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ABSTRACT 
 

Gas/supercritical fluid (SCF) and polymer mixtures are applied broadly in industry, 
such as rigid and light foam products for aircraft use, foamed cushion in chairs or shoes, 
and gas separation membranes for capturing methane from landfill gas. To understand the 
gas transport properties and polymer thermal properties of the mixture, we detected the 
dielectric properties of the mixture at two conditions and developed a novel self-designed 
system for high temperature and high pressure measurement. 

The transport properties of physical blowing agents in polymers is viewed as a 
critical parameter controlling the final foam product’s foam density, cell density, and cell 
size. We calculated theoretical CO2 diffusivity coefficients in amorphous polymers using 
dielectric constant changes during CO2 desorption.  Such values were demonstrated to 
match experimental diffusivity coefficients measured with a gravimetric method. Three 
amorphous polymer films, polystyrene (PS), polycarbonate (PC), and cyclic olefin 
polymer (COP), were saturated with supercritical CO2 in a pressure chamber.  The CO2 
infused films were removed from the chamber for gas desorption experiments. The 
capacitance of the samples and the CO2 weight percentages (CO2 wt%) were obtained 
during gas desorption. It was found that the trend of dielectric constant changes was 
approximately that of the CO2 wt% changes. This approximation was used to build a 
mathematical model for the prediction of CO2 wt% during gas desorption using the 
measured dielectric constants. The two diffusivity coefficients obtained from experiments 
and this prediction model were compared with each other which successfully proved the 
reliability of our prediction model.  

Gas/SCF also changes the melting and crystallization temperature (Tm and Tc) of 
polymers. These changes result from gas/SCF’s plasticization and hydrostatic pressure 
effects. In order to determine Tm and Tc and study the plasticization and hydrostatic effect 
of gas in the polymer, dielectric constant, ε′, and damping factor, tan(δ), of the polymer/gas 
mixture were measured and plotted as a function of temperature. A new system with control, 
measuring, and data acquisition elements, was designed to evaluate how the dielectric 
properties of high density polyethylene (HDPE) change with temperature. CO2 and helium 
(He) were used separately as the pressurizing mediums in the experiments. At the same 
pressure, CO2 and He had the same hydrostatic pressure effect on the polymer behavior. 
However, the plasticization effects of the two gases on HDPE were significantly different 
because of their different solubilities. There is a competing relationship between 
hydrostatic pressure and plasticization. The effect of plasticization is strong, when CO2 is 
used, which leads to a decrease in Tm and Tc of HDPE with CO2 pressure increase. 
Alternatively, hydrostatic pressure dominates when He is used, which results in an increase 
in Tm and Tc in HDPE as He pressure increase. 
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CHAPTER 1: Introduction 

 
The total volume of plastic used in the world is more than steel, aluminum, and 

copper combined. Thus, plastics are increasingly regarded as the global pace-makers of 

progress. The extremely large number of present and future applications of plastics will 

increase the demand for plastic products. However, the economic, ecological, and social 

challenges shown today, and in the future, will continue the demand for revolutionary 

approaches to increase efficiency, lower energy usage, and increase the versatility of 

plastic applications. Thus, there is a great need for conducting accelerated research and 

development in the field of polymer science and engineering. 

Many researchers conclude that the mixture of the gas/supercritical fluid (SCF) 

and polymers is a critical candidate for plastic applications with high efficiency, low 

energy usage, and great versatility [1-3]. Although we are aware that a number of 

qualified researchers have made great achievements in this area of research, we built a 

novel dielectric measurement system to further enhance the research and development of 

the key technologies for understanding the properties of  gas/SCF and polymer mixtures.  

1.1 Gas/SCF and polymer mixture applications 
Research studies on gas/SCF and polymer mixtures have increased because SCF 

is widely used in polymer manufacturing, such as batch foam, extrusion foam, and gas 

separation membrane fabrication. 

In the batch foam process, the polymer samples are impregnated with a blowing 

agent in a pressure vessel. Plastic foam is produced by the expansion of a gaseous phase 

dispersed throughout the polymer melt. The foaming process is always triggered by an 
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abrupt solubility drop. Gas solubility in polymers can drop abruptly by decreasing 

pressure (e.g. by discharging a polymer melt from extruder) or by heating above the 

boiling point of the polymer containing a decomposable chemical blowing agent. This 

expansion process involves three fundamental steps: bubble nucleation, growth, and 

stabilization [4]. Environmentally friendly, low-cost, and inert gases such as CO2 and N2 

have been used in plastic foam processing as an alternative to long-chain blowing agents 

for high density foam manufacturing [5, 6]. These blowing agents, notably CO2, have a 

strong plasticization effect which can decrease the processing temperature significantly 

and save processing energy. 

Extrusion foaming is the most prominent manufacturing processes for 

thermoplastic foams. First, plastic resin and additives are fed into the hot extruder. The 

screw inside the extruder rotates and pushes the plastic resins forward. Next, the gases 

are introduced by the decomposition of chemical blowing agents or the direct injection 

of a physical blowing agent. The polymer-additives-gas mixture is then forced through a 

die. Foaming is introduced by a rapid depressurization as the mixture exits the die. 

Typical products manufactured by this process are foamed tubes, rods, boards, and 

sheets. By selecting gas and controlling processing parameters, we can change the 

solubility and diffusivity of the gas in the polymer which is critical for controlling the 

foam structure.  

The first industrial system for fabricating a gas separation membrane was built 

by Monsanto in 1979. Since 1979, this membrane has been used in various processes, 

including separating CO2 from natural gas and hydrogen with various refinery and 
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petrochemical process streams. Most of the membranes are made of polymer. Gas 

selectivity as a function of the diffusion coefficient and sorption coefficient is one of the 

most important properties in the gas separation process. Gas separation membrane 

applications can support a material cost of $ 50/m2. Expensive membranes cost as much 

as $ 20k to $ 50k per kilogram. Driven by the huge economic interest, this industry is 

continuing to grow and the revenues tripled from 2005 to 2015 [7]. 

1.2 Transport properties and thermal properties of gas/SCF and polymer mixture 
We are interested in mass transport of gas/SCF in the polymer. This gas/SCF 

transport phenomenon can be described with gas/SCF solubility, diffusivity, and 

permeability [8]. 

Thermal properties are associated with a material-dependent response when the 

heat is applied to a solid body, a liquid, or a gas. This response might be a temperature 

increase, a phase transition, a change of length or volume, an initiation of a chemical 

reaction or the change of some other physical or chemical quantity [9]. 

Both transport properties of gas/SCF in the polymer and thermal properties of the 

mixture are critical for polymer processing. For example, in foam product fabrication, 

cells of the product are generated when the gas/SCF solubility drops abruptly in the 

polymer and the polymer solidifies as gas/SCF is diffusing inside the polymer. How 

much gas/SCF is dissolved and how quickly it diffuses in the polymer controls the foam 

density, cell density, and cell size of the final product.  The way gas/SCF changes the 

thermal properties of the polymer is also an important research topic. Many gas/SCF are 

used as plasticizers to lower the processing temperature which is an efficient method to 
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save the processing energy. is also used to swell biocompatible polymers and to lower 

their glass transition temperature, thereby facilitating the diffusion of small drug 

molecules into such polymers[10]. This is a typical example that indicates the importance 

of both gas/SCF transport properties in polymer and gas/SCF effects on polymer thermal 

properties.  

The traditional equipment used for measuring gas/SCF transport properties in 

polymers including magnetic suspension balance (MSB) and quartz crystal balance is 

very accurate but have limitations in application such as complicated procedures and high 

expenses. These balances use the gravimetric method to obtain the weight of polymer/gas 

or polymer/SCF mixture changes over time. The data are then used to calculate 

diffusivity and solubility of the gas/SCF in the polymer. The results are accurate; 

however, the methods are expensive (MSB is over $120,000) and needs a buoyancy 

calibration. Thus, a new method is expected to obtain gas/SCF transport properties more 

economically and easily. 

Various techniques have been used to investigate gas/SCF effects on thermal 

properties of the polymer, including high pressure differential scanning calorimeter, high 

pressure tensile test, high pressure dynamic mechanical analysis [11-13]. Although many 

studies focused on the effect of gas/SCF on polymers, only a few were conducted to 

discuss the relationship between dielectric properties and thermal properties of gas/SCF 

and polymer mixtures. So, we developed a new system for the dielectric property 

measurement at high pressure with temperature change. Experiments were also 
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conducted to measure the dielectric properties of polymers with high pressure gas/SCF 

in designed thermal cycles. 

1.3 Dielectric characterization used in polymer 
Dielectric characterization is a key technique to study polymer chain mobility, 

dielectric breakdown strength (DBS), and curing. This section covers the major dielectric 

techniques used in polymer characterization and points out possibilities of its applications 

to a novel gas/SCF transport property measurement and a simpler thermal property 

measurement. 

Dielectric spectroscopy is a critical tool for probing molecular dynamics in 

materials such as epoxies, glassy polymers, and supercooled liquids [14]. The frequency 

spectrum of the complex dielectric constants contains information about the dynamics of 

dipolar and ionic degrees of freedom. The peak frequency refers to the frequency where 

the dielectric damping factor reaches a maximum. It is used to identify the characteristic 

polymer chain relaxation time.  The relaxation time will dramatically increase with 

cooling, which indicates the depression of polymer chain mobility. Chain mobility of 

multiple polymers, polylactic acid [15], polystyrene [15], polyvinyl alcohol [16], and 

polyamide-6 [17], has been studied by measuring their dynamic dielectric properties 

usually using an isothermal method.   

 DBS of a material defined as a critical electric field at which the electrical 

breakdown occurs, an abrupt increase in current flows through the polymer insulator. For 

dielectric materials, DBS is a very important property as it limits the amount of electric 

field that can be safely applied during application. For polymer-based capacitors, DBS 
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limits the voltage that can be applied and has greater significance than the dielectric’s 

permittivity, since the capacitance of the device scales quadratically with the voltage 

applied [18]. 

Dielectric analysis (DEA) can be implemented to monitor the curing of 

thermosetting resins. The curing behavior of a mixture depends on several factors, 

including curing temperature, type of hardener, and filler. The best temperature and time 

scenario of curing can be derived from the changes in the dielectric properties of the 

mixture during curing. DEA has been utilized for online monitoring of curing processes 

at a low frequency around 1 kHz and optimizing the curing process [19].   

It is also pointed out that dielectric spectroscopy can be used for gas/SCF 

transport properties measurements. Previous studies confirmed the relationship between 

gas diffusivity and dielectric constant under steady state conditions for gas membrane 

applications (i.e., high pressures at the upstream and low pressures at the downstream of 

the membranes) [20].  However, most of the gas diffusion in the polymer manufacturing 

process is under non-steady-state conditions, which is not studied.  

It was also implied in a recent study [17] that the phase transition of polymer from 

amorphous to crystalline would lead to an abrupt change in its dielectric properties. 

However, gas/SCF effects are not considered in these studies. 

1.4 Research scope 
To better understand the properties of gas/SCF and polymer mixtures and to make 

the most use of dielectric property measurement of the mixture, the presented research is 

focused on the following aspects: 
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a) relationship between dielectric properties of gas/SCF and polymer mixture and 

the gas/SCF transport properties in polymer 

b) building a high-pressure and high-temperature dielectric property 

measurement system and using this system to check the in-situ dielectric constant and 

damping factor changes of gas/SCF and polymer mixtures to temperature change at high 

pressure.  

1.5 Thesis outline 
Chapter 2 introduces the theoretical and experimental background of this 

research. Gas diffusion theories for both steady and non-steady state diffusion are 

described. Major existing methods used for diffusion experiments are also reviewed in 

this chapter. Then, theoretic and experimental approaches for dielectric properties of pure 

dielectric and mixture are discussed. Since we are going to discuss the relationship 

between thermal property and dielectric properties of polymer/gas mixture, literature 

studies on thermal properties of the polymer with effects from gas/SCF are presented. 

Chapter 3 introduces a novel, self-designed dielectric properties measurement 

system. Comparing with previous dielectric systems, this system can measure 

capacitance accurately at higher temperatures and higher pressures. It consists of a gas 

tank, a syringe pump, a pressure chamber, and an LCR meter. The details about the 

mechanical design, the electrical design, and the data acquisition are also presented. 

Validation of this system is done at high pressure and high temperature. It can 

successfully measure dielectric properties of the polymer at high pressure and high 

temperature within error. 
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Chapter 4 proposes a new research methodology to obtain gas diffusivity in the 

polymers. Polystyrene (PS), polycarbonate (PC), and cyclic olefin polymer (COP) resins 

and supercritical CO2 were used in this study. A traditional gravimetric method and a 

novel dielectric method were used at the same time and compared. Results from these 

two methods agree very well with each other. 

Chapter 5 describes the experiment using a novel dielectric measurement system 

to measure the dielectric constant and damping factor of the HDPE engulfed CO2 and He 

separately. The effect of gas plasticization effect and hydrostatic pressure are discussed 

with the measurement of impedance. 

Chapter 6 provides a summary and conclusions of the research. Suggestions for 

future work are also presented based on the research. 
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CHAPTER 2: Theoretical and experimental backgrounds 

2.1 Diffusivity of supercritical fluid or gas in polymer 
Diffusion describes the movement of one component from a high concentration 

region to a low concentration region, resulting in a uniform distribution of a substance in 

a matrix.  Diffusivity describes the rate of this diffusion process.  The diffusivity is an 

important and critical property in many polymer processes such as nano-/micro-cellular 

foaming, protective coating, separation-membrane designing, and food and beverages 

packaging.  Thus, clear understanding of the gas/SCF diffusion mechanisms in a polymer 

and the relevant measurement methods are highly desirable for many applications.  There 

are two stages in diffusion: as the diffusion process progresses, the permeant 

concentration continuously changes (i.e., non-steady state diffusion) until it reaches an 

equilibrium (i.e., steady state diffusion) where a permeant concentration does not change 

with time. 

2.1.1 Theoretical approaches  
Two kinds of diffusion, steady and non-steady state diffusion, are discussed here.  

The diffusivity values of these two types of diffusion are always obtained by applying 

mathematic models with the corresponding experimental data.  Common equations and 

models are described below. 

2.1.1.1 Steady state diffusion 
For steady state diffusion, the flux does not change with time.  It is expressed as: 

𝐽𝐽 = −𝐷𝐷∇𝐶𝐶                                                               2.1 
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where J is the flux of atoms in atoms/(m2 ⋅ s), D is a diffusion coefficient in m2/s, 

and ∇C is a concentration gradient in atoms/m4.  It is called a Fick’s first law.  

Considering a unidirectional case, this equation can be simplified as: 

𝐽𝐽𝑥𝑥 = −𝐷𝐷 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                                                     2.2 

This simplification is valid in a membrane diffusion case when the thickness of a 

membrane is much smaller than the other dimensions.  The mean diffusion coefficient 

over the entire range of concentrations can be obtained by the “time lag” method 

developed by R. M. Barrer and E. K. Rideal in 1939 [21].  In steady state, the mean 

diffusion coefficient is directly proportional to time:  

𝐷𝐷 = 𝑙𝑙2

6𝜃𝜃
                                                                      2.3  

where D is the diffusion coefficient, 𝑙𝑙 is the length of a polymer sample which a 

gas travels through, and 𝜃𝜃 is the time lag which is the intercept of the time axis with the 

extrapolated linear steady state portion of the pressure-time curve. 

2.1.1.2 Non-steady state diffusion 
This is the case where the gas flux changes with respect to time before a diffusion 

process reaches equilibrium.  Many different models are used to describe this type of 

diffusion: Crank’s model, Dual mode model, Gas-Polymer Matrix Model, Free Volume 

Model, Mass Transfer Model, and some Empirical Models [22].  Some of these models 

have very limited applications.  For example, a Dual mode model and a Gas-Polymer 

Matrix Model are only used for glassy polymers  [23].  A detailed description of each of 
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these models is described below, and the comparison table for diffusivity studies is 

tabulated in Table 1. 

1) Crank’s model  

Crank’s model developed by J. Crank and G. S. Park is the most used, since this 

model is easy to understand, and suitable for various experimental geometries, 

accommodating different boundary conditions [24].  The sample shape has a significant 

effect on gas transport behaviors.  In 1968, Crank and Park derived several equations 

based on the sample geometries.  The following equation was used to describe non-steady 

gas diffusion through a  polymer film [24]:  

𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 2 � 𝐷𝐷𝐷𝐷
𝜋𝜋𝜋𝜋2
�
1
2                                                                      2.4 

where Mt and M∞ represent the mass uptakes of a penetrant at time t and at a long 

time, respectively.  L is a diffusion length.  This model is mostly used in pressure decay 

experiments.  This equation can also be applied to diffusion cases along a cylindrical rod 

or tube with a length of L, where one end of its surface is sealed and the other end is 

maintained at a constant concentration [24]. 

Although the simplified model is widely used, the original model ( 𝑀𝑀𝑡𝑡
𝑀𝑀∞

=

2(𝐷𝐷𝐷𝐷
𝑙𝑙2

)1/2 �𝜋𝜋−1/2 + 2∑ (−1)𝑛𝑛ierfc 𝑛𝑛𝑛𝑛
�(𝐷𝐷𝐷𝐷)

∞
𝑛𝑛=1 �) gives more comprehensive descriptions of 

solubility and diffusivity calculations [25]. 

 
2) Dual-mode Sorption Model 
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This model divides diffusing molecules into two different populations: (i) the 

molecules dissolved by an ordinary dissolution process whose concentration is 𝐶𝐶𝐷𝐷, and 

(ii) the molecules trapped in micro-voids which do not diffuse whose concentration is 

𝐶𝐶𝐻𝐻.   

The dissolved gas molecules obey The Henry’s law: 

                        𝐶𝐶𝐷𝐷 = 𝑘𝑘𝐷𝐷𝑝𝑝                                                                     2.5 
The concentration of the trapped gas molecules in micro-voids is given by the 

equation of Langmuir [8]: 

                           𝐶𝐶𝐻𝐻 = 𝐶𝐶𝐻𝐻
′ 𝑏𝑏𝑏𝑏

1+𝑏𝑏𝑏𝑏
                                                                  2.6 

where 𝐶𝐶𝐻𝐻′  is a Langmuir saturation constant, which is directly related to the global 

volume of a specific site (i.e., micro-voids), and b is an affinity constant for these sites, 

p is the pressure.   

These two populations have their own constant diffusion coefficients (𝐷𝐷𝐷𝐷,𝐷𝐷𝐻𝐻) 

[23] and J is the total flux. 

𝐽𝐽 = 𝐽𝐽𝐷𝐷 + 𝐽𝐽𝐻𝐻 = −𝐷𝐷𝐷𝐷
𝜕𝜕𝐶𝐶𝐷𝐷
𝜕𝜕𝜕𝜕

− 𝐷𝐷𝐻𝐻
𝜕𝜕𝐶𝐶𝐻𝐻
𝜕𝜕𝜕𝜕

                                               2.7 
 
 

3) Gas-Polymer Matrix Model  
 

Different from the dual mode model described in the previous section, this gas-

polymer matrix model is based on the assumption that there is only one population of a 

penetrant but with interaction between the solute and polymer matrix.  The basic concept 

involves an activation energy which represents the necessary energy for the separation 
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of macromolecular chains by cooperative motions of sufficient amplitude to allow a 

penetrant to execute its diffusional jump.  This model assumes that the presence of a 

penetrant reduces the intermolecular forces between the polymer chains, resulting in a 

smaller necessary activation energy for the separation of chains.  The increase in a 

penetrant concentration leads to a higher diffusion coefficient due to enhanced segmental 

mobility of the chains.  From a mathematical viewpoint, this theory proposes the 

following relation to express the interaction between a penetrant and a polymer [23]: 

𝐷𝐷 = 𝐷𝐷0(1 + 𝛽𝛽𝛽𝛽)exp (𝛽𝛽𝛽𝛽)                                                             2.8 

where 𝐷𝐷0 is a diffusion coefficient in a zero-concentration limit, 𝛽𝛽 is a constant relating 

the excess activation energy of chain separation to the depression of the glass-transition 

temperature of the polymer by a gas, and 𝐶𝐶 is a gas concentration.  The concentration 

can be expressed as: 

𝐶𝐶 = 𝜎𝜎0𝑝𝑝exp(−𝛼𝛼𝛼𝛼)                                                                      2.9 

where  σ0  is the solubility coefficient at infinite dilution, 𝑝𝑝  is pressure, and α  is a 

constant describing the effect of gas-polymer interaction on solubility changes.  The 

smaller α is, the less effect a penetrant has on solubility [26].  This model gives a better 

understanding of molecular interactions, gas perturbation, and thermodynamics than the 

dual-mode sorption model. 

 
4) Free Volume Model  

The basic idea of this theory is that a gas molecule can move from an original 

position to another when a local free volume exceeds a certain free volume fraction limit.  
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This model explains the relationship between the diffusion coefficient and parameters 

such as glass transition temperature, penetrant shape and size, temperature, and 

concentration. 

Free volume fraction, 𝑓𝑓, is one of the most important parameters for solubility 

and diffusivity definitions.  It is defined as: 

𝑓𝑓 = 𝑉𝑉𝑓𝑓
𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇

= 𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇−𝑉𝑉𝑜𝑜𝑐𝑐𝑐𝑐
𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇

                                                                      2.10 

where 𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇 is a total volume, 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 is the occupied molecules volume and 𝑉𝑉𝑓𝑓  is a 

free volume. 

A thermodynamic diffusion coefficient, 𝐷𝐷𝑇𝑇 ,  is given by H. Fujita and K. 

Kishimoto [27] as: 

𝐷𝐷𝑇𝑇 = 𝑅𝑅𝑅𝑅𝐴𝐴𝑑𝑑 exp �−𝐵𝐵𝑑𝑑
𝑓𝑓
� = 𝑅𝑅𝑅𝑅𝑚𝑚𝑑𝑑                                                      2.11  

where 𝑅𝑅  is a gas constant, T is a temperature, 𝐴𝐴𝑑𝑑  is a parameter related to a 

penetrant size and shape,  𝐵𝐵𝑑𝑑 is  a characteristic parameter of an available free volume 

fraction, and 𝑚𝑚𝑑𝑑 is the mobility of diffusing molecules relative to a polymer. The 

combined free volume fraction, 𝑓𝑓 is defined as: 

𝑓𝑓 = 𝜙𝜙1𝑓𝑓1 + 𝜙𝜙2𝑓𝑓2                                                           2.12 

where 𝜙𝜙𝑖𝑖  𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑖𝑖  are corresponding volume fraction and the free volume fraction 

for a component 𝑖𝑖.  Index 1 refers to the diffusing molecule and the index 2 to the 

polymer.  Defined by J. Comyn [28] 

, 𝐷𝐷𝑇𝑇 can also be expressed as:  

𝐷𝐷𝑇𝑇 = 𝐴𝐴exp(𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

)                                                                   2.13 
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where C is penetrant concentration, and 𝑎𝑎 is a penetrant activity parameter. 

Based on J. Comyn’s research,  A. Peterlin modified equation (11) and proposed 

the following equation [29]: 

𝐷𝐷 = 𝐷𝐷(0)exp (𝛼𝛼𝑑𝑑𝐶𝐶)                                                              2.14 

where, 

 𝛼𝛼𝑑𝑑 = 𝐵𝐵𝑑𝑑𝑓𝑓1
(𝜙𝜙2 𝑓𝑓2)2

                                                                      2.15 

𝐷𝐷(0) = 𝑅𝑅𝑅𝑅𝐴𝐴𝑑𝑑exp (−𝐵𝐵𝑑𝑑
𝜙𝜙2𝑓𝑓2

)                                                                      2.16 

Here, index 1 refers to the diffusing molecule and index 2 to the polymer. 

However, this model is considered inappropriate for diffusion of small molecules.  

Therefore, correction for a free volume fraction was applied to the model.  The free 

volume fraction depends on three thermodynamic variables as shown below [29-31]: 

𝑓𝑓(T, p, C)=𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 ,𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 , 0� + 𝛼𝛼�𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟� − 𝛽𝛽�𝑝𝑝 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟� + γC                           2.17   

where the first term describes a standard fractional free volume in a reference 

state; the second term shows the increase of a free volume with thermal dilation where 

α  is a thermal expansion coefficient of the free volume; the third term indicates free 

volume shrinking during a hydrostatic compression (β  is compressibility); and the forth 

term weighs the influence of a gas concentration on a free volume. 

5) Mass Transfer Model 

This theory is based on the Fick’s second law.  This model can determine a 

diffusion coefficient by measure a gas concentration in the polymer phase.  The basic 



 
16 

procedure of this model is to fit experimental gas concentration data with a predicted 

function.   

In a transient state, a penetrant concentration could be expressed as a function of 

gas location in the sample and time.  A diffusion coefficient is an optimization parameter 

in this function. 

The fundamental equation for this model is: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 𝜕𝜕2𝑐𝑐
𝜕𝜕𝑧𝑧2

                                                                      2.18  

where 𝑐𝑐 is a penetrant concentration, 𝑡𝑡 is time, and 𝑧𝑧 is a gas travel direction in 

the sample, and 𝐷𝐷  is a diffusion coefficient.  This equation was modified by many 

researchers [32-34].  An initial condition is given as below, describing no gas 

concentration in a polymer sample at time t = 0 [24]: 

𝑐𝑐(𝑧𝑧, 0) = 0        0 < 𝑧𝑧 ≤ 𝐿𝐿                                                                  2.19  

For gravimetric experiments with the samples with one sealed end, the boundary 

conditions for 𝑧𝑧 = 0 are as below with no gas concentration change at the sealed end: 

𝑐𝑐(0, 𝑡𝑡) = 𝑐𝑐(𝑡𝑡)       0 ≤ 𝑡𝑡 ≤ 𝑇𝑇                                               2.20  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝑧𝑧=𝐿𝐿

= 0         0 ≤ 𝑡𝑡 ≤ 𝑇𝑇                                                        2.21 

This model can also be approached with an iterative algorithm with an initial 

guess value for a diffusivity coefficient.  The value for a diffusivity coefficient keeps 

changing until the difference between calculated and experimental data are within the 

tolerance limit.   

6) Empirical Model 



 
17 

For gas/polymer systems in which gas solubility essentially obeys Henry’s law 

(e.g.,  hydrocarbons in elastomers), the dependence of a diffusion coefficient on the 

absorbed penetrant concentration has been empirically represented at a given temperature 

by the equations shown below [35]: 

Linear model [36]:   

 𝐷𝐷(𝐶𝐶) = 𝐷𝐷0(1 + 𝛽𝛽𝛽𝛽)                                                                  2.22 

Exponent model [30, 37]: 

𝐷𝐷(𝐶𝐶) = 𝐷𝐷0𝑒𝑒𝛽𝛽𝛽𝛽                                                                         2.23 

Concentration and pressure dependent model [38]:  

𝐷𝐷(𝐶𝐶,𝑝𝑝) = 𝐷𝐷(0,0)𝑒𝑒(𝛽𝛽𝛽𝛽+𝛼𝛼𝛼𝛼)                                                           2.24  

Where 𝐷𝐷  is a diffusion coefficient, 𝐶𝐶  is a penetrant concentration, 𝑝𝑝  is a 

pressure,  𝐷𝐷0  is a diffusion coefficient when 𝐶𝐶  is zero, 𝛽𝛽  is a temperature dependent 

constant, and 𝛼𝛼 is a constant related to plasticization. 

The equations (21) and (22) obey the Henry’s law.  In equation (22), the diffusion 

coefficient shows a stronger dependence on the concentration.  Equation (23) takes 

hydrostatic constraint and plasticization into account [35]. 

 

 

 

 



 
18 

Table 2.1 Comparison table for various diffusivity measurement methods 

 

2.1.2 Experimental approaches  
In this section, we introduce two main experimental methods for measuring 

gas/SCF diffusivity in a polymer under non-steady state conditions.  The advantages and 

disadvantages of each method are also discussed.  Furthermore, a diffusivity 

measurement method for a steady state diffusion is also briefly described. 

Theories Experimental 
Methods Polymers Gas 

Temper
ature  
(°C) 

Pressure 
(MPa) 

Diffusivity 
Range (m2/s) 

Ref Year 

Fick's 
2nd law 

Pressure 
decay PP N2 

170,180,
190 0.99-6.75 

3.53×10-9 -
10.32×10

-9
 

[32, 
34] 1998 

Fick's 
2nd law 

Pressure 
decay 

highly viscous 
bitumen 

CO2, CH4, 
and N2 

75 and 
90  3.96-4.08 2.5 × 10-10  

- 7.8 × 10-10 
[39] 1999 

Fick's 
2nd law 

Pressure 
decay PS CH4 100-180 32 4.3×10-7  

- 5.6×10-7 [40] 2000 

Fick's 
2nd law 
& free 
volume 

MSB PVA;  PS CO2 
100, 

150, 200 
0.199-
6.876 

2.19×10
-12 

-
554×10

-12
 

[41] 2000 

Free 
volume MSB 

Poly(butylene 
succinate / 

Poly(butylene 
succinate- 
co-adipate) 

CO2 
120,150,

180 2-9 0.68×10-9 -
2.68×10-9 [42] 2001 

Empirical 
theory 

Pressure 
decay 

Heavy oils and 
bitumen CH4 75 7.5-23.5 1.12×10

-10 
-

147.58×10
-10

 

[43, 
44] 

 
2001 

Time lag Manometr
ic method 

Polyethylene , 
polyamide 11 and 
poly(vinylidene 

fluoride)  

 He, Ar, N2, 
CH4 and CO2 

41-132 0.14-30 0.98×10-7 

-  95×10-7 [8] 2010 

Time lag 

high-
pressure 

permeatio
n cell 

Polysulfone ,  
Poly(vinylidenefl

uoride 
hexafluoropropyl

ene) , and  
Poly(tetrafluoroet

hylene) 

CO2 40-80 5   1.03×10-7  -
9.37×10-7 [45] 2010 

Time lag Pressure decay PVDF CO2 40-130 0.5-100 0.1×10-12 

- 2.5×10-12 [35] 2012 
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2.1.2.1 Pressure Decay Method 

 

Figure 2.1.  Schematic of common pressure-decay apparatus [33] 

Among all experimental methods for measuring gas diffusivity in a polymer, a 

pressure-decay method, as shown in Figure 2.1, is attractive because of its convenience, 

simplicity, and accuracy [46] 

.  In 1963, J. L. Lundberg and his team members used this method to measure 

diffusivity  and solubility of methane in PS at 33 MPa in the temperature range between 

100 and 188 °C [40].  In 1969, his group repeated similar experiments using PIB [47].  

In a pressure decay method, a molten polymer is molded to form a sheet where the sides 

of the samples are sealed to satisfy a single-sided diffusion process.  The sample is placed 

in the center of a high-pressure cell and the both ends of the pressure cell are sealed to 

ensure a gas can only diffuse in a vertical direction.  Prior to a measurement, a vacuum 

is applied to desorb the sample of any impurities.  Then, a testing gas is injected and 

absorbed in the polymer sample.  Gas diffusivity is indirectly calculated by measuring 

the rate of gas volume or gas pressure changes after gas injection [48].  There are many 
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different kinds of sensors such as laser and nuclear magnetic resonance sensors [33, 48] 

used in this method to get the graphs of gas volume vs.  pressure.  Diffusion parameters 

could be obtained by using the graph information with the models described in section 

3.1.2.    

2.1.2.2 Gravimetric Method 
A magnetic suspension balance (MSB) [32, 41] is one of the most popular and 

precise devices based on the gravimetric method for diffusivity measurements.  This 

technique gathers sample mass change data with respect to measurement time and then 

fits the data with a diffusivity equation to get a gas diffusivity coefficient. 

An electronically controlled magnetic suspension coupling is used to transmit the 

measured force from the sample enclosed in a pressure vessel to a microbalance located 

at an ambient temperature and pressure as discussed in an earlier section 2.1.1.  When a 

gas dissolves in a polymeric sample, the weight of the sample grows due to the dissolved 

gas weight.  A mutual diffusion coefficient is then determined by measuring the weight 

change of the sample with respect to time as shown in Figure 2.2.   
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Figure 2.2.  (a) CO2 Sorption profiles in LDPE and PS samples obtained by the step change in 
pressure from 11 to 12 MPa at 200 °C.  The solid fitting lines are calculated by Fick’s second 

law[49]; (b) a typical diagram of sorption/desorption experimental measurements [50] 
(Permission granted by Elsevier) 

Many diffusion experiments generate permeate flux data with respect to time to 

fit modified Fick’s second law functions to estimate diffusion coefficients.  For example, 

Figure 2.2a shows the Fick’s second law fit on the experimental data.   

2.1.2.3 Permeation Method for Steady State Diffusion 
Numerous publications regarding measuring transport parameters, such as 

diffusion coefficients, mass fluxes, equilibrium sorption data are readily available, but 

studies about steady state diffusion in sorption and permeation are not easy to find in the 

open literatures [51]. 

In the gas permeation experiments, after a certain period of a diffusion, the gas 

concentration for all points in the polymer does not change with time.  This is called 

steady state.  The permeation experiments create a desired gas concentration difference 

between two sides of the polymer membrane to reach steady state.  If there are no gas 

concentration difference between these two sides, the membrane will reach equilibrium 

which means every point of the polymer has same constant gas concentration. 
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It is reported that, in the toluene/linear low density polyethylene (LLDPE) 

system, the ratio of steady state and equilibrium absorbed amounts is 0.5 [52].  It is 

improper to represent a steady state property with the equilibrium state data.  The 

permeant absorption difference between a steady state and an equilibrium state can also 

provide valuable information about material swelling and gas concentration profiles 

across the membranes [52].  In this case, it is necessary to obtain steady state diffusion 

data. 

As demonstrated in section 3.1, the simplest technique to calculate a diffusion 

coefficient at a steady state is based on the Fick’s first law: 

𝐽𝐽 = −𝐷𝐷 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

                                                             2.25 

 
Figure 2.3 shows a vapor permeation device for a steady state measurement.  A 

sweeping gas (e.g., N2) flows on one side of the membrane in a chamber and the opposite 

side of the membrane is contacted with vapor.  Both the upstream and downstream gas 

flows to maintain a certain pressure on the surfaces of the membrane.  A Flame Ionization 

Detector (FID) is widely used to detect a vapor concentration in the upstream side of the 

chamber.  The FID signal displays a maximum value when the steady state is reached.  

A steady state flux can then be calculated from the FID maximum signal [51]. 
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Figure 2.3  Permeation device for steady state measurements 

Unlike the pressure decay equipment shown in Figure 2.1, the pressures on both 

sides of the membrane in Figure 2.3 are fixed due to continuous gas supplies and this 

makes it easier to obtain steady state data.   

For gas transport experiments, a membrane is always moved from a 

sorption/permeation cell to a desorption cell to determine the amount of absorbed 

permeants, but the loss of absorbed permeant during the transfer is unavoidable.  To 

reduce this loss and error, a new apparatus, as shown in Figure 2.4, based on a permeation 

device was designed by U. Petr , P. Roman and S. Katerina which requires no transfer of 

a membrane from a permeation cell to a separate desorption cell [34, 43, 52]. 
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Figure 2.4  New apparatus for steady state diffusion study [52].  (Permission granted by Elsevier) 

By using the apparatus shown in Figure 2.4, permeants absorbed in a steady state 

can be determined.  As shown in Figure 2.4, the system is cleansed and purged with a 

sweeping gas, N2, in steps 1 and 2.  In Step 3, N2 is substituted by feed vapor (i.e., the 

gas for the diffusivity experiments) as the membrane is separated from the feed by piston 

1.  After that, a vapor permeation process starts which allows a steady feed flow over a 
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membrane and permeates on the other side (Step 4).  The vapor permeate from the feed 

is detected by an FID sensor which gives a vapor concentration in N2.  Lastly, the cell is 

purged in step 5 and the feed gas absorbed in the membrane was desorbed in step 6 [51]. 

2.2 Dielectric properties of polymer with gas/SCF 

2.2.1 Theory of dielectric properties 

2.2.1.1 Maxwell equations 
Maxwell equations provide one of the most concise mathematical model for the 

relationship between the magnetic and electric fields. They describe the basis theory of 

electromagnetism in four equations. 

Considering time-harmonic fields according to 𝑒𝑒𝑗𝑗ω𝑡𝑡  where ω is the angular 

frequency and ∂𝑒𝑒
𝑗𝑗ω𝑡𝑡

∂t
= 𝑗𝑗ω, the Maxwell equations are written as: 

 ∇ × 𝐻𝐻��⃗ = 𝑗𝑗ω𝐷𝐷��⃗ + 𝐽𝐽 2.26 

 ∇ × 𝐸𝐸�⃗ = 𝑗𝑗ω𝐵𝐵�⃗  2.27 

 ∇.𝐷𝐷��⃗ = 𝜌𝜌 2.28 

 ∇.𝐵𝐵�⃗ = 0 2.29 

 

where 𝐸𝐸�⃗ ,𝐻𝐻��⃗ ,𝐷𝐷��⃗ ,𝑎𝑎𝑎𝑎𝑎𝑎 𝐵𝐵�⃗   are the electric field, the magnetic field, the electric 

displacement, and the magnetic flux, respectively. 𝐽𝐽 is the current density vector and 𝜌𝜌 is 

the charge density. 

The constitutive relation of homogenous materials in these field are: 

 𝐷𝐷��⃗ = 𝜀𝜀𝐸𝐸�⃗  2.30     
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 𝐵𝐵�⃗ = 𝜇𝜇𝐻𝐻��⃗  2.31 

 𝐽𝐽 = 𝜎𝜎𝐸𝐸�⃗  2.32 

 

Changes in the electromagnetic field in the materials are determined by 

permeability (𝜇𝜇), permittivity (𝜀𝜀), and conductivity (𝜎𝜎). In this study, we focused our 

research on dielectric materials which have low conductivity. The relative complex 

permittivity 𝜀𝜀𝑟𝑟 is described by the following equation: 

 𝜀𝜀𝑟𝑟 =
𝜀𝜀
𝜀𝜀0

= 𝜀𝜀𝑟𝑟′ − 𝑗𝑗𝜀𝜀𝑟𝑟′′ 2.33 

where 𝜀𝜀0 is the permittivity of vacuum (𝜀𝜀0 = 8.854 × 10−12 𝐹𝐹/𝑚𝑚); 𝜀𝜀𝑟𝑟′  is the real part of 

𝜀𝜀𝑟𝑟 called the relative permittivity or dielectric constant;  𝜀𝜀𝑟𝑟′′ is the imaginary part of 𝜀𝜀𝑟𝑟  

called loss factor or dielectric loss. To be convenient, the subscription “r” is always 

omitted. 

2.2.1.2 Dielectric constant and polarization 
 

Polarization denoted dipole moment per volume is a function of dielectric 

constant and the strength of electric field. The polarization mechanism of a dielectric can 

be classified into four categories: interfacial (space charge) polarization, orientational 

(dipolar) polarization, atomic (ionic) polarization, and electronic polarization [53]. As 

the frequency increases, these four mechanisms are quenched the frequency one by one 

which leads to dielectric constant decrease. Figure 2.5 shows the dependency of dielectric 

constant and dielectric loss on frequency [54]. 
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Figure 2.5 Frequency dependence of the real and imaginary parts of the dielectric constant 

 
The electric dipole moment is a measure of the separation of positive and 

negative electric charges within a system, that is, a measure of the system's overall 

polarity. Dipole moment is defined by  

 
𝜇𝜇 = 𝑄𝑄𝑄𝑄 

 
2.34 

where Q is the charge of the dipole and 𝑑𝑑 is the distance between the two charges.The SI 

unit of  𝜇𝜇 is coulomb-meter, but it is too large for molecular bond. Thus, 𝜇𝜇 is commonly 

measured in debyes, represents by symbol D. 1D = 3.33564 × 10−30 C ∙ m. 

Polarization is defined as the dipole moment per unit volume: 

 𝑃𝑃 =
𝜇𝜇
𝑣𝑣

 2.35 

where 𝑣𝑣 is the volume of the dielectric material. 

Polarizability is defined as the introduced dipole moment per unit electric field 

intensity.  
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 𝛼𝛼 =
𝜇𝜇
𝐸𝐸

 2.36 

 

 If voltage 𝑉𝑉 is applied to a parallel plate capacitor, the electric field intensity 

between the two plates is: 

 𝐸𝐸 =
𝑉𝑉
𝑑𝑑

 2.37 

 

where 𝑑𝑑  is the distance between these two plates. If it is a vacuum capacitor, its 

capacitance could be expressed as: 

𝐶𝐶0 =
𝜀𝜀0𝐴𝐴
𝑑𝑑

 

where 𝐴𝐴  is the effective plate area and 𝜀𝜀0 is the dielectric constant of free space. 𝜀𝜀0 =

8.854 × 10−12 F/m2. 

The charge stored in the capacitor is:  

 𝑄𝑄0 = 𝐶𝐶0 × 𝑉𝑉 = 𝐶𝐶0 × 𝐸𝐸 × 𝑑𝑑 = 𝜀𝜀0𝐴𝐴𝐴𝐴 2.38 

If a dielectric material with dielectric constant of 𝜀𝜀 is inserted into the capacitor and fills 

the space between the parallel plates, its stored charge is: 

 𝑄𝑄 = 𝜀𝜀𝜀𝜀0𝐴𝐴𝐴𝐴 2.39 

The increase in the charge of the capacitor is:  
 

 𝑄𝑄 − 𝑄𝑄0 = 𝜀𝜀0𝐴𝐴𝐴𝐴(𝜀𝜀 − 1) 2.40 

The increase is attributed to the appearance of charges on the dielectric. So, the 

dipole moment on the dielectric is:  

 𝜇𝜇 = 𝜀𝜀0𝐴𝐴𝐴𝐴(𝜀𝜀 − 1)𝑑𝑑 2.41 
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The polarization of the dielectric is: 

 𝑃𝑃 =
𝜇𝜇
𝑣𝑣

=
𝜇𝜇
𝐴𝐴𝐴𝐴

=  𝐴𝐴𝐴𝐴𝜀𝜀0(𝜀𝜀 − 1) 2.42 

 

 

Figure 2.6 Four mechanisms of polarization [55] 

 

1) Electronic polarization 
The center of the atom consists of positively charged protons and electrically 

neutral neutrons. The electrons move around the nucleus in closed orbits. The electron 

and the nucleus make a dipole with a moment directed from the negative charge to the 

positive charge. Without the outside electromagnetic field, the time average of the dipole 

moment and the axis of the dipole changes with the motion of the electron is equal to 

zero.  The total electronic charge is distributed as a spherical cloud, the center of which 

coincides with the nucleus. 

If an electric field is applied to an atom, an electric force is also applied to the 

charged particles. That leads to a displacement of the negative charge cloud with respect 

to the nucleus.  A dipole moment is induced in the atom and the atom is electronically 
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polarized, this is called electronic polarization.  The time needed for this polarization is 

very short, around 10−15 seconds [55]. 

Assuming that the charge is spread uniformly in a spherical volume of radius R. 

the dipole moment induced by the electrical field could be described as [54] : 

 𝜇𝜇𝑒𝑒 = (4𝜋𝜋𝜀𝜀0𝑅𝑅3)𝐸𝐸 2.43 

The displacement could be calculated by equation 2.43 and 2.34. For example, 

the radius of a hydrogen atom is 0.053 nm, at a field strength of  106   V/m, the 

displacement of the negative charge center, calculated with equation 2.43 and 2.34, is 

10−16 m, which is some 105  smaller than atom radius. Thus, the internal electric field 

within the atom is in the order of 1011 V/m  [56]. 

The value inside the brackets is constant, so the dipole moment is proportional to 

the applied electric field. Polarizability is defined as the introduced dipole moment per 

unit electric field intensity. So, electronic polarizability is  

 𝑃𝑃�⃗ =  𝐴𝐴𝐴𝐴𝜀𝜀0(𝜀𝜀 − 1) = 𝑁𝑁𝛼𝛼𝑒𝑒𝐸𝐸�⃗  2.44 

Since the material is homogeneous, the total dipole moment should be a summary 

of all the dipole moment of each atoms. 

 𝜇𝜇𝑒𝑒 =
𝜇𝜇
𝑁𝑁𝑁𝑁

 2.45 

Combining equation (2.46), (2.47) and (2.48), gives: 

 𝜀𝜀 = 4𝜋𝜋𝜋𝜋𝑅𝑅3 + 1 2.49 

where N is the number of atoms per unit volume. 

The Clausius-Mosotti equation is expressed as: 
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𝜀𝜀 − 1
𝜀𝜀 + 2

𝑀𝑀
𝜌𝜌

=
𝑁𝑁𝐴𝐴𝛼𝛼𝑒𝑒
3𝜀𝜀0

= 𝛼𝛼𝑚𝑚 2.50 

where 𝑀𝑀 is the molecular weight, 𝜌𝜌 is the density, and 𝛼𝛼𝑚𝑚 is called molar polarizability. 

This equation is accurate to about 1% when applied to non-polar polymers [57]. 

One assumption of the Clausius-Mosotti equation is that the dipole moment is 

zero after the applied electric field is removed. This means that the relative displacement 

of electron and nucleus is reversible. The temperature effects on dielectric constant are 

ignorable according to the Clausius-Mosotti equation. 

2) Orientational polarization 
Molecules of polar materials possess dipole moment, a permanent dipole 

moment, even without an external electric field.  This kind of material is called a polar 

material. Because of the random distribution of the orientation of the permanent dipole 

in the polar material, a bulk of material doesn’t show polarization. If this material is 

placed in an electric field, the originally randomly aligned dipole tends to align with the 

electric field direction and make the bulk of material polarized.   With an external electric 

field, these permanent dipole moments have a preferred orientation parallel to the applied 

electric field. The trend of alignment is called orientational polarization. The time 

necessary for the occurrence of this polarization is very short, around 10−10 to  10−7 

seconds [55]. This polarization could be undermined by a temperature increase, which is 

not considered in the Clausius-Mosotti equation.  Debye proposed that the dielectric 

constant of polar materials is a function of temperature and electric field.  
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 𝑃𝑃�⃗ = 𝑁𝑁𝛼𝛼𝑜𝑜𝐸𝐸�⃗ =
𝑁𝑁𝜇𝜇2𝐸𝐸�⃗
3𝑘𝑘𝑘𝑘

=
𝐸𝐸�⃗

3𝑘𝑘𝑘𝑘
�𝑁𝑁𝑗𝑗𝜇𝜇𝑗𝑗2
𝑗𝑗=𝑛𝑛

𝑗𝑗=1

 2.51 

 The total polarization considering both electronic polarization and oriental 

polarization is: 

 𝑃𝑃�⃗ = 𝑁𝑁𝐸𝐸�⃗ (𝛼𝛼𝑒𝑒 +
𝜇𝜇2

3𝑘𝑘𝑘𝑘
) 2.52 

 For mixtures of polar materials, the Debye equation becomes: 

 
𝜀𝜀 − 1
𝜀𝜀 + 2

=
1

3𝜀𝜀0
�𝑁𝑁𝑗𝑗(𝛼𝛼𝑒𝑒𝑒𝑒 +

𝜇𝜇𝑗𝑗2

3𝑘𝑘𝑘𝑘
)

𝑗𝑗=𝑘𝑘

𝑗𝑗=1

 2.53 

 

3) Atomic polarization 
In contrast to electronic polarization which occurs because of electronic 

displacement, atomic polarization is caused by the displacement of the nuclei of atoms. 

The corresponding duration for the occurrence of this polarization is very short, around 

10−13 to 10−12  seconds [55]. In the molecules formed with dissimilar atoms, there are 

always polar bonds connecting those atoms. A displacement of the charge center would 

be introduced by the applied electronic field, because of the polar bond, whether the 

molecule possessed a dipole moment or not. For example, in a molecule of hydrogen 

chloride, the chlorine atom becomes a negative ion and the hydrogen atom becomes a 

positive ion. Thus, the molecule possesses a permanent dipole moment because of the 

displacement of the charge center. 

Changes of this charge displacement with an applied electric field includes 

bending or twisting polar groups, in addition to the bond length and angle change. If there 
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are two molecules which have a dipole moment perpendicular to each other, and an 

electric field is applied parallel to one of the dipole moments, the molecular bond parallel 

to the electric field will be elongated while the other molecule is shortened by the electric 

field. Depending on if the molecule is ionic or not, the net contribution of these two 

molecules is called ionic or atomic polarization. The atomic polarizability is denoted by 

𝛼𝛼𝑎𝑎 and it is contributes to the total polarizability. Thus, 

 𝛼𝛼𝑇𝑇 = 𝛼𝛼𝑒𝑒 + 𝛼𝛼𝑎𝑎 + 𝛼𝛼𝑜𝑜 2.54 

and 

 𝑃𝑃�⃗ = 𝑁𝑁𝐸𝐸�⃗ (𝛼𝛼𝑎𝑎 + 𝛼𝛼𝑒𝑒 +
𝜇𝜇2

3𝑘𝑘𝑘𝑘
) 2.55 

4) Interfacial polarization 
With an applied electric field, the charge carrier can be injected into the 

dielectrics from the electrodes of the capacitor. The interfacial polarization is caused by 

the drifting of charge trapped in the dielectric. Interfacial polarization is different from 

the other three polarization mechanisms, which are due to the displacement of bound 

charges. The time frame necessary for the occurrence of this polarization is of 10−2 to 

10−1 seconds [55] . 

In the case of interfacial polarization, large scale distortions of the field takes 

place because of the dielectric property difference between phases. For example, valence 

electrons move around the nuclei in a nonpolar polymer, like polyethylene and they can 

pile up around the boundary between crystalline and amorphous regions with different 

conductivity.  
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For two layers of dielectrics with same material. The real and imaginary part of 

the complex dielectric constant due to the interfacial polarization is given as [57]: 

 𝜀𝜀′(𝜔𝜔) = 𝜀𝜀∞ +
𝜀𝜀𝑠𝑠 − 𝜀𝜀∞

1 + 𝜔𝜔2𝜏𝜏2
 2.56 

 𝜀𝜀′′(𝜔𝜔) =
1

𝜔𝜔𝜔𝜔0(𝑅𝑅1 + 𝑅𝑅2)
+
𝜔𝜔𝜔𝜔(𝜀𝜀𝑠𝑠 − 𝜀𝜀∞)

1 + 𝜔𝜔2𝜏𝜏2
 2.57 

where 𝜀𝜀∞ is the dielectric constant when frequency is infinity, 𝜀𝜀𝑠𝑠 is the dielectric constant 

when DC is used, 𝜔𝜔 is the angular frequency of the applied electric field,  𝜏𝜏 is called 

relaxation time and it is a function of temperature and independent of time, 𝐶𝐶0  is the 

capacitance with no dielectric, 𝑅𝑅1 and 𝑅𝑅2  is the resistance of the two layers of dielectrics, 

respectively. 

 

2.2.1.3 Dielectric mixing rules 
The dielectric constant of the mixture is a function of dielectric constant, shape, 

and volume fraction of each component. Over the last hundred years, many formulae 

have been proposed for different mixtures and the formulae varied greatly with different 

theories. 

Lorenz-Lorentz theory has been derived independently by six investigators, 

Clausius [58], Mossotti [59], Lorenz [60], Lorentz [61], Rayleigh [62], and Debye [63],  

and is one of the most recognized theories, which are confirmed by experiments over a 

wide range of temperature. In a two component mixture, it could be expressed as 

 
𝜀𝜀𝑚𝑚 − 1
𝜀𝜀𝑚𝑚 + 2

= 𝑣𝑣1
𝜀𝜀1 − 1
𝜀𝜀1 + 2

+ 𝑣𝑣2
𝜀𝜀2 − 1
𝜀𝜀2 + 2

 2.58 

where 𝜀𝜀1, 𝜀𝜀2, 𝑎𝑎𝑎𝑎𝑎𝑎 𝜀𝜀𝑚𝑚 are the dielectric constants of component 1, component 2, and the 

mixture. 𝑣𝑣1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣2 are the ratios of the volume of the components to the total volume of 
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the mixture. The assumption for this formula is that all the components are spherical, and 

are isotropically dispersed in a uniform field with sufficient separation.  

 For the case of a two liquid mixture, Siberstein [64] gives a thermodynamic 

proved theory to get a mixture dielectric constant. They assumed that the two components 

have no dielectric influence on each other and that the mixture’s volume equals the sum 

of the constituents.  

 𝑉𝑉 = 𝑉𝑉1 + 𝑉𝑉2    2.59 

 

Results from this theory could be expressed as: 

 𝜀𝜀𝑚𝑚 = 𝑣𝑣1𝜀𝜀1 + 𝑣𝑣2𝜀𝜀2 2.60 

 

Another popular theory for a binary mixture is called the Maxwell Garnett 

Formula. The binary system is composed of spherical inclusion and background medium. 

It assumed that these two components are not in the same phase. Polarizability of a 

spherical inclusion is given as: 

 𝛼𝛼 = 𝑉𝑉𝑖𝑖(𝜀𝜀𝑖𝑖 − 𝜀𝜀𝑒𝑒)
3𝜀𝜀𝑒𝑒

𝜀𝜀𝑖𝑖 + 2𝜀𝜀𝑒𝑒
 2.61 

Where 𝑉𝑉𝑖𝑖 is the volume of the sphere, 𝜀𝜀𝑖𝑖 is the dielectric constant of the inclusion, and 𝜀𝜀𝑒𝑒 

is the dielectric constant of the environment. For a dilute mixture where the inclusion’s 

volume fraction 𝑣𝑣𝑖𝑖 ≪ 1. 

 𝜀𝜀𝑚𝑚 = 𝜀𝜀𝑒𝑒 + 3𝜀𝜀𝑒𝑒𝑣𝑣𝑖𝑖 
(𝜀𝜀𝑖𝑖 − 𝜀𝜀𝑒𝑒)
𝜀𝜀𝑖𝑖 + 2𝜀𝜀𝑒𝑒

 2.62 

However, most of the formulas are experimentally based and limited to specific 

cases. For example, equation (2.58) is used for a laminar mixture, equation (2.60) is used 
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for dielectric parallel to the electrode, and equation (2.62) is used for diluted solutions. 

There is no direct formula developed for the dielectric constant of polymer and gas 

mixture. 

2.2.2 Experimental approaches for dielectric properties of polymer with 
gas/SCF 

Dielectric cells are usually used to measure the impedance of a sample and the 

sample is called “the dielectric” here. Dielectric constants can be calculated from the 

measured impedance. The basic dielectric cell consists of two electrodes made of two 

pieces of parallel placed metal connected with the measurement circuit.  The dielectric is 

clamped by these two electrodes.  

Dielectric cells for liquid dielectric measurements are relatively simple. Because 

of the fluidity, the volume between two electrodes is not changed with temperature or 

pressure. It always gives high-precision results because of its excellent dimensional 

stability. Most solid dielectric cells are used by fusing the solid sample between the 

electrodes. A dielectric cell used by McCommon and Work for fused silica and poly(dl 

propylene oxide) measurements is shown in Figure 2.7. 
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Figure 2.7. Dielectric cell used for fused silica and poly(dl propylene oxide) measurements  [65] 

 
The techniques to determine the dielectric properties with a dielectric cell can be 

divided into two kinds.  One method is to apply different voltages to the two electrodes 

and then measure the total charge as a function of time. The charge change on the 

electrodes is a response of the dielectric to the applied electric field. This kind of device, 

used for the time-domain techniques, is called transient bridge [66]. The response as a 

function of time can also be converted to a function of frequency by using a Fourier 

Transform [67]. The other method is to apply an oscillating electrical field between the 

electrodes and record the impedance change of the dielectric cell. The frequency of the 

electric field can be changed.  

Different electric bridges are developed to measure impedance. The popular 

bridge for frequency under microwave frequency is an auto-balancing bridge as shown 

in Figure 2.8. The current Ix balances with the current Ir which flows through the range 

resistor (Rr), by operation of the I-V converter. The potential at the low point is 

maintained at zero volts (thus called a virtual ground.) The impedance (Zx) of the 
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dielectric is calculated using the voltage measured at the High terminal (Vx) and across 

Rr (Vr). 

 
Figure 2.8. Auto-balancing bridge for impedance measurement [68] 

 
 

2.3 Polymer’s thermal properties 
There are many parameters used for polymer thermal property characterization, 

including glass transition temperature, melting temperature, crystallization temperature, 

and heat capacity. This study is focused on the melting and crystallization temperature 

of the polymers. 

The process of crystallization in polymer is complicated by the requirement that 

many consecutive units of each participating chain must enter systematically in the same 

crystallite. The ideal crystalline region consists of bundles of polymer chains with chain 

axes parallel to each other. The formation of this region requires many consecutive units 

of each chain to enter the crystalline region systematically and continuously, as shown 

in Figure 2.9. If a semi-crystalline polymer is cooled slowly from the melt and annealed 
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at a temperature slightly lower than the melting temperature for a long time, a larger size 

crystal and a higher degree of crystallinity are expected. In contrast, if the polymer melt 

is cooled quickly to a temperature much lower than melting temperature, poorly ordered 

crystalline regions are expected.  

In the melting process, the boundary of the crystal which has intermediate order 

is a transition region from high degree of order to amorphous region. Thus, this boundary 

region melts at a lower temperature than the internal region with higher order. Most of 

the melting transitions in polymers are observed with an abnormal increase in volume. 

More rapidly conducted melting, irrespective of the method of observation, usually leads 

to fictitiously low melting temperature, which might be in error for as much as 10 ºC or 

more. 

 

 

Figure 2.9 Schematic of polymer crystallization process 

 

2.3.1 Gas/supercritical fluid effects on polymer’s thermal properties 
For a polymer and gas/supercritical solution, the melting point is usually lower 

than the polymer. At equilibrium for the pure polymer, the chemical potential between 

the liquid polymer and the solid polymer is the same. 

 𝜇𝜇𝑢𝑢 = 𝜇𝜇𝑢𝑢𝑐𝑐  2.63 
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The temperature at the above condition is defined as melting temperature 𝑇𝑇𝑚𝑚.  

This 𝑇𝑇𝑚𝑚 depends on the composition of the liquid phase. If the liquid polymer phase is 

pure, we have 

 𝜇𝜇𝑢𝑢 = 𝜇𝜇𝑢𝑢0  2.64 

where 𝜇𝜇𝑢𝑢0 is the chemical potential of the pure liquid phase at the same pressure and 

temperature as the solution. When the liquid polymer phase contains impurities, 

gas/SCF here, the chemical potential will be less than 𝜇𝜇𝑢𝑢0. Thus, to reach the equilibrium 

melting temperature, where 𝜇𝜇𝑢𝑢 = 𝜇𝜇𝑢𝑢𝑐𝑐 , a lower temperature than 𝑇𝑇𝑚𝑚0  is required [69]. 

A similar equilibrium also happens during crystallization. Because of the 

presence of gas/SCF, the system has an excess of free energy caused by the higher 

chemical potential of the liquid phase. Thus, crystallization happens at a lower 

temperature [70]. 

This effect of gas/SCF on polymer melting and crystallization is called 

plasticization and the gas/SCF is called a plasticizer in the system [71]. Plasticization 

efficiency can be evaluated from the dielectric dissipation factor. The dielectric 

dissipation factor is an estimation of material damping. Adding gas/SCFs into the 

polymer can change the maximum damping temperature by ∆𝑇𝑇. The bigger the ∆𝑇𝑇 is, 

the more efficient the plasticizer is. 

2.3.1 Measurement methods for thermal properties of polymer and 
gas/SCF 

Many physical techniques are used to determine polymer thermal properties, 

including differential scanning calorimetry (DSC), differential thermal analysis (DTA), 

thermogravimetric analysis (TGA), and thermomechanical analysis (TMA). They are 
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usually conducted at atmosphere pressure, while high pressure differential scanning 

calorimetry (HPDSC) could be used to measure thermal properties with gas environment 

change. 

Polymer melting is an endothermic transition where the polymer absorbs heat 

while polymer crystallization is an exothermic transition where polymer gives out heat. 

HPDSC measures heat flow change in the sample with temperature as shown in Figure 

2.10. These measurements give the values of the change in enthalpy during the first-order 

transition, the temperature dependence of specific heat Cp, and the temperature of the 

first-order transition. 

 𝐶𝐶𝑝𝑝 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

÷
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 2.65 

where the rate of supply energy 𝑄𝑄 is 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 and the rate of temperature change is 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑. 

During DSC experiments, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑎𝑎 , where 𝑎𝑎 is always a constant. So that 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑎𝑎𝐶𝐶𝑝𝑝 2.66 

Figure 2.10 was plotted to show relationship between𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 and T. 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is proportional to the 

phase heat capacity when there is no first-order phase transition. Theoretically, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

   will 

approach infinity, when this transition happens, such as melting and crystallization. In 

reality, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 changes with temperature continuously and peaks will present in the DSC 

measurement at the melting or crystallization temperatures. 
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Figure 2.10 Typical DSC signal change of polymer  

 

With a type of modified DSC – where the measuring cell is installed in an 

autoclave (a ‘pressure DSC’) – it becomes possible to carry out measurements under 

pressures ranging from 5 kPa to 15 MPa (high-pressure DSC). High-pressure DSC 

measurements can be carried out in inert or reactive gas atmospheres. If an inert gas is 

used, the pressure dependency can be studied when sample transformation (usually a 

caloric effect) is also accompanied by a volume change. This allows for the investigation 

of dehydration and decomposition reactions with gas release by means of pressure DSC. 

When using a reactive gas, the gas becomes one of the reactants and the pressure 

therefore is a measure of its concentration. With this method, aging tests can be 

performed on organics (such as oils, fats, waxes, greases, etc.) and polymers. 
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This method also has some limitations [72]. First, there is some form of human 

inconsistency introduced into the raw data analysis by the inconsistent baseline 

subtraction step.  In thermal analysis, baselines are mostly created by connecting the DSC 

trace before and after a thermal effect, such as melting and crystallization.  It is easier to 

get the critical temperature, such as melting and crystallization temperature, of the 

thermal effects after the baseline subtraction from the DSC trace. For example, the peak 

temperature is defined as the point on the curve where the distance to the baseline is 

greatest. However, the baseline can be different by using different baseline creation 

methods, which leads to the inconsistency. Thus, variations in results may be observed 

among different users. Second, background heat capacity of the system may overshadow 

signals from dilute samples [73, 74]. In any of these cases, these features on the DSC can 

be wrongly attributed to samples, thus affecting the interpretation of results.  

 

2.4 Chapter summary 
In this Chapter, we have introduced the theoretical background and experimental 

approaches for transport properties, dielectric properties, and thermal properties of the 

polymer and gas/SCF mixture: 

1. There are two kinds of diffusion: steady state and non-steady state diffusion. 

Fick’s law and a few models interpreting the gas diffusion in polymer are 

summarized in Section 2.1.1. 

2. Advantages and disadvantages of traditional experimental approaches for gas 

diffusivity measurement including pressure decay, gravimetric, and 

permeation methods are descripted in Section 2.1.2 
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3. Section 2.2 illustrates the physical meaning of dielectric constant, dielectric 

constant models of mixture, and experimental approaches for dielectric 

properties measurements. 

4. Section 2.3 exhibits thermal properties that we are interested in (Tm and Tc) 

and gives thermodynamic explanation of the way how gas/SCF affects the 

thermal properties of polymer. Pros and cons of the popular instruments for 

Tm and Tc characterization are also listed in this section. 

Both transport properties and thermal properties of the gas/SCF and polymer 

mixture are closely related to the polymer structure.  The change in polymer structure 

can be revealed from changes of dielectric properties. However, only a few studies were 

conducted to investigate the relationship between dielectric properties and the other two 

properties, thermal and transport properties. In the following chapters, this relationship 

will be discussed with experimental data and theoretical models. 
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CHAPTER 3: Description of high-pressure and high-temperature dielectric 

properties measurement setup 

3.1 Previous dielectric system 

Many kinds of dielectric measurement systems have been used to measure 

material dielectric properties. In this section, we review several previous dielectric 

measurement devices, introduce its simple working principle, and describe how to reduce 

measurement error.  

In 2004, T. T. Grove, M. F. Masters, and R. E. Miers wrote a report about a low 

cost parallel plate capacitor to introduce the simple concept of using a parallel plate 

capacitor to measure the capacitance of dielectric films [75]. The setup of the experiment 

is shown in Figure 3.1. Aluminum foil was used as the capacitor electrode, Teflon with 

different thickness was selected as the dielectric material, and capacitance of the Teflon 

was measured with a multimeter. The measuring area was rectangular.  In this study, the 

inverse relationship between capacitance and dielectric thickness was confirmed. 

Concern about the air gap between the dielectric material and the electrode was also 

brought up.  



 
46 

 

Figure 3.1 Low cost capacitance measurement setup using aluminum foil as the capacitor plate 
[75] 

A more accurate capacitor with space adjustable function was built by B. Wells 

et al. with two thin, square parallel metal plates attached to blocks of acrylic insulation 

material (Figure 3.2) [76]. This made it very easy and convenient to adjust the distance 

between two parallel plates with a micrometer head and to control the overlapping area 

of the electrodes attached on a sliding track with a ruler. Edge effects, tilt effects, and 

body capacitance were discussed in their work.  Edge effects refer to the electric field 
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fringes near the edges of the plates. These electric field fringes were weaker than the 

electric field between the plates for a corresponding ideal capacitor. The edge effects on 

capacitance measurements were found to be related to the ratio of plate separation to the 

length of the side. The tilt effects are caused by a un-parallel relationship between 

electrode plates which changed the effective electrode separation. The body capacitance 

is the residual capacitance due to, for example, the apparatus frame, the acrylic material, 

or probes. It was measured by separating the electrode plates far away from each other. 

By correcting these three errors, capacitance accuracy was within 3%.  

 

Figure 3.2 Capacitor built by B. Wells, J. Ye, et al. [76] 

An oscilloscope was used in the parallel plate capacitor design of Y. Nogi, M. 

Watanabe, and K. Suzuki [77].  The structure of the capacitor and the electric connection 

is shown in Figure 3.3. A circular electrode with a radius of 90 mm was used with a shield 

cover on the top plate. A 5.7 mm radius circular electrode plate and a guard ring with a 

90 mm outer radius was bonded on the bottom plate. The dielectric constant was obtained 

from the following equation: 
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 𝜀𝜀0𝐴𝐴𝑖𝑖𝑉𝑉0
𝑑𝑑𝑄𝑄𝑖𝑖

= �
1
𝜀𝜀′
− 1�

ℎ1
𝑑𝑑

+ 1 
3.1 

 𝐴𝐴𝑖𝑖  is the area of the inner electrode,  𝑉𝑉0 is the potential difference applied to the 

capacitor,  𝑑𝑑 is the distance between plates, and ℎ1 is the dielectric material thickness,   

𝑄𝑄𝑖𝑖 is the charge on in the inner electrode, which is measured by the oscilloscope.  

 

Figure 3.3 Parallel plate capacitor with oscilloscope. A sinusoidal ac voltage Vin(t) with amplitude 
10 V and frequency 100 kHz is applied to the plates through resistors R1 and R2. The potential 

difference between nodes A and B is sent to an oscilloscope to measure the charge Qi on the inner 
electrode [77]. 
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The results from this study are shown in Table 3.1. The measured dielectric 

constants are all within the published range. However, the published data varies over a 

large range, which are not accurate. The difference among experiments could be caused 

by the variance in material, tilt effect, and body capacitance. 

Table 3.1 Dielectric constants measured by Y. Nogi et al. and other refs 

Material ε' (measured) ε' (published) reference 
Sod-lime glass 6.92±0.32 6.0-8.0 [78] 

Bakelite 4.86±0.15 4-9 [78] 
Teflon 2.02±0.03 2.0, 2.1 [79] 

 
A high temperature dielectric cell was also built by N. Koizumi and S. Yano to 

measure high temperature polymer dielectric properties [80]. The construction of this 

dielectric cell is illustrated in Figure 3.4. The guarded electrode, A, and the guard 

electrode, C, were mounted on the fixed Mycalex plate. The unguarded electrode, B, was 

mounted on the moveable Mycalex plate which was lightly loaded with springs, J. These 

electrodes were made of stainless steel. The thermocouple was built inside the guarded 

electrode. This dielectric cell was designed to measure the dielectric constant at high 

temperatures, but not at high pressures. The different force applied to clamp the sample 

would change the sample shape and distance between the electrode, especially for a 

relatively soft polymer. The location of the sensor is very critical for temperature 

measurement. During heating or cooling, the temperature on different points of the 

sample is different because of the different distances from the heating resource.  Placing 

the thermocouple in the guard electrode would lead to temperature measurement errors 

in the dynamic temperature change. 



 
50 

 
 
 
 
 
 
 
 
 
  

 
Figure 3.4 High temperature dielectric cell  [80] 

 

3.2 High pressure, high precision dielectric properties measurement setup 

 
Based on the previous dielectric cell designs, we developed a new setup for 

dielectric properties measurement. This new setup enabled dielectric measurement at 

high temperature and high pressure, reduced tilt and edge effects, and improved 

efficiency of experimental control and data acquisition.  
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3.2.1 The self-designed fixtures  
The first version of the fixture is shown in Figure 3.6. Two square copper plates 

were used as the electrodes. The bottom electrode was insulated from four supporting 

threaded rods with Teflon gaskets. The electrode was connected with the mica plates 

(electrically insulated) with small bolts. The top electrode could be moved up and down 

along the supporting rods by moving the mica plates. The mica plate location can be 

secured by tightening the nuts on the four rods. The thickness of the sample was measured 

before inserting it between the two copper electrodes.  

This version of the dielectric fixture could be used to measure polymer film 

capacitance, but it still has some shortcomings. First, the thickness of the sample was 

measured before clamping it between the copper electrodes. The sample thickness 

change caused by different clamping force was ignored, which can cause error, especially 

for thin film. Second, due to the low machinability and brittleness of the mica plate, 

flatness and thickness distribution of the mica plate were relatively poor, which allowed 

the electrode plate bonded to the mica to tilt. That can also lead to error in electrodes 

separation. Third, copper electrodes have good electrical conductivity but they also have 

a low hardness which made it easy to scratch the surface which will affect capacitance 

readings.  
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Figure 1.5 First version of the self-designed dielectric fixture 

To improve the first version of the fixture, a second fixture was designed and is 

presented in Figure 3.7. Stainless steel 303 was selected as electrode material in this 

version for better abrasion resistance and lower thermal expansion ratio with temperature 

change. Micrometer heads were used to measure electrode separation. The micrometer 

heads have a rachet stop, which controlled the clamping force applied to the polymer 

sample.  A round electrode was also used here to reduce the errors from edge effects. It 

was described in [81] that because round shape has the smallest ratio of edge length to 

plate area,  it has the smallest edge effects. 
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Figure 3.6 Second version of the self-designed dielectric fixture  

The drawing of the fixture is shown in Figure 3.8 (a). The top plate was secured 

on the three steel rods. A guard electrode was attached to the top plate with three screws. 

The outer diameter of the guard electrode is 41.28 mm, the inside diameter of the guard 

electrode was 28.58 mm. The guarded electrode was fixed on the top plate with a screw 

going through the center hole of the top plate and driving into the tapped hole in the 

center of the guarded electrode. It was electrically connected with the screw and insulated 

from the top plate with Teflon gaskets. The diameter of the guarded electrode was 28.22 

mm. A Teflon film was inserted between the guarded electrode and the guard electrode 

for electric insulation. The glass spacer with a flatness tolerance of 0.002 mm was 
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clamped between the top plate and the guarded electrode to improve the parallel 

relationship between these two plates. The unguarded electrode was secured on the center 

plate with a screw in the same way as the guarded electrode is attached to the top plate. 

A glass spacer was also used between the unguarded electrode and the center plate to 

maintain a parallel relationship. The diameter of the unguarded electrode was 42.80 mm. 

It was electrically connected with the screw and insulated from the center plate with a 

Teflon gasket. The two electrode surfaces contacting the sample has a surface roughness 

smaller than 0.001mm. The bottom plate was firmly attached to the three steel rods. The 

brackets for mounting micrometer heads on the bottom plate were also designed and 

fabricated according to the size of the micrometer head stem and available area on the 

bottom plate. Figure 3.8 (b) shows the top view of the top plate and the way the plates 

attached to the rods. Steel rods went through the rods hole in the ‘guitar’ shape slot on 

the plate. To clamp the rod with two sides of the ‘guitar neck’, a horizontal screw was 

used to pull the two sides together horizontally. In this way, we could secure the location 

of the plates with a horizontal force and avoid the vertical movement of the plate. 
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Figure 3.7 (a) Drawing of the second version of dielectric fixture (b) top view of the top plate on 
the fixture 

The dimension of this fixture was designed to fit into the pressure chamber in 

Figure 3.9 (a).  The electric connection was also designed to send out the electrical signal 

from the pressure chamber, meanwhile, avoid pressure leakage with a special connector 

discussed in the following section. 

3.2.2 Electric connection 
Electric connections between the capacitor and the LCR are shown in Figure 3.9.   

Three different electrical wires coming out of the chamber were connected to the guarded 

electrode, unguarded electrode, and guard electrode separately. One wire was electrically 

connected with the guarded electrode through the screw going through the center of the 

top plate. Another wire was electrically connected with the guard electrode through the 

screw driving into the guard electrode through the top plate. The third wire was 

electrically connected with the unguarded electrode through the screw going through the 

center plate. A seal gland, shown in Figure 3.9 (a), was embedded in the top part of the 

Side screw 

(a) 
(b) Top plate 

Center plate 

Bottom plate 

Guard electrode 

Guarded electrode 

Unguarded electrode 

Glass spacer 

Guitar neck Rod hole 

Steel rods 

Teflon 
insulation 

Teflon 
insulation 
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pressure vessel to enable the three wires connecting the dielectric fixture inside with the 

LCR meter outside without pressure leakage.  

 
 

 
Figure 3.8 (a) Electrical connection inside the pressure chamber with seal gland which enables 
electrical signal communication and avoid pressure leakage (b) Simplified electrical diagram  
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A self-designed Bayonet Neill Concelman (BNC) connector was used to improve 

the impedance measurement repeatability. Kelvin Clips was purchased with the LCR 

meter from Keysight® company to connect the dielectric fixture with LCR meter, as 

shown in Figure 3.10 a). However, the electric connection between the Kelvin Clips and 

wire was not stable. It was noticed that by changing the location or orientation of the 

Kelvin Clip or cable connection could lead to an unignorable capacitance change. To 

overcome this disadvantage, we fabricated a new connection between the LCR meter and 

the pressure chamber as shown in Figure 3.10 b). A coaxial cable was used in the new 

BNC connector to shield the wires from the electromagnetic field. The steel tube was 

also used to secure the cable location.  The male and female BNC connector showed in  

Figure 3.10 b), enabled the operator to disconnect the LCR meter from the dielectric 

fixture inside of the chamber without changing the location of the cables and improved 

the reproducibility of the experiments. 

 

Figure 3.9 (a) Kelvin clips (b) self-designed BNC connector between chamber and LCR meter 

(a) (b) 

Self-fabricated 
part for solid 

connection and 
stable signal 
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3.2.3 Control system and data acquisition program  
To control the experimental conditions and conveniently gather data, the 

thermocouple, syringe pump, LCR meter, and the heat controller were all connected to 

the computer. Temperature and pressure could be controlled and recorded with software 

in the computer. A LabviewTM program was developed to record and plot impedance as 

a function of time. These digital connections made it convenient to monitor the 

experiment remotely and improved working efficiency. Meanwhile, it helped with the 

data analysis after experiments. 

3.2.3.1 Temperature control and acquisition 
To control the temperature, an Omega CN7500 heat controller was connected to 

the heating jacket outside of the pressure chamber. The working principles of the heat 

controller is shown in Figure 3.11. Proportional Differential and Integral (PID) 

controlling program was used in this controller. The difference between the temperature 

set in the heat controller and the heating jacket temperature measured from the 

temperature sensor is forwarded to the PID controlling program. The output of the PID 

controlling program was used as an input for the heating jacket to adjust heating power. 

 

Figure 3.10 Block diagram of temperature control 
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The thermocouple’s location is very critical in the experiments because the 

temperature varies space in this non-isothermal experiment. A T-type thermocouple that 

has relatively better accuracy was used to get the sample temperature as shown in Figure 

3.12. The thermocouple tip was covered with a thin layer of Kapton film for electrical 

insulation. It went through a Swagelok high pressure tube fitting embedded in the 

chamber cap and a hole on the top plate. The tip of the thermocouple (most sensitive 

temperature measuring region) was contacted with the guarded electrode from the center 

to the edge. Since the heating source is from outside of the chamber, there is a 

temperature change with distance from the heating jacket. The average temperature of 

the sample was measured by locating the thermocouple tip from the edge of the 

unguarded electrode to the center of it. 
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Figure 3.11 Thermocouple location. Located the thermocouple tip along the radius of the 

guarded electrode 

3.2.3.2 Pressure control and acquisition 
The pressure of the system is controlled by the syringe pump (ISCO 500D from 

Teledyne TechnologiesTM). The capacity of the pump is 507 mL and the highest pressure 

it can reach is 3750 psi. It can be controlled by a program on the computer. The interface 

of the program is shown in the Appendix B. Pressure could also be recorded with this 

program every 0.5 seconds.  

3.2.3.3 Dielectric data acquisition 
Impedance Z and the phase angle θ were measured in the experiments with the 

LCR meter. These two parameters were used to calculate dielectric constant, 𝜀𝜀′ , and 
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damping factor, tan(δ).  The relationship among these values was shown in Figure 3.13. 

𝑋𝑋𝑐𝑐 is the capacitive reactance, and it is a function of capacitance and frequency: 

 𝑋𝑋𝑐𝑐 =
1

2𝜋𝜋𝜋𝜋𝜋𝜋
 3.2 

Based on these relationships we have: 

 tan(δ) = tan (𝜋𝜋
2
− 𝜃𝜃)   3.3 

 
𝜀𝜀′ =

𝑑𝑑
2𝜋𝜋𝜋𝜋𝑋𝑋𝑐𝑐𝐴𝐴𝜀𝜀0

 
3.4 

where d is the distance between the two electrodes in the fixture, A is the area of the 

guarded electrode and 𝜀𝜀0 = 8.85 × 10−12  F/m. 

 

Figure 3.12 Relationship between impedance parameters 

In order to make an easy-control and monitor measurement system, a graphical 

user interface (GUI) for dielectric data recording was developed with LabviewTM which 

is shown in Appendix B. In the GUI, the frequency of the AC, electric potential difference 

between two electrodes and data acquisition frequency can be freely set. The impedance 

Z and the phase angle θ are recorded with time and plotted. 
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3.3 Validation of the system working at high pressure and high temperatures 

The system was designed to work at high pressure and high temperatures. Two 

experiments were conducted to quantify the error of dielectric properties measurement 

caused by temperature and pressure. 

3.3.1  Measurement error caused by temperature 
It is a big concern that temperature change can change the body capacitance and 

then lead to measurement error, which has been discussed in Section 3.1. To get rid of 

the body capacitance at room temperature, we can use the OPEN/SHORT correction on 

the LCR meter [82]. To evaluate the error caused by the temperature at high pressures, 

the dielectric constant of CO2 at different temperatures calculated from our experiment 

results was compared with the literature. 

The literature data [83, 84] of CO2 dielectric constant measured at different 

temperatures, from 25 °C to 160  °C, at 882 psi was used  to compare with our experiment 

results, as shown in Figure 3.14. The same temperature and pressure were used in our 

experiments. The average difference between measured and literature dielectric constant 

at every measured temperature is 0.0042 and evenly distributed with temperature.   
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Figure 3.13 CO2 dielectric constant change with temperature at 882 psi 

3.3.2 Measurement error caused by pressure 
The accuracy of the dielectric measurement at high pressure was also evaluated. 

Dielectric constants of CO2 from 15 to 14696 psi have been reported [83], however the 

change of dielectric constant was too small to compare within the pressure range of our 

system. There are two sources for the change of dielectric measurement: material 

dielectric properties change and fixture body capacitance change. The fixture’s body 

capacitance change should be significantly smaller than that of the sample. An evaluation 

of the body capacitance change with pressure is necessary for the dielectric measurement 

at high pressure.  

The impedance of a dielectric material that has ignorable dielectric constant 

change was measured from 489 psi to 2286 psi. A high temperature polymer, HDPE, was 
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chosen as the sample material and Helium was chosen as the pressurizing medium which 

has low solubility in polymer. The measurement was conducted in a short time to reduce 

the amount of He dissolved in the HDPE. The temperature of the experiments was kept 

at 180 °C. The beginning pressure of the experiment was 489 psi. Once the reading on 

the LCR was stable, the impedance data was recorded as a function of pressures. 

Impedance data at all these designed pressures were recorded and used to calculate 

dielectric constant. Thus, changes in the calculated dielectric constant indicated body 

capacitance change.  The results are shown in Figure 3.15. The greatest difference in the 

dielectric constant at different pressures was 0.016 and the standard deviation of these 

dielectric constants was 0.006. We can conclude that the pressure does not cause 

measurement error on dielectric properties at high temperatures. 
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Figure 3.14 Dielectric constant of HDPE at room temperature and frequency of 1kHz 

3.4 Chapter summary 

In this chapter, we introduced the self-designed system for high pressure and high 

temperature dielectric properties measurement. An overview of different dielectric 

measurement cells was introduced at the beginning of the chapter and our new fixture 

which can work at high pressures and high temperatures was also developed based on 

these cells. This new system successfully reduced edge effects, body capacitance, and tilt 

effects with innovative mechanical and electrical design. The communications between 

computer and experimental equipment are also built to facilitate the experimental control 
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and data acquisition. High temperature and high pressure dielectric measurements were 

also validified with experiments. 

This system is the first high temperature and high pressure dielectric property 

measurement system equipped with accurate gap measurements. While this study is 

focused on CO2 and He effects on the HDPE’s thermal properties with designed 

temperature, pressure, and heating rate, this system can also be applied with different 

pressurizing medium, polymer material, heating rates, pressure, temperature, and so on. 
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CHAPTER 4: Diffusivity determination at one atm and room temperature  

In this chapter, theoretical CO2 diffusivity in amorphous polymers was calculated 

from dielectric constant changes during CO2 desorption.  These values showed 

agreement with experimental diffusivity from a gravimetric method.  Three amorphous 

polymer films made from polystyrene (PS), polycarbonate (PC), and cyclic olefin 

polymer (COP) resins were saturated with supercritical CO2 at 5.5 MPa and 25 °C for 24 

hours in a pressure chamber.  The CO2 infused films were removed from the chamber for 

gas desorption experiments. The capacitance of the samples was recorded with an 

Inductance, Capacitance and Resistance (LCR) meter.  These values were used to 

calculate the change in dielectric constants. CO2 weight percentages measured by a scale 

were used to calculate experimental diffusivity and solubility coefficients. It was found 

that the trend of dielectric constant changes was similar to that of the CO2 weight 

percentage changes during gas desorption.  A mathematical model was built to predict 

the CO2 weight percentages during desorption from the measured dielectric constants. 

Theoretical diffusivity from this work agree well with literature data.  

 

4.1 Theoretical background 
Dielectric properties refer to storage and dissipation of electric and magnetic 

energy in materials.  According to the Clausius-Mossotti relation, dielectric constant can 

be described as a function of a polymer’s free volume fraction which could be used to 
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calculate diffusivity under steady state diffusion [20, 85]. Thus, diffusivity can be 

expressed as a function of dielectric constant: 

 𝐷𝐷 = 𝐴𝐴𝐷𝐷 exp�
−𝐵𝐵𝐷𝐷

1 − 𝑉𝑉
𝑃𝑃
𝜀𝜀 − 1
𝜀𝜀 + 2

�      4.1 

 

Where FFV is fractional free volume, V is the polymer occupied volume at 0 K, 

P is the polymer molar polarization, 𝜀𝜀 is dielectric constants, and 𝐴𝐴𝐷𝐷, 𝐵𝐵𝐷𝐷 are diffusion 

constants. 

 Several groups investigated the relationship between a gas transport property and 

dielectric constants for various polymer and gas combinations under steady state 

conditions for membrane filter applications [86, 87].  K. Matsumoto, P. Xu, and T. 

Nishikimi reported the relationship between CO2, CH4, H2, O2, N2 gas permeability and 

dielectric constant values of several aromatic polyimides films [86].  Gas permeability is 

observed to decrease with increasing dielectric constant of the membrane films during 

steady diffusion.  S. Miyata’s research team studied the gas transport properties and 

dielectric properties of four hexafluoroisopropylidene polyimides with CO2, CH4, H2, O2 

and N2 [20].  They also tested the gas permeability under steady state conditions and 

claimed that gas permeability coefficients were higher for films with lower dielectric 

constants.   

These previous studies confirmed the relationship between gas diffusivity and 

dielectric constants under steady state conditions for gas membrane applications (i.e., 

high pressures at the upstream and low pressures at the downstream of the membranes).  



 
69 

In this study, capacitance values were measured during a gas desorption process (i.e., 

non-steady-state conditions) and demonstrated that these values change significantly 

with the amount of CO2 in the polymer matrix.  In this study, three amorphous polymers 

(e.g. PS, COP and PC), that are widely used in foaming processes, were used to 

investigate CO2 desorption behaviors by measuring weight and capacitance changes over 

time.  CO2 diffusivity by both methods were calculated and compared.  

4.2 Mathematics of diffusivity calculation 
The International Union of Pure and Applied Chemistry (IUPAC) [88] defines 

solubility as the proportional ratio of a solute in a solution.  In gas/SCF and polymer 

systems, solubility is determined by the weight of gas absorbed by a polymer after 

saturation over the polymer weight as shown by Equation 4.2 : 

 𝑆𝑆 = 𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔 𝑊𝑊⁄  4.2 

where W is the total weight of the sample (including the absorbed gas), and 𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔 is the 

weight of gas absorpted by the polymer.   

Diffusion can be described as a process where a material is transported by the 

thermal motion of the molecules in a fluid or a matrix.  Non-steady-state diffusion is the 

most common type of diffusion which is described by Fick’s Law; an analytical solution 

is available for this equation: 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕(𝐷𝐷𝐷𝐷𝐷𝐷)
𝜕𝜕𝑥𝑥2

+
𝜕𝜕(𝐷𝐷𝐷𝐷𝐷𝐷)
𝜕𝜕𝑦𝑦2

+
𝜕𝜕(𝐷𝐷𝐷𝐷𝐷𝐷)
𝜕𝜕𝑧𝑧2

 
4.3 

where C is the gas concentration at time t, D is the gas diffusivity at a position (x, y, z) in 

the polymer.  Frequently, diffusion occurs effectively in one direction when the thickness 

https://en.wikipedia.org/wiki/IUPAC
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of the polymer sample is small enough to be ignored.  In such cases, Equation 4.3 can be 

reduced to Equation 4.4:   

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝐷𝐷
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� 

4.4 

As a polymer film is immersed in CO2, CO2 concentration, C, can be solved, at 

time t, using Equation 4.4 [89].   

The diffusion force under isothermal conditions caused by a concentration 

gradient is descripted as:  

 −𝑅𝑅𝑅𝑅 𝑑𝑑(𝑙𝑙𝑙𝑙(𝐶𝐶/𝐶𝐶0))
𝑑𝑑𝑑𝑑

  4.5 

where R is the gas constant, T is the temperature, 𝐶𝐶0 is the gas concentration at 

equilibrium[90].  Thus, diffusivity is concentration-dependent.   

The initial gradient of each sorption curve yields some mean value, 𝐷𝐷�, of the 

variable diffusivity averaged over the range of concentration appropriate to the 

experiment. A reasonable approximation to 𝐷𝐷� is  [91]:  

 𝐷𝐷� ≈
1
𝐶𝐶0
� 𝐷𝐷(𝐶𝐶)𝑑𝑑
𝐶𝐶0

0
𝐶𝐶     4.6 

An analytical solution for equation 4.4 is: 

 𝑀𝑀𝑡𝑡

𝑀𝑀∞
= 1 −�

8
(2𝑛𝑛 + 1)

∞

𝑛𝑛=0

𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝐷𝐷(2𝑛𝑛 + 1)2𝜋𝜋2𝑡𝑡

𝐿𝐿2
� 

4.7 

where 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 is the total amount of a diffusing substance absorbed by the polymer sheet 

at the onset of desorption, 𝑀𝑀𝑡𝑡 is the corresponding quantity of the gas at time t and L is 

the film thickness.   
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Based on Equation 4.7, two analytical methods are used to get two different 

diffusivity corresponding to different periods of the diffusion process, Dshort and Dlong.  

Dshort describes the initial part of desorption, and Dlong describes the later stage of the 

desorption process [35].  Change of the diffusivity over time is caused by the change of 

CO2 concentration gradient inside and outside of the film.  

At time 𝑡𝑡1/2, 𝑀𝑀𝑡𝑡
𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚

 = 0.5, and 𝑡𝑡
𝐿𝐿2

 can be written as 𝑡𝑡1/2

𝐿𝐿2
.  Based on Equation 4.7, 𝑡𝑡1/2

𝐿𝐿2
 

can be expressed as [91]: 
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1
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�
9

�            
4.8 

Approximately, the error is about 0.001%,  Dshort can be expressed as [91]: 

 𝐷𝐷𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 =
0.04919

 �
𝑡𝑡1/2
𝐿𝐿2 �

 4.9 

 

When the gas concentration in the polymer film approaches equilibrium (i.e., t 

has a large value), a more precise description of diffusivity is given by J. Crank [91]: 

 
𝐷𝐷� ≈

1
𝐶𝐶0
� 𝐷𝐷(𝐶𝐶)𝑑𝑑
𝐶𝐶0

0
𝐶𝐶 

4.10 

where 𝐶𝐶0 is the equilibrium gas concentration, and 𝐷𝐷� is the integral diffusivity.  Equation 

4.10 can be solved as: 

 
𝑙𝑙𝑙𝑙(𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑡𝑡) = 𝑙𝑙𝑙𝑙 �

8𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚

𝜋𝜋2
� −

𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜋𝜋2𝑡𝑡
𝐿𝐿2

 
4.11 
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where 𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the diffusivity as the gas concentration approaches zero [92].   From 

Equation 4.11, it is observed that the graph of 𝑙𝑙𝑙𝑙(𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑡𝑡) against t gives a straight 

line with a slope θ, and 𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 can be simplified as below: 

 
𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = −

𝜃𝜃𝜃𝜃2

𝜋𝜋2
 

4.12 

where L is the film thickness [93]. 

 

4.3 Experiments 

4.3.1 Materials  
 

Commercial grade pellets of Polycarbonate (PC, Caliber 201 TRP, Styron), 

Polystyrene (PS, MB3150, AmSty), Cyclo Olefin Polymers (COP, 1020R, ZEON 

Chemicals) and CO2 (USP Grade Medical Carbon Dioxide, Airgas) with purity over 

99.9% were used in this study.  When temperature is higher than 31°C and pressure is 

higher than 1070 psi, CO2 is at a super critical state. It can effuse through solids like a 

gas, and dissolve materials like a liquid. PC, PS and COP pellets were heated to 200 °C, 

160 °C, and 150 °C (around 50 ~ 60 °C higher than the glass transition temperatures), 

respectively, and pressed at 10.34 MPa for 5 minutes, then at 31.03 MPa for 15 minutes 

to make films.  After pressing, the films were then quenched in cold water.  The PC, PS 

and COP films were 0.20 mm, 0.18 mm and 0.34 mm thick, respectively.   

 

4.3.2 Experimental procedure 
The films for capacitance and weight measurements were saturated in a pressure 

chamber (4720 high pressure cell, Parr Instrument Company) pressurized by a positive 

https://en.wikipedia.org/wiki/Effusion
https://en.wikipedia.org/wiki/Solvation
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displacement pump (500D Syringe pump, Teledyne ISCO) at 5.5 MPa and room 

temperature for 24 hours. It was assumed that the samples were saturated after 24 hours. 

For each experiment, two samples were saturated (i.e., one sample for the weight 

measurements and the other for the capacitance measurements). After releasing the CO2 

pressure in the chamber, the CO2 infused samples were immediately moved to the weight 

and capacitance measurement devices. During desorption, the capacitance of samples 

were measured by a parallel plate method with an Inductance, Capacitance and 

Resistance meter (LCR meter, SR715, Stanford Research Systems) at 1 kHz, at a 

temperature of 25 °C, and a relative humidity of 45%.  The dielectric constants were 

calculated from the capacitance values measured by the LCR meter.  The films with 50 

mm × 50 mm areas were clamped between two parallel plates. Area of both plates was 

38.2 mm × 38.2 mm. The PC, PS and COP films were 0.20 mm, 0.18 mm and 0.34 mm 

thick, respectively. A minimal force was applied to hold the polymer film. The 

capacitance change of the sample was recorded for 90 minutes after depressurization. 

Sample thickness after depressurization is also measured to compare with its original 

thickness.  

The 50 mm × 100 mm films were put on the Ohaus Precision Standard scale, with 

3 decimal place accuracy, as soon as the samples were taken out of the pressure chamber.  

The weight change of the film was recorded for 90 minutes simultaneously as the 

capacitance measurements. 
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4.4 Results and discussion 

4.4.1 Diffusivity of CO2 in polymer films 
Diffusivity can be measured by a gas desorption gravimetric experiments [94, 

95].  It can also be obtained by gas absorption experiments as well, but a gas desorption 

process is much easier  since it does not need a high pressure condition during the 

measurements [34]. 

Figure 4.1  shows the CO2 weight percentage changes in the polymer samples 

during desorption.  The corresponding weight percentage changes of polymers in the CO2 

filled polymer systems are also shown in Figure 4.1 .  Each measurement was repeated 

three times for data consistency. The average values as well as the standard deviations 

are shown in Figure 4.1 . 
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Figure 4.1 Desorption curves of CO2 saturated polymer films by a gravimetric method after CO2 
saturation under 5.5 MPa and room temperature for 24 hours: a) PC, b) PS, and c) COP films 

The CO2 weight decreases dramatically in the beginning of the desorption process 

and then slows down over time for all cases.  This trend can be explained by the 

dependence of diffusion on gas concentration according to equation 4.5.  As the 

concentration of gas decreases in the polymer, the driving force for diffusion decreasing 

leading to a slower weight change.  Based on the desorption curves, the diffusivity can 
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be calculated for each case from equation 4.9 and equation 4.12.  The results are tabulated 

in Table 4.1 .  CO2 in a COP matrix experiences the fastest diffusion (i.e., high Dshort) in 

the beginning phase of the description process and the slowest diffusion (i.e., low Dlong) 

toward the later desorption stage among 3 systems.  The diffusion of CO2 in a PC matrix 

has lowest Dshort and then the highest Dlong among three systems.  Approximate CO2 

solubility data in polymers under 5.5 MPa and 25 °C are also indicated in Figure 4.1  and 

tabulated in Table 4.1 .  The films reached equilibrium after 24 hours of CO2 saturation 

at 5.5 MPa and 25°C.  Assuming the gas loss is minimal during sample removal from the 

chamber, the first measurement of CO2 weight percentage is equal to the CO2 weight at 

equilibrium under 5.5 MPa and 25°C.  Thus, approximate CO2 solubility values in these 

systems under 5.5 MPa and 25 °C can be estimated by the first data points in Figure 4.1 

.  The CO2 solubility in polymers are in an order of PC > PS > COP.    

Table 4.1 Experimental CO2 diffusivity and approximate solubility data at 25 °C and 5.5 

MPa 

Polymer Dshort (m2/s) Dlong (m2/s) 
Approx. Solubility 

@ 25 °C, 5.5 MPa 

PC 2.41E-12 3.47E-11 ~ 6.9 wt% 

PS 3.30E-12 2.82E-11 ~ 5.0 wt% 

COP 3.49E-12 1.51E-11 ~ 4.2 wt% 

 

The experimental data from this study was compared with the literature data [96].  

CO2  diffusivity in PC was studied by W. J. Koros, D. R. Paul and A. A. Rocha [96].  

Permeation experiments were conducted to obtain sorption curves.  A time lag method 
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was used to calculate the CO2 diffusivity at 35 °C with pressures changing from 0.1 to 

2.3 MPa.  The diffusivity was reported as 4.67 × 10−12 m2/s.  In 2004, Tang, Du and 

Chen measured the weight changes of PC/CO2 desorption experiments at temperatures 

in the range of 40 °C to 60 °C, and initial pressures in the range of 10 to 40 MPa.  The 

diffusivity ranged from 1.61 × 10−11 m2/s to 2.55 × 10−11 m2/s [97].  For a PS/CO2 

system, Y. Sato and his colleagues reported that the CO2 diffusivity, at temperatures in 

the range of 100 to 200 °C and pressures changing from 0 to 20 MPa, ranged from 

0.81 × 10−10 m2/s to 10.5 × 10−10 m2/s [41].  Precise measuring equipment such as 

magnetic suspension balance was used in their research to measure the polymer weight 

changes during sorption.  Within our knowledge, no diffusion experiments were 

performed for the COP/CO2 system.  Compared to the diffusivity in this study, the 

diffusivity from Tang’s and Sato’s studies are higher.  These differences are due to the 

different experimental conditions as shown in Table 4.2.  W. J. Koros’ result agrees well 

with the diffusivity from this study since the experimental conditions are similar (i.e., 25 

°C, 5.5 MPa vs. 35 °C, 2.3 MPa). 
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Table 4.2 Comparison of experimental vs. literature diffusivity data 

Polymers 

Diffusivity from 

this study ( 𝐦𝐦𝟐𝟐/

𝐬𝐬) 

Experimenta

l Conditions 

Diffusivity from 

literatures 

( 𝐦𝐦𝟐𝟐/𝐬𝐬) 

Experimental 

Conditions 
Ref 

PC 2.41E-12 
25 °C, 

5.5 MPa 

4.67E-12 
35 °C, 2.3 

MPa 
[96] 

1.61E-11 
40 °C, 20 

MPa 
[97] 

PS 3.30E-12 
25 °C, 

5.5 MPa 
1.14E-10 

100 °C, 4.6 

MPa 
[41] 

 

4.4.2 Dielectric Property of Polymer/CO2 system 
 

The dielectric constants shown in Figure 4.2 are the average values from three 

different experiments measured at 1 kHz, at a temperature of 25 °C, a relative humidity 

of 45% for data consistency. The difference in polymer weight percentage in the 

polymer/gas systems, reported in Figure 4.1, were normalized and used in the comparison 

between dielectric constant change and the weight percentage change experiments during 

CO2 desorption.  Two sets of data are normalized in the range of 0 to 1 using a min-max 

normalization scaling method as described in Equation 4.13: 

 𝑥𝑥𝑖𝑖 =
𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
 4.13 

where 𝑋𝑋𝑖𝑖 is 𝑖𝑖𝑡𝑡ℎ  datum of the original series, 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚  are the maximum 

and minimum data in the series respectively, and 𝑥𝑥𝑖𝑖 is the 𝑖𝑖𝑡𝑡ℎ normalized datum.  
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The normalized polymer weight percentage changes with the dielectric constant 

changes of the three polymer/gas systems over time were compared and plotted in Figure 

4.2. Because the dielectric constants and CO2 weight percentage inversely related, the, 

corresponding polymer weight percentage changes (polymer weight percentage = 1- CO2 

weight percentage) were used for a better comparison with the change in dielectric 

constant.  

  
Figure 4.2 Normalized polymer wt% vs. dielectric constants during CO2 desorption at room 

temperature and atmosphere : a) PC, b) PS, and c) COP samples 
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As shown in  Figure 4.2, the change in dielectric constant with respect to time are 

well overlapped with the corresponding polymer weight percentage changes for all cases.  

Both values agree well with each other and their trends show significant increase in the 

beginning of the desorption process which plateaus over time.  These trends for the 

weight changes are explained in Section 2.1.  The dielectric constant changes of the 

polymer/CO2 systems can be directly related to the CO2 content in the system at time t.  

The dielectric constant of CO2 is significantly smaller than those of pure polymers used 

in this study [83, 98].  Therefore, the polymer/CO2 systems have lower dielectric 

constants than the pure polymers.  During CO2 desorption, CO2 escaped from the 

polymer/CO2 systems and the dielectric constants of the system increase up to the 

dielectric constants of corresponding pure polymers.  Therefore, the exact amount of CO2 

at any time t in the CO2 infused polymer systems during a desorption process can be 

measured by a relatively simple and inexpensive dielectric property measurement 

technique.  Additionally, an initial weight measurement of the sample at the onset of 

desorption can be used to estimate the solubility of CO2 in the polymer.  
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Figure 4.3 Normalized dielectric constants vs. polymer wt% in polymer/CO2 systems during CO2 
desorption at room temperature and atmosphere: a) PC, b) PS, and c) COP systems 

Figure 4.3 shows the normalized dielectric constants as y axis and normalized 

polymer weight percentages as x axis to demonstrate the good agreement between two 

sets of data.  As shown in Figure 4.3, 𝑅𝑅2 is very close to 1 which indicates a strong linear 

relationship between normalized dielectric constant and normalized polymer wt%. 

Simple linear regression method is used to analyze the linear relationship,  
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                                      𝑑𝑑𝑖𝑖 = 𝛽𝛽1𝑤𝑤𝑖𝑖 + 𝛽𝛽0                                                 4.14 

where 𝑑𝑑𝑖𝑖 is the normalized dielectric constant at time ti, and 𝑤𝑤𝑖𝑖 is the normalized 

polymer weight percentage of a polymer/gas system at time ti.  Statistically, 𝛽𝛽1 = 1 is 

always located in the 95% confidence interval and 𝛽𝛽0 = 0 is always located in the 95% 

confidence interval for PS, PC, and COP. 

Thus, we have the approximation of polymer wt%:  

 𝑤𝑤𝑖𝑖 = 𝑑𝑑𝑖𝑖 4.15 

Based on the approximation, a model was built to predict a CO2 amount in the 

polymer at time t using dielectric constant.  From this model, both solubility and 

diffusivity values with respect to time can be calculated during desorption. 

According to Equation 4.13 and 4.15, the polymer weight percentage of a 

polymer/gas system can be calculated as below: 

 𝑊𝑊𝑖𝑖 = 𝑑𝑑𝑖𝑖 × (𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 −𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 4.16 

where 𝑊𝑊𝑖𝑖 is the predicted polymer weight percentage at time ti, and 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 and 

𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 are the polymer weight percentages measured at the beginning and end of the 

desorption experiment, respectively.  A gas weight percentage can be defined as:  

 𝑀𝑀𝑖𝑖 = 1 −𝑊𝑊𝑖𝑖 4.17 

Thus, theoretical diffusivity can be calculated from the change of 𝑀𝑀𝑖𝑖  with time. 

Theoretical diffusivity, D*short and D*long , and experimental diffusivity,  Dshort and Dlong, 

are tabulated in Table 4.3.  The differences between theoretical and experimental 

diffusivity are small for all cases. 
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Table 4.3 Theoretical and experimental diffusivity at 25 °C and 5.5 MPa 

Polymer 
Theoretical Experimental 

D*short (m2/s) D*long (m2/s) Dshort (m2/s) Dlong (m2/s) 

PC 3.43E-12 3.33E-11 2.41E-12 3.47E-11 

PS 3.43E-12 3.28E-11 3.30E-12 2.82E-11 

COP 3.49E-12 1.54E-11 3.49E-12 1.51E-11 

 
 

4.5 Conclusion 
This study investigated the relationship between a dielectric property and gas 

diffusivity and solubility of polymer/CO2 systems during a gas desorption process.  Three 

amorphous polymer films prepared from PC, PS and COP resins were saturated with 

supercritical CO2 at 25 °C and 5.5 MPa for 24 hours and removed from the pressure cell 

for gas desorption experiments.   The change of CO2 weight percentage was recorded for 

each polymer film using a high precision scale. The CO2 weight percentage significantly 

decreases in the beginning with lower slowdown rates towards the end of the desorption 

process.  By assuming that the equilibrium absorption is reached after 24 hours of 

saturation, solubility of the polymer films was calculated in the following order PC > PS 

> COP.  Two diffusivity, Dshort and Dlong, were also calculated.  COP showed the highest 

Dshort while PC presented the highest Dlong among these three polymer systems.  

Capacitance increase during the CO2 desorption was also recorded using an LCR meter.  

The dielectric constants of the polymer and CO2 system were calculated from the 

capacitance values.  It was found that trends of the polymer weight percentage and the 

dielectric constant during desorption are highly correlated.  A model was successfully 
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built to show the relationship between these two behaviors. Furthermore, the results 

demonstrated a good agreement between theoretical diffusivity obtained from the CO2 

weight percentage change and the experimental diffusivity. 
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CHAPTER 5: Gas plasticization and hydrostatic pressure effects on polymer 

studied with a dielectric method 

5.1 Introduction 

Understanding the effects of gas/SCF on the thermal behavior of polymers is 

critical for many manufacturing processes. As discussed in Chapter 1, gas/supercritical 

fluid is used widely as a plasticizer in polymer processing including purification, 

fractionation, batch foaming, injection molding, and injection extrusion. The plasticizer 

plays an important role in improving polymer processing properties at high temperatures 

by reducing the softening temperature, decreasing melt viscosity and increasing the 

polymer chain mobility. However, depending on the application, plasticizer in polymers 

is sometimes not desirable, because of the undesired plasticizer residue in the polymer 

[99, 100].  Gas/SCF becomes a proper replacement for solid plasticizer since it diffuses 

out of the products quickly and has a relatively high plasticization efficiency.  

In addition to the plasticization effects, compressed gas applies hydrostatic pressure 

on the polymer which increases the viscosity and decreases the polymer chain mobility. 

Because of these two contradictory and simultaneously effects, there is interest in 

developing new techniques to characterize the plasticization and hydrostatic pressure 

effects [101, 102]. Several studies have reported the effect of compressed gas on the 

polymer, using a variety of techniques including nuclear magnetic resonance 

spectroscopy (NMR) [103], x-ray diffraction (XRD) [104], dielectric relaxation [13], 

creep compliance [105, 106], dynamic thermomechanical analysis (DMA) [107], gas 
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solubility and permeation [108], and high-pressure differential scanning calorimetry 

(HP-DSC) [106, 109, 110]. Among these techniques, HP-DSC is mostly used. 

Plasticization and hydrostatic pressure effects are often studied with HP-DSC by 

characterizing Tm, Tg, and Tc as a function of pressure [111-113]. As a reminder, 

plasticization usually leads to a drop in these critical temperatures, while hydrostatic 

pressure effects will contribute to an increase in these temperatures.  

However, there are quite a few limitations of these existing techniques.  It is noticed 

that the transition temperature measured by an HP-DSC for a given polymer varies 

significantly among researchers [114]. The baseline in HP-DSC also shows an increase 

in noise with pressure. Causes of the difference in the HP-DSC results were also 

discussed in Chapter 2. Thus, a new and simpler method to measure polymer thermal 

properties with the gas/SCF at high temperatures and high pressures is needed.  

High pressure dielectric measurements are good substitutes for HP-DSC 

measurements because the dielectric properties also change dramatically during the 

polymer phase transition [115, 116]. The noise from dielectric measurements for 

polymers was reported to be relatively low even at high pressures [15-17, 117]. Thus, we 

proposed a new method: using dielectric properties measurements to study gas effects on 

the polymer, by comparing the Tm and Tc at different pressures. A novel system was 

built to measure the dielectric properties of the polymer change with temperature. Details 

of this system were introduced in Chapter 3. Plasticization and hydrostatic pressure of 
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Helium (He) and CO2 on high-density polyethylene (HDPE) were characterized at 

different pressures. 

5.2 Theory 
Equation 5.1 interprets that hydrostatic pressure can lead to an increase in Tm 

[118, 119]. Hydrostatic pressure limits the mobility of the polymer chain and reduces the 

free volume, which decreases the fusion entropy, ∆𝑆𝑆𝑓𝑓, of the polymer. High pressure also 

limits the volume swell and increases the energy barrier for the transition of the 

crystalline phase to the amorphous phase. Thus, the fusion enthalpy of the polymer, Δ𝐻𝐻𝑓𝑓, 

increases. According to equation 5.1, with the increase of Δ𝐻𝐻𝑓𝑓 and the decrease of ∆𝑆𝑆𝑓𝑓, 

Tm will increase. 

𝑇𝑇𝑇𝑇 =
Δ𝐻𝐻𝑓𝑓
∆𝑆𝑆𝑓𝑓

 
5.1 

A theoretical explanation for changes in the Tc was given by Avarmi and 

Kissinger. The overall macroscopic crystallization rate constant, 𝐾𝐾 , could be 

parameterized in terms of the following Arrhenius equation [120]. 

 𝐾𝐾 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(
−∆𝐸𝐸
𝑅𝑅𝑔𝑔𝑇𝑇

) 5.2 

where 𝐴𝐴 is the pre-exponential factor, ∆𝐸𝐸 is the activation energy, and 𝑅𝑅𝑔𝑔 is the universal 

gas constant. Based on equation 5.2, equation 5.3 is developed by Kissinger and is 

frequently used for non-isothermal crystallization [121]: 
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 𝑑𝑑[ln ( 𝑅𝑅
𝑇𝑇𝑐𝑐2

)]

𝑑𝑑( 1
𝑇𝑇𝑐𝑐

)
=
−∆𝐸𝐸
𝑅𝑅𝑔𝑔

 

5.3 

The activation energy barrier for crystallization includes the energy used to retract 

the polymer chain and the energy to fold it which is highly related to the viscosity of the 

polymer melt. If the polymer melt is viscous, the energy dissipated to perform retraction 

and chain folding will be high.  As concluded in a viscosity measurement of CO2 and 

HDPE research [89], compressed CO2 introduces polymer flexibility, increases free 

volume in the melt, and decreases viscosity. Thus, the introduction of CO2 will decrease 

the crystallization activation energy, ∆𝐸𝐸 . Furthermore, the crystallization activation 

energy decrease will lead to a decrease of Tc. However, HDPE absorbs much less He 

than CO2 at the same pressure and temperature. The hydrostatic pressure effect of He 

limits the polymer chain mobility which leads to an increase in ∆𝐸𝐸. Consequently, Tc of 

HDPE with He will increase with pressure, according to equation 5.2. 

5.3 Experiments 

5.3.1 Material 

The polymer used in this study was high-density polyethylene (HDPE) which has 

been used widely as a good electrical insulation material for foam products [122-124]. 

Even though thermal properties play an important role in the polymer processing with 

gas/SCF, few studies have focused on gas/SCF effects on thermal properties[102, 

122]and HDPE has not been studied at elevated pressure and in the presence of SCF. The 
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HDPE used in this study was provided by Dow Chemical and the grade name was 

EliteTM 5960G with a melt flow index of 0.85 g/10 min (2.16 kg, 190 °C).  

     

Figure 5.1  DSC for thermal properties at 1 atm measurement 

 
The melting/crystallization temperature of our sample at 1 atm was determined 

by a Differential Scanning Calorimeter (DSC) from Netzsch with a heating rate of 0.8 

°C/min and a cooling rate of 0.5 °C/min, the same rate as it used in Section 5.3. The 

cooling rate is slower than the heating rate because of the limited cooling ability of our 

heating system which could be improved by using water cooling in the future. The DSC 

trace of this HDPE experiment is shown in Figure 5.2. From the HDPE trace of DSC, the 

melting temperature is 134.4 °C and the crystallization temperature is 122.9 °C at 

atmospheric pressure. 
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Figure 5.2 DSC trace of HDPE with heating rate of 0.8 ºC /min and cooling rate of 0.5 ºC/min 

 
Helium was chosen as one pressurizing medium because of its weak 

plasticization, attributed to its low solubility in HDPE. The solubility of He in HDPE 

(0.06 cm3(STP)/cm3·MPa at 80 °C and 10 MPa) is less than one-twentieth of the CO2 

solubility in HDPE (1.2 cm3(STP)/cm3·MPa at 80 °C and 4 MPa) [125]. The solubility 

of He in polypropylene (PP) is also low. Thus, it has been used to study hydrostatic 

pressure on PP by Hani, Chul, and Seuan-Won [126]. An ultra-high purity (99.999%) He 

product from Airgas was used in this study. 

CO2 was chosen in this research to study plasticization. Both plasticization and 

hydrostatic pressure effects of CO2 on HDPE are discussed in the following sections. 

Supercritical carbon dioxide (sc-CO2) is a very popular blowing agent for polymer 

processing. It is a benign blowing agent that has a relatively high solubility in HDPE, 

low global warming potential (GWP), zero ozone depletion potential (ODP), and low 

cost [127]. It is well known that the dissolution of CO2 in a polymer can lower Tg, Tc, 
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and Tm, sometimes dramatically. An ultra-high purity (99.999%) CO2 product from 

Airgas was used in this study. 

5.3.2 Dielectric property measurement with temperature change  

The polymer sample shown in Figure 5.7 was made by molding HDPE pellets 

into a disk with a thickness of 0.15 mm and a diameter of 28 mm, at 160 ℃ and 2 tons 

for 15 minutes, as shown in Figure 5.7. The sample was then placed in a vacuum oven at 

room temperature for more than 24 hours. The center of the sample was coated with gold 

to enhance the electrical contact between the sample and the electrode.  

       
Figure 5.3 Sputter coating machine and coated sample 

 

Based on the previous dielectric cell designs, we developed a new setup for 

dielectric properties measurement. This new setup enabled dielectric measurement at 

high temperature and high pressure, reduced tilt and edge effects, and improved 

efficiency of experiment control and data acquisition. Figure 5.8 is a schematic of the 

high temperature and high pressure dielectric properties measurement setup. It consists 

of a gas tank, a syringe pump (ISCO 500D), a pressure chamber (Parr instruments 



 
92 

customized), LCR meter (Keysight E4980A) and a computer for data recording and 

experimental condition control. A self-designed dielectric fixture was located inside the 

pressure chamber and electrically connected with the LCR meter for dielectric property 

measurements. 

 
Figure 5.4 The schematic of the experiment setup for high temperature and high pressure 

dielectric properties measurements 

Before connecting the chamber to the LCR meter, the sample was inserted into 

the fixture. Three micrometer heads were attached to the bottom plate and used to push 

the unguarded electrode closer to the guarded electrode. To record the separation gap 

between two electrodes, readings on the micrometer heads were first adjusted to zero, 

when the unguarded electrode was in contact with the guarded electrode. Next, the gap 

was opened to insert the sample. After carefully inserting and centering the sample, the 
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unguarded electrode was pushed by the micrometer heads until the sample was in contact 

with both the guarded electrode and the unguarded electrode. The location of the center 

plate was secured by tightening three side screws next to the three rods. The gap between 

these two electrodes was indicated by the reading on the micrometer head. After 

measuring the gap, the micrometer heads were removed from the fixture. The fixture was 

placed in the pressure chamber. Lastly, the pressure chamber was sealed with twelve 

screws and electrically connected with the LCR meter.  

The sample was pressurized and heated inside the chamber. To eliminate the 

effects of air, the pressure chamber was evacuated with a vacuum pump for five minutes 

and then pressurized with gas from the gas tank. He and CO2 were used separately as a 

pressurizing medium. The pressure was controlled at a designed level by a syringe pump. 

A detailed introduction of the experimental setup was provided in Chapter 3. The 

pressure stabilized within five minutes. The temperature of the system was controlled by 

the temperature controller connected to a heating jacket outside of the pressure chamber. 

A typical temperature profile for the experiments is shown in Figure 5.9. In this figure, 

the pressure was increased to 643 psi at the beginning of the experiment and then held at 

that level for the rest of the experiment. The temperature was cycled four times. The 

melting temperature of the polymer in the first heating process was affected by the 

sample thermal history from molding. Thus, data from this melting process were not used 

for Tm and Tc determination and the sample was heated above Tm for more than forty-

five minutes to melt the crystals and remove the thermal history. Except for the first 

heating process, the sample was always heated up to 148 ± 1℃ with heating rate 0.8 
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℃/min and cool to 115 ± 1℃ with cooling rate 0.5 ℃/min. This heating and cooling 

round were repeated three times, and dielectric data were recorded every two seconds. 

In-situ temperature, impedance, and phase angle of the impedance were recorded 

with the self-programmed LabVIEWTM program.  With this program, we can determine 

the dielectric constant, 𝜀𝜀′, and damping factor, tan (𝛿𝛿) = 𝜀𝜀"

𝜀𝜀′
. The dielectric constant is a 

function of polarization which would change with dipole traps created by the boundary 

between crystalline and amorphous region, previously discussed in Chapter 2. According 

to the discussion in Chapter 2, 𝜀𝜀′is an indication of the degree of crystallization. The 

tan (𝛿𝛿) is a measurement of the material’s ohmic loss and electrical energy loss in an 

AC circuit. For a polymer, tan(𝛿𝛿) is an indication of mobility within the molecular 

structure [128]. 

 
Figure 5.5 Typic temperature and pressure profile for the experiment 



 
95 

5.4 Results and discussion 
In this section, Tm and Tc were first determined from dielectric property 

measurements as a function of temperature, followed by a discussion of Tm and Tc 

changing with the pressure associated with plasticization and hydrostatic pressure 

effects. 

5.4.1 Tm and Tc determination based on dielectric properties change with 

temperature 

 
Before explaining the way CO2 and He affect HDPE thermal properties, it is 

important to discuss how to determine Tm and Tc with dielectric data. The dielectric 

properties of HDPE with He at 15 psi, 643 psi, and 1643 psi are presented in Figure 5.10 

a), c), and e). The dielectric properties of HDPE with CO2 at 15 psi, 643 psi and, 1643 

psi are shown in Figure 5.10 b), d), and f). Take Figure 5.10 a) as an example to decide 

Tm and Tc. This figure reports the 𝜀𝜀′ (on the top) and tan (𝛿𝛿) (on the bottom) of HDPE 

with He at 15 psi as a function of temperature. The AC electric field frequency used in 

this experiment was 1000 Hz. 𝜀𝜀′ decreases sharply at the melting temperature during 

heating and increases sharply around the crystallization temperature during cooling. 

There are many explanations for the increase of 𝜀𝜀′ during crystallization including a 

change in specific volume during the phase transition [115] and creation and loss of 

dipoles by the change of the amorphous-crystal boundaries during the phase transition 

[16]. Gas solubility also changes with the amount of amorphous phase during the melting 

and crystallization because of the relatively low solubility in the crystalline phase. The 

inflection points of the cooling curve and heating curve of 𝜀𝜀′ vs temperature were defined 
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as Tm_𝜀𝜀′  and Tc_𝜀𝜀′ . tan (𝛿𝛿) is an indication of the polymer chain mobility at low 

frequency. The polymer chain mobility increases with free volume. The free volume 

increases with temperature leads to a tan (𝛿𝛿) increase. Around the melting temperature, 

the specific volume increases suddenly [129], thus tan (𝛿𝛿) increases abruptly. During 

crystallization, the specific volume of HDPE decreases suddenly thus tan (𝛿𝛿) decreases 

abruptly. The inflection points of the tan (𝛿𝛿) vs temperature curve are also the points 

with the most intense polymer chain mobility change. The corresponding temperatures 

of these inflection points were also defined as Tm_ tan (𝛿𝛿)  and Tc_ tan (𝛿𝛿).  
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Figure 5.6 Normalized 𝜀𝜀′ (on the top) and normalized tan (𝛿𝛿) (on the bottom)change with 
temperature of  HDPE with a)15 psi, c) 643 psi, e) 1643 psi He and b)15 psi, d) 643 psi, f) 1643 

psi CO2 

 
The changes in Tm and Tc obtained from tan(δ)  and 𝜀𝜀′  measurements are 

characterized as 𝑑𝑑𝑇𝑇𝑇𝑇  and 𝑑𝑑𝑇𝑇𝑇𝑇 in the following equations: 
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𝑑𝑑𝑇𝑇𝑇𝑇 =

|Tm− tan(δ) − Tm− 𝜀𝜀′|
maxium( Tm_tan (δ) , Tm− 𝜀𝜀′)

 
5.4 

 
𝑑𝑑𝑇𝑇𝑇𝑇 =

|Tc− tan(δ) − Tc− 𝜀𝜀′|
maxium( Tc_tan (δ) , Tc− 𝜀𝜀′) 

 
5.5 

where Tm− tan(δ)  and Tc− tan(δ)  were obtained with the tan(δ)  vs temperature 

curve, Tm−𝜀𝜀′ and Tc−𝜀𝜀′ were obtained with the 𝜀𝜀′ vs temperature curve.  As Table 5.1 

shows, the absolute difference was smaller than 0.75%. Thus, we conclude that Tm and 

Tc obtained from 𝜀𝜀′ and tan (𝛿𝛿) agree well with each other. 

Table 5.1 Tm and Tc determined by the 𝜀𝜀′ vs Temperature and tan(δ) vs Temperature curves 

Pressure 
(psi) 

He CO2 
Tm_tan(δ) Tm_ε' 𝑑𝑑𝑇𝑇𝑇𝑇 Tm_tan(δ) Tm_ε' 𝑑𝑑𝑇𝑇𝑇𝑇 

15 132.6±0.1 131.6±0.1 0.75% 132.3±1.4 132.1±0.9 0.15% 
643 134.9±0.2 134.1±0.5 0.59% 132.4±0.1 132.4±0.6 0.00% 

1643 137.2±0.9 136.5±0.3 0.51% 129±0.9 128.6±0.4 0.31% 

  Tc_tan(δ) Tc_ε' 𝑑𝑑𝑇𝑇𝑇𝑇 Tc_tan(δ) Tc_ε' 𝑑𝑑𝑇𝑇𝑇𝑇 

15 123.0±0.1 123.1±0.3 0.08% 123.3±0.7 123.2±0.2 0.08% 
643 124.9±0.2 124.9±0.1 0.00% 121.9±0.8 121.9±0.3 0.00% 
1643 127.0±0.2 127.3±0.1 0.24% 119.1±0.6 118.9±0.4 0.17% 

 

5.4.2 Tm depression with CO2 and Tm increase with He 

CO2 and He showed different plasticization and hydrostatic pressure effects on Tm. 

For a better comparison between the case with CO2 and that with He, Tm of HDPE obtained 

from the inflection point of heating curves in Figure 5.10 is plotted as a function of 

pressures in Figure 5.11. Because He has low solubility in HDPE, the He curve indicates 

the impact of hydrostatic pressure on Tm. The difference between the He and CO2 curves 

reaches 8 °C at 1643 which indicates that CO2 plasticization increases with pressure.  
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 Tm curves of HDPE with CO2 are relatively constant below 643 psi and then 

increased with pressure. Tm with CO2 coincides with that of He at 132 °C and 15 psi.  

This coincidence point at 15 psi indicates that CO2 has a similar plasticization effect on 

polymer as He as they have the same hydrostatic pressure. 

Tm of HDPE with 643 psi CO2 is similar to that with 15 psi CO2 which indicates 

that the effect of hydrostatic pressure is counterbalanced by plasticization. This 

cancellation of plasticization by hydrostatic pressure has been observed in a few studies 

previously [102, 110, 130].  

Tm of HDPE with 1643 psi CO2 is observed to be around 3 °C lower than that 

with CO2 pressure at 15 psi which suggests that plasticization dominates at high 

pressures. These results are consistent with viscosity measurements at high pressures and 

high temperatures showing a decrease in viscosity due to plasticization [89].  

In contrast, Tm increased under compressed He with pressure, i.e., Tm was 5 ° C 

higher with He at 1643 psi than Tm with He at 15 psi. These results indicate that polymer 

chain mobility decreases with increasing He pressure. Because of the low solubility of 

He in the HDPE, the plasticization does not counterbalance the impact of hydrostatic 

pressure.  
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Figure 5.7 Melting point of HDPE at different pressures with He and with CO2 determined by the 

dielectric properties change over temperature 

5.4.3 Tc depression with CO2 and Tc increase with He 

Figure 5.12 illustrates Tc of HDPE with CO2 and He as a function of pressure. 

These Tc are obtained from the inflection point of cooling curves in Figure 5.10. As seen 

for the Tm at 15 psi, an expected coincidence of Tc happened at 15 psi because of the 

same hydrostatic pressure and negligible plasticization. An opposite changing trend of 

Tc in these two different gas environments is presented in Figure 5.12. Tc of HDPE 

increases linearly with He pressure indicating that hydrostatic pressure dominates, while 

Tc of HDPE decreases linearly with CO2 pressure suggesting that the plasticization 

dominates. The Tc at 1643 psi has the greatest difference, 8 ° C, between the He and CO2 

case. 
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Figure 5.8 Crystallization point of HDPE at different pressures with He and with CO2 determined 

by the dielectric properties change over temperature 

 

5.5 Chapter summary 
This research illustrates a novel method to measure the in-situ dielectric properties 

of the polymer at critical conditions and build the relationship between the thermal 

properties and dielectric properties change. HDPE’s melting and crystallization behavior 

in a compressed CO2 and He environment was compared with this method. With high 

pressure CO2, the plasticization effect of CO2 is stronger than the effects of hydrostatic 

pressure, leading to a net decrease in the Tm and Tc. In contrast, He has a relatively smaller 

plasticization effect on HDPE and leads to a net increase in the Tm and Tc as the 

hydrostatic pressure dominates over the effect of He. This is also the first time that the 

HDPE thermal properties is revealed with the effects of supercritical fluid. 
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CHAPTER 6: Concluding remarks and Future work 

6.1 Contributions 

1. Gas/SCF diffusivity in the polymer is an important parameter in the polymer 

manufacturing processes such as batch foaming and gas separation membrane fabrication. 

Both the theoretical and experimental approaches to get gas/SCF diffusivity in the polymer 

were reviewed comprehensively in this research. A cheaper and simpler method is always 

needed for the diffusivity measurement. 

2. The diffusivity of gas in polymers is related to the dielectric property of the gas and 

polymer mixture, suggested by multiple researchers. Therefore, a new method was 

developed to predict gas diffusivity in the polymer by measuring the dielectric constants 

of the mixture during gas desorption. The predicted diffusivities agreed well with 

experimental data. The diffusivities of CO2 in PS, PC, and COP were determined in this 

study. 

3. The thermal properties of THE polymer can decrease by injecting proper gas/SCF, which 

can save a great amount of polymer processing energy. However, traditional thermal 

properties measurement equipment has limitations with high pressure application. For 

example, the signal of HPDSC is affected by increasing noise with the increase of pressure.  

Thus, we built a novel system to measure dielectric properties with high pressures gas/SCF 

at high temperatures which can indicate the thermal properties of the polymer. The 

measurement capability of the system was verified at high temperature and high pressure.  

4. The dielectric properties of HDPE with compressed He and CO2 were measured with 

temperature change (non-isothermal measurements). The dielectric property was found to 

change abruptly with the temperature around Tm and Tc. This phenomenon can be 

explained with the density change of the dielectric material during phase transition as the 
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crystalline phase has a relatively higher density than the amorphous phase. In this way, Tm 

and Tc of the HDPE were determined by finding the deflection point on the curve of 

dielectric property vs temperature. Tm and Tc of HDPE were altered with the pressure and 

the kind of gases, e.g. Tm of HDPE (with compressed He) increased 5 ºC from 15 psi to 

1643 psi. 

5. By conducting this non-isothermal dielectric property measurements at different pressures, 

we plotted Tm and Tc as a function of pressure. Because of the strong plasticization effect 

of CO2, Tm and Tc of HDPE were dropping with pressure increasing, while that with He 

were increasing with pressure because of its relatively strong hydrostatic pressure effects. 

These two competing effects lead to an 8 ºC difference on Tm and an 8 ºC difference in Tc 

at 1643 psi between He and CO2. It is the first time that the dielectric properties of HDPE 

were measured with supercritical fluid. 

6. Last but not least, the unique dielectric measurement system built in this research has the 

capability to measure in-situ dielectric properties of the polymer in a certain gas 

environment with temperature and pressure change. 

6.2 Future work 
The following suggestions are made for the direction of future research on the 

study of dielectric properties for polymer/supercritical fluids system: 

1. More kinds of the polymer are suggested to be studied with the system designed in this 

study to give a comprehensive picture of polymer dielectric properties at high 

temperature and high pressure.  

2. Polymer recrystallization during heating can be investigated with the dielectric 

measurement by controlling the temperature profile. 
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3. A wider range of frequency can be used for the dielectric study and comparison of this 

study could be compared with NMR, rheology test, dynamic mechanical analysis. 

4. Lower temperature experiments can be conducted with liquid nitrogen for polymer glass 

transition study.  

5. Furthermore, a detailed study could be conducted to understand relationship between the 

polymer morphological properties and dielectric properties. 
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Appendix A: Diffusivity calculation in a plane sheet 

 
For diffusion in isotropic material, the rate of transfer of diffusion substance 

through unit area of a matrix material is proportional to the concentration gradient 

measured perpendicular to the matrix area.  It is expressed as equation 1. 

𝐽𝐽 = −𝐷𝐷∇𝐶𝐶 6 

Consider an element of volume in the form of a cuboid showed in Figure 1. Center 

of the element is O which has concentration of C. 

 

 

 

 

 

 

 

 
Figure A.1. Element of volume 

The rate of diffusing substance transfer through face ABCD is given by 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐽𝐽𝐽𝐽 − 𝜕𝜕𝐽𝐽𝑥𝑥
𝜕𝜕𝜕𝜕
∙ 1
2
𝑑𝑑𝑑𝑑) 7 

The rate of diffusing substance transfer through face A’B’C’D’ is given by 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐽𝐽𝑥𝑥 + 𝜕𝜕𝐽𝐽𝑥𝑥
𝜕𝜕𝜕𝜕
∙ 1
2
𝑑𝑑𝑑𝑑)  8 
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Diffusing substance increasing in this element contributed by this direction is 

equal to 

−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜕𝜕𝐽𝐽𝑥𝑥
𝜕𝜕𝜕𝜕
∙ 𝑑𝑑𝑑𝑑  9 

Similarly, the contribution from other 2 directions is  

−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝐽𝐽𝑧𝑧
𝜕𝜕𝜕𝜕

∙ 𝑑𝑑𝑑𝑑 
10 

−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜕𝜕𝐽𝐽𝑦𝑦
𝜕𝜕𝜕𝜕

∙ 𝑑𝑑𝑑𝑑  11 

The rate of diffusing substance amount increases could also be given by the 

concentration change with time, which is expressed by 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  12 

Thus, we could have 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝐽𝐽𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝐽𝐽𝑦𝑦
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝐽𝐽𝑧𝑧
𝜕𝜕𝜕𝜕

= 0  13 

Substitute equation 1 into above equation 8, we can obtain: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷(𝜕𝜕
2𝐶𝐶

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝐶𝐶

𝜕𝜕𝑦𝑦2
+ 𝜕𝜕2𝐶𝐶

𝜕𝜕𝑧𝑧2
)  14 

A one-dimentional expression of equation 9 is 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 𝜕𝜕2𝐶𝐶
𝜕𝜕𝑥𝑥2

  15 

Equation 1 and 10 are referred to as Fick’s first and second laws of diffusion. 

As we know that, 𝐶𝐶 = 𝐴𝐴

𝑡𝑡
1
2

exp �− 𝑥𝑥2

4𝐷𝐷𝐷𝐷
�, where A is an arbitrary constant, is a 

solution of equation 10. 
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To obtain solution of a partial differential equation, we assumed that the variable 

is separable. 

𝐶𝐶 = 𝑋𝑋(𝑥𝑥)𝑇𝑇(𝑡𝑡)  16 

Where X and T are function of x and t separately.  Substitution in equation 

10yields 

𝑋𝑋 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐷𝐷𝐷𝐷 𝑑𝑑2𝑋𝑋
𝑑𝑑𝑥𝑥2

  17 

Equation could be organized as 

1
𝑇𝑇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝐷𝐷
𝑋𝑋
𝑑𝑑2𝑋𝑋
𝑑𝑑𝑥𝑥2

 
18 

Right side of equation 13 is only depending on x, left side of the equation is only 

depending on t, and x is not dependent on t. Thus, both side equals to a constant, which 

we assume as −𝜆𝜆2𝐷𝐷. Then we have two ordinary differential equations: 

1
𝑇𝑇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= − 𝜆𝜆2𝐷𝐷 19 

1
𝑋𝑋
𝑑𝑑2𝑋𝑋
𝑑𝑑𝑥𝑥2

= 𝜆𝜆2  20 

Of which solutions are  

𝑇𝑇 = 𝑒𝑒− 𝜆𝜆2𝐷𝐷𝐷𝐷 21 

And 

𝑋𝑋 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 22 

Leading to solution of equation 10: 

𝐶𝐶 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)𝑒𝑒− 𝜆𝜆2𝐷𝐷𝑡𝑡 23 
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For non-steady state diffusion of a plane sheet with surface concentration always 

equals to the solubility, C1. Thickness of the sheet is 𝐿𝐿 = 2𝑙𝑙 .  𝑥𝑥 is the point distance from 

the center plane of this sheet. Its boundary conditions are described as: 

𝐶𝐶 = 𝐶𝐶1, 𝑥𝑥 = 𝑙𝑙, 𝑡𝑡 ≥ 0 

𝐶𝐶 = 0, 0 <  𝑥𝑥 < 𝑙𝑙, 𝑡𝑡 ≥ 0 

𝐶𝐶
𝐶𝐶1

= 1 − ∑ 8
(2𝑛𝑛+1)2𝜋𝜋2

𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐷𝐷(2𝑛𝑛+1)2𝜋𝜋2𝑡𝑡
4𝑙𝑙2

�∞
𝑛𝑛=0 cos 8

(2𝑛𝑛+1)2𝜋𝜋2
cos (2𝑛𝑛+1)𝜋𝜋𝜋𝜋

2𝑙𝑙
  24 

If 𝑀𝑀𝑡𝑡 denotes the total amount of diffusing substance which has entered the plane 

sheet at time t, and 𝑀𝑀∞ denotes that amount at infinite time, integrate equation 19 over 𝑥𝑥 

we can have: 

𝑀𝑀𝑡𝑡

𝑀𝑀∞
= 1 −�

8
(2𝑛𝑛 + 1)2𝜋𝜋2

𝑒𝑒𝑒𝑒𝑒𝑒{−𝐷𝐷(2𝑛𝑛 + 1)2𝜋𝜋2𝑡𝑡/4𝑙𝑙2}
∞

𝑛𝑛=0

 
25 

The corresponding solution for small time is: 

𝐶𝐶
𝐶𝐶1

= �(−1)𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
(2𝑛𝑛 + 1)𝑙𝑙 − 𝑥𝑥

2√𝐷𝐷𝐷𝐷

∞

𝑛𝑛=0

+ �(−1)𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
(2𝑛𝑛 + 1)𝑙𝑙 + 𝑥𝑥

2√𝐷𝐷𝐷𝐷

∞

𝑛𝑛=0

 
26 

and 

𝑀𝑀𝑡𝑡

𝑀𝑀∞
= 2(𝐷𝐷𝐷𝐷 𝑙𝑙2� )

1
2 �𝜋𝜋−

1
2 + 2�(−1)𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛
√𝐷𝐷𝐷𝐷

∞

𝑛𝑛=0

� 
27 

In the early stages, equation 22 could be simplified as 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 8

𝜋𝜋
1
2

(𝐷𝐷𝐷𝐷 𝐿𝐿2� )
1
2                                                                         28 

The initial curve gradient of 𝑀𝑀𝑡𝑡
𝑀𝑀∞

 vs (𝑡𝑡 𝑙𝑙2� )
1
2 is expressed as 
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𝑅𝑅 = 𝑑𝑑(𝑀𝑀𝑡𝑡/𝑀𝑀∞)/𝑑𝑑(𝑡𝑡 𝐿𝐿2� )
1
2                                                                         29 

Combine equation 23 and equation 24 we have: 

𝐷𝐷 = 𝜋𝜋
64
𝑅𝑅2                                                                         30 

According to experiments, this curve is linear up to 𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 1/2. So, we can have 

the following equation for this linear part. 

𝑅𝑅 = 0.5/(�𝑡𝑡 𝐿𝐿2� )1/2                                                                         
31 

Where the subscription refers to 𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 0.5.  
So from equation 25 and 26, we find 

𝐷𝐷 =
𝜋𝜋
64

(𝑡𝑡 𝑙𝑙2� )1
2

� = 0.049
(𝑡𝑡 𝑙𝑙2� )1

2

�                                                                        
32 

This equation works for the early stage of the diffusion, for the later stage, only 
the first term of equation 20 were considered and we can get: 

𝑑𝑑
𝑑𝑑𝑑𝑑

{𝑙𝑙𝑙𝑙(𝑀𝑀∞ −𝑀𝑀𝑡𝑡)} = −𝐷𝐷𝜋𝜋2/𝐿𝐿2                                                                       33 
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Appendix B: Program interface 

Pressure of the system is controlled by the syringe pump (ISCO 500D from 

Teledyne TechnologiesTM). The capacity of the pump is 507 mL and highest pressure it 

can reach is 3750 psi. It can be controlled by a program on the computer. The interface 

of the program is shown in Figure 1. Pressure could also be recorded with this program 

every 0.5 second.  

 
 

Figure B.1. Interface of the program for pressure control and data acquisition 

 
In order to make an easy-control and monitor measurement system, a graphical 

user interface (GUI) for dielectric data recording has been developed with LabviewTM 

which is shown in Figure 2. In the GUI, the frequency of the AC, electric potential 
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difference between two electrodes and data acquisition frequency can be freely set. The 

impedance Z and the phase angle θ can are recorded with time and plotted. 

 

Figure B.2. Graphical user interface (GUI) for dielectric data recording 
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