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ABSTRACT

Isothermal crystallization studies of nucleated and nonnucleated
polypropylene and high density polyethylene were conducted under
quiescent and stress induced conditions (SIC). For SIC case, the
samples were subjected to both elongational and shear flow deforma-
tions on a Rheometrics Mechanical Spectrometer over a range of
crystallization temperatures. Changes in the sample viscosities
were recorded as function of time at constant temperature and
deformation rate. Induction times, defined as the time from start
of deformation to the point where they increase from a steady state
value, were obtained. These induction times were interpreted as
proportional to the nucleation rates. In the case of quiescent
crystallization studies, the differential scanning calorimeter was
used and the sample exotherms were recorded under isothermal
conditions.

Quiescent crystallization results were analyzed using the Avrami
approach. The results showed an increase in the crystallization
rates with decreasing temperature in both control and nucleated
polypropylenes and polyethylene. Avrami index was found to be
approximately 3 for all the samples. Under quiescent conditions,
addition of 0.5 wt % of sodium benzoate nucleating agent to poly-
propylene increased the maximum crystallization temperature by about
20°C over the control. The talc nucleated sample crystallized only

at slightly higher temperature. The effect of sodium benzoate
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concentration was nonlinear and seems to saturate as the concentration
is increased.

SIC results in polypropylenes and polyethylenes showed increases
in nucleation rates with increase in the stress (shear or tensile)
and decrease in crystalliization temperature. In polypropylene at
Tow shear rates (v < 0.1 sec']) the nucleation rates approached the
quiescent values at higher crystallization temperatures. Nucleated
polypropylenes under shear flow conditions showed additional (compared
to sheared control sample) enhancement in their nucleation rates.
Depending on the temperature at which the sample is being stressed,
addition of nucleating agent (at ¥ = 0.1 sec'1) increased the maximum
crystallization temperature by 7 to 19°C (overall increase in

T ~ 44°C over control quiescent case).

Cr,Max
Expressions for SIC relating nucleation rates to TrP were
successfully developed using classical nucleation theories following
Jarecki and Ziabicki's analysis. In addition an equation relating
nucleation rate to molecular orientation in the melt was proposed from
intuitive arguments. SIC results were analyzed using the above two
approaches. 1In both polypropylene and polyethylene the differences in
the nucleation rates between the samples crystallized under shear and
elongational flow are significant when the nucleation results for
a given crystallization temperature were plotted as a function of
stress (shear or tensile). Replots of the same results as function

of Trg oro, -0 showed a unique correlation independent of mode

y
of deformation but dependent on the sample molecular weight
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distribution and temperature. This suggests that the high molecular
weight species in the broader distribution samples are important in
determining the crystallization behavior of the sample.

Predictions of nucleation rates from theoretical considerations
showed similar trends and temperature sensitivity as the experimental
results. However, they were lower than the experimental values for
given AGdef due to under predictions in AGdef (AGdef = %-TrR) in
Marrucci's analysis. The results also showed overprediction of
nucleation rates when the rubber elasticity theory (affine deforma-
tion) was used to estimate Asdef.

Our experimental results were successfully curve fitted by a
simplified Jarecki and Ziabicki relation. The constant

aH(AGdef = o]]Trﬁ) ranged from 50 to 80 and was found to be

dependent on the sample molecular weight distributions.



TABLE OF CONTENTS

CHAPTER PAGE
I. INTRODUCTION . . . v v v v v e v e e e e e e e e e e 1
IT. BACKGROUND AND LITERATURE REVIEW . . . . . . . . . . .. 3
Nucleation Theory . . . . & ¢ v v v v v v v v v v o 3
Overall Transformation Kinetics . . . . . . . . . .. 14
Experimental Studies of Quiescent Crystallization . . 16
Experimental Studies of Stress-Induced
Crystallization Kinetics . . . . . . . . . . .. 22

ITI.

Iv.

VI.

VII.

Studies of Structure and Morphology Development
in Polypropylene and Polyethylene During

Crystallization . . . . . . . . .« o o o v v ¢ 35
THEORETICAL CONSIDERATIONS OF STRESS-INDUCED
CRYSTALLIZATION KINETICS . . . . « v v v v v v v v v v 44
Nucleation Rates from Considerations of
Orientations . . . . . v v v v v v v v v e e . 44
Nucleation Theories . . . . ¢« v v v v v v v v v o o« 50
MATERIALS AND EXPERIMENTAL PROCEDURES . . . . . . . . . 69
Materials & & v v e e e e e e e e e e e e e e 69
Experimental Procedures . . . . . . . . ¢« ¢ .+ o .. 69

QUIESCENT AND FLOW/STRESS-INDUCED CRYSTALLIZATION OF
POLYETHYLENE AND POLYPROPYLENE MELTS WITHOUT

NUCLEATING AGENTS . . & & v v v v v e e e e e e e e 77
Quiescent Studies . . . . . . . . . . .. . v . ... 77
Stress-Induced Crystalljzation . . . . . . . . . . .. 85

QUIESCENT AND STRESS-INDUCED CRYSTALLIZATION KINETICS

OF NUCLEATED AND NONNUCLEATED POLYPROPYLENES . . . . . . 145
Quiescent Studies . . . . . . . ¢ ¢ . v v e e e e 145
Stress-Induced Crystallization Studies . . . . . . . . 161

CONCLUSIONS AND RECOMMENDATIONS . . . . . « « « v o « . 171
Conclusions . . . & & v v v vt e e e e e e e e e e 171
Recommendations . . . v v ¢ ¢ v v it h e e e e e e 177

Vi



vii

PAGE

REFERENCES . . . . v v v v v v e e e e e e e e e e e 178

APPENDICES . . . & & v v v vt e v e e e e e e e e e e e e 192

1. COMPARISON OF MARRUCCI AND BKZ ANALYSES FOR AGdef « v .. 193

2. ESTIMATES OF MOLECULAR WEIGHT DISTRIBUTION . . . . . .. 196
3. ELONGATIONAL VISCOSITY RESULTS IN PP AT 180°C FROM

LITERATURE . . . v v v v v v e v o e e e e e e e e e 201

VITA o o o o e e e e e e e e e s e e e s e e e e e e e 205



2-1.
2-2.

LIST OF TABLES

Avrami Coefficients and the Corresponding Nucleation/

Growth Processes . . . . . v v & v v e e e e e e e

Details of Experimental Polymers . . . . . . . . . ..

Values for Avrami Index, n for Nucleated and Control

PP at Different Crystallization Temperatures . . . . .

Nucleation Density Results for Both Nucleated and
Control PP at Different Crystallization Temperatures

Calculated Interfacial Energy Parameters for Control

and Nucleated PP Under Quiescent Conditions . . . . . .

Coefficients of N1 = Act])2 Relationship . . . . . . ..

n/ng Results for Polymers with Known Molecular Weight

Distributions at 180°C . . . . . . . .+ « .« .+ . . . . .

viii

PAGE

16
70

151

153



FIGURE
IV-1.

Iv-2.

V-1.

V-3.

V-4,

V-5,

V-6.

V-7.

V-8.

V-9.

LIST OF FIGURES

Experimental Scheme Showing Both the Temperature and
Stress Traces from the Mechanical Spectrometer

Sample Holders Set Up for Elongational Flow
Experiments on the Mechanical Spectrometer . . . . . .

DSC Crystallization Traces of PP025 at Different
Isothermal Crystallization Temperatures . . . . . . . .

DSC Crystallization Traces of PE at Different
Isothermal Crystallization Temperatures . . . . . . . .

Reciprocal Crystallization Half Times Versus Isothermal
Crystallization Temperatures for PP025, PP120 and PE

Reciprocal Induction Time Versus Isothermal
Crystallization Temperature for PP025, PP120 and PE . .

Comparison of Reciprocal Crystallization Half Time
Versus Isothermal Crystallization Temperature Results
from the Present Studies with Those from Literature
for Polypropylene . . . . . . . . ¢ ¢ v v o o v 0 ..

Typical Stress Response from Mechanical Spectrometer
at Constant Shear Rate and Temperature . . . . . . . .

Comparison of Polypropylenes Steady State Shear
Viscosity Results at Different Isothermal
Crystallization Temperatures from the Present Studies
with Those from Literature . . . . . . . . . . . . ..

Relative Shear Viscosity Versus Relative Shear Stress
for PP025 and PP120 . . . . . . . .« « « v v v v v e ..

Comparison of First Normal Stress Difference Versus
Shear Stress Results from the Present Studies with
Those from Literature . . . . . . . . « « « v v v v . .

Reciprocal Induction Time Versus Shear Rate for PP025
at Different Isothermal Crystallization Temperatures

Reciprocal Induction Time Versus Shear Rate for PP120
at Different Isothermal Crystallization Temperatures

ix

PAGE

73

75

78

79

81

82

84

86

89

90

92

94

95



FIGURE

V-T6.

V-20.

V-21.

v-22.

V-23.

V-24.

V-25.

V-26.

Reciprocal Induction Time Versus Isothermal
Crystallization Temperature for Flow Induced and

Quiescently Crystallized PPO25 . . . . . . . . . . ..

Reciprocal Induction Time Versus Shear Rate for PE

at 123.5°C . . . . oL s e e e

Reciprocal Induction Time Versus Shear Rate for PP025

and PP120 at 123.5°C . . . . . . . .. .o .00

Reciprocal Induction Time Versus Shear Rate for PP025

and PP120 at 128.5°C . . . . . . . . . . oo ...

Reciprocal Induction Time Versus Shear Stress for
PP025, PP120 and PP040 at Different Crystallization

Temperatures . . . . . ¢ ¢ i it e e e e e e e e e e

Typical Tensile Force Response During Steady

Elongational Deformation . . . . . . . . . .. . . ..

True Tensile Stress Versus Time for PP025 at 123.5°C

and Different Elongation Rates . . . . . . . . . . ..

Reciprocal Induction Time Versus Tensile Stress for

PP025 at Different Crystallization Temperatures . . . .

Reciprocal Induction Time Versus Tensile Stress for PE

at Different Crystallization Temperatures . . . . . . .

Qualitative Curves Showing Nucleation Densities

Versus TiME . & v v v v v e e e e e e e e e e e e e e

Reciprocal Induction Time (Nucleation Rate) Versus
Stress for PP025 in Shear and Elongational Flow

at 120.5°C . . . . . . oo e e e e e e e e e

Reciprocal Induction Time (Nucleation Rate) Versus
Stress for PP025 in Shear and Elongational Flow

at 123.5°C . . . . Lo oo e e e e e e e e e

Reciprocal Induction Time Versus Principal Stress

Differences in PP025 at 120.5°C . . . . . . . . . . . .

Reciprocal Induction Time Versus Principal Stress

Differences in PP025 at 123.5°C . . . . . . . . . . . .

Reciprocal Induction Time Versus Stress in Shear and

Elongational Flow for PE at 123.5°C . . . . . . . . ..

PAGE

101

103

105

108

111

114



FIGURE
V-27.

V-28.
V-29.
V-30.
V-31.
V-32.
V-33.
V-34.

V-35.

V-36.

V-37.

V-38.

V-39.

V-40.

Reciprocal Induction Time Versus Principal Stress
Difference for PE at 123.5°C . . . . . . . . . .. ..

Reciprocal Induction Time Versus Principal Stress

Difference at 123.5°C for PP120 and PP025 . . . . . . .
Reciprocal Induction Time Versus Principal Stress
Difference at 128.5°C for PP120 and PPO25 . . . . . . .
Reciprocal Induction Time Versus Principal Stress

for PE, PP120 and PP025 at 123.5°C . . . . . . . . ..
Reciprocal Induction Time Versus TrR for PP025 in
Shear and Elongational Flow at 120.5°C . . . . . . ..
Reciprocal Induction Time Versus TrR for PP025 in
Shear and Elongational Flow at 123.5°C . . . . . . ..
Reciprocal Induction Time Versus TrP for PE in Shear
and Elongational Flow at 123.5°C . . . . . . . . . ..
Reciprocal Induction Time Versus ng/T(AT)Z for PP120

and PPO25 . . . . . . . 0o s e e e e e

Comparison of Theoretical and Experimental Reciprocal
Induction Times (Nucleation Rates) Versus TrP Results
for PP025 at 120.5°C, 123.5°C and 126.5°C

Respectively . . . . o ¢ v v v v v v v v e e e e e

Comparison of Adjusted Theoretical and Experimental
Reciprocal Induction Times (Nucieation Rates) Versus
TrR Results for PP025 at 120.5°C, 123.5°C and 126.5°C
Respectively . . . & v ¢ @ ¢ v v v v e e e e e e e

Comparison of Adjusted Theoretical and Experimental
Reciprocal Induction Times (Nucleation Rates) Versus
TrP Results for PP025 and PP120 at 123.5°C . . . . ..

Comparison of Adjusted Theoretical and Experimental
Reciprocal Induction Times (Nucleation Rates) Versus

Trg Results for PP025, PP120 and PP040 at 128.5°C . . .

Comparison of Reciprocal Induction Time as a Function
of Shear Rate Results for Polypropylenes from the

Present Studies with Those from Literature at 120.5°C .

Comparison of Reciprocal Induction Time as a Function
of Shear Rate Results for Polypropylenes from the

Present Studies with Those from Literature at 128.5°C .

Xi

PAGE

120

121

122

123

125

126

127

129

130

132

133

134

136

137



FIGURE PAGE
V-41. ASqef Versus Macroscopic Deformation Rates . . . . .. 142

VI-1. DSC Crystallization Traces of Control and Nucleated
Polypropylenes at 124°C . . . . . . . . . . .« .« . .. 146

VI-2. Reciprocal Crystallization Half Times Versus Isothermal
Crystallization Temperature Results for Control and

Nucleated Polypropylenes . . . . . . . . . . . . . .. 147
VI-3. Avrami Plot for PP040 at Different Crystallization

Temperatures . . . . . ¢ 0 i i e e e e e e e e e e e 149
VI-4. Avrami Plot for PPSB50 at Different Crystallization

Temperatures . . v v v v i v v e e e e e e e e e e e 150
VI-5. Nucleation Density Versus Sodium Benzoate Concentration

in PPO40 . . . . . e e e e e e e e e e e e e e e 154
VI-6. Reciprocal Induction Time Versus T /T(AT)2 for Control

and Nucleated Propylenes . . . . . . . . . . ... 156

VI-7. Comparison of Avrami Constant, K, Results from the
?resent Studies with Those Compiled by Ishizuka et al.
L T 160

VI-8. Qualitative Curve Showing Nucleating Density Versus
Time & o o e e e e e e e e e e e e e e e e e e 162

VI-9. Reciprocal Induction Time Versus Shear Stress for
Control and Nucleated Polypropylenes at 128.5°C and
T146.5°C . v v v v i e e e e e e e e e e e e e e e e e 164

VI-10. Comparison of Plots of Quiescent and Stress Induced
Reciprocal Induction Times Versus Isothermal
Crystallization Temperature for Both Control and
Nucleated Polypropylenes . . . . . . .« ¢« ¢ « v v o 165

VI-11. Comparison of Calculated and Experimental Reciprocal
Induction Times (Nucleation Rates) as a Function of
Trp for PP040 at 128.5°C and for PPSB50 at 146.5°C . . 167

VI-12. Comparison of Calculated (Adjusted) and Experimental
Reciprocal Induction Times (Nucleation Rates) as a
Function of TrP for PP040 at 128.5°C and for PPSB50
at 146.5°C . . . . . . e e e e e e e e e e e e e e e 168




FIGURE
2-1.

3-1.

3-2.

3-3.

xiii

PAGE
Steady State Compliance (Je) as a Function of ﬂé/ﬂﬁ
for Polypropylene Melts . . . . . . . . . . . .7, 0 .. 200
Elongational Viscosity (x) as a Function of
Elongational Rate (E) and Time (t) for PP-H-N at
180°C . . . . . e e e e e e e e e e e e e e e e e 202
Elongational Viscosity (x) as a Function of
Elongational Rate (E) and Time (t) for PP-M-N at
180°C . v v i i e e e e e e e e e e e e e e e e e e e 203

Transient Elongational Viscosity Versus Time of
Degraded PP Samples . . . . . . . . ¢ ¢ v v v v o . 204



CHAPTER I
INTRODUCTION

In commercial fabrication operations, polymer melts are generally
sheared and stretched at hiah rates before being crystallized.
Crystallization then takes place in a molecularly oriented state. As a
result, auiescent crystallization experiments are not representative
models of polymer crystallization in commercial processes.

The rate of crystallization is a major factor in determining the
extent of crystallization in a particular sample. Indeed, polymers
which crystallize slowly (e.a., polyethylene terephthalate) can often
he auenched rapidly enouah to retain the amorphous, super-cooled liquid
phase, while other polvmers which crystallize rapidly (e.q., poly-
ethylene) cannot be prevented from crystallizing during quenching.
Further, the mechanical and physical properties of a polymer are
closely related to its detailed structural state (i.e., morpholoay) and
this state is controlled by the interaction of crystallization kinetics
and processina conditions (180, 214). For these reasons crystallization
kinetics are of primary importance in studies of structure-property-
processing relations.

Until recently most of the studies of crystallization of molten
polymers have been performed on guiescent unoriented melts. There are
fewer detailed auantitative studies of the effect of stress on
crystallization kinetics because of experimental difficulties. Recent

studies (50,180,214) of nonisothermal crvstallization kinetics during

1



the melt spinning of polypropylene and polyethylene showed orders of
maanitude increase in crystallization rates over quiescent rates.

Analysis of crystallization kinetics under quiescent isothermal
conditions following the general approach of Avrami (15-17) are well
established. But analyses of cryvstallization kinetics under the
influence of molecular orientation have not been considered until
recently (263-265,269,271,219,260,139).

Studies of melt spun polypropylene fibers here at The University
of Tennessee, Knoxville (180,214), sugaested a unique correlation between
morpholoay and orientation and the state of the stress existing during
crvstallization. In order to pursue these ideas further it is necessary
to understand the kinetics of "stress-induced crystallization" and the
morphology developed by it. It fs with these thoughts in mind that the
present study of stress-induced crystallization was undertaken.

In the present research work major emphasis is placed on studies
of enhanced crystallization rates in polyolefins by melt orientation.
An attempt is made to assess the relation of melt stress to orientation
and crystallization kinetics through studies of different modes of
deformation (shear and elongation) under isothermal conditions. The
effects of additives such as fillers and nucleating agents on the
nucleation rates in both the quiescent and the stress induced cases are
also considered. In all these studies polypropylene was the main
experimental polymer though some Timited experiments on high density

polyvethylene were also carried out.



CHAPTER II

BACKGROUND AND LITERATURE REVIEW

A. NUCLEATION THEORY

1. Quiescent Nucleation Rates

a. Homogeneous nucleation. In the present chapter a brief

historical review of the classical nucleation theories will be given.
Detailed development of the nucleation rate expressions from these
theories will be presented in the following chapter.

The basic concepts and equations of nucleation rate theory were
developed primarily for condensation from vapor phase (27,57,242).
Volmer and Weber (242) were the first to treat the formation of nuclei
assuming that they form by a series of bimolecular reactions. Improve-
ment of the Volmer-Weber theory was made by Becker and Doring (27) in
1935. Frenkel (62) in 1939 presented a quantitative theory of hetero-
geneous fluctuations which he applied to condensation from vapor, pre-
melting and crystallization phenomena. The theory of nucleation in
crysté]s was first considered by Becker (26) in 1938. Considering the
nucleation as a local process, Becker (26) analyzed the kinetics of form-
ing well-defined noninteracting microclusters of the new phase. For
nucleation in condensed phases the free energy of activation for motion
across the embryo-matrix interfacemust be included in the rate expression.

This was done by Becker (26). Later Turnbull and Fisher (230) by
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combining absolute reaction rate theory (56) with the Becker-Doring (27)
approach derived an expression for the steady state nucleation rate
which is now commonly used for interpretation of nucleation phenomena
in the condensed state. For the case of a solid nucleating from a
liauid Turnbull and Fisher obtained the rate of formation of critical

size clusters of atoms, i.e., nuclei as follows :

N = Ng exol-(aFi* + a6i*)/kT| | (11-1)
where Ng is a term dependent on molecular parameters and AF;* is the
activation energy barrier affecting transport of material across the
crystal-liquid interface; AGj* is the critical free enerqy required for
the formation of the critical size cluster.

The overall nucleation rate as shown in Eq. II-T is controlled by
the rate of transport of material to the nucleation site and the rate
of formation of the crystalline nucleus. The rates of these two
processes have onoosite temperature dependencies. This aqives a
maximum in nucleation rate at an intermediate temperature between the
melting point (rate of formation of nuclei = 0) and the glass transition
temperature (rate of material transport to the nucleation site = 0)
(148,160).

In order to use the classical nucleation theory to make
qguantitative predictions, the specific mechanism of nucleation must be
specified in order to fix the form of the second exponent in Eq. II-1.

A convenient expression for AG? derived by several investigators



has the form (99,230,197,167),
Krévg
AGy* = > (11-2)
AG,

where K is a constant, the value of which depends on the shape of the
nucleus, Y and Y, are the surface interfacial free energies per unit
area vy is for side surface of the embryo, Ye is for end surface
and 4G, is the bulk free energy difference between the embryo and
the melt per unit volume.

Substitution of Eq. II-2 into Eq. II-1 results in the following

form for the rate of nucleation of crystals from the quiescent melt :

AF1*+ KY2Ye

)| (11-3)
kT kTAGVZ

N = &0 exp | -(

b. Heterogeneous nucleation. The discussion in the above

section is for homogeneous nucleation in the absence of foreign
material. Commercial polymers usually contain residual heterogenities
or purposefully added nucleating agents for modifying their properties.
As a result, in polymer melts and solutions crystallization is
initiated almost exclusively by heterogeneous nucleation. Analysis of
the heterogeneous nucleation process requires introduction of inter-
facial free energies for the catalyst in contact with the polymer melt
(or solution) and the crystal (63,197). Since these free energies are

rarely known, they become, in effect, adjustable parameters.
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Several important papers have dealt with heterogeneous nucleation
theory (51,165,166,197,228). Following the suggestions of Volmer
in 1950 (240), Turnbull (228) published his theory of heterogeneous
nucleation in phase changes in which he reviewed the experimental work
of several investigators who studied the effect of added impurities
upon the rate of phase change in solid-liquid nonpolymeric systems.
Based on the theories of homogeneous nucleation, Turnbull (228, 229)
developed the kinetics of nucleation by solid phase material retained
in conical and cylindrical pits in adventitious nucleating agents.
Devoy and Mandelkern (51) specifically dealt with the theory of
heterogeneous nucleation of long chain molecules. Their treatment of
the process was an extension of Turnbull's development to a system of
long chain molecules which could not form nucleus embryos because of

the molecular geometry.

2. Stress Effects on Nucleation Rates

Assuming similar nucleus type, mass transport term and
pre-exponential factor for both the stress induced and quiescent cases,
the nucleation rate for the SIC case can be written as (139,188,259),

. AF§* K
N(stressed) = Ng exp|- ——| exp|- T e | (11-4)
kT KT| 4Gy + aGdef]

where AGdef is the elastically stored free energy resulting from
the deformation of the polymer chains.
Kobayashi and Nagasawa (139) and recently Yeh and Hong (259)

assuming similar nucleus type in both the quiescent and the stressed case
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evaluated the ratio of the stressed to quiescent nucleation rates as,

. 2

N(stressed) K 1 1

2 el e () (11-5)
N(quiescent) kT (8Ggef)  (aGy")

Equation II-5 provides a useful way of illustrating the stress
enhancement of nucleation rates which does not require a knowledge of
the mass transport term AF* and the pre-exponential constant No. How-
ever, a major problem in the evaluation of stress effects on nucleation

rates (or N(stressed) )

N(quiescent)

is the evaluation of the AGyef term.

a. Evaluation of AG Here we present some of the basic ideas

def"”
that have been used to evaluate AGdef in the literature.

Cross-Linked Samples

The best known and most thoroughly examined case from the
standpoint of theory is that of cross-linked samples. The mechanisms
of stress induced crystallization for cross-linked materials have been
considered first by Flory (59), later by Krigbaum and Roe (140), Kim
and Mandelkern (137) and Yamamoto and White (256). Flory (59) derived
an equation for the equilibrium melting temperature of a permanently
cross-linked polymer network subjected to a uniaxial deformation. It
was assumed that this network is stretched to a fixed elongation o,
before any crystallization takes place. Additional simplifying
assumptions in Flory's analysisare that crystallization occurs under

equilibrium conditions, crystallites are perfectly oriented in the stretch



direction, prior‘to crystallization all chains traverse through the
crystallite in the same direction as their end-to-end vectors, and
chain segments between the network junctions obey Gaussian statistics.
Flory's equation relating the melting temperature (Tmo) and elongation

ratio (a) under affine deformation is (59) ,

v
L1 kN p2am) 1, (? 4 By (11-6)
0 Tm  2aH T2 o

0 is the equilibrium melting temperature of the unoriented

where Tp
system, m is the number of statistically independent segments between
cross-links, ﬁ equal to number of network chains/cm3, and AH¢ is the
heat of fusion per statistical segment.

Krigbaum and Roe (140) proposed a different equation for the
equilibrium melting point of a uniaxially oriented polymer network.
Their analysis was a largely macroscopic thermodynamic treatment
for crystallization after attainment of a final level of strain.

They assumed affine deformation, applicability of Gaussian statistics,

and neglected the free energy change associated with the orientation

of the crystallites. Their equation is (140)

S W (" + 2. 3] (11-7)
0 Tm  28Hf ¢
Equations II-6 and II-7 correctly predict an increase in the
equilibrium melting point with increasing @. Thus as @ increases, the
super cooling, AT, in these equations also increases, so that at a given
crystallization temperature one can consider that he is at a greater

super cooling if the sample is strained than if it is unstrained.




This would normally be expected to produce a large increase in
nucleation rate.

Uncross-Linked Samples

The above treatment represents an upper limit of the effect for

uncross-linked systems. For cross-linked samples, the end-to-end
distances relax back towards the unstretched condition and the
effective extension ratio must be much less than the usual draw down
ratio. A steady state must be reached in which the chain extension
and the orientation can be maintained provided there is flow with a
velocity gradient parallel or perpendicular to the flow direction.

The nature of this chain extension has, so far, proved very difficult
to fully analyze theoretically. Pennings (188) has used an expression
relating AGdes to the square of the shear rate (113,170) in dilute

polymer solutions to interpret his experimental results;

Gdef = %'(Pll - Poo) = Jen292 (11-8)
where P11 - P2 is the first normal stress difference, Jg is the
equilibrium compliance factor.

McHugh (154) has given a free energy extension relationship of

the form,

1 (o d 11-9
Gdef = < {0 (P11 - P22) < (11-9)

where c is the polymer concentration in mass units.

Janssen and Janssen-Yan Rosmalen (114) using Eq. II-8 and
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under the assumption of a contravariant Maxwell model as a constitutive

equation obtained

AGdef =1 .12 (II‘].O)

c
where T is a time constant. They developed a crude model for fiber
growth from a flowing solution by combining the above expression
with fluid mechanics, molecular structure of fluid and the crystal
growth theory itself.

In the case of polymer melts, Haas and Maxwell (84) assumed

that the stored energy in a shear experiment could be written as:
Y
J P12dY (I1-11)
0

where vy is the elastic or recoverable shear strain. Combining this
with Krigbaum and Roe's analysis, and with the assumption of Hooke's

law (P = G ) they find,
0 2
9 p
oT = oy o 12 (11-12)
M¢ 26

where AT is the effective supercooling of the system, AT; is the
initial supercooling due to temperature decrease only, G is the elastic
shear modulus. The second term on the right-hand side of the above

equation gives the additional supercooling, AT, due to stress. Ulrich

. . . 22
and Price (233) evaluated ATa using the relation N1 .

G
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which gives,

0
T N :
N AL (11-13)

4 A He

where N1 is the first normal stress difference which they show to be
equal to the reversible elastic energy of the system.

Kobayashi and Nagasawa (139) evaluated AGdef for a polymer melt

assuming the effect of stress on AHf to be zero, hence

AGdef = -T A Sdef (I11-14)

where ASdef is the reduction in melt entropy due to orientation.
Kobayashi et al. (139) have used the equations developed in rubber
elasticity theory to evaluate AS4es from the molecular extension ratio,

a2

ASdef = - §ﬂ|a2 +2 .3 (11-15)

where N equals number of network chains/cm3.

The main problem in using Eq. II-15 is that there is no a priori
way to evaluate the microscopic deformation ratio, 2. Kobayashi et al.
(139) assume that affine deformation (as for a cross-linked system)
applies in polymer melt, in which case @ in Eq. II-15 can be equated to
the macroscopic stretch ratio, A. However, this analysis results in
the overprediction of the value ASdef for a polymer melt. Ziabicki
(265) further points out a numerical error in the evaluation of ASqef
by Kobayashi et al. (139).

Yeh and Hong (259) recognized this problem and proposed an

empirical relation patterned after Flory's equation. Their expression is,
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ASdef = - _k% | (24m)1/2(, _ 1y (11-16)

i

where m is the number of statistical segments per network chain.

Although Eq. II-16 shows stronger dependency of Asdef on a, the

basic problem of obtaining the microscopic deformation ratio (a)
still exists.

Marrucci (170) and Jarecki (115) recently have developed
expressions to evaluate AS4es from the measured stress in polymer
melts and solutions. A detailed discussion of this will be postponed

to a later chapter.

3. Nucleation Controlled Growth

Growth processes in polymers are usually described in terms of
secondary nucleation on the surface of the growing crystal. The
general formulation of the isothermal, steady state, linear growth rates
(é) are developed from Eq. II-1 with appropriate critical free energies
(265).

A number of different theories have been proposed for coherent
nucleation of macromolecules on the growth face of folded chain
lamellae. Some of the more recent work on this problem has centered
on the nature of the fold surface at the growing face of the lamellae.
The earlier theories (see the review of Price (198) and the paper of
Hoffman (98)) assumed that the chain folds were all of the same length,
In more recent models (102) it is assumed that the molecules crystallize
with an irregular fold period. That is, the thickness of the growth

face fluctuates about a mean value equal to the lamellae thickness.
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The first theories of Hoffman and co-workers (98,99,150) with
regular chain folding (adjacent re-entry) and a smooth chain folded
surface, led to the growth rate,

AE 4bavy, T 0
6 = Gy exp|- —2| expl- _0 e m (11-17)
kT sHE(aT)KT

where AE5 is the barrier that opposes the movement of particle to the
interface where the growth is occuring and by is the layer thickness.
Hoffmann (98), Hoffmann and Weeks (100) have suggested that the barrier

of interest is that associated with segmental mobility of polymer chain,
According to Williams, Landel and Ferry (251) the effective barrier involving

segmental motion may be expected to be temperature dependent. Thus

o WLF
AEa = AEa + AEa
WLF
where AE; = BT (11-17a)

T - (Tg' To)

and AEQ is the contribution to the activation energy barrier in the

absence of WLF effect (251). B and T, are constants. The temperature

dependent linear growth rate (assumed proportional to the rate of surface

nucleation) is now given by

4bOYYe TmO
kTAHf(AT)

BT )

. 1 o
G =G expl|- — (AE +
0 I kT T - (Tg - To)

exp|- | (11-18)

Equation II-18 is applicable for growth rates from melt for both bundle

type nuclei (Ye = Ye,bund]e) and folded nuclei ( Ye = Ye’fo]ded).
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B. OVERALL TRANSFORMATION KINETICS

The combined effect of nucleation and growth of crysta111ne
entities from the amorphous melt results in the overall transformation
kinetics of the polymer. The first treatment of this type appears to
have been developed by Von Goler and Sachs (243). Avrami (15-17) derived
relationships to describe the kinetics of phase change for inorganic
materials.

The Avrami kinetic analysis is based on the following assumptions:

1. Nuclei are formed randomly throughout the melt at locations
which are considered to be predetermined by so-called "germ"
nuclei.

2. The nucleation may occur sporadically in time or instantaneously
(i.e., in a very brief time interval compared to the total time
required to complete crystallization).

3. The crystalline entities grow linearly with time in the
radial direction, hence as spheres if growth is three
dimensional.

4. The density of transformed phase is constant.

The Avrami (15-17) theory, under the conditions of isothermal

crystallization, leads to the expression:

X =1- exp(-Kt") (II-19)

where X is the fraction crystallized, t is the time of crystallization,
n and K are constants whose values depend on the character of the

nucleation and growth processes. Similar equations were derived by
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Johnson and Meh1 (118) and Evans (56). Mandelkern (160) subsequently

modified Avrami's theory to describe the kinetics of polymer
crystallization from amorphous to partly crystalline enfities (spheru-
lites). Modifications to Avrami theory were also made by Banks and co-
workers (18,19) and Lacko (147). The value of K in Eq. II-19
for spherical growth with constant nucleation rate N and growth
rate é is given by

K = ﬁ_éiffg (I1-20)

30,4

Here P. and o5 are the densities of crystalline and amorphous phase,
respectively.

Another important form of the Avrami rate constant K corresponds
to the case that the nucleation rate quickly becomes zero, i.e., N =0
and there is a fixed nucleation density ng- For this case, assuming

growth in three dimensions,

ALY (11-21)

The usual method for treatment of experimental data in terms of
the Avrami analysis is to plot (Eq. II-19) log-Tn (1 - X) as a function
of log t. This will produce a straight line with slope "n" and intercept
ugm

The Avrami treatment was formulated for an interface controlled
process which requires only short-range diffusion of molecules. In this
case only integer values of n are physically significant if it is

assumed that the mechanism is the same throughout the crystallization
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process. When the composition of the crystalline phase differs from
that of the melt, Tong-range diffusion may become important in con-
trolling the growth rate. The overall crystallization kinetics can then
be described only in an approximate fashion by Eq. II-19 and the
exponent is no longer an integer value. The values of n corresponding

to specific models for the nucleation and arowth processes are shown in

Table II-1 (208).

TABLE II-1
AVRAMI COEFFICIENTS AND THE CORRESPONDING NUCLEATION/GROWTH PROCESSES

Coefficient, n Nucleation Growth Geometry Growth Control
1/2 Instantaneous Rod Diffusion
1 Instantaneous Rod Interface
1 Instantaneous Disc Diffusion
1-1/2 Instantaneous Sphere Diffusion
1-1/2 Homogeneous Rod Diffusion
2 Instantaneous Disc Interface
2 Homogeneous Disc Diffusion
2 Homogeneous Rod Interface
2-1/2 Homogeneous Sphere Diffusion
3 Instantaneous Sphere Interface
3 Homogeneous Disc Interface
3-1/2 - - -
4 Homogeneous Sphere Interface

C. EXPERIMENTAL STUDIES OF QUIESCENT CRYSTALLIZATION

1. Kinetics of Crystallization of Polypropylene and Polyethylene

Overall transformation kinetics of the Avrami type have been
successfully used in interpreting quiescent isothermal crystallization

from the melt. Investigators have used several different techniques in

following the crystallinity with time at a given temperature. These
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include dilatometry (78,80,104), depolarization microscopy (34,104,
158), differential thermal analysis (25,53) and differential scanning
calorimetry (DSC) (87,193).

Crystallization rate constants for isotactic polypropylene
calculated from dilatometric and radial growth measurements in the
temperature range 120-160°C have been reported by Marker et al. (168).
Crystallization at higher temperatures appeared to proceed by spherical
growth from a fixed number of nuclei (n = 3). It was assumed that the
nuclei were formed heterogeneously due to interaction with foreign
matter. The number of nuclei was found to increase with decreasing
crystallization temperature.

Griffith and Ranby (80) studied the crystallization kinetics of
polypropylene melts between 133°C and 155°C using the dilatometer
technique. They obtained crystallization rate data for a commercial
sample containing 9% extractable polymer (degree of polymerization,

DP = 10,000), an experimentally extracted sample containing no

stabilizer (DP = 7,500) and a thermally degraded, experimentally extracted
sample (DP = 1,200). Their results indicate that crystallization rates
are higher for low molecular weight (thermally degraded) samples and

lower for samples with atactic content and stabilizer.

Homoaeneous nucleation in molten isotactic polypropylene was

investigated by Burns and Turnbull (39) using the droplet technique.
It was found that minimum supercoolings of 100°C were required

to initiate nucleation. A pre-exponential nucleation frequency factor
and surface free energy were estimated.

Hoshino et al. (104) studied the crystallization kinetics of

polypropylene fractions of varying tacticity using dilatometric
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techniques. These results were supplemented with studies using the
optical microscope and x-ray diffraction. Their results are consistent
with a two-stage process of crystallization: (a) radial growth at the
spherulitic interface described by an Avrami equation characterized by
n=3.9 in its earlier stages (primary crystallization) and
(b) secondary crystallization within the spherulite described by an
Avrami equation with an exponent of 1.8. Hoshino et al. (104) reported
that for samples of very low tacticity spherulitic structures are
"frustrated" in growth at very early stages of development, and a larger
part of the crystallization is of the secondary type.

Pratt and Hobbs (193) from a comparative study of crystallization
rates by DSC and depolarization microscopy report similar crystalliza-
tion half times for polypropylene. They report Avrami index, n = 3,
over a range of crystallization temperatures studied.

Ishizuka and Koyama (111) present a summary of the literature
data on Avrami constant, k, and the arowth rates for several
polypropylenes.

Crystallization rate data for two molecular weight fractions of
linear polyethylene were presented by Mandelkern (162). He found
differences in the crystallization behavior with molecular weight
fraction. The low molecular weight fraction crystallized with Avrami
exponent, n = 3.0 while the higher molecular weight fraction showed
essentially equal choice between n = 2.0 and 3.0. Very similar
observations have been reported by Banks and co-workers (20).

The crystallization rates in linear polyethylene were found to

be extremely sensitive to the degree of supercooling (161). At 129°C
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the appearance of crystallinity was not detected for 400 min. However,
when the temperature is lowered by merely 4°C, crystallinity was
observed in 6 min. Similar results were reported by Weeks and
co-workers (248) for high density polyethylene. At constant
crystallization temperature the spherulites showed constant growth rates.
This behavior was observed over a wide range of crystallization
temperatures.

Barrales-Rienda and Fatou (23) studied the effect of molecular
weight on the rate of crystallization of polyethylene fractions at high
undercoolings (109-123°C) using DSC. They reported that the
crystallization rates increased with decreasing temperature for all the
molecular weiahts. At lower crystallization temperature and higher
molecular weights, crystallization rates were only slightly dependent
on the molecular weight. Similar results were reported by Hser and
Carr (106). Barrales-Rienda et al. (23) analyzed their crystallization
data using classical nucleation theories. Taking into account the

variation of v with molecular weight and assuming a constant ¥ value,
*

864
they calculated —ET-from Turnbull and Fisher type equation. A plot

aG;*
of their nucleation results (&n 1/ty 1) vs __%. for all the molecular

weights yielded a unique straight line with slope of - 1, which is
expected from the theoretical developments.

Hay, Fitzgerald and Wiles (87) studied crystallization kinetics
of linear polyethylenes by DSC and dilatometry. Both techniques
resulted in similar rate constants with the same temperature dependency.
Crystallization rates increased with decreasing temperature. They also

reported an Avrami index n = 3 for polyethylenes.
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2. Nucleating Aagents

Nucleating agents are important additives in crystallizable
polymers as they promote the initiation of growth centers in the
polymer melt, thereby increasing the overall rate of crystallization
(33,34). Because of its finer spherulitic morphology a nucleated
polymer has modified optical and mechanical properties (146). The
effectiveness of the nucleating agents for modifying properties
has been utilized by the commercial producers of polymers as evidenced
by the patent literature (28-30,234,235).

Binsbergen (33) has carried out a detailed study of the chemical
and physical nature of the nucleating agents. The effectiveness of a
given substance depends both on the nature of the heterogeneous surface
and its dispersion in the polymer melt. While many compounds can
function as nucleating agents, a spectrum of nucleating activity exists.
Among the more effective nucleating agents are alkali metals or aluminum
salts of aromatic or alicyclic carboxylic acids. Inorganic compounds Tike
silica, TiOZ, Ca0, carbon black, etc., though somewhat effective were
poor as nucleating agents when compared to metal carboxylates (25,33).
Besides nucleating agents, commercial polymers may contain dust and
catalyst residue which can initiate heterogeneous nucleation (196).

Inoue (108) studied the effect of nucleating agents on the
kinetics of isothermal crystallization of nylon-6 in the temperature
range of 180-205°C. Inoue found an increase in the crystallization
rates associated with a decrease of the induction period of
crystallization. The spherulites are homogeneously distributed and

are smaller in size.
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Beck and Ledbetter (25) reported that in polypropylene the degree

of supercooling, polymer morpholoay, clarity, tensile properties and
density may be altered by the presence of deliberately added heterogeneous
foreign agents. Increase in the concentration of nucleating agent
increases the nucleation rate with greatest effects occurring at low
concentration of nucleating agent (25).

Parrini and Corriari (187) reported that the presence of
incompatible additives Tlike CaC03, Si02 and Ti02 increased the
crystallization rates in polypropylene and polyethylene. This increase
was found to be a direct function of the additive concentration and an
inverse function of particle size. Compatible substances like solvents
decreased the crystallization rates of the pure polymer and this
decrease was a function of their concentration in the mixture. Solid
solvents at the melting temperatures of polymers showed similar
results as the liquid solvents.

Binsbergen and De Lange (34) and Binsbergen (32) report studies
of isothermal crystallization of nucleated polypropylene. The nucleation
densities calculated from the Avrami constant K and the linear growth
rates (with the assumption that the number of nuclei is constant) show a
strong dependency on the temperature of crystallization as well as the
amount of nucleating agent added.

Hobbs (96,97) studied the crystallization of polypropylene on
carbon surfaces and demonstrated that the nucleating efficiency of a
given surface depends not only on its chemical structure but also on

its physical structure as well. In particular Hobbs (97) showed that
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the orientation of graphite planes on carbon surfaces is important in

determining the heterogeneous nucleation efficiency.

D. EXPERIMENTAL STUDIES OF STRESS~INDUCED
CRYSTALLIZATION KINETICS

Polymers crystallized under stressed conditions exhibit different
transformation kinetics and morphologies than those crystallized under
auiescent conditions. Some of the studies found in the literature
on stress-crystallized systems include stirred dilute solutions of
crystallizing polymers, strained cross-linked materials, sheared non-
cross-linked polymer melts and melts subjected to uniaxial stress fields.
In addition, there are studies carried out under nonisothermal conditions
as well. In general the nonisothermal studies relate directly to some
polymer processing operation such as melt spinning while the isothermal

studies are more fundamental in nature.

1. Dilute Solutions

The phenomena of stress-induced crystallization from polymer

solutions have been well documented in the literature (61,155,157,188,
189,190). A fibrous structure termed "shish kebab" structure is produced
if dilute solutions of polyethylene are stirred during crystallization.
These structures were obtained by Keller (132) and Blackladder and
Schleinitz (35) prior to their controlled production by Pennings and

Keil (189). An important result of the studies of Pennings and co-workers
(189) is that stirring solutions produced a strona accelerating effect

on the crystallization rate. It was found that a critical stirrer speed

or extensional flow rate is necessary to produce the shish kebab structure.
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Pennings and co-workers (188,189) reported that in polyethylene
solution the minimum supercooling at which crystallization is observed,
decreased by as much as 20°C when the solution is subject to shear
flow between coaxial cylinders. The maximum crystallization temperature
was found to increase with increasing stirrer rpm. Pennings and
co-workers (188,189) also found that the higher molecular weight
polyethylene nucleates from solution at considerably higher temperatures
compared to a lower molecular weight polymer. From this Pennings
concludes that the pronounced reduction in the degree of supercooling
for spontaneous nucleation in stirred polyethylene solution results
from the effective coil stretching by small eddies cémbined with chain
end anchoring by entanglement in an adsorbed layer on the rotor
surface. The induction time measured from the time dependency of shear
stress shows a linear relationship with the périphera] velocity of the
surface of the inner cylinder and is independent of the annular gap.

Frank, Keller and Mackley (61) confirmed the importance of
elongational flow in inducing crystallization by impinging together
opposed jets of polyethylene solutions. Frank et al. (61) found that
crystallization of fibrous crystals occurs in the plane of symmetry
(where pure extensional flow exists) of the impinging jets.

Elongational flow experiments similar to Frank et al. (61) on
dilute solutions of polvethylene in xylene were reported by Mackley
and Keller (157). They found that the maximum crystallization
temperature T, (max) is a function of both molecular weight and strain
rate. For a given material T, (max) increases with strain rate to a

limiting value.
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2. Cross-Linked Polymers

The earliest quantitative studies on the crystallization kinetics
of stressed rubber were carried out by Treloar (224). Treloar used the
techniques of birefringence, x-ray diffraction and density measurements
to follow the crystallization of stressed raw rubber at various
extensions. With increasing extension ratios the crystallization rates
and preferred orientation of polymer chains in the stretch direction
was found to increase.

Gent (74) employed density measurements to follow the rapid
crystallization of uniaxially stressed rubber vulcanizate samples. His
results showed a wide deviation from theoretical Avrami kinetics. Gent
(72) explained the enhanced crystallization rates in oriented samples
on the basis of a rise in the melting temperature due to elongation of
the macromolecules. Experimental studies of Gent (72,73) on
crystallization kinetics of oriented trans polychloroprene and trans
polyisoprene networks showed a correlation between the crystallization
rates in elongated samples and the measured melting points. The Flory
equation correctly predicted the enhanced supercooling at high
elongations, whereas at small elongations, the supercooling calculated
by the Flory equation exceeded the value needed to explain the enhanced
crystallization rates. In a study with natural rubber and polychloroprene
networks, Krigbaum and Roe (140) observed similar results. They also
found that at Tow extensions the Krigbaum and Roe equation predicted
better than the Flory equation.

Ashby (13) carried out crystallization studies on lightly

cross-linked polyethylene melts. Using an Instron capillary rheometer,
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he extruded oriented and unoriented samples. The extrudates were then
sealed in a dilatometer and heated to 143°C for a period of time that
he felt was sufficient to melt the material but not remove the
orientation. The samples were then crystallized in the dilatometer at
125°C and the data were subjected to an Avrami type analysis. The
Avrami plot showed different behavior for the oriented and unoriented
materials. He found that the oriented material showed several definite
changes in the slope of the Avrami plot due to selective growth
directions in the oriented material.

Andrews (11,12) studied nucleation behavior during crystallization
of thin films of natural rubber at fixed elongations. He found that the
level of crystallinity and nucleation rate (not growth rate) increased
very rapidly with strain.

T. Kawai, Iquchi and Tonami (122) studied the crystallization of
stressed, cross-linked melts of polyethylene using dilatometry, TEM and
x-ray analvsis. Samples were stressed above the melting point and
quickly brought to the desired crystallization temperature. An Avrami
type analysis showed that the initial crystallization was enhanced by
the stress with n = 1, but the later stages of the process were
retarded. From these studies coupled with morphological studies,

T. Kawai, Matsumoto, Kato and Maeda (124) concluded that the amount of
macroscopic deformation is not important in determining kinetics (or
morphology) but rather the degree of orientation of the molecular
segments prior to crystallization.

Kim and Mandelkern (137) from their studies of crystallization

kinetics of natural rubber reported that the crystallization rate was




26
not controlled exclusively by the degree of supercooling as was pointed
out by Gent (72,73). When compared under the same supercooling con-
ditions, slightly oriented networks crystallized faster than highly
oriented networks. To explain this Kim and Mandelkern hypothesized
that elongating a polymer network has two effects on the crystalliza-
tion process. The dominant effect is the increase in supercooling
which greatly speeds up crystallization and the secondary effect is a

change in the mechanism of crystallization.

3. Polymer Melts

Between the extremes of dilute solutions and elastomers is the
area of melts. Studies have shown that stressed melts will crystallize
with kinetics and morpholoaies different from those for the quiescent
case and rather similar to those seen forvstress-crysta1]ized
elastomers (233). The development of molecular orientation and type of
morpholoay differs for the polymer melts crystallized in shear and in
elongation (179,261). As a result the enhancement of the rate of
crystallization durina these processes also differ. In the following
section these two types of crystallization studies are treated

separately as much as possible.

a. Crystallization kinetics under shear flow. The first

experiments which demonstrated that shear flow can accelerate the
crystallization rates were reported by Maxwell et al. (173) and

Maxwell (172) on polybutene-1 and polypropylene. They reported that
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the application of fixed shear strain to a supercooled melt
significantly reduced the induction time* for crystallization.

Capillary viscometer investigations of polypropylene and
unvulcanized cis 1,4-polybutadiene and cis 1,4-polyisoprene have been
carried out by Van der Vegt and Smit (236). Their results showed that
the apparent viscosity decreased with shear stress until a critical
point is reached at which the viscosity suddenly increased. This
behavior in the viscosity-shear stress curve was attributed to the
crystallization of the melt even though they were working 10-30°C above
the quiescent crystallization temperature. It was suggested that the
onset of crystallization is qoverned by the elastic strain present and
the minimum strain needed to cause crystallization. Similar results
were reported by Sieglaff and O'Leary (210) on isotactic polypropylenes.

T. Kawai, Matsumoto, Kato and Maeda (124) measured viscosity
changes during crystallization of supercooled polyethylene melts in a

cone and plate device operated at one shear rate, 0.5 sec'1

. They
observed greatly enhanced crystallization rates in the sheared case over
the quiescent one.

Haas (83) and Haas and Maxwell (84) used a parallel plate shearing
device attached to the stage of a polarizing microscope to study the
crystallization kinetics of thin films of polyethylene and polybutene-1

at constant shear stress while following the rate of strain. Their

results show that application of sufficiently high shear stress to an

*Induction times in the literature usually refer to the time from
start of deformation to the point where a change in the viscosity is
observed. The reciprocal of induction times are generally interpreted
to be proportional to nucleation rates.
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initially supercooled melt has substantial effect on the rates of
crystallization. They attributed this effect to the localized super-
cooling caused by flow disturbances near heterogeneous particles in
the melt. Haas and Maxwell interpreted this increased supercooling
in terms of the decrease in the entropy in accord with the theories of
Flory and Krigbaum and Roe. However, their calculations according to
Eq. II-12 showed that the increased supercooling predicted by these
theories is far too small to account for the greatly enhanced
crystallization rates.

Kobayashi and Nagasawa (139) studied crystallization of high and
low molecular weiaght polyethylenes under shear at slow cooling rates
in a concentric cylinder viscometer. As the shear rate was increased,
the induction time for crystallization decreased. The effect was
more pronounced in high molecular weight material. The rate of
crystallization, especially the rate of nucleation, increased rapidly
with increased molecular orientation in the polymer melt. These
results were interpreted on the basis of reduction in melt entropy
(ASgef) due to orientation which in turn was calculated from the rubber
elasticity theory. The direct application of rubber elasticity theory
to flowing polymer melt violates all the key assumptions in the theory.
Molecular relaxations were not taken into account and no justification
was given for the particular type of nucleation used in the analysis.
Despite these problems these authors have established a procedure by
which theoretical curves relating both the nucleation and growth rates

to the birefringence can be obtained.
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Keaton (125) crystallized supercooled polypropylene melt during
normal simple shear flow in a sliding plate rheometer. Induction
times for crystallization were measured over a range of shear rates.
At low shear rates the induction times were constant but eventually
they began decreasing as the shear rate increased. The shear rate
rather than the microscopic shear strain was considered to be the
controllinag factor in accelerating crystallization.

Wasiak (247) made a thorough study of crystallization using
uncross-linked samples of amorphous polyethylene terephthalate (PET)
with various degrees of initial orientation. The crystallization half
times were reduced in the ratio 1:45 and the apparent Avrami exponent
markedly reduced when an initially isotropic sample was replaced with
one having a high amorphous orientation factor (of order fa; = 0.6).

T. Kawai, Kamoto, Ehara, Matsumoto and Maeda (123) studied
isothermal shear crystallization of polyethylene terepthalate in a
cone and plate shearing device. Kawai et al. (123) found that the
induction time (as indicated by increasing shear stress) for
crystallization decreased with the shear rate until the shear rate
reaches a critical point. At this shear rate the induction period
began to increase, reached a maximum and then decreased again.

Krueger and Yeh (143) measured induction times for crystallization
of a supercooled polyethylene melt in a concentric cylinder rheometer-
dilatometer. They reported a decrease in the induction times for
crystallization with increasing shear rates.

Lagasse (148) and Lagasse and Maxwell (149) conducted a detailed

experimental study of the effect of isothermal shear flow on
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crystallization rates in polyethylenes of varying molecular weights

and in one polypropylene. The results showed a strong accelerating
effect on the crystallization rate with increasing shear flow when the
deformation rates exceed a critical value. The high molecular weight
polyethylene crystallized faster at a given shear rate and temperature.
The induction time for crystallization was found to be independent of

sample geometry.

Lagasse (148) and Lagasse and Maxwell (149) also studied the influence
of a carbon black additive and heterogeneous nucleating agent in shear crys-
tallization of polypropylene and ethylene-propylene co-polymer. They found
that addition of a substantial number of heterogeneous carbon black parti-

cles had no effect on the crystallization kinetics of random co-polymer

over the range of shear rates investigated (;, limited to 4 sec-! due
to slippage). The addition of nucleating agents also showed similar
results. They report that even though the presence of heteroaeneous
nucleating agent has a strong acceleratina effect on the crystallization
of relaxed melts, it has no effect on the crystallization rate during
flow. From this Lagasse (148) concludes that the initiation of crystal
arowth in sheared polymer melts is controlled by homogeneous nucleation.
Lagasse (148) and Lagasse and Maxwell (149) suggest that the hydrodynamic
oriain of the shear-induced crystallization is elastic chain extension
due to the entanaglement couplings between molecules.

The crystallization behavior of samples of polyethylene oxide
(PEQ) of varyina molecular weiaghts and molecular weight distributions
has been studied under varying conditions of shear rate and temperature

by Fritzsche, Price and Ulrich (65). They used a concentric cylinder
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dilatometer-rheometer and a parallel plate shearinag device to study
shear crystallization. The experimental results showed that increasina
shear rate did not always increase the crystallization rate. They
encountered conditions where a decrease in the rate of nucleation was
observed with increasing shear rate. Break-up of crystalline nuclei
and chain slippage were considered to be the cause of this phenomenon.

Ulrich and Price (233) usina the polarizing microscope as a measuring
technique studied the nucleation behavior of polyethylene oxide melt
as it crystallized under well-defined temperature and shear conditions
in a parallel plate rotary shearina device. They found a strong
dependence of nucleation rate on supercooling and imposed stress. They
concluded that the maijor effect of the relatively low stresses was to
increase the nucleation rate of the system through elastic orientation
of the molecular chains. The interpretation of the nucleation rate
results through an additional supercooling term (aT,) (see Eq. II-13)
showed that the calculated and experimentally measured results are in
the same order of magnitude.

Tan and Goqos (218,219) carried out flow-induced crystallization
studies of polyethylene melts in a biconical rheometer with constant
shear rates at temperatures above the normal melting point. Utilizing
suspension theory to describe the increasing viscosity of the
crystallizing melt, they have analyzed the stress data through an
Avrami type analysis for crystallization. Tan and Gogos (218,219)
interpreted the crystallization process as a two-stage process.

Stage I is the nucleation of extended chain nuclei which act as substrate

for overgrowth of bundle-like and folded Tamellae. Stage II is the
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growth process, which is found to follow the Avrami equation with
n = 3. They also present a universal relationship for the induction
time and the experimental parameters. The key to the expression
developed from classical theory for polyethylene is the assumption that
the true equilibrium melting temperature is 160°C, which seems
unrealistically high. |

Andersen (8) using a semiquantitative procedure, analyzed
crystal nucleation in undercooled high density polyethylene sheared in
a couette-type viscometer mounted on a Rheometrics mechanical
spectrometer. The distribution function of chain extensions calculated
from the theory was verified by testing against experimentally
obtained values of melt birefringence. The entropy reduction calculated
from rubber elasticity theory qualitatively explained the nucleation
behavior observed by them.

Yeh, Hona and Krueaer (260), interpreting induction times to be
proportional to nucleation rate and with the help of Eqg. II-16, analyzed
shear flow crystallization data of Krueger and Yeh (143), Tan and Goqos
(219) and Ulrich and Price (233). The analysis showed that the predicted
"coil extension" in the melt prior to crystallization is small and ranges
between 21 to 30%. The problem in this approach is obvious as these

authors evaluate the microscopic deformation ratios from the induction

times. Althouah this is of interest, there is no means available to
reverse this procedure and evaluate the nucleation rates from
experimentally measurable parameters. However, the analysis of |
induction times by Yeh et al. (260) proved an important point. 1In :

polymer melts the true microscopic deformation ratios of the polymer



33
chains are small compared to the macroscopic deformation ratios. Use
of the macroscopic deformation ratios in lieu of microscopic deforma-

tion ratios would overpredict the nucleation rates in polymer melts.

b. Crystallization kinetics under elongational flow.

Isothermal

There are relatively fewer quantitative studies of the
accelerating effect of extensional flow on crystallization rates
because of the experimental difficulties involved in producing a pure
extensional component in polymer melts.

Nadkarni and Schultz (181) reported studies of extensional
flow induced crystallization in polyethylene by low speed spinning.
The spinning process was carried out so that crystallization took place
under approximately isothermal conditions. The spinline data showed an
enhancement of crystallization rate in elongational flow. They also
found that the temperature at the point of crystallization, Tep, was
much higher than that predicted from quiescent nonisothermal
crystallization. The T.,. was not closely correlated to local values of
stretch rate, cumulative draw or stress but did correlate with linear
take up speed, which suggested that the time spent in the spinline
itself is an important parameter.

Pucci and Carr (199) presented results of preliminary
investigations on elongational flow induced crystallization of mono-
disperse and commercial polyethylenes, using the mechanical spectrometer.

Induction times were detected by monitoring the changes in melt viscosity

brought about by the appearance of nuclei in the melt. Their results
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showed a decrease in the induction times with increasing elongation

rate at a constant temperature.

Nonisothermal

Katayama, Amano and Nakamura (120), Dees and Spruiell (50) and
Nadella et al. (180) have made on-line studies of the development of
crystallinity in the spinline for high density polvethylene and
polypropylene fibers using on-line WAXS measurements. Their
observations showed the important effect on crystallization kinetics
of molecular orientation resulting from the elongational flow and
draw down forces (stress). Spruiell and White (214) prepared
continuous cooling transformation curves (CCT) to compare the kinetics
of crystallization during melt spinning for polyethylene and poly-
propylene to those for auiescent melts of the same polymers. These

results showed orders of magnitude increase in the crystallization

rates for stressed samples compared to quiescent data for both
polyethylene and polypropylene. They concluded that the stress and
the accompanying molecular orientation decreases the free energy
of formation of crystal nuclei, and it is primarily this fact which
leads to the increased crystallization rates.

Ishizuka and Koyama (111) carried out a melt spinning experiment
of polypropylene to investigate the crystallization behavior in a
running filament using x-ray diffraction. Their results suggest
that the crystallization orientation factor and the fraction of a*
oriented crystals are not changed throughout the process. They
estimated the temperature and the orientation dependencies of nucleation

and agrowth rates for polypropylene. Ishizuka and Koyama (111) also
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speculate that crystallization during the melt spinning is governed

mainly by the Tocalized molecular orientation of the supercooled melt

in the initial stages.

E. STUDIES OF STRUCTURE AND MORPHOLOGY DEVELOPMENT IN
POLYPROPYLENE AND POLYETHYLENE
DURING CRYSTALLIZATION

1. Morphology Under Quiescent Conditions

The gross morphology of polymers crystallized under quiescent
conditions range from lamellar single crystals produced from dilute
solutions to the spherulitic aggregates of bulk crystallized materials.

Growth and identification of single crystals of polyethylene from
solution was reported independently by Till (220), Keller (133) and
Fischer (58). It is this discovery that led to the interpretation of
the morphology of polymers based on the idea of folded chain structure
in which the crystallites were found to be lamellae of 100 R in thickness.

Khoury (136) during crystallization studies of polypropylene in
solution noted unusual dendritic precursor crystals from which
spherulites evolve. These appeared to consist of lamellar branches
which criss-crossed each other producing a basket-weave appearance.

Samuels (205) presented a photo-micrograph of a cross section
cut through the center of a melt grown isotactic polypropylene
spherulite. Radial fibrils can be seen emanating in all directions
from the center of the spherulite. These radial fibrils extend out
until they reach a boundary. The boundary is formed when the growing

spherulite meets the outgrowing front of an adjacent spherulite.
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Keith and Padden (126) made a survey of spherulites formed by the

isothermal crystallization of polypropylene from the melt in the
temperature range of 110-149°C. They distinguished four types of
spherulites from the study of optical properties and conditions of
growth. They also (127) obtained diffraction patterns of spherulites of
type I and Il and indexed them on the basis of the monoclinic « unit
cell. Keith and Padden (127) and Von Haus (244) reported that the
8-form results from the crystallization of rarer types of spherulites
(type III and IV).

Both branched and linear polyethylene typically crystallizes from
the melt in the form of banded spherulites composed of lamellae. The
concentric band structure visible by transmitted light can also be seen
on surface replicas examined by transmission electron microscopy. In
linear po]&ethy]ene spherulites the bands which result from a double-
armed spiral remain distinct to the boundary of the spherulite. In
branched polyethylene spherulites these bands are narrower and usually
become diffuse and disappear as growth progresses outward from the
nucleus (70,71).

Keith and Padden (130) crystallized spherulites of Tlinear
polyethylene from molten thin films. Under crossed polarizers they
observed nearly concentric extinction bands, zig-zag shape of the
extinction cross and a number of radial faults. They also found that

within each sector all structural units twist with same hand.

Spherulites with double-armed spirals nucleated on the bottom

surface of the film were found in rapidly cooled thin films of linear

polyethylene (71).



Banks and co-workers (21) ohserved that high molecular weight
polvethylene shows handed or ring type spherulites and the low molecular

weight (MW -20,000) polyethylene shows very fibrous nonbanded spherulites.

2. Morphology Under Stressed Conditions

a. Dilute solutions. Pennings and Keil (189) discovered

fibrillar polyethylene crystals in stirred dilute solutions and postu-
Jated that the fibers consist of extended chain crystal backbones with
folded chain overagrowths. As mentioned already, these structures are
aenerally referred to as shish-kebabs.

Morphological studies (134,253) of the shish-kebab structures
indicate three levels of morpholoay. The first Tevel consistg of the
kebab. These appear to be the usual chain folded lamellae which have
nucleated on the fibrous hackbone. The fibrous backbone appears to con-
sist of two structures. There is a 200-300 A periodicity along the cen-
tral bhackbone which shows up as density differences in unshadowed trans-
mission electron microagraphs. These periodicities can be correlated to
the appearance of the epitaxial shish-kebab by suitable treatment with
nitric acid etch and/or ultrasonic degradation. Removal of these ordered
platelets reveals the central thread or microfibril. The microfibrils
were postulated to consist of highly extended polymer chains.

Studies of McHugh and Schultz (155) on crystallization in solution
subjected to oscillatory uniaxial extension showed that the central
nucleating fibrils have both folded and extended chain components.

Penninas (188) employing fibrillar polyethylene crystals as seeds .

studied their lonaitudinal arowth from solutions. He reported a unique
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process of Tonaitudinal arowth of linear polyethylene crystals from
xylene solutions in couette flow when the seeds come in contact with
the rotor surface. A growth rate at the rotor surface of 10 cm/min has
been observed at a temperature of 123°C. Penninas (188) interprets this
surface arowth due to very effective stretching of coils that are
attached with one end to the crystal faces and with the other end
formina firm entanalements with polymer molecules adsorbed to the rotor

surf ace.

b. Cross-Linked Polymers. Andrews (11,12) conducted one of the

first studies of the morphology resulting from crystallization of an
oriented polymer system. Thin films of natural rubber were crys-

tallized at fixed elongations and were observed by transmission electron

microscope (TEM). At moderate strains (up to 300%) the material
crvstallized in the form of lamellae oriented perpendicular to the
stretch direction. As the strain was increased a fibrous morpholoqy
parallel to the stretch direction was observed. X-ray diffraction
studies of the stress-crystallized samples revealed that the transition
from lamellar to fibrillar structure is due to the rates of nucleation
and lateral arowth but not a reorientation of oriented lamellae.

TEM and x-ray studies by T. Kawai, Iaquchi and Tonami (122) during
the crystallization of stressed cross-linked melts of polyethylene
showed that at Tow elonagations (lower stresses) the morpholoagy consists
of stacks of folded-chain lamellae and higher elongations (higher
stresses) yield c-axis orientation. Kawai et al. (122) concluded that

the amount of macroscopic deformation is not important in determining
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morphology but rather the degree of orientation of the molecular
segments prior to crystallization.

Keller and Machin (134) studied the morphology of lightly
cross-linked polyethylene. Their conclusion was that when stress or
flow is imposed on crystallizing polymer melt, crystal nuclei are
produced along lines parallel to the stress or flow direction. Chain
folded Tamellae grow on these nuclei. However, the nucleation density
along the stress direction is so high that lamellar growth can only
occur perpendicular to them. These lamellar overgrowths changed from
twisted form to a flat blade-like form with increasing stress. This
study demonstrated the relationship between stirred solution-grown
shish-kebabs and row-nucleated lamellae, grown from stressed melts.

In a subsequent study, Hi1l and Keller (94) from the
morphological changes observed during crystallization of lightly cross-
linked polyethylenes, suggested a two-step process: formation of
oriented fibers in the stress direction followed by transverse growth
of chain folded lamellae on these fibers. This was confirmed in a
later publication by Hill and Keller (95). 1In this paper (95) it was
suggested that molecular elongation may actually inhibit the growth rate
of the chain folded lamellae. However, this effect is overshadowed by
the enhanced initiation of lamellar growth on the central fibers, so that
at a given temperature the overall crystallization rate is increased by

molecular orientation.
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c. Polymer melts.

Elongational Flow

Here we mainly summarize the structure morphology studies under
nonisothermal conditions during melt spinning.

Katayama, Amano and Nakamura (120) combined the measurements of
filament surface temperature diameter, birefringence and both WAXS and
SAXS to study structure formation in polyethylene, polypropylene and
polybutene-1. Their results were interpreted to indicate a morphology
consisting of lamellar and interlamellar regions stacked normal to the
fiber axis. The SAXS especially indicated this morphology and pointed
to similarities between polypropylene and polyethylene.

Based on their experimental studies and the row structure model
of Keller and co-workers (94,95,134), Dees and Spruié]] (50) proposed

a detailed morphological model for melt spun linear polyethylene. This

work together with other extensive experimental studies of structural
development during the melt spinning of polyethylene (2,249), poly-
oxymethylene (135) and polypropylene fibers were reviewed by Spruiell
and White (214). They concluded that the morphologies developed
with increasing stress showed numerous similarities. At low spinline
stress, the fibers have an unoriented lamellar super structure,
probably a spherulitic structure which develops into a row nucleated
structure at hich spinline stresses.

Structure development during melt-spinning of polypropylene has
heen investiacated by several investiaators (9,66,138,179,180,214). Perhaps

the maior findina in the development of structure and morphology is that
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nresented by Nadella et al. (180). These authors from their experimental
studies conclude that spinninag variables such as nolymer molecular
weight, flow rate, melt temperature and take-up velocity all affect the
morphology of the spun filaments, but the combination of these effects
on morphology can be traced to their effect on the spinline stress.
Nadella et al. report that the birefringence, crystalline and amorphous
orientation factors are a unique function of spinline stress for a broad
range of polypropylenes over a range of spinning variables. Nadella (179)
and Nadella et al. (180) also showed that both cooling rate and stress

are important in developing a monoclinic or smectic structure during the

melt spinning of polypropylene. A water guenched polypropylene fiber
with a smectic structure can be transformed to monoclinic form by
increasing the spinline stress.

Though there is a general similarity in the development of
structure during melt spinning in polypropylene and polyethylene, the
presence of bimodal distribution of unit cell orientations in polypropy-
lene complicates the situation and makes polypropylene unique. Clark
(44), Clark and Spruiell (46) and Andersen and Carr (9) have proposed
morphological models for flow crystallized polypropylene. The
interpretation of bimodal orientation by Clark (44) and Clark and
Spruiell (46) consists of a row structure of planar lamellae inter-
connected by tie molecules, which gives rise to the c-axis oriented
contribution. The a'-axis (a'-axis is perpendicular to b- and
c-crystallographic axes) oriented contribution is suggested to arise
from interlamellar crystals which grow with a special epitaxial relation-

ship with the primary row structure.
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Structural studies of Nadkarni and Schultz (181) during the
isothermal sTow spinning of polyethylene showed a b-axis radial orienta-
tion, the details of which changed with spinline parameters. They
reported growth of Tamellae crystals on extended chain fibrils (row
structure), supporting the earlier models of Dees and Spruiell (50).

Shear Flow

The morphology developed during shear flow is similar to that in
elongational flow. The row structure model (94,95,134) has found great |
utility in describing the morphology resulting from shear flow in ‘
polymer melts (45,67).

Kobayashi et al. (139) observed the morphological structure |
changes of polyethylene with shear rate. At low shear rates there is
a lack of crystallite orientation (relative to shear strain direction),
but as the shear rate is increased the orientation changes to a- and
then to c-axis.

Observations (84) through a hot stage microscope during the
crystallization of thin films of polyethylene and polybutene-1 at con-
stant shear stress have shown that the application of shear stress to
a polymer leads to large increases in number of crystalline structures
formed and to the formation of oriented morphologies.

Keaton (125) from the crystallization studies of supercooled
polypropylene melts during normal simple shear flow in a sliding plate
rheometer concluded that "shear-induced crystallization results in
simultaneous a- and c-axis crystalline orientation in the melt flow
direction; both types of orientation increase with shear rate. Also,

shear crystallization at 121°C produces thermally stable g-modification



crystals in addition to the usually observed a-modification

(monoclinic) crystals."

T. Kawai et al. (123) from the analysis of DTA (differential
thermal analysis), x-ray, etching and electron microscopy results for
isothermal shear crystallization of PET concluded that the morphology
changed from chain folded lamellae to bundle-like structure.

Ulrich and Price (233) studied the morphology development during
shearing of PEO melts. The results showed crystalline aggregates with
a sheaf-1ike morphology. The long axes of these sheaf-like structures
oriented perpendicular to the flow direction when crystallized under

shear.
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CHAPTER III

THEORETICAL CONSIDERATIONS OF STRESS-
INDUCED CRYSTALLIZATION KINETICS

In this chapter two alternate approaches used in the evaluation
of stress induced crystallization kinetics will be discussed. A
detailed development of the expression for nucleation rate from
classical theories will be presented. Also presented is an approach
relating the stress levels to dimensionless molecular orientation,

which Tater will be used to interpret the nucleation rates.
A. NUCLEATION RATES FROM CONSIDERATIONS OF ORIENTATIONS

Before proceeding further it is important to consider molecular

orientation and its relation to stresses in detail.

1. Molecular Orijentation

Orientation in polymer systems is the preferential alignment of
polymer chains with specific reference directions such as the axis of a
fiber or the machine and transverse directions of a sheet. The develop-
ment of methods for specification of uniaxial molecular orientation dates
back to the studies of P. H. Hermans and co-workers (89,91-93). The
approach of Hermans et al. was to specify the orientation in terms of
the anisotropy of the polarizability tensor in a system with

cylindrical fiber symmetry. This was initially described for a one-

phase system (93) as,
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11 7% 3 cos?s -]
aa-cb 2

f =

(ITI-1)

where a, and @), are polarizabilities along and perpendicular to the
polymer chain,aqi_TTTQ:is the mean value of the difference between the
axial and radial polarizability and ¢ is the angle between the chain axis
and the fiber axis. Defined in this way the orientation factor, f, is
a measure of the second moment of the orientation distribution.

The views of Hermans et al. for orientation specifications have
been generalized by subsequent investigators. One direction has attempted
to gain a more complete representation of the chain axis distribution
function. Following the efforts of Muller (178) and Sack (203), Roe and
Krigbaum (200,201) and McBrierty and Ward (153) represent orientation in
terms of a series of spherical harmonics in which for the cases with fiber
symmetry the Legendre addition theorem can be used. McBrierty and Ward
(153) specifically derive and discuss higher order orientation factors
involving :;;;IT;, etc.

Stein (215) taking a different approach has generalized the

Hermans et al. orientation factor to describe the orientation of three

crystallographic axes for crystalline polymers as,

] 3 cos2 ¢j -1
j*® 5 (I11-2)

where j can refer to the 2, Qor the gcrysta]]ographic axes. The
orientations of the three axes are related through the geometry of the

unit cell and only two are independent.
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The birefringence an, describing the average molecular orientation,

can be related to f through the Lorentz-Lorenz equation (1,11) as
A']
an=fa ety @y -ep (111-3a)

=4 f (111-3b)

where AO is the intrinsic birefringence of the system, n is the average
refractive index parallel and perpendicular to the direction of

deformation, ﬁ is Avogadro's number and M the molecular weight per structural
unit. It is important to note that the birefringence describes only the
second moment of the orientation distribution, while the x-ray data can

specify the complete distribution in crystalline materials.

2. Rheo-Optical Law

The rheo-optical law, first hypothesized by Clerk Maxwell (174) in
1853, states that the refractive index and stress ellipsoids are co-axial
and that the difference in the principal refractive indices is proportional

to the corresponding difference in the principal stresses, i.e.,

)

n. - nj = C(Ui - o,

1
’ (111-4a)
or
n-n.l =Clo - onl -
n - ngl,= Clo - opl) (I111-4b)
where

in which nis the refractive index tensor, o the stress tensor and C the
" \,

stress optical coefficient.
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Kuhn and Grun (145), Treloar (226) and Lodge (152) among others

have derived an expression for the stress optical coefficient for

cross-linked and entanaled systems of flexible polymer chains of form,

-2 2
27 1 § 2}
C =gz 77 ( n )(Qa_- a,) . (I11-5)

3|+

a. Elongational flow. For the case of elongational flow, the

rheo-optical law (Ea. III-4) reduces to,
Bnpp = Mpp = Npp = Clogy - ap) = Loy (111-6)

Where "1" is the direction of flow and "2" perpendicular to flow
direction.
Combining Eq. III-6 with Eq. III-3b results in

F2Lo . (111-7)
A ]
Equation TII-7 relates f linearly to stress through the constant

C
—== (185).
AO

b. Shear flow. For the case of shear flow, the rheo-optical
law implies that the angle X between the direction of flow and the
principal axes of the stress tensor is the same as the optical

extinction anqgle, Xopt and

(II1I-8a)

2C clz/sin XOpt

ANy, = - (I1I-8b)
Nip C(cx 3, )

where
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X (IT1-9)

g
917 12

is the princinal stress difference (185).

¢. Verification of the rheo-optical law. The validity of

rheo-optical law for unvulcanized rubber subjected to large homogeneous
uniaxial and biaxial strains was shown by Treloar (227) and Saunders (207).
Stein and Tobolsky (216) have shown that the rheo-optical law may be
applied to follow stress relaxation in uncross-linked strained elastomer
samples. Lodge (152) and Saunders (207) hypothesized that this was
agenerally valid for flowing polymer solutions and melts and showed it

to be consistent with existing data. This was subsequently verified by
various investigators (4,36,85,113,192,246).

Oda, White and Clark (185) report a correlation between the
principal stress differences in polystyrene melts and the birefringence
of the vitrified amorphous samples prepared by either elongational or
shear flow. They interpret this as the orientation frozen in from the
melt. As suggested by Oda et al. (185), this result might be anticipated
for amorphous vitrified polymers on the basis of the rheo-optical law.
Matsumoto and Bogue (171) have provided a detailed experimental
verification of the validity of the rheo-optical law in polystyrene
under nonisothermal conditions and suggested its high stress level

limitations.

3. Nucleation Rates-Orientation

The rheo-optical law cannot be directly applied to crystallizable

polymers after crystallization since the final morphology and
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orientation in this case is strongly affected by "oriented nucleation"
and crystal growth. However, studies on melt spinning of polypropylene
(180) showed that the morphology and orientation in spun fibers correlated
with spinline stress independent of the molecular weight and spinline
variables such as takeup velocity, mass flow rate and extrusion
temperature. This finding was interpreted to mean that the morphology
developed during spinning is controlled by the molecular orientation just
prior to crystallization. This molecular orientation is in turn
directly related to the uniaxial elongational stress applied to the
spinning filament. Recent work by Choi, Spruiell and White (42) also
suggests similar results in blown polyethylene films.

The above mentioned studies particularly for melt spun
polypropylene suggest that in the uniaxial case, at least, a unique
correlation exists between morphology and orientation and the state of
stress existing during crystallization. This presents a possibility
that crystal nucleation and growth rates (which affect morphology)
can be related to the state of molecular orientation through measure-
ments of stress (rheo-optical law). Based on the above considerations,
we may speculate that there exists an expression relating N with
orientation in the melt just prior to crystallization. Such a relation

may be written intuitively as,

Nx f (I11-10)
where f is some appropriate measure of the orientation distribution
(not necessarily the orientation factor defined above). If the

orientation distribution is determined by the state of stress
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we might expect that

.- a.) (111-11)

where s indicates a form of unknown functionality. For a given sample
at a given crystallization temperature Eq. III-11, if applicable,
should result in correlation of nucleation rates with the principal

stress differences in the melt independent of mode of deformation.
B. NUCLEATION THEORIES

1. Development of Nucleation Rate Equation

a. Homogeneous nucleation-kinetics. Volmer and Weber (242) were

the first to treat the formation of nuclei during condensation from

vapor assuming that they form by a series of bimolecular reactions of

the form:

i+] (ITI-12b)

and

3ix T2 T3, (ITI1-12¢c)
where Bi represents a cluster containing i molecules and i* is the
number of molecules of the critical size cluster; i.e., a nucleus. They
further assumed that the number of clusters of critical size always
corresponds to the equilibrium number and the rate of reverse reaction

in Eg. III-12c can be neglected. Under these assumptions, the rate of
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nucleation per unit volume, N is given by

N=2s* n? (ITI-13)

where Z is the collision frequency of a single molecule with nuclei per
unit area of the nuclei, S* is the area of the critical nucleus, and n;
is the equilibrium concentration of critical size embryo. For

the condensation of vapor the collision frequency is given by (76)

Z = p/(2mmkT) /2 (111-14)

where P is the vapor pressure, m is the molecular mass, k is
Boltzmann's constant.

Frenkel (62) presented a qualitative theory of heterophase
fluctuations which he applied to condensation from the vapor, pre-
melting and crystallization phenomena. Frenkel (62) viewed the micro-
clusters as large molecules and wrote the Gibbs free energy of the

system in the form

G=)n, G, - TS .
Lni & mx (111-15)

where n; is the actual number of atom clusters, Smix is the
confiqurational entropy changes arising from mixing the microclusters.
Von Smoluchowski (245) and Einstein (54) gave the probability

of an isothermal fluctuation és

. aA
v = exp(- 47) (111-16)

where AA is the Helmholtz free energy associated with formation of a

fluctuation.
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Combining Eqs. III-15 and III-16 and minimizing with respect to
all possible n, under the constraints of constant T, pressure and mass
gives the equilibrium distribution of heterophase fluctuations in a

condensed system as:

-AG¥

n¥ = [ n; exp(—gD) (111-17)

For n>>ni(i>l), then Zni = n, number of atoms in the
system, Eg. III-17 now becomes,
-AG? (I11-18)
n¥ = n exp(~7)
By substituting Eas. III-18 and III-14 into Ea. III-13, we

obtain for N,

-AG¥ (I1I-19)

= [ns*p/(2nmkT) /2] exp —

Becker and Doring (27) improved the Volmer-Weber theory by
allowing for reverse reaction in Eq. III-12¢ and by using a steady state
number of critical size clusters rather than the equilibrium number.
The expression for the nucleation rate has the form:

Bn,S* P -AG*
! exp ()
(enmkT) /2 T KT (I111-20a)

where the Becker-Doring nonequilibrium factor, B is

-v 4G, 1/2

a (I11-20b)
C 2ni*kt

8 =




53

where a. is a constant and is less than unity, v is the molecular volume
in the embryo, i* is the critical number of atoms in the cluster and
AGV is the value of the bulk free energy difference between gas and
Tigquid phases per unit volume.

For nucleation in condensed phases, the free energy of
activation for motion across the embryo-matrix interface must be
included in the expression. This was done by Becker (26) and later more
aguantitatively by Turnbull and Fisher (230). The latter authors,
combining the absolute reaction rate theory (77) with a Becker-Doring
aporoach, derived an expression for the steady state nucleation rate of
the form:

N = Ny expl-(aFt + a6%)/kT] (111-21)
where AF? is the activation enerqgv for motion across the embryo-matrix
interface.

N0 in Ea. III-21 for nonspherical multifaceted clusters is given
bv
[E akYk}l/z

Ng = S*nshyvo | okt (111-22)
where " is the number of molecules per unit volume of a phase, and ng
is the number of molecules in the surface of the nucleus. The summation
is over all the facets of the cluster, each being characterized by
an interfacial enerqy Y and a geometrical factor a, and Vo is a

molecular frequency factor.
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Several refinements could be made in the definition of NO such as
consideration of crystal growth kinetics or time lag effects. These
would have to change NO many magnitudes to alter appreciably the

experimental conclusion, because of the exponential dependence of the

nucleation rate on AG?.

b. Homogeneous nucleation-thermodynamics. There are several

recent papers (60,99,128,129,150,167,195,230,254) dealing with particu-
lar applications of classical nucleation theory to specific nucleus
shapes and types. Adopting the formulation of Turnbull and Fisher
(230), Mandelkern, Quinn and Flory (167) in 1954 described expressions
for the spherical and disk-shaped nuclei. Hoffman and Lauritzen (99)
in 1961 extended the Mandelkern et al. (167) approach to include the
free energy of formation of folded chain crystals in dilute solution
(150) and also the crystallization of bulk polymers in a bundle-like
or chain folding fashion (99).

Consider the formation of a spherical embryo of phase 8 in a
surrounding medium of‘ohase a, the system maintained at constant
temperature and pressure. The change in the free energy of this system

due to a spherical embrvo of radius r is

_ 4 3 2

where AGV is the difference between the volume free energy of the
liquid and solid, Y is the specific surface free energy of the interface
between embryo and matrix, and r is the radius of the particle.

The maximum value of AGi, designated AG;, occurs at a critical

size r* or a critical number of molecules i*, and represents the
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free energy of formation for the critical nucleus.

3AG.
From Eq. III-23, setting ar1 = 0 one obtains

pk o= - 20 (I111-24)

AG

v

and
AG* = Ji‘.‘.__T_37
T3 (a6

(I11-25)

The spherical shape nucleus with isotropic Y may be a reasonable
assumption in some cases. However, in polymeric systems this assumption
is unreasonable as nonspherical geometries are more appropriate (39,47).
Following Cormia, Price and Turnbull (47) and assuming the nucleus to be
cvlindrical in shape with surface energies Y for the side and Yg for

the end, we have

86, = 2nrey+ 2nrly, - wrluG, (111-26)
and
8nY2Y
AG* = 5
P ) (111-27)

For a rectangular parallel piped case (39) we have:
2
327y Yo

AGY = ——°
i (AGV)Z (111-28)

Substitution of Eq. III-28 for AG? and Eq. 111-22 for N0 into the

nucleation rate expression (Eq. III-21) gives the homogeneous nucleation
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rate as

(

Ny = Sx y -
N = STnnyvy R

<t~1

7o) (111-29)

The above expression is applicable for both folded chain and
bundle-1like nucleus when used with the appropriate surface free energy

terms.

c. Heterogeneous nucleation-kinetics. Consider the nucleation

of B phase from o phase under conditions where there is heterogeneous
nucleation at an interface between « and another phase 6. By argu-
ments similar to those used for homogeneous nucleation, Turnbull (229),
ignoring strain, obtained an expression for the heterogeneous
nucleation rate in condensed phases as:

. AF? + AG?
N = S*nSNSv0 exp[-(-——jzr———OJ (IT1-30)

where S* is area of a critical cluster which is in contact with the
phase 9, ng is the number of o atoms across from the cluster per unit
area of cluster and Ns is the number of o atoms in contact with sur-
face or are effectively adsorbed on 9. NS as defined here is pro-
portional to the surface area of the 6 phase. This results in a
nucleation rate proportional to the surface area of phase for a

heterogeneous system.

d. Heterogeneous nucleation-thermodynamics. Using the classical

approach which assumes that the surface energy required to form a
nucleus is reduced by the catalyst, Price (197) derived an expression

for the critical free energy (AG?) for heterogeneous nucleation of
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polymer from solution or melt with folded chain nuclei as

16vy (Ay)
AGY = —E& (111-31)
i AG 2
v
where Ay = Yos = Vs (63) and Yos and v are interfacial energies

of the catalyst in contact with the polymer crystal and the melt or

solution, respectively. When the substrate is absent, Yo = 0

2

Y = Yo hence Ay = 2y and Eq. III-31 reduces to Eq. III-28 for the

homogeneous case. However, as long as 8y < 2y, the heterogeneous
process will dominate. This will haopen when polymer crystal and

catalyst interaction is strong (y_._ small).

0s
Substitution of Eq. III-31 into Eq. III-30 gives the

heterogeneous nucleation rate as,

. AF? ]GYYe(AY) 111-32)
= S* - - -

kT(AGv)

2. Temperature Dependency of the Nucleation Rates

The exponential terms containing AF? and AGV in Eq. III-21 have
opposite temperature dependencies. At very high degrees of supercooling
the term containing AF; (the energy barrier effecting the transport of
the material across the liquid crystal interface) in Eq. III-21 begins
to override the second exponential, causing the nucleation rate to drop.
As described earlier, according to Williams, Landel and Ferry (251), the
effective barrier involving segment motion may be expected to be

temperature dependent. This leads to
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AFY = OFf e = BT/(Ty + T - T)) (I1I-33)

where Tg is the glass transition temperature of the polymer, B and TO

are constants.

At low to moderate supercoolings, the AF? is approximately
independent of temperature and AGV in the second exponent in Eg. III-21
is a strong function of temperature.

At the eaquilibrium melting temperature, Tmo, AGV = 0 and hence

the nucleation rate is zero. We may write the volume free energy

chanae as:
AGv = AHf - TASf (111-34)
and
AH¢ (I11-35)
8¢ =3
T
m

Assuming the variation in ASf and AHf to be independent of temperature,

the free enerqv change between the solid and the liquid phase is given

by (160):

AHf(AT)
6, = —5—
AG,, -0

(I11-36)
m

0

where AT = Tm - T, is the supercooling. Substitution of Eq. III-36

in Eg. III-32 results in the guiescent, heterogeneous nucleation rate

as

(111-37)
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AF%

A = an(S*nNovg) = T (111-38)

and

16YYe(AY)
B=——
(I11-39)

When supercooling is not too great and the second exponential

term is in control, Eq. III-37 predicts an approximately linear

2 with slope equal to B/AH2 and

relationship between 2n N and ng/TAT
intercept, A. This, of course, further assumes that the pre-exponential
factor in Eag. III-32 is not a strong function of temperature in the
range plotted. Such results were first presented bv Frenkel (63) and

then bv Mandelkern et al. (167).

3. Stress Induced Nucleation Rates

The form of expression derived for nucleation rate in the
auiescent case has generally been assumed applicable for the stressed
case with appropriate modification of certain parameters (139,188,259).
There are two differences which stress is assumed to cause. First, the
mass transport term, AF* may be affected slightly by the existence of
a flow field. However, this effect is small compared to the effect of

stress on the bulk free energy, AGV. In general, one can write (188):

AGV(stressed) = AGv(quiescent) + 0Gyaf

where AGv(cuiescent) is the usual difference in the bulk free energy

between the liquid and solid under auiescent conditions. AG represents

def
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the elastically stored free enerqgy resulting from the deformation of
the polvmer chains by flowing solution or melt. Substitution of the
above expression into Ea. III-32 results in a nucleation rate equation
for the stressed melt (139);

. -AF¥ 1635e(A6)

- i
N S*nstvO exp[jar -

5] (111-40)

kT(AGV+ AGdef)

In the above expression, deformation or flow will effect the
pre-exponential term as the heterogenities present in the melt provide
more effective surface area, S*. However, this would have to change
many orders of maanitude to have any significant influence on the
nucleation rates due to the exponential dependency of the nucleation
rate on AGV' Under these assumptions, the nucleation rate for a

stressed case can be written as

i fo= A -2 — 5] (111-40a)
(AGV+ AGdef)

where A and B are constants given inEqgs. III-38 and III-39. Eq. III-40a
shows that the stress induced nucleation rates can be predicted from the
knowledge of A and B from quiescent crystallization results and the AGdef'

In a sample containing purposefully added nucleating agent, a
nucleating agent, under quiescent conditions can affect both A (by
increasing the available surface area S* for nucleation) and B (by

changing the Ay term in Eq. III-39). In the presence of stress or
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flow a nucleating agent can conceivably affect both A -and B, in a
manner different from the quiescent case. An affect on A may result
from the fact that particles in motion may come into contact with a
Targer number of polymer molecules, thus in effect offering a greater
effective surface area than stationary particles. Stress may affect
B if the catalytic effect of the nucleating agent is sensitive to the

Tocal molecular orientation in the vicinity of the particles.

a. Evaluation of AGdef‘ As described in the 1jterature review,

an expression for AGdef for a cross linked polymer has been derived
(170). In this expression AGdef has been related to macroscopic
stretch ratio. As previously discussed, such a relation between AGdef
and macroscopic stretch ratio is of Tittle value in a polymer melt or
solution because of the violation of several of the basic assumptions
involved in the derivation. In a polymer melt or solution the
molecular chains relax and AGdef would depend on a true molecular
chain deformation ratio, «. It is not possible to independently
obtain the value of a. This lack in the adequate treatment to predict
the AGdef in polymer melts from externally controlled variables make
the quantitative prediction of N difficult. A preferable way is to
relate the AGdef to the state of the stress in the melt. Since the
free energy of deformation is a scalar and the stress is a tensor, the

only way to relate AGdef to the stress levels is through their

invariants (117), i.e.,

- 2 3
AGdef—f(IC_], IIC P R7) .

s 111 (111-41)
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Evaluation of the above form has been suggested by Jarecki and

Zialicki (117). This equation can be expanded in a series form as

2

3 2 3
BGyep = ayq tr P+ ayy tr PTra s, (tr P)

+ a3] tr R + ...

(I11-42)

Equation III-42 is general and requires the knowledge of
several constants. In the following section we could consider the
derivation of a simpler expression relating AGdef to the stress field
in the system (170). Cross-linked system is considered first,
followed by polymer melts and dilute solutions.

Cross-Linked System

Entropy in a polymer network:

For the case where rotation about the bonds in the molecular
chain (freely jointed) can be considered to be unrestricted, the
internal energy of the molecule will be the same for all conformations

and the Helmholtz free energy, A, is given by

AA = -TAS (constant T) (I11-43)

According to the general principles of statistical thermodynamics

as developed by Boltzmann, the entropy is given by

S=kameQ (111-44)

where @ is the number of conformations available to the system.
In a network the cross-linkage points restrict the motion of

the chains which in turn restricts the number of configurations
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available to the system. Here one can assume that one end of
the chain is fixed (origin) while the other end is confined to a
small volume element dv at a distance r from the origin. In the
presence of this restriction and for constant volume element, the
number of conformations available to the chain is proportional to the
product of Gaussian probability density and the volume agent.

The entropy S of the chain is

3
b

S =k [ exp(-b_%r?)] (111-45)
i1

which can be rewritten as

S=¢ - kbnzrz (111-46)

in which n is number of

where k is the Boltzmann constant and b_ =
N on 22

bonds of length %,
The entropy per unit volume of a permanently cross-linked network

is given by

=C - 2 2 111-47)
S =C - kN ; bn’i rs (

where N is the number of chains/unit volume, r is the end-to-end vector
of each network strand, bn depends on the n and & constituting the

chain, and the summation i is over all the network strands.
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The arbitrary constant in Eq. II1-45 may be chosen so that aS

represents the excess with respect to conditions of rest (3,170):

(111-48)

2> 0 is the equilibrium value of r2 for strands containing n

where <r
segments.

The elastic force and local stress tensor:

As a result of molecular deformation, an elastic force E
directed along the end-to-end vector r arises between the ends of the
molecule. For chains obeying Gaussian statistics with neglected intra-

molecular interactions the elastic force can be expressed as a linear

function of the end-to-end vector (223,239):

F=2kTb?rp (111-49)
N n ~

This force is responsible for a Tocal stress in the vicinity
of the chain. This local or the extra stress tensor can be written

as (170),

- 1
P=2kTN % by, i{rily = 3 <rp™>1 (111-50)
and

_ 2
tr g =2 kT N g bn’i(r (I11-51)
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Comparison of Eos. I11-49 and II11-46, recallinqg AGdef = 'Tasdefa
ai ves
AG = -TAS = l tm P
def def 2 wi ~ <III"52a)

Dilute Solutions and Polymer Melts

In a polymer melt or solution there are temporary networks due
to entanglements. Hence Ea. III-46 derived for a network system is
apnlicable for the present case also. Further, the dumbhell model
proposed by Marrucci (170) substitutes for the real molecule two friction

centers located at the ends connected by a spring, i.e.,

i (network) = 5 (dil. sol. and melts) = 2 kT &2 r (I11-53)

N oA

Now by following an analysis similar to that given for the network
system, one can arrive at an equation similar to Eq. III-50a:

B
8Gyef = 7

tr P (ITI1-52b)
v

Equation III-50b (and also Eaq. I1I-50a) relates free energy due
to deformation to the extra stress tensor for an arbitrary flow field
under isothermal conditions and it allows one to calculate the
AGdef from corresponding stress levels, £.

Recently Jarecki (115) develooed an expression relating the free
enerav of a deformed chain to the conformational entropy, entropy of

mixing and the internal energy. The effects of internal energy and the
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entropy of mixing cancel out each other for the Gaussian approximation.
Using this approximation, Jarecki (115) derived a general formula
relating AGdef and the local stress tensor. His result is equivalent
to that of Marrucci and co-workers (3,170).

Bernstein, Kearsley and Zapas (31) (BKZ) proposed an expression

relatina the conformational entrooy, £,to the net rate of entropy

production, S. This is written as,

t 3o
€ = J Sdt (111-54)

=a
In order to calculate &£, one must assume a function for the

S. One of these proposed S functions mavy be written as,

(t-t')

G, e'——

1 n T
S=- 1ot —t— [1_ -3 ]
> L | o1 | (111-55)

©

Th

where t and t' are the present and past times and Ic-l is the

first invariant of the finger strain tensor. Appendix I shows the
analyses for simple shear and uniaxial extensional flows for both the
Marrucci (3,170) and BKZ theories (31). Comparison of the two analyses
indicates similar relationships.

The simpler equation (Eq. III-50b) is a direct result of the
linearity assumption in Eq. III-51 which can break down when the molecule
is very much extended. In spite of these considerations, the results
obtained above provide at least an approximate means by which the
state of stress in the melt can be related to AGdef'

For steady elonaational flow Eq. III-50b can be written as,



AGdef =

"
N |+
—_—
o

By symmetry P22 = P33

and as

U117 PP Opp = Pt Py =0

o1 = P11 - Pay

AGyer =

Since Ppp is much smaller compared to oqq»

67

(111-56)

(111-57)

the tensile stress.

For simple shear flow Eq. III-50b can be written as,

1
Mger =5 (P11 * Pop * P33)
=L (p - P+ 2P, 4P
> (P11 = Paa * 2P0 * P33
= l-(N + 2P,, + Pya)
5 (N * 2Py + Pa3

(I11-58)

For elastic solid model and integral tvpe models with memory

function m, = 0,



68

(111-59)



CHAPTER IV

MATERIALS AND EXPERIMENTAL PROCEDURES

A. MATERIALS

The materials used in the present research include high density
polvethylene, nonnucleated polypropylenes and nucleated polypropylenes.
The nonnucleated polyprooylene used as a control in the studies is
a commercial polvoropvlene of the same tvpe as the nucleated samples.

The nonnucleated polypropylenes may contain certain heterogeneities
that induce nucleation, but thev do not contain purpnosely added nucleating
agents or fillers. Tahle IV-1 gives a detailed description of the

nolymers includina the code names used in the present work.

B. EXPERIMENTAL PROCEDURES

1. TIsothermal Ouiescent Crvstallization Kinetics

A Perkin-ETmer Differential Scanning Calorimeter (DSC) Model 1B
was used in these studies. This instrument has the capability for
ranid, precise temperature change as well as the ability to maintain
constant isothermal temperature. Roth these capabilities are essential
for isothermal crystallization studies. The procedure requires the
fusion of rouaghly 15 mg of polvmer in the instrument at a temperatbre
and time neriod sufficient to eliminate unwanted melt memory effects.
This for PP was 226°C and for PE, 200°C for a neriod of 5 minutes. The
melt is then allowed to cool ranidlv in the instrument to an appropriate
precalibrated temperature where isothermal crvstallization of the

69
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polvmer occurs. A time base recorder traces the polvmer's exothermic
crystallization oveak. The procedure described in the instrument manual
was followed in both temperature calibration and in the actual experiments.
For a]l‘the polvmer samples, the crystallization experiments have been
carried out from minimum possible temperature (crystallization starts
before temperature eauilibration) to a maximum possible temperature (no
detectahle exothermic peak). Within this range measurements were made

at reaular intervals of 3°C in PP and 2°C in PE.

The DSC crvstallization curves were intearated using the
trapeznidal rule. The intearation is carried out by first digitizing
the DSC trace with a Tektronix tablet reader connected to an IRM
computer, The weiaght fraction of the material crvstallized at time t

was calculated from the equation

t
t dA = dA
_ t t (1v-1)
Xy = Jo at 9t/ [0 a9t

where At renresents the area under the crystallization peak.

The data were plotted and analvzed according to Avrami theory.

2. Stress Induced Crvstallization Studies

A Rheometrics Mechanical Spectrometer was used to study the
stress induced crvstallization kinetics in bhoth shear and elongational
flows. The changes in viscosity as detected by stress measurements
were used to follow crystallization. The Mechanical Spectrometer
provides an isothermal chamber with qood temperature control, steady

deformation rate and an accurate load cell to measure the stress levels
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in the system. The main reason behind using the same apparatus for both
the shear and elongational flow was to utilize the same force sensing
system as well as equivalent heatingcontrols. In the following sections

a more detailed description of the experimental procedures are given.

a. Isothermal shear flow. Studies of crystallization kinetics

under the influence of shear stress were carried out on the Mechanical
Soectrometer manufactured by Rheometrics Inc., Union, NJ. A cone-and-
plate set-up was used in the experiments. The cone has 25 mm diameter
with 0.1 radian cone anale. Comoression molded samples (mold
temperature 190°C, PP and 170°C, PE) were used in the experiments. The
samples were first preheated to 226°C in the case of PP and 212°C for
PE. The cone-plate gap was set at 50y and the residual stresses in the
sample were allowed to decay. The total time that the samples were
nreheated at 226°C was anoroximatelv 7 minutes. At the end of this
period, the temperature of the isothermal chamber was changed to the
crvstallization temperature and 6 minutes period of time was allowed
for the sample to reach the isothermal crvstallization temperature
(Thr)and stabilize as indicated bv the temperature recorded by the
thermocounle in the cone. Obviouslv, this means that measurements
could only be carried out at temperatures sufficiently high so that the
incubation time for auiescent crystallization is much greater than the
stabilization period (2 min). The sample was then sheared while toraue
and normal forces were recorded as a function of time. Fiqure IV-1
shows a general scheme for the experiment where both the cooling and

farce curves are shown.



73

FORCE ( DYNES /CM2)

— 226°C
7
('
&
| g
o
=
| 2
L
| ol
| | 2
' I —
i o
I |
T 1 '
0 ~4 B
TIME ( MINUTES)
Figure IV-1 Experimental scheme showing both

the temperature and stress traces
from the mechanical spectrometer.
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To obtain the shear stress and the first normal stress difference

the followina eauations were used:

oo oM
127533 (1V-2)
2F, ;
Ny =0 -0 = =5 - (1V-3)
7R |
The shear rate is:
Y= @fa, (1V-4)
and
n = 3Ma/27R0 . (1V-5)

where M is the toraue, FZ is the normal force, R is the radius of the

cone, 2 the anqular velocitv, a the cone angle and N the shear viscosity.

b. Isothermal elongational flow. Pucci and Carr (199) have

shown that crystallization under elongational flow can be carried out
on a Mechanical Spectrometer. In the present studies the Mechanical
Spectrometer was used with special sample clamps. These special clamps
are off-centered so as to give sample spacing L0 (see Fiqure IV-2). One
of these sample clamps is connected to a load cell while the other acts
as a winder as shown in Fiqure IV-2,

Strips of approximately 20 mm length, 8 mm width and 1.4 mm thickness
are mounted in the sample clamps. These strips were cut from the com-

pression molded sheets prepared for the shear flow experiments. The sample,



75

MOQTOR
AN A
Lo g=1.5CM
1.22 cm ___
o o
U 777777 74 b
o) 4 fi
7
POLYMER
SAMPLE
LOAD CELL

Figure IV-2

Sample holders set up for elongational flow
experiments on the mechanical spectrometer.
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after meltina at 200°C (for a period of 4 min in the case of PP, and
170°C for about 2-1/2 min in the case of polvethylene) is then allowed
tn cool bv chanainag the temnerature of the isothermal chamber to Tcr'

An additional 5 minutes period of time was allowed in order to reach
eauilibrium in PP and 4-1/2 minutes in the case of PE. The sample
was then stretched by rotating the spindle at a constant velocity.

The elonaational rate £ is determined from
S T I Y (1V-6)
0 0 -

where @ is anaular velocitv, R the radius of the spindle.

In the oresent exoeriment the deformation lenath L and rotation
speed VL remain constant with time, thus providing constant stretch
rate conditions. As long as the filament deforms uniformly, the tensile
stress g (t) can be determined by

(IV-7)

0. (1) = SE(L) GEE
1 A

where F(t) is the total force and Ay is the cross sectionaﬁ area‘before

stretching. A0 has been corrected for the expected increase in A, at

0
the temperature of crystallization.



CHAPTER V

QUIESCENT AND FLOW/STRESS-INDUCED CRYSTALLIZATION OF
POLYETHYLENE AND POLYPROPYLENE MELTS WITHOUT
NUCLEATING AGENTS

In this chapter the results of both quiescent crystallization
studies and stress induced crystallization (SIC) studies are pre-
sented. Results on Phillips Marlex® 6050 (PE) and Hercules Profax®
6623 (PP025), 6323 (PP120), 6523 (PP040) are reported here. The
presentation of the quiescent crystallization results is limited to
the extent required for comparison with the SIC studies. Further
analysis of the quiescent crystallization data and comparison to

samples containing nucleating agents is discussed in Chapter VI.

A. QUIESCENT STUDIES

1. Results

Figures V-1 and V-2 show the differential scanning calorimetry
(DSC) exotherms for PP025 and PE respectively at different isothermal
crystallization temperatures. The ordinates of these figures repre-
sent the rate of enthalpy change due to crystallization. Thus the
peak represents the point of maximum crystallization rate at a given
temperature and the height indicates the relative maximum
crystallization rates for the different samples.

The basic results presented in Figures V-1 and V-2 show the

simple and effective use of DSC in the study of quiescent
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crystallization. DSC provides a fast temperature equilibration, good
temperature control and a sensitive thermal response to the variations
in the sample during crystallization. However the DSC is Timited to
studies of crystallization kinetics of polymers with rapid crystal-
lization rates (t0.5 < 60 min) with relatively high enthalpy of fusion.
In the present experimental studies, the experimentally accessible
temperature ranges for PP and PE were 109-130°C and 112-121°C,
respectively. Figures V-1 and V-2 show the sensitivity (peak heights)
of DSC to crystallization rates within these temperature ranges.

Figure V-3 is a plot of reciprocal of crystallization half times
(t = t0.5 at X = 0.5 Xf) versus isothermal crystallization temperature,
Tcr’ for PP025, PP120, PP040 and PE. The reciprocal half time
(]/tO.S) is used here as a measure of the crystallization rate.
Figure V-3 shows that 1/t0.5 in both PP and PE decreases with
increasing Tcr' The PE exhibits a stronger temperature dependency of
1/t0.5 compared to the polypropylenes. PP040 shows faster crystal-
lization rates compared to PP025 and PP120, which exhibit similar
crystallization rates.

Figure V-4 is a plot of reciprocal of induction time (]/ti)
versus Tcr' The induction time is defined here as the time at 1%
of final crystallinity. The explanation and interpretation of this
induction time will be discussed in detail in the next section where

the results from Figure V-4 will be used to make direct comparisons

with SIC studies.
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Both Figures V-3 and V-4 show that polypropylenes, PP025 and
PP120 have similar crystallization half times and induction times

within the range of variables investigated.

2. Discussion

A detailed analysis of the crystallization data presented in
Figures V-1 and V-2 (pp. 73 and 75) includes fitting the data to the
Avrami kinetic equation and determination of the rate constant K and
Avrami exponent n. This analysis has been carried out but its presen-
tation will be postponed to a later section (Chapter VI) where it is
compared to the results of a similar analysis for samples containing
purposely added nucleating agents. The present discussion is restricted
to those kinetic features that can be directly compared to the stress
induced crystallization results presented in the next section. The
technique used for SIC measurements does not give the complete trans-
formation isotherm, but only a measure of the induction time.

According to the Avrami analysis of the overall crystallization

kinetics, the reciprocal of crystallization half times are proportional

to the Avrami rate constant K (K = 7). It is adequate to interpret

t
the 1/1;0.5 as the rate parameter in tgéspresent section. A comparison
of l/tO.S from the present study with those from the literature
(80,168,193) for polypropylenes are shown in Figure V-5. Figure V-5
shows that at a given temperature the rate parameter (l/tO.S) from
the present measurements is lower than comparable results from the
literature. The observed differences in the rate parameters between

the investigations for different polypropylenes with different

experimental systems is not unexpected because the crystallization
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process is likely to be sensitive to variations in heterogeneities
such as catalyst residues, and may also be affected by molecular
weight and its distribution, the degree of tacticity and other
variables. It is for this reason that it was deemed necessary to
measure the quiescent crystallization kinetics in order to have

a direct comarison with the measurements of SIC kinetics.

B. STRESS-INDUCED CRYSTALLIZATION

1. Shear Flow Results

a. General stress response. The stress response from the

Mechanical Spectrometer at constant shear rate and temperature is
shown in Figure V-6. The stress response as shown in this figure can
be broken up into 4 reqions. The first region is associated with the
stress overshoot phenomenon which is observed with all polymeric melts
at intermediate and high shear rates. The second region represents
the steady flow response of the melt. The third region involves a
steady stress increment without slippage. The fourth region exhibits
stress changes due to considerable slippage.

The stress overshoot does not concern us here because our sole
interest is in the flow induced crystallization process. The second
region of the stress-time curve with zero slope represents the steady
state melt viscosity and the magnitude of stress in this region is a
function of the isothermal melt temperature and the nature of the
polymeric sample itself (e.qg., molecular weight, poly dispersity, etc.).

The increase of stress (at inflection point) following the zero slope
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steady state condition is due to the onset of crystallization. In the
present experimental study, it is this transition zone from region 2
to region 3 that is of primary importance. The behavior in region 4
1s due to the viscosity of the melt being very high (due to partial
phase transformation) which results in high shear stresses that over-
come the cohesive forces between the sample and the cone and plate
surfaces. This results in slippage as indicated by the abrupt changes
in the shear stress value.

The majoritv of the experiments on PP were carried out in the
temperature range of 120-130°C at shear rates ranaing from 0.01-

16.0 sec'l.

At shear rates higher than 16.0 sec'l, problems with
edae failure of the PP sample prevented us from making measurements.
Polvethvlene, on the other hand, can be studied at higher shear rates
(Y ~ 40.0 sec'l) but within a smaller ranae of temperatures compared
to polypronviene. Above the equilibrium melt temperatures, shear

. . . -1
flow in a cone-plate qeometry is unstable for ¥ > 10 sec .

The
experimental studies in the present research were conducted at
temperatures far below their eauilibrium melting temperature and the
test results at shear rates greater than 10 sec'] are thought to be

valid.

b. Induction time. The only parameter related to crystallization

kinetics that can be experimentally measured from stress versus time
data such as that shown in Figure V-6 is the "induction time." It is
defined as the time interval between the beginning of shear and the

start of crystallization. The start of crystallization is assumed to
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correspond with the onset of region 3 in Figure V-6. This point of
inflection is specified by the point where the deviation of the stress
trace is observed from the extrapolated 1ine for the zefo slope, steady
stress trace. This induction time is proportional to reciprocal of

nucleation rate and will be discussed in more detail later.

c. Rheological properties

Shear Viscosity

In Figure V-7 the steady state shear viscosity is presented
as a function of shear rate for PP025, PPO40 and PP120. The viscosity
results are calculated according to Eq. IV-5 (p. 74), just prior to
crystallization, at the isothermal crystallization temperature. The
data show a strong dependency on the molecular weight and/or molecular
weight distribution (MWD). Included in this same figure are the vis-
cosity results on PP040 at 180°C obtained by J. Roman et al. (202).
Following Vinogradov and Malkin (238) and others (43,176,217),
Figure V-8 shows the relative shear viscosity (n/no) as a function
of relative shear stress (nOQ) for the experimental data from
Figure V-7. The zero shear viscosity (no) used in these calculations
is an extrapolated value (to zero slope) of the curves in Figure V-7.
Minoshima, White and Spruiell (176) showed plots of relative shear
viscosity versus no% where the curves indicated the differences in
molecular weight distributions between the samples, independent of
their molecular weight and the temperature of measurements. Their
results also show that in polypropylene at any fixed no%, smaller n/nO

indicates a broader MWD in the sample. Figure V-8 shows that at
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any fixed no?, PP120 has smaller n/nO compared to PP025. This
indicates that PP120 has a broader MWD compared to PP025.

First Normal Stress Differences

Minoshima et al. (176) show that the first normal stress
difference may be expressed explicitly as a function of 9 and MWD,
not molecular weight or temperature. These authors also showed that
(1) the broader the MWD the higher the value of Nys (2) the broader
g—;gg—gizu Figure V-9 shows the N]
Vs. 9y, from Minoshima et al. together with the data from the present

the MWD the smaller the gradient

experimental studies. Also shown in this figure are the results for
PP040 by J. Roman (202). The N] data for the present experimental
polymers shown in Figure V-9 were calculated from Eq. IV-3 (p. 74),
just prior to crystallization. Because of the lower temperature the
shear stresses, Oyps and the normal stress differences, N1, are in a
higher range for the present results than for those of Minoshima et al.
For the present experimental polypropylenes the linear least squares

fit of the data results in equations:

N, = 0.0093 o}é5 (for PP120) ,
and (V-1)
Ny = 0.00041 o}é7‘ (for PPO25, PP04O) .

These results again confirm that PP120 has a broader MWD (8.0) compared
to PP025 and PP040 (4.0) as shown by rough estimates presented in

Appendix 2.
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d. Reciprocal induction time versus shear rate results. The

effect of the shear rate and of the crystallization temperature

on the reciprocal of induction time (%L) are shown in Figures V-10 and
i

V-11 for polypropylenes PP025 and PP120, respectively. Figures V-10
and V-11 show an increase in ]/ti with increasing shear rate and
decreasing crystallization temperature. The dotted line on the
ordinate in these and the following figures indicate the reciprocal
induction times for the quiescent case and correspond to the time for
1% conversion measured by the DSC at the temperatures indicated in the
legend. At Tow shear rates (y = 0.01 sec']) the ]/ti values for
stressed case are close but slightly greater than those for the
quiescent case. The difference between the low shear rate values and
the quiescent values appear to be a function of temperature.

Figure V-12 shows the effect of crystallization temperature at
constant shear rates on ]/ti for PP025. This figure also shows the
quiescent ]/ti results on PP025. The ]/ti in both the quiescent and
the stress induced case are decreasing with increasing temperature.
At any given temperature the sheared samples have higher 1/t1 values
than the quiescent results and the ]/ti values of the sheared samples
increase with increasing shear rate. Difference between ]/ti for
quiescent samples and those crystallized under low shear rate
(y < 0.1 sec']) appears to narrow with increases in crystallization
temperature. This indicates a decreasing sensitivity of crystalliza-
tion rates as temperature increases at low shear rate. This would seem
to be consistent with more rapid molecular relaxations at higher tem-

perature resulting in Tower molecular orientation at a given shear rate.
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Figure V-13 shows the ]/ti results for PE at 123.5°C. In PE as
in PP, the 1/ti increases with increasing shear rates. The ]/ti at
low shear rate (¥ = 0.01 sec']) is about an order of magnitude higher
than the quiescent l/ti. Apparently PE is much more sensitive to

shear in the very low shear rate range than polypropylene.

e. Further analysis of induction time results. Figures V-14

and V-15 show again the ]/ti data as a function of shear rate

for PP025 and PP120 at 123.5°C and 128.5°C, respectively. These

data are replotted here in order to facilitate a direct comparison

of the results for the two different polypropylenes. PP025

with higher molecular weight and narrower molecular weight distribu-
tion shows greater 1/t1 compared to PP120 at any given shear rate.
Replots of these and other shear flow results are shown as a function
of shear stress in Figure V-16. These results indicate that for a
given polymer, the temperature dependency of the nucleation rate is
greatly reduced at high stresses. This is possibly due to the fact
that at higher stresses the variation of 1/t1 with 919 become so great
that they dominate the temperature effect. The plot further indicates
that the effect of the sample on 1/t1 is large at higher stresses and
it decreases with decreasing shear stress. The reciprocal induction
times when plotted against shear stress, follow the order PP120

> PP025 > P040 indicating no systematic correlation with respect to
molecular weight. Sample PP120 with lower molecular weight and
broader molecular weight distribution (MQ = 2.45x105, ﬁh/ﬁh) show

much higher 1/t. values compared to PPO25 (W = 4.03x10°, W /W
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= 4.0) and PPO4O (W, = 2.9 x 10°

, M&/ﬁh = 4.0. This is opposite to
the behavior shown in Figures V-14 and V-15 where for a given shear
rate PP025 showed higher ]/ti’ Under flow conditions, PP025 with
higher molecular weight (Tower melt index) and presumably similar
molecular weight distribution compared to PP040, show slightly higher
]/ti' The above results suggest that sample molecular weight dis-
tribution plays an important role in determining the kinetics of
crystallization under shear flow. The sample molecular weight effect

on ]/ti appears to be secondary compared to the molecular weight

distribution effect.

2. Elongational Flow Results

a. General stress response. Figure V-17 shows typical tensile

force curves recorded during steady elongational deformation of poly-
propylene. A transient period can be seen in the tensile force in

both the curves in the initial stages of deformation. Curve 1 or

curve 2 is observed depending on the experimental conditions such as
elongational rate E, the crystallization temperature and the sample
type. The force trace of form shown in curve 1 results for the experi-
ments in which (a) the elongation rate is very small and the sample

1

crystallizes before failure (e.g., PP, E < 0.0062 sec”', and Tcr =

120.5-126.5°C), (b) the crystallization rates are very fast which

result in phase transformation before failure even at higher elongation

1

rates (e.g., PE, E < 0.25 sec” ' and Tep = 123.5°C). Traces of type 2

were obtained for polypropylenes at higher elongational rates

]

(0.25 sec” 3_é > 0.039 sec']) where the decrease in the sample
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Figure V-17 : Typical tensile force response during
steady elongational deformation.
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dimensions are rapid. This results in a continuous decrease in the
force with time. This on the surface appears to be for the case where
there is no crystallization. However a plot of true tensile stress
versus time for some curves of this general shape are shown in
Figure V-18. In this figure the experimentally measured tensile force
is converted to tensile stress by assuming a uniform extension. This
assumption enables us to calculate the cross sectional area of the

sample as a function of time according to the equation,

where A0 is the area before deformation and t is the time.

The results presented in Figure V-18 show an increase in the
tensile stress from a steady state value. This increase in the
stress (or viscosity) in the shear flow case was interpreted earlier
as due to crystallization. However this interpretation in the case
of elongational flow is somewhat complicated. Minoshima et al.
(176) studying the elongational viscosity of PP at higher temperatures
(180°C) showed sudden increases in the elongational viscosity with
time at a given E for broader molecular weight distribution higher
molecular weight samples. However these increases are not as dramatic
as that shown in Fiqure V-18 for PP025. They interpret this increase in
elongational viscosity as due to some viscoelastic and/or deformation
effects which are unrelated to crystallization. Minoshima et al. (176)
report that for narrow molecular weight distribution (ﬁ&/ﬁh < 6.37),

high molecular weight (M.I < 11.6) polypropylenes, there is no strain
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hardening effect (see Appendix 3). Ide and White (107) conclude that
in elongational flow in PP and PE, the stress varies linearly with
time. In the present studies the PP sample under investigation has
narrower molecular weight distribution (estimated MQ/Mﬁ = 4.0) and
higher molecular weight (M.I = 2.5). Also both stress and temperature
(120.5-126.5°C) conditions favor phase transformation. At Tow E it
has been possible to confirm that the stress (or viscosity) increase
corresponds to crystallization by observing simultaneous changes in
the optical characteristics of the sample. Further, as will be shown
later, the crystallization rates obtained from these experiments at
Tow elongation rates are consistent with DSC-quiescent crystallization
studies. These above arguments reasonably justify our interpretation
of change in tensile stress from a steady state value as due to
crystallization.

The experimentally accessible range of variables of different
samples during the crystallization under elongational flow are limited
compared with the shear flow experiments. This is because of the dis-
continuous nature of the sample in elongation which limits the time of
deformation at higher £ (£ >0.25 sec'l) and higher crystallization
temperatures (Tcr>>126.5°C). Further, samples with low molecular
weights sagq between the grips during the melting and equilibrium period
which interferes with the elongational flow crystallization studies
as they deform non uniformly.

In the present experimental studies crystallization kinetics under
elongational flow were investigated for PP025 in the range of

crystallization temperatures 120.5-126.5°C and for elongation rates
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1

0.0015-0.25 sec’ . The other polypropylenes, PP120 and PP040, either

crystallized prior to the application of stress in the temperature
range of interest (120.5-126.5°C) or deformed nonuniformly.
The PE sample sagged considerably and showed a smaller

temperature range in which it can be crystallized than did PP.

b. Reciprocal Induction Time Versus Tensile Stress

The effect of the tensile stress and of the crystallization
temperature on the reciprocal of induction time are shown in
Figure V-19 for polypropylene PP025. The induction times here also
are measured from the start of deformation to the point where the
stress increased from a steady state value. Figure V-19 exhibits
trends similar to the shear flow results shown eér]ier (Figure V-13,
p. 98). Figure V-19 indicates an increase in ]/ti with increasing
tensile stress and decreasing crystallization temperatures. In the
low range of stresses, 1/ti-shows a reciprocal temperature dependency.
This temperature dependency of l/ti is greatly decreased at higher
stresses. These temperature effects are not quite as clear in PE as
can be seen in Figure V-20 because of limited results. The reciprocal
induction times in polypropylene extrapolate to values near the
quiescent induction times at Tow stresses whereas in PE they are much

higher than the quiescent ones.

3. Interpretation of Results

Before proceeding to the interpretation of the stress induced
crystallization results, a detailed discussion and interpretation of

the reciprocal jnduction time, ]/ti’ is needed. In this section we
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will first present the interpretation of 1/ti which will be used in

the analysis of the stress induced crystallization results.

a. Interpretation of reciprocal induction times. Several

investigators (219,260) in their studies of SIC have used a
parameter "induction time, ti’“ which is related to the
crystallization kinetics. These investigators in their studies of
SIC have interpreted the reciprocal induction time to be proportional
to the nucleation rate. This interpretation is reasonable and
appropriate, but strictly speaking depends on an assumption of con-
stant nucleation rate during the induction time period and on a
critical nucleation density, na, needed to produce a detectable
change in sample viscosity. This is illustrated in Figure V-21. In
reality, the nucleation rate may be a function of time, particularly
in the very early stages of crystallization. One such possibility
is shown by the curve in Figure V-21a, where the nucleation density
is plotted as a function of time. The assumption of constant
nucleation rate approximates this situation by a straight line with

an average nucleation rate,

=
|
cH 3
O

1
a T . (v-4)
i ti

As described earlier, the induction times in the present
experimental studies are measured from the start of the shear to the
inflection point on the stress-time curve. This means that the
nucleation density is assumed to be equal to zero at t to equal zero

(just prior to shearing the sample) with no delayed nucleation.
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Figure V-21 : Qualitative curves showing nucleation
densities versus time.
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Curve 2 in Figure V-21b describes this situation while curves 1 and 3
describe two other possibilities which are likely to occur at the
crystallization temperature extremes. Another possible complication
occurs if the number density of nuclei saturates before the critical
number of nuclei needed to produce a detectable increase in viscosity
is reached (Figure V-21c). For this, the apparent value of 1/t
includes contributions from both nucleation and growth. In this case
]/ti still indicates some approximate measure of the nucleation rate.

While the above complications exist in the interpretation of
induction time, there is little else reasonable that can be done to
directly measure the nucleation rates under deformation. Like other
researchers (219,260) we will use the above approach to interpret
1/t1 results and the reader should keep the limitations of this

approach firmly in mind while examining the results.

b. Interpretation of stress induced crystallization results.

In Chapter III, two different approaches have been presented to
facilitate the analysis for the nucleation rates under deformation
or flow. The first approach is an intuitive proposal which relates
the nucleation rates to a molecular orientation distribution which is
determined by the state of the stress in the melt. In the second
approach, nucleation rate expressions were developed from the
theoretical considerations. The theoretical analysis showed that

the nucleation rates are basically related to the AGdef’ which can be
evaluated from the state of stress in the melt. The expressions for

AGdef have been presented in Chapter III specifically for simple
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shear and steady elongational flows. In the following paragraphs we
present an analysis of our induction time results based on the above
two considerations. As per our earlier discussion on induction time,
in the following discussion we will interpret ]/ti as proportional
to the nucleation rate.

Correlation of nucleation rates with principal stress
differences:

Based on the discussion Teading up to Eq. III-11 (p. 50) we would
expect to see a correlation between the nucleation rates and the
principal stress differences independent of mode of deformation and
sample type at any given crystallization temperature. We will test
this proposal with our elongational and shear flow crystallization
results.

Figures V-22 and V-23 show the comparison of nucleation rates

in shear and in elongational flow for PP025 at 120.5°C and 123.5°C.
The independent variable for shear flow is shear stress and for the
elongational flow it is the tensile stress. A strong dependency of
the nucleation rates on the mode of deformation can be seen in this
figure. The differences in the nucleation rates between the two
deformation modes is decreasing with decreasing dy1p O 9171.

Figures V-24 and V-25 show the nucleation rate results from
Figures V-22 and V-23, replotted as a function of the principal

stress difference, Oy - Iy The o, - presented here are computed

[o
X y
from the normal stress data according to Eq. III-9 (p. 48). These

figures show that the nucleation rates in PP025 at crystallization
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temperatures of 120.5°C and 123.5°C correlate with oy - oy
independent of mode of deformation.

In PE, as in PP, the reciprocal induction times correlate with
g - Oy independent of the deformation mode, as shown by the results
in Figures V-26 and V-27 at 123.5°C (compare Figure V-26 with V-27).
However, the experimentally accessible principal stress range in
elongational flow is unfortunately too small to be very convincing.
The oy = cy values for the shear flow case in PE are calculated from
the experimental normal stress results.

Figures V-28 and V-29 are plots of 1/t1 as a function of
I = Oy for PP120 and PP025 at 123.5°C and for PP120, PP025 and PP040
at 128.5°C, respectively. Figures V-28 and V-29 facilitate a direct
comparison of the results for the different polypropylenes. These
figures exhibit no systematic correlation of nucleation rates with
respect to the molecular weights. PP120, with broader molecular
weight distribution still shows faster nucleation rates compared to
PP025 and PP040, particularly at hﬁgher oy " oy.

A comparison of nucleation rates of PE with PP120 and PP025 at
123.5°C is shown in Figure V-30. As expected, PE exhibits faster
nucleation rates compared to the polypropylenes at any given Iy = 9y
value.

Correlation of nucleation rates with AGdef:

In this section the nucleation results will be interpreted based
on the rate expressions developed in Chapter III from the classical

theories. If Eq. III-40a (p. 60) is at all valid, there should exist

a correlation between the nucleation rate and AGdef for samples
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crystallized at the same temperature but under different stress
states. This assumes that the quantities A and B in Eq. 1II-40a,

p. 60, are unaffected by a change in the mode of deformation. Based
on our earlier discussion in Chapter III, this seems to be a reason-
able assumption. Earlier AGdef has been shown to be proportional to
the TrP (see Eq. III-50b, p. 64). In the following fiqures, we use
TrR values computed from Eq. III-57 and III-59 (pp. 67,68) for the
elongational and shear flow cases, respectively.

Figure V-31 shows the shear and elongational flow 1/t1 data
presented earlier in Figures V-22 and V-23, replotted as a function
of Trg. Figure V-31 shows that there is a correlation in PP025
between the nucleation rates (]/ti) and the Trg independent of mode of
deformation at 120.5°C and 123.5°C, respectively. Similar conclusions
can be drawn for PE at 123.5°C as indicated by the results in
Figure V-32 which is a replot of Figure V-26, as a function of Trp.
These results suggest that the theory resulting in Eq. III-40a
(p. 60) should be examined more thoroughly in an effort to establish
whether it accurately describes the effect of stress on nucleation
rate. See Figure V-33.

In order to predict the nucleation rates from Eq. III-40a, prior
knowledge of the constants A and B is required. Both A and B contain
parameters (see Eqs. III-38 and III-39 (p. 59)) which cannot be
readily evaluated for a given polymer in a manner that is completely
independent of nucleation rate measurements. The most feasible
approach is to assume that A and B are independent of stress (see

discussion of this point in Chapter III). With this assumption, A
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and B can be evaluated from the quiescent crystallization data. If
the nucleation rates are assumed to be proportional to the reciprocal
of induction times (Eq. V-40, p. 60, Eq. II1-37, p. 58) describing

the quiescent nucleation rate can be written as

02
In = A --B—[T"‘ ] (V-5)
t; AH2 TaT?

where A' is proportional to A and the proportionality constant which
relates N to 1/t; also relates A to A',

Figure V-34 is a plot of &n ]/ti VS, trzz/TAT2 for PP025 and
PP120 under quiescent conditions. As expected from Eq. V-5,

Figure V-34 shows a linear relationship between g&n ]/ti and T;Z/TAT2

with A' = 3,102 and — = +56.
AH .
The stress induced nucleation rate (Eq. III-40a, with Na-l—) with

t;

A' and B evaluated from quiescent results can be written as

2
on - = 3.102 —=26 X &M . (V-6)
t T, e T
0 " Cger
m

Figure V-35 shows a comparison between experimental data and the
theoretical predictions of zn(l/ti) according to Eq. V-6 plotted as a
function of trf at different crystallization temperatures. In the
computation of ]/ti values from Eq. V-6, AH and Tm were taken as

? erg/cm3 and 457 °K, respectively. Figure V-35 shows that

1.96 x 10
both the experimental and theoretical nucleation rates have similar

general shape with the effect of temperature becoming less noticeable
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at higher trP values. However, the theory grossly underpredicts the
sensitivity of nucleation rates on the magnitude trP. No appreciable
differences in the calculations of 1/t1 resulted when a different set
of Tm and AH were used (compare curve I with curve II in Figure V-35).
This leads to the conclusion that either the Marrucci expression
underpredicts AGdef’ which in turn results in the underprediction of
1/ti in a polymer melt, or that AGdef does not have the effect on
nucleation rate indicated by Eq. III-40, p. 60. In the present work
we consider it is the inadequacy in Marrucci's analysis to be the
cause for the lower predicted N values.

It is possible to treat AGdef as an adjustable parameter and
determine a value for it which forces Eq. V-6 to give the best fit to
the experimental data. The results of this approach are shown in
Figures V-36, V-37, and V-38. The reasonably good fit to the experi-
mental data shown in these figures was accomplished by considering

only the first term in the general expression (Eq. III-42, p. 62).

46 Trp (V-7)

def =~ N

The constant LI is dimensionless and is simply adjusted to give a
good fit to the experimental data. In the case shown, ayy = 50 and
the values of A', B, AH and Tm are the same as those used for the
calculations plotted in Figure V-35. Also note here that for ay =
1/2, Eq. V-7 reduces to Marrucci's equation (Eq. III-50b, p. 64).
Figures V-37 and V-38 are plots of 1/ti as a function of Trp
for PP120 and PP025 at 123.5°C and for PP025, PP040 and PP120 at

128.5°C. The solid curves are the predicted nucleation rates with




132

JALeAL1dadsad 9,679z PU® 9,G°€2l ‘0067021 3®
G20dd 40} SIINS34 JU] SNSUBA (S33ed uoL1ea|dnu) sawLl uoL3onput

[eo04d 1084 [RRUBWLABAXS pue |eJL3a403y] pajsnlpe 40 uosLdedwoj : Qf-p o4nb L4

(;WD/ SINAG) d %L

gl Jul g0l <Ot yOl ¢Ol
! J | 4 _ )
M-
- \\\\l\\ll'll@ll’l
P
v 0 _—"g
s Kk
/ e
\\ \\\\\\H\\\\Am ®
Aw\\\
W)/50u3
(¢ mO_ x61 =HV ! 2.r81=Y0)
053 HUM GRISNNQY AYgIHL . \@m \ ®
Ezm_zaun_qu » 1_9
llllll \
3,592 © 9
3662 g— - \@
3.502 o — —— \
dd
G20 »

(L9391 /1




133

N "0,6°€21 1° 02Tdd pue
GZ20dd 404 SIINSBUA 4| SNSUBA (SI]JBJ UOLIED|INU) SAWL] UOLIDNpUL

[e204d 294 {ejuawWLIddxd pue |edI113403Y] paisnlpe Jo uostaedwo) : /€-A d4nbL{

[,N0/s3ANAC] diy

ol ol
40t wo- 0! v g o
{ T I 1 g!
7 @ =
- ot
z- "
m
O
1
o
1,0t
K1o9y]
v ozrdd ¥
szodd QO
oom.nwpmo._,
- ot




134

. "2.G°821 1® 0%0dd Pue 0Zldd
£G20dd 40} SI|NSAU dul SNSUSA (S3ed UOLIRI[DNU) SawL) uot3onput . -
mwmuo;&um; ejuswidadxs pue [e3139408Yy3 paisnCpe 40 uostdeduwog : 8E-A d4nblLy

[;wo/sanaa] dat

0l ot Ol ;0L .0t N
1§ | | | o
10013
: @ 2
© o
vV o v o
-1 .0L
NI
AN 08- X AHO3HIL
o ozikdd O
szodd 7
ovo dd [}
u.,m.nﬁl.o.p L oL




135
different 2y, valués. The experimental results show that PP120 still
shows faster nucleation rates compared to PP025 and PP040, particularly
at higher trP. The calculated values show that the constant a7
(estimated from curve fitting the results in Figure V-37) is higher

for PP120 (a]] = 80) compared to the other polypropylenes (aH = 50).

4. Discussion

Commercially available polypropylenes were used in the present
studies. Some of these samples have been used extensively in earlier
melt spinning (88,180) and rheological studies (107,202) at The
University of Tennessee. Continuation of studies with these samples
furthered the understanding of crystallization behavior under both
quiescent and stressed conditions. However in the current studies
the separation of effect of molecular weight and molecular weight
distribution on the nucleation rates became complicated.

Undoubtedly, an important drawback of the current studies is
that there is no direct observation of crystallization process under
flow conditions particularly in elongational flow. Such observations
would have given more direct evidence of the start of crystallization.
However, because of the anticipated experimental difficulties we
decided to follow the changes in viscosities due to crystallization.
Such procedures may have caused some errors in the measurement of
induction times particularly in elongational flow.

Figures V-39 and V-40 show the comparison of the 1/t1 from the
present work with those found in the literature (125,148) on poly-

propylenes in shear flow at 121°C and 128.5°C, respectively. Both
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these figures show similar trends in the variation of 1/t1 as a
function of shear rates for the present and the Titerature results.
There are some differences in 1/ti values between the investigators
which do not appear to be unreasonable considering the fact that the
polymers and the experimental systems and procedures are different
in each case.

Direct comparison of induction times under isothermal elongational
flow with literature values is not possible, since there exists no
other such data for commercial polypropylenes and polyethylenes.

Samples crystallized at lower stresses (Figure V-16, p. 101)
showed a strong effect of crystallization temperature but a small
effect of the differences in samples on the nucleation rates. This
is consistent with the nucleation behavior observed in quiescently
crystallized samples (Figure V-4, p. 82). At higher stresses, the
crystallization temperature effect on nucleation rate seems to
decrease due to the dominant effect of stress on 1/t;.

In the literature several investigators presented nucleation
rate results as a function of y. In the present studies the
nucleation rate results under shear flow conditions were presented as
a function of ¥ (Figures V-14 and V-15, pp. 99 and 100). The conclu-
sion with respect to the sample effect reversed when the same results
were plotted as a function of 9qp This suggests that 912 (which 1is
a measured response from the sample to the imposed deformation or v)
measurements are important in interpreting the nucleation rates.

Nucleation rates when plotted as a function of 919 showed that
)

PPO40 with Tower molecular weight (MQ = 2.91 x 107) and presumably
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similar molecular weight distribution as PP025 (M@/Mﬁ = 4.0, M@ =
4.03 x 105) crystallized at a slower rate. This suggests that under
stressed conditions higher molecular weight samples crystallize faster.
However, under isothermal quiescent conditions (Figure V-3, p. 81)
PP040 crystallized faster than PP025. This is reasonable if we con-
sider that under quiescent conditions low molecular weight samples with
higher chain mobility would have higher nucleation rates. However
under flow conditions, at moderate super coolings (Tcr >> Tg), the
differences in chain mobility is overshadowed by the stress effects
on AGdef’ Higher molecular weight samples with higher entanglement
between molecules are subjected to greater chain extension during
flow and hence give rise to faster nucleation rates.

The results in Figure V-16, p. 101, also showed that PP120 with
a lower molecular weight (MQ = 2.45 x 105) but a broader molecular

8.0) compared to PPO25 (W = 4.03 x 10°,

2.91 x 10°, M /M = 4.0) crystallizes

weight distribution (ﬁw/ﬁh

MQ/Mﬁ = 4.0) and PP040 (MQ
faster. One explanation justifying the above result comes from the
conclusion that the high molecular weight tail in the broader molecular
weight distribution in PP120 contributes strongly to the entanglements
causing the nucleation rates to be faster.

In all of the above discussion on sample effects on nucleation
results one must keep in mind that differences in the presence of
adventitious species in different samples could cause the nucleation
states to be different under both quiescent and stress induced cases.

The results presented in the previous section showed correlation

between the nucleation rates and the principal stress differences
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independént of the mode of deformation (shear or elongational) at any
given crystallization temperature for both PP025 and PE. A similar
correlation between the nucleation rates and Trp (or AGdef) was also
observed. The correlation between the nucleation rate and molecular
orientation is a result of the postulation from intuitive arguments
whereas the relation between the nucleation rate and AGdef originates
from the classical theories. As the results in the previous sections
indicated, both the above approaches seem to give equally good
correlation independent of mode of deformation. The reason for this
is our inability in distinguishing between the experimentally
measured values of I = Oy and the TrP. Both the principal stress
differences and TrP are proportional to the first normal stress
differences as per Eqs. III-9 and III-59, pp. 48 and 68.

According to the "Rheo-optical law," oy - Oy is a measure of the
average molecular orientation in the melt. This mo]ecuiar orientation
is independent of mode of deformation and also the molecular weight
and weight distribution. From this one would expect a correlation
between the nucleation rates and o9 = (or orientation) to be
independent of the molecular parameters of the samples. However,
nucleation rates of different PP samples showed a strong sample
effect when plotted as a function of oy - 9% (see Figures V-28 and
V-29, pp. 121 and 122). At a given principal stress difference, PP
samples with broad molecular weight distribution showed faster

nucleation rates compared to the narrower molecular weight distribu-

tion samples. The probable reason for this may simply be that the
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nucleation rate is more sensitive to the molecular weight
distribution, particularly the presence of high molecular weight
species which could cause significantly higher localized orientations
due to increased entanglements. If this is the case samples contain-
ing high molecular weight species should exhibit higher nucleation
rates at a given average orientation, than samples that do not. The
experimental results confirmed this. A second possible explanation
for the observed sample effect could be due to the differences in
the hydrodynamic interactions during flow between the polymer
molecules andany adventitious species. These differences in inter-
action may cause the observed differences in the nucleation rates.

Linear relationship between 2n 1/t1 and TgZ/Tg AT2 shown in
Figure V-34 (p. 129) are anticipated for the quiescent crystalliza-
tion case from the classical nucleation theories. Theoretical pre-
dictions of stress induced nucleation rates (which utilize the
quiescent results) showed a similar temperature dependency and general
shape as the experimental results. However as shown in Figure V-35,
p. 130, these values are lower than the experimental 1/t1 results due
to the underprediction in AGdef (or Asdef) by Marrucci analysis
(Eq. III-50b, p. 64). A comparison of estimates of Asdef as a function
of macroscopic deformation ratio, A, using Marrucci (170) (ASdef
estimated from the stress values, A from the stretch ratio), Yeh and
Hong (259) and Krigbaum and Roe (140) type analyses is shown in
Figure V-41. Also shown in this figure are the Asdef values calcu-

lated using Eq. III-40b, p. 60, and the elongational flow experimental
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1/ti results. These results show that Yeh and Hong and Krigbaum and
Roe's expression greatly overpredicts the Asdef while Marrucci's
approach underpredicts the Asdef' This again confirmed that the use
of affine deformation model from rubber elasticity theory overpredicts
the Asdef (and hence the corresponding ]/ti results) in a polymer melt
under deformation. On the other hand Marrucci's approach which to some
degree takes into account the molecular relaxations occurring during

flow, underpredicted the AS While there appears to be no

def’
preference to the above two approaches, we feel that relating AS

def
to the stress state in the melt (Jarecki and Ziabicki (272),
Marrucci et al. (170) type approach) is the direction to follow. The
general expression for AGdef (or Asdef) such as the one described by
Jarecki and Ziabicki (272) involving multiple constants and higher
order trg terms should be considered carefully in light of our experi-
mental results. Curve fitting of our experimental results with a
simplified Jarecki and Zwabicki expression (Eq. V-7, p. 131) showed
that the constant ayq can be a function of sample (see Figures V-37
and V-38, pp. 133 and 134), and that this value is quite high (nearly
2 orders of magnitude) compared to the constant (a11 = 1/2) in
Marrucci's analysis.

The constant a1 needed to make the theoretical nucleation rate
values compare with experiment (aAG = a1 trﬁ) might conceivably be
interpreted as measuring the effect of the average stress on the high

molecular weight tails. That is, in enhancing the nucleation rate.

If this is the case then ayy should be sensitive (vary) with Mw
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distribution. This was shown to be the case in Figures V-37 and V-38

(pp. 133 and 134).



CHAPTER VI

QUIESCENT AND STRESS-INDUCED CRYSTALLIZATION KINETICS OF
NUCLEATED AND NONNUCLEATED POLYPROPYLENES

A. QUIESCENT STUDIES

1. Results

Figure VI-1 shows traces of crystallization exotherms for
polvprooylenes at 124°C. The traces include both nucleated and non-
nucleated control pbolvpropvlenes. This fiaure is very similar to
Fiqure V-1 (p. 78). Fiqure VI-1 indicates that nucleated polypropylenes
crvstallize faster than the control. This fiqure further indicates that
sodium benzoate is more effective as a nucleatinag agent at 124°C than
talc (comoare samples PPSB10 and PPT50). The talc nucleated sample
(PPT50) crystallizes onlv slightly more rapidly than the control
(PP040).

Fiaure VI-2 is a plot of reciprocal crystallization half time as

a function of crystallization temperature (T for the control and the

cr)
nucleated polypronylenes. This fiqure shows that l/to.5 decreases with
increasing Tcr for all the samples in the temperature ranae investigated.
Sodium benzoate nucleated PP (PPSB50) crvstallizes at rates ahout 1.5
orders of maanitude higher than the control sample at anvy given Tcr'
Another way of looking at this is that at constant crvstallization rate
(l/tO.S) PPSB50 crvstallizes about 20°C higher than the control. The talc

nucleated samle, PPT50, has crystallization rates slicghtlv higher than

the control. There is also a nonlinear effect of amount of nucleating

145
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agent, sodium benzoate, on the crystallization rates. The addition
of 0.5% sodium benzoate is only slightly more effective than 0.05%

sodium benzoate.

2. Interpretation of Results

a. Avrami analysis. The kinetic data were analyzed by means of

the Avrami equation (22,78). Typical Avrami plots (Log-1n (1 - %% VS.
time)) obtained by DSC for PP040 and PPSB50 are shown in Figures VI-3
and VI-4. The crystallization temperature and the corresponding slope
values, n, for these and other experimental polymers are listed in
Table VI-1. These slopes were determined over the range of X = 0.1-0.87,
to avoid difficulties associated with errors in the small enthalpy
variations during the early stages of crystallization and the trunca-
tion and secondary crystallization effects near the end of crystalliza-
tion. Table VI-1 shows that there is no systematic variation in the
Avrami n with crystallization temperature and it is approximately equal
to the integer 3 for all types of samples. The Avrami index n = 3 can
be interpreted to be a result of heterogeneous, predetermined
nucleation with 3-dimensional growth and constant growth rate. Similar
findings and interpretations on polypropylenes have been reported by

several investigators (168,110,104,112,80,111).

b. Nucleation density. The Avrami index n = 3 means that the

nucleation density quickly reaches a constant value. The time


https://0.1-0.87
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TABLE VI-1

VALUES FOR AVRAMI INDEX, n FOR NUCLEATED AND CONTROL PP
AT DIFFERENT CRYSTALLIZATION TEMPERATURES

Sample Cryst. Temp (°C) Avrami n
Control 112 3.22
PPQO40 115 3.25
118 3.25
121 2.93
124 2.60
PPT50 112 2.61
124 3.00
130 2.96
PPSB50 127 2.98
130 2.88
133 2.67
136 3.25
139 3.25
142 2.67
PPSB10 124 3.05
130 2.82
136 2.54
142 3.16
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required to reach this constant value, ti’ is small compared to the
crystallization half times, t0.5' The constant nucleation density,
Ngs as a function of temperature for a given polymer sample can be

calculated at t = tO 5 according to the equation,

X (Vi-1)
&3

"01317
where G is the constant growth rate, K the Avrami rate constant at
t = t0.5 calculated with n = 3.

Table VI-2 shows the o results for the control and nucleated
polypropylenes calculated with the growth rate data from Binsbergen
et al. and Ishizuka et al. (34,111). The effect of nucleating agent,
sodium benzoate, on "o is shown clearly in Table VI-2. These nucleated
samples show about four orders of magnitude higher nucleation density
compared to the control and talc nucleated samples. The value of o
for the control and talc nucleated polypropylenes decrease with
increasing crystallization temperature. Both K and G values used in
the 4 calculations are extremely small, and small errors could lead
to large effects on Ny However, the values of Ny appear to be almost
independent of temperature in the range investigated for the sodium
benzoate nucleated samples.

The effect of the amount of the nucleating agent on the number of
growth centers (no) is shown in Figure VI-5. These results indicate an

increase in the nucleation density with increasing amount of nucleating

agent. The heterogeneous nucleation theory (Eq. III-32) predicts a




NUCLEATION DENSITY RESULTS FOR BOTH NUCLEATED AND CONTROL PP

TABLE VI-2

AT DIFFERENT CRYSTALLIZATION TEMPERATURES

153

Samole Temo. (°C) K (sec'3) ij*) cm3/sec3 n, (l/cm3)
PPO40 112 4.4 x 10°° 1 x 107l 1.0 x 10°
115 1.2 x 1079 4 x 10712 6.8 x 10°
118 2.2 x 107/ 8 x 1013 6.3 x 10°
121 3.1 x 10° 5.1 x 10713 1.3 x 10%
124 8.0 x 107 8 x 10714 2.4 x 10°
PPSB50 127 5.9 x 107° 5.9 x 10719 2.4 x 108
130 2.5 x 1070 6.6 x 10710 9.1 x 10°
133 1.1 x 107° 2.7 x 10716 9.7 x 108
136 1.8 x 107/ 3.6 x 1077 1.2 x 107
139 1.7 x 1078 4.8 x 10718 8.5 x 10°
142 1.5 x 1072 6.4 x 10712 5.6 x 10°
PPSR1O0 124 8.7 x 1070 8 x 10714 2.6 x 107
130 7.1 x 107/ 6.6 x 10716 2.6 x 108
136 2.9 x 1078 3.6 x 10717 2.0 x 108
142 3.7 x 10710 6.4 x 10719 1.5 x 108
PPT50 112 1.2 x 107° 1 x 107l 2.8 x 10°
124 1.3 x 1078 8 x 10714 3.9 x 10
130 2.0 x 10710 6.6 x 10710 2.5 x 10%
PPSRO5 121 1.7 x 107° 6.9 x 10°
127 2.2 x 10” 5.9 x 10‘15 9.1 x 10?
130 1.3 x 10~/ 6.6 x 10'13 4.7 x 10,
136 3.1 x 1078 3.6 x 1077 2.1 x 10
142 1.0 x 10710 6.4 x 10 3.9 x 10
(*) G3 results from Rinsberaen (34) for 127-142°C temperature range,

from Ishizuka (111) for 109-124°C range.
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Tinear re1ationship between the amount of nucleating agent and the
nucleation rate. In the present case the 1imited data with different
nucleating agent concentrations (.05-.5 wt %) seems to indicate a
nonlinear relation between the nucleation density and the nucleating

agent concentration.

c. Nucleation rates. Figure VI-6, similar to Figure V-34,
p. 129, is a plot of In 1/t; vs. To¢/TaT? for nucleated and control
polypropylenes. The selection of equilibrium melting temperature (Tg)
is important as it affects not only the slope but also the goodness of
fit (160). Values of Tg for PP are given in the literature (47,141)
ranging from 174°C to 184°C. 1Ishizuka and Koyama (111) used Tg =
184°C. Recent work of Krigbaum et al. (141) supports this high Tg
value in PP. The calculations presented in Figure VI-5 are based on
Tg = 184°C. This figure shows a linear relationship according to
Eq. V-5, p. 128. VUse of other Tg values resulted in different slopes
with no clear choice for the goodness of fit. Figure VI-6 shows that
at any given undercooling, the ]/ti in the talc nucleated PP is
slightly higher than that for the control sample but considerably
lTower than the 1/ti for the sodium benzoate nucleated samples.
Figure VI-6 also indicates nonlinear, increasing effect of the concen-
tration of sodium benzoate on 1/ti'

Table VI-3 shows the slopes and intercepts for all the control

and nucleated polypropylenes from Figure VI-6 and also from Figure V-33,

p. 127. The slopes and intercepts of these curves are described by
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TABLE VI-3

CALCULATED INTERFACIAL ENERGY PARAMETERS FOR CONTROL AND
NUCLEATED PP UNDER QUIESCENT CONDITIONS

157

Aye Y0s™7s
Slope Intercept YYBY YHgs™Ys  Assume
Sample B/AHZ Al ergS/cm erg/cm = 12.1
erg/cm
PP025 56.0 3.1 4273 6.0 6.1
PP120 56.0 3.1 4273 6.0 6.1
PP040 55.5 3.1 4235 5.9 6.2
PPT50 55.5 3.4 4235 5.9 6.2
PPSB50 23.8 1.6 1816 2.5 9.6
PPSB10 23.8 1.1 1816 2.5 9.6
PPSBO5 23.8 0.8 1816 2.5 9.6
16vy_AY
Slope BZ = € i
AH 2.303 k AH
F.*
A' = 1n S*nSNSVO - é____
kT

YYe =

aH =1

K=1,38x 10"

714 er‘gz/cm4 and v=12.1 erg/cm2 (39)

.96 x 109 erq/cm2

16 era/°K
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Eqs. III-38 and III-39, p. 59, respectively. Also shown in this
table are the interfacial energy parameters. The value of Ay was
obtained by dividing YY Ay with a Titerature value of o (30). The
quantity Yos = Vs in Table VI-3 is a measure of the nucleating
ability of the nucleating agents. A higher value of Tos = Vs indicates
a better heterogeneous nucleating agent since, relative to the melt,
less energy is expended in creating a unit area of substrate-crystal
interface (41). Table VI-3 shows that the adventitious nucleant in
the control and the nucleant in the talc containing samples have
practically the same nucleating ability while the sodium benzoate
addition produces a much greater nucleating ability which results in
higher nucleation rates at any given undercooling. Table VI-3 also
shows that the increase in the amount of nucleating agent (sodium
benzoate) increases its intercept value as more and more surface area
(S*) becomes available for the formation of nucleus. This results in
higher nucleation rates for samples with higher nucleating agent
concentration. However, this effect is nonlinear in concentration,
as shown in Fiqure VI-6. The intercept value is lower for nucleated
samples compared to the nonnucleated samples. This perhaps is due
to the greater increase in -oF . * term (see Eq. III-33, p. 58) due to
generally higher crystallization temperature range compared to the

nonexponential increase in s* due to the additional nucleating

surface.

3. Discussion

There are several problems in the evaluation of kinetics of

crystallization according to the Avrami equation. The Avrami plots
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do not describe the entire crystallization process. Even if the data
are well preserved over the major portion of the crystallization
process, no account is taken of the secondary crystallization, which
can cause deviations from the theory. Besides this, there are
problems associated with the experimental difficulties such as
nonuniform thermal history of the sample, uncertainty about the
starting time of crystallization, etc. 1In spite of all these
problems, Avrami analysis is still useful, particularly in comparing
the crystallization rates of different samples.

Figure VI-7 shows the rate constant (K) data of the present

research as well as the data from the literature on PP (compiled by

Ishizuka and Koyama (111)) as a function of T%/TAT. This figure indicates

that rate constants for control polypropylenes and the talc nucleated
polypropylene of the present research have similar temperature
dependency but are lower compared to the rate constants for commercial
polypropvlenes in the literature. It is also important to note that
the slopes of the plot in Figure VI-7 for the present and Titerature
samples are approximately the same but the intercept values are lower
for the present samples. This may be because the results from the
literature are about 20 years old and the commercial polypropylenes
manufactured now may be cleaner with less residual heterogeneities,
hence Tower rate constants. The sodium benzoate nucleated samples
shown in this figure have much higher rate constants compared to both
the Tliterature and the present study control samples.

In analyzing the quiescent crystallization data we have used two

different approaches. In one case we calculated the nucleation
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density (no) by assuming that the nucleation rate quickly becomes
zero. In the second case, the results were analyzed using the
nucleation rate equation. It is very important to clarify the
differences between these two approaches. The assumption that
nucleation rate quickly becomes zero means that the time tS is much
lower than ty s (see Figure VI-8). It is possible to calculate ng at
any point during crystallization by using the proper time and the
corresponding K. However, by selecting ty.5 (with K = KO.S) we are
certain that dn/dt = 0. In the second approach, the nucleation rate
expression was used in the very early parts of the crystallization
(t < tS) where the nucleation rate is not equal to zero.

Within the Timited number of nucleating agent concentrations
studied, a nonlinear increase of the nucleation density with .
increasing nucleating agent concentration was observed. Similar
results were reported by Binsbergen et al. (34) and Beck and

Ledbetter (25).
B. STRESS-INDUCED CRYSTALLIZATION STUDIES

1. Results

The general stress response of nucleated samples in shear flow
is similar to the stress response shown in Chapter V for the control
samples. The measurements and interpretations of the induction times
described earlier for control samples are applicable for the
nucleated samples.

The range of shear rates experimentally accessible in the

nucleated samples is Tess (y < 1.6 sec']) compared to the control

max
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samp les (; x £16.0 sec_l). The accessible range of crystallization

ma
temperatures for sodium benzoate nucleated samples is high (142.5-
152,5°C) compared to the control (121.0-138.5°C). This difference

in the crystallization temperature makes direct comparison between the
control and nucleated SIC results difficult. Figure VI-9 shows the
reciprocal induction times versus shear stress for the control at
128.5°C and sodium benzoate nucleated PP at 146.5°C. This figure
shows that at any given stress the l/ti in PPSB50 and PPSBO5 are
high (even at a crystallization temperature 20°C higher) compared to
the control sample. PPSB50 with 0.5 wt % of sodium benzoate nucleating
agent shows an order of magnitude higher ]/ti compared to PPSB05 with
0.05 wt % of nucleating agent.

- An effective comparison of quiescent and stress induced
crystallization kinetics of nucleated and control samples is shown in
Figure VI-10 where the 1/t1 are plotted as a function of
crystallization temperature. The stress induced crystallization
results shown in Figure VI-10 correspond to a relatively low shear

rate of 0.1 sec'l.

This figure shows that the quiescent nucleation
rates in the control and talc nucleated polypropylenes are similar
but are significantly lower than the quiescent results for sodium
benzoate nucleated (0.5 wt %) polypropylene. The stress crystallized
control samples show a small but noticeable influence of shear on
1/ti' The influence of shear appears to be strongly temperature
dependent. At the highest accessible crystallization temperatures

the nucleation rates for the sheared control samples appear to be an

extension of the quiescent results at the modest shear rate presented
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in Figure VI-10. However, talc and sodium benzo&te nucleated
polypropylenes showed significant stress enhancement effect on 1/t1
at any given crystallization temperature in the accessible range.
Note, however, that the temperature dependence for these sheared

samples is clearly greater than for the quiescent samples.

a. Further analysis of reciprocal induction time results.

It is of interest to see how the predicted values (as per the

procedure developed in Chapter V) of nucleation rates (]/ti) compare

with the experimental results. Figure VI-11 shows such comparison,
where the drawn curves are predicted values and the points are the
experimental measurements. The predicted values are from Eq. V-5,

p. 128, with —Ef and A' values from the quiescent results given in

Table VI-3. ﬁ?ke in the earlier chapter, the predicted values with
the constant ayy = 50 fits the data for control (PP040) sample.
However, for the sodium benzoate nucleated PP, the predicted values
are much Tower than the experimental results. The probable reason
for this is the use of A' from the quiescent results. For a
nucleated sample under flow, the A' can be much higher than for the
quiescent case. This is because of the nucleating agents in motion
offer a larger effective nucleating surface area which could depend
on the concentration of the nucleating agent. The A' used in ]/ti
calculations is proportional to the nucleating surface area (S*).
Accepting these arguments and making A' as an adjustable parameter,

the experimental results in Figure VI-11 can be curve fitted.

Figure VI-12 shows such results where the predicted values fit the
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experimental results with a,, = 50, A' = 16 for PPSB50 and a,, = 50,

11 11

A' = 14 for PPSBO0S.

The value of the above analysis for nucleated samples is reduced

due to the fact that adiustments have to be made (2 parameters) each
time the concentration of the nucleatina agent or type of polymer or
nossibly mode of deformation is changed. However, this two adjustable
parameter equation is consistent and can be justified from the
arauments of classical nucleation theories. Clearly, this analysis is
auestionable at best. Considerably more experimental data is needed to
sort out the details of the behavior of nucleated samples subjected to

deformation.

2. Discussion

In the open literature quiescent crystallization studies of
nucleated polyprooylenes are very limited and the detailed studies
involving the stress induced crystallization of nucleated samples are
nonexistent.

Figure VI-9, p. 164, showed that at any given reciprocal
induction time addition of sodium benzoate increases the phase transfor-
mation temperature by about 15°C while subjecting the same sample to
stress further increases this temperature by 7-19°C depending on the
temoerature at which the samnle is being stressed. Although addition of
talc (0.5 wt %) to polvoronylene showed very little effect on the
crystallization temperature, subjecting it to stress field raised this
phase transformation temperature bv 3-9°C depending on temperature of

crystallization under shear flow. Thus stress (or strain) is even more
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effective in enhancing the nucleation rates of nucleated samples than it
is for samples that do not contain nucleating agents. 0.5 wt % sodium
henzoate nucleatina aagent under 0.1 sec-1 shear rate increased the
crvstallization temperature in PP040 to a maximum value of 44°C.

Two possible explanations for the high stress enhancement effect
on the nucleation rates for nucleated samples include: (1) stress
concentration effects of the nucleating agents (82,105,211); and (2)
increase in the specific activity of the nucleating agent as it moves
in the polymer melt subjected to deformation. The motion of the
nucleating particle mav increase its effective area available for
nucleation and promote better epitaxial relationship with the partially

oriented melt.

For the case where the additives levels of talc and sodium
benzoate are the same at 0.5 wt %, the nucleation rates for sodium
benzoate containing PP is much higher. Since average particle size
of both these nucleants are similar (10-15 um), the stress concentration
effects should be similar for the PP containing these nucleating
agents. This suggests that the difference in nucleation rates
between PPSB50 and PPT50 is mainly due to the differences in their
nucleating abilities. The local stress concentration effects of the
talc particles (~factor of 3) may be adequate to account for the

weak enhancement of nucleation rate during shearing in PPT50,



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

1. Nucleated and Nonnucleated Quiescent Crystallization

a. Nonnucleated isothermal quiescent crystallization results
from the present studies showed lower 1/t0’5 and K values than com-
parable Titerature results (80,168,111). These differences are
reasonable considering differences in heterogeneities such as
catalyst residues (present day polymers are much cleaner compared to
20 years ago), molecular weights and weight distributions, the degree
of tacticity and other variables.

b. Quiescent crystallization results showed minor differences
in the crystallization behavior between the control polypropylenes
due to the differences in the heterogeneities or due to the differ-
ences in their molecular weight and molecular weight distribution.
Crystallization rates in PE showed a much stronger temperature
dependency compared to PP. A1l the results indicated a decrease in
crystallization rates with increases in crystallization temperature.

c. Addition of 0.5 wt % of sodium benzoate nucleating agent
enhanced the crystallization rates (1/t0.5) by about 1.5 orders of
magnitude over the control PP. Another way of looking at this is
that at constant crystallization rate (1/t0_5) PPSB50 crystallizes at
about 20°C higher than the control. The talc nucleated sample, PPT50,

171
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has crystallization rates slightly higher than the control. There is
also a nonlinear effect of amount of nucleating agent, sodium
benzoate, on the crystallization rates. As nucleating agent concen-
tration is increased its effectiveness tends to saturate. The
nucleation density, Ng» calculations with literature Gs data). also
showed 4 orders of magnitude higher "o for sodium benzoate nucleated
samples compared to talc nucleated and control PP.

d. Avrami analysis of the quiescent kinetic data resulted in
an approximate Avrami index, n, of 3 for both control and nucleated
PP over the accessible isothermal crystallization temperature range.
This n = 3 can be interpreted to be a result of heterogeneous, pre-
determined nucleation with 3-dimensional constant growth rate. Similar
findings and interpretation on PP were reported by several investiga-
tors (38,80,111).

e. As expected from the classical nucleation theories, In ]/ti

2 plots showed a

(1/t1 interpreted as nucleation rate) vs. ng/TAT
Tinear relationship for both control and nucleated polypropylenes
for the results obtained under quiescent conditions.

The conclusions on the effectiveness of nucleating agent were
reconfirmed in this analysis according to heterogeneous nucleation
theory. The slope of the straight line from the above plot is
proportional to the product of interfacial energy parameters (YYeAy)
and the intercept is approximately proportional to the available
nucleating surface area (S*). The calculations of Ay (interpreted as

a measure of nucleating ability of the nucleating agents) showed that

the adventitious nucleant in the control and the nucleant in the talc
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containing samples have practically the same nucleating ability, while
the sodium benzoate addition produced a much greater nucleating
ability which results in higher nucleation rates at any given under-
cooling. The results also showed that the increase in the amount of
nucleating agent (sodium benzoate) increases its intercept value as
more and more surface area (S*) becomes available for the formation

of nuclei. This resulted in higher nucleation rates for samples with

higher nucleating agent concentration.

2. Nucleated and Nonnucleated SIC

a. Analyses of rheological data (n and N1) obtained during the
stress induced crystallization studies resulted in the conclusion that
PP120 has lower melt viscosity and broader molecular weight distribu-
tion (v 8) compared to PP025 and PP040 (~ 4). These conclusions com-
bined with dilute solution viscosity results have been successfully
used in explaining sample effects on nucleation behavior during SIC
studies.

b. The SIC results in control PP and PE (1/t1 vs.y) showed an
increase in the nucleation rate, ]/ti’ with increasing y in the
accessible range of crystallization temperatures investigated. For a
given shear rate, the nucleation rates decreased with increases in
the isothermal crystallization temperature. Similar trends were
reported in the Titerature (71,74). In control PP the difference
between ]/ti for quiescent samples and those crystallized under Tow

shear rate (v < 0.1 sec_]) decreased with increases in crystallization
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temperatures. However, in PE this difference remained high (1 order
of magnitude) at v = 0.01 sec™' and T, = 123.5°C.

c. Nucleation rates in control PP when plotted against shear
stress or tensile stress showed similar general trends. At low
stresses the nucleation rates were close to the quiescent values.

The effect of crystallization temperature was significant and clear at
any given stress (higher crystallization temperature, lower nucleation
rates). At higher stresses the differences in nucleation rates due to
temperature differences are low perhaps due to the dominating effect
of stress.

d. The shear flow results showed that the effect of sample on
1/t1 which was large at higher stresses decreased with decreasing
shear stresses. PP with lower moﬁecu]ar weight and broader molecular
weight distribution showed faster nucleation rates. Polypropylenes
with approximately similar molecular weight distributions but different
molecular weights showed much lower differences in their nucleation
rates. This suggests that the high molecular weight tail in the
broader distribution plays an important role in determining the
kinetics of crystallization under shear. A second possible explanation
for the sample effects could be the differences in the presence of
adventitious species which could cause different nucleation and stress
concentration effects.

e. Two different approaches were presented to interpret the
nucleation rate results under shear and elongational flow. The first
approach, which is an intuitive proposal, related the nucleation

rates to a molecular orientation distribution which can be determined
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by the state of the stress in the melt. In the second approach,
expressions relating nucleation rates to AGdef were developed from
theoretical considerations. These above approaches were tested by
the experimental results.

Comparison of nucleation rates at a given temperature in PP
under shear and elongational flow showed significant differences.
However, the same results when plotted as a function of principal
stress differences (or melt orientation) indicated a unique correla-
tion between the nucleation rates and the difference of principal
stresses or melt orientation independent of mode of deformation.
Similar conclusions were obtained from the Timited PE results.
Nucleation rates in PP and PE for a given crystallization
temperature also correlated with the AGdef term (evaluated as a
function of stress state in Trg) independent of mode of deformation
as per the nucleation theories.

Both the above approaches resulted in equally good correlation
which probably is due to our inability in distinguishing between the

experimental measurements of o, =0 and the TrP as they both are

y
related to N].

f. Nucleation rates calculated from the classical theories with
the use of quiescent cyrstallization results and Marrucci's analysis
(to estimate AGdef) showed similar general shape and temperature
sensitivity as the experimental results. However, the predicted
values are much lower than the experimental values at any given AGdef'

The reason for the under prediction in the nucleation rates is pre-

sumably because of the Tow AGdef values.
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Comparison of estimates of ASdef(AGdef = TASdef) by Marrucci,
Krigbaum and Roe and Yeh and Hong analyses with experimental Asdef
results showed that Yeh and Hong and Krigbaum and Roe's analyses
greatly overpredict Asdef and hence 1/ti results, while Marrucci's
approach underpredicts ASdef and the corresponding 1/ti values.

Curve fitting of the experimental results showed that the constant
a1 (in a simplified Jarecki and Ziabicki equation) is in the 50-80
range. This compares to ay = 0.5 for Marrucci's analysis. The con-
stant a1 appeared to be a function of the molecular

weight distribution where it is high for broader molecular weight
distribution samples which suggests that the high molecular weight
ends play an important role in the development of enhanced nucleation
rates.

g. In a nucleated sample, stress (or shear flow) increases the
nucleation rates to a greater extent compared to the nonnucleated
sheared sample. For similar particle sizes, the sodium benzoate
nucleated PP showed greater increases in 1/t1 compared to talc
nucleated PP. This is due to the better nucleating ability of the
sodium benzoate. The local stress concentration effects of the talc
particles may be adequate to account for the weak enhancement of
nucleation rate during shearing in the talc nucleated sample.

Sodium benzoate nucleated PP samples under shear flow (% = 0.1
sec']) showed an increase of 44°C in its maximum crystallization tem-

perature compared to the control quiescent case.
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h. For sodium benzoate nucleated PP, the predicted 1/t1 results
(with previously determined constant, ay1s for the control PP) are
much Tower than the experimentally obtained values. The results can
be curve fitted by adjusting the intercept value (A') in the
nucleation rate equation. The probable need for this adjustment is
due to the use of A' values from quiescent results which could be
much Tower. The nucleating agents in motion provide more effective

surface area and hence higher A'.

B. RECOMMENDATIONS

1. AQuiescent and SIC studies using well characterized polymer
samples (molecular weights, molecular weight distributions, etc.)
would be useful. Samples should be selected in a way to separate the
effects of the molecular parameters on 1/t1.

2. More results need to be obtained both with nucleated and
nonnucleated SIC experiments to further verify the theoretical pre-
dictions. Use of an optical system to independently follow the
crystallization is essential, especially in elongational flow studies.

3. Nucleating agents seem to be very useful in increasing the
maximum crystallization temperature. It would be of interest to
establish in a nucleated sample the interaction between the structure,
morphology and processing variables and their affect on the physical

properties.
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APPENDIX 1
COMPARISON OF MARRUCCI AND BKZ ANALYSES FOR AGdef

From Marrucci (170) type analysis:

BKZ proposal for conformational entropy, I, is,
t
L= I Sdt',

where S = net rate of entropy production. One of the arbitrary choices

for the S function is,

- L
T
S = l.z Eﬂ.e " [IC_] - 3]
2 LT L.

where z = t - t' in the elapsed time.
For simple shear flow case:

| Kinematics

X2

3°%3
and for model
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where
?222 vz 0
-1 _ .
C1j - sij = |yz 0 0
0 0 0

—

S == g7 (Pyy + Pyy + Pgj)
z
- - [ e T itla) ()
For BKZ Analysis:
IC-]—3 = '.Y222
w - Z

B 2.2

T = EST—-JO e Y°z%dz (B)

Equations A and B are the same.
For uniaxial extension:

Kinematics:

X1 = X expl[vz]

Xo @Xp -[vyz/2]

>
i

3 = X3 exp -[vz/2]
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LI 0
- - -z
(Cij éij) 0 L 0
_?Z
0 0 e_]
For models
w - Z
- G T -1
O_ij = 'pCS,iJ- + T JO e C_ij dZ .

For Marrucci analysis:

S = - 2$T [ 0 ¢ (eZYZ * 2 -gz) (C)
For BKZ
I -3= e2YZ + 2777 - 3
C-1
and

z
5= o0 j e ' (e2Yz ¥ 20772 3)dz . (D)
0

Equations C and D are the same.




APPENDIX 2

ESTIMATES OF MOLECULAR WEIGHT DISTRIBUTION

Molecular weight distributions for the present experimental
polypropylenes were estimated using n/nO VS. no? and N] VS. 05
correlations. In the literature (176) such correlations have been
presented for samples with known MQ/Mﬁ values. Recently Yamane et a1.*
successfully used such literature results to estimate ﬂh/ﬂh. Follow-
ing we present the original results of Minoshima et al. (176).
Comparison of components A and b and n/no from the present experimen-
tal studies with mainly Minoshima et al. give MQ/Mﬁ ~ 8.0 for PP120
and M /M~ 4.0 for PPO25 and PPO40. An estimate of M,/NM from a
plot of g, vs. F,/M (176) showed that at 10° dynes/cn® W,/ is
1.9 and 2.6 for PP025 and PP120, respectively. See Tables II-1 and
I1-2.

*Yamane, H., J. L. White, Patra Report No. 185, The University
of Tennessee, Knoxville, May 1982.
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TABLE 2-2

n/no RESULTS FOR POLYMERS WITH KNOWN MOLECULAR WEIGHT
DISTRIBUTIONS AT 180°C

Sample MW/Mn n/no(no? = 10° dyne/cmz)
1. Monodisperse PS 1.06 0.515
2. Commercial PS 2.6 0.375
3. PP-A 3.5 0.380
4, PP-B 4.6 0.270
5. PP-C 6.7 0.255
6. PP-D 9.0 0.180
7. PP-E 17.0 0.173

Source: Ref. 176

n/nO RESULTS FOR EXPERIMENTAL POLYPROPYLENES

AT AROUND 125°C

PP120 0.11
PP025 0.18

For a difference in n/nO of 0.7, the molecular weight distributions

(ﬁh/ﬁh) in PP120 can be higher than the PP025 by about 4.0 depending

on the base Mw/Mn value.

Estimates of MZ/MW:
.
e g 2
12
For PP025, Ny = 4.1 x 1074(g ;) '+
For PP120, Ny = 93 x 10%(q;,)""

At Gy = 105 dynes/cm2

[« <
1] "

7.3 x 108 for PPO25

5

1.5 x 1077 for PP120
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M_/M_ from Minoshima et al. (176) for the above Je are

1.9 for PPQ25

=
=
n"

and

2.6 for PP120.

=
=
1
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Figure 2-1 : Steady state compliance (Je) as a function
of Mz/Mw for polypropylene melts.

Source: Ref, 176.
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APPENDIX 3

ELONGATIONAL VISCOSITY RESULTS IN PP AT 180°C
FROM LITERATURE

Following elongational viscosity results at 180°C for
polypropylene show that for a narrower and moderate molecular weight
distribution polypropylene there is no strain hardening effect. For

the present experimental polypropylene

Mw/Mn = 4.0 and Mz/Mw = 1.9

and




poise

7
10 T T | ] l 1 I | T
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Figure 3-1 Elongational viscosity (X) as a function

of elongational rate (E) and time (t) for
PP-H-N at 180°C. (From Minoshima et al.
(176).)
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Figure 3-2 Elongational viscosity (x) as a function

of elongational rate (E) and time (t) for
PP-M-N at 180°C. (From Minoshima et al.
(176).)
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