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We demonstrate how the wear response of a polymer surface can be efficiently
characterized by atomic force microscopy (AFM) using a spiral scan with a thermal
tip. If the spiral is scanned at constant angular speed in the vicinity of the glass
transition of the polymer, the corrugation of the modified surface is found to decay
exponentially with the linear velocity v. This is attested by profiles on poly(methyl
methacrylate), PMMA, and polystyrene, PS, surfaces obtained at AFM tip-surface
temperatures up to 115 °C. We show that quantitative information for modeling

polymer wear on the nanoscale can be obtained from this kind of measurements.
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Introduction

One of the most interesting, but less exploited features of AFM is its capability
of locally modifying the morphology of a surface and tracking its variations before,
after, and during the modification process. For instance, periodic ripple patterns can
be formed on polymers [1, 2], metals [3], ionic crystals [3] and semiconductors [4] if
the probing tip of an AFM repeatedly scans back and forth on these surfaces with a
normal pressure exceeding the yield strength of the material. Polymers can also be
patterned with a single scan line when the temperature of the contact region exceeds
the glass transition temperature of the sample [5].

In most experimental investigations, the scan path of the probing tip is the same as
the one usually adopted for imaging the sample surface, i.e. zigzag or raster scanning
on a square area. However, while the scanning pattern does not play an important
role for imaging, the situation is very different when the surface is worn out by the
tip. In a recent study, we have indeed observed ‘traveling’ ripples when a circular
track is continuously scanned [6]. In that case one can measure the ‘group velocity’
of the ripples and relate it to the wear rate of the material. In the present Letter we
focus on a different shape, i.e. an Archimedean spiral, and take advantage of its geo-
metric properties to study the abrasive response of polymers at temperatures elevated
locally at the tip-sample interface. In this way, a single AFM image acquired after
scratching the polymer surface can provide important information for a quantitative

characterization of the velocity dependence in nano-wear processes with applications



in NEMS, MEMS as well as polymer coatings.

Experimental

The polymers used in this study are PMMA and PS polymers from American
Polymer Standards Corporation, with weight average molar mass M,, ps = 215.7 kg
mol ™ and M, pyma = 120 kg mol ™', and polymer polydispersity 1.1. The PMMA
film was produced by spin coating 2.5 % wt polymer solution in chloroform on soda
lime fine polished glass substrate from Fisher Scientific. The PS film was produced
by spin coating 2.5 % wt polymer solution in toluene on same type of glass substrate
as the PMMA. In both cases spin coating was done at 500 rpm for 10 s and 2000 rpm
for remaining 50 s. HPLC-grade toluene and HPLC-grade chloroform from Sigma-
Aldrich were used. Furthermore, the PMMA sample was annealed 15.5 h at 55 °C
followed by 1 h at 90 °C and the PS sample was annealed 14 h at 85 °C followed by
2.5 h at 120 °C. The usage of 120 °C (above T}) was dictated by the observation that
after 14 h at 85 °C the samples still showed some local pits, so the temperature was
ramped up to make the surface smooth. The resulting PMMA film thickness of 240
+ 60 nm was determined by a scratch test with AFM.

For producing spirals at various tip-sample temperatures we used cantilevers with
integrated heaters [7, 8], which were mounted in a di-CP-II AFM system equipped
with a module to read their temperature [6, 9]. The tip temperature calibration was
based on acquiring indentation profiles on two polymer samples with known softening
temperatures [8-10]. The elastic spring constants of thermal levers are typically
between 0.6-0.7 N/m and are obtained using the thermal noise method on our other
custom-made AFM system [11]. From the SEM images, see Supplementary Materials,
the radius of curvature of the tip apex in the transverse direction (R, = 120 + 10
nm) is significantly smaller than its longitudinal radius (R, = 170 & 10 nm). The
AFM topographs of the polymer films with the spirals were recorded in contact mode
with Proscan software and SiN, MLCT-D cantilevers, all from Bruker USA. The
cantilevers had a nominal elastic spring constant between 0.04 to 0.07 N/m and
nominal curvature radii below 20 nm. Assuming that the radial distance r of the

spiral grows linearly with the time ¢ as r(t) = at, and that the angular velocity w is
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FIG. 1: (a) An Archimedean spiral on PS made with a hot-tip AFM with a normal force
Fy =104+ 3 nN and an angular velocity w = 3.14 s~!. This topography rescan (frame size:
28 pm) was obtained with a regular contact mode AFM using MLCT-D lever from Bruker

at load of 2 £ 1 nN. (b) A cross section along the dashed lines in (a).

constant, it is easy to see that the linear velocity v of the probing tip grows with r as
v = y/a? + (wr)2. This dependence becomes almost linear, and the velocity almost

tangential, when r > «/w, which is the case for all spiral windings in our experiment,

except the very first one.



Results and Discussion

Fig. 1(a) shows a representative AFM topograph of a spiral generated on the PS
sample at 206 °C on the cantilever, which corresponds to 97412 °C on the tip-sample
interface (see Supplementary Information for details on temperature calibration). A
cross section profile is shown in Fig. 1(b). We note that in the first windings the
material pushed aside of the groove partially overlaps, whereas this is not the case after
the eighth revolution of the tip around the spiral center. In any case, the amplitude
of the indentation profile dramatically decreases with the scan speed. Intuitively, this
can be understood as follows. The longer the tip keeps indenting a given spot on the
surface, the more damage is caused, so that the amplitude is expected to decay with
v. To explore this assumption we have plotted the corrugation as a function of the
scan velocity (Fig. 2).

In a previous AFM analysis on abrasive nanowear of alkali halides [12] we found
that the wear rate decreases exponentially with the ‘time of residence’ spent by the tip
at a given location on the surface. A similar assumption was proposed by Mulhearn
and Samuels to interpret the abrasion of steel sliding against silicon carbide paper
[13]. Since in the present case the time of residence is inversely proportional to the

scan velocity, we have thus fitted the data points in Fig. 2 with the following function:

h(v) = hg [1 — exp <—%>] : (1)
As shown by the continuous curve in Fig. 2, an excellent agreement is found when
ho = 209 + 10 nm and vy = 6.0 £ 0.4 pm/s. In equation (1) the parameter hy
corresponds to the indentation depth of the sample at a given load, when the tip is
not driven along the surface, whereas the parameter vy quantifies how fast the wear
damage decays with the linear speed.

This analysis is extended to other spirals obtained in the PMMA and PS samples
at different conditions. In particular, we have explored the range of temperatures
around the glass transition, which occurs at 95 £ 5 °C and 105 £ 5 °C for the PS
and PMMA samples respectively. The limit value hy was always in the range of 100
nm, i.e. comparable to the obtained corrugations, whereas the ‘decay velocity’ vy
remained in the order of 10 um/s in the series of measurements that we performed.

However, the values of both quantities exhibit significant scattering. This is not



200 -
180 -
160 -
140 -
120 -
100 -
80 -
60 -
40 -
20 -

Corrugation (nm)

0 10 2I0 3IO 40
Linear Velocity (Lim/s)

FIG. 2: Corrugation profile obtained from Fig. 1(b) by subtracting the maximum height
of the material pushed aside from the indentation depth of each groove along the profile.

Corrugation profile is fitted by the equation (1) with hg = 209 £ 10 nm and vy = 6.0 £ 0.4

pm/s.

surprising, since the roughening rate of polymers on the nanoscale has been reported
to peak up and scatter in the region of 7; [14]. Even more scattered are the values
for the ‘decay velocity’” vy, which was found to vary between 0.6 and 7 um/s in the
series of measurements that we performed.

Two extreme cases, corresponding to vg =5+ 1 um/s and 0.6 + 0.2 um/s respec-
tively, are showed in Fig. 3(a) and (b). The spiral in Fig. 3(a) was obtained on
PMMA at 97+ 12 °C. In this case the corrugation did not decrease significantly after
the first windings, as if the material opposed almost no resistance to ploughing. This
is not the case for the spiral in Fig. 3(b), the amplitude of which quickly decayed
after only two revolutions. However, this spiral was produced at lower temperature of
89+ 12 °C at the tip-sample interface, which is below the glass transition of PMMA.
We should also note that the indentation patterns along each winding are not varying
uniformly, but undulate, which is presumably related to the elongated shape of the
tip apex. On the other side, since the different spring constants of the cantilever in
the x and y direction do not influence the contact stiffness responsible for friction
(and wear) on the sample surface [15], the torsional and bending deformations of the
cantilever seem not to have a major influence on the spiral patterning.

In order to interpret our results we first notice that stationary heat flow below



FIG. 3: As the glass transition temperature is approached, the response of a polymer surface
to nano-ploughing can be quite variable. This is shown in the case of two spirals made on

an initially flat PMMA surface (a) at 97 +12°C and (b) at 89 £+ 12°C. Frame sizes: 15 pm.

the heated tip is reached within a very short time of less than 1 us. This is proven
by numeric solutions of the heat equation at different indentation depths, which are
detailed in the Supplementary Materials. For comparison, the residence time 7 of the
heated tip while writing a spiral is in the order of 1-100 ms, see below. Thus, we can
assume that, when the tip apex is heated above Ty, a sample region beneath enters a
heavily viscous state almost instantaneously.

Approximating the tip by a sphere of radius R, the observed corrugations h cor-
respond to contact radii @ = (h(2R — h))/2, which are significantly larger than the
values predicted by the elasto-plastic contact mechanics, a = 3.2(RF/Y)'/3 [16]. For
example, with a tip radius R = 150 nm, a reduced Young modulus for PS Y =1
GPa [17], and a normal force F' = 10 nN, we obtain a ~ 40 nm, whereas indenta-
tion depths of up to about 100 nm, corresponding to contact radii of about 140 nm,
are observed in Figure 1. This confirms that finite viscosity of the polymer must be
taken into account in order to explain the observed corrugations at 7' > T,. The
corrugations are produced during the residence time 7. Within this time a polymer
volume V' equal to the volume of the tip beneath the polymer, is squeezed out by the
tip. Kobayashi et al. [18] have studied the viscosities of PMMA as well as PS around
the glass transition temperature. They reported that polymer viscosity varies by at
least one order of magnitude when the temperature deviates from 7, by only about
5 %, i.e. by about 20 K in our case. Our thermal simulations, see Supplementary

Materials, indicate that only a thin polymer layer of width ¢ of about 20 nm around



the tip corresponds to that temperature range and is therefore sufficiently softened
to contribute to the viscous mass transfer. Once a viscous material is released out
of the wear groove and looses contact with the tip, it quickly solidifies, giving rise to
the elevations aside the wear scar. The process ends when the pulling force exerted
by the cantilever reaches a critical value and the tip suddenly jumps in a stick-slip
fashion [19].

Interestingly, using our data, we can calculate and comment on the viscous matter
flow. From Figure 1, near the center of the spiral at » ~ 2 um, the values of h ~
100 nm, a =~ 140 nm, vy, >~ 6 p/s, and 7 ~ 50 ms. Here, r is the distance measured
from the center of a spiral and the value of 7 was calculated by dividing twice the
contact radius a by the tip velocity v,. At the outer limit of the spiral for r» ~ 13
pm, h ~ 5 nm, a ~ 40 nm, vy, ~ 40 pm/s, and 7 ~ 2 ms. To calculate the viscous
flow in such two cases, we suppose that the material of volume V is squeezed out
from underneath the tip within the residence time 7 through a ring of width ¢ on the
surface adjacent to the tip and with a radius determined by the instantaneous contact
radius during the indentation, which assumes values between 0 and a. For simplicity,
let us use the flow velocity, v, for a mean ring diameter of (1/2)a. The value of
Viiow = V/(AT), where A is an area of a ring A = 7(a/2 + 0)* — 7(a/2)* ~ 7ad.
Approximating the tip as a sphere of radius R, the value of V' = wh?(3R — h)/3 is
calculated. Using 0 = 20 nm the value of vy, decreases from ~ 9 ym/s to ~ 2
pum/s from the center of a spiral to its outer limit, respectively. The maximum shear
stress within this flow occurs at the walls of the viscous layer under the tip and is
estimated by assuming laminar flow with a shear rate é = 6vy0, /0 ~ 10* s71. Using
the Newtonian viscosity of PMMA at T' o~ T, determined by Kobayashi et al. [18],
i~ 10% Pa - s, the resulting shear stress o due to viscous flow is ¢ = pé ~ 10!
N- m~2. The applied compressive stress, on the other hand, proportional to and of
the same order of magnitude as the shear stress, is about F'/(wa?). With the contact
radii estimated above, between 40 nm and 140 nm, values of the compressive stress of
10° and 10° N- m~2 are obtained, i.e. 5-6 orders of magnitude smaller than the value
derived from our experiment and the thermal simulation. In order to explain this
discrepancy we have to take into account that the polymer viscosity becomes highly

-1

non-Newtonian at strain rates of 10% s This may result in considerable shear



thinning [20]. To the best of our knowledge measurements of the non-Newtonian
viscosity and shear thinning of polymers at temperatures 7" ~ T, and high strain
rates have not been undertaken so far. It should be noted that a similar discrepancy
was observed in the IBM Millipede project for data storage in polymer materials by
heated tips [21]. A significant contribution coming from plastic deformation of the
non-melted part of the polymer should also be taken into account in a more accurate
modeling of the wear process.

Finally, we have also observed the formation of ripples inside all spiral tracks,
resulting from the stick-slip mechanism mentioned above [19]. An example is given
in Fig. 4, showing the surface profile in the bottom of a spiral. The ripples are
radially aligned, which means that their periodicity is proportional to the radial
distance r as well as to the scan velocity v. The ripple wavelengths are comparable
to our earlier results of ripples produced in circular scanning in the vicinity of the
glass transition temperature on PMMA [6] at corresponding velocities. Although the
ripples are seen along the whole spiral, they are more pronounced in two quadrants.
This is related to the asymmetry of the indentation patterns previously discussed and
asymmetric tip profile of a thermal cantilever. Namely, more elongated ripples appear
along longitudinal scanning direction, which correlates with a larger longitudinal than

transverse curvature radius of the thermal tip.

Conclusions

In conclusion, we have introduced a simple method to characterize the velocity de-
pendence of the wear rate on polymer surfaces. The surface is first scanned by contact
AFM adopting a spiral pattern, the damaged area is then rescanned using a ‘stan-
dard’ raster pattern and the surface corrugation is finally extracted using azimuthal
profiles along the spiral and fitted with an exponential decay law. This method can
be extended to other materials, provided that they are brittle enough to be damaged
within a single scan. We have also showed that quantitative information for modeling
abrasive wear on the nanoscale can be obtained from this kind of measurements.

The Spanish Ministry of Science and Innovation (Project No. MAT3011-26312)
(EG) are gratefully acknowledged for financial support. We also thank Prof. William
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FIG. 4: Occurrence of surface ripples along a spiral groove. The undulation is enhanced in
two quadrants of the xy plane. INSET: Two 1.7 um by 1.7 um AFM topography rescans

showing surface ripples along horizontal and vertical portions of the spiral, respectively.

P. King for his invaluable assistance with thermal AFM cantilevers.
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