until it overlaps with the reference
isotherm. A shift to the left corresponds in our case to
an increase of the frequency (a decrease of the probe
time) and hence a decrease of the temperature. The
overlapping isotherms yield the master curve, i.e., the
given quantity as a function of frequency or, equiva-
lently, of temperature. Figure 4 shows also the obtained
master curve for the quantity 0.67/(a + f5).

The temperature dependence of the shift values
log(ar) satisfies the Williams—Landel—Ferry equa-
tion:2>

log g = T = Toed. ®)
BAT T e (T — T,y

where C; and C; are two constants.

The data obtained by means of AFM measurements
are in very good agreement with the data obtained by
means of dynamic mechanical analysis and broadband
spectroscopy, also shown in Figure 5.

The parameters calculated from the DMA data are
C1 =173 and Cy = 154 °C. If Tyt = T, then usually C;
= 11 and Ce = 50 °C. The discrepancy in the constant
C; depends on the fact that the reference temperature
has not been chosen near the glass temperature. The
unusual value of the parameter Cs is a peculiarity of
poly(n-alkyl methacrylate)s. The glass transition tem-
perature of this class of polymers decreases strongly
with increasing length of the side group. Moreover, also
a strong broadening of the thermal glass transition
range with increasing length of the side group is
observed.?6 From the dielectric point of view the class
of poly(n-alkyl methacrylate)s behave quite unusually
compared to other amorphous polymers. This is due to
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Figure 5. Shift values log(ar) vs AT = T — Tyer. The AFM

data (full circles) are shown together with DMA (continuous
line) and broadband spectroscopy (squares) data.

the dielectric strength of the S-process, which is found
to be higher than that of the a-relaxation. The reason
for this behavior is unclear up to now. Since the main
dipole moment is located in the side group, just small
fluctuations of it can contribute significantly to the
dielectric loss. But there is some evidence from NMR-
measurements that this might be due to coupled motion
of the main and of the side chain.2® It might be that the
unusual values of the Williams—Landel—Ferry param-
eters are related to the peculiarities of the relaxation
behavior of the poly(n-alkyl methacrylate)s.28

All the parameters measured with AFM force—
displacement curves, in particular y and dyielq, obey the
Williams—Landel—Ferry equation with the same coef-
ficients C; and Cs.

From the parameter y it is possible to calculate the
Young’s modulus of the sample following the Hertz
theory. As already shown, for d. < dyielq it is

2
D¥2 =y =>E;M ko 1
4 VRV

9

c
For d. > Oyiela, we can write

Dm=m+mh—@—a%ﬂ%4=

D¥* - VOyie1a = (@ + )0, = Oyiea) = (@ + /5)5(; -
31—vD) k, 1

4 JR@+p

As already pointed out, E is the proportionality factor
between the additional deformation D32 — ydyieq and
the “reduced” force F' = k(0 — dyield) = kO during the
plastic deformation, i.e., after the yielding point. This
parameter can be seen as an analogue of the usual
Young’s modulus for the elastic deformation, but only
from the mathematical point of view.

Figure 6 shows the Young’s modulus E and the
parameter E calculated from AFM data together with
the Young’s modulus calculated from DMA data. The
moduli are shown in a logarithmic scale vs the loga-
rithm of the frequency and vs the temperature (the two
quantities are equivalent thanks to the Williams—
Landel—Ferry equation).

For the calculation it is necessary to know the value
of the elastic constant of the cantilever k. and of the tip

B=

(10)
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Figure 6. Young’s modulus E (full circles) and its analogue
after the yielding point E (open circles) calculated from AFM
data together with the Young’s modulus calculated from DMA
data (continuous line). The moduli are shown in a logarithmic
scale vs the logarithm of the frequency and vs the temperature,
calculated through the William—Landels—Ferry equation.

radius R. The elastic constant has been measured from
the noise spectrum of the cantilever® and is k. = 45 N/m.
The tip radius has not been measured. Rather, it has
been chosen so that the AFM data match the DMA data.
Figure 5 shows the moduli obtained with R = 20 nm.
For R = 20 + 5 nm there is a rather good agreement.
The value given by the manufacturers is R = 10 nm.

Even if the Hertz model with a spherical tip is for
our tip—sample system a rather rough approximation,
the two measurements are in a rather good agreement.
Some errors due to the approximation are eventually
compensated by the choice of R. To our knowledge, this
is the first measurement of the dependence of the
Young’s modulus of a polymer on temperature per-
formed with an AFM. The comparison with the results
obtained through a customary method like DMA is
particularly important and allows the conclusion that
not only T, but also the curve E(v) or E(T), i.e., the
Young’s modulus as a function of temperature and/or
frequency, can be determined by means of AFM force—
displacement curves.

For the glass temperature T, defined as the maxi-
mum of E"/E', where E' (E") is the storage (loss)
modulus, the DMA measurements give the value of 22
°C, in agreement with the value given by the suppliers.
It is important to point out that the stiffness of the
sample does not depend linearly on the temperature and
that the change of the stiffness is not abrupt and does
not define a single point, i.e., a single temperature or
frequency, rather a transition region where the stiffness
gradually changes from the value of the glassy state to
that of the rubbery state. Hence, the characterization
of the whole curve E(v) or E(T) gives much more
information than the determination of the glass tem-
perature as a point at which the elastic—plastic proper-
ties of the polymer abruptly change* and provides a
much more realistic picture of the dependence of the
elastic—plastic properties on temperature, without sim-
plifying and reducing it to a discrete transition.
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Figure 7. Master curve of dyieq vs the frequency and vs the
temperature.

As already pointed out, all the parameters determined
through the fit of D32 obey the Williams—Landel—Ferry
equation with the same coefficients C; and Cs. It is
interesting to characterize the dependence of the yield-
ing point OJyiea. The master curve of Oyiela vs the
frequency and vs the temperature is shown in Figure
7.

For very low temperatures and very high frequencies
Oyield > 200 nm, and hence Fyieiqa > 9 uN. The yielding
indentation Oylq decreases linearly with increasing
temperature, and for high temperatures and/or low
frequencies dyicla < 40 nm, i.e., Fyjea < 1.8 ulN.

It is important to understand whether the distribution
of the yielding points can be so large that it influences
the stiffness also for 0. = 0. It is a straightforward task
to verify that {9(D32)}/36. is a sigmoid with plateau
values f — a and  + a. Hence, if (8 + oo — )20t = 1 or
(B — p)la = 1, the value of the stiffness at 0. = 0 can be
considered independent from the stiffness after the
yielding point. On the other hand, if (8 — y)/o. = 0, some
polymer chains yield also for very low forces; i.e., their
stiffness goes over to the lower value already at small
loads, and the stiffness is always influenced by yielding
and plastic deformations. The factor o/(f — y) can be
considered as the width of the first derivative {3(D%2)}/
30.. Our experimental data show that (f — y)/a is nearly
1 only at low temperatures and/or high frequencies
(until about 1 Hz at 40.5 °C) and then starts decreasing
down to 0.4 at 51 °C and 0.03 Hz.

These considerations lead to three important conclu-
sions: (1) Increasing the temperature and/or the probe
time, more and more polymer chains yield also for very
low forces and the difference between the usual Young’s
modulus E and the parameter E corresponding to the
additional plastic deformation becomes smaller and
smaller, as can be observed also in Figure 6. (2) If only
small indentations are performed, it is impossible to
determine the stiffness after the yielding point and its
influence on the stiffness before the yielding point;
hence, the determination of the stiffness before the
yielding point and of the Young’s modulus is affected
by large errors. (3) At high temperatures and/or probe
times dyiclq decreases and the width of the first deriva-
tive increases. As a consequence, the value of the
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stiffness is influenced by the yielding also at very low
forces because a large portion of the polymer chains
yields also for very low loads. Hence, the stiffness before
yielding and the Young’s modulus can be calculated only
if the value of the stiffness after the yielding point is
known, and performing large indentations is particu-
larly necessary.

Some considerations can be done also for the elastic
energy, i.e., the energy stored in the sample during the
loading phase. Remembering that the elastic energy &
is the area between the approach curve and the X-axis,
that D = Z — d, and that for Omax < dyieta D = y%30.%3,
we can write

b= 0L = L [} 0, =

émax
)/2/3 6max5/3 + 6maX2 _ J(‘] ()/2/3 6c2/3 +o)=

!
k 26max

2
2 _ 57/2/36max5/3 (11)
c
The expression for Omax > dyield, where D = (a + $)¥3[d,
— (1 — yllo + B))oyierdl¥3, is

71
]; - Eéma\x2 =
]2/3
X

2ot PO — (1 a_—yr_ﬁ)éyield

R

3 a(4 ¥ 5/3
01— o

Note that, since the piezo displacement Z and the
sample deformation D are related by eq 1, the only
difference between the area under a force vs piezo
displacement curve (ZyaxOmax — fZ do.) and the area
under a force vs sample deformation curve (DyaxOmax —
JD do,) is the factor Omax 2 — [0 dde = Y20max>. Hence,
the quantity & — YekOmax® is the elastic energy taken
from force vs sample deformation curves.

Figure 8 shows the measured values of &/ke — /20 max>
at 30 °C and 30 Hz as a function of Omax and the
functions in eqs 11 and 12 calculated with the param-
eters o + B and y obtained from the fit of D32, The
calculated values of the energy are in very good agree-
ment with the experimental data for Omax << dyield OF Omax
> dyield.- The elastic energy cannot be integrated only in
the transition or yielding region. As a matter of fact,
the elastic energy could be used to determine the fit
parameters oo + 8 and y, and the stiffness could be
calculated from the plot of E vs Opax, but the fit is not
so precise like in the case of D¥2,

The inset of Figure 8 shows plots of the elastic energy
VS Omax at different temperatures and frequencies (30
Hz at 33 °C, 0.1 Hz at 33 °C, and 0.03 Hz at 36.5, 40.5,
43.5, 46, and 51 °C). The elastic energy at a given Omax
is proportional to the parameters y%3 or (a. + $)¥3, and
it increases with temperature and/or decreasing fre-
quency.

Conclusions

The most important result of the present work is the
quantitative characterization of the dependence of the
Young’s modulus of PnBMA on temperature or, equiva-
lently, on frequency by means of AFM force—displace-
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Figure 8. Experimental values of &k, — Y20max® at 30 °C and
30 Hz vs Omax (markers) and the functions in eqs 11 and 12
calculated with the parameters o + 8 and y obtained from the
fit of D32 (thick continuous lines). In the inset, the quantities
Slke — YoOmax? VS Omayx at various temperatures and frequencies;
from bottom to top: 30 Hz at 33 °C, 0.1 Hz at 33 °C, and 0.03
Hz at 36.5, 40.5, 43.5, 46, and 51 °C. With increasing
temperature and/or probe time the elastic energy increases.

ment curves. The characterization of the function E(T)
gives much more information than the determination
of the glass temperature.

It has been shown that AFM force—displacement
curves can be a powerful tool also for the determination
of local values of other viscoelastic quantities, such as
the yielding force as a function of the temperature and/
or of the frequency.

All measured quantities have been compared with the
results of customary, well-established techniques, e.g.,
broadband spectroscopy and dynamic mechanical analy-
sis in the case of the Williams—Landel—Ferry coef-
ficients and dynamic mechanical analysis in the case
of the Young’s modulus. In both cases there is a very
good agreement.

For the analysis of the deformations of the polymer
samples the proportionality between D32 and §., pre-
dicted by all elastic continuum contact theories and
giving information on the stiffness and on the Young’s
modulus of the sample, has been extended successfully
to plastic deformations. In this way, the yielding of the
polymer is considered as a gradual transition to defor-
mations with lower stiffness, resulting from the distri-
bution of different yielding forces for different sample
portions inside the tip—sample contact area. Such a
model can be used to fit both elastic and plastic
deformations of the sample and other related quantities,
e.g., the elastic energy. All the parameters and quanti-
ties determined with help of this model, i.e., the Young’s
modulus before the yielding, the analogue of the Young’s
modulus after the yielding, corresponding to plastic
deformations, and the yielding force, obey to the Wil-
liams—Landel—Ferry equation with the same coef-
ficients.

Some important technical details about the technique
have been also found. In particular, it has been shown
that at very high temperatures and/or very low frequen-
cies the yielding force reaches very small values and
the transition region becomes very large, so that plastic
deformations occur also for very small loads and also
the stiffness at very small loads is influenced by the
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stiffness after the yielding point, i.e., the stiffness
corresponding to plastic deformations. In other words,
at very high temperatures and/or very low frequencies
it is not possible to avoid plastic deformations of the
sample, and it is advantageous to perform large inden-
tations with large plastic deformations, so that their
influence on the stiffness at small loads can be deter-
mined.
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