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ABSTRACT 

It is very important to understand the mechanical properties of polymers at the 

nanoscale with the continuing demand of decreasing the size of circuit in the electronic 

industry. There has been considerable research on the confinement effect in thin films 

with a variety of techniques, often with conflicting results. Most of the previous work has 

been done in a pseudo-thermodynamic mode, where the glass transition temperature (Tg) 

is taken to be the break in the temperature dependence of a property [e.g. ellipsometry, 

Brillouin scattering]. A method based on the determination of a dynamic property, the 

absolute biaxial creep compliance, has been developed by O’Connell and McKenna. The 

method is a scaled down version of the classic bubble inflation technique. They found 

that the Tg of polystyrene (PS) decreases with film thickness, while it doesn’t change for 

poly(vinyl acetate) (PVAc). The most surprising finding is that the rubbery plateau 

compliance decreases dramatically for both materials. These results are unexplained 

though it has been suggested that the observed stiffening at the nanometer size scale 

could be attributed to surface tension. 

In this thesis, we investigated a new material (poly (n-butyl methacrylate) (PBMA)) 

that shows significantly different behavior from PVAc or PS and that provides new 

evidence that the stiffening of the rubbery plateau region in ultrathin polymer films is a 

nanoconfinement effect. We developed the stress-strain analysis and energy balance 

approach to separate the surface tension contribution to the observed rubbery stiffening. 

We found that the surface tension contribution for PBMA is much larger than that of 

PVAc. The rubbery stiffening of PBMA is much less than PS and PVAc. The surface 

tension of PBMA doesn’t change with decreasing film thickness. 
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Further, the geometry effect in the nanobubble inflation technique was investigated 

by comparing the creep behavior of circular bubbles with that of rectangular bubbles. The 

accuracy of the analytical approximate solutions was evaluated by comparing with the 

finite element (FE) analysis for simulation of the inflation of rectangular bubbles. We 

found that the shape of the bubble obtained from the experiment is consistent with that of 

FE. We also found that the reduction of Tg and the rubbery plateau compliance for 

rectangular bubbles are consistent with those of circular bubbles. So geometry is not the 

reason for the observed stiffening effect.  

Next, we investigated the molecular architecture effect in the nanobubble inflation 

technique by comparing the creep behavior of linear PS with that of the three-arm star PS. 

Both the reduction of Tg and the stiffening in the rubbery region for star PS is consistent 

with those of linear PS.  

In the last part of this thesis, the capability of the nanobubble inflation technique to 

investigate the yield and fracture behavior of ultrathin films was demonstrated. Stepped 

pressure is applied to ultrathin films until it broke. We found that for 33nm film, it transit 

from brittle failure to yield with increasing temperature. The yield stress decreases with 

increasing temperature. For 22nm film, it always failed without yield.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Glass Transition in the Bulk 

The glass transition describes the change from a liquid to a glassy solid as a glass 

forming material is cooled. The most prominent models of the glass transition are the 

lattice model by Gibbs and Dimarzio and the free volume model [1-6]. Gibbs and 

Dimarzio theory regards the glass transition as a thermodynamic transition (second order 

transition) [1-3]. The glass transition occurs when the configurational entropy becomes 

zero. Free volume concepts were introduced by Doolittle to express the viscosity as a 

simple Arrhenius type function for normal paraffins [4-6]. Then Fox and Flory obtained 

the free volume of polystyrene and polyisobutylene as a function of temperature and 

molecular weight [7-10]. William, Landel and Ferry derived the shift factor, which is the 

ratio of relaxation times at any temperature to their values at a reference temperature, as a 

function of temperature and free volume [11]. The free volume is the difference between 

the total volume and the volume occupied by the molecules. The free volume model is 

based on kinetics and it assumes that the free volume fraction increases linearly with 

temperature, and at the glass transition temperature (Tg), it equals 0.025 [5,7,11]. Adam 

and Gibbs developed the cooperative motion concept for glass transition dynamics [12]. 

At the glass transition temperature, the cooperative rearrangement of neighboring 

segments occurs instead of the motion of individual segments. The size of cooperatively 

rearranging regions (CRR) is several nanometers and it increases as the temperature 

decreases [13, 14]. The size of CRR from the temperature fluctuation theory by Donth is 
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much larger than that from the Adam-Gibbs theory [15-16]. The result of Donth is 

consistent with the values using different approaches [17-18]. None of the models can 

explain all the experimental observations.  

 

1.2 Glass Transition in Confined Systems 

Although the understanding of glass transition behavior in the bulk remains elusive, 

there has been significant amount of interest for materials at the nanometer size scale or 

materials confined to nanometer geometries [19-32]. Jackson and McKenna first reported 

Tg reduction of ortho-terphenyl (o-TP) and benzyl alcohol confined in controlled pore 

glass (CPG) in 1991 by differential scanning calorimetry (DSC) [19]. They found that as 

the pore size decreases, the reduction in Tg increases for both small organic glass forming 

molecules. At 4nm, Tg decreases by 18 K for o-TP, while the decrease is much less for 

benzyl alcohol (7 K). For both molecules, the experimental data do not show a strictly 

linear relationship between Tg and reciprocal pore diameter. Similar magnitude of 

reduction in Tg were confirmed by Zhang, Liu and Jonas on a wider ranger of small glass 

forming molecules using calorimetric measurements [20]. A linear relation between Tg 

and reciprocal pore diameter was observed. Subsequent study of pure o-TP and o-

TP/Polystyrene solutions confined in CPG by Park and McKenna showed two different 

Tg values [21]. The first Tg was lower than the bulk Tg and the other was higher. The 

lower Tg decreases with decreasing pore diameter and increasing polystyrene 

concentration, which is consistent with previous results [19-20]. The higher Tg for the 

more highly concentrated o-TP/Polystyrene solutions decreases with decreasing pore size, 

while it increases for the pure o-TP and went through a maximum for the less 



Texas Tech University, Shanhong Xu, August 2011 

 3

concentrated solutions. The higher Tg was attributed to the interaction between layers of 

the confined molecules and the pore surface. Ewen et al. observed two distinct Tg for 

propyrene glycol and its oligomers. Ewen et al. observed two Tgs for propylene glycol 

and its three oligomers confined to 10nm pores of a controlled porous glass using 

dielectric spectroscopy [22]. One Tg is 47 K above the bulk Tg, and the other is 5 K above. 

The lower Tg is maximal for the monomer liquid and gradually diminishes with 

increasing molecular weight. Zheng and Simon found two Tgs for propylene glycol 

confined in both silanized and unsilanized pore glass using DSC [23]. The higher Tg is 

about 30 K above the bulk; the other Tg is 3 K lower than bulk. Alba-Simionesco and co-

workers investigated Tg of benzene and toluene confined in cylindrical pores of 

synthesized silicates using adiabatic calorimeter [24-25]. The Tg of toluene confined in 

nanopores decreases and then increases with decreasing pore diameter. The increase of Tg 

was attributed to a surface effect due to the interaction between the confined molecules 

and the pore. The reduction of Tg was attributed to an intrinsic size effect.  

Thin polymer films are attractive sample choices for the study of finite size effects 

because the confining dimension, the film thickness, can be continuously varied. 

Polymeric materials can form stable free standing films. There have been extensive 

studies of the dependence of the glass transition temperature on film thickness for 

supported films and freely standing films. The first systematic investigation of Tg in 

supported polystyrene films was performed by Keddie, Jones and Cory [26]. Polystyrene 

thin films were made by spin coating polystyrene/toluene solutions onto single crystal 

silicon wafers. The Tg was determined as the discontinuity in expansivity. The observed 

Tg value was reduced below the bulk value when the film thickness is less than 40nm. 
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And the reduction of Tg increases as the film thickness decreases. The measured Tg 

values are independent of molecular weight (Mw) with Mw ranging from 120 k to 2900 

kg/mol (radius of gyration (Rg) from 10 to 50 nm). Figure 1 shows the glass transition of 

supported polystyrene thin films as a function of film thickness [27]. These results were 

complied by Forrest and Dalnoki-Veress and represent results from multiple methods 

including ellipsometry [26, 28], X-ray reflectivity [29], positron annihilation [30], and 

dielectric techniques [31]. From similar results obtained for PS thin films on different 

substrates, one can conclude that the PS films interact only weakly with all the 

underlying substrates. The importance of the effect of polymer-substrate interaction on 

the measured Tg was observed for poly (methylmethacrylate) (PMMA). For PMMA films 

supported on Au coated silicon substrate, the measured Tg value decreases with 

decreasing film thickness, while it increases above the bulk Tg on silicon wafer with 

native oxide layer [34]. Roth and Dutcher reported that Tg of thin atactic PMMA 

decreases with decreasing film thickness supported on two different substrates: Au coated 

silicon substrate and native oxide layer of silicon by ellipsometric measurement [35]. 

Using optical waveguide spectroscopy, Prucker et al found that Tg of PMMA films 

supported on hydrophobic glass substrate (treated with hexamethyldisilizine (HMDS)) 

decreases with decreasing film thickness [36]. By local thermal analysis de Pablo et al 

reported that Tg of thin PS film supported on polar and non-polar substrates decreases 

with decreasing film thickness [37]. However, Tg of thin PMMA films on polar substrates 

increases with decreasing film thickness, while it decreases on non-polar substrates. Fryer 

et al investigated the interfacial energy dependence of Tg for PS and PMMA thin films 

[38]. They found when the interfacial energy between the polymer and the substrate is 
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low, Tg decreases with decreasing film thickness for both PS and PMMA. However, at 

high interfacial energy, Tg increases for both polymer thin films [38]. A significant 

increase in Tg was observed for poly-2-vinylpyridine on silicon oxide [39]. The measured 

Tg increases by 50 K for a 8 nm film. Grohens and co-workers reported molecular 

architecture effects of isotactic and syndiotactic PMMA films supported on silicon [40-

41]. The Tg for isotactic PMMA increases for thickness lower than 100 nm, whereas the 

Tg for syndiotactic PMMA was reduced. Ellison and Torkelson investigated the Tg 

distribution through the depth of pyrene-labelled PS thin films using fluorescence 

measurement [42]. They found reduction of Tg decreases from the free surface down to 

30 nm into the films. When the film thickness is between 25 and 60 nm, the Tg of surface 

layer increases with decreasing film thickness, while the average Tg of the total film 

decreases. 

Measurements of Tg on free-standing PS films by ellipsometry and Brillouin light 

scattering (BLS) are shown in figure 2 [27]. The data divide into two distinct regimes of 

Mw. For Mw<350 kg/mol, the film thickness dependent Tg values do not exhibit any Mw 

dependence. And the relationship between the Tg and the film thickness is very similar to 

that of supported films, although the magnitude of Tg reduction is much larger than that 

of supported films at the same film thickness. For Mw> 575 kg/mol, the most significant 

difference from supported films is that the measured Tg depends on Mw. This indicates 

that the chain confinement effect is very important in the Tg reductions. As the Mw 

increases, the reduction of Tg increases. For any particular value of Mw, the measured Tg 

is a linear function of film thickness [27]. The magnitude of Tg reduction is much greater 

than that of supported films, with a 20 nm film having a Tg value reduced by 70 K below 
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the bulk value, compared to a 10 K reduction by a supported film with the same film 

thickness. The reduction of Tg was observed for much thicker films, up to 70 nm. Sharp 

and Forrest showed that Tg of 40 nm isotactic PMMA films reduced by 10 K, which was 

much less than the 40 K reduction of Tg for free standing PS films with the same 

thickness [45]. Roth and Dutcher investigated the Tg of thin atactic PMMA with high Mw 

(Mw=790 kg/mol) [35]. Tg was observed to decrease linearly with decreasing film 

thickness, similar to the results of free-standing PS films. However, the magnitude of Tg 

reduction is much less than that of free-standing PS films with comparable Mw. 

O’Connell and McKenna reported no change in Tg for poly(vinyl acetate) film down to 

24 nm [46].  

 

1.3 Nanobubble Inflation Technique 

The extensive experimental studies of finite size effects on the glass transition  

temperature of thin films or small molecules confined in pores are based on  

thermodynamic or “pseudo-thermodynamic” measurements [47]. The thermodynamic 

measurement is defined as a direct measurement of a thermodynamic property such as 

heat capacity or volume vs temperature. In this measurement, Tg is taken to be the break 

or jump in the thermodynamic properties [47]. The properties measured in pseudo-

thermodynamic measurements are film thickness, Brillouin frequency, lateral force 

microscopy response. O’Connell and McKenna developed a novel bubble inflation 

technique in 2005, where the dynamic property, the absolute biaxial creep compliance is 

determined [48]. Figure 3 shows the schematic of the bubble inflation technique for a 
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single bubble. It is a scaled down version of the classic bubble inflation technique [49-50]. 

The details of nanobubble inflation technique will be described in chapter 2. 

If the bubble height (deflection at the center) is more than three times the film 

thickness, then the bending stiffness can be neglected and only the contribution of 

stretching is considered [51-52]. In this case, the bubble shape is well described by a 

hemisphere. By fitting the centerline profile of the bubble shape, the radius of curvature 

R, is obtained. The stress σ is related with the applied pressure P, the film thickness h, 

and the radius of curvature R [53]: 

 
h

PR
22211 == σσ  (1) 

The biaxial deformation or strain ε11=ε22 at the pole of the bubble is related to the bubble 

geometry by the following expression [53]: 

 1
2 0

2211 −==
R
sεε  (2) 

 )/(sin2 0
1 RRRs −=  (3) 

where s is the segment length of the bubble, and R0 is the radius of the membrane 

prior to inflation (the hole radius). The deflection of the film at the center is: 

 2
0

2 RRR −−=δ  (4) 

The apparent compliance, D, is given by the ratio of the strain, ε11, to the stress,σ11. 

 ( ) ( )
( )t
ttDapp

11

11

σ
ε

=  (5) 

The creep compliance reported in this study is apparent compliance. The difference 

between apparent compliance and true compliance, which takes into account the stress 
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history with Boltzmann superposition principle is very small, and can be neglected [46]. 

The total stress in the membrane is considered to be the sum of the elastic stress and the 

surface stress 

 Sbiaxtotal E σεσσ +== 1111  (6) 

where Ebiax is the biaxial modulus. σS is the surface stress, generated by the surface 

tension and is given by 

 
hS
γσ 2

=  (7) 

where γ is the surface tension. A plot of σtotal vs ε11 should yield a straight line, with the 

slope being the biaxial modulus, Ebiax and the intercept relating to the surface tension, γ. 

The creep tests were performed at different temperatures to construct master curves 

by time-temperature superposition. The Tg was estimated as the temperature at which the 

corresponding original creep curve stays in the middle of the transition region in the final 

master curve. If two original creep curves were almost equally close to the middle of the 

transition region in the master curve, then Tg is taken as the average of these two 

corresponding temperatures. With this technique, the Tg was observed to decrease with 

decreasing film thickness for polystyrene (PS), while there is no change for poly (vinyl 

acetate) (PVAc), shown in figure 4 [46]. The most surprising finding is that the observed 

rubbery compliance is reduced by two orders of magnitude compared to the bulk material. 

And the measured rubbery compliance scales approximately with the second power in 

film thickness for both PS and PVAc, as shown in figure 5 [54].  

These results are unexplained though it has been suggested that the observed 

stiffening at the nanometer size scale could be attributed to surface tension. For example, 
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Cuenot et al investigated the bending of silver and lead nanowires and polypyrrole (PPy) 

nanotubes [55]. They found that the apparent elastic modulus increases as the diameter of 

the wires or tubes decreases. For metallic nanowires at the smallest diameters, the 

measured modulus is approximately twice of that of the bulk materials, shown in figure 6 

[55]. For PPy nanotubes, the measured modulus increases by one order of magnitude for 

diameters around 35nm, shown in figure 7 [56]. The observed stiffening is attributed to 

the surface tension for both nanowires and nanotubes. The real modulus for the 

nanowires obtained by taking out the surface tension contribution from the apparent 

modulus is the same as the bulk. The real modulus for PPy nanotubes is only half of the 

minimum value in the range of reported bulk modulus [57, 58]. The derived surface 

tension is approximately twice of the bulk value for nanowires and nanotubes [59-61]. 

In the case of ultrathin polymer films, O’Connell and McKenna have argued that the 

surface tension contribution was insufficient to fully account for the stiffening. They 

considered the surface tension contribution in two ways. One is that the observed stress 

(total stress) in the film is the sum of the membrane stress due to stretching of the film 

and surface stress due to surface tension. By assuming the surface tension in the thin film 

is the same as the bulk, the membrane stress (real stress or effective stress) can be 

calculated. The plateau compliance without the surface tension contribution is obtained 

with the real stress by equation (1). The compliance calculated with and without surface 

tension contribution is shown in figure 8 [62]. The plateau compliance increases by a 

factor of about 3 over that calculated without accounting for surface tension and is still 

much stiffer than the bulk material. The other is that plotting the total stress as a function 

of strain (equation (6) ), the slope will be the biaxial modulus and the intercept is the 
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surface stress, from which the surface tension can be obtained. Figure 9 shows the 

compliance obtained from this stress-strain analysis is larger by a factor of 4.8 than that 

from the membrane stress analysis and this indicates a considerable stiffening as the film 

thickness is less than 100nm [62]. Figure 10 shows the surface tension derived from the 

stress-strain analysis as a function of film thickness. The majority of the data are 

consistent with the macroscopic value with a few points deviating to twice the 

macroscopic value. Both membrane stretching analysis and stress-strain analysis indicate 

that the surface tension plays a role in the observed stiffening of ultrathin films, a very 

large and unexplained contribution is from the molecular or confinement induced 

stiffening. 

 

1.4 Motivation and Organization of This Work 

The purpose of this work is to investigate the confinement effects on the mechanical 

properties of ultrathin polymer films using nanobubble inflation technique. Chapter 2 

described the experimental system. Chapter 3 investigated the contribution of surface 

tension to the observed stiffening behavior of a new material (poly(n-butyl methacrylate) 

(PBMA). Using stress-strain analysis and energy balance approach, the contribution from 

surface tension is separated out and the real modulus is obtained. Chapter 4 studied the 

geometry effect in the nanobubble inflation technique. Rectangular bubbles were inflated 

and the results were compared with those circular bubbles. Chapter 5 investigated the 

molecular architecture effects on the nanobubble inflation technique. Glass transition 

temperature and rubbery plateau modulus for star polystyrene are compared with that of 

linear polystyrene. Chapter 6 investigated the yield behavior of ultrathin PS films at 
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different temperatures. Chapter 7 summarized the work done in this study and discussed 

the future work to further understand the confinement effect on the mechanical properties 

of ultrathin films 
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Figure 1.1: Compilation of all measured Tg values for supported PS films [27]. Measured 

values are from references [26, 28-33] 
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Figure 1.2: Measured Tg values for free-standing polymer films. The solid symbols are 

obtained with ellipsometry and taken from reference [43]. The hollow symbols are 

obtained using BLS, with a vertical bar indicating the data from reference [28] and a 

horizontal bar indicating data from reference [44]  
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Figure 1.3: Schematic of bubble inflation technique for a single bubble [49] 
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Figure 1.4: The change for Tg for PS and PVAc as a function of film thickness [46] 
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Figure 1.5: Log plateau compliance as a function of film thickness for PS and PVAc [54] 
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Figure 1.6: variation of the measured elastic modulus for Ag (left scale) and Pb (right 

scale) nanowires as a function of the diameter. The solid line corresponds to the elastic 

modulus of bulk Ag and the dotted line to the elastic modulus of bulk Pb. [55] 
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Figure 1.7: Reduced modulus Er deduced from the force curve measurements reported as 

a function of the nanotube outer diameter dout. The inset presents Er as a function of a 

geometrical function of the nanotube and pore system ( ) 344 / Ldd inout − . Corresponding 

diameters and thicknesses (between parentheses) are reported [56] 
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Figure 1.8: log rubbery plateau compliance as a function of film thickness with and 

without surface tension effect using the standard analysis by equations (1, 2, 5) [62] 
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Figure 1.9: log rubbery plateau compliance vs film thickness using the standard analysis 

and from linear fit to the stress-strain data [62] 
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Figure 1.10: Surface tension as a function of film thickness from the intercept of the 

linear fit to the stress-strain data [62] 
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CHAPTER 2  

EXPERIMENTAL SYSTEM 

 

2.1 Introduction 

The bubble inflation device was first developed in our lab by O’Connell and 

McKenna [1]. A schematic of the experimental setup is shown in figure 1 [2]. It consists 

of an atomic force microscopy (AFM), a pressure cell with a sample/substrate holder and 

pressure and temperature control systems.  

 

2.2 Substrates 

The substrate templates are supplied by Aquamarijn company. The templates consist 

of a silicon nitride layer approximately 1 μm thick on a silicon support layer of 

approximately 0.7 mm in thickness. The silicon nitride templates have arrays of through-

channels etched in them. In this study, two types of templates with different shape/size of 

the through-channels are used: circular with diameter of 5 μm and rectangular with 

dimensions of 2.6 μm×0.8 μm. Other hole sizes/shapes are being considered for future 

experiments beyond the present work. The supporting layer has a series of large channels 

positioned to allow free flow of air to the array of holes in the upper layer and provide 

rigid support that prevents template bending under pressurization.  
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2.3 Sample Preparation 

Thin polymer films were made by spin coating 0.4%-7% w/w toluene solutions of 

the polymer onto mica sheets. Toluene is a good solvent for polystyrene and poly (n-

butyl methacrylate). The solubility parameters for toluene, polystyrene and poly (n-butyl 

methacrylate) are 8.9, 8.7 and 8.8 (cal/cm3)1/2 respectively [3]. Freshly split mica sheets 

with clean surface were loaded into spin coater (Specialty Coating Systems, model P6700) 

and covered with the polymer solution. The spin speed was 2000 rpm and the spin time 

was 30 s. The composite system (polymer film and mica) was then allowed to dry for 30-

120 min at room temperature. Approximately 3 mm of material was carefully scraped off 

each edge of the mica sheets using a single sided razor blade. Holding on one edge with 

tweezers, the composite is slowly immersed into a reverse osmosis (RO) water bath at 

room temperature. As the mica is immersed, the film detaches from the mica surface and 

floats onto the water surface. Once the whole film is floated off onto the water surface, a 

clean substrate template is immersed into the water and lifts the polymer film from the 

water surface. The sample is then dried overnight in a desiccator. The film was then 

annealed in an air oven at 15 K above the Tg of the film for 15 min to allow the film to 

adhere to the template surface. During the annealing step, capillary forces pull the 

material into the hole so that the film sits below the template surface.  

 

2.4 Atomic Force Microscope (AFM) and Pressure Cell 

The original bubble inflation device built by O’Connell and McKenna uses the 

PicoSPM AFM from Molecular Imaging (MI) to image the bubble shape. In order to heat 

and apply pressure to the sample thin films, a pressure cell needs to be placed in the 
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sample holder of the AFM, which requires a large space especially in the vertical 

direction. Usually the AFM is used to scan thin films or particles on a thin substrate. 

Most commercial AFMs have a sample size limit of 2-5 cm in the vertical direction since 

it is enough for most of the applications. At that time, MI was the only choice since it 

provides large sample space in the vertical direction. It is proved later that it is a good 

choice. The MI operates in two modes: the contact mode and the intermittent (tapping) 

mode. In the contact mode, the probe tip is brought to the sample surface and the 

cantilever begins to bend. The degree of bending is directly related to the force/load 

applied on the tip, and monitored by the change of the position where the reflected laser 

from the upper surface of the cantilever hit the photo detector. At a predefined force/load 

the approach stops. Then the AFM scans the surface with the force on the tip kept 

constant. In the intermittent contact mode, the cantilever has a magnetic coating on the 

upper surface and is vibrated by an electromagnetic field. As the tip approaches the 

surface, the amplitude of the vibration is reduced. When the predefined value for the 

amplitude of vibration is reached, the approach stops. Then the AFM scans the surface 

with the amplitude of vibration kept constant. To avoid distortion of the inflated bubbles, 

the AFM was run in the intermittent contact mode for all the measurements reported in 

this thesis.  

The pressure cell consists of four sections: upper plate, lower plate, a central cavity 

section and a plate containing an electromagnet (used to generate electromagnetic field to 

drive the AFM tip in the tapping mode), shown in figure 2. The upper plate is made of 

stainless steel, shown in figure 3. The template with sample film is attached on the upper 

surface at the center. Two heater strips (Omega KHLV-0502/10-P) are attached on the 
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lower surface of the upper plate on either side of the sample. The lower plate is made of 

aluminum. The pressurized air is supplied through the central hole in the lower plate. The 

central section is made of Teflon®, shown in figure 4. The pressure cell assembly was 

attached to the AFM by three magnetically tipped legs. Three small strips of thin 

magnetic material are glued to the top surface of the upper plate at positions 

corresponding to the position of the three magnetically tipped legs. To avoid dropping 

down from the three legs, the pressure cell is built as light as possible.  

Another pressure cell was built for the Ambios Qscope 250 AFM (AQ). The AQ 

operates in contact and tapping mode too. In the tapping mode, the cantilever vibrated by 

the piezoelectric driver. The AQ comes with a sample stage screwed onto a granite base 

(shown in figure 5a), which can move the sample in the x and y direction (not in the 

vertical direction). For the attachment of the pressure cell, the sample stage was removed 

to make more space available. Magnetic strips were attached on the surface of the granite 

base to avoid slippage of the pressure cell on the smooth surface of the base (shown in 

figure 5b). Similar to the pressure cell built for the MI, the pressure cell for the AQ 

consists of an upper plate, central section, and lower plate (shown in figure 6). The lower 

plate is made of thick stainless steel plate to make the pressure cell stay stable on the 

magnetic strip. Pressurized air was applied through the hole on one side of the central 

section.  

 

2.5 Temperature and Pressure Control 

The temperature is monitored and controlled by a controller (Omega CNi1622) 

using a “K-type” thermocouple (Cole-Parmer EW-08541-02). Two heater strips were 
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powered by a variable voltage transformer. The temperature is stable within 0.1 K during 

the experiment. Pressurized air is supplied via “house” air (piped directly to the 

laboratory from a central facility at the University) at 552 kPa (80 psi). The air is fed 

through a pressure regulator (Bellofram Type 70) and the outlet pressure monitored with 

a pressure transducer (Omega PX300-100V) attached to a display meter (Omega DP25B-

E). By adjusting the regulator, the required pressure can be obtained.  

 

2.6 Thickness Determination 

Small score marks are made on each edge of the template with a sharp razor (figure 

7). The area of score mark is scanned by AFM and the step height is measured as the film 

thickness. Because the score marks tend to be wider than the maximum scan range of the 

AFM, only a single edge is seen (figure 7). A line profile is then taken across the step 

change. To determine the film thickness, two identical data sets are plotted (figure 7). 

One of the data sets is then offset vertically to bring the level of the scored region to the 

same height as the area containing the film. The amount of offset is the film thickness. 

The step height is measured at each of the score marks and the average calculated. The 

variation in thickness on a film is approximately 10%.  

 

2.7 Comparison of the MI and AQ nanobubble Inflation Devices 

O’Connell and McKenna built the first nanobubble inflation device in our lab based 

on a Molecular imaging AFM (MI) [1]. Later on, Xu built another nanobubble inflation 

device based on an Ambios Qscope 250 AFM (AQ) [4]. These two measurement systems 

have different designs in the AFM, which leads to significant difference in their thermal 
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stability when scanning at above room temperatures and their reversibility in automatic 

approach and withdraw process.  

During the scan, the distance between the probe and the sample surface is very small, 

and can be neglected compared to the distance between the probe and the piezo scanner. 

Therefore, the distance between the sample and the piezo scanner approximately equals 

to the distance between the probe and the piezo scanner. If the sample is heated above 

room temperature, it will radiate heat to the piezo scanner. This will lead to the thermal 

instability of the piezo scanner and consequently limit the temperature achievable for the 

experiments of interest. The shorter the distance between the probe and pizeo scanner, the 

more heat absorbed by the piezo scanner. Figure 8 shows the scanner head of AQ. The 

distance between the probe and the piezo scanner is about 0.5 cm and nothing is installed 

between the probe and the piezo scanner to directly prevent the radiated heat. Figure 9 

shows the scanner head for MI. The distance between the probe and the piezo scanner is 

about 3 cm. A window glass and stainless steel plate is installed between the probe and 

the piezo scanner to shield the piezo scanner and protect it from direct exposure to the 

heat source. MI is more thermally stable than AQ because of the difference in the design 

and manufacture. For these reasons, the AQ is used for single bubble analysis at room 

temperature in chapter 3 and up to 51 °C in chapter 6, while MI is used for the 

measurement at much higher temperatures in chapters 4 and 5.  

During the auto approach process of the MI, the tip/probe stays still, and the sample 

on the sample holder moves towards the tip. The sample holder is attached to three 

magnetically tipped legs (figure 10). The front two legs do not move, the back leg moves 
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upward by a motor, i.e. the sample moves toward the tip. During the approach and 

withdrawal, the movement of the back leg is vertical and along the same path. However, 

the two contact points between the front two legs and the sample holder are not fixed. 

Therefore the movement of the sample does not follow the same path and is not totally 

reversible. For some specific area scanned, after the probe withdrawn and reapproached, 

it will not scan exactly the same area. For the single bubble analysis described in chapter 

3 and 6, the MI was not used, because the same bubbles need to be imaged as pressure 

increases. For the AQ, the scanner head is inserted on the plate and tightened by a 

thumbscrew (shown in figure 11). The auto approach (engage) in tapping mode follows a 

two step process. In the first step the system sets the cantilever into vibration, and it 

rapidly lowers the scanner head toward the sample surface by the step motor while 

monitoring the cantilever vibration amplitude. When the probe is within 10 μm of the 

sample surface, the cantilever vibration amplitude changed significantly and the step 

motor stopped. Then the system switches to the second step, which is the standard step 

and seek engage process, to gently lower the probe down to the surface by the z piezo 

scanner (shown in figure 12) [6]. During the withdrawal step, the piezo scanner will first 

retract fully, then the z step motor moves the probe further up. In auto engagement and 

withdrawal process, the step motor and the z piezo scanner moves the probe vertically 

and reversibly, so that the scan area does not change.  
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2.8 Difficulties in the nanobubble inflation measurements 

The thin film has to be taut before inflating bubbles. A slack film will lead to large 

errors in the analysis using the membrane approximation [5]. The film needs to be 

annealed before the bubble inflation measurements. Since the Tg of the thin film is 

unknown before the measurement, the annealing temperature is set as 15 °C above the 

pre-estimated Tg. If the annealing temperature is too high, then the film will be dewetted 

after the annealing. In this case the part of the film that is above the hole will separate 

from that adhered to the surface of the template and flow into the hole without forming a 

film. During the inflation of the bubbles, if the pressure is too high, the bubble will 

rupture. If the applied pressure is too low, then the bubble is not fully developed. The 

outer surface of the bubble becomes irregular, with some areas extruding and others 

retracting. Fitting the bubble shape with a sphere is impossible. If the applied pressure is 

not high enough, then the deflection of the film is less than three time of the film 

thickness. Analyzing the data with the membrane approximation will lead to large errors 

[2]. In order to build a master curve for a thin film, creep tests at several temperatures are 

performed with that same thin film. If the film is broken during one of the creep test, all 

of the creep data already obtained for that film are useless. Another new thin film has to 

be prepared for a series of creep tests at different temperatures. Finding the appropriate 

combination of annealing temperature and applied pressure is very important for the 

bubble inflation measurements. It is extremely difficult to blow rectangular bubbles with 

2.6×0.8 μm template. The reason is discussed in chapter 4.  
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Figure 2.1: Schematic drawing of the experimental setup showing the AFM, the pressure 

cell, heating elements, and pressurizing unit [2].  
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Figure 2.2: Pressure cell assembly attached to Molecular Image (MI) AFM 
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Figure 2.3: Both sides of upper plate 
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Figure 2.4: Central section with electromagnet 
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Figure 2.5: (a) AFM with sample stage (b) AFM with pressure cell 
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Figure 2.6: Pressure cell made for Ambios Qscope (AQ) (a) an upper plate (b) central 

section (c) lower plate 
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Figure 2.7: schematic showing the area scored on the template. The edges of the score 

mark are scanned and used in determining the film thickness. Plot of the height data 

across the edge of the score mark and the data are offset to illustrate the film thickness. 
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Figure 2.8: Scanner head for Ambios Qscope (AQ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 46

 

Figure 2.9: Scanner head for Molecular Image (MI) 
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Figure 2.10: Schematic of the Molecular Imaging (MI) AFM with magnetically tipped 

leg and sample holder 

 

 

 

 

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 48

 

Figure 2.11: schematic of the Ambios Qscope (AQ) AFM, (a) scanner head attached on 

the plate with thumbscrew tightened (b) scanner head removed from the plate (c) step 

motor moves the scanner head and plate down (d) step motor moves the scanner head and 

plate up 
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Figure 2.12: The front of the scanner: probe holder and Z piezo scanner [6] 
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CHAPTER 3 

UNUSUAL ELASTIC BEHAVIOR OF ULTRATHIN POLYMER FILMS: 

CONFINEMENT-INDUCED/MOLECULAR STIFFENING AND SURFACE 

TENSION EFFECTS 

 

3.1 Introduction 

Recent work in our laboratory has found that in ultrathin polymer films above their 

glass transition temperatures, the film stiffness increases dramatically as the film 

thickness is reduced below approximately 200 nm [1-4]. The stiffness increases by some 

three orders of magnitude relative to the macroscopic values for the thinnest films tested 

for polystyrene (PS) and poly(vinyl acetate) (PVAc) and is seen to scale with 

approximately the inverse second power of the film thickness for both materials. These 

results are, as yet, unexplained though it has been suggested that the mechanical 

properties at the nanometer size scale could be dominated by the surface tension. For 

example, a deviation of Young’s modulus from the macroscopic value has been reported 

for nanorods, and nanotubes [5-8]. In the work of Cuenot et al [9] on the bending of 

nanowires, a large increase in the elastic modulus is seen as the wire diameter is reduced 

and the stiffening is interpreted to be due to surface tension, though the derived surface 

tension was significantly larger than that measured at the macroscale. In the case of the 

ultrathin polymer films, O’Connell and McKenna [1-4] have argued that the surface 

tension contribution was insufficient to fully account for the stiffening, but the full impact 

of surface tension on the rubbery modulus at the nanoscale remains an unsolved problem. 

In the present work we show bubble inflation data for a new material poly (n-butyl 
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methacrylate) (PBMA) that shows significantly different behavior from PVAc or PS and 

that provides new evidence that the stiffening of the rubbery plateau region in ultrathin 

polymer films is a nanoconfinement effect. The PBMA material exhibits considerably 

less nanoscale stiffening than the PS or PVAc even though its macroscopic surface 

tension and rubbery plateau compliance values are similar to those of PS and PVAc. (The 

surface tensions of PVAc, PS and PBMA at 20 ºC are 36.5, 40.7 and 31.2 mN/m, 

respectively [10]. The rubbery plateau compliances are 0.36, 0.20 and 0.22 MPa, 

respectively [11].).  In addition, we provide new data analyses that illustrate the relative 

contributions of surface energy and “molecular or confinement-induced stiffening” to the 

plateau regime stiffening event. 

 

3.2 Experiments 

PBMA (Scientific polymer products, Mw=179,000 g/mol PDI=2.4 Tg=20.2 °C) thin 

films were made following the procedures introduced in chapter 2, then loaded on 

templates with holes of 5 μm in diameter. The bubble inflation measurements were 

performed with the Ambios Qscope 250 (AQ) AFM. The scan rate was 2 Hz so that the 

scan speed is 2 lines/s.  

 

3.3 Methods of Analysis 

We consider two different methods of analysis to determine the importance of the 

surface energy to the observed stiffening behavior of the ultrathin films. In addition, we 

show that both methods provide a direct measurement of surface energy itself. 
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3.3.1 Stress and Strain Analysis 

In the case of an inflated bubble, the calculation of the strain and stress from the 

bubble shape and applied pressure depends on the deformation model chosen, the bubble 

shape, and the boundary conditions. For a simply supported or clamped film, when the 

deflection is large compared with the film thickness, the stretching stiffness dominates 

the deformation and the contribution from bending is negligible. In this case, the 

membrane approximation is appropriate and the bubble shape is well approximated by a 

spherical cap. The radius of curvature is [12]: 

 222 )()( byaxR −+−=  (1) 

where x and y are the x-position and height data for the bubble profile and a and b are 

offset constants for a circle not centered on the co-ordinate axis. The stress,σ, is related to 

the pressure, P, the film thickness, h, and the radius of curvature, R, of the membrane as 

[13]: 

 
h

PR
22211 == σσ  (2) 

The biaxial deformation or strain ε11=ε22 at the pole of the bubble is related to the bubble 

geometry by the following expression [12]: 

 1
2 0

2211 −==
R
sεε  (3) 

 )/(sin2 0
1 RRRs −= (4) (4) 

where s is the segment length of the bubble, and R0 is the radius of the membrane prior to 

inflation (the hole radius). The deflection of the film at the center is: 
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 2
0

2 RRR −−=δ  (5) 

The apparent compliance, D, is given by the ratio of the strain, ε11, to the stress,σ11. 

 
11

11

σ
ε

=D  (6) 

The total stress in the membrane is considered to be the sum of the elastic stress and 

the surface stress. 

 Sbiaxtotal E σεσσ +== 1111  (7) 

where Ebiax is the biaxial modulus. σS is the surface stress, generated by the surface 

tension and is given by 

 
hS
γσ 2

=  (8) 

where γ is the surface tension. A plot of σtotal vs ε11 should yield a straight line, with the 

slope being the biaxial modulus, Ebiax and the intercept relating to the surface tension, γ. 

 

3.3.2 Energy balance approach 

During the bubble inflation process, the total energy added to the thin films by the 

external applied pressure is balanced by the internal resistance of the thin films, including 

bending energy, stretching energy and surface energy. 

 surfacestretchingbendingtotal EEEE Δ+Δ+Δ=Δ  (9) 

The total energy is given by the applied force and the volume change, and is related to the 

geometry of the bubble. 

 PdVEtotal =Δ  (10) 



Texas Tech University, Shanhong Xu, August 2011 

 55

where V is the volume of the bubble 
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For isotropic materials in plane stress conditions, the strain density function is [14] 

 [ ]222
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where εr and εθ are strains in radial and tangential directions in polar coordinates, θε r is 

the shear strain, E is the Young’s modulus, and ν is the Poisson’s ratio. ν=0.5 for 

incompressible materials such as PBMA in the rubbery region. In biaxial extensional 

conditions, the shear stress and strain are both equal zero [15]. 

 0== θθ ετ rr  (15) 

So equation (14) becomes 
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and the radial and tangential strains are [14] 
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where u, k, w are displacements in radial, tangential and vertical directions. We know 

from our measurement that the bubble shape is spherical, hence 

 )1( 2
0

2

R
rw −= δ  (19) 

This satisfies the boundary conditions that 0
0
==Rrw and 0

0
≠=Rrdr

dw
. The second 

condition is for edges that are simply supported [13]. We assume that the displacement in 

the radial direction is [13] 

 ))(( 210 rCCrRru +−=  (20) 

C1 and C2 are constant. Equation (20) satisfy the boundary conditions that 

 0
00 == == Rrr uu  

Also we know that there is no shear strain, hence k=0 (21) 

For very small strains, all the square terms in equation (16) can be neglected [14]. For 

small strains, the term 
2

2
1

⎟
⎠
⎞
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dr
du can be neglected [13].  

Now equations (16) and (17) become  
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The stretching energy is [14] 
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The constants C1 and C2 are determined from the condition that the stretching energy at 

equilibrium state is a minimum. [13]. Therefore, 

 0
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2

=
∂

∂

C
Vstretching  (25) 

Substituting equation (23) into (24), we obtain two linear equations for C1 and C2. From 

these we find that 
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where S is the surface area of the bubble. The bending energy is [13] 
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where D is the flexural rigidity and 
)1(12 2
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The bending energy is very small when the deflection is large (membrane approximation). 

So it is neglected in the later analysis. Substituting equations (13) (27) (28) into equation 

(9) and dividing each term by πδdδ, we obtain 
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A plot of 
22

2
0 δ
δ

PPR
+ vs 2

0

2168.2
R

hδ  should yield a straight line, with slope being the 

Young’s modulus, E and the intercept relating to the surface tension, γ. A similar 

equation for tension of a membrane from adhesive interactions between soft materials is 

derived by Shull et al with a similar energy method [16]. The surface energy contribution 

to the total energy is 

 

22
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0 δ
δ

γ
PPRE
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total

surface

+
=

Δ

Δ
 (33) 

For purpose of comparison, here we will use literature values of γ when applying 

equation (33) and measured values of P and δ to determine the relative contribution of the 

surface energy to the total energy of deformation (left hand side of equation 33). 

 

3.4 Results 

3.4.1 Creep Behavior 

Figure 1a shows results from a set of biaxial creep measurements for a PBMA film 

with a thickness of 69 nm at 26 °C (Tg=20.2 °C) and for a range of pressures. The 

compliance was observed to be constant over time indicating that the material does not 

creep and is in the “rubbery” plateau regime or an equilibrium elastic regime. The 

compliance is also seen to increase as the pressure increases. This latter result is different 

from what was observed for PVAc or PS where the compliance initially increased with 
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applied pressure then leveled off to a value that was independent of pressure. A 

comparison of bubble shapes for PBMA and PVAc films of the same thickness and under 

the same pressure is shown in the inset of Figure 1a. The height of the bubbles formed 

with the PBMA film is approximately twice of that of the PVAc. Figure 1b shows a set of 

compliance data for PBMA at film thicknesses of 20 nm, 81 nm and 136 nm and at a 

temperature of 26 °C as a function of pressure. Unlike the PVAc and PS where the 

compliance becomes independent of applied pressure, the compliance continues to 

increase with pressure for the PBMA; hence, no “plateau compliance” values for PBMA 

thin films could be obtained. Also the observed compliance for the PBMA is significantly 

higher than those of PVAc and PS at similar film thicknesses, although still lower, i.e., 

the films are stiffer, than the macroscopic value. This would indicate that either the 

PBMA is softer than PVAc and PS in the ultrathin films (assuming molecular stiffening) 

or that the surface tension of PBMA is much smaller than that of PVAc and PS (assuming 

it is the surface tension which dominates), as discussed subsequently. 

 

3.4.2 Confinement-Induced/Molecular Stiffening and Surface Tension Effects 

As described in the data analysis section, in order to estimate the contribution of the 

surface tension to the mechanical response we have analyzed the data in two ways. In the 

first we use a framework in which we consider the deformation in terms of an energy 

balance with contributions from bending, stretching and surface tension. In the second we 

look at the stress – strain behavior and consider the stress to be composed of the elastic 

(stretching) stress and a surface stress due to surface tension. In both approaches, with 
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suitable manipulation of the relevant equations, it is possible to determine explicitly 

molecular or confinement induced stiffening and surface tension contributions to the 

resistance of the films to the applied pressure. 

 

3.4.2.1 Surface Energy Contribution from Energy Balance Approach 

Figure 2a shows the relative contribution of surface energy to the total deformation 

as a function of pressure for both PVAc and PBMA. The result is based on equation (33) 

and the surface tensions used in the calculation are the macroscopic values, i.e. 30.8 

mN/m for PBMA at 26 ºC and 34.6 mN/m for PVAc at 38 ºC. From Figure 2a we see that 

the PBMA shows a much higher surface energy contribution to the deformation 

resistance than PVAc. Figure 2b shows the relative surface energy contribution as a 

function of film thickness for PBMA and PVAc, where the surface energy contribution 

data is the average over all pressures at a given thickness. As the film thickness increases, 

the surface energy contribution decreases for PBMA. PBMA shows a consistently higher 

surface energy contribution than PVAc. For PBMA the surface energy contribution is 

more than 60%, while for PVAc it is less than 30%.  

 

3.4.2.2 Surface Tension and Modulus from Energy Balance Approach 

A plot of 
22

2
0 δ
δ

PPR
+ vs 2

0

2168.2
R

hδ  (see equation (32)) is shown in Figure 3. Figure 

3a shows the results of four individual bubbles for a 63nm film. Figure 3b shows the 

measurement of one single bubble for 20, 44, 81 and 136 nm films. This single bubble 

analysis method will be used subsequently. We note that if all of the energy resisting the 
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bubble inflation were due to the surface tension alone, the slope of the lines in Figure 3a 

would be zero. Table 1 shows the biaxial modulus, E and surface tension, γ of four 

bubbles for the 63 nm film, obtained by linear fit of the data shown in figure 3a. The 

linear fit was performed by Origin with its build-in linear fit function. The slope is the 

Young’s modulus and the intercept is four times of the surface tension (equation (32)). 

ΔE and Δγ are the standard errors in the linear fit for the slope and intercept. The standard 

errors of estimate for the coefficients are determined using software from Origin. The 

biaxial modulus values determined from the slopes of the above plots are shown in Figure 

4a as a function of film thickness. The compliance as a function of film thickness is 

shown in Figure 4b. As in the prior work on PVAc and PS, we see that as the film 

thickness decreases the modulus increases. However, the slope of a linear fit to the log 

compliance vs log film thickness data is about 0.89, much lower than that observed for 

the PS and PVAc [1-4]. The surface tension values determined from the intercepts of the 

plots are given in Figure 5. The surface tensions do not change significantly from the 

macroscopic values. 

 

3.4.2.3 Surface Tension and Modulus from Stress Strain Analysis 

Figure 6 shows the total stress (equation (2)) as a function of strain (equation (3)) for 

PBMA. Figure 6a shows the results of four individual bubbles for a 63 nm film. Figure 

6b shows the measurement of one single bubble for 20, 44, 81 and 136 nm films. These 

are the same individual bubbles analyzed for Figure 3. As before, if the surface tension 

were to dominate the response then the lines would have zero slope. Given that this is not 
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the case, then from the slope and the intercept of the linear fit to the data, we can 

calculate the biaxial modulus and surface tension terms. Table 2 shows the biaxial 

modulus, E and surface tension, γ of four bubbles for the 63 nm film, obtained by linear 

fit of the data shown in figure 6a. The linear fit was performed by Origin with its build-in 

linear fit function. The slope is the biaxial modulus and the intercept is proportional to 

surface tension (equation (7) and (8)). ΔE and Δγ are the standard errors in the linear fit 

for the slope and intercept. The standard errors of estimate for the coefficients are 

determined using software from Origin. Figure 4a shows the biaxial modulus as a 

function of film thickness for PBMA using this stress-strain analysis. Again we see that 

as the film thickness decreases, the modulus increases, though the degree of stiffening is 

less than that observed in the PVAc and PS (30 fold vs 1000 fold for the thinnest films). 

The increase in stiffness is consistent with that calculated from the energy balance 

approach. The compliance as a function of film thickness is shown in Figure 4b. The 

slope of a linear fit to the log compliance vs log film thickness data is about 0.83, which 

is much less than the value of 1.8 reported previously for PS and PVAc [1-4], although it 

is consistent with the value from the energy balance approach. The surface tension values 

calculated from the stress – strain analysis are presented in Figure 5. Again, the surface 

tension does not change from the bulk value over the thickness range studied, which is 

consistent with the energy balance approach. Figures 4a and 4b show that both the energy 

balance analysis and stress-strain analysis result in compliance/modulus values of PBMA 

thin films are less thickness dependent than for PS and PVAc. 
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3.4.3 Strains Calculated from Stress-Strain Analysis and Energy Balance Approach 

Sections 4.2.2 and 4.2.3 indicate that both modulus and surface tension obtained 

from stress-strain analysis and energy balance approach are consistent. Now we compare 

the strains calculated from these two methods. The strain in the radial and tangential 

directions as functions of position can be obtained from the stretching energy derivation. 

Substituting equation (26) into equation (20), then substitute equation (19) and (20) into 

equation (22) (23), we obtain 
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tr εε = , this indicates that in the center, the deflection is equibiaxial. 

 2
0

2

0 5
1

R
r

r

r +=
ε
ε  (38) 

 2
0

2

0 1
R
r

t

t −=
ε
ε

 (39) 



Texas Tech University, Shanhong Xu, August 2011 

 64

A plot of normalized strains 0
r

r

ε
ε  and 0

t

t

ε
ε

vs normalized radial position 
0R

r is shown in 

Figure 7. We find that in the pole area ( 1.0
0

<
R
r  approximately), the deflection is 

equibiaxial.  

Table 1 compares the strains calculated from the stress-strain analysis and the 

energy balance approach with two example bubbles. This set of data is also used in the 

later discussion. Strains calculated by equation (3) shown in column 5 of Table 1 are the 

effective average strains from the center to the edge in the radial direction. It is the total 

elongation divided by the total initial length in the radial direction. Column 7 in Table 1 

shows the numerical average strain along the radial direction. The radial strain was 

calculated from 0
0

=
R
r  to 1 in increments of 0.01 using equation (34). Totally 101 strain 

increments were obtained and the average was taken. Column 6 in Table 1 is the strain in 

the center calculated by equation (36) from the energy balance approach. Table 2 shows 

that the effective average strain by the stress-strain analysis is consistent with the 

numerical average strain by the energy balance approach (column 2). Column 3 in Table 

2 indicates that estimating the strain in the center (or pole area) with the effective average 

strain induces very small errors and is appropriate.  
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3.4.4 Small Strain Assumption 

When deriving the stretching energy, we assume that the strain is small, so that the 

square term 
2

2
1

⎟
⎠
⎞

⎜
⎝
⎛

dr
du can be neglected in equation (22). Figure 8 shows the errors induced 

by this assumption with the same sample bubbles as in section 4.3. It shows that the 

errors are small in the pole area and high in the edges. The errors increase as the strain 

increases. For bubble #2, the strain is about 0.07 and the errors are about 10% at the 

edges. For all our measurements the maximum strain is about 0.07 to 0.08, so the 

approximation used is reasonable. 

 

3.4.5 Membrane Approximation 

In obtaining the biaxial modulus and surface tension using the energy balance 

approach (Eq. (32)), the bending energy was assumed to be very small and was neglected. 

Table 3 shows the surface tension calculated with and without the bending energy 

contribution using the data for the same sample bubbles used in section 4.3 and 4.4. The 

errors are less than 1% for both bubbles. Hence, neglecting the bending term in our 

calculation is a reasonable approximation. 

 

3.4.6 Macroscopic Rubbery Modulus Hypothesis 

Both the energy balance analysis and stress-strain analysis show that the film 

modulus increases as the film thickness decreases. This stiffening behavior can not be 

attributed to the surface tension, since that contribution has been separated out, and 

suggests then that this is a true molecular or confinement-induced stiffening.  As a final 
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consideration, if we assume that the thin films have the same rubbery modulus as the 

macroscopic material we can calculate the surface tension that would be required to 

obtain the mechanical response observed in the experiments. The calculated surface 

tension values are shown in Figure 5. We found that the surface tensions calculated with 

the assumption of macroscopic rubbery modulus are a little larger than those obtained 

from stress-strain analysis and energy balance approach. The most important reason is 

that the surface energy contribution is very large for the PBMA, so that the change of 

modulus has a relatively minor effect on the apparent surface energy. The second reason 

is that the modulus calculated from both stress-strain analysis and energy balance 

approach does not show nearly the increase as that observed for PVAc or PS (30 fold vs 

>1000 fold). If the modulus were 1000 fold of the macroscopic value as in the case of PS 

and PVAc, then the surface tension increase required to account for the film stiffening 

would be significantly higher [17].  

 

3.5. Discussion 

In the bulk material, the rubbery plateau modulus is proportional to the 

entanglement density. Thus the observed increase in the rubbery modulus for these 

ultrathin polymer films would suggest an increased entanglement density or a reduced 

entanglement molecular weight. In contrast to this, Brown and Russell [18] have argued 

that the entanglement density should be reduced near a free surface, their argument being 

based on chain packing considerations. Further, by measuring the extension ratio of a 

shear deformation zone in thin free standing PS films, Si et al [19] found that the 

effective entanglement molecular weight increases as the film thickness decreases. They 
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interpreted their results in the context of a relatively simple model whereby the total 

entanglement density is assumed to remain constant and it is an increase in the relative 

fraction of self entanglements over that of inter-chain entanglements that leads to a 

weaker network structure. 

Relatively little work has been reported on the rubbery compliance for thin films. In 

a study of dewetting of ultrathin polystyrene films on a liquid (glycerol) surface, 

Bodiguel and Fretigny [20] found that the rubbery compliance was unchanged down to a 

thickness of 20 nm. There is a greater body of work looking at the glassy compliance of 

confined polymeric materials. Cuenot et al [9], using resonant-contact force microscopy 

on polypyrrole nanotubes, found a systematic increase in the apparent modulus as the 

diameter of the tubes was reduced below approximately 80nm [9]. They explained the 

apparent stiffening as arising from surface tension effects alone, though as indicated in 

the Introduction, with surface tensions that were approximately a factor of two greater 

than the macroscopic values [9]. Rowland et al [21] investigated both the glassy modulus 

and flow behavior of thin polystyrene films under a squeezing flow. They found that the 

glassy modulus decreases from the bulk value as the thickness is reduced. Their data also 

suggests that the rubbery modulus at 170 nm and 115 °C is stiffer by about 2 orders of 

magnitude from the bulk value and, unlike the findings here, decreases as the thickness is 

reduced to 36 nm, though it remains much higher than the macroscopic value. Tweedie et 

al [22] used a nanoindentation technique to investigate the glassy stiffness of the surface 

of thin films. They found that the glassy stiffness increased by up to 200% relative to the 

bulk for PS, poly(methyl methacrylate) and polycarbonate within a range of depths from 

the free surface of 200 nm to 5 nm. O’Connell et al. also reported a stiffening of the 
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glassy compliance for PS by a factor of approximately 2.5 for films thinner than 17 nm 

[4]. 

The surface tension values for PBMA obtained in the present study from both the 

stress-strain analysis and energy balance approach remain unchanged relative to the bulk 

values. Until now, there have been no direct measurements of the surface tension of 

ultrathin PBMA free-standing films. Using X-ray specular and off-specular 

measurements, Shin et al found the surface tension of freestanding PS thin films 

decreased by approximately 60% at a film thickness of 58 nm [23]. Conversely, in the 

work of Ashley et al from wetting/de-wetting experiments of PS films supported on SiO2 

substrate the surface tension was found to increase by approximately 15% at the thinnest 

film thickness [24]. Lang et al. modeled the size dependence of surface tension for 

freestanding and supported films based on a free volume model and a size dependent 

function of the mean square displacement of the molecules [25]. For freely standing thin 

films, the ration of surface tension for thin film to the surface tension at bulk is given by: 

 [ ])1//()1(exp)(/)( 0 −−−=∞ DDD sαγγ  (40) 

where D is the film thickness, γ(D) is the surface tension for the thin film with thickness 

D, γ(∞) is the surface tension of the bulk material, D0 donates a critical diameter at which 

all molecules of a low dimensional glass are located on its surface.  

 ξ)3(20 dcD −=  (41) 

where d=2 for thin films, c=1 for freely standing film, c=1/2 for supported film, ξ is the 

size of cooperative rearranging region (CRR).  

 ( ) 1)]3/(2[ +∞Δ= RC psα  (42) 
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where ΔCp(∞) is heat capacity difference between the bulk liquid and the bulk glass at Tg. 

R is the gas constant. For supported thin films, the ration of surface tension for thin film 

to the surface tension at bulk is given by: 
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where Ei and Es are the bond energy for van der Waals force and hydrogen bonding, 

respectively. The prediction for PS thin films on SiO2 with strong interactions (by 

hydrogen bonding) fits well with the experimental data [24]. For free-standing PS films, 

the model predicts a decrease of surface tension with film thickness, but the predictions 

deviated substantially from the experimental data referenced in the paper [22] as the film 

thickness decreases below 50 nm. Furthermore, recent analysis of the bubble inflation 

behavior of PS free-standing films by O’Connell and McKenna [17] suggest that the 

surface tension does not change even for the thinnest films of approximately 10 nm. In 

considering the PBMA results from the present work and using data from the literature 

for the model parameters for PBMA (∆CP=0.2 Jg-1K-1
   ξ=1.1 nm from [26]), the model of 

Lang et al [25] would predict no change in the surface tension for freestanding PBMA. 

This is consistent with the experimental data from the present study using both the stress-

strain analysis and energy balance approach.  

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 70

3.6. Summary and Conclusions 

In the current study, the rubbery modulus and surface tension of PBMA films at the 

nanometer size scale were determined from nanobubble inflation experiments using both 

an energy balance approach and a stress-strain analysis. The observed overall rubbery 

stiffening behavior can be attributed to a mixture of both molecular (or confinement-

induced) stiffening and surface tension effects. Molecular or confinement-induced 

stiffening, the increase of the rubbery modulus with decreasing film thickness, is a major 

source of stiffening of the PBMA above its glass transition temperature. The surface 

tension is unchanged from the macroscopic values, but does contribute to the apparent 

stiffening though does not fully account for it. Also, PBMA shows surprisingly different 

behavior from PVAc or PS, including a higher surface energy contribution, less observed 

rubbery stiffening and a weaker thickness dependence of the rubbery modulus, indicating 

that molecular or confinement-induced stiffening in ultrathin polymer films may be a 

universal phenomenon, but its magnitude depends on the polymer repeat unit structure.  
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Figure 3.1: (a) Compliance as a function of time at three applied pressures for a PBMA 

film of 59 nm at 26 °C. (b) Apparent compliance as a function of pressure for PBMA at 

three film thicknesses. (Inset) 3-D images of bubbles formed by 69 nm PBMA (left, 26 

°C) and PVAc (right, 38 °C) films on 5 micron holes at an applied pressure of 0.02 MPa, 

the height axis are in the same scales 
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Figure 3.2: (a) Surface energy contribution as a function of pressure for PVAc and 

PBMA (b) surface energy contribution as a function of film thickness for PBMA and 

PVAc 
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Figure 3.3: Plot of 
22
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0 δ
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PPR
+  vs 2
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2168.2
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hδ  for PBMA (a) four bubbles measured for a 

63 nm film (b) one single bubble for 20, 44, 81, and 136 nm films 
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Table 3.1 Biaxial modulus, E and surface tension, γ of four bubbles for 63 nm film 

obtained by linear fit of data shown in figure 3.3 (a), ΔE and Δγ are the standard errors in 

the linear fit for the slope and intercept. 

Bubble# Ebiax (MPa) ΔEbiax (MPa) γ (mNm-1) Δγ (mNm-1) 

1 7.46 1.34 36.3 0.913 

2 4.75 1.77 38.1 1.23 

3 4.29 1.17 36.9 0.89 

4 6.11 1.52 37.1 1.06 
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Figure 3.4: (a) biaxial modulus calculated from stress-strain analysis and energy balance 

approach as a function of film thickness (b) biaxial compliance calculated from stress-

strain analysis and energy balance approach as a function of film thickness  
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Figure 3.5: Surface tension as a function of film thickness from stress-strain analysis, 

energy balance approach and hypothesis of macroscopic rubbery modulus 
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Figure 3.6: Stress-strain behavior for PBMA (a) four bubbles measured for a 63 nm film 

(b) one singe bubble for 20, 44, 81, and 136 nm films 
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Table 3.2 Biaxial modulus, E and surface tension, γ of four bubbles for 63 nm film 

obtained by linear fit of data shown in figure 3.6 (a), ΔE and Δγ are the standard errors in 

the linear fit for the slope and intercept 

Bubble# Ebiax (MPa) ΔEbiax (MPa) γ (mNm-1) Δγ (mNm-1) 

1 9.27 1.14 36.1 0.933 

2 8.87 0.86 37.1 0.685 

3 5.93 0.88 36.9 0.800 

4 8.26 1.20 36.8 1.00 
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Figure 3.7: 0
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Figure 3.8: Errors induced by small strain approximation as a function of normalized 

radial position  

 

 

 

 

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 83

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Texas Tech University, Shanhong Xu, August 2011 

 84

3.7 References 

1. P.A. O’Connell and G.B. McKenna, “Dramatic Stiffening of Ultrathin Polymer Films 

in the Rubbery Regime,” European Physical Journal E 20 (2006):143-150. 

2. P.A. O’Connell and G.B. McKenna, “Novel Nanobubble Inflation Method for 

Determining the Viscoelastic Properties of Ultrathin Polymer Films,” Review of Scientific 

Instruments 78 (2007): 013901-1-013901-12. 

3. P.A. O’Connell and G.B. McKenna, “A Novel Nano-Bubble Inflation Method for 

Determining the Viscoelastic Properties of Ultrathin Polymer Films,” Scanning 30 (2008): 

184-196. 

4. P.A. O’Connell, S.A. Hutcheson, and G.B. McKenna, “Creep Behavior of Ultrathin 

Polymer Films,” Journal of Polymer Science: Part B, Polymer Physics 46 (2008): 1952-

1965. 

5. S. Cuenot, S. Demoustier-Champagne, and B. Nysten, “Elastic Modulus of Polypyrrole 

nanotubes,” Physical Review Letters 85 (2000): 1690-1693. 

6. M. Chang, C.C. Chung, J.R. Deka, C.H. Lin, and T.W. Chung, “Mechanical Properties 

of Microwave Hydrothermally Synthesized Titanate Nanawires,” Nanotechnology 19 

(2008): 025710-1-025710-8. 

7. C.Q. Chen, Y Shi, Y.S. Zhang, J. Zhu, and Y.J. Yan, “Size Dependence of Young’s 

Modulus in ZnO Nanowires,” Physical Review Letters 96 (2006): 075505-1-075505-4. 

8. M.P. Manoharan, A.V. Desai, G. Neely, and M.A. Haque, “Synthesis and Elastic 

Characterization of Zinc Oxide Nanowires,” Journal of Nanomaterials 2008 (2008): 

849745-1-849745-7. 

http://prola.aps.org/search/field/author/Cuenot_S
http://prola.aps.org/search/field/author/Demoustier_Champagne_S
http://prola.aps.org/search/field/author/Nysten_B
http://prl.aps.org.lib-e2.lib.ttu.edu/abstract/PRL/v96/i7/e075505
http://prl.aps.org.lib-e2.lib.ttu.edu/abstract/PRL/v96/i7/e075505
http://portal.acm.org/citation.cfm?id=1385052&CFID=26271378&CFTOKEN=38947950
http://portal.acm.org/citation.cfm?id=1385052&CFID=26271378&CFTOKEN=38947950


Texas Tech University, Shanhong Xu, August 2011 

 85

9. S. Cuenot, C. Fretigny, S. Demoustier-Champagne, and B. Nysten, “Surface Tension 

Effect on the Mechanical Properties of Nanomaterials Measured by Atomic Force 

Microscopy,” Physical review B. 69 (2004): 165410-1-165410-5. 

10. J.E. Mark, Physical Properties of Polymers Handbook, Springer, New York, 1996. 

11. J.D. Ferry, Viscoelastic Properties of Polymers, 3rd edition, Wiley, New York, 1980. 

12. A.E. Green, Large Elastic Deformations, Oxford University Press, London, 1970. 

13. S. Timoshenko and S. Woinowsky-Krieger, Theory of Plates and Shells, 2nd Edition, 

McGraw-Hill, New York, 1959. 

14. A.P. Boresi and K.P. Chong, Elasticity in Engineering Mechanics. 2nd edition, John 

Wiley & Sons, New York, 2000. 

15. J.M. Gere, Mechanics of Materials, 6th edition, Thomson-Engineering, Belmont, CA, 

2003 

16. A.L. Flory, D.A. Brass and K.R. Shull, “Deformation and Adhesive Contact of 

Elastomeric Membranes,” Journal of Polymer Science: Part B Polymer Physics 45 

(2007): 3361-3374. 

17. P.A. O’Connell and G.B. McKenna, “The Stiffening of Ultrathin Polymer Films in 

the Rubbery Regime: the Relative Contribution of Membrane Stress and Surface 

Tension,” Journal of Polymer Science: Part B Polymer Physics 47 (2009) 2441-2448. 

18. H.R Brown and T.P. Russell, “Entanglements at Polymer Surfaces and Interfaces,” 

Macromolecules 29 (1996): 798-800. 

19. L. Si, M.V. Massa, K. Dalnoki-Veress, H.R. Brown, and R.A.L. Jones, “Chain 

Entanglement in Thin Freestanding Polymer Films,” Physical Review Letters 94 (2005): 

127801-1-127801-4. 

http://apps.isiknowledge.com.lib-e2.lib.ttu.edu/full_record.do?product=UA&search_mode=GeneralSearch&qid=5&SID=4Bl4PBgHAP4jDIfnC5j&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com.lib-e2.lib.ttu.edu/full_record.do?product=UA&search_mode=GeneralSearch&qid=5&SID=4Bl4PBgHAP4jDIfnC5j&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no


Texas Tech University, Shanhong Xu, August 2011 

 86

20. H. Bodiguel and C. Fretigny, “Viscoelastic Properties of Ultrathin Polymer Films,” 

Macromolecules 40 (2007): 7291-7298. 

21. H.D. Rowland, W.P. King, J.B. Pethica, and G.L.W. Cross, “Molecular Confinement 

Accelerates Deformation of Entangled Polymers during Squeeze Flow,” Science 322 

(2008): 720-724. 

22. C.A. Tweedie, G. Constantinides, K.E. Lehman, D.J. Brill, G.S. Blackman, and K.J. 

Van Vliet, “Enhanced Stiffness of Amorphous Polymer Surfaces under Confinement of 

Localized Contact Loads,” Advanced Materials 19 (2007): 2540-2546. 

23. K. Shin, Y. Pu, M. H. Rafailovich, J. Sokolov, O. H. Seeck, S. K. Sinha, M. Tolan, 

and R. Kolb, “Correlated Surfaces of Free-Standing Polystyrene Thin Films,” 

Macromolecules 34 (2001): 5620-5626. 

24. K.M. Ashley, D. Raghavan, J. F. Douglas, and A. Karim, “Wetting-Dewetting 

Transition Line in Thin Polymer Films,” Langmuir 21 (2005): 9518-9523. 

25. X.Y. Lang, Y.F. Zhu, and Q. Jiang, “Size and Interface Effects on Several Kinetic 

and Thermodynamic Properties of Polymer Thin Films,” Thin Solid Films 515 (2006):  

2765-2770. 

26. E. Donth, “Characteristic Length of the Glass Transition,” Journal of Polymer 

Science: Part B Polymer Physics 34 (1996): 2881-2892. 

 

 

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 87

CHAPTER 4 

GEOMETRY EFFECT IN THE NANO-BUBBLE INFLATION MEASUREMENTS 

 

4.1 Introduction 

The deformation of circular films into bubbles is quite different from that of 

rectangular ones. As introduced in chapter 3, the deformation of circular bubbles is 

equibiaxial in the center and pore area. The strain in the radial direction keeps constant 

from the center to the edge, while the strain in the tangential direction decreases to zero at 

the edge. For rectangular bubbles (excluding square), the deformation is not equibiaxial. 

If one side is much longer than the other, then the strain along that direction is 

approximately zero, so that the deformation is in the plane strain condition [1].  

 

4.2 Methods of Analysis 

Depending on the magnitude of maximum deflection (the deflection in the center) 

compared to the film thickness, the deformation can be small or large [2]. Whether it is 

small or large, the deflection is much smaller than the other dimensions, so the strain is 

always small. For small deformation, the deflection is much smaller than the film 

thickness, so that the stretching (membrane) stiffness can be neglected, only bending 

stiffness need to be considered. For large deformation, the deflection is comparable to the 

film thickness, ranging from half of the film thickness to several times of film thickness. 

In this case, both bending and stretching needs to be considered. If the deflection is much 

larger than the film thickness, for example, many times of the film thickness, the bending 
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stiffness can be neglected, only stretching is considered. In this case, the deformation is 

in the membrane limit.  

Both exact solutions and approximate methods have been developed to solve the 

large deformation of rectangular plates under normal pressure [2]. The exact solutions 

take into account both bending and membrane stiffness. The approximate methods 

provide analytical solutions with bending or without bending stiffness.  

 

4.2.1 Exact Solutions 

The exact solutions start from solving the nonlinear von Karman equations [2]: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂∂

∂
∂∂

∂
−

∂∂
∂∂

+
∂∂
∂∂

+=
∂
∂

+
∂∂

∂
+

∂
∂

yx
w

yx
F

xy
wF

yx
wF

D
h

D
q

y
w

yx
w

x
w 22

22

22

22

22

4

4

22

4

4

4

22  (1) 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

∂
∂

∂
∂

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂∂

∂
=

∂
∂

+
∂∂

∂
+

∂
∂

2

2

2

222

4

4

22

4

4

4

2
y
w

x
w

yx
wE

y
F

yx
F

x
F  (2) 

where w is the deflection, F is the stress function, E is the Young’s modulus, q is the 

applied pressure, h is the film thickness, D is the flexural rigidity of the film.  
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v
EhD
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where ν is the Poisson’s ratio.  

Exact solutions were first developed by Levy for inflation of simply supported or 

clamped rectangular and square plates under both normal pressure and edge compression 

[3-5]. Levy presented a solution of von Karman equations in terms of trigonometric series, 

with the deflection expressed as a double sine function. Wang solved the von Karman 

equations by finite difference approximations [6]. The difference equations are solved by 
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two methods: successive approximations and relaxation method. Wang developed a 

computer program using finite difference method for the large deflection of rectangular 

glass plates under uniform lateral pressures supported on flexible gaskets [7]. Al-Tayyib 

investigated the large deflection of simply supported window glass under uniform lateral 

loads using finite element method [8]. Now commercial finite element software is widely 

used in the structure analysis.  

 

4.2.2 Approximate solutions 

All the approximate solutions are expressed in the same form: 

 3
04204
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where P is the applied pressure, E is the Young’s modulus, w0 is the deflection in the 

center, h is the plate thickness, a is the half width (figure 1). C1 and C2 are constants. C1 

and C2 varied from research groups [9-11]. Vlassak believed that if the length-width ratio 

is larger than 2.6, then the plate can be regarded as infinite long, then [9] 
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where ν is the Poisson’s ratio. In Suhir’s solution [10], 
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where n=a/b. In Tabata’s solution [11] 

  (9) 

 

(10) 

 

4.3 Experiment 

Polystyrene (PS) (Sigma-Aldrich, Mw=994 kg/mol, PDI=1.07, Tg=98.8 °C (DSC 

cooling rate 10 K/s)) thin films were made and their thickness measured according to the 

procedures described in chapter 2. Creep test were performed according to the procedure 

descried in chapter 2. Template used in this study has 2.6 by 0.8 micron slots.  

 

4.4 Finite Element Analysis 

The size of the holes in the template is 2.6 by 0.8 micron. However, due to the limit 

of the manufacturing, the corner of the hole is not perfect right angle, but rounded. The 

real shape of template is shown in figure 2. Because of the symmetry of the plate, only 

one quarter of the plate was analyzed. Solid elements and quadratic mesh were selected 

in Abaqus®. There are nodes in the corner and centers of each edge. Totally 20 nodes are 

calculated in each element. Along the depth of the plate, 4 layers are analyzed. In finite 

element analysis, as the element size decreases, the accuracy increases. But the time for 

calculation increases. To determine the appropriate element size, start with an estimated 

element size, then continue decreasing the element size until the accuracy doesn’t 
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improve much. The element size used in this study is that the length is equal to the width 

and both are 5 times of the thickness. Before running the software, some parameters need 

to be set. The behavior of the plate is assumed to be elastic. The Young’s modulus is set 

to be 10 M Pascal. Poisson’s ratio is 0.4. Film thickness is 30 nm. With each applied 

pressure, the bubble shape, stress and strain field can be simulated. Three representative 

data sets are given in table 1. Figure 3 shows the profile of the bubbles along width in the 

center (x=0). We found that as the applied pressure increases, the normalized bubble 

height increases in the area close to the edge. Figure 4 shows the fit of the bubble shape 

to a parabola. The fit from relative small deflection to larger are all good. Figure 5 shows 

the profile along the width at different length positions, from the center(x=0) to the edge 

(x=0.9). The profile keeps constant from the center (x=0) to the middle of length (x=0.45 

μm) whatever the applied pressure is. However, when close to the edge (x=0.67, 0.9 μm), 

the deflection is much smaller than the center. And the difference between the edge and 

the center increases as the applied pressure decreases. Figure 6 shows the profile along 

the length in the center (y=0). Profiles are flat up to about half length. As the pressure 

increases, the length that the profile keeps flat increases. This result is consistent with the 

results shown in figure 5. From these profiles, we see that the shape of the bubble along 

the width in the center is parabola. The bubble keeps the same shape from the center up 

to the middle along the length, then the bubble height decreases approaching the edge. 

The bending and membrane strain along length in the center (y=0) is given in figure 7. At 

low applied pressure, the deflection in the center is small and the bending strain is a little 

larger than the membrane strain. With the deflection increase, both the bending and 
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membrane strain increases. When the deflection in the center is 5.69 times of the film 

thickness, the bending contribution to the total strain is about 20%. The rule of thumb for 

circular bubbles is that if the deflection is three times of the film thickness, then the 

bending contribution is about 15%, and the bending stiffness can be neglected in the 

calculation. The deformation of the circular bubbles is in the membrane limit. For 

rectangular bubbles, in order to be in the membrane limit, much larger deflection is 

necessary. For a 30 nm circular bubble, if the deflection in the center is 5.69 times of the 

film thickness, the strain is only 0.0031. The strain in the circular bubble is about one 

thirtieth of that of the rectangular bubble (about 0.09). Therefore, rectangular bubbles 

rupture easier than circular ones during the inflation. This explained the reason that the 

experiments for rectangular bubbles are much harder than circular ones mentioned in 

chapter 2.  

 

4.5 Evaluation of the Approximate Solutions 

In the finite element method, the modulus of the thin film is assumed and the bubble 

shape can be simulated. The approximate solutions derive the modulus of the thin film 

using the known deflection in the center. In this study, the bubble shape is obtained as a 

function of time, pressure and temperature by imaging with atomic force microscope. 

Deflection in the center is obtained from the bubble shape then modulus/compliance is 

derived from the deflection in the center by the approximate solutions. Therefore it is 

very important to know the accuracy of these approximate solutions and choose the best 

for the calculation in this study. Here the same three data sets in table 1 section 4.4 are 

used to evaluate the accuracy of the three approximate solutions. In the finite element 
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method, the modulus is assumed to be 10 M Pascal. Film thickness, Poisson’s ratio and 

film size are all known. At each pressure, the deflection in the center is calculated. 

Substitute the central deflection, film thickness, Poisson’s ratio, film size, and 

corresponding pressure into the approximate solutions to back calculate the modulus of 

the thin films. The calculated moduli is shown in table 2. Generally speaking, Errors 

induced by Vlassak’s solution are large whatever the applied pressure and central 

deflection are. At small deflection, Suhir’s solution is much better than the others. Since 

in this study, the central deflection is less than twice of the film thickness, Suhir’s 

approximate solution was used to calculate the modulus.  

 

4.6 Experimental Results 

Figure 8 shows the results obtained from inflating a 30 nm PS film at 75 °C, 8 psi, 

2882 seconds. Figure 8 (a) shows the AFM image of the rectangular bubbles. Figure 8 (b) 

shows the line profiles at different positions along the length, corresponding to colored 

lines across the width of one bubble in figure 8 (a). The shape of the bubble keeps 

constant from the center to about the middle of the length (position 1-3). Only at edge 

(position 4), the bubble height decreases very much. This is consistent with the finite 

element results shown in figure 5. Figure 9 shows the fitting of the line profile at position 

1 in figure 8 with a parabola. The bubble height is 25 nm from the curve fitting. Figure 10 

shows the line profile along the width in the center at different time by inflating the same 

film as shown in figure 8 at 84 °C, 8 psi. The bubble grows up with time (creep). Figure 

11 shows the creep curves of the 30 nm film inflated with applied pressure of 8 psi at 
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different temperatures. The 84 °C data are in the transition region at shorter times and 

begin to level out at longer times as the rubbery plateau is reached. The early time data at 

69 °C appear to be just moving form the glassy response into the transition region at later 

times. The data at 75 °C and 81 °C shows the response in the transition region. With 

creep measurements at several temperatures with the same film, master curve was built 

by time-temperature superposition and shown in figure 12 with reference temperature of 

69 °C. The shift factors in the horizontal and vertical direction are given in table 3. 

Vertical shift are needed for 75 °C data to achieve good superposition. This vertical shift 

is not systematical with temperature and represents the uncertainty in the measurement. 

Time-temperature shift factors referred to the reference temperature are plotted in Figure 

13, together with WLF curves using constants obtained from reference 12. The glass 

transition temperature (Tg) is 74.8±1.2 °C from the WLF fit. The rubbery plateau 

compliance is 1.4×10-9 Pascal.  

 

4.7 Comparison with Circular Bubbles 

Figure 14 shows the master curve of the creep response of a 24 nm film inflated into 

circular bubbles. This data set will be used in the next chapter. The shift factors in the 

horizontal and vertical directions are given in table 4. Time-temperature shift factors 

referred to the reference temperature are plotted in Figure 15, together with WLF curves 

using constants obtained from reference 12. The glass transition temperature (Tg) is 

63.8±0.2 °C from the WLF fit. Figure 16 shows the master curves constructed from data 

given in figure 12 for rectangular bubbles and figure 14 for circular bubbles. Figure 17 
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shows the superposition of the two master curves. The logarithms of the shift factor in 

horizontal and vertical directions are 1.3 and 0.65, respectively. Figure 18 shows the 

comparison of Tg and rubbery plateau compliance with circular bubbles formed by PS 

and PVAc thin films. Both Tg and rubbery plateau compliance are consistent with 

previous results of circular bubbles for PS [13-14].  

 

4.8 Conclusion 

In this study, the geometry effect in the bubble inflation technique was investigated 

by comparing the creep response of rectangular bubbles with circular bubbles. The 

inflation of rectangular bubbles under applied pressure was simulated by finite element 

method. The bubble shape obtained from the finite element method is consistent with the 

experimental results. Three analytical approximate solutions with both bending and 

membrane contributions were evaluated by comparing with finite element method. When 

the deflection is only comparable to the film thickness, Suhir’s solution is the most 

accurate among the three. The master curve of rectangular bubbles is superposable to that 

of circular bubbles. Both the rubbery plateau compliance and Tg for rectangular bubbles 

are consistent with those of circular bubbles. Geometry of bubbles is not the reason of 

observed stiffening.  
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Figure 4.1: Plate dimensions, coordinate axes 
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Figure 4.2: One quarter of the real shape of the template 
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Table 4.1: Three representative results from finite element simulation 

 Pressure (k Pascal) Normalized central deflection (w0/t) 

P1 1.9 1.69 

P2 17.5 3.56 

P3 55.2 5.69 
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Figure 4.3: Profile along the width in the center (x=0) 
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Figure 4.4: Fit of the profile along the width in the center (x=0) with parabola 
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Figure 4.5: Profile along the width at different length position. (a) at 1.9k Pascal (b) at 

17.5 Pascal (c) at 55.2 Pascal  
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Figure 4.6: Profile along the length in the center (y=0) 
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Figure 4.7: Bending and membrane strain along the length 
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Table 4.2: Comparison of finite element (FE) method with approximate solutions 

E(×10 M Pascal) FE Vlassak Suhir Tabata et al 
P1 1 0.52 1.26 0.67 
P2 1 0.69 1.4 1 
P3 1 0.57 1.1 0.85 
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Figure 4.8: (a) AFM image of rectangular bubbles inflated from a 30 nm PS film at 75 °C, 

8 psi, 2882 seconds. (b) Scans at different positions along the bubble length 
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Figure 4.9: Fitting of the line profile with parabola 
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Figure 4.10: Line profile along the width in the center at different time for the same film 

as figure 8 inflated at 84 °C, 8 psi.  
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Figure 4.11: Creep curves of a 30 nm film inflated at 8psi at different temperatures 
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Figure 4.12: Master curve of the 30 nm film inflated at 8 psi referred to 69 °C 
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Table 4.3: Shift factor for the master curve in figure 4.12 

T (°C) 69 75 81 84 

log aT 0 0.65 1.5 2.2 

log bT 0 -0.3 0 0 
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Figure 4.13: Shift factors from experiment compared with WLF equation for the 30 nm 

rectangular bubbles 
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Figure 4.14: Master curve of a 24 nm film inflated into circular bubbles.  
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Table 4.4: Shift factor for the master curve in figure 4.14 

T (°C) 70 67 64 58 52 

log aT 2 1 0 -1.6 -2.7 

log bT 0 0.2 0 0 -0.02 
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Figure 4.15: Shift factors from experiment compared with WLF equation for the 24 nm 

circular bubbles 
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Figure 4.16: Master curves of creep compliances for a 30nm films deformed into 
rectangular bubbles and a 24nm films deformed into circular bubbles 
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Figure 4.17: Superposition of the two master curves shown in figure 4.16 
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Figure 4.18: Comparison of rectangular bubbles with circular bubbles (a) rubbery plateau 

compliance (b) Tg reduction [13-14] 
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CHAPTER 5 

MOLECULAR ARCHITECTURE EFFECT IN THE NANO-BUBBLE INFLATION 

MEASUREMENTS 

 

5.1 Introduction 

Star-shaped macromolecules have been studied widely as model-branched polymers 

to evaluate the influence of molecular architecture, more specifically branching, on the 

properties of polymers [1-5]. Among the star-branched polymers, star polystyrenes with 3 

to 39 branches have been synthesized and their zero shear viscosity, stead state 

compliance and rubbery plateau compliance has been investigated and compared with 

linear polystyrene [1-5]. Graessley and Roovers found that the plateau modulus of four-

arm and six-arm star polystyrene is the same as linear polystyrene within the experiment 

uncertainty [1]. Onogi et al investigated the six-arm star polystyrene and found the values 

of rubbery plateau compliance agrees well with those obtained by Graessley et al., as well 

as with those for linear polystyrenes [1-3]. Onogi et al also studied four-arm star 

polystyrene and found the value of rubbery plateau compliance for star polymer is 

slightly higher than that for linear one at lower molecular weights, but approach the latter 

as molecular weight increases [4]. They attribute this to effect of center of star polymer 

chain on the entanglement close to the center. For multi-branched star polystyrenes, when 

the number of branch is more that 15, the rubbery plateau compliance is somewhat lower 

than the linear polymer [5]. The decrease of the entanglement molecular weight is caused 

by the existence of intramolecular entanglement besides the intermolecular 

entanglements in star polymers.  
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5.2 Experiments 

Thin films of three arm star polystyrene (Polymer source, Mn (branch)=109.8 

kg/mol, Tg=98 °C (DSC), PDI=1.07, Rg=14 nm) were prepared according to the 

procedure described in chapter 2. The structure of the star polystyrene is shown in figure 

1. Templates used in this study are those with 5 micron holes. 

  

5.3 Results and Discussion 

Figure 2 shows the creep curves of a 28nm films at different temperatures. The 81 

°C data are in the transition region at shorter times and begin to level out at longer times 

as the rubbery plateau is reached. The early time data at 69 °C appear to be just moving 

form the glassy response into the transition region at later times. The data at 72 °C, 75 °C 

and 78 °C shows the response in the transition region. Figure 3 shows the master curve 

built by shifting the creep curve at other temperatures towards the one for 69 °C 

(reference temperature). The master curve covers the transition and rubbery plateau 

region. The shift factors in the horizontal and vertical direction are given in table 1. 

Vertical shifts are needed for some data to achieve good superposition. This vertical shift 

is not systematical with temperature and represents the uncertainty in the measurement. 

Master curves of creep behavior for a 14 nm film referred to 50 °C is shown in figure 4, 

and that for 19 nm referred to 64 °C in figure 5. Time-temperature shift factors are 

plotted in Figure 6, together with WLF curves using constants obtained from reference 6. 

From the WLF fit, Tg for 14 nm, 19 nm, and 28 nm films were 54.0±1.8 °C, 70.4±0.3 °C, 

and 71.9±0.6 °C, respectively.  
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Time-thickness superposition of master curves for linear PS has been performed 

previously by O’Connell [7]. In figure 7 the time-thickness master curve was built by 

superposition of master curves for star PS for a range of thickness. The reference curve is 

that for 14 nm film of star PS. The superposition of the data at short times suggests that 

the shape of the segmental relaxation mode does not change with film thickness. The data 

diverge at longer times and become non-superposable because of the systematic 

stiffening in the rubbery regime with decreasing film thickness. Also in figure 7, the 

master curve for linear PS can be superposed on that of star PS, which suggests that the 

shape of the segmental relaxation mode does not change with molecular architecture. The 

rubbery plateau compliance for star PS is much less than the bulk and decreases with 

decreasing film thickness, consistent with the previously results for linear PS [7].  

Figure 8 shows the rubbery plateau stiffening of linear and star PS [7]. The rubbery 

plateau stiffening of star PS is consistent with that of linear PS. Figure 9 shows the 

reduction of Tg for star PS thin films compared with linear PS [8]. The reductions of Tg 

for star PS are consistent with those of linear PS.  

Voit et al investigated the Tg of supported thin films by ellipsometry [9]. Within the 

experimental accuracy of ±2 K, no altered Tg for linear PS thin film down to 26 nm with 

molecular weight of 27500 g/mol was observed. Two star-like PS with different 

molecular weights were also investigated. The lower molecular weight star PS shows a 

maximum Tg reduction of about 3 K at 11 nm, while the higher molecular weight 

equivalent shows a depression of about 2 K at 10 nm. Their results show that polymer 

topology only marginally influences the glass transition in ultrathin films, which is 
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consistent with this study. However, the slight reduction in Tg is not consistent with this 

study. 

 

5.4 Conclusion 

Creep behavior of ultrathin films of star PS was investigated by bubble inflation 

technique. Time-thickness master curve was built by superposing master curves of star 

PS with a range of film thickness and linear PS. The reduction of Tg for star PS is 

consistent with that of linear PS. The rubbery plateau stiffening of star PS increases with 

film thickness, which is consistent with the linear PS.  
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Figure 5.1: Structure of the three-arm star polystyrene 
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Figure 5.2: Creep curves of a 28 nm films at different temperatures 
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Figure 5.3: Master curve of a 28 nm thin film referred to 69 °C 
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Table 5.1: Shift factor for the master curve in figure 5.3 

T(°C) 69 72 75 78 81 

log aT 0 -0.5 -1 -1.5 -2.3 

log bT 0 -0.1 0 0 0 
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Figure 5.4: Master curve of a 14 nm thin film referred to 50 °C 
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Figure 5.5: Master curve of a 19 nm thin film referred to 64 °C 
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Figure 5.6: Shift factors from experiment compared with WLF equation 
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Figure 5.7: Time-thickness master curve for star and linear PS 
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Figure 5.8: Rubbery plateau stiffening of linear and star PS [7] 
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Figure 5.9: Reduction of Tg for linear and star PS 
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CHAPTER 6 

YIELD BEHAVIOR OF ULTRATHIN FILMS 

 

6.1 Introduction 

It is very important to understand and characterize the mechanic properties of 

polymers in their processing and service conditions. Polymers can fail by brittle failure, 

yield and crazing [1]. Brittle failure is the sudden breakage of the materials. The 

catastrophic effect it brings is not predictive. Crazes are load-bearing cracks supported by 

highly drawn fibers of materials spanning the two interfaces. The fibers can help prevent 

or delay failure.  

 

6.1.1 Yield Phenomenon 

The investigation of yield phenomenon originated from metals. Generally speaking, 

yield is the point at which a material ceased to deform elastically and irreversible plastic 

deformation begins [2]. The yield behavior of polymers is quite obvious in the 

engineering stress-strain curves. The engineering stress is the current load P divided by 

the original cross sectional area A0 : 

 
0A

P
e =σ  (1) 

The engineering strain ε is the relative extension of the original length l0: 

 
0

01
l

l−
=ε  (2) 

The Young’s modulus E is the stress divided by strain in elastic region: 
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ε
σ

=E  (3) 

The true local stress is the current load divided by the current cross sectional area A 

 
A
P

t =σ  (4) 

Figure 1 shows a series of typical engineering stress-strain curves for amorphous 

polymers as a function of temperature or strain rate in a uniaxial tensile test [3]. At low 

temperatures or high strain rates, polymers are brittle and fail at low strain (curve A). The 

modulus is high. When temperature increases or the strain rate decreases, the modulus 

will decrease. At some intermediate temperature or strain rate, the stress will increase 

with strain first, reach a maximum, decrease with increasing strain and then increase 

again (curve B and C). The peak is the yield point. The corresponding stress and strain 

are the yield stress σy and yield strain εy. The appearance of peak in engineering stress is 

accompanied by the formation of a neck in a small area of the sample, shown in figure 2 

[1]. The plastic deformation is concentrated in this section, resulting in reduced width. 

Because of the decrease in cross-sectional area, the true local stress in the neck region is 

higher than the engineering stress. At yield point, the true local stress might not decrease. 

And the true local strain is higher than the engineering strain, which is the mean strain all 

over the sample. Curve B shows that the sample breaks at the neck right after the neck 

was formed. Curve C shows the neck propagates along the remaining gage length of 

sample. This process is called cold drawing. 
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6.1.2 Criterion of Yield 

It is very important to predict the yield stress in the design of structural element, 

because at the yield point, permanent deformation occurs. Tresca yield criterion states 

that the yield occurs when the maximum shear stress reaches a critical value [4]. Assume 

σ1>σ2>σ3, the critical shear stress is given: 

 
2

31 σσ
τ

−
=s  (5) 

where σ1, σ2, and σ3 are the principal stresses. In a tensile test, the tensile yield stress is 

σ1, σ2=σ3=0, then  

 
2

1στ =s  (6) 

In equibiaxial extension, 21 σσ = , 03 =σ . If the biaxial yield stress is Yσ ,then equation (5) 

becomes 

 
2

Y
s

σ
τ =  (7) 

Von Mises yield criterion states that the yield occurs when the elastic shear-strain energy 

density reaches a critical value [5]: 

 2
0

2
13

2
32

2
21 9)()()( τσσσσσσ =−+−+−  (8) 

τ0 is the shearing stress acting on the octahedral plane. In tensile test, we have σ2=σ3=0. 

If the tensile yield stress is σY, then Yσσ =1 . Equation (8) becomes: 

 
2
0

2 92 τσ =Y  (9) 

 Yστ
3
2

0 =  (10) 
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In equibiaxial extension, 21 σσ = , 03 =σ .If the biaxial yield stress is Yσ , then equation 

(8) becomes: 

 Yστ
3
2

0 =  (11) 

 

6.1.3 Model of Yield 

Eyring applied the theory of chemical reaction rate to viscous flow [6]. The viscous 

flow was treated as unimolecular chemical reaction. The reaction is an activated process, 

in which the elementary step is the transition of a molecular from one equilibrium state to 

another. A potential energy barrier has to be passed over. The activation energy is 

associated with the formation of a hole for the molecule to flow into. If no stress is 

applied, then there is no velocity gradient. The flow rate in the forward and backward 

direction is the same, and given by: 

 ⎟
⎠
⎞

⎜
⎝
⎛ Δ
−=

kT
E

kv aexp1  (12) 

where k1 is a constant, k is the Bolzman constant, Ea is the activation energy. Under 

applied stress, the forward rate will increase and the backward rate will decrease:  

 ⎟
⎠
⎞
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where τ is the stress, V is the Eyring activation volume. The net flow rate is the 

difference between the forward and backward rate: 
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Since the backward rate is much smaller than the forward rate, and also the flow rate 

depends on the strain rate. We have: 

 ⎟
⎠
⎞

⎜
⎝
⎛⎟
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⎜
⎝
⎛ Δ
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•
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Combined with the Tresca yield criteria (equation (8)), the yield stress is given by: 
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At constant strain rate, plot 
T

yσ
 vs 

T
1  will be a straight line, with the slope being 

V
Ea2

.  

 

6.2 Experiment 

Ultrathin films of linear PS were prepared according to procedures described in 

chapter 2. Templates used in this study have holes of 5 microns in diameter. Before the 

test, the film was annealed 15 °C above their Tg for 15 minutes, then cooled to the test 

temperature. Figure 3 shows the stepped pressure applied on the thin film. The time 

period for each applied pressure is 5 minutes. During that time, AFM scans the sample 

and obtains the image of the bubbles. The scan rate is 2 Hz, so it takes about two and half 

minutes to complete the scan. In each step, after the pressure applied, wait 60 second 

before scanning the sample. Pressures were continued to increase until the bubble broke.  
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6.3 Results and Discussion 

Figure 4 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. The yield stress decreases as temperature increases. The strain at yield point 

increases as temperature increases. Figure 5 shows the creep compliance as a function of 

applied pressure at a range of temperatures. The data for yielded thin films shows 

pressure independent creep compliance at low to intermediate pressures before yield 

point. The compliance either completely doesn’t change from the lowest pressure for 36 

°C and 46 °C data, or slightly increases for 41 °C and 51 °C data. The compliance 

increases as the temperature increases. At 36 °C, the log glassy compliance measured is 

about -10.0. The log glassy compliance for the bulk is -9.81 [7]. This suggested that the 

32nm film is slightly stiffer than the bulk in the glassy state, consistent with what was 

found by O’Connell for 11 and 17nm thin films [7]. Figure 6 shows the yield stress as a 

function of temperature from glass transition temperature (Tg). The Tg for 32nm PS films 

was estimated to be 74 °C from previous results by O’Connell [7]. The yield stress at 36 

°C, which is 38°C below Tg is 17.1 M Pa. The Tg for macroscopic PS is about 100 °C. 

The yield stress of bulk PS at 60 °C, which is 40 °C below Tg is about 70 M Pa [8]. The 

yield stress of 32 nm film is about one quarter of the bulk value. Figure 7 shows the plot 

of 
T

yσ
as a function of 

T
1 . The linear fit (equation 18) provides the slope and intercept. 

Figure 8 shows the stress-strain behavior of 22 nm PS films at 26 °C and 36 °C. The film 

doesn’t yield at the tested temperatures. Tg for 22 nm film was estimated to be 64 °C 
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from previous results by O’Connell [7]. Therefore the distance between the test 

temperature and Tg (T-Tg ) is -38 °C and -28 °C, respectively. Compared with 32 nm film, 

the 22 nm film does not yield at equivalent temperatures. This might suggest that as the 

film thickness increases, brittle to ductile transition occurs.  

The glassy modulus of thin polymer films has been reported to increase, decrease, or 

not change, similar to Tg measurement introduced in chapter 1 [9-13]. Van Vliet and 

coworkers observed that the surface elastic modulus of PS and PMMA increases by up to 

200% relative to the bulk within a range of depths from the free surface of 200 nm to 5 

nm, using nanoindentation measurements [9]. Vogt et al developed a film wrinkling 

technique to investigate the elastic modulus of thin films at room temperature, where the 

thin film was supported on a soft substrate and compressive force was applied on the 

film/substrate composite [10]. They found the elastic modulus of PS reduced by one 

order of magnitude relative to the bulk and about 30% to 50% of the bulk for a series of 

poly(methacrylate) [11-12]. Du et al found the elastic modulus of PS and PC thin films 

are the same as the bulk with AFM indentation measurements [13]. The maximum 

indentation depths are 65.6 and 61.5 nm for PC and PS, respectively.  

Very rare work has been done on the yield strength of thin films [13]. Du et al found 

the yield strength for both PS and PC are about twice of the macroscopic values. They 

interpreted this discrepancy to be due to the asymmetric shape of the tip. And they are not 

quite sure if the model for analysis of yield strength is applicable for asymmetric 

indenters.  
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6.4 Conclusion 

The yield behavior of ultrathin PS films was investigated by nanobubble inflation 

technique. Uniform draw to yield transition was observed for 32nm film as the 

temperature increases from 26 °C to 36 °C. It also occurs as the film thickness increases 

from 22 nm to 32 nm. The yield stresses of 32nm film decrease as the temperature 

increases. The temperature dependence of yield stress is well fitted to the Eyring model, 

suggesting that yield in thin films is an activated process. The yield stress is about one 

quarter of the bulk value.  
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Figure 6.1: Typical engineering stress-strain curves for an amorphous polymer as a 

function of temperature and strain rate [3] 
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Figure 6.2: Engineering stress-strain curves showing necking [1] 
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Figure 6.3: Stepped pressure applied to thin films 
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Figure 6.4: Stress-strain behaviors of 32 nm films at different temperatures 
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Figure 6.5: Compliance as a function of applied pressure for 32 nm films at different 

temperatures. 
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Figure 6.6: Yield stress as a function of temperature from Tg for 32 nm PS film 
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Figure 6.7: Plot of 
T

yσ
 vs 

T
1  and the linear fit. 
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Figure 6.8: Stress-strain behaviors of 22 nm films at 26 °C and 36 °C. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

In this study, the confinement effect on the mechanical properties of ultrathin films 

was investigated with nanobubble inflation technique. The first part of this work 

investigated the surface tension contribution to the observed rubbery stiffening. An 

energy balance approach and a stress-strain analysis were developed to determine the real 

rubbery modulus and surface tension for PBMA thin films. The observed overall rubbery 

stiffening behavior can be attributed to a mixture of both molecular stiffening and surface 

tension effects. PBMA shows surprisingly different behavior from PVAc or PS, including 

a higher surface energy contribution, less observed rubbery stiffening and a weaker 

thickness dependence of the rubbery modulus, indicating that molecular or confinement-

induced stiffening in ultrathin polymer films may be a universal phenomenon, but its 

magnitude depends on the polymer repeat unit structure. 

The second part of this work studied the geometry effect in the nanobubble inflation 

technique. Both the rubbery plateau compliance and Tg for rectangular bubbles are 

consistent with those of circular bubbles. Geometry of bubbles is not the reason of 

observed stiffening. 

The third part investigated the molecular architecture effect in the mechanical 

measurement of ultrathin films. The reduction of Tg for star PS is consistent with that of 

linear PS. The rubbery plateau stiffening of star PS increases with film thickness, which 

is consistent with the linear PS. 
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The last part studied the yield behavior of ultrathin films. Uniform draw to yield 

transition was observed with increasing temperature or film thickness. The temperature 

dependence of yield stress is well fitted to the Eyring model, suggesting that yield in thin 

films is an activated process. The yield stress is about one quarter of the bulk value.  

 

7.2 Future Work 

Previous work by O’Connell and McKenna on PS, PVAc, and polycarbonate (PC) 

exhibits dramatic stiffening in the rubbery region [1-2]. The rubbery plateau compliance 

decreases by three orders of magnitude relative to the bulk in the thinnest films measured 

for the three materials. The rubbery compliance scales as the second power of film 

thickness for the three materials. However, in this study, the rubbery compliance for 

PBMA only decreases by thirty times relative to the bulk. The compliance is less 

dependent on film thickness. Further studies should be undertaken on the 

poly(methacrylate) series to find out the side group effects on the viscoelastic properties 

of thin films.  

In this study, we found that both the rubbery plateau compliance and Tg of three-arm 

star PS are consistent with linear PS. However, the Mw of linear PS is different from that 

of three-arm star PS. As mentioned in chapter 1, for free-standing films, Tg reduction 

depends on molecular weight if Mw>575 kg/mol [3]. Further study should try linear PS 

with Mw=300 kg/mol to find out the Mw dependence of viscoelastic properties of thin 

films.  

The yield stress of ultrathin PS film was found to be one quarter of the macroscopic 

value in this study [4]. The decrease of the yield stress and the rubbery stiffening for PS 
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thin films are unexplained. The deformation of PS thin film in this study is biaxial 

extension. Further study should try to blow rectangular bubbles to find out the yield 

behavior in different deformation conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Shanhong Xu, August 2011 

 157

7.3 References 

1. P.A. O’Connell and G.B. McKenna, “Dramatic Stiffening of Ultrathin Polymer Films 

in the Rubbery Regime,” European Physical Journal E 20 (2006) 143-150. 

2. P.A. O’Connell, S.A. Hutcheson, and G.B. McKenna, “Creep Behavior of Ultrathin 

Polymer Films,” Journal of Polymer Science: Part B, Polymer Physics 46 (2008): 1952-

1965. 

3. J.A. Forrest and K. Dalnoki-Veress, “The Glass Transition in Thin Polymer Films,” 

Advances in Colloid and Interface Science 94 (2001): 167-196. 

4. J.J. Wu and C.P. Buckley, “Plastic Deformation of Glassy Polystyrene: A Unified 

Model of Yield and the Role of Chain Length,” Journal of Polymer Science: Part B 

Polymer Physics 42 (2004): 2027-2040. 

 

 

 

 


	 

