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Final Report for Agreement Number W911NF-07-1-0418 “Robust Polymer Films:
Nanoscale Stiffening as a Route to Strong Materials.”

Principal Investigator: Gregory B. McKenna, Department of Chemical Engineering
Texas Tech University, Lubbock, TX 79409-3121

Report for Period June 26, 2007 — June 25, 2011
Introduction

The present document forms the narrative of our accomplishments on the project “Robust
Polymer Films: Nanoscale Stiffening as a Route to Strong Materials.” The work in the project
focused on the mechanical response of ultrathin polymer films using the Texas Tech
nanobubble inflation technique as the means to determine the viscoelastic properties of films as
thin as 3 nm. In the course of the work, we were able to demonstrate that the extreme stiffening
observed in the rubbery plateau regime of polymers is not caused by the surface tension in the
films. In addition, we discovered the first evidence of flow in the nanobubble inflation
experiments when we were able to work below 10 nm thickness in polycarbonate. These latter
experiments also showed the exceptional property change that the glass transition temperature
in a 3nm thick polycarbonate film is reduced to below room temperature from the macroscopic
value of approximately 136 °C. This is, at present, the largest reduction in the glass transition
ever seen in an ultrathin polymer film.

Experimental Methods

Materials

We have worked with four materials in the course of the present project: polystyrene,
poly(vinyl acetate), poly(n-butyl methacrylate) and polycarbonate. The properties of the studied
materials are shown in Table 1. In addition, we have made preliminary measurements on a
star-branched polystyrene whose properties are also given in Table 1.

Table 1. Molecular weights and Tgs of the polymers investigated.

Polymer My (g/mol) Myw/M, T4 (°C)
Poly(vinyl acetate) 157,000 2.79 30.6
Linear Polystyrene 994,000 1.07 98.8
3-arm, star-branched polystyrene 352,000 1.07 98.0
Linear Polycarbonate 47,000 2.55 136.9
Poly(n-butyl methacrylate) 179,000 24 20.2

The Nanobubble Inflation Method

The details of the TTU nanobubble inflation method are given elsewhere’?. The essentials
of the method are that an extremely thin polymer membrane is created by spin coating onto a
smooth surface, generally mica. The film is then lifted off of the mica by floating onto a water
surface where it can be picked up by a template that contains micron dimensioned through
channels. In most of our work we have used circular channels, which then give an equibiaxial
bubble inflation test method. We have also used rectangular bubbles for the purpose of
establishing that the geometry of the deformation is not an important contributor to the observed
results. Figure 1 shows a typical array of inflated bubbles and Figure 2 shows the increase in

1



bubble height as time progresses. It is this time-progression of the bubble profile or shape that
permits the determination of the viscoelastic response of the ultrathin polymer films'*.

In most of our work we used the nanobubble inflation test to inflate circular bubbles. In the
work upon which we report here we also carried out experiments on rectangular bubbles in
order to establish whether or not the geometry of deformation (equibiaxial vs. plane strain)
would significantly alter the results. This is discussed in the appropriate section.
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Figure 1. Three-dimensional AFM image of
inflated bubbles. The scan area is approximately
23 x 23 ym on a template containing 5 ym
diameter holes. The image is of a PVAc film at a
thickness of 150 nm, a pressure of 34.5 kPa and

X-position [nm]

Figure 2. The center-line profile plots for a 23 nm
thick polystyrene (PS) film at 55 -C and a
pressure of 124 kPA. Filled circle, open triangle
and filled square are at 393, 5,895 and 55,675 s,
respectively. (After ref. 4).

at a temperature of 40 °C. The inset shows a
similar scan area with inflated bubbles over 1.2
pum holes. (After ref. 4)

Results

Biaxial Bubble Inflation: Thermoviscoelasticity

The viscoelastic responses of polystyrene (PS), polyvinyl acetate (PVAc) and polycarbonate
(PC) were all considered as was the response of a star-branched polystyrene. Figure 3 shows
the master curve construction of the creep vs. reduced time for the polystyrene material for
different film thicknesses. The reference temperature for each of the thicknesses is taken as
the apparent glass transition temperature. There are three things to be noted from this figure.
First, the creep response goes from the glassy regime through a segmental dispersion and onto
a “rubbery-like” plateau. This is expected, but the magnitude of the rubbery plateau is no
constant and independent of film thickness, rather there seems to be dramatic stiffening, which
we return to subsequently. The second thing to observe is that the reference temperatures
decrease as film thickness decrease. This is consistent with the behavior reported in “pseudo-
thermodynamic” measurements where the break in a plot of, e.g., film thickness vs.
temperature is taken to be the glass transition temperature, and where T4 has been observed to
decrease significantly®’. In the case of poly(vinyl acetate) we observed no change in the T,
though the rubbery stiffening was observed. For the polycarbonate, we observe even greater
reductions in the glass transition temperature than we did for the polystyrene. Figure 4 shows
the three materials compared. It is clear that the PVAc shows little change in T4 while the PS
and PC both show significant changes. The truly exceptional change is that for the PC films



where thicknesses below 5 nm could be obtained and the T4 reduction is well over 100 °C. This
is particularly surprising as the PS has a molecular weight close to 10° g/mol while that of the
PC is less than 5x10* g/mol and the greatest changes in T, reported previously were for the
highest molecular weight PS materials’. This is an area that clearly merits further investigation.
Finally, both the PS and the PC show significant stiffening in the glassy regime. This is evident
in Figure 3 for the PS and similar results were obtained for the PC. Again, this is an important
finding and merits further investigation.
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Figure 3. Time-temperature master curves for PS Figure 4. Glass transition temperatures for
For film thicknesses of 11.3 nm (T,,=39 °C), 17.1 ultrathin films of poly(vinyl acetate), polystyrene

nM(T =48 °C), 36.0 nm(T =69 °C),

67.0nm

and polycarbonate. (After ref. 8).

(Te=85 °C), and 112nm(T,=95 °C). The dashed
line represents the macroscopic glassy

compliance. (After ref. 3).

Biaxial Bubble Inflation: Rubber Stiffening
The large rubbery stiffening observed in the ultrathin films is surprising and, at this point in time,
remains unexplained. During the present project we undertook two endeavors to further explore
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Figure 5. Comparison of the rubbery plateau
compliance as a function of film thickness for
PVAc, PC, PS, and PBMA. (After ref. 8).

this phenomenon. First, we looked at two different
materials that had not previously been
investigated, poly(n-butyl methacrylate) (PBMA)
and polycarbonate (PC). In this context it is
important to remind the reader that in our earlier
work"® we had seen dramatic stiffening in both
PVAc and PS and the stiffening was such that the
rubbery compliance scaled approximately as the
thickness squared. In the case of the
polycarbonate we found that the rubbery plateau
in the thinnest films for which we could test the
rubbery stiffness fell essentially on the
extrapolated behavior from the PS and PVAc data
of compliance vs. film thickness. However, in our
experiments, we found that the PBMA did not
follow this behavior. Although the PBMA did
exhibit significant stiffening as the films became
thinner, the effect was less significant, following a
weaker power law dependence on thickness than



in the other three materials. A comparison of the four different materials is given in Figure 5.

Another aspect of the rubber stiffening in these materials is the possibility that the stiffening
is due to surface tension contributions'. We spent considerable effort showing that this is not
the case. In addition to showing that the surface tension is not the primary cause of the
observed stiffening, we also showed that the bubble inflation measurements can be used to
determine the surface energy of the ultrathin films. These results were shown in references
9,12,12.

Plane Strain Bubble Inflation

Because the results of the biaxial bubble inflation measurement were so striking, we
determined that it would be of interest to make measurements in a different geometry of
deformation, and we now describe those results. In the specific instance, we decided to carry
out measurements using a slotted geometry that was 800 nm x 2.6 um on templates similar to
the circular geometry bubbles. The difficulty of the results lay in the need to consider the full
problem of bending and membrane inflation because the films generally ruptured before the
membrane limits could be achieved. In spite of this, we were able to make inflation
measurements and analyze them (with help from Dr. Sylvie Castagnet at the Ecole Nationale
Supérieure d’Aéronautique et Mécanique in France) using a finite element program. Figure 6
shows the slotted template as imaged by AFM. Figure 7 shows a plot of the line profiles across
a rectangular bubble.
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Figure 6. Three-dimensional AFM image of a
substrate containing 0.8 ym x 2.6 ym slots.
(After ref.13,14).

Figure 7. Line profiles along the width in the
center of the rectangular bubble at different
times for a 30 nm thick PS film supported

over a rectangular slot. T=84 °C. (After
ref.13,14).

The results of comparing polystyrene inflated as a rectangle and inflated as a circular
membrane shows that the differences are minor. As seen from the master curve comparison of
Figure 8 there is a slight shift in time and a possibly greater rubbery stiffness in the rectangular
bubble when compared with the circular bubble. However, these differences are within the
experimental variability. Furthermore, of considerable interest is the observation that the
rectangular bubble has a similarly reduced glass transition temperature as does the circular
bubble. These comparisons are shown in Figures 9 and 10.



B PS-circular bubbles

—— l-l.‘: E —— PS-Macroscapic D]
L ircular - = 'y -30 nm rectangular bub
| & Rectangular ..f 3 7 Sk s = -
w oge =
r " =
- '!“-‘. a
2wl w® | E .
= -t Q
[a} .rzl' Q
g .l-' log a,=-2.65 2
g2 log b,=0.25 _._2 ol
o
o
=] u
,10 1 I 1 L 1 L 1 L 1 i 1 n 1 n 1 n 1 —I K
4 0 1 2 3 4 5 6 7 AQ B =
10 100 500
log t/aT o o
) Film Thickness f nm
Figure 8. Master curves for creep of PS
nanobubbles having rectangular and circular Figure 9. Log plateau compliance vs. film
shapes. The circular membrane had a thickness thickness showing that rectangular bubble
of 24 nm and the rectangular membrane had a compliance is similar to that of the circular
thickness of 30 nm. (After ref.13, 14.). bubble results. (After ref.13,14.).

10 T T T T T

Star-branched Polystyrene

ol A The current investigation of the
viscoelastic response of ultrathin polymer
films was climaxed by a brief set of
experiments to investigate the impact of

LI molecular architecture on the response of
the thin film response in the biaxial (circular
membrane) bubble inflation method. A
three-armed star polystyrene of branch
molecular weight M,=109,800 g/mol and
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o PDI=1.07 was used in the study (see Table
i . . . . O 1). Films were spin cast and floated onto
0 20 40 60 80 100 120 templates with 5 um diameter channels and
Film thickness /nm tested in a fashion similar to the linear
polystyrene described previously. The star-
Figure 10. T4 reduction vs. film thickness for branched PS films tested had thicknesses
circular and rectangular PS bubbles. (After ref. of 14, 19 and 28 nm. Figure 11 shows the
13,14.). creep responses at different temperatures

for the 28 nm film. We remark that the
temperatures of creep are clearly below the macroscopic Tq value for this polystyrene (98 °C).
Time-temperature superposition was applied to the data for all three film thicknesses and the
shifting was used to determine the glass transition temperatures for the films. Figure 12 shows
the T, reduction of the three star-branched polystyrene film thicknesses and compares them
with the linear polystyrene. As we see, the T4 reductions are very similar. This is somewhat
surprising because the T, reduction in ultrathin freely standing films of polystyrene has been
reported to be dependent on the molecular weight®’ above a molecular weight of approximately
350,000 g/mol. Hence, one might have expected that the star-branched polystyrene having a
total molecular weight of 330,000 g/mol would have a greater reduction of the T4 than the 10°
g/mol linear polystyrene. Hence, these results suggest that, while the star-branched polymer
behaves qualitatively like the linear polymer, quantitatively there is a possible difference that

5



requires further exploration by, e.g., running experiments on different star-branch molecular

weight materials.
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Figure 11. Creep compliance vs. logarithm of
time for 28 nm thickness film of star-branched
polystyrene at the temperatures indicated.
(After ref. 13,15).

Failure Behavior of Ultrathin Films
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Figure 12. T, reduction vs. film thickness linear
and star-branched polystyrenes. (After
ref.13,15).

In the prior work we examined the viscoelastic properties of the ultrathin polystyrene. Here
we look at the yield behavior of the polystyrene using the same type of films. In order to
determine the behavior in a stress-strain test we applied stepped pressure histories according to
the sequence shown in Figure 13. The time period for which the pressure steps were applied

Pressure

60s  2.5min
—
5 min
-

Figure 13. Schematic of pressure sequence for testing
stress-strain to yield/failure of the bubbles. (After
ref.13,15).

was 5 minutes. During that time, AFM
scans were taken of the sample and
images of the bubble obtained. For the
scan rate of 2 Hz it takes approximately
2.5 minutes to complete the scan. For
each loading step a duration of 60 s
was used prior to scanning the sample.
The pressure was increased in this
fashion until bubble rupture occurred.
Figure 14 shows the stress-strain
behavior of 32+1 nm films at different
temperatures. At 26 °C, the film
underwent uniform draw before rupture.
At higher temperatures, the film yields
and the yield stress decreases as

temperature increases. The strain at yield increases as temperature increases. Figure 15 shows
the yield stress for the 32 nm thick films as a function of temperature. We see that the yield
stress for these ultrathin films is smaller than what one would expect for a macroscopic glassy
polymer where yield stresses tend to be near to 100 MPa. In addition, it is of interest to remark
that the strains for yielding to occur are very small relative to what is observed macroscopically.

Both these phenomena merit further investigation.
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Bubble Inflation and Surface Tension of Ultrathin Films

One of the issues surrounding the behavior of the ultrathin polymer films is the possible
surface tension effects on properties. In addition, because of the surface tension contributions to
behavior, one might ask whether or not the surface tension of the ultrathin films can be
determined from the bubble inflation measurements and, if so, does it change with film
thickness? We were able to take two different routes to address these questions and in both
instances we come to the conclusion that the surface tension, while contributing to the rubbery
stiffening described above is not the cause of the rubbery stiffening. There is confinement
induced stiffening in the ultrathin polymer films. In addition, we find that the surface tension is

independent of the film thickness. To show this we present our results for the PBMA material.
2 2
If we plot % + %5 VS. 2'1625“5 , as shown in Figure 16, we can determine both the modulus
0
of the film and its surface energy. This comes from the relationship for the energy contributions
to the bubble inflation from surface energy and from the membrane stresses and the

determining equation is'":

PR PS§ 2.168Et5? .
26 "2 r

And §is the bubble height, P is the internal pressure, Ry is the radius of the bubble, E is the
modulus and yis the surface energy. From the slope we obtain E and from the intercept we
obtain the surface energy. We have previously shown that the modulus (1/compliance) in the
PBMA is stiffer for the thin films than in the bulk (see Figure 5). The surface energy determined
from the intercept is shown in Figure 17. Here we see that, within the general uncertainty of the
data, there is no film thickness effect on the film surface energy. We note that the data in
Figures 5 and 17 are confirmed both by this analysis and by that in which stress-strain plots are
used to obtain directly the modulus and the surface tension'"'?. The latter is included in Figure
17.
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Figure 16. Energy balance plot for PBMA
ultrathin films in the rubbery plateau regime.
Slope gives modulus and intercept gives
surface energy. (After ref.13).

Figure 17. Surface tension vs. film thickness
for PBMA films for stress-strain assumption,
energy balance approach and macroscopic
rubbery modulus assumption. (After ref.11).

Summary

Biaxial inflation of ultrathin polymer films has been used as a means to make
nanomechanical measurements of the thermoviscoelastic response of a linear poly(vinyl
acetate), a linear polystyrene, a star-branched polystyrene material, and a linear polycarbonate
in the form of ultra thin films. Elastic data were obtained for poly(n-butyl methacrylate). The
work has lead to several confirming results as well as to novel information concerning the
property changes that ultrathin films undergo due to confinement or finite size effects. First, we
have confirmed that the glass transition can decrease dramatically in the ultrathin films of
polystyrene. Second, we have shown that the changes in T4 are non-universal, i.e., PVAc
shows very little effect, polystyrene shows large effects and polycarbonate shows extremely
large effects. In the case of the latter, 3 nm films show a T, reduction of over 100 °C. We have
also shown that the rubbery stiffening in the PS,PVAc and PC seems consistent in that the
values for all three materials are similar and the compliance follows an approximately square
dependence on film thickness. For the PBMA, on the other hand, the stiffening is less and
seems to follow a sub-linear dependence on film thickness. We have also shown that the star-
branched polystyrene of 330,000 g/mol molecular weight has similar behavior to the 10°
molecular weight linear polystyrene.

In other work we have shown that the results are not significantly affected by the geometry
of deformation, viz., equibiaxial as measured by the circular bubble inflation vs. plane strain as
determined by the slotted geometry rectangular bubbles. Furthermore, we find that the yield
stress and strain in the polystyrene seems to be dependent on the film thickness, being much
reduced in this instance by going to 32 nm thickness. Finally, we have been able to show that
the surface tension is not the cause of the observed stiffening and we find that the surface
energy of the ultrathin films is consistent with that of the macroscopic material.
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