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ABSTRACT

The mechanical properties of polymer nanocomposite thin films are central to their applica-
tions. Providing a non-contact and substrate-free thin film characterization method, bulge
tests have many advantages to determine the mechanical behavior of free-standing thin films.
In these tests the film is draped over a hole and subjected to a pressure differential which
deforms, or bulges, it. In particular, bulge test allows for easy measurement of the Young’s
modulus, which characterizes the linear elastic response to applied strain or stress. Bulge
tests furthermore are amenable to cyclic loading and time dependent creep measurements.
However, previous work utilizing bulge tests used experimental approaches that either were
slow in extracting film deflection data or did not directly measure the film deflection at
each point in real time. In this thesis I discuss combining bulge tests with advanced, laser-
scanning confocal microscopy to obtain the 3D profile of bulged films in less than 10 seconds.
From the maximum height of the film deflection the Young’s modulus can be extracted by
approximating the bulge as a spherical cap. I apply this technique to obtain the Young’s
modulus of free-standing polymer nanocomposite (PNCs) thin films, which have the poten-
tial to be integrated in high-demand applications such as drug delivery, energy storage, novel

packaging, and membrane filtration.



CHAPTER 1
INTRODUCTION

Accurate and robust physical property measurements are crucial for the integration of nano-
materials in devices such as batteries, photovoltaics, drug delivery for nanomedicine and
water filtration.1 =8 Specifically, understanding the mechanical properties is paramount for
device performance, reliability, and fabrication. One mechanical property which is of great
importance when probing the deformation response of a material is the elastic modulus, or
Young’s modulus, F. The Young’s modulus is a measure of material stiffness or resistance
to deformation under an applied tensile or compressive load in the regime of linear elastic
response, i.e., for small deformations. It is computed as the ratio of stress over strain, £' = ¢
and is expressed in units of Pascal (Pa). Here the tensile or compressive stress o is the force
per unit cross-sectional area exerted on the material and € = % is the associated strain,
i.e., the change in length of the material Al, divided by the original length, [. Since the
Young’s modulus is an intrinsic property, every material will have a different, characteris-
tic value of E. Materials such as metals, plastics, or ceramics have modulus values from
~ 0.1-1000 Giga Pascal (GPa), with hard plastics in the 2-10 (GPa) range, metals 15-400
(GPa) and ceramics 200-600 (GPa).” Conventional measurements of the Young’s modulus
consist of tensile testing whereby a macroscopic piece of material is uniaxially stretched.
For macro-scale materials this is a robust technique. However, for thin film materials that
are of nanometer thickness this technique will not work. Therefore, different approaches are
needed to measure the Young’s modulus of thin films. These approaches need to be robust
but also conducive to the films’ fragility and to any sample size limitations.

Mechanical testing of nanometer-thin films can be subdivided in two categories. The first
considers thin films that are bonded across their entirety to a supporting, thicker substrate
(substrate-supported films). The second considers films that are free-standing, similar to a

drumhead or a clamped membrane. These films are placed across an open frame and are
1



only supported where they meet the frame (free-standing films). Whereby approaches for
supported films are often investigated by SIEBIMM (strain-induced elastic buckling insta-
bility for mechanical measurements), free-standing films have been probed by AFM (Atomic
Force Microscopy) and by Nanobubble Inflation or Bulge Tests.

The basic principles of these four techniques are the following: SIEBIMM extracts the
Young’s modulus by measuring wrinkle formation when both substrate and film are com-
pressed; AFM operates via the use of a cantilever that applies a point load on the film’s
surface and detects the deformation; Nanobubble Inflation suspends a thin film over an ar-
ray of tiny holes which are then positively pressurized, producing bubbles with a measurable
height profile as function of pressure. Finally, the Bulge Test is a technique closely related
to the nanobubble inflation but uses a single, large hole over which the film is suspended
and pressurized.

For the purposes of this thesis, I will focus on the motivation, formalism, and analysis,
both qualitative and quantitative, of Bulge Test Measurements. Bulge Test Measurements
have been utilized for over 70 years' making them an industry standard for characterizing
mechanical properties of thin films. Fabrication of the fixtures for bulge tests requires con-
siderable care to arrive at reliable results, but is, in principle, straight forward. However,
accurate measurement of film deflection with varying pressure, and reliably finding the peak
position of a pressurized bulge are more involved. Specifically, much depends on the instru-
mentation used to acquire the height profile from the bulged film. In the next four chapters
I will introduce a new method for bulge tests that is based on fast-scanning confocal mi-
croscopy. This method differs from SIEBIMM, AFM and Nanobubble Inflation by the use
of state-of-the-art optics that enable high-speed, high-resolution imaging of a bulged film.
[ then apply this method to free-standing polymer nanocomposite (PNC) thin films that
consist of a Polystyrene (PS) or Polymethylmethacrylate (PMMA) polymer matrix embed-

ded with unfunctionalized iron III oxide nanoparticles. I report on the elastic response and



structural morphology of such films fabricated under room temperature conditions (without

annealing).
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CHAPTER 2
METHODS FOR CHARACTERIZING MECHANICAL
PROPERTIES OF THIN FILMS

Historically thin films have been characterized through a myriad of ways. Specifically, the
mechanical testing and probing have predominantly relied on two methods of film prepara-
tion: 1.) free-standing films and 2.) supported films. In this chapter I will discuss past work

and limitations of both approaches.

2.1 Substrate-Supported Films

SIEBIMM
A technique termed STEBIMM (strain-induced elastic buckling instability for mechanical
measurements) can be used to compute the elastic modulus of thin films that are laminated

to a soft, deformable substrate. This technique was first demonstrated by Stafford et al.?

Figure 1. SIEBIMM. (a) Straining apparatus with film on PDMS substrate. (b) AFM
image of buckled film. (c) Light scattering apparatus for diffraction pattern of buckled film.
(d) Diffraction pattern of buckled film. Taken from C. Stafford, Nature Mater. 3, 545-550
(2004).



Samples for SIEBIMM are prepared by transferring a thin film from a silicon or mica
substrate to the surface of a thick slab of polydimethylsiloxane (PDMS). The PDMS/film
laminate is mounted onto a customized straining stage. A buckling instability is induced by
an applied compressional strain, as shown in Figure 1. The buckling instability is a result of
the balance between the energy required to bend the stiff upper film and the energy required
to deform the soft underlying substrate.

There exists a critical wavelength that minimizes the total strain energy in the system,
and this wavelength is dependent on the material properties of both the film and substrate.
Assuming a sinusoidal waveform of the buckling instability, the critical wavelength d can be

expressed as
1
1, 1V

3(1 — v})ES) (1)

d:27rt[

where t is the thickness of the film, v is the Poisson’s ratio, and F is the Young’s modulus.
Subscripts f and s relate to the film and the substrate, respectively.

SIEBIMM was used by J. Lee et al.l to measure the mechanical response of nanocoms-
posites comprising of cadmium selenide (CdSe) nanoparticles, 3.5 nm in diameter, blended
into a polystyrene (PS) matrix (Mw = 131K g/mol). To attain well-dispersed nanoparticles
within the polystyrene matrix, short polystyrene ligands (Mw = 1000 g/mol) were used to
functionalize the nanoparticle surfaces.! Film thickness ranged from 180-210 nm.

Figure 1a shows the SIEBIMM measurement apparatus used to characterize the CdSe
functionalized polymer nanocomposite. Figure 2a is an illustration of the SIEBIMM tech-
nique used specifically for PS-CdSe PNC thin films. In Figure 2b a plot of elastic modulus vs
nanoparticle loading (by percent weight fraction) is shown, together with the glass transition

temperature Tg, where the elastic modulus was computed from SIEBIMM measurements.
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Figure 2. SIEBIMM for PNCs. (a) SIEMBIMM schematic for PS-CdSe PNC. (b) Mea-
sured PNC elastic modulus vs. nanoparticle weight percent. Taken from J. Young et al.
Macromolecules, 40, 7T755-7757 (2007).

2.2 Free-Standing Films

Nanobubble Inflation

A study that extracted the thermal viscoelastic properties from measuring the deforma-
tion of free-standing films is the nanobubble inflation work by McKenna et al.3 The material
used in this study was a PVAc poly (vinyl acetate) polymer. Films of PVAc were fabricated
by spin coating 2% to 3.5% weight percent solutions of the polymer in toluene onto glass
slides. After drying, the films were floated off the glass slides onto water and transferred to
a filter substrate. This filter substrate consisted of a silicon nitride layer about 1 mm thick

on a silicon support layer into which an array of 24 1.2-pym diameter holes was etched.
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Figure 3. (a) Schematic of nanobubble inflation. (b) 3D image of individual bubble after
inflation. Taken from P. A. O’Connell et al. Science 307, 1760-1762 (2005).
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In this technique a pressure differential is applied uniformly across the film and the
substrate, resulting in inflation of the film where it extends across a hole in the substrate and
the creation of a small hemispherical bubble (Figure 3). This study was done in 2005, which
at the time and still today represents a major advancement of nanomechanical testing. The
technique used the imaging capability of the AFM to perform the deformation measurements,
thereby removing problems associated with contact mechanics that come into play when the
AFM is instead used as an indentation machine.?

From the bubble geometry, parameters such as the stress on the film (o) can be related
to the pressure, P; the film thickness, tp; and the radius of curvature, R, of the bubble.
R is calculated by taking the bubble profile and fitting it to the equation of a circle R? =
(z —a)? + (y — b)2. In this formula = and y are the z-position and y the bubble height, and

the parameters a and b are constants. Extracting the radius of curvature twice, once for the

unpressurized bubble (Rg) and once for the pressurized bubble (R) then gives the stress as

PR
o1 =0 =5 (2)
and the strain as
s
E1126222%—1 (3)

Here, s is the segment length of the inflated bubble. The indices indicate that in an inflated
bubble or hemisphere with equal radii of curvature in two orthogonal directions the associated
(radial and circumferential) stresses and strains are equal. Since thermal viscoelastic response
was the focus for this particular study by McKenna et al., the stress and strain terms were
used to calculate, as function of time and temperature, the creep response rather than the
modulus. However, from Equations (2) and (3) the biaxial modulus is easily obtained as the

ratio of stress and strain (see Equation (4), below).
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Figure 4. Bulge Test Apparatus. (a) Sample mount. (b) Illustration of confocal laser setup
to measure height profile. Taken from A. Hashemi et al., NanoLett. 15, 5465-5471 (2015)

Laser Confocal Bulge Test

In an effort to realize robust and high throughput mechanical characterization of PNC
films, past work showed that free-standing films provide an alternative to substrate-supported
films. One of these was a study by A. Hashemi et al.* This study discusses the advantage
in grafting nanoparticles to the polymer matrix, resulting in an enhanced elastic modulus
as function of weight fraction and polymer molecular weight (Mw). Specifically, hydrogen
bonding silica nanoparticles grafted with tethers functionalized with 2-ureido-4-pyrimidinone
(UPy) units were incorporated into a polymer matrix. Motivated to achieve excellent dis-
persion the study reports the H-bonding between the OH- group on the vinylphenol moieties
in the matrix and the nitrogen of the ligand grafted on the NPs ensures good miscibility,
and the consequences of this improved miscibility on mechanical properties were shown. The
mechanical response of UPy grafted silica NPs incorporated in poly(methyl methacrylate)
(PMMA) matrices in the glassy state demonstrates that both good NP dispersion and strong

adhesion between the NP and the matrix are critical in increasing the elastic modulus. The
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elastic modulus in this study was measured with a bulge test that used a laser confocal
microscope to measure the height profile of the pressurized polymer. Shown in Figure 4 is
a schematic illustration of the bulge testing apparatus. In this approach the polymer com-
posite film was transferred onto a rectangular window in a silicon wafer. Next, the silicon
wafer was mounted over an opening in a pressure chamber, with the film on the inside of
the chamber. The chamber was then pressurized to deflect the free-standing portion of the
film until a bulge developed. A laser scanning confocal microscope profilometer (Keyence,
Inc.; with z-height resolution of 10 nm and lateral spatial resolution of 2 pm) was used to
measure the film deflection and extract the radius of curvature.°~% The same stress strain
relations shown in Equations (2) and (3) were used to compute the stress and strain. Their

ratio then determines the biaxial modulus Y through

o=Ye. (4)

This biaxial modulus is related to the Young’s modulus F, relevant for uniaxial deformation,
by
Y=E/(1-v), (5)

where v is the Poisson’s ratio.
The recorded data from the height profile were fitted and once R and Ry were obtained

the Young’s modulus was calculated using Equations (2) - (5).
Free-standing, self-assembled gold nanoparticle membranes

Another relevant study suspended self-assembled gold nanoparticle membranes over large,
micron-size holes, where the elastic modulus was computed by AFM nanoindentation measurements’ .
Nanoindentation operates by deforming a film with a local point load. From this a force vs.

displacement curve is extracted. For small indentations in the center of a circular membrane

10



of radius R and thickness h, the force F' varies with displacement § according to

F= g—gs&? (6)
This makes it possible to extract the Young’s modulus F simply from the slope of a plot of
force versus the cube of the displacement.

Figure 5 shows the experimental schematic of the nanoindentation measurement. It
exploits the remarkable strength of Au nanoparticle membranes, where the strength of the
core-ligand interaction allowed for elastic response when suspended over holes with diameters
extending from 400 nm to 2 ym. Depicted also is a TEM (Transmission Electron Microscopy)
image of a membrane suspended over an aperture of 250 nm radius. This demonstrates the
characterization advantage of using a large, single area instead of array of holes as mentioned

in the nanobubble inflation method.

l Indent N Retract

Figure 5. Nanoindentation of free-standing membrane. (a) AFM cantilever point load (b)
TEM of 2D self-assembled membrane. Taken from K. E. Mueggenburg et al., Nat. Mater.
6, 656 (2007).
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AFM Bulge Test

In a study by Vossmeyer et al.® from 2014 a novel AFM Bulge Test approach was used to
obtain the viscoelastic and elastic properties of cross-linked gold nanoparticles. The primary
advantage of the bulge test is that membranes or films are uniformly pressurized with a load,
rather than deformed by a point load as with nanoindentation.

Further, in the bulge test the mechanical properties can be sampled over large area.
This provides the opportunity for fast-paced validation of material candidates for device
fabrication. Shown in Figure 6a is an integrated work flow whereby an AFM sample mount
was used to load and pressurize thin films. In Figure 6b is the schematic of the setup along

with computer data acquisition.

N, outlet 0-10kPa 0.81 bar
- X

P,: HDIM100DUFEPS (0-10 kPa)
P;: HDIMO10DUFSPS (0-1 kPa)

b) Gedd nancparticin maanabrandg an
substrate (w. 100 W mpaertuns)

Aecdhar i
tmpm -

—-—

AFM Pressure
computer computer
i Pt) data, mean pressure during scan

2(xy) data, n x m height matrices

AFM sarmpha-fobdes
{1 mm cpening on top plate)

Figure 6. Illustration of AFM Bulge Test (a) Sample adhesion to pressure cavity (b) Bulge
Test Overview of working pressures sensor and data acquisition. Taken from H. Schlicke,
et.al. J. Phys. Chem. C 2014, 118, 8, 4386-4395.

Figure 7 shows a 3D rendering of the acquired height data profile after a film was pres-
surized. After a completed full scan, the height data were leveled based on the four areas
around the dome to locate its peak. The cantilever was aligned with the peak central point
of the radius of curvature in z direction and subsequent profile scans (0.977 x 100 qu,
5 x 512 pixel2) were acquired traversing the central point in y direction. After peak de-

flections were measured, Equations (2) and (3) were used to produce a stress strain curve.
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Figure 7. 3D AFM image of bulged dome height profile. Taken from H. Schlicke, et.al. J.
Phys. Chem. C 2014, 118, 8, 4386-4395.

Using Equations (4-5) the biaxial modulus Y was the calculated. As shown by Equation (5),
the biaxial modulus can be converted into the elastic modulus E with use of the material’s
Poisson’s ratio. In this study the reported elastic modulus for free-standing film was 2.3-2.7
GPa. Another advantage of using free-standing films for bulge tests is that the thickness of
the film is not required to be within ~10 times the indentation depth, a requirement that

has been noted for conventional nanoindentation studies.®

Comparisons of Methods: Free-Standing vs Substrate Supported

Although support substrates offer advantages in terms of the robustness and ease in film
mounting, a major drawback is the time required to probe and sample the film. On the
other hand, for free-standing films, the disadvantage at times is the reproducibility of film
suspension. With both approaches providing their own challenges one improvement that can
benefit either is the use of a state-of-the-art confocal microscope for high-throughput data
acquisition. The biggest advantage of laser confocal microscopy is that it combines high
optical resolution with extreme imaging speed. Together, these two aspects make it ideal for

extracting height profiles of bulged films to measure mechanical intrinsic properties.
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CHAPTER 3
NEW EXPERIMENTAL METHOD FOR MEASURING
YOUNG’S MODULUS VIA BULGE TESTS

In this chapter, I provide my experimental approach and description of a method based
on a state-of-the-art laser confocal microscope with an in-plane resolution of 15-30nm and
lateral resolution of 250 nm, which can be used together with a designed bulge testing
apparatus to measure the elastic modulus of thin free-standing nanofilms. This experimental
approach goes beyond prior laser-based work in that it maps out the full bulge topography
and therefore can reliably and precisely identify the height of the bulge’s apex for a given
applied pressure. This height, together with the film geometry, is used as the key variable
to extract the film’s Young’s modulus. A special advantage of the particular laser confocal
microscope used is that all topographic measurements can be performed in a manner of 10

seconds, as compared to tens of minutes for AFM-based approaches.

Q

%/% P h \

Figure 8. Spherical cap geometry.

Spherical Cap Model

Central to the analysis of any bulge test is a reliable model of the deflection of a free-
standing film that has been clamped along the perimeter of a hole (here taken as circular
aperture of radius a) and is subject to a pressure differential P, as shown in Figure 8. In

response to this pressure differential a thin film of thickness ¢ will experience a stress o,
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develop a bulge radius of curvature R, and, as a result, deflect up a maximum height h
above its flat state for P = 0.

To write an expression for the modulus F one needs to express explicitly the stress and
strain and then express the two as a ratio to solve for the biaxial modulus Y as a function
of pressure and deflection.

The starting point is the thin-walled spherical pressure vessel formula! from which we

can directly express the stress as o = EﬁR Now the geometrical consideration for h << a

RO—a

a Y

is used to derive the strain term, where we can express strain geometrically as € =
where 0 = arcsing for % << 1. To satisfy % << 1 and solve for €, a relation for a/R
is needed. First, we can relate R, h and by using the Pythagorean theorem and expand
(R — h)2 +a® = R%. We can simplify the expansion in terms of R = QLQQ. From the

h
simplified relation we can write ER = %% Substitute % back into € = % and Taylor

2h _ (2h

3
expand arcsinZ; -+ %%8%) The Taylor expansion simplifies the strain to the form

3 2 2
€= %(% + %%) — 1. Altogether this gives € = §Z_2 and o = Z—ﬁt, which we can solve for
Y = Z. The result can be written as P = :%/fhg.

As a final consideration for free-standing films there needs to be a formalism to incor-
porate a prestress og. Pre-strain ¢y adds to the total strain € = €p,4¢ + €0, which can be
g

2
written as € = %2—2 + %} Using Y = ¢ we arrive at the final form of the Spherical Cap

Model for bulging a free-standing film

8Yt 3 O'()t
P(h) = —h 4—
(h) 3a4 + a?

Experimental Setup

Pressure-deflection curves to fit to Equation 7 were obtained by using an Olympus LEXT
OLS5000 confocal microscope to probe film deflection. This microscope operates with an

out of plane resolution ranging between 5-15 nm and a lateral resolution of 250 nm-500 nm.
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Figure 9. a,b: LEXT confocal microscope, sample holder. c¢,d: Free-standing film before
and after pressurization at 3kPa. e: Illustration of Newton rings in the outer circle from the
light interference pattern caused by the step inside the hole over which the film has been
stretched d.

Films were mounted on an aluminum metal support with a central, 1 mm diameter
circular hole through which vacuum was applied to bulge the films. To prevent lateral
movement of the films they were mounted using double-sided adhesive tape (TESA 05338).
This tape was placed over the hole on the metal support and then a hole was punched through

the tape using a tapered needle that matched the diameter of the hole in the metal support.
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This TESA tape was found to provide good adhesion while at the same time providing a
reliable air seal, which other types of tape, such as Scotch brand tape, did not achieve.

As shown in Figure 8, the spherical cap geometry generally considers positive pressur-
ization, whereby the bulged film points upward. For the purposes of the experiments in this
thesis negative pressurization was applied to bulge free-standing films downward, as seen
below in Figure 10. Films were strained uniformly by use of a vacuum pump and flexible
PVC tubing that were connected to the sample holder. A large buffer chamber positioned
between the vacuum pump and the sample holder was machined to act as a reservoir for

static loading of the film and to dampen acoustic vibration from the vacuum pump.

W
Figure 10. Spherical cap geometry of free-standing film strained by vacuum pressure.

Experimental Protocol and Data Analysis Procedure

Samples were strained by two primary methods in order resolve which method is best at
preventing plastic deformation under a load-unloading cycle. The first method uses a rapid
increase of deflection from zero up to the maximum, followed by a slow decrease back to
zero. For this the buffer chamber is evacuated with the vacuum pump to 10 inHg, the pump
is turned off, the needle valve to the sample is opened, which in a few coarse steps brings
the sample to its maximum downward deflection, and then slowly air is bled into the buffer
chamber to bring the chamber to ambient pressure and the sample back to zero deflection.

With the second method the deflection is slowly increased starting from zero. In this

approach the buffer chamber is evacuated with the pump to 10 inHg, pump is turned off,
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the needle valve is opened slightly, and this very slowly brings the sample to its maximum
deflection. During this time the evolving deflection is measured every 25-30 s using the
LEXT. Each scan takes less than 10 seconds. The rate of change of the deflection is adjusted,
via the needle valve, to be sufficiently slow that during each LEXT scan the sample can be
assumed to be in quasi-static equilibrium. The buffer chamber was pumped down to 10 inHg;
however, the free-standing films are only pressurized to a maximum of 5 inHg. In order to
control the applied pressure a series of course and fine needle valves were connected to the
buffer chamber and sample holder. Shown in Figure 9 is a photograph of the LEXT confocal
microscope and a close-up of the sample holder sitting underneath the LEXT microscope
objective. Also shown are optical images, taken with the LEXT, of a film suspended over a
TEM grid with a single, prefabricated hole.

In these images Newton rings around the perimeter of the hole are visible as the freely
suspended film portion becomes bulged. These rings are an artifact of the particular type
of TEM grid used in the experiments. The holes, or apertures, in these TEM grids through
which vacuum is applied to the film have a main diameter of ~50um, but widen at the top
in step-like fashion to about 75-90um (depending on the particular batch used; the exact
dimensions are measured with the LEXT in each case). This creates a circular ledge at a few
microns depth underneath the suspended film. The light coming from the LEXT objective
is transmitted through the transparent, downward-curved film and reflects off that ledge,

which results in the Newton rings.
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Figure 11. LEXT line traces across a freely suspended film at ambient pressure (black) and
under vacuum (red). The red line is a fit to a parabola.
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Figure 12. 3D mapping of the suspended film’s surface at ambient pressure (black) and
under vacuum (red). Also shown is the best-fit parabolic cap that approximates a hemi-
spherical bulge when h/a << 1.
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Figure 13. Pressure vs. deflection curve from loading and unloading of a free-standing film,
here a 20nm thin film of a polymer. The red line is the fit to Eq. 7.

Shown in Figure 11 are LEXT line traces across the freestanding film portion prior to
and after being bulged, seen in black and red, respectively. Also shown is the parabolic fit to
the bulge profile, appropriately approximating a spherical cap section in the limit h/a << 1.
The gap in the line traces arising from the same artifact from the aperture substrate that
generates the Newton rings: as the LEXT laser scans across the film the detector receives
backscattered light from the film surface, but also, since it transmits through the film, from
the underlying ledge. Since the film is extremely thin (~10 - 20nm) the backscattered light
intensity from the ledge dominates and the LEXT’s depth-measuring algorithm focuses on
the ledge position deep below the film rather than on the comparatively small film deflection.

Unlike other studies mentioned above, the height h at each point across the bulge can
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be obtained quickly and precisely. This makes it possible to obtain the 3D topography at
given pressure, as shown in Figure 12. Typical pressure-deflection data obtained in this way
is shown in Figure 13. To extract the film’s biaxial modulus Y or elastic modulus E from
such data a Matlab routine is used to obtain a best fit to Equation (7). The curve fit of the
spherical cap model is illustrated in Figure 13. With the laser-scanning confocal microscope
used in the experiments the full height profile of a bulged film can be extracted in about
10 seconds with a noise floor of 15-30 nanometers. Subsequent analysis can determine the
absolute value of the maximum bulge height with an uncertainty of less than 200nm.

Figures 11-13 highlight the advancement in methodology in measuring the Young’s mod-
ulus presented in this thesis. Previous studies that reported the Young’s modulus of thin
films 2~% were not able to extract full topographic height profiles of a bulged film with
nanometer resolution in less than 10 seconds. Particularly in the AFM Bulge Test study
by Vossmeyer et al.” one full scan of the films’ bulged dome took 50 minutes; in addition,
subsequent line scans that transverse the peak deflection of the dome shown in Figure 7 were
required just to extract a height profile and find the correct dome height h. This process
is very time consuming and laborious, and it requires several steps to extract the necessary
physical parameters to compute the Young’s modulus.

For the spherical cap model derived in Equation (7) to be fully applicable for the purposes
of analyzing the mechanical response of free-standing thin films there is a need to know how
the terms in Equation (7) will represent experimental data and how well the spherical cap
model can be fitted. The first term in Equation (7) is the cubic term that contains the
biaxial modulus and needs to be deconvoluted from the second term which is the linear
term containing the prestress. In order to explore the interplay between these two terms, a
synthetic data set of pressure vs. deflections for a free-standing film was generated. In these
data the physical parameters such as thickness ¢ and radius a were fixed while the modulus

and prestress were varied to elucidate how accurate the curve fit performed under various
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conditions.

Shown in Figures 14-16 are three examples labelled Test 1-3, where pressure P ranges
from 0-20,000 Pa, radius a = 37 pum, and thickness, ¢ = 20 nm. The true values for modulus

Y and prestress o( are indicated together with the best fit values obtained from MATLAB

analysis of the data using Equation (7).

Test 1

Pressure P (Pa)

0 2 4 6
Deflection 4 (m)  +10®

Y fit=1.46 GPa o¢,= 32 MPa

Y true=1.8 GPa ¢,=30 MPa

Figure 14. Test 1. The cubic and the linear term in Eq. (7) are of comparable magnitude.
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Deflection & (m) <108
Y true=0.65 GPa o¢,=70 MPa

Y fit=0.8 GPa o,= 68 MPa

Figure 15. Test 2. The prestress dominates.
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Figure 16. Test 3. The cubic term is larger than the linear term.
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The synthetic data in Figures 14-16 provides a qualitative and quantitative intuition
for how different experimental results from bulge tests affect the accuracy of extracting the
biaxial modulus (which then can be converted to a Young’s modulus using Equation (5)).
Specifically, if the prestress oy dominates the cubic term, the curve will be linear and accurate

determination of the modulus will not be possible.
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CHAPTER 4
APPLICATION OF THE METHOD TO POLYMER
NANOCOMPOSITE THIN FILMS

I start Chapter 4 by introducing the experimental findings of both the structural mor-
phology and mechanical response of free-standing polymer nanocomposite (PNC) thin films
comprised of PS and PMMA polymer matrices with FegO,4 particle fillers. 1 then end the
chapter with a discussion of the experimental results and elucidate both the mechanism for

the PNC morphology and elastic behavior.

Iron (IIT) oxide (Fe304) nanoparticle Synthesis

Fe304 nanoparticles (NPs) were synthesized via thermal decomposition of iron (III) oleate
in oleic acid and 1- octadecene under an inert No(g) atmosphere as reported by Park et al.l
This synthetic protocol led to Fe304 NPs with a diameter of 8.0 &+ 0.6 nm (9% dispersity,
N = 848 particles). Caution: This reaction involves very high temperatures (320 °C), and
great care should be taken to: (1) maintain constant stirring to prevent uneven heating and
(2) ensure the thermocouple probe is always immersed in the solution. The FegO4 NPs
were twice precipitated using a equivolume mixture of hexane:ethanol and dried, and then

suspended in toluene at a concentration of ~6 mg/mL.

Preparation of Polymer Nanocomposite Solution

Polystyrene (PS) and polymethylmethacrylate (PMMA) were the two polymers used
for iron nanoparticle filler dispersion and dissolution. PS and PMMA (Mw = 350,000)
were both purchased from Sigma Aldrich and used as received. These were dissolved in
toluene at a concentration of 1 wt%. Aliquots of the FegOy4 stock solution were added to
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the polymer solution to achieve a NP concentration of 0.25-10 (wt%) with respect to the
dissolved polymer. The solutions were dissolved under ambient conditions for 3 days and
then mechanically sonicated. Dispersion was checked by the absence of a precipitate upon

centrifugation.
Free-standing Film Fabrication

Free-standing polymer thin films were prepared via spin coat deposition (using the SPS
6700 spin coater in the MRSEC Materials Preparation Lab) onto a salt crystal, which was
then dissolved. A 10 mm3 NaCl salt cube was cleaved with a razor and hammer and was
mounted on the spin coating chuck. A 6 pul aliquot of the PNC solution was deposited on
the substrate, which was then spun with a 3 s ramp time to 1500 rpm for 30 s. To remove
the spin coated film from the salt crystal surface, the crystal was placed in glass petri dish
filled with deionized water. After 5-10 minutes of dissolution the film detached from the salt
crystal and floated to the top of the water. A 4 x 2 x 1 in® piece of acrylic was used as
platform to hold 3 mm TEM copper substrates each with a prefabricated single hole aperture
of diameter 50 ym (Ted Pella Inc).

Floating film
TEM grid
Spin coat PNC solution Place NaCl crystal into deionized water Pick up floating film
onto NaCl crystal to to dissolve crystal, leaving film floating fmf“ below and de‘pos1t
create uniform thin film at air-water interface it onto TEM grid

Figure 17. Free-standing film fabrication process steps (left to right)

Several TEM substates were placed on this acrylic platform and then gently submerged

underwater in the petri dish and brought into contact with the floating PNC film, which
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then draped over the 50 pum hole and formed a free-standing film. Fabricated free-standing
films were left to dry for 30 min to 1 h before bulging for characterization. The process of

fabrication is shown in the cartoon form in Figure 17.
Transmission Electron Microscopy (TEM)

Structural morphology characterization was done by using the FEI Spirit TEM. The FEI
Spirit uses a LaB6 filament producing a 120 kV accelerating voltage. Films are suspended on
a TEM substrate with a 300um hole. Morphology measurements are then taken by loading
individual samples in the FEI Spirit. Before inserting the sample, the beam was spread to
fully occupy the phosphor screen with a measured beam current (~50 nA). The change in
nanoparticle density of each corresponding weight fraction was demonstrated by increasing

the magnification (1300x — 3000x) for each image.
Measurement Calibrations

The film thickness was checked for each sample by performing a confocal height scan
on a second control sample that was taken from the same film, but was mounted onto a
silicon substrate without hole. This involves, first, a silicon substrate of area 5mm? to be
cleaned and sonicated with acetone, methanol and deionized water. Second, the silicon chip
is submerged under water in the glass petri dish and brought into contact with the floating
PNC film. It then laminates itself onto the silicon. After the film has dried on the silicon
chip it can be characterized by the LEXT OLS 5000 over an area that includes both the bare
silicon substrate for reference and a flat single layer portion of the film. The 100x objective is
used to raster the silicon substrate/film interface with a z-height resolution of 5 nm, scanning
for changes in height. The difference gives a measurement of the film thickness. For several
samples this measured thickness was confirmed by complementary AFM measurements.

The aperture radius was measured with the LEXT for accuracy and analyzed by use of
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Figure 18. LEXT Thickness Measurements

MATLAB. After each film is bulged data acquired is then associated with a height profile
data and optical image. The optical image shown in Figure 9 is analyzed by Matlab code

where the aperture diameter is measured for each free-standing film.

Results

PNC thin films were fabricated via spin coat deposition at increasing weight fractions of

FegO4 nanoparticles across the range from neat to 10 wt% for PS and neat to 6 wt% for

PMMA.
a) Transmission Electron Microscopy

The transmission electron micrographs shown in Figures 19-24 for both PS-Fe304 and
PMMA-Fe30y illustrate the dispersion of particles and aggregate cluster formation owing to
increased density of nanoparticles with increasing nanoparticle loading. The measured size

of individual iron nanoparticle diameters is ~8 nm.
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Figure 19. TEM image of PS-Fe3Oy4. Density of particles increases from 0.75 wt% (left) to
2 wt% (right).

Figure 20 TEM image of PS-Fe3O4. Density of particles increasing with in aggregate
dispersion 5 wt% (left) to 6 wt% (right).

Figure 21. TEM image of PS-Fe3O4. Uniform aggregate dispersion at 8 wt%. The image
on the left is a magnification of the image on the right.
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Figure 22. TEM image of PMMA-Fe3Oy4. Initial aggregate formation at 0.75 wt%. The
image on the right is a magnification of the image on the left.

Figure 23. TEM image of PMMA-Fe30,. Increased aggregate formation at 3 wt%. The
image on the left is a magnification of the image on the right.

Figure 24. TEM image of PMMA-Fe30,. Clustered aggregate dispersion at 5 wt%. The
image on the left is a magnification of the image on the right.
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b) Bulge Test Measurement Results

Figures 25-33 show pressure vs. deflection curves from the bulge tests for PS-Fe3O4 and
PMMA-Fe304. The curves are representative for each of the film weight fractions tested.
Data were obtained while the films were bulged and then unloaded back to ambient pressure.
Only samples where there was negligible plastic deformation during unloading were analyzed.
Each pressure vs. deflection curve has a confidence bound indicated (dotted red dashes),
representing the reliability of the curve fit to the spherical cap model in Equation (7). In
Figures 29 and 33, shown are outlier deflection points which correspond to experimental
protocol notated in the graphs as Method 1, whereby the film was quickly pressurized to
max pressure and then the pressure was released slowly. In all other pressure vs. deflection
plots Method 2 was applied, whereby the film was slowly pressurized starting from zero.

The spherical cap model was used for a Matlab analysis to extract a curve fit from the
pressure vs. deflection curves, and the biaxial modulus was computed. In Figures 29 and 33
the biaxial modulus Y, extracted from the curve fits, is shown as function of nanoparticle
loading. The vertical error bars are from the fitting uncertainty for the biaxial modulus.

Starting with PS-Fe3O,4 the measured biaxial modulus was found to be in the range
0.4-0.7 GPa for neat polystyrene and 0.4 GPa for 10 wt% added nanoparticles. For PMMA-
Fe304 the measured biaxial modulus was 0.5 GPa for neat polymethylmethacrylate and 0.4
GPa for 6 wt% added nanoparticles. As seen from the data plots in Figures 32 and 36,
there is no evidence of a systematic trend as the loading of Fe3O4 nanoparticles increased,
implying no significant change in biaxial modulus within the uncertainties associated with
the measurements. It must be noted that in Figure 29 the three data points that have the
highest biaxial modulus values are possible outliers, since they were bulged by Method I as
the experimental protocol, whereby the film is loaded quickly and then slowly unloaded back

to zero pressure, which can more easily introduce plastic deformation than Method 2.
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Figure 25. PS-Neat Pressure vs. Deflection Curve.
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Figure 26. PS-FezOy4 2 wt% Pressure vs. Deflection Curve.
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Figure 28. PS-Fe30,4 10 wt% Pressure vs. Deflection Curve.
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Figure 29. Biaxial Modulus vs Nanoparticle Loading Weight Percent PS-Fe3Oy.
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Figure 30. PMMA-Neat Pressure vs. Deflection Curve.
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Figure 32. PMMA-Fe30, 6 wt% Pressure vs. Deflection Curve.
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Discussion
Structural Morphology of PS-Fe304 and PMMA-Fe3;04

The TEM micrographs illustrate an evolution in nanoparticle density and aggregate
formation. Starting with PS-Fe3O4 in Figures 18-20 we observe minimal particles present
in the PS film at 0.75 wt%. As more particles are introduced into the PS matrix the
density of particles increases, as seen when comparing 0.75 wt% and 2 wt%. This trend
continues in the micrographs of PS with 5 wt% and 6 wt% FegOy4; however when
approaching higher weight fractions the onset of aggregate cluster formation begins and
leads to a dispersion of aggregate clusters, as seen for PS with 8 wt% Fe3Oy4. The
formation of aggregate clusters can originate from the weak nanoparticle-polymer
interactions.!~3 Since the nanoparticles were not functionalized in this study, the particle
to polymer chain affinity is weak, resulting in nanoparticles that can detach rather easily.
Further, the chemical bonds of the oleyamine ligands surrounding the Fe3O4 core of the
nanoparticles are secondary van der Waals bonds; so ligands can also detach with relative
ease, which then can lead to particle aggregation and cluster formation. Finally, the
oleyamine ligands are miscible in polystyrene, meaning they are hydrophobic. This explains
the ability for clusters to have good dispersion with increasing loading weight fraction.

Contrary to the morphology observed with PS-Fe3Oy4 the onset of aggregate cluster
formation begins to occur at lower nanoparticle loading weight fractions for PMMA-Fe3Oy4.
This early aggregate presence is likely due to PMMA-Fe304 being less miscible in solution.
Fe304 nanoparticles are more hydrophilic with PMMA, resulting in non-uniform aggregate

dispersion compared to the polystyrene matrix shown in Figures 24-26.
Elastic Response

The elastic response measurements for both types of polymer matrices shows that the
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addition of Fe3O4 nanoparticles results in no systematic change, within the measurement
uncertainties, in biaxial modulus as the nanoparticle loading weight percent is increased
(Figures 29 and 33). This is in contrast to the increase in elastic modulus observed by
178

Kumar et a , who used chemically grafted silica nanoparticles in a PMMA matrix. We

note that these particles were functionalized to hydrogen bond to the PMMA matrix.
Other researchers® 19 also reported that functionalized nanoparticles embedded in a
polymer matrix result in polymer chain confinement, which leads to reduced chain
mobility. Reduced mobility, in turn, was shown to increase the elastic modulus as more
functionalized particles are introduced into the polymer matrix.

However, contrary to the observations of an increase in elastic modulus, there have
also been reports of softening from the addition of functionalized nanoparticles, which then
leads to a decrease in elastic modulus. One example is the work by Young et al., shown in
Figure (2). Crosby et al.l'’ found a decrease in elastic modulus when they added Cadmium
selenide nanoparticles functionalized with polystyrene ligands to a PS matrix. The
reduction in elastic modulus was explained as being related to the fact that the addition of
PS ligands plasticized the matrix.

We attribute the finding that the elastic modulus remains effectively unchanged with
nanoparticle loading to the use of unfunctionalized nanoparticles. Such unfunctionalized
particles should not interact significantly with the polymer chains and affect their mobility.
Thus, we do not expect these particles to produce positive or negative trends in elastic
behavior as function of nanoparticle weight fraction. This is supported by Crosby et al.b
who found for similarly thin (19 nm) PMMA films that the modulus did not change with
the addition of silica nanoparticles up to the maximum volume fraction of 10%.

Finally, studies in the past reported Young’s modulus values for both PS and PMMA
neat thin films in the range 1.5 - 2 GPa.%! The values we obtained (see Figures (32) and

(36)) are significantly lower. For PS-Fe3O4 converting the biaxial modulus Y to the elastic
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modulus F using Equation (5) we find E values of 0.4 GPa, 0.2 GPa and 0.3 GPa for neat,
2 wt% and 8 wt%, respectively. For PMMA-Fe30, the F values are 0.3 GPa, 0.1 GPa and
0.3 GPa for neat, 3 wt% and 6 wt%, respectively.

We speculate that there could be several reasons for the low values. One reason might
be thickness dependence. In a study by Keten et al.* simulations were conducted to
investigate the thickness-dependent mechanical behavior of glassy polymer thin films. It
was observed that, in thin supported as well as free-standing films, the effects of the free
surfaces on the molecular structure and dynamics of polymer chains fundamentally change
the behavior compared to the bulk, and that these effects become more dominant as film
thickness decreases below 100 nm.® However, Crosby et al.%! in two studies (one for PS
and one for PMMA) investigated the stress-strain response of ultrathin free-standing
polymer films and reported no change in elastic modulus for thicknesses as low as 32 nm
(neat PS) and 19 nm (PMMA with silica nanoparticles). A second reason might be that
the low Young’s modulus for our films is due to the fabrication and film deposition process.
A recent study!? showed that absorption of water molecules can have an effect on the
modulus. This could introduce a plasticizing effect from residual water when the film is
transferred onto the TEM aperture hole. A third reason could be related to the fact that
the oleyamine ligands that cover the Fe3O,4 nanoparticle cores are only weakly bound to
the nanoparticles cores. If some of these ligands detach, they could migrate to the film
surface. An excess of ligands at the film surface has been noted to weaken and soften the
mechanical properties of free-standing polymer films.10

In summary, the data in this thesis indicates that the addition of 8 nm diameter,
unfunctionalized FegO4 nanoparticles to PS and PMMA thin films does not produce a
change in biaxial or Young’s modulus up after increasing the nanoparticle loading weight
percent up 10 wt% and 6 wt% for PS-Fe304 and PMMA-Fe3O4 respectively. We attribute

this to the fact that the unfunctionalized nanoparticles do not significantly interact with
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the polymer chains, in contrast to functionalized nanoparticles. We speculate that the
observed low value of the Young’s modulus compared to literature values most likely is

either the result of residual water in the films or due to excess ligands at the films’ surfaces.
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CHAPTER 5
SUMMARY AND FUTURE WORK

This thesis work focused on a new methodology for measurements of the Young’s modulus
using mechanical bulge testing of free-standing thin films. The method uses advanced
laser-scanning confocal microscopy, and its main advantage is the combination of speed and
ease with which measurements can be performed. I first introduced the motivation behind
the method and the requirements for the computation of the biaxial modulus Y and its
relation to the Young’s modulus E. I provided a derivation about the geometrical
parameters needed to be considered when quantitatively describing the elastic response
behavior of a free-standing thin film that is being bulged by applying a pressure differential
across it. With the laser-scanning confocal microscope used in the experiments the full
height profile of a bulged film can be extracted in about 10 seconds with a noise floor of
15-30 nanometers. Subsequent analysis can determine the absolute value of the maximum
bulge height with an uncertainty of less than 200 nm.

Second, I illustrated the new method with bulge tests of free-standing polymer
nanocomposite thin films. Specifically, I studied how increasing the loading weight fraction
of non-functionalized iron III oxide nanoparticles in a polystyrene and a
polymethylmethacrylate polymer matrix affects the bulging behavior. Over the weight
fraction ranges investigated the bulge test measurements indicated no clearly identifiable
trend and, within the experimental uncertainties, suggest that there is no change in biaxial
modulus resulting from the addition of unfunctionalized nanoparticles. The absolute values
for the elastic modulus obtained from these experiments, in particular also for the neat
films that contained no nanoparticles, were about a factor of 5 lower than expected from
prior literature. This suggests that in these thin films the mechanical properties were
dominated by an as yet unidentified mechanism. I speculate that this could be related to a

plasticizing effect from the film fabrication procedure as well as from excess oleyamine
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ligands in the films. After completion of the thesis, it was discovered that the software
program called gwyddion, which is used to output height data from the proprietary
Olympus file format (.poir) for subsequent batch processing using Matlab, does not
preserve the correct z-scale for the height data. Corrected deflection values may be smaller
by a factor of roughly two than those reported in this thesis, and therefore the correct
values of the inferred modulus may be larger than those reported by a factor of roughly
eight. All deflection uncertainties will also need to be reduced by the same factor of
roughly two. Future work of this investigation could explore a variety of thermal analyses
of this PNC system along with studying the morphology and elastic response of

functionalized iron IIT oxide nanoparticles under external stimuli.
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