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ABSTRACT

The increasing level of technology in the materials industry has led to the development of
many new materials. Microcellular foamed plastic is a semi-crystalline polymer developed
in the last decade. An understanding of this material and of the gas sorption method by
which it is formed are vital to fully utilizing its capabilitics.

A gas sorption model which attempts to predict the spatial distribution of gas and the
crystalline morphology of a sample over time is studied and the theory behind the model is
explored. The constants of the crystallinity model were solved for gas sorption of PET at
800 psig and 25° C. Eighteen PET samples were exposed to gas saturation at the zame
pressure and temperature, but various saturation times between 5 and 400 hours. The
samples were analyzed by a Differential Scanning Calorimeter (DSC) to determine the

sample crystallinity. The scanning rate was 20° (/minute.

The results of the gas sorption model prediction and the experimenial results were
compared to determine the model accuracy. Experimental results showed a maximum
crystallinity of 30% and a main crystallization period occuring between 10 and 30 hours.
The gas sorption model predicted a maximum of 25% crystallinity and a main
crystallization period occuring between 20 and 100 seconds.

The comparison of ihe model to the experimental results indicated the need to explore

further the gas sorption of semi-crystalline polymers at room temperatures. Duc to the lack
of data available, the crystallinity model’s time constant could not be found.

Thesis Supervisor: Nam P. Suh

Title: Ralph E. and Eloise F. Cross Professor of Mechanical Engineering
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Chapter 1 - Introduction

1.1 Microcellular Foamed Plastics

With the increased attention to issues of recyclability and materials cost, the modem
manufacturing industry has been increasingly interested in finding ways to reduce the
amount of material used in products while maintaining the original material properties. One
solution which has been studied in the past decade is to incorporate microcellular foamed
plastics into the manufacturing industry. Microcellular foamed plastics are foamed
polymers characterized by voids less than 10 micrometers in diameter, as opposed to
macrocellular foamed plastics, which have voids on the order of millimeters in diamcter.
Microcellular foamed plastics can have void fractions of up to 80%.

The benefits of working with microcellular foam are numerous. Because the voids
are as much as two orders of magnitude smaller than those of macrocellular foamed
plastics, parts made of microcellular foam can be much thinner and also have a smoother
surface. The small void size allows for a substantial reduction in matcrial, increasing the
strength-to-weight ratio while preserving material properties. In fact, because the void size
is less than that of pre-existing defects in the material, many of the material properties
improve. Crack propagation resistance is increased because of the small void size; cracks
that encounter a void do not continue to propagate because a small void casily deforms and
stores the elastic energy of the crack tip instead of allowing it to continue. This process of
crack tip blunting is also responsible for increases in impact strength and fracture toughness
[14].

Much of the research in past years has dealt with making the manufacturing
processes of microcellular foam commercially available. The processes generally studied
have been thermoforming, extrusion and injection molding. However, some research has
focused on understanding the process of creating microcellular foam. This thesis is based

on siich research, and in particular on the mechanics of CO2 gas sorption.



1.2 Gas Sorption

In the last seven or eight years, the process of inducing crystallization through CO?
gas sorption in order to produce microcellular foamed plastics has been studied by many
researchers [4, 7).

Gas sorption is the process of exposing a polymer to gas under pressure, usually at
an elevated temperature. The differential of the gas concentration outside the polymer and
within causes the gas to diffuse into the polymer. Because of the elevated teniperature, the
gas is free to move within the polymer and gas molecules slowly come together and form
nuclei within the material. When the polymer is removed from the pressurized gas
environment and allowed to cool, it begins to crystallize at the nucleation sites and forces
the gas out of the polymer matrix and into small cells, or voids, which grow to slightly less
than 10 micrometers in diameter.

The study of gas sorption has provided a new approach to creating crystallinity in
polymers. One important aspect of this new approach deals with the amount of control
over crystallization that can be exerted. While the diffusion rates and the extent of sorption
in polymers for both liquids and vapors are governed by their saturation states, the amount
of gas sorption into a polymer can be increased by elevating the pressure of the gas. This
effect allows the rate and extent of crystallization caused by exposure to a gas to be
controlled by adjusting the pressure, providing much more flexibility and control in
materials processing of polymers, and making the creation of materials like microcellular

foamed plastics possible.

While polymethyl methacrylate (PMMA) and polyvinylidene louride (PVF)) were

the materials first studied with gas sorption, polyethylene terephthalate (PET) is often used

today, and is the polymer examined in this thesis.



1.3 Polyethylene Terephthalate

A polymer, whether thermoplastic, thermoset, or elastomer, is made up of long
chain-like molecules in which the atoms forming the chain backbone are linked by covalent
bonds. Usually, these covalent backbones are composed of carbon atoms. Weak Van der
Waals and hydrogen bonds link the remainder of the polymer molecules. Some polymers

also contain cross-links, formed by the stronger covalent honds.

Zaebor 3tcms
Hycroqen gtoms

& van der Waaols
bonds

b) c)

Figure 1 a) short bit of polyethylene molecule b) rubber linked with many secondary
bonds c) polymer (like epoxy resin) where the chains are tied by frequent cross-links [1]
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Thermoplastics are often described as linear polymers because of their lack of
cross-links. Because of this lack, thermoplastics soften upon heating; the secondary bonds
which bind the molecules to each other weaken so that the plastic flows like a viscous
liquid. Thermosets are heavily cross-linked polymers sometimes described as network
polymers. The strong cross-links prevent true melting or viscous {low so the polymer
cannot be hotworked; it will turn into a rubber and, upon further heating decompose.
Elastomers are near-linear polymers with occasional cross-links. At room temperature,
elastomer secondary bonds have already melted and the polymer flows when loaded. The
cross-links provide the material memory so that it retumns to its original shape on
unloading. Thermoplastics, particularly PMMA, PVF> and PET, are usually used in gas
sorption experiments.

Thermoplastics are made by polymerizing monomers, or chain sub-units, together
to form long chains. All of these chains have a carbon backbone, many contain hydrogen,
and some contain flourine, oxygen, chlorine and nitrogen. Polyethylene, polypropylene,
polystyrene and nylon are all thermoplastics.

In many thermoplastics, the monomer chains are arranged random!ly and not in
regular repeating three-dimensional patterns. Such thermoplastics are amorphous. In other
thermoplastics, the chains can be folded backwards and forwards over one another. The
regularly repeating symmetry of this chain folding leads to long-range order and is termed
crystallinity. Some thermoplastics contain both amorphous and crystalline regions, and are
called semi-crystalline. Polymers do not crystallize 100% like inorganic materials.

Polyethylene terephthalate (PET) is termed a fibre and film-forming thermoplastic,
one of a more complex structure than that of the other thermoplastics. It exists in an
amorphous state, an oriented, partially crystalline state, and a highly crystalline state. Itisa
very useful, tough, and versatile thermoplastic which is widely used. The chemical

structure of PET depends upon its starting material and is shown in Figure 2.
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A
HOOC@COOH + HOCH,CH,OH — HO—(OC@COOCH,CH,O),H + 20H,0
TPA EG

PET

B
CH,OOC-@—COOCH, + HOCH,CH,OH — HO—(OC@—COOCH,CH,O).H + 2nCH,0H

DMT EG PET

Figure 2 Chemical structure of PET, using terephthalic acid (A) or dimethyl terephthalate
(B) and ethylene glycol as starting materials. [6]

PET is used in two-liter bottles, its shatterproof nature and creep-resistance making
it an ideal material. A PET bottle also weighs about 1/13 as much as a glass bottle of the
same size. Another common use for PET is the making of crystalline trays for both
microwave and conventional oven use. PET can zlso be found in X-ray and photographic
film, electrical insulation and food film packaging.

Typically, PET is formed through high-temperature extrusion, molding, fiber
spinning, or film processing. The development of the technology to blow mold amorphous
preforms was integral to the beverage bottle market. PET has also fit well into the thermal
forming process, requising only the use of hot molds to produce crystalline products.
Perhaps the only true difficulty in using PET is the necessity to dry it during processing to
prevent hydrolysis and the loss of material integrity.

Pioneer work on the study of PET as a gas sorption material was done by J.S.
Chiou and others in 1985 [4]. Chiou chose PET as a test material because of its
commercial importance and the previous literature on its vapor- and solvent-induced
crystallization. His results were very similar to those reported by Lin and Koenig [9] for
benzene-induced crystallization of PET. This study confirmed that a gas could be as

effective as a solvent for inducing crystallization in certain polymers.
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1.4 Crystallization

Polymer crystallization results from the folding of linear-chain molecules back upon
themselves. Typically, as a polymer cools after being heated, secondary bonds tend to pull
the molecules together into roughly parailel bundles. Under some circumstances, well

defined chain-folded crystals form into thin pyramidal or platelike crystals called lamellae.

Unit ; h
ceil e o
o= 9 S ——
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- \——
N aNalal H 7 //‘\
A A AN : RANte \
l 7 “ \
s \
// ~
A~ 4
b) c)

Figure 3 a) a chain-folded polymer crystal with a relatively simple unit cell b) a flat
lamellae showing two concepts of chain re-entry c) a pyramidal lamellae (2, 12]
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Unlike metals, which can be considered perfectly crystalline, polymers are seen to
have a crystalline content of up to 98%, and most polymers considered crystalline are
roughly 80% crystal. The chain folds are rarely perfectly even, and the tails of the
molecules may mesh improperly and form dislocations. However, the crystallinity is good
enough to diffract X-rays like a metal crystal and, as seen in Figure 3, a unit cell can be
defined.

Not only do polymer chains arrange to form crystallites, but these crystallites often
organize themselves into larger aggregates known as spherulites. These spherulites grow
radially outward from a central point, forming crystals with spherical symmetry. Figure 4

shows the actual progression of spherulite growth.

AWV

VWA MN\N\%

AMANVVWUWAVNNN \,WWWMM
a) b)

Figure 4
a) A small bundle of growing crystallites.
b) The growing bundle ends trap amorphous material between them, wedging
them apart.
c) More crystallites nucleate on the bundle, and they also splay out as they grow.
d) The splaying continues until the crystallites bend back upon themselves.
From this point, the spherulite grows radially until it impinges on others.
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The spherical structure of spherulites make them in some ways similar to the grain
structure found in metals. They are typically less than {0 micrometers in diameter and have
a “Maltese cross” appearance between crossed polaroids. Because lurge spherulites
contribute to briwtleness in polymers, nucleating agents are often added or the polymer is
shock cooled to promote smaller spherulites and reduce britieness. Figure 5 shows the

spherulite structure of a sample of isotactic polypropylene.

Figure 5 Isotactic polypropylene sample showing crystalline spiiciulites

Because crystallization results in more efficient and ighter packing of polymer
chains, the crystallites will have a higher density. Also, because of this tight packing,
crystallinity can significantly increase the strength and rigidity of a polymer. For example,
increasing the percent crystallinity of polyethylene from 65% t0 90% increases the tensile
moculus from 0.97 - 2.6 x 108 Pato 4.1 - 12.4 x 108 Pa, the tensile strength from 0.41 -
1.6 x 107 Pato 2.1 - 3.8 x 107 Pa, and the flexural modulus from 0.34 - 4.1 x 108 Pa to
6.9 - 18 x 108 Pa [2].

15



1.5 Intent

Several models have been proposed in the last seven or eight years to predict the
crystallinities of materials when subjected to a number of experiments. Onc of the most
recent models was put forward by D.F. Baldwin and N.P. Suh of the Massachuscits
Institute of Technology {3]. This gas sorption model proposes to predict the spatial
distribution of gas and the crystalline morphology of the sample over time. The model isa
complex, time-varying boundary problem.

The intent of this thesis is to solve a portion of the gas sorption model, the
crystallinity model, through the application of molecular theory and the examination of
experimental results. It is the further intent to compare the crystallinity predictions of the
solved model to an independent sct of experimental data in order to ascertain the solved

model’s accuracy.
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Chagter 2 - Theoretical Models

2.1 Modeling Gas Sorption ia Semi-Crystalline Polymers

D.F. Baldwin and N.P. Suh of the Massachusetts Institute of Technology
introduced a gas sorption model in May of 1991 [3]. This model was designed to predict
the spatial distribution of gas and the crystalling morphology of a sample over time. The
model was designed with the intent to predict the effects of gas sorption in semi-crystalline
polymers in order to better understand the processes during which such polymers are
foamed.

The sorption model is divided into two separate, but coupled, phenomenon: gas
diffusion and polymer crystallization. The main modeling assumptions are that gas
diffusion is govemned by Fick’s laws, and that polymers crystallize in a spherulite
morphology. However, to apply the model more generally, these assumptions might have
to be relaxed and the goveming equations modified.

The coupled phenomenon of gas diffusion and polymer crystallization are modcled
by using the following two part argument:

1) at high gas concentrations in the polymer matrix, the spacing between the long
chain molecules increases, making it easier for the chains to move. This makes it easier for
the polymer molecules to align for spherulite nucleation and growth. This increased
spacing is modeled as a decrease in the activation energy.

2) as the spherulites grow, gas is pushed into the amorphous regions around the
spherulites. This gas rejection occurs because the gas concentration within the spherulites
is negligible.

The following two sections provide greater details on the gas diffusion model and

the crystallization model.
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2.2 Diffusion Model

The purpose of this section is to introduce familiarity with gas diffusion theory
despite the fact that the diffusion model is dealt with only in a cursory manner in this thesis.

To model the diffusion characteristics of the gas-polymer system, Fick’s first and
second laws are used, and the model is restricted to analysis in two dimensions. Assuming

negligible volume change in the polymer, gas concentration is govemned by the following

equation:

b 0

where c is the gas concentration in [cm3(STPYcm3), D is the gas-polymer system
diffusivity in [cm?/s], x and y are the spatial coordinate in [cm], and t is the diffusion time

in [s]. Henry’s law can be used to state the boundary conditions and the initial condition:

c(x,y,0)=0
C(x, 'b’ t) = KsPsat

( -0
OY/x. 0,1

C(""/' q,Y, t) = KsPsat (2)

where b is the half sheet thickness, a is the half sheet width, KS is Henry's law solubility
constant, and Psat is the gas saturation pressure, which is typically held constant during
sorption.

In the general case, gas-polymer diffusivity is a function of gas concentration and
temperature. The polymer molecule mobility argument explains that increased polymer
molecule mobility results in a lower activation energy for diffusion. An Arrhenius relation
models the gas-polymer system diffusivity. The temperature and concentration dependance

is modeled using a potential energy term, AU.
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The diffusivity is given by:

D= Docxp(éE—‘i_'r—AUl) (3)

where AEp is the diffusion activation energy, AU is the potential energy change duc to
molecular spacing, k is Bolzmann'’s constant, and T is the gas-polymer crystallization

temperature.
2.3 Crystallization Model

The key assumption in modeling the crystallization of the amorphous polymer
matrix is that the crysta!line morphology is spherulitic. Furthermore, it is assumed that the

spherulitic nucleation rate is first order and given by the Arrhenius relation:

J = Noexpl- AEN-AU
N Noexp( T )cxp( nt) (4)

where Ny is the initial spherulite nucleation density rate in [spherulites/cm3s], AE; is the
spherulite nucleation activation energy in {J], AU is the change in potential cnergy due to
changes in molecular spacing, and n is the reciprocal spherulite nucleation time constant in
[1/s].

The initial spherulite nucleation density rate can be considered a frequency term
which determines the maximum number of spherulite nucleation sites possible, and a
frequency factor for nuclei formation. The first exponential term represents the likelihood
of forming those sites. The spherulite nucleation activation encrgy term is the amount of
energy necessary to cause a spheruiite to nucleate. The reciprocal spherulite nucleation time

constant is the parameter which determines how quickly the spherulites will nucleate.
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The spherulite growth rate can be modeled as constant. Since the molecule mobility
argument holds for both spherulite nucleation and growth, the sphen:lite growth rate can be

modeled by a first order Arrhenius relation:

AEg - AU

rs = rsoex - T -~ (5)

kT

where fg, is a pre-exponential factor and AEg is the activation energy for spherulite
growth. The pre-exponential factor, fso, can be considered a molecular jump frequency, or
the likelihood that part of a polymer chain will align with the growing spherulite and take
part in that spherulite’s growth. The activation energy is the energy needed to allow the
spherulite to grow. This linear spherulite growth rate has been verified for most polymers.

Experimental evidence will be presented in Chapter 3.

2.4 Crystaliinity Calculation

To predict the crystallinity of the material, three distinct regions must be considered:
amorphous regions, growing or active spherulites, and inactive spherulites.The crystallinity
can be predicted by taking the ratio of the crystal mass to the total sample mass. Assuming
the sample is originally amorphous:

_ Mas +mjg
paVO (6)

where mys is the mass of the active spherulites, mjs is the mass of the inactive spherulites,
pa is the density of the amorphous material, and Vj is the initial volume of the sample.

In order to determine myg and mjs, the following assumptions are made: 1) the
reciprocal nucleation time constant, n, is large, such that spherulite nucleation can be
considered instantancous and uniform. It follows that the spherulite growth is also
uniform; 2) the spherulites are randomly distributed throughout the polymer; 3) the center-
to-center spacing between spherulites, r,, is modeled following a normal distribution with

mean p and standard deviation g; and 4) spherulite growth ceases upon impingement. At

20



times during the solving of the crystallinity model, further simplifying assumptions will be
made. For example, some calculations will assume regular packing of spherulites rather
than random spacing.

The mass of active spherulites is defined in the model as the product of the volume

of each active sphenulite, the spherulite density, the total number of spherulites, and the

b

/ %)

fraction of spherulites that have not impinged:

i " 1 _(ra'u_)z_
l[ VZmo x;{ 202

My = [%mg]PcvoN

where p. is the density of the spherulite region.
The mass of inactive spherulites is defined as the integral of the product of the
density of a spherulite, the volume of the spherulites that impinge at a given spacing rp, the

total number of spherulites, and the fraction of spherulites that have impinged at rp.

o [ T

_ 1 R (ra - N)Z]id
WE—UCX‘{ 202 fa (8)

Using Equations 6, 7, and 8, the size, number, and distribution of the spherulites

can be predicted as a function of time by integrating equations 4 and 5.
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Chapter 3 - Solving the Crystallization Mode!

3.1 Calculating the Potential Energy Change

3.1.1 The Potential Energy Change at 120° C

At certain points during the solution of the crystallinity model the potential energy
change at 120° C will need to be known. This term will be calculated in this section so that

the value will be available when needed. 1t is first necessary to determine the molar volume

of the polymer matrix.
A reference temperature, To, and gas concentration, cg, are chosen at 25° C and 0.0
mol/cm3 respectively. Assuming the molar volume of the polymer matrix follows the

continuum approximation, the local molar volume of the polymer matrix is given by:

Vm = (Vmo + (T - TO))[l + —-c—}

3BK; (%)

where Vo is the molar volume at the reference conditions, a is the volumetric thermal
expansion coefficient and B is the polymer matrix bulk modulus. Using Henry's law, the

gas concentration is given by:
c=KsP (10)

where P is equal to gas pressure, the equation becomes
\Y P
= + - + 1
Vm mo + (T To)){l B (11)

Plugging in values of 5.516 x 100 Pa for pressure (800 psi) and 120° C (393.15°

K) for temperature, and using literature values for Vi, o, and B, the calculation yields the

molar volume.
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Vmo = 144.5 cm3/mol a =442 x 104 cm3/mol°K B = 5.467 x 109 Pa

Vi = 161.9 cm3/mol

Using the molar volume we can predict the characteristic molecule-molecule
interaction distance, R, under quasi-equilibrium conditions. In order to do this, the
strophon theory developed by Yannas and Luise is used [15]. The strophon theory uses a
first order approximation, which models polymer molecules as points with spherically

symmetric potential fields. The characteristic interaction distance is given by:

R=2( 3 vm)1/3

47NA (12)

where Na is Avogadro’s number. Plugging in the calculated molar volume aliows R to be
calculated. Plugging in the Van der Waals volume of 94.18 cm3/mol allows Rg to be
calculated where the Van der Waals volume is the theoretical volume occupied only by the
PET molecules. These values are:

R=8.0x1010m

Ro=6.7x10-10m

By knowing the characteristic interaction distances, R and Ry, the potential energy
and change in potential energy of a two molecule system can be found by using Lennard-

Jones 6-12 model:

U='Uﬂ{(%u'2(%ﬂ (13)

AU=U- Uy (14)
where Uy is the equilibrium potential energy of the system, which is estimated from the
zero point enthalpy of PET. The energy terms are:

Ug = - 10,000 J/mol

U=-5,711 J/mol

AU373 = 4,289 J/mol or 7.12 x 10-21
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3.1.2 The Potential Energy Change at 25° C

Because the change in potential energy due to increased molecular spacing, AU, is a
term appearing in both Equation 4 and Equation 5, this value will be calculated before the
spherulite growth rate and the spherulite nucleation rate are examined. To calculate AU, the
molar volume at the testing conditions must first be found. Unlike the previous section,
Equation 11 will not suffice to find the molar volume because of the choice of 25° C as
reference temperature and because of the bulk material approach that equation takes.
Therefore, another equation must be found which will accurately determine the molar
volume at the testing conditions.

It is proposed that Equation 15 is a more appropriate way to find the molar volume
because it deals with volume on a molecular scale. Qualitatively, Equation 5 suggests that
molar volume of a CO; gas sorped sample is equivalent to the molar volume at the
reference conditions, plus the volume of the CO, molecules present in the polymer matrix,

minus the free volume which the CO, molecules have filled.
Vm = Vmo+ (¢ NA Vco2 Vimo - (Vimo - V) (15)

where c is the CO; gas concentration, N4 is Avogadro’s number, Vo is the volume of a
CO7 molecule, and V is the Van der Waals volume at the reference conditions.
Substituting ¢ = K5 P and plugging in the known values for the other constants gives the
molar volume.

Vmo = 144.5 cm3/mol

c =K P =0.538 cm3STP/cm3bar * 800 PSI = 0.665 mol/cm3

Na = 6.02 x 1023 molecules/mol

Vcoz2=5.17 x 10-24 cm3

Vw = 94.18 cm3/mol

Vm = 393.3 cm3/mol

24



Once the molar volume is known, the characteristic interaction distances can be
found as in Section 3.1.1 and are:

R=1.08x10%m

Rp=6.7x10-10m

The potential energy and change in potential energy can also be calculated in the
same manner as in Section 3.1.1.

Up = - 10,000 J/mol

U=-1,108 J/mol

AU293 = 8,892 J/mol or 1.48 x 10-20]
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3.2 Finding the Spherulite Growth Rate

In order to find the spherulite growth rate, two seperate approaches are taken. The
first approach is to analyze crystallization data on PET and to extract out the information
needed to complete the model equations. The second approach involves examining the
theory behind the growth rate formula and attempting to define the constants in terms which

can be easily calculated.
3.2.1 Experimental Analysis

S.A. Jabarin reports observed values for spherulite growth rates of PET at various

temperatures [7]. By reducing Equation 5 in the following manner:

i = fgeX AE(; AU 5)
. _ - AFG- AU

Infs=Inrs T

In i = (AEG - AU) * (-—+Inx,o (16

it is possible to graph the natural logarithm of the spherulite growth rate, rg, against the
negative reciprocal of the temperature times Planck’s constant. By recognizing that

Equation 16 is of the form:
y=m*x+b (l7)

the molecular jump frequency, fs, can be calculated from the y-intercept, and the activation

energy term, (AEG - AU), can be calculated from the slope of the line. Using Jabarin's
values in Table 1 to form the graph in Figure 6, provides the following results using

standard linear regression techniques:
fso = 4.02 x 108 m/s
(AEg - AU) = 1.61 x 10-19]
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Table 1. Spherulite Growth Rate, i, at Various Temperatures

Temp.° C fs, W/sec
110 0.6 x 10-3
115 1.0 x10-3
120 2.5 x10-3
125 4.2 x10-3
130 8.7 x 10-3

-4.0 '
4.5 )
-5.0 ]
-5.5 1
-6.0 1
-6.5 )

InG (micis)

-7.0 1
-1.5 1

® InG (mic/s)

y = 33.627 + 1.6065e-19x R"2 =0.992

-8.0 T
-2.60e+20

-2.50e+20 -2.40e+20
-1/(T *k) (177)

Figure 6 Determining spherulite growth rate and the activation energy term by experiment
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In order to find the activation energy for spherulite growth, AEg, the potential
energy term from Section 3.1.1 is added to the activation energy quantity. This yields an

activation energy of:

AEG = 1.68 x 10-19]

The spherulite growth rate, fs, can be found by inserting the values for 150, AEG,
and AU for 25° C (found in Section 3.1.2) into Equation 5. This substitution yields the
spherulite growth rate for crystallization at 25° C and 800 psi:

ts = 2.7 x 10-3 m/s
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3.2.2 Thcoretical Analysis

J.D. Muzzy, et al, assume that spherulites pack in a face-centered cubic (FCC)
structure [11]. This is equivalent to assuming that all neighboring spherulite nuclei are
equidistant. While this is probably not the case, it can be said that the center-to-center
distance in the FCC structure should correspond to the average distance between nuclei in a
random structure. By further assuming no induction time, all of the spherulites at a given
penetration distance must impinge at the same time.

For our model, which assumes regular chain folding at 25° C:

e xu( A_EQ - AU
(5)
where 15 is the radial growth rate of the spherulites. For this model, 1, represents a
molecular jump frequency:
i o a kT
 h (18)

where ag is the width of the triclinic PET cell (see Figure 7), k is Planck’s constant, T is the
crystallization temperature, and h is Boltzmann's constant. The molecular jump frequency

is the likelihood that a section of polymer chain will “snap™ into place and cause spherulite

growth. GROWTH DIRECTION
FOLDING CHAIN T
MOLECULE
| . GRowTH Fronm
SECONDARY i\
. NUCLEATION—__ / N _‘E‘q
CONSECUTIVE @I 2900) WX
CHAIN FOLDING™ A
P ey ‘Q\\..\. N
A =
s’
J/
f} d - LAMELLA

e

ag

Figure 7 Model of lamellar growth front assuming regular chain folding.
ag = 0.448 +/-0.05nm {1i]
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Inserting accepted values for ag, k, h, and setting the temperature at 25° C, the

calculation of the molecular jump frequency yields:

fso = 2.78 x 103 mv/s

To find a value for AEg, the activation energy for spherulite growth, it is necessary
to fum to a combination of theory and experimental data. As in Section 3.1.1, Fquaticn §

can be reduced to a form in which (AEG - AU) can be found:
_r-"_) = (AE;- AU) *(- L
ll.‘{f'so ( kT) (19)

Graphing, as in Section 3.2.1, yields a value for the activation encrgy term:
(AEG - AU) = 1.61 x 10-197]
Because only the molecular jump frequency changed, only the y-intercept of the

graph is affected, and the activation energy term, defined by the slope, remains the same as

in Section 3.2.1.

-26 1
o -27
- ® In(G/rs0) (mic/s)
o
‘g -28 1
o 4 y = 11.882 + 1.6065¢-19x R 2 =0.992
vt
g -291

'1
‘30 v T A4 T Y )

-2.60e+20  -2.50e+20  -2.40e+20  -2.30e+20
-1/(T * k) (1/1)

Figure 8 Determining spherulite growth rate and the activation energy termn
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The activation energy is found by adding the potential energy term of Section 3.1.1
as before:

AEG = 1.68 x 16-19]

The spherulite growth rate, r5, can be found by inserting the values for f5¢, AEG,
and AU as before:

is = 1.87 x 10-13 ]

It should be noted that this value for the spherulite growth rate is substantiallv
smaller than that predicted by experimental analysis. This is due to the assumption that the
width of the triclinic cell, multiplied by the frequency factor, is a true determinant of the

spherulite growth rate.
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3.3 Finding the Spherulite Nucleation Rate

As with the determination of the spherulite growth rate, the analysis of equaticn
theory and experimental data is necessary to find the spherulite nucleation rate. This
portion of the model is more strongly guided by the theoretical aspects of the gas sorption

model, with the experimental data lending credence and providing qualitative results.

3.3.1 Calculating the Initial Spherulite Nucleation Density Rate
Similar to the theoretical calculation for the molecular jump frequency, ry;, the

initial spherulite nucleation density rate, No, can be expressed as a spherulite nucleation

frequency:

No ==~ (20)

where ng is the maximum number of nucleation sites per cubic centimeter, k is Planck’s
constant, T is the crystallization temperature, and h is Boltzmann’s constant. The
maximum number of nucleation sites per cubic centimeter is equal to the total number of

polymer molecules per mole and can be calculated from the following equation:

- NAPa
MW (21)

where N4 is Avogadro’s number, p, is the density of amorphous PET (pa = 1.33 g/cm3),
and MW is the molecular weight of the PET used (MW = 38,000 g/mol). By calculation:
ng = 2.11 x 1025 sites/m3, and thus:

No = 1.31 x 1038 gites/m3s
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3.3.2 Modecling the Reciprocal Nucleation Time Constant

The reciproca! nucleation time constant, n, is the term in Equation 4 which makes
the spherulite nucieation rate an exponential function. The addition of a time constant term
to this equation causes more difficulty in solving for the spherulite nucleation rate than was
present in the solving of the spherulite growth rate. In fact, even with a large amount of
experimental data from the past decade on crystallization of PET, there is not enough
information found at present to solve for the remaining three variables in the nucieation
equation directly. Because the reciprocal time constant can be taken to a limit without
severe damage to the model integrity, this term will be simplified.

By assuming that n goes to infinity, the time exponential term becomes unity.

Effectively, Equation 4 becomes similar in form to that of the spherulite growth rate
equation:

g - N AE)N - AU
N =N p( AEN-AaY
0ex KT (22)
This assumption models nucleation ac an impulse. All spherulites nucleate at the
same point in time and grow from that moment until impingement, which will occur at
different times for all spherulites, due to their random spacing. Because one of the three
variable terms has been eliminated through this modelling assumption, the remaining two

terms can be computed from crystallization data
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3.3.3 Applying the Spherulite Nuclcation Rate

As with the spherulite growth rate, a somewhat roundabout route must be taken in
order to define all of the constants in Equation 4. Because no data is availabie on the

activation energy term, the spherulite nuclcation rate will be calculated from experimental

data.
Assuming impingement has not occured, the polymer crystallinity can be stated by
the following equation:
= Mas
X"y (23)

where X is crystallinity, m,s is the mass of the active spherulites, and mr is the total
polymer mass. This equation can be expanded as follows:
= 4___p°ﬂ(';5 * 'f * N
3pa (24)
where p. is the crystalline density of the polymer, p, is the amorphous density of the
polymer, and N is the integral of the spherulite nucleation rate.

Crystallinity, X, can be determined for PET by analyzing a set of Depolarized Light
Intensity (DLI) experiments performed by S.A. Jabarin [7]. These experiment yicided
crystallinity isotherms for PET samples at various temperatures. [From these isotherms, it
is possible to determine the Avrami constants for PET.

The Avrami equation is:
X(t) =1 - exp[- K] (25)

where K and n are the Avrami constants. With the constants for a material, it is possible to

calculate the crystallinity over time. Figure 9 is a graph of the crystallinity isotherms found

by Jabarin. The vertical axis is in terms of In(- In®,), where @, is the depolarized light
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intensity, and the horizontal axis is in terms of In(t - tp). Following an isotherm to its y-
intercept will yield the constant K, and the slope of the isotherm corresponds to the

exponent n. Table 2 summarizes the analysis of the graph.

20 O'CJ'C' o'c <
\h’ \’],h <€ .\\0

- 0] &
(o)
Q
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c . -
£ aC /
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2C 3O 40 %0 60 720 8¢

in(t-te)

Figure 9 Avizmi plot of crystallization of PET at various temperatures [7]

Table 2. Avrami Constants of PET at Varicus Temperatures

Temp.°C n K
115 2.6 1.9x 108
120 2.6 6.8 x 10-8
125 2.3 3.3x 106
130 2.3 1.0 x 103

Returning to Equation 24, the crystallinity can be plotted against the density ratio

term, Equation 24b, when the Avrami constants are known (see Figure 10).

_4 penliy * o

d.r.t.
3pa

35



By doing so, the slope of the linear region of the graphs, one for each temperature,
will equal N. Because the reciprocal spherulite nucleation time constant 1| was taken to
infinity, causing the exponential time term to vanish, the values taken for N are equivalent
to N, less an integration constant, which is assumed to be zero. The values for N (and N),

taken from the graphs in Figure 9, are summarized in Table 3.
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Figure 10a Determining the spherulite nucleation rate from crystallinity and density
terms.
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Figure 10b,c Determining the spherulite nucleation rate from crystallinity and density
terms.
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Figure 10d Determining the spherulite nucleation rate from crystallinity and density
terms.

Table 3. Spherulite Nucleaticn Rate, N, for Various Temperatures

Temp.© C N, spherulites/m3s
115 2.6 x 1015
120 10 x 1015
125 125 x 1015
130 555 x 1015

Jabarin suggests using the method of Van Antwerpen and Van Krevelen, who used

the following equation to calculate the nucleation density when crystallizing PET:

N=3—1_
4 3
3 7" Rinax (26)

where Rmay is the maximum spherulite radius. Jabarin lists this radius as 2.2 micrometers
based on experimental measurements. This radius yiclds a value for N of 22 x 1015 m-3,
This value will be used instead of any of the calculated values because of the consistancy
with which this value has been reported. The calculated values serve to check the model

theory and simplifications.
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3.3.4 Finding the Spherulite Nucleation Activation Energy

According to the crystallization model:

N = NoexJ - A—EN—

exp(- nt)

Because it has been assumed that n goes to infinity, the exponsntial time term
disappears. Upon rexrranging the equation, the spherulitc nucleation activation energy term
can be solved:

(AEy - AU) = - KT * lr{_N—)

No (27)

Both N and Ny have been determined by theory, and upon plugging them into
Equation 27, the activation energy term is found to be:

(AEN - AU) = 2.72x 10°19]

As with the activation energy for spherulite growth, the potential energy from

Section 3.1.1 is added to find:
AEN = 2.79 x 10-19 ]

3.3.5 Solving for the Spherulite Nucleation Rate

Now that all of the constants for Equation 4 have been solved, they can be
substituted in to find the spherulite nucleation rate, N, at the desired experimental
conditions. The initial spherulite nucleation density rate, the spherulite nucleation
activation energy, and the potential energy change for 25° C and 800 PSI are placed in the
equation to yield the spherulite nucleation rate:

N =1.70 x 1010 spherulites/m3s
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3.4 Analytically Predicting the Mass Fraction of Crystalline Material

Having solved Equations 4 and 5, it only remains to plug these values into
Equations 6, 7, and 8, along with the value for crystalline density, and to choose an
appropriate mean, u, and standard deviation, 0. In section 3.3.3, Jabarin's value for the
maximum spherulite radius was given as 2.2 micrometers. This valuz is chosen to be the
mean. The standa.d deviation is chosen to be 1 micrometer.

The integrals of Equations 7 and 8 were scived by a numerical integration program,
MathCad. The calculation shect is in Appendix 3. The crystallinity vs. saturation time
graph is shown below in Figure 11. Of particular note is the time range, 0 to 115 seconds,
and the maximum crystallinity, 24%. The value used in the calculations for rg, the
spherulite growth rate, is that calculated in Section 3.2.1. The value used for N, the

spherulite nucleation rate, is that given by Jabarin in Section 3.3.3.
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0.05 1
OOO n T T T T T v T 1
0 20 40 60 80 100

Time (sec)

Figure 11 Gas sorption model crystallinity vs. time plot
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Chapter 4 - Experimental Method and Results

4.1 Proccdure

To verify the predictive capacity of the crystallinity model, several crystaliization
experiments were performed. These experiments were gas-sorptions of PET at a standard
pressu-~ of 800 psig and of varying saturation times. All experiments were performed on
Kodak PET 9921 film of roughly 0.028 inches thickness. All experiments were run at
room temperature of 25° C.

Each sample was weighed before testing, and the thickness was measured. The
samples were placed in a pressure chamber for periods of time ranging from 5 to 380
hours. Because the critical period of crystallization was expected to be in the range of 10 to
30 hours, several samples were saturated for those periods of time.

When the saturation period was over, the samples were collected and weighed
within 2.5 minutes of the pressure release. This was to ensure an accurate final weight
measure to observe the percent weight gain of the material.

The samples were analyzed by differential scanning calorimeter to determine the
extent to which each was crystallized. An unmodified sample and a thermally crystallized
sample were also analyzed. A DSC sample was taken of an Indium sample during each
period of analysis in order to find the baseline of the DSC runs. The crystallization data

was compiled and plotied as a whole against time.

4.2 Apparatus
The gas sorption chamber was simply a steel pressure vessel sealed by an o-ring
and secured by heavy duty bolts and an impact wrench. One valve piped CO, into the
chamber, and a release valve bled off the pressure when the chamber was to be opened.
The samples were analyzed on a Perkin-Elmer DSC7. The sample scan speed was

set to 20° C/min, and the samples were tested between the temperatures of 20° C and 300° C.
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4.3 Results

A typical plot of heat flow vs. temperature for a PET sample having undergone
DSC analysis is shown below in Figure 12. The sample was saturated for 30 hours, at the
standard pressure of 800 psig and room temperature of 252 C. The initial weight was
0.51630 g and the weight after gas sorption was 0.55612 g. The sample shows a weight
gain of 7.7%. To calculate crystallinity, it is necessary to study the peaks shown in the
graph.
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Figure 12 DSC thermogram for PET sample saturated for 30 hours at 800 psig and 25° C.

There are two major peaks shown in Figure 12. The peak at the far right is the melt
endotherm. The negative peak, or valley, is tiie crystallization exotherm. To calculate the

degree of crystallinity in a sample, it is necessary to subtract the area of the crystallization
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exotherm from the aren of ihe melt endotherm, multiply by a baseline correction factor, and
divide by the area value of a 100% crystal sample, as shown in Equation 28:

Pm-Pc

= f
X Pr (28)

where f is the correction factor, Py, is the area under the melt endotherm, P is the area
“under” the crystallization exotherm, and Py is the total possible arca.

The correction factor, f, is calculated by dividing the experimental results of a
baseline Indium run by the expected values. For all three testing periods, { = 0.988. Pris
tabulated as 125.58 J/g for PET. The calculated crystallinities and weight gains for all or
the samples are calculated in Table 4, and crystallinity vs. saturation time is graphied in

Figure 13 on the following page. The DSC graphs are in Appendix D.

Table 4. Crystallinity and Weight Gain Calculations for PET Samples

I.D. Sat. Time (hrs) x (%) Wt. Gain (%)

0.00
30.00
30.00
30.00
30.00
10.00
10.00
10.00
10.00
380.70
376.33

45.50
116.50

5.42
48.00
20.00
24.00
94.33
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Figure 13 Crystallinity vs. Saturation Time for Kodak PET 9921
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Chapter 5 - Verifying Model Prediction

5.1 Comparison of Model and Experimental Results

Figure 14 is a graph which plots the experimental results of crystallinity against
saturacion time and the results predicted by the gas sorption model. As can be seen, the

shape of the two graphs are similar. The difference in time scale is dealt with below.
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Figure 14 Gas sorption model predicted crystallinity plot and that found experimentally

Figure 14 shows a small difference, about 5%, in the crystallinity predicied by the
gas sorption model and the crystallinity found experimentally. Some of this may be due to
the DSC7 used to analyze the experimental data. As can be seen in Table 4 and in Figures
13 and 14, the DSC7 predicted 4.7% crystallinity in the unmodified amorphous sample,
which should have been 0.0% crystalline. This error, which may result from the DSC7 or
from the operator, could have been propagated throughout the experimental analysis,

causing a vertical shift in the experimental data graph of roughly 5%.
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The time shift is due to the value used for r in the gas sorption mode!. This value,
the spherulite growth rate, is too large for that observed experimentally. A truer rate would
be an order of magnitude or two lower. This discrepancy in growth rate is introduced into
the model through the calculation of rsg and DEG by experimental means. However,
without more data on CO; gas sorption at 25° C, a more accurate calculation can not be

performed.
5.2 Discussion

In Section 5.1, the lack of data on gas sorption of PET at room terperature was
briefly mentioned. Because of this lack of data, interpolation from data on gas sorption at
higher temperatures, approximately 120°¢ C, becomes necessary. Unfortunately, such
interpolation can not provide the accuracy which is necessary in some of the equations of
the gas sorption model. Therefore, attempting to verify the experimental data with
theoretical rationale can provide a guide to the accuracy of the resulting equations.

Dealing with the potential energy changes due to the changes in molecular spacing
is not easy. The uncertainty as to the molar volume of the PET after gas sorption makes
this determination very difficult. Without a way to accurately determine this volume, only
rough estimates can be found through theory.

The equations used to find the material crystallinity employ a mean and standard
deviation. The choice of these values car alter the predicted crystallinity curve and so care
must be taken when choosing these vaiues. For this reasen, these values were chosen
conservatively.

The true value of the reciprocal spherulite nucleation time constant, n, may alter the
aspect of the crystallinity curve with time. Because a constant value was used for N in this

thesis, the effect of n is not known.
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5.3 Conclusions

Despite the lack of data for the gas sorption of PET at room temperature, the
accuracy with which the model predicts the general characteristics of the crystallinity curve
is impressive and definitely warrants the further investigation of the proposed model,

Future work in determining the value of and effects of n, as well as examining the
molar volume of the gas saturated material, can provide much needed insight in the analysis
of the model. Experimental data on gas somption at room temperature can pmvide the
necessary information to more accurately define the values found in this thesis.

When the gas sorption model is defined to a better degree of accuracy, it will be
able to provide much insight into the complexities of the gas sorption of semi-crystalline
polymers and provide more oppertunity for the application of materials such as

microcellular foamed plastics.
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Appendix A - Nomenclature

gas concentration

gas-polymer difTusivity

spatial coordinates

half sheet thickness

Henry’s law solubility constant

gas saturation pressure

diffusion activation energy

potential energy change

Bolzmann’s constant

temperaturc

spherulite nucleation rate

initial spherulite nucleation density rate
spherulite nucleation activation ~nergy
reciprocal spherulite nucleation time constant
time

spherulite growth rate

molecular jump frequency

activation energy for spherulite growth
crystallinity

mass of active spherulites

mass of inactive spherulites

density of amorphous material

density of crystalline material

mean value

standard deviation

polymer matrix bulk modulus
volumetric thermal expansion coefTicient
pressure

Avogadro’s nuimber

characteristic molecule interaction distance

volume
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Appendix B - Important Numbers

k=138 x10-23 0K
h=6.63x 10-34Js

Na = 6.02 x 1023 /mol
MW = 38,000 g/mol
IV=0.83

pa = 1.33 g/cm3

pc = 1.501 g/cm3
Tc=298.150K

Ug =-10,000 J/mol

¥, = 94.18 cm3/mol

Vmo = 144.5 cm3/mol

g = 442 x 10-4 cm¥/mol°K
B = 5.467 x 109 N/m?2

K = 0.538 cm3 STP/cm3 bar

Ps = 800 psig
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Planck’s constant

Boltzmann's constant

Avogadro's number

Molecular weight of PET samples

Inherent Viscosity of PET samples

Amorphous density of PET

Crystalline density of PET

Temperature of crystallization

Equilibrium potential energy

Van der Waals volume

Molar volume at 25°¢ C

Volumetric thermal expansion coeflicient

Polymer matrix bulk modulus

Henry's law solubility constant

Saturation pressurc



Appendix C - MathCad Calculation Sheet
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