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Glass transitions of thin polymeric films: Speed and load dependence
in lateral force microscopy
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The glass transition of thin polymeric films can be profitably studied using lateral force microscopy
(LFM) if the system is calibrated regarding operational parameters, in particular the applied load
and the scanning velocity. We have established that these two parameters significantly influence the
occurrence of an apparent glass transition. In particular, we have found that the local pressure,
applied by the LFM tip, is insufficient to generate a hydrostatic pressure effect causing an increase
in the apparent transition temperature. In fact, at a constant scan velocity and for increased load, the
apparent transition temperature decreases towards the actual bulk value. Further discussions in this
article are based on viscoelastic theories. Critical time scales that are characteristic for sliding are
compared to polymer relaxation times, and provide an estimate of the viscosity temperature
dependence. ©000 American Institute of Physid$0021-960600)50428-0

I. INTRODUCTION ning SFM mode has been successfully employed to study
interfacial effects oy values of ultrathin polystyrene films.

. 12 G provided very reproducible, load independény values.

the glass tfﬁ_‘”s'“o” of polyme N I was shown that t_he Strikingly, T4 values for films that exceeded a critical film
glass_transmon temperaturd,, linearly increases by in- thickness of about 100 nm were found to correspond well to
creasing the external pressute3 K/MPa for polystyreng® ulk data obtained by complementary techniques, such as
This was interpreted as the effect of hampering the thermatdfifferential scanning calorimetr¢DSC). The shear mZJduIa—
expansion and, therefore, th.e. formation of the free.—volumqion method suggests that the large deviations in the apparent
necessary for the glass transition to take place. The mceptlopg from bulk values obtained by LFM measurements cannot

of the scanning force microscope, as a contact mechamcgle explained by a hydrostatic pressure force, but instead is
tool to measurd’, at the polymer surfaéé created a pow- caused by other operational parameters

erful tool for very I_ocalized investigf_;\tion_s d.Tg' Howgver, In this article, we will address this issue, focus our at-
th_e pressuresglaphedtbyt the sqanmtngz t'P 'TI scartlrr]ung gorc?ention on the local compressibility of polymers, and discuss
Mmicroscopy ) contact experiment, typicaly on the order y, apparent glass transition observed via lateral force mea-
of 10° to 1C° Pa, is an alleged source for significant Shlftssurements. We will consider relatively thick films>100

fromAtheactu?r! Ty value. ible SEM hit nm) to avoid effects due to interaction with the substrate.
mong others, one possibie approach to measur ence, our conclusions are restricted to unconfined amor-

surface transition values is the lateral force mode, also calle : - - -

X . " hous films with molecular weight higher than 20 k.
lateral force microscopyLFM). Typically, LFM relies on 8 g g
the measurement of the lateral force acting between tip and
surface as they move one relative to the ofnor a closed- !l EXPERIMENT

loop scan(i.e., forward and revergefrictional dissipation Our SFM is a commercial instrumeriExplorer, Ther-
causes a hysteresis in the lateral force. The appagewalue o microscopes, Inpwhere the cantilever is moved by lin-

is defined as the temperature at which the frictional Vaide o700k y, andz scanners. The sample holder was modified
or the friction coefficient changes abrupfiyateral forces 5 house a cooling-heating stage manufactured by MMR
were also used to plastically deform the polymeric materialrecpnologies Inc. The temperature can be varied in the range
in a very distinct manner, |.1%., by forminmndlesat elevated  patveen 220 to 450 K with a precise control06.5 K5 The
temperatures far abové,.™ Angles between the bundles |6 system is enclosed in a glove box that is flooded with
and the scan direction were determined as a function of thary nitrogen. A relative humidity value of less than 5% can
scan frequency, and an appar&gtvalue determined by the o 1o tinely achieved. This is necessary to prevent the for-
Williams—Landel-Ferry theor}/! In all the reported LFM  \51i0n of water liquid—vapor capillary necks between tip
studies, the appareiiiyy was found to significantly exceed the 4.4 sample.

bulk values, sometimes up to tens of degrets, Measurements of friction force as a function of tempera-

Very recently, another SFM mode was introducedTgr  ¢,re were conducted on thin films of polystyrefi,,= 270
measurements, the shear modulation nbdis nonscan- K, M,,/M,=1.07, Polymer Source, Inc.Films of 100 nm

An external pressure, homogeneously applied, can affe

were obtained by spin-coating polystyrene, diluted in tolu-
dAuthor to whom correspondence should be addressed. ene, onto H-terminated silicon wafers. Bar-shaped cantile-
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FIG. 1. Friction force versus temperature for three loads. The scan distangg -~ - :

. : 1G. 2. Friction coefficient versus temperature for two applied I¢88sand

e e oo SPPTEN 250 1. A dscussed i i, T coresponds 7, at g mximum
e i - i o load (plastic regimg T is higher thariT, at a lower applied load.

sponds taT (373 K) if the plastic regime(bundle formationis well initi- d(plastic regimg: Tc is highe g at alower applied load

ated. In the intermediate regim&g (378 K) is higher tharil .

mains constant over a wide range of temperatures even
vers were employed, with a normal spring constant rangingboveT. It is important to point out that no load depen-
from 0.1 to 0.5 N/m. Conventionally, the friction force was dence was observed in the shear modulation mode.
obtained by the differenc@ivided by 2 of the average lat- Figure 2 presents the same data as in Fig. 1 in the form
eral force that acts on the tip when scanning a forward-of temperature-dependent friction coefficients. Data is pre-
backward loopgx direction. The tip was shiftedy direction sented for two applied loads of 80 and 250 nN. At high load,
at the end of each loop to avoid work hardening and wearT, coincides withT while, at low load,T is larger tharT,
The temperature was increased in increments of 2 to 3 K. Ay a few degrees.
waiting time of approximately 10 min was considered suffi- Not only the load but also the velocity affects . The
cient to stabilize the sample temperature. interplay of scan speed and applied loadTgnand the pos-

The T4 of bulk polystyrene was determined by differen- sible initiation of plastic deformation is shown in Fig. 3. For

tial scanning calorimetryDSC) to be 373 K. Using the shear three temperature€78 K, 372 K, and 360 K it is illus-
modulation mode, th& of the spin-coated films was found trated how the friction force is affected by the scan speed. A

to be in good agreement with the bulk val(83+1 K). scan length of fum was maintained, and only the scan speed
1. RESULTS

Figure 1 shows the friction force as a function of tem- 110 ' - ; ' ' - ' '
perature for three loads. The scan distance jasband the - A e 360K
scan speed is pm/s. It is important to mention that it was 100 -ﬁ& : —o—1379K .
not possible to perforniy measurements at a negative load _ I —A— 378K
(i.e., with the cantilever bent towards the sampées the tip Z 9ol
would snap off. Hence, we decided to report the applied load &
and not the total load, which is also comprised of the adhe- &
sive load. 2 i

At low load (12 nN), no trace of plastic deformation was %
noticed in the investigated area. At high lo@50 nN), plas- = 70 ¥
. . . RS A
tic deformation was observed in form of bundles, which 2 A A y
were more pronounced abovg . At an intermediate load 60 LEB-8-8—8 8 8.
(80 nN), no noticeable deformation was observed bely &
but became distinguishable above a critical temperature. We 50 L ) i ;
will name this apparent transition temperatureTasto dif- 0 5 10 15 20

ferentiate it from the actual glass transition temperature. SCANNING SPEED [unv/s]

From Fig. 1, it is evident that & can be observed when

working at high and intermediate loads. THig is in good FIG. 3. Friction force versus speed at three temperatures, above and below
T4 The scan distance is&m and the applied load is 15 nN. Depending on

aQreeme”t W'tth (.373 K) a,t hlgh loads(250 nM but is the scan speed, the friction force dramatically changes abpvé&or speeds
h'Qher tharT 4 at an intermediate loa@0 nN)_- S_trlklngly, N0 pelow 3 umis, an increase in the friction force occurs in parallel to bundle
Tc is observed at low load€l2 nN). The friction force re-  formation in the polymer matrix.
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FIG. 4. Friction force versus temperature for three scan speeds. The sc
distance was m and the load was 15 nN. At high spe@® um/s), noT¢

is observed. AT corresponding tdly can be observed at low spe€tl
um/s) when bundles start to appear. At intermediate scan sp&edsn/s),

Tc is higher thanT .

?ﬂG. 5. Pull-off force versus temperature. Force—displacement curves were
acquired at each temperature at two maximum Iqga@sand 190 n)Nmain-
taining a constant retracting spe@5 um/s). Above T4 the pull-off force
increases with increasing maximum load. At a maximum load of 12 nN, no
Tc is observed. At a maximum load of 190 nlg is equal toTg.

was varied from 0.1 to 2um/s. The applied load was kept
constant at 15 nN. It can be noticed that at 378 K and speeds _, 3LR(1—v?)
below 3 um/s, the friction force increased. This effect did a= AE '
not occur belowT. This sudden increase in friction is well
explained by the observed bundle formation.

In Fig. 4 the friction force is plotted as a function of

@

whereR is the tip radiuskg is the sample Young’s modulus,
v is the Poisson’s ratio, arldis the applied load. Below,

: _ _ 12 _ _
temperature for three scan speeds. The scan distance Waé’vgh L_.15 .nN’ E=3 GPa”andR=10 to 5.0 nm, the con .
tact radius is equal to 3 to 5 nm. Assuming that the strain

th lied | 15 nN. At high . .
wm and the applied load 15 n 'gh Spe¢u20 um/s), induced cannot be laterally released, a hydrostatic pressure

no trace of deformation nor any apparent transition was no- ;
ticeable. At intermediate speedB>T, was observed. A of 0.2 to 0.5 GPa results. A temperature—pressure gradient of

T value corresponding &, was obtained below a critical 0.3 K/MPa(see Introductionwould therefore lead to a tem-

speedvce, when bundles started to appes¢. increases with perature shift 4T) of 60 to 150 K which is highly unrealis-
increasicn’g load tic. On the contrary, we found thét: decreases with in-

Measurements of the pull-off force as a function of ther€asing gpphed_ loatFig. 1)'. .
temperature were also carried out. In particular, the maxi- This finding is not surprising as the pressure exerted by

mum applied load and the speed were varied. Befqwthe the tip is localized and Iimiteq in time. Fir;t, the tip is typi-
pull-off force did not depend on these two parameters whilsally scanned over several micrometers with a scan rate of a

it did aboveTy . In Fig. 5, for constant retracting speed of 0.5 I(haw Hz. tASfummg 'vaI;(()—:'st ofgotcl)%S ?Ln forttrt\e contact. radt|us,
pm/s, it is shown that the pull-off force increased with in- T con e;;: ?rze} IS . (I) it m I'usc;I ef;lp'prrg[XImaTt
creasing maximum load. At a load of 190 nN, pull-off force volume aftected Is equivarent to a cylinder of height equatto

measurements clearly indicaté'a equal toT,. At a load of 2\6% 5'm%51§*]e contact rat(:]lus V;'.th a ;/olumt_e ;q“‘?" t% 45t0 0
12 nN, noT. can be observed. Note that a decrease in ve—5 n .d tr;our clase, era !uz Ob gyratio g’l's al O\:
locity corresponds to an increase in contact time. In our ex* 4nm an € volume occupied by one moleculevs

4 _p3_ 13 Thi -
periments the contact time wal s athigh maximum load 37|TR9, ‘3?0 . Th's Ieavessaboutd otrr:e to ftou; mgll .
and 0.1 s at low maximum load. Changing the approacf?cu €s In the compression zone. Second, the contact radius 15

speed in the range 0.01 to On/s confirmed our predic- small compared to the scan length. The time of permanence

tions. At an intermediate load of 80 nNl¢ was only equal to over a specific area i.S as short as a few milliseconds per
T, below a critical approach speed of 0.Q8s. cycle. For the remaining scan cycle, the molecules are un-

constrained and can relax. Additionally, one has to consider
that there is always some creep and thermal drift so it is quite
likely the tip never passes over the same molecules. Hence,
the pressure exerted by the tip cannot be considered hydro-
First, we will discuss the hypothesis of a shift Ty  static. Finally, it must be considered that the friction force is

induced by the tip-exerted pressure. We can evaluate thigpically measured once the temperature is stabilfzed?

expected shift AT, by considering a Hertzian contact. The For isothermal scan conditions, the polymer can be consid-
contact radius is given byt ered incompressible, i.e., it undergoes mechanical deforma-

IV. DISCUSSION
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’ FIG. 7. Appropriate rheological models for polymer filifgs below and(b)
> aboveTy. 74 and 7, are the viscosity constants in the glassy and rubbery
Le Load states, respectivelfe; andE, are two elastic constants characteristic of the
material.
A\,
e b)
whereA is the contact arearfa®) andris the shear strength.
In the ploughing regime, the applied pressure is sufficient to
B v induce plastic deformation even beldy, as confirmed by
Tg - the appearance of bundles. At 200 nN, this is always true in
-~ the velocity range of 0.1 to 2@m/s. In this plastic regime,
e 1/Velocity according to von Misses criteria, we can wtite
FIG. 6. Schematic representationTf as a function of the applied load and E= TL =~ TL 3
the scan speeda) Given a certain scan spe€l}; coincides withT, at high Pm 1.8y’

load. By decreasing the applied loafi; progressively increase& is a . .

critical load below whichT ¢ starts to increaséb) Given a certain loadl ¢ wherep, is the mean pressure alYdhe yield stress. Nows
coincides withT, below a critical scan speed . By increasing the scan depends on the surface energy. From bulk measurements, it
speed;T¢ progressively increasegx) Water skiing the scan speed and the \ygg already established that the surface energy of polysty-

applied load are such that the tip glides over the surface below and abov . 15
T4 . No transition is observedp) Rippling the scan speed and the applied fene slightly decreases at a rate of 0.05 3. Therefore,

load are such that the bundle formation starts at a critical temperaie,  IN the temperature range explored, it is almost unvaried: at
very close toT. (y) Ploughing the scan speed and the applied load are 350 K 38 Jm?, at 390 K 36 Jm?2. This is substantiated by
such that the_ bund_le formation starts even belfyv At Ty, the bundle  the fact that the pull-off force slightly decreases aroﬂ'r&d
depth dramatically increases. when the maximum load is low and the speed is high, i.e.,
the contact time is shotFig. 5). In this regime, the pull-off
force is mainly sensitive to surface energy variations. Thus

tions but its density and free volume remain constant. Thigve can assume thatdoes not vary substantially. Therefore
makes it even more unrealistic to expect a pressure effect off¢ can deduce that, in the ploughing regime, the friction
the glass transition. force is mainly sensitive to variations f

As already mentioned, we observed that the apparent The two other regimes can be discussed by considering
transition temperature increases with decreasing load, whictie viscoelastic nature of the polymer films. For a viscoelas-
is in contradiction to the idea of a hydrostatic pressure apliC contact and a step loading variation, £t can be writ-
plied by the tip. Our findings are illustratively discussed inten as*
Fig. 6 for a water skier. At a fixed scan spedd, coincides 3RL
with T, at high load. By decreasing the applied lodd, as(t)= 3 0
progressively increasel is a critical load below whicfT ¢
starts to increase. A similar trend is found when Varying thQNhereLO is the load at time Zercﬁ)(t) is the creep function
scan speed at a constant lodd. coincides withTy below a  derived by assuming an appropriate viscoelastic model. In
critical speedvc . By increasing the speedic progressively  Fig. 7, two models are introduced: the delayed elasticity
increases. To summarize, three regimes can be defingd: model for the glassy state belo®, and the steady creep

“ploughing” at high load or low speed(s3) “rippling” for (Maxwell) model for the rubbery state abo¥g. In the two
loads and speeds arouhd andv, and(y) “water skiing” casesa(t) is respectivelyt

at low load or high speed. In the following paragraphs, we

d(t), (4)

will discuss the parameters responsible for the three regimes. a%(t) = 3RL°(i+i(1_e—t/tc)) 5
For a single asperity contact, the friction force can be 8 \E; E, '
expressed a8
3(t) 3RL0( 1 N 1 ) ®)
a = = - 1
F=7A, 2 8 \E1
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wherenq and 7, are the viscosity constants below and above  The dependence afc on the applied load can be ex-
T4, E1 andE; are two elastic constants characteristic of theplained using Eq(7): at fixed speed, the higher the load, the
material, andtc is equal tony/E,. We will take E;=E, larger the initial contact radiugy and the longetg. There-
=3 GPa and assume th&f does not change at,. In the  fore, v should increase with an increase of the applied load.
range of temperatures we explored, the main difference i#t is also likely that atTy, 7 does not dramatically change
represented by a large change in viscosity, as it emerggsom 7,4 to 7, . Therefore, for a given load;c should also

from macroscopic measurements. depend on the temperature.
The time of tip permanence on the contact dweean be
defined as
a V. CONCLUSIONS
ts~—, (7 iy . :
S v The glass transition of unconfined amorphous polymeric

films was investigated using LFM. The goal of this article

X . w rmine if and how the pr re exer he ti
compared to the longest of our experiments. This has been as to dete e if and how the pressure exerted by the tip

nfirmed by the followina experiment. At a temperatur finfluences the glass transition. We found that it is not the
co ed by the Tollowing experiment. At a temperature o Pressure alone that affects the apparent transition value but

368 K, the tip was maintained in contact with the sample a4lso the rate with which the pressure is applied. One impor-

various loads and times ranging from 5 to 20 min. No hOletant finding is that the shift in the apparent transition tem-
formation was observed. Therefore, we always have

perature from the bulk glass transition temperature is due to
the dynamic nature of the experiment and not due to an
3RL, 1 actual change in the material property, as it would be the
as(tg) =a8= 3 0 B (8 case for a hydrostatic compression.
! At a fixed scan velocity, the apparent glass transition
was found to decrease and to approach the bulk value with
Above Ty, a(ts) is approximately equal t@, if the increasing load. Similarly, at a fixed load, the apparent glass
following condition is satisfiedfrom Eq. (6)]: transition was found to decrease and to approach the bulk
value with decreasing scan velocity. These findings might
explain the high values reported in the literature for SFM/
te<s ﬁ_ ) LFM experiments.
E: Finally, we discussed our LFM results in terms of criti-
cal time scales, which we compared to polymer viscous re-
In the low load regime(Fig. 1), data points were col- laxation time§. Our calculations suggest that the viscosity of
lected withvs equal to 5um/s anda, of roughly 3 to 5 nm the polymer films drops to about 1@as atT, and to about
[Eq. (1)]. Thereuports is equal to 0.6 to 1 ms. The tip glides 10° Pas at 10 K aboveT,. Consequently we suggest that
over the surface like a skier on water as exemplified in Fig. € LFM method is a very useful tool to investigate the local
and Eq.(9) holds at nearly all temperatures. Though almos@”d temperature-dependent viscous properties of polymeric
imperceptible, a small increase occurs at 384 K. This is imfilms.
putable to an increase of contact area;atoes not change
[Eqg. (2)]. Thereforea(ts) must be higher tham,. a(tg)
bepom_es higher thaa, if 7, and E; become comparable. AckNOWLEDGMENTS
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