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Abstract

Brief intervals of strong flow stretch chains in a semicrystalline polymer melt, which
results in an increase in the nuclei number density and a transformation of the crystal structure. This flow-induced crystallization (FIC) phenomenon is explored in
this study using highly isotactic polypropylene (iPP) samples. Using one synthesized and five commercial linear isotactic polypropylene samples, we investigate
the FIC behavior by imposing shear onto these samples in a rotational rheometer.
Equipped with a good temperature control and flexible shear protocol, we apply
different temperature and flow conditions. The magnitude of the FIC effect varies
with basic processing parameters (shear rate, specific work, crystallization temperature, and shearing temperature) and material properties (tacticity, molecular
weight distribution, and particle concentration in the polymer). The scope of this
study is to systematically investigate the influences of these parameters on FIC.
The FIC effects that are investigated in this dissertation are: crystallization
kinetics, persistence time of flow-induced nuclei, and crystal morphology. The
crystallization time was measured in the rheometer by monitoring the onset of
crystallization after quenching samples sheared above Tm . These samples were
subsequently used to study their flow-induced nuclei persistence time and crystal
morphology. The lifetime of flow-induced nuclei was determined by measuring the
iii

time required to return from FIC back to quiescent crystallization using a differential scanning calorimeter. The crystal morphology was imaged using polarized
optical microscopy and atomic force microscopy.
We investigated the influence of specific work on the three FIC characteristics, and found three regimes that are separated by the critical work (Wc ) and the
saturation work (Wsat ) thresholds. Below the critical work threshold, the morphology is composed of mostly spherulite crystals, which keep a constant volume,
and a small fraction of rice grain (anisotropic) crystals. The number of rice grain
crystals increases with specific work, speeding up the crystallization time of the
semicrystalline polymer. At critical work, spherulite formation stops, and the morphology consists only of rice grain structures. This morphology allows the sample
to crystallize at higher temperatures when cooling at 5 C/min, with the sheared
sample crystallizing at 129C compared to the unsheared sample at 113C. In addition, these rice grain structures can withstand significant annealing at elevated
temperatures: for example, 2 days of annealing at 210C are required to fully erase
these metastable nuclei. For Wc < W < Wsat , the rice grain number density increases with specific work, further strengthening the FIC effect. At the saturation
work threshold, the rice grain size, crystallization time, crystallization temperature
when cooling at 5 C/min, and nuclei persistence time reach saturation and remain
constant for all W > Wsat .
Similar to specific work, we find that the crystallization rate (i.e. nuclei number
density) increases with shear rate up to a saturation shear rate γ̇sat of about 1 s−1
for most samples. At this shear rate, only a very small minority of the longest
chains (above 104 kg/mol) have Rouse times long enough to be stretched by the
flow. Further increases in shear rate above γ̇sat have no effect on the crystallization
rate.
We varied the crystallization temperature Tc after shearing, and found that the
iv

crystallization temperature increases the nuclei number density in the sample in the
same way as it does during quiescent crystallization. Remarkably, the minimum
crystallization time is essentially independent of undercooling, in the range of Tc we
studied. This strongly suggests that the maximum nuclei number density is driven
by specific work, as flow likely causes a larger reduction in the nucleation barrier
compared to undercooling. The nuclei number density in the sample increases from
∼ 1016 m−3 to 1018 m−3 .
Shearing isotactic polypropylene at higher temperatures reduced the FIC effect
after subsequent quenching. Generally speaking, shearing at higher temperatures
results in slower crystallization, but surprisingly, the influence of temperature is
rather weak. Flow-induced crystallization persists even when shear is applied well
above the equilibrium melting temperature (187C), finally weakening above the
Hoffman-Weeks temperature (210C). This is likely due to the long lifetime of flowinduced precursors (crystallize to form rice grains), which remain stable at temperatures below 210C and only start to disappear slowly in prolonged annealing
at temperatures above 210C (diminishing the FIC effect).
Tacticity was found to govern the maximum nuclei number density in sheared
samples; samples with lower isotactic content show a stronger FIC effect. Similarly,
it was found that the concentration of particulates (mainly catalyst residue) are
crucially important to FIC, samples with lower amounts of particles lowering the
FIC nuclei number density.
Data shows that the rate at which the crystallization time changes correlates
with the prominence of the high molecular weight tail. A sample with a higher
molecular weight tail in its distribution exhibits a faster change in crystallization
time as a function of specific work. Similarly, increasing the molecular weight of
the added component in a blend induces a larger change in the FIC behavior.
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1

Introduction
Semicrystalline polymer melts that are subjected to deformation prior to crystallization can lead to a higher nuclei number density as well as a change to an
anisotropic crystalline morphology. [9, 14, 18–30] This phenomenon is called flowinduced crystallization (FIC). These changes in crystal morphology have a significant influence on crystallization in regard to, for example, crystallization rate
[14, 23, 25–32], crystallization temperature (Tc ) [16], and nuclei persistence time
in the melt [16, 21, 33–36]. Each of these phenomena will be discussed in more
detail in the Introduction.
The semicrystalline polymers that exhibit FIC behavior include isotactic polypropylene [23, 27, 37–39], polyethylene [9, 40–43], polybutadiene [17], poly(ethylene
terephthalate) [44], poly(-caprolactone) [45], poly(1-butene) [33, 46–48], isotactic
polystyrene [21, 49, 50], and poly(ethylene oxide) [51]. Due to their commercial
importance and scientific interest, polypropylene and polyethylene are most commonly used for FIC studies.

1.1

Motivation

In commercial manufacturing processes, molten semicrystalline polymer is subjected to large deformations just prior to crystallizing. In nearly all applications,
semicrystalline polymer pellets are melted, sheared/elongated, and crystallized to
form the final product. During the process of injection molding, molten polymer
rapidly flows into a mold and experiences primarily shear flow as a result of the
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no-slip boundary conditions at the walls of the mold, as shown in Fig. 1.1(a). In
film blowing, molten polymer is forced through an annular die, which results in
some extensional flow as the polymer flows through the contraction, as shown in
Fig. 1.1(b). Then, in the freestanding bubble above the die, the polymer, which is
now a film, is drawn further down in both the longitudinal and transverse directions, by the combined action of the processing line tension and the air pressure
inside the bubble. This film is therefore subjected to biaxial elongation. [52]

(a)

(b)

Figure 1.1. Deformation applied to polymer chains during typical polymer processing.
(a) Injection molding: shear applied close to the walls due to no-slip boundary conditions.
(b) Film blowing: biaxial extensional flow applied as the polymer is stretched into a film.

The influence of various processing parameters on crystallization motivates this
work, especially as semicrystalline polymers are routinely subjected to flow. In
fact, some degree of flow in a polymer can almost never be avoided, even under
”quiescent” conditions. The processing parameters include the injection temperature, mold temperature, clamp tonnage, and mold runner system. Furthermore,
the mechanical properties of FIC samples depend on the crystal morphology, i.e..
the microstructure development.[53] Reaching a better understanding of FIC is,
therefore, instrumental both to efficient manufacturing processes and to predicting
the mechanical properties of a product.
Flow-induced crystallization has been widely studied using polypropylene (PP)
because of its commercial importance, convenient crystallization times, and acces-
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sible crystallization temperature. With the exception of polyethylene, polypropylene is the most prevalent synthetic polymer in the world. It is used in various
products common in daily modern life. For all these reasons, polypropylene is used
to investigate FIC in the present study.

1.2

Quiescent Crystallization

An understanding of quiescent crystallization is important to the study of flowinduced crystallization. One parameter that dictates quiescent crystallization is
the degree of undercooling (∆T = Tm − T ), which influences: the number density
of nuclei,[19, 54–56] the semicrystalline phase[1, 57], the lamellae growth rate[58–
61], the lamellae thickness[5, 58], and the melting temperature (Tm )[5, 58]. Each
of these phenomena will be described in more detail in this Introduction.

1.2.1

Crystal Phases of Polypropylene

Isotactic polypropylene is a polymorph that exhibits morphologies that differ in
regard to crystal structures in accord with the crystallization conditions.[1] All
polypropylene phases have a 3-fold helical conformation with a 6.5 Å repeat distance. [1] Chains in the crystal lattice are packed as either a left-handed (L) or a
right-handed (R) conformation, which are symmetric with respect to the z axes,
as shown in Fig. 1.2. Chains are also oriented in the ”down” or ”up” position,
describing the orientation of the methyl groups. Depending on the crystallization
condition and polymer material property, one of three iPP phases —α, β , and γ
phases— governs the final crystal geometry.
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Figure 1.2. Helical structures of isotactic polypropylene. There are right- and lefthanded minimum energy conformation, each oriented up or down with respect to the
axis. From left to right: right-handed down, right-handed up, left-handed up, and lefthanded down.[1]

The α, which forms a monoclinic unit cell, is the most common crystal conformation. [62] In this phase, the unit cell dimensions are: a = 6.65 Å, b = 20.96
Å, and c = 6.5 Å. This unit cell is made up of 4 helices of left and right handed
chirality, as seen in Fig. 1.3. The position of the methyl groups can be either up
or down, switching from one to the other with a certain probability. This phase is
formed when crystallization takes place under normal conditions, which are as follows: (1) quiescent crystallization, (2) crystallization from the melt, (3) absence of
low molecular weight iPP, (4) and absence of nucleating agents that promote other
phases. α-iPP crystals have a density of 0.946 g/cm3 at room temperature,[63] a
nominal melting temperature of 165C, and an equilibrium melting temperature of
187C.[5]
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Figure 1.3. Crystalline form of α phase polypropylene. The horizontal arrows represent
the a-axis, the vertical arrow represents the b-axis, and the c-axis is perpendicular to
the plane of view. The white and gray triangles indicate left-handed and right-handed
helices, respectively.

β phase polypropylene is a less common crystal arrangement and has a metastable
hexagonal structure, as shown in Fig. 1.4.[64] This phase is formed either when the
melt is sheared or when nucleating agents (e.g. trans-quinacridone and mixtures
of primelic acid and calcium stearate) are added to the sample. The unit cell has
lattice parameters of a = b = 12,74 Å and c = 6.35 Å. The β-iPP crystal has
a density of 0.90 g/cm3 and an equilibrium melting temperature of 177C.[1, 65]
The lower equilibrium melting temperature of β-iPP as compared to that of α-iPP
suggests that of the two β-iPP is less stable. Furthermore, the lamellae growth
rate in the β phase is approximately 20% higher than in the α phase at certain
crystallization temperatures.[66]

Figure 1.4. Schematic of β phase iPP. The arrows represent the b-axis, and the c-axis
is perpendicular to the plane of view. The white and gray triangles indicate left-handed
and right-handed helices, respectively.

The γ phase in isotactic polypropylene forms an orthorhombic crystal geometry,
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[67] with unit cell parameters of a = 8.54 Å, b = 9.93 Å, and c = 42.41 Å.[2] This
phase forms under several conditions: (1) with low molecular weight polypropylene,
(2) with degraded polypropylene (i.e., promoted by chain defects), (3) copolymerization with other polyolefins, (4) or under high applied pressure[1, 2, 68]. The
density of this phase is 0.92 g/cm3 ,[1] and the equilibrium melting temperature is
187.2C — the high temperature reflects its high stability.[69]

Figure 1.5. Schematic of γ phase iPP. The horizontal arrows represent the a-axis,
the vertical arrow represents the b-axis, and the c-axis is perpendicular to the plane
of view. The white and gray triangles indicate left-handed and right-handed helices,
respectively.[2]

The equilibrium melting temperature of γ-iPP is similar to that of α-iPP given
that these two phases have an identical crystalline structure, as shown in Fig. 1.5.
The structure is orthorhombic with a triclinic subcell,[67] which is composed of
sheets of parallel chains with a molecular orientation at an 80◦ angle to adjacent
sheets.[70] The γ phase only transforms to the α phase by either completely melting
the crystals (T > Tm◦ ), or by orienting the γ-iPP crystals.
A partially crystallized polymer with intermediate order is formed when isotactic polypropylene is quenched at a very fast cooling rate, whereby the chains freeze
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at temperatures close to the glass transition temperature (TG = -18C for isotactic
polypropylene)[71] before they can fully crystallize. Hence, the polymer remains
predominantly amorphous. The intermediate crystalline state arranges chains in
layers that are approximately 10–20 nm in size, with larger unit cells at regions of
lower crystallinity.[72] The geometry of these unit cells are reported to be similar
to that of α phase iPP.

1.2.2

Nuclei Number Density

The number of nuclei formed in a semicrystalline polymer melt depends on the
nucleation barrier. The driving force for crystallization is the reduction of Gibbs
free energy (∆G < 0),[58] which is given by:
∆G = GC − Gmelt = ∆H(1 −

T
)
Tm◦

(1.1)

Here, Gc and Gmelt are the Gibbs energy of the crystal and of the melt, respectively, ∆H is the heat of fusion (negative), and Tm◦ is the equilibrium melting
temperature (discussed later in more detail). The nuclei number density is an
important crystallization characteristic, which governs the crystallization behavior
(crystallization rate) and the property of the polymer (spherulite size).[18, 19, 73]

Figure 1.6. Gibbs free energy of a spherulite as a function of its radius.[3]

At a given undercooling, a new phase forms in the amorphous melt, which is
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encased in a surface boundary.[58] This phase (dormant nuclei) has a size r1 , as
shown in Fig. 1.6. The free energy per unit volume of the new phase must be lower
than that of the parent phase (the melt), with the surface tension always increasing
the free energy. Only when the size reaches a critical value will this phase fully
grow to form a stable crystal, as shown in Fig. 1.6. If the size does not reach its
critical value and does not pass the nucleation barrier, the nuclei precursors will
melt and become amorphous again.

Figure 1.7. Nuclei number density as a function of crystallization temperature for
several industrial polymers. () HDPE, () iPP, ( ) PB-1, (•) polyketones, and (N)
PET.[4]

Lower crystallization temperatures promote a higher nuclei number density,
as a consequence of a lower nucleation barrier. Fig. 1.7 shows the dependence
of nuclei number density on temperature for various semicrystalline polymers.[4]
The log-linear plot of nuclei number density versus temperature shows that these
polymers have a linear dependence; the slope and intercept values depends on the
molecular architecture of the polymer.
In Fig. 1.7, the steepness of the polypropylene slope is particularly high. However, the authors could not determine the reasons for this difference in slope value.
It is likely that the degree of undercooling (∆T = Tm − T ) is one factor that influences the slope: i.e., higher values of ∆T lead to steeper slopes. It may be that
the slope value also depends on the material properties of the polymer, such as the
tacticity of the chains and/or the molecular weight distribution of the sample.
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1.2.3

Lamellae

Quiescent nuclei induce an isotropic spherulite morphology, as shown in Fig. 1.8.
When quiescent nuclei form in the melt, lamellae grow radially from them to form a
three-dimensional structure. Lamellae consist of chains of helices that are aligned
perpendicular to the lamellae surface and tangential to the spherulite surface.
These chains fold back and forth as they grow out of the nuclei.[74] The lamellae
are discrete structures that are separated from each other by an amorphous region;
however, tie chains connect the lamellae to each other.

Figure 1.8. Optical microscopy image of isotropic spherulites. Image was captured
after isotactic polypropylene was melted and recrystallized isothermally at 141C.

Although typically isotropic spherulite structures, chains can also organize
themselves into arrangements such as hedrites and axialites.[75, 76] However, other
than the following brief descriptions, an examination of such structures is beyond
the scope of the present study.
Hedrites are formed from the β phase of iPP.[75] These structures have a polygonal appearance, which consists of lamellae arranged and aligned parallel to one
another, similar to the structure of a single crystal. Hedrites, thus, share structural
properties with single lamellae crystals (crystallized from solution) and spherulites
(crystallized from melt).
Axialite crystals form elongated hexagonal-shaped structures.[76] These non-

10
spherical crystals are formed when a low molecular weight polymer is crystallized
in a solution at a high temperature. These crystals consist of lamellae layers that
grow in one direction.
1.2.3.1

Lamellae Thickness/Melting Temperature

Lamellae thickness is governed by the crystallization temperature.[5, 7, 58] Deeper
quenches lower the nucleation barrier, forming less stable nuclei that can grow to
create a morphology with a higher nuclei number density and a thinner lamellae
than is the case for more stable nuclei. The lamellae thickness (i.e. chain fold
length) usually ranges from 6 to 13 nm (equivalent to crystallizing at 100 and
140C, at the low and high end of this range respectively) for iPP.
The lamellar thickness (dc ) of a semicrystalline polymer, which is set by the
crystallization temperature, governs the melting temperature of the semicrystalline
polymer. [7] Strobl et al. performed small-angle X-Ray scattering experiments on
isotactic polypropylene at various crystallization temperatures to determine the
lamellar thickness and its corresponding melting temperature, as shown in Fig.
1.9. The dependence of the melting temperature on the crystallization temperature was also verified using a differential scanning calorimeter (dashed line in
Fig. 1.9). Plotting Tm and Tc versus 1/dc gives straight lines, the “melting” and
“crystallization” lines, respectively.
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Figure 1.9. The crystallization line (crystallization temperature versus d−1
c ) and the
−1
melting line (melting temperature versus dc ) of isotactic polypropylene obtained from
SAXS (solid line) and DSC (dashed line) experiments.[5] Two iPP samples were used for
this investigation (see legend). The crystallization temperature is represented by open
symbols, and the melting temperature by solid and crossed symbols.

Tm (dc ) is suppressed by the interfacial tension of the crystal-amorphous interfaces, leading to a 1/dc correction given by the Gibbs-Thomson equation:
Tm = Tm◦ −

2σe Tm◦
∆Hdc

(1.2)

Here, ∆H is the heat of fusion, σe is the interfacial tension of the crystal-amorphous
interface, and Tm◦ is the melting temperature of an infinitely thick crystal, i.e., the
equilibrium melting temperature. The ideal enthalpy of fusion of 100% crystalline
isotactic polypropylene is 209 J/g. [77] The percentage of the crystallinity of
polypropylene under normal processing conditions is usually 52 ± 2 %,[78] which
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reduces the value of the heat of fusion to ∼ 100 J/g. The crystal end interfacial
tension is reported to be 46.5±8.6 erg/cm for isotactic polypropylene and remains
independent of temperature.[79]
By measuring Tm (dc ) for a range of samples that differ in terms of lamellar
thickness and fitting to the Gibbs-Thomson equation, Iijima and Strobl determined values for σe and the equilibrium melting temperature, which for isotactic
polypropylene is 187±2C. [5] For polypropylene spherulites crystallized under typical conditions, whether quiescent or under flow, the melting temperature ranges
from 160 to 170C. When the Gibbs-Thomson equation is used, these values correspond to a lamellar thickness in the approximate range of 9 to 14 nm.
As noted, the lamellar thickness dc is controlled by the crystallization temperature Tc ; undercooling at higher temperatures give smaller critical nuclei, which
result in thinner lamellae. [7] The crystallization line has a similar relation to dc as
the melting line does. Further, the crystallization line gives a straight line, which
lies below the melting line, with a somewhat steeper slope than that of the former.
[5]
Extending the crystallization and melting lines until they cross gives the HoffmanWeeks temperature. [80–82] For isotactic polypropylene, THW = 208 ± 8C. Note
that as THW is greater than Tm◦ , the Hoffman-Weeks temperature corresponds to
a negative (unphysical) value of 1/h at which Tm (h) = Tc (h).
1.2.3.2

Lamellae Growth Rate

The lamellae growth rate is governed by the crystallization temperature.[58–61]
The semicrystalline polymers reach their maximum growth speed (Gx ) at temperatures between the melting temperature (Tm ) and T∞ (= TG − 50K = -68C), as
shown in Fig. 1.10.[6] The growth rate slows down at low temperatures, as the
approach to the glass transition eventually dominates the growth kinetics. As
the temperature decreases, molecular stems can settle on the growing crystal face
for longer periods, thereby increasing the lamellae growth rate. Therefore the dimensionless master curve shown in Fig. 1.10 shows that most polymers have a
maximum growth speed at (T − T∞ )/(Tm − T∞ ) = 0.6 (approximately half way
between the two temperatures).[6]

13

Figure 1.10. Dimensionless growth speed master curve versus normalized temperature for various synthetic polymers.[6] • Selenium,
1-poly(propylene oxide),
× isotactic polystyrene, N poly(tetramethyl-p-silphenylene siloxane) mixture (Mn =
1.9 × 105 ), 4 poly(tetramethyl-psilphenylene siloxane) mixture (Mn = 2.7 × 104 ), H
poly(ethylene terephthate),  poly(tetramethyl-p-silphenylene siloxane) (Mv = 1 × 104 ),
 poly(tetramethyl-p-silphenylene siloxane) (Mv = 1.4 × 106 ), O poly(ethylene succinate).

Experiments have shown that lamellae formation is a multi-step rather than
a one-step process.[7] Strobl showed that at a given undercooling temperature,
polymer chains first form a mesomorphic phase. In this state chains are aligned
in a lamellae like configuration, but remain mobile and can increase the crystal
thickness with time. At a critical thickness, chains solidify through a cooperative
structural transition and stop thickening. This transition produces a granular
crystal layer, made up of crystal blocks in a planar assembly. In the last step, these
granular crystal layers transform into homogeneous lamellar crystals by merging
together, as shown in the schematic in Fig. 1.11.
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Figure 1.11. Schematic by Strobl [7] that shows the hypothesized route for the formation of lamellae structures.

Increasing the molecular weight and/or decreasing the isotacticity in a semicrystalline polymer has shown to decrease the lamellae growth speed. [56, 83] Longer
chains in the melt have lower mobility, and consequently have a lower crystalline
growth rate. Chains with lower tacticity have shorter isotactic sequences, which
are separated by segments with “stereo errors” (switching of the methyl group
from one side of the chain to the other). The crystals reject these stereo error
in a way that is similar to how comonomers are rejected. The final crystallinity
of solid polymer is reduced because some isotactic sequences are too short to be
incorporated in the crystalline lamellae. [84, 85]

1.3

Key Processing Parameters for FIC

The literature investigates the influence of several process parameters on the magnitude of the FIC effect, which include: (1) the shear rate (γ̇), (2) the applied
specific work (W ), (3) the quench or crystallization temperature (Tc ), and (4) the
shearing temperature (Ts ). These parameters are discussed in detail next.

1.3.1

Shear Rate

Previous works show that stretched and aligned chains in a semicrystalline polymer promote flow-induced crystallization. Chains in the polymer are stretched
by applying a shear rate faster than the stretch relaxation time of the polymer
chain. This stretch relaxation time is the Rouse time (τR ).[39, 42, 86] As the shear
rate increases, more chains in the high molecular weight tail are stretched by the
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flow, and more of the chains in the bulk of the molecular weight distribution are
oriented by the flow. It has been hypothesized that shear flow decreases the nucleation barrier by stretching the chains and increasing the local alignment of the
chains. [7, 11, 19, 55, 73]
The molecular weight distribution of a semicrystalline polymer governs the
shear rate required for FIC. Grades with higher average molecular weight or
broader molecular weight distribution require smaller shear rates to promote FIC,
due to the longer relaxation times of the longest chains. Therefore, chains in
the high molecular weight tail of the distribution are always active during FIC.
Studies show that higher molecular weight stretched chains have a stronger FIC
effect.[27, 39, 87]
Using SAXS and polarized optical microscopy, Mykhaylyk et al. investigated
the orientation of sheared binary blends. Two linear hydrogenated polybutadienes
(h-PBD) (of 1,700 kg/mol and 15 kg/mol) were used to prepare several binary
blends, composed of 0.5, 2, and 4 wt. % high molecular weight sample.[88] These
blends were sheared in a Linkam cell using a plate-plate geometry, which gives
a shear rate and specific work that increase from the center radially outwards
in the sample. (Specific work is defined as W = stress x strain. A measure of
the total amount of shear, specific work is an important control parameter for FIC
effects.) The samples were sheared isothermally at and subsequently crystallized at
115C. The results showed that crystallized samples had a radial boundary between
unaligned and aligned crystal, which occurs at the critical specific work transition.
This critical work threshold depends on both the shear rate and the number of
long chains in the sample. The authors observed that the critical work decreases
with increasing shear rate up to a critical shear rate from which point critical work
remains constant. Similarly, the critical work required to form oriented crystals
decreases as the fraction of high molecular weight chains increases. These two
results suggest that critical work is associated with the fraction of stretched chains
in the molecular weight distribution of the sample; as the fraction increases (higher
molecular weight tail or higher shear rates), a smaller value of critical work is
required to form oriented morphology.
Kumaraswamy et al. showed that the formation of an oriented morphology
is linked to the rheological behavior of the polymer melt.[89] In situ rheo-optical
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and WAXD techniques were used to investigate the crystal orientation of sheared
isotactic polypropylene. Two iPP samples (180 kg/mol and 850 kg/mol) were
sheared individually and as a binary blend (2 wt. % high molecular weight sample
composition). With a pressure-driven channel flow, approximately 0.06 MPa of
wall shear stress was applied to all the samples. An anisotropic crystal morphology
was readily observed for the binary iPP blend. However, the individual blend
components showed no orientation. These observations agree with results reported
by Fernandez-Ballester et al., according to which small fractions of high molecular
weight chains added to a low molecular weight matrix promote the formation of an
anisotropic morphology more readily than other combinations do. Shish formation
is, therefore, governed by the rheological properties of the matrix (short chains)
and the stretch relaxation time of the large chains.
Shear rates that promote FIC can be low enough that most chains are not
stretched by the flow.[56, 89–93] Applied shear only needs to stretch a small fraction of the high molecular weight chains in the distribution. In contrast, for well
entangled melts it is not difficult to access shear rates sufficiently large that most
chains in the melt are oriented by the flow.[94]
Kimata et al. have shown that even though stretched high molecular weight
chains are essential for FIC, these long chains are not overrepresented in flowinduced nuclei compared to the rest of the sample.[95] After shearing polypropylene samples with deuterium labeled low molecular weight chains, they performed
small-angle neutron scattering (SANS) experiments. Results indicated that the
concentration of deuterated long chains in flow-induced precursors matched the
concentration in the material as a whole. This concludes that as the long chains
stretch and promote FIC, they incorporate other (smaller) chains in their vicinity.
Nevertheless, long chains are still instrumental for FIC, since the stretching process
is still dictated by them.
1.3.1.1

Shear versus Extensional Flow

Similar to the results obtained by increasing the shear rate, increasing the elongational strain rate will increase the fraction of chains stretched by flow. The mean
fraction of extended chains increases with the imposed flow strength, which is described by the Rouse Weissenberg number (Wi = τ
˙ R ). One essential difference
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between extensional flow and shear flow is the mean fractional extension of the
chains. Smith et al. showed, that the mean extensional fraction of chains after
steady-state shear has been applied approaches a asymptotic value of 0.4–0.5.[8]
The molecular extension rises more rapidly during elongational flow, which can
reach a value close to the full contour length of the chain at low strain rates.[9]
These two behaviors are shown in Fig. 1.12.

Figure 1.12. Mean fractional extension of chains dependent on the Weissenberg number
for both shear and elongational flow.[8, 9]

The higher level of chain orientation caused by elongational flow as compared
with of shear flow promotes a FIC effect as a larger magnitude. Using isotactic poly(1-butene), Hadinata et al. compared elongation-induced crystallization
(EIC) with shear-induced crystallization (SIC).[10] Samples were sheared below
the melting temperature (93–101C). The time required for the viscosity (η) of the
crystallizing sample to equal 6η, was defined as the crystallization time of the sample. The EIC showed a strong decrease in crystallization time at Hencky strain
rates above 10−3 s−1 . Compared to the EIC effect, the SIC was much weaker: for
example, at a strain rate of 10−1 s−1 , the EIC time is one order of magnitude faster
than the SIC time. The results of these experiments are shown in Fig. 1.13.
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Figure 1.13. EIC onset time and SIC onset time as a function of the strain rate for
poly(1-butene) sheared at 97C.[10]

1.3.2

Specific Work

Specific work is an important process parameter that influences flow-induced crystallization. [11, 16, 26, 31, 88, 92] Specific work is defined as:
W = σγ = η γ̇ 2 t

(1.3)

in which σ is the applied stress, γ the strain, η the shear viscosity at the applied
shear rate, and t the duration of the applied shear.
The literature shows that higher applied work W increases the magnitude of the
FIC effect. It has been hypothesized that specific work is a measure of the probability of a stretched chain to collide with existing chain aggregates. [17, 92, 96]
The stress component of specific work is responsible for the orientation of the
chains whereas the strain component gives the frequency of encounter between the
oriented chains, as suggested by Janeschitz-Kriegl et al. When stretched chains
encounter existing chain aggregates, the former don’t always join the latter, such
that the melt does not solidify immediately as it otherwise would. The fact that solidification does not occur immediately suggests only a small fraction of encounters
aggregate and are, therefore, successful.
Several evidences in the literature suggest that specific work is a better variable
than shearing time or strain to characterize the amount of shearing in FIC. Baert
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et al. showed that the effect of a given total strain on the crystallization rate is
weaker at low shear rates compared to higher shear rates. [47] Janeschitz-Kriegl
identified work as a controlling parameter by studying the relaxation time of flowinduced precursors to crystallization. He found that applying low stress for a long
time produces similar precursors as applying high stress for a short time. [34]
Janeschitz-Kriegl has shown that the nuclei number density of a sample sheared
using various instruments and deformation rates overlaps when plotted as a function of specific work. The three instruments that were used to apply flow were a
sliding glass plate rheometer (γ̇ = 1000 s−1 ), a Linkam shearing cell (γ̇ = 100 s−1 ),
and an extensional rheometer (tensile stress = 10−2 and 10−1 MPa). The nuclei
number density of polypropylene at various specific work values was determined
by counting the number of nuclei per unit volume. These results are shown in Fig.
1.14.
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(a)

(b)

Figure 1.14. Nuclei number density dependence on specific work for isotactic
polypropylene. (a) Three-dimensional log-linear-linear plot of nuclei number density versus crystallization temperature and specific work; sliding glass plates apparatus (closed
symbols) and Linkam shearing cell (open symbols) used to apply flow.[11] (b) Compare
the influence of shear flow () with that of extensional flow (◦) on nuclei number density
as a function of work using two different polypropylene samples (differentiated from each
other by open and closed symbols).[12]

The good overlap between the nuclei number density versus the specific work
data in Fig. 1.14 constitutes the best proof of the validity of the specific work
parameter. In addition to the use of several shearing apparatus, as shown in Fig.
1.14(a), various shear rates were applied to the polypropylene sample, yet the
match between the sets of data is satisfactory. A comparison of extensional flow
with shear flow, as shown in Fig. 1.14(b), also shows good overlap when specific
work is used as the variable. (This result, however, was unexpected, because the
literature shows that elongational flow usually exhibits a stronger FIC effect than
shear flow. The influence of elongational flow rate on the nuclei number density
perhaps reaches saturation, which can be matched by shear flow at higher strain
rates.) Therefore, specific work is chosen as the variable to quantify the amount
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of flow applied to a sample, rather than simply the shearing time or total strain.
1.3.2.1

Critical Specific Work

An anisotropic morphology is only observed when sufficient specific work is applied,
known as critical specific work (Wc ). Critical work was identified by several authors
in literature, where the morphology of the semicrystalline polymer is tracked as a
function of work.[14, 37, 47, 88, 92, 97]
Ryan’s group performed elegant experiments to determine critical work.[17, 88,
92] These experiments were performed by shearing polyethylene between two parallel plates in a rotational rheometer, after which the orientation of the crystallized
material was observed as a function of radius. The parallel plate flow geometry
results in shear rate that varies linearly in radial position, increasing from the
center outwards. The PE samples were imaged with crossed polarizers ex-situ to
identify the boundary between oriented and unoriented structures, corresponding
to the critical work threshold. They found that the critical work is constant over
a wide range of shear rates, however below a critical shear rate, the specific work
required to form oriented structures increases with decreasing shear rate.[17] Since
the critical shear rate is associated with the relaxation time of the longer polymer
chains in the distribution, they believe that as the population of these chains decreases the amount of specific work needed to have a sufficient amount of chains
aggregate increases.

1.3.3

Specific Work and Shear Rate Saturation

The crystallization rate increases with increasing applied work and shear rate,
up to a value beyond which the rate remains constant.[14, 26, 73, 98, 99] Several studies have shown this saturation phenomenon, however, what exactly controls the dependencies on shear rate and work remains unclear. Some studies
suggest that saturation is reached because of the consumption of high molecular
weight chains[14]— a higher molecular weight tail in a molecular weight distribution would suggest delayed saturation. Another hypothesis is that molecular
orientation reaches its ultimate extent at high shear rates, saturating the influence
of the shear rate.[14, 73]
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Figure 1.15. Relative crystallinity time dependence of iPP after applied shear. All
samples were sheared at 220C and isothermally crystallized at 125C: (a) constant shearing time (60 s) and increasing shear rate, (b) constant shear rate (9.6 s−1 ) and increasing
shearing time.

In a study by Martins et al. the crystallization time for applied work and for
the shear rate beyond saturation remained constant, as shown in Fig. 1.15. For
these particular experiments, isotactic polypropylene was sheared using a range of
shear rates (0–39.2 s−1 ) and shearing times (0–300 s) at 220C, and subsequently
isothermally crystallized at 125C. FIC studies were performed using a shear differential thermal analysis (DTA) instrument to measure relative crystallinity as a
function of time. In Fig. 1.15(a), the crystallization time reaches saturation at 31.9
s−1 (shearing time constant at 60 s), and in Fig. 1.15(b) saturation is reached after
210 s of shearing (constant shear rate of 9.6 s−1 ). The saturation strain and shear
rate values were defined as the minimum requirement to achieve the maximum
number of chain segments that induce FIC.

1.3.4

Crystallization Temperature

Larger deformations and lower crystallization temperatures both raise the nuclei
number density by reducing the nucleation barrier. [18, 19, 73] Nuclei formation
is a consequence of applied flow increasing the local alignment of the chains in the
melt while larger undercooling traps the locally aligned chains. Janeschitz-Kriegl
showed this relation by plotting number of nuclei vs temperature and specific work
on a three dimensional figure (see Fig. 1.14(a)).
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1.3.5

Shearing Temperature

To assess whether the shearing temperature Ts is high, low, or intermediate, we
begin by comparing it to the melting temperature Tm of crystallized polypropylene.
Shearing at higher temperatures has a progressively weaker effect on FIC. Fewer
nuclei (or precursors) will survive in the melt when sheared at higher temperatures.
Perhaps as the sample is sheared at these elevated temperatures, the flow-induced
precursors immediately begin to relax, resulting in a weaker enhancement of nucleation after the subsequent quench to the crystallization temperature. The thermal
stability of flow-induced nuclei dictates the relaxation behavior at elevated temperatures.

Figure 1.16. Crystal phase diagram of isotactic polypropylene showing the fraction of
oriented and isotropic crystals at different shearing temperature. Sample was sheared
using a shear rate of 30 s−1 for 5 second and then cooled to room temperature.

Hsiao et al. identified that as the shearing temperature, increases the fraction of flow-induced crystals increases, until the nominal melting temperature and
then decreased thereafter.[91] This study was performed by shearing polypropylene (shear rate = 30 s−1 and time = 5 s) at different temperatures, ranging from
145C to 165C. The ratio of flow-induced crystals to quiescent crystals was determined using ex-situ X-ray scattering. Increasing the temperature from 145–155C
increases the fraction of flow-induced crystals, since the kinetics of the oriented
crystals is faster than the quiescent crystals at high Tc . Above 155C, flow-induced
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nuclei do not survive, which decreases their fraction in the crystal. Eventually at
around 195C (close to the equilibrium melting temperature), the oriented nuclei
are not stable enough to be formed anymore.

1.4

Flow-Induced Crystallization Behavior

The aligned and stretched chains in the melt lower the melt entropy and raise the
melt’s free energy, which decreases the nucleation barrier. At a given undercooling,
a lower nucleation barrier results in a higher nuclei number density. [19, 21, 26,
48, 55, 73] More nuclei means faster crystallization times and a smaller crystalline
structure. [19, 21, 26, 48, 55, 73] The increase in nuclei number density also
strengthens the semicrystalline polymer.[53, 100, 101] Furthermore it has been
shown that flow-induced nuclei have a high thermal stability, which allows them
to persist at high temperatures for long times.[21, 33–36].

1.4.1

Crystal Morphology

Flow-induced precursors (at a sufficient level of deformation) form nuclei that promote an anisotropic morphology and increase the nuclei number density. These nuclei are aligned in the core of the cylindrical crystal and consist of stretched chains
parallel to the flow direction. [14, 17, 21, 26, 37, 97, 101–105] These anisotropic
structures have been imaged in the literature using various microscopy techniques,
including: polarized optical microscopy, [57, 87, 97, 103, 106–108] atomic force microscopy, [97, 103, 109, 110] scanning electron microscopy, [13, 111] and transmission electron microscopy. [95, 102, 112] Fig. 1.17 is an SEM image of polyethylene
shish kebab structures taken by Hsiao et al.[13] Stretched chains are aligned along
the shear direction with the lamellae growing radially outwards.
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Figure 1.17. SEM image of shish kebab structures using ultra high molecular weight
polyethylene.[13]

Anisotropic morphology is formed via a two-step process. Deformation first
forms flow-induced precursors (shish) in the melt, from which lamellae when quenched
grow epitaxially out from the center. Hsiao et al. observed this two-step process
using SAXS and WAXD experiments, by shearing isotactic polypropylene melt at
165C, applying a shear rate = 60 s−1 for 5 s. The SAXS equatorial streaks are
due to shish crystals, and kebab lamellae crystals cause the meridional maxima,
with q values in a range of 0.005–0.015 Å−1 and 0.03–0.04 Å−1 . They first observed
scattering intensities were parallel to the flow direction, indicating that shish structures had formed. [9, 93, 112] A short time after, the lamellae (kebasb) started to
grow radially from the shish. WAXD experiments did not identify any orientation
in the melt due to shear; this experimental technique showed the crystalline forms
after the sample was quenched.
The formation of an anisotropic morphology is a critical phenomenon, which
requires a deformation threshold. Pantani et al. investigated this critical threshold
using a Linkam shear cell with plate-plate geometry;[113] this geometry gives a
shear rate that varies radially in the sample, increasing from the center outwards.
Various shear rates (0–37 s−1 ) and shearing times (1.5–1275 s) were applied to
isotactic polypropylene at temperatures ranging from 136–142C. The final morphology was imaged using polarized optical microscopy. Results showed that as
the shear rate applied to the melt decreases, the shearing time must increase to
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promote an anisotropic morphology. These experimental results agree with the
critical specific work threshold required to form flow-induced precursors and promote an anisotropic morphology.
In a similar fashion, Mykhaylyk et al. identified the critical work criterion necessary to promote an anisotropic morphology, by shearing polypropylene samples
between two parallel plates (testing a range of shear rates).[17, 88] Crystallized
samples were also imaged using a polarized optical microscope. The critical work
value was identified from the radial boundary where the morphology transitions
from isotropic to anisotropic structures. They discovered that as the shear rate
increases the critical work value decreases. The authors believe that as the population of stretched chains grows (increasing the shear rate), less work is needed to
bundle them together and form flow-induced precursors.
Haudin et al. showed that the transition from spherulite to row-nucleated structures is not an abrupt change, but rather an evolution of morphologies.[111] Using the film blowing technique, a range of elongational flow conditions (varying
the blow-up ratio, draw-ratio, and degree of undercooling) were applied to lowdensity polyethylene. The crystalline morphology was characterized using wideangle X-ray diffraction. As the flow intensity increases, the morphology evolves
from spherulites, to flattened spherulites, to sheaf-like structures before finally
reaching cylindrite structures. Small deformations create a spherulite morphology. At intermediate flow conditions (presumably at Wc ), the crystalline structure
formed flattened spherulites, stretched in the flow direction. Further deformation
resulted in sheaf-like structures, followed by the cylindrite structures –the final
morphology–. The crystalline structure formed depends on the amount of deformation, i.e. specific work.
Abuzaina et al. investigated the difference between the change in nuclei number
density and the transition in crystal structure. [114] Various shear rates (0.01 - 1000
s−1 ) were applied to poly(p-dioxanone) for 1 s using a Linkam shear cell. Polarized
optical micrographs revealed a spherulite morphology over the whole shear rate
range studied. The micrographs also showed that the spherulite size decreases
with shear rate. Small angle light scattering (SALS) revealed that higher shear
rates lower the crystallization times (by a factor of three over the shear rate range),
which agrees well with the microscopy observations. This verifies that the increase
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in nuclei number density is not associated with forming an anisotropic morphology.

1.4.2

Crystallization Kinetics

Crystallization kinetics is governed by the nuclei number density and the growth
rate. As the growth rate remains constant during FIC at a given undercooling,
the nucleation rate is the only influencing factor. When the nuclei number density
increases in the polymer melt, less time is required to crystallize the polymer, such
that the crystallization rate increases. This increase in nuclei number density can
be attained either by increasing the shear rate or the shearing time (i.e., specific
work). Fig. 1.14(a) by Janeschitz-Kriegl shows the magnitude by which shear can
increase the nuclei number density.[55]
The impact of flow-induced nuclei on crystallization kinetics has been investigated by many groups, including: Baert et al. [47], Lagasse and Maxwell [27],
Winter et al. [25, 32], Vleeshouwers et al. [28], and Housmans et al. [26]. All these
groups determined the crystallization time by monitoring a certain crystallization
feature such as the viscoelastic response, X-ray scattering, heat flow, or light intensity transmittance. Generally speaking, shear can reduce the crystallization time
by up to a factor of 100. More detailed background information on FIC kinetics is
given in Chapter 2.

1.4.3

Flow-Induced Nuclei Persistence Time

Shearing the melt forms flow-induced precursors, which require prolonged annealing at elevated temperatures in order to erase them from the melt. The presence of
precursors in the melt can be detected in different ways, including the birefringence
of the sheared melt, the crystallization kinetics upon quenching, and the oriented
crystal morphology. Each experimental technique can determine the time required
to eliminate the precursors from the melt by returning to an unsheared state. The
different techniques lead to a different operational definition of the presence or
absence of precursors, and hence a different operational definition of what it takes
to eliminate precursors from the melt.
Binsbergen was among the first to investigate the persistence of flow-induced
precursors, and the annealing conditions necessary to erase them.[115] Oriented

28
fibers were produced by shearing polypropylene in a two-roll mill at 180C, then
quenching to 140C to crystallize. After this process, the sample was subjected to
several cycles of melting and recrystallizing without additional shear. An oriented
fibrillar morphology was repeatedly observed in a polarized optical microscope,
provided annealing was carried out below 210C. Heating these structures to temperatures above 210C (i.e., above THW ) decreased the fibrillar orientation, until it
was eventually completely erased when annealed at 240C. These results were the
first to indicate that annealing above THW accelerates the erasure of flow-induced
precursors.[115]
Janeschitz-Kriegl et al. used birefringence to observe the orientation in a molten
fiber subjected to uniaxial extension, annealed at some temperature Ta after cessation of flow but before quenching. [34, 55] A relaxation time of flow-induced precursors was identified in terms of the decay of the observed birefringence. Experiments
were performed on isotactic polypropylene (iPP) and isotactic poly(1-butene) (PB1). The relaxation time of the birefringence was found to decrease with increasing
annealing temperature with an Arrhenius dependence. The birefringence relaxation time became too fast to measure above 210C for polypropylene and 140C
for poly(1-butene), consistent with the idea that the Hoffman-Weeks temperature
(Tm◦ = 121C[116] and THW = 141C[117] for PB-1) acts as a transition temperature above which flow-induced precursor relaxation accelerates, as suggested by
the work of Binsbergen.
Azzurri and Alfonso explored the lifetime of flow-induced precursors defined by
their effect on the final oriented morphology, by annealing an oriented melt fiber
prior to quenching, and using polarized optical microscopy to observe the birefringence of the oriented crystalline fiber. [33] They used isotactic poly(1-butene)
samples of several different molecular weights, and annealed at temperatures in
the range 115–145C for varying lengths of time before quenching to the crystallization temperature. Longer chains required longer overall annealing time (1s up
to 20,000s depending on Mw and temperature) to fully erase the orienting effect
on the final crystalline fiber of flow-induced precursors in the melt. The annealing time was found to decrease with increasing temperature with an Arrhenius
dependence. In contrast to Binsbergen and Janeschitz-Kriegl, no transition in the
efficacy of annealing was observed for annealing above or below the equilibrium
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melting temperature or the Hoffman-Weeks temperature (121C[116] and 141C[117]
for PB-1, respectively),
Chai et al. explored the persistence of flow-induced precursors using Raman
spectroscopy to detect all-trans sequences, which are presumably associated with
stretched chains stretched (i.e. precursors). [118] With this approach, Chai et
al. showed that the increased fraction of all-trans sequences survives at elevated
temperatures for several hours at 140C after cessation of flow, consistent with
persistent flow-induced precursors to nucleation. [118] These results suggest that
flow-induced precursors are associated with highly aligned chain segments, which
somehow survive for long periods at elevated temperatures, so that they remain
available to enhance nucleation when the sheared melt is eventually quenched.

1.4.4

Mechanical Properties

Injection-molded samples typically form a skin-core morphology composed of a
fibrillar outer layer (skin) and a spherulitic core, as shown in Fig. 1.18.[22, 57, 100,
102] The skin layer consists of shish-kebab structures (anisotropic crystals). The
core layer features spherulites that vary in size radially in the sample, decreasing
from the center outwards. (The spherulite sizes vary because the melt closest to
the wall experiences the most shear stress, lowering the nucleation barrier and
hence forming more nuclei than does the melt further away from the wall.) The
transition from core to skin occurs at the critical work threshold. The ratio of skin
to core thickness depends on the channel flow geometry and the wall shear stress.
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Figure 1.18. Skin-core morphology of polypropylene taken by Kumaraswamy et al.
Shear stress of 0.06 MPa was applied for a 12 s duration at Tc = 141C.[14]

A higher nuclei number density in the core region results in smaller spherulites,
which improves the final material properties. Due to the large lamellae structures
that span over a long range in the semicrystalline polymer, large spherulites are less
flexible than small spherulites are..[119] Furthermore, morphology with a higher
nuclei number density has a higher yield stress. Yielding occurs when chains are
pulled out of the lamellae crystalline phase. Yield stress is raised when the number
of lamellae pulling points increases, which occurs when a sample is crystallized at
a lower crystallization temperature or sheared using a higher shear rate.[101]
The properties exhibited by the anisotropic crystals in the skin layer differ from
those exhibited by the isotropic spherulites in the core.[53] Viana et al. showed that
the anisotropic structures are stiffer and have lower ductility than the spherulites
do.[100] The differences in mechanical properties are usually a consequence of the
high chain orientation in the shish structures that are stretched parallel to the
wall.
Viana et al. performed tensile test experiments at room temperature on propyleneethylene copolymer with skin-core morphology.[53] Dumbbell specimens were injectionmolded at various melt temperatures (200–270C), mold temperature (5–80C), and
flow rates (5–40 cm3 /s) to achieve a skin-core morphology. The skin to core ratio
is governed by these three processing variables, as described in the Introduction.
Higher stresses (high shear rate or low melt temperature) usually induce a thicker
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skin layer. Skin thickness ranged from 0.8 to 6 µm. The differences in spherulite
sizes in the core layer was not visible due to their small sizes, but the average size
ranged from 1.7 to 3.5 µm.
Viana et al. observed that the skin to core ratio dictates the mechanical properties of injection-molded samples.[53, 100, 120] Generally, spherulites in the core
do not influence the properties of a sample; instead, the skin thickness is responsible for changes in the mechanical properties. As the skin thickness increases
the following changes are observed: (1) an increase in modulus, (2) an increase in
yield stress, (3) a decrease in the strain at which the samples break. The authors
stated that the number of oriented chains (number of chains with γ̇τR ≥ 1) is
key to observing these behaviors and not the level of chain orientation (governed
by the shear rate and the chains). This means that compared with lower shear
rates, higher shear rates have more influence on the mechanical properties of the
semicrystalline polymer because more chains are stretched in the molecular weight
distribution.

1.5

Scope of Thesis

An extensive literature focuses on the phenomenon of flow-induced crystallization
such that many issues relating to it have already been addressed. However, very
few studies explore the phenomenon by using well-characterized materials or by
exploring the entire parameter space systemically (i.e., the influence of factors
such as the shear rate, shear temperature, specific work, and crystallization temperature). It is important to use well-characterized materials, because doing so
provides a basis for identifying correlations between material properties and FIC
behavior. Applying the appropriate shearing/temperature conditions and knowing
the parameter space is important when investigating the transition from quiescent
crystallization to FIC.
Some of the experiments reported in the present study were performed on
five extensively characterized commercial polypropylene samples. The purpose
of studying PP grades with various material properties is to understand which
material parameters govern the magnitude of FIC effects. The variety of samples
used was essential to enable us to make robust connections between FIC and
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polymer material properties, which had not been considered previously.
In this thesis we investigate the influence of key processing variables on FIC,
systematically applying a wide range of conditions. These parameters — which
include shear and quench temperatures, shear rate and shear duration (i.e., specific
work) — allow us to investigate the onset of flow-induced crystallization, and
compare quiescent nuclei to flow-induced nuclei.
Fig. 1.19 maps the dissertation layout, showing the processing parameters that
were used to investigate FIC behaviors.

Figure 1.19. Chapter content in thesis. Overview of FIC behaviors studied using
various processing parameters.

Chapter 2 investigates the influence of the four processing parameters on FIC
kinetics. The crystallization time of five commercial polypropylene samples was
studied using a rotational rheometer. The protocol consists of applying a chosen shearing/temperature condition, and then monitoring the linear viscoelastic
response at a single frequency to determine the crystallization time. The results
show that the crystallization time decreases with increasing applied work and shear
rate up to a value from which point the time remains constant. This saturation is
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consistent with a maximum number of nuclei, possibly set by the concentration of
heterogeneous impurities.
In Chapter 3 we study the persistence time of flow-induced nuclei, focusing
on the effects of specific work, annealing time, and annealing temperature. The
persistence time of flow-induced precursors is determined by measuring the time
required to return from FIC conditions to quiescent crystallization conditions. This
experiment is performed by annealing and monitoring the crystallization time and
crystallization temperature —both of which are characteristic FIC behaviors— of
a sheared samples in a rheometer and of sheared samples in a DSC. To erase the
persistent “memory” of flow-induced nuclei, samples must be annealed for a very
long time below the Hoffman-Weeks equilibrium melting temperature (> 3, 000
min), or for a shorter time above this temperature (e.g., 300 minutes at 250C).
In Chapter 4, we image the crystalline morphology of polypropylene samples
that had been sheared in the rheometer previously. These images are captured
using a polarized optical microscope and an atomic force microscope. Through
this study, we (1) observe the transition from quiescent crystals (spherulites) to
flow-induced crystals (rice grains), (2) calculate the crystal volume as a function
of work, (3) and correlate the morphologies with the results reported in Chapters
2 and 3.
We make robust connections between the changes in morphology and the
changes in crystallization kinetics and nuclei persistence time. Spherulites keep
a constant volume and exhibit no FIC effect. The number of rice grains increases
with specific work, thus speeding up the crystallization time. At critical work, the
morphology transitions from spherulites to rice grains and both the crystallization temperature and the nuclei lifetime increase beyond critical work. Rice grain
size, crystallization time, crystallization temperature, and nuclei persistent time
saturate at Wsat .
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Figure 1.20. Blending three commercial isotactic polypropylene materials with various
molecular weight distributions and isotactic content.

Similar to Chapter 2, Chapter 5 investigates the crystallization kinetics of
sheared polypropylene samples. In this chapter, we further our investigation of how
material properties influence FIC by blending three commercial (used in Chapter
2) and one synthesized isotactic polypropylene samples together. We blend CiPP1,
CiPP2, CiPP4, and SiPP2 together with different compositions in solution to create 13 binary blends, as shown in Fig. 1.20. For the samples studied in Chapter 2,
tacticity was shown to have a much stronger influence on the magnitude of FIC at
saturation than did molecular weight distribution. The literature, however, reports
that molecular weight distribution governs FIC strength. We also perform a brief
investigation of the influence of particle concentration on the FIC effect, by reducing the particle concentration in CiPP1, CiPP2, and CiPP4. By blending these
samples, we will able to identify which material property has a greater influence
on FIC.
Our particle concentration results show that the influence of tacticity on crystallization kinetics (especially at saturation) decreases when the number of particles decreases in a sample. In Chapter 5, we conclude that tacticity governs
the maximum crystallization speed up time, samples with lower tacticity create
a morphology with a higher nuclei number density. In addition, we show that
blends with higher molecular weight tails in the distribution show a faster change
in crystallization time (i.e., a steeper slope) below the saturated work value.

Chapter

2

Flow Induced Crystallization
Kinetics of Isotactic Polypropylene
2.1

Abstract

Brief intervals of shear prior to a temperature quench accelerate crystallization,
resulting in much smaller spherulites. Crystallization kinetics of five commercial
linear isotactic polypropylenes were investigated, using a rheometer to impose shear
and monitor crystallization after quenching. Shear and quench temperatures, shear
rate and duration were all systematically varied. The crystallization rate increases
with increasing applied work, up to a value independent of undercooling beyond
which the rate remains constant. This saturation is consistent with a maximum
number of nuclei, possibly set by the concentration of heterogeneous impurities.
The crystallization rate likewise increases with increasing shear rate, saturating
at about 1s−1 for all grades studied. Only chains in the high molecular weight
tail, above about 104 kg/mol, are stretched at this shear rate. Faster crystallization after shear was observed for grades with lower isotacticity. Flow-induced
crystallization persists even when shear is applied well above the equilibrium melting temperature (187C), finally weakening above the Hoffman-Weeks temperature
(210C), perhaps because flow-induced precursors are no longer metastable.
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2.2

Introduction

When a semicrystalline polymer melt is subjected to deformation before a temperature quench, the rate of crystallization increases, and the solid polymer is
found to contain smaller and more numerous spherulites or other semicrystalline
structures. [14, 18–20, 23–30, 32] This flow-induced crystallization (FIC) has been
widely studied, primarily in polypropylene, both because of its commercial importance and because the range of accessible crystallization rates are experimentally
convenient.
In commercial manufacturing processes, molten semicrystalline polymers are
routinely subjected to large deformations just prior to crystallization. In injection
molding, the molten polymer rapidly flows into a mold, and experiences primarily
shear flow as a result of the no-slip boundary conditions at the walls of the mold.
In film blowing, molten polymer is forced through an annular die, which results in
uniaxial extensional flow as the polymer flows through the contraction. Then, in
the freestanding bubble above the die, the film is further drawn down in both the
longitudinal and transverse directions, by the combined action of the processing
line tension and the air pressure inside the bubble. The film thus is subjected to
biaxial elongation. [52]
Generally speaking, these flows applied just prior to crystallization result in
a higher number density of nuclei that grow into spherulites. The large number
of nuclei leads to faster crystallization, as the growth rate of the nuclei is not
strongly affected by the flow history. More nuclei result in smaller spherulites,
which improve the final material properties relative to quiescent crystallization.
[14, 18, 24–27, 32, 112]
Previous work has identified important process parameters that govern the
strength of flow-induced crystallization. These parameters are: 1) the shearing
temperature Ts , 2) the quench or crystallization temperature Tc , 3) the shear rate
γ̇, and 4) the applied specific work W , defined as
W = σγ = η γ̇ 2 t

(2.1)

in which σ is the applied stress, γ the strain, η the shear viscosity at the applied
shear rate, and t the duration of the applied shear.
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To assess whether the shearing temperature Ts and the crystallization temperature Tc are high, low, or intermediate, we begin by comparing them to the melting
temperature Tm of crystallized polypropylene.
For semicrystalline polymers that crystallize with a lamellar growth habit, the
melting temperature Tm (h) depends on the lamellar thickness h; the lamellar thickness in turn is set by the crystallization conditions. [7] Tm (h) is suppressed by the
interfacial tension of the crystal-amorphous interfaces, leading to a 1/h correction
given by the Gibbs-Thomson equation:
Tm = Tm◦ −

2σe Tm◦
∆Hf h

(2.2)

In the above, ∆Hf is the specific heat of fusion, σe is the interfacial tension of
the crystal-amorphous interface, and Tm◦ the melting temperature of an infinitely
thick crystal, i.e., the equilibrium melting temperature. By measuring Tm (h) for
a range of samples with different lamellar thicknesses and fitting to the GibbsThomson equation, Iijima and Strobl determined values for σe and the equilibrium melting temperature, which for isotactic polypropylene is 187 ± 2C. [5] For
polypropylene spherulites crystallized under typical conditions, whether quiescent
or under flow, the melting temperature ranges from 160C to 170C. Using the
Gibbs-Thomson relation, these values correspond to lamellar thickness from about
9 to 14 nm.
As mentioned above, the lamellar thickness h is controlled by the crystallization
temperature Tc ; deeper quenches give smaller critical nuclei, resulting in thinner
lamellae. [7] Experimentally, the relation between Tc and h has the same general
form as Tm (h); that is, Tc plotted versus 1/h also gives a straight line (the “crystallization line”), which lies below Tm (h) (the “melting line”), with a somewhat
steeper slope. [5]
If the crystallization and melting lines are extended, they eventually cross at
the Hoffman-Weeks temperature THW . [80–82] For polypropylene, THW is around
208 ± 8C. Note that the crossing occurs for a negative (unphysical) value of 1/h. If
this crossing occurred for a physical value of h, it would imply that smaller values
of 1/h were inaccessible, since to produce them would require quenches so shallow
that the resulting lamellae would be unstable to melting.
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Many authors have proposed that flow-induced crystallization results somehow
from the effect of flow on aligning and stretching chains in the melt, which lowers
the melt entropy and hence raises its free energy with respect to the crystal. The
increased free energy difference at a given undercooling would lower the nucleation
barrier, resulting in more nuclei, faster crystallization, and smaller spherulites. [19,
21, 26, 48, 55, 73] There is some evidence that FIC acts predominately on a small
minority of long chains in a melt, rather than acting equally on the preponderance
of chains in the sample. [56, 89–93]
For a given deformation and molecular weight distribution, we can distinguish
three groups of chains, based on how their stretch relaxation time (Rouse time) τR
and orientational relaxation time (reptation time) τd compare to the deformation
rate γ̇. We have
1. chains long enough to be stretched by the flow, with γ̇τR > 1;
2. chains too short to be stretched, but long enough to be oriented by the flow,
with γ̇τR < 1 but γ̇τd > 1;
3. chains too short even to be oriented by the flow, with γ̇τd < 1.
Under the prevailing hypothesis, only chains in the first two groups can contribute
to FIC, with the first group contributing most strongly. [39, 42, 93]
The Rouse time τR and reptation time τd are given by [94, 121]
M 2
τR = ( M
) τe
e
M
τd = 3 M
τR
e

(2.3)

in which Me is the entanglement molecular weight and τe the Rouse time of an
entanglement strand. These values are obtained by comparing experimental viscoelastic response to tube model predictions. For isotactic polypropylene at 170C,
the corresponding values are Me = 5.25kg/mol and τe = 1.5 × 10−7 s. [122] (The
above value for Me corresponds to the convention Ge = 4ρRT /(5Me ) relating Me
to the entanglement modulus Ge of the melt.)
For a given deformation rate γ̇, the molecular weight distribution can be divided
into three portions, separated by the threshold values of M at which a) chains just
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begin to be oriented by the flow (τd (M )γ̇ = 1), and b) chains just begin to be
stretched by the flow (τR (M )γ̇ = 1) (see Fig. 2.1).

Figure 2.1. Schematic of the effect of shear on chains in the distribution. Chains with
γ̇τd < 1 are undeformed; chains with γ̇τd ≥ 1 are oriented; chains with γ̇τR ≥ 1 are
stretched.

As the shear rate increases, the threshold molecular weights move leftwards
along the molecular weight axis, so that more of the chains in the high molecular
weight tail are stretched by the flow, and more of the chains in the bulk of the
molecular weight distribution are oriented by the flow.
Kimata et al. have shown that even though stretched high molecular weight
chains are essential for FIC, these long chains are not overrepresented in flowinduced nuclei compared to the remaining of the sample.[95] These claims were
made by performing small-angle neutron scattering (SANS) experiments on polypropylene samples with deuterium labeled chains of specific molecular weight. Samples
were sheared using pressure-driven flow, applying a shear stress of 0.14 MPa for 1 s
at 180C, followed by quenching to 140C. Results indicated that the concentration
of deuterated long chains in flow-induced precursors matched the concentration
in the material as a whole. It was concluded that as the long chains stretch and
propagate to form precurors, they incorporates other chains in their vicinity. Nevertheless, long chains are still instrumental for FIC, since the stretching process is
still dictated by them.
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It turns out that in most FIC experiments, the shear rates are low enough
that most chains are not stretched by the flow. In contrast, for well entangled
melts it is not difficult to access shear rates sufficiently large that most chains in
the melt are oriented by the flow (this corresponds to a shear-rate in the shearthinning region of the viscosity versus shear rate flow curve). [94] In this regime
of shear rates, increasing the shear rate will increase the fraction of chains that
are stretched by the flow, and therefore should increase the strength of FIC, under the prevailing hypothesis. Studies have also shown that the enhancement of
crystallization rate by flow is more pronounced for stretched chains with higher
molecular weight.[27, 39, 87] In the present work, we can check these implications
of the prevailing hypothesis, by comparing the strength of FIC effects for different
commercial samples to the fraction of stretchable chains in the molecular weight
distributions.
The minimum shear rate (γ̇min ) required for FIC is related to the inverse Rouse
time of the longest chains in the molecular weight distribution. [27, 92, 112] As
the shear rate increases above the minimum inverse Rouse time, more nuclei form,
and the crystallization rate increases. [37, 48] Winter et al. showed that for shear
rates well below the inverse of the longest Rouse time, crystallization kinetics and
final morphology are the same as for quiescent crystallization. [37] No change in
crystallization kinetics or morphology is expected when γ̇ < γ̇min , even if the shear
is applied for a long time, since the chains can only be oriented but not stretched.
[17]
Many authors have observed that as the applied work W is increased, crystallization after the quench is accelerated. It has been hypothesized that greater
amounts of applied work causes stretched chains to aggregate and form more nuclei. [11, 17, 92] Because greater specific work and greater undercooling both speed
crystallization, several authors have asserted that they both decrease the nucleation barrier. [18, 19, 73] Many authors have concluded that shear flow decreases
the nucleation barrier by increasing the local alignment of chains. [7, 11, 19, 55, 73]
At first sight, applied work is a strange variable to quantify the amount of flow
applied to a sample; why not simply the shearing time, or total strain? Several authors provide evidence that specific work is a better variable than time or strain to
characterize the amount of shearing in FIC. Baert et al. have shown that the effect
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of a given total strain on the crystallization rate is weaker at low shear rates than
at higher shear rates. [47] Janeschitz-Kriegl identified work as a controlling parameter by studying the relaxation time of flow-induced precursors to crystallization.
He found that applying low stress for a long time produces similar precursors as
applying high stress for a short time. [34]
Many authors have observed a threshold “critical work” Wc for flow-induced
crystallization. Above Wc , the crystalline morphology changes from spherulites to
an anisotropic structure aligned with the flow.
Janeschitz-Kriegl et al. observed that when W exceeds Wc , the number density
of nuclei no longer depends on crystallization temperature and the morphology
transitions to a highly oriented structure. [11, 18–20, 55, 96] They speculate that
as the amount of applied work increases, nuclei become longer and the fraction of
chains that are aggregated becomes larger, which eventually causes the formation
of thread-like nuclei.
Meijer et al. observed that after applying a certain amount of specific work,
the crystallization rate saturates and becomes constant thereafter.[26] However,
a second region of accelerated crystallization rate was observed when increasing
specific work further after saturation. They assert that the first and second increases in crystallization rate are driven by two distinct behaviors, corresponding
to an increase in nuclei number density and a change in crystalline morphology,
respectively. Therefore, the work at which this second transition occurs is Wc .
In an early study, Lagasse and Maxwell showed that the onset of observable
flow-induced crystallization is affected by the addition of nucleating agents, which
speed up crystallization under quiescent conditions. [27] For samples with nucleating agents added, the apparent onset of FIC with increasing applied work is
delayed, until the rate of flow-induced nucleation is high enough to be comparable
to the enhanced nucleation rate caused by the nucleating agents.
Ryan et al. identified the critical work threshold by shearing polyethylene between two parallel plates; this geometry gives shear rate and applied work that vary
radially in the sample, increasing from the center outwards. Crystallized samples
imaged with crossed polarizers show a radial boundary between unaligned and
aligned material, corresponding to the critical work threshold. [17, 88, 92] They
found that the critical work is constant over a wide range of shear rates, however
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below a critical shear rate, the specific work required to form oriented structures
increases with decreasing shear rate.[17] Since the critical shear rate is associated
with the relaxation time of the longer polymer chains in the distribution, they believe that as the population of these chains decreases the amount of work needed
to form anisotropic structures increases.
In the present work, we investigate flow-induced crystallization of linear isotactic polypropylene for a variety of commercial grades, with different molecular
weight distributions and degrees of isotacticity, in order to determine how the
strength of FIC effects varies with material characteristics. We focus on the effects
on the crystallization rate of the four key processing parameters — shear rate,
applied work, crystallization temperature Tc , and shearing temperature Ts — all
of which are in principle adjustable in commercial manufacturing processes.

2.3

Experimental

All rheological measurements were performed using a Rheometrics ARES-LS rheometer, using a 25 mm cone (5.7 angle and 0.048 mm truncation gap) and plate fixtures,
and a nitrogen blanket to help prevent sample oxidation. Samples for the rheometer were prepared by press-molding polypropylene into disks of 25 mm diameter
and about 1 mm thickness, at 200C for about 30 minutes under vacuum.

2.3.1

Linear viscoelasticity

Linear viscoelastic response of polypropylene materials were determined using oscillatory rheology, with frequencies ranging from 0.1 (0.001 for the highest temperature) to 100 rad/sec, and temperatures ranging from 150C to 230C. Master
curves of the dynamic moduli G0 (ω) and G00 (ω) spanning nearly five decades in
frequency were constructed using time-temperature superposition. The temperature range (150C to 230C) was limited at the low end to avoid crystallization, and
at the high end to prevent sample degradation. Strain amplitudes were increased
for measurements at low frequencies to maintain measurable stress levels, while
making sure to remain in the linear regime.
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2.3.2

Quiescent crystallization

To erase any remaining memory of sample preparation (from pellet extrusion, or
molding disks for the rheometer) samples were annealed in the rheometer at 220C
(well above the equilibrium melting temperature) for approximately 10 minutes
prior to rheological measurements. The sample was then cooled to 170C, just
above the melting temperature of typical iPP spherulites. After the temperature
equilibrated, an oscillatory time sweep was initiated (at constant frequency of 0.5
rad/s and strain amplitude of 0.05). The sample was then quenched to the desired
crystallization temperature, at a cooling rate of about 15C/min.
To detect the onset of crystallization, the viscoelastic response at a constant
frequency ω0 was monitored as a function of time, following the methods developed
by Pogodina and Winter.[23] For the commercial iPP grades studied, the frequency
ω0 = 0.5 rad/sec falls in the middle of the crossover to terminal behavior, where
G0 (ω) and G00 (ω) are comparable, but the viscous response still dominates. As the
sample crystallizes, a tenuous network of connected crystallites develops, which
imparts an elastic modulus to the sample. This growing elastic modulus shifts the
phase angle tan δ = G00 (ω0 )/G0 (ω0 ). The threshold value tan δ = 1, identified by
Ref. 10 as a convenient indicator of an “incipient gel”, was chosen to determine
the “crystallization time”. [23, 32, 123, 124] More precisely, the gelation time is
identified as the time required for tan δ to become independent of frequency, [23, 32]
found by performing a series of frequency sweep tests on a slowly crystallizing
sample. We have verified that the gelation time so defined is consistent with our
tan δ = 1 definition of crystallization time.
The strain amplitude of 0.05 for monitoring crystallization was chosen to provide sufficient signal without affecting crystal growth. Linear response was verified
by strain amplitude sweeps. The most strain-sensitive state is the incipient gel
(tan δ = 1). We have verified explicitly that duplicate measurements with strain
amplitudes of 0.02 and 0.05 give equivalent results, while larger strain amplitudes
can significantly delay the time to reach tan δ = 1.
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2.3.3

Flow-induced crystallization

To investigate flow-induced crystallization in a controlled manner, we make use
of a shearing and cooling protocol similar to those used in previous studies. [17,
28, 73, 93] In essence, our protocol is the same as for the quiescent crystallization
studies described above, with the addition of an interval of steady shear applied
after the annealing step, just before the quench (see Fig. 5.6). As for quiescent
crystallization studies, we anneal the sample at 220C for 10 minutes, followed by
cooling to the shearing temperature Ts (170C unless otherwise specified). After
the temperature equilibrates at Ts , the sample is sheared at a specified constant
shear rate for a certain amount of time. The stress overshoot for all experiments
occurs within 1 second of the onset of shear, whereas the shearing times ranged
from 7 - 4,000 s; hence the flow was stopped after the overshoot in stress for all
experiments.
After shearing is complete, we proceed as for the quiescent crystallization studies; an oscillatory time sweep is initiated at a constant frequency of 0.5 rad/s and
strain amplitude of 0.05, and the sample is quenched to the crystallization temperature Tc (141C unless otherwise specified). The cooling rate used was ∼15C/min,
however in order to avoid the temperature undershooting, the cooling rate was
gradually lowered as we approached the desired crystallization temperature. The
total time required to cool from Ts to an equilibrated Tc was approximately 5 minutes. The linear viscoelastic response at ω0 = 0.5 rad/s as a function of time is
used to monitor the crystallization.
Table 2.1 summarizes the shear rate, specific work, and temperature ranges
that have been investigated in this study. Note that we studied a range of shearing temperatures, from 240C down to 160C. We avoided Ts < 160C, because at
such low temperatures the samples crystallize appreciably during the shear, complicating the experiment and its interpretation. Likewise, we studied a range of
crystallization temperatures Tc from 142C down to 130C. Above 142C, crystallization takes an inconveniently long time, while below 130C crystallization is so rapid
that it begins before the quench is complete.
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Figure 2.2. Shear-temperature protocol applied to a polymer melt during a flowinduced crystallization experiment. Temperature profile (blue line) and shear rate (red
line) on a common time axis. Protocol consists of 1) annealing the melt at 220C, 2)
shearing at Ts , and 3) quenching to the crystallization temperature Tc .
Table 2.1. Range of shear rates, specific work, shearing times, and temperatures applied
to polypropylene melts in our experiments.

Variable
Shear rate [s−1 ]
Work [MPa]
Shearing time [s]
Shear temperature Ts [C]
Crystallization temperature Tc [C]

2.3.4

Range
0.52 – 90
1 – 35
7 – 4000
160 – 240
130 – 142

Linear viscoelastic modeling

Small amounts of long-chain branching have been hypothesized to have substantial
effects on flow-induced crystallization. [125] Because of the nature of the catalysts
used in their synthesis, the commercial iPP grades studied here should consist
exclusively of polydisperse linear chains, with no long-chain branching. By far the
most sensitive way to detect low levels of long-chain branching is by their effect
on melt rheology. Modeling the linear viscoelasticity of polydisperse branched
melts remains a challenging problem, in particular because of the need to specify
the ensemble of branched structures in the melt. In contrast, modeling the linear
viscoelasticity of well entangled melts of polydisperse linear chains is largely a
solved problem.
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To verify that our samples do not contain detectable levels of long-chain branching, we compared the observed linear viscoelastic response to tube model calculations for a melt of linear iPP chains with the observed molecular weight distribution. The calculations of the linear viscoelastic response were performed using
the BoB (Branch on Branch) program, developed by D. Read and C. Das at the
University of Leeds.[15] For polydisperse linear chains, BoB takes as input the
entanglement molecular weight Me , entanglement strand Rouse time τe , monomer
molecular weight, melt density, and the molecular weight distribution.
The molecular weight distribution can be input to BoB as one of several common functional forms (e.g., most-probable, log-normal, Gaussian) or as a list of
monodisperse components and corresponding weight fractions. In the present work,
we represent the molecular weight distribution as a large number of monodisperse
components, chosen to fit the shape of the cumulative mass distribution versus log
molecular weight. An example of this representation (for sample CiPP1) is shown
in Fig. 2.3. In the figure, the smooth curve is the integral of the measured mass distribution, and the “stairstep” curve is the representation in terms of monodisperse
components. In practice, the stairstep cumulative distribution molecular weights
and mass fractions may either be fitted to minimize the mean-square distance between the two cumulative distributions, or simply adjusted by hand with a large
enough number of components to give a close match to the measured cumulative
mass distribution.
Fig. 3.2 shows experimental results for G0 (ω) and G00 (ω) for all five commercial samples studied here, compared to BoB calculations of the linear viscoelastic
response. The agreement between observed and predicted viscoelastic response
through the entire terminal region, with no spurious elastic response at low frequencies not predicted by the assumption of linear chains, is strong evidence that
our samples do not contain long-chain branching.

2.3.5

13

C NMR

The tacticity of the commercial polypropylene samples was obtained by 13 C NMR.
Before preparing samples for NMR, antioxidants and other trace impurities that
could potentially contaminate the NMR signal were removed as follows. Polymer
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Figure 2.3. Measured cumulative mass fraction versus log molecular weight for sample CiPP1 (smooth curve), and representation as a sum of monodisperse components
(stairstep curve) used for BoB predictions.

Figure 2.4. Master curves for five commercial iPP grades at reference temperature 170
C for (a) G0 and (b) G00 . Solid curves are tube model predictions using BoB (see main
text).

was dissolved at 2 weight percent in 1,2,4 trichlorobenzene at 180C (well above Tm ),
for five hours under an argon blanket to protect against oxidation. The solution
was precipitated in a six-fold excess of room temperature acetone and then filtered.
This dissolution and precipitation process was repeated, whereupon the purified
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polypropylene was dried in a vacuum oven.
NMR samples were prepared by dissolving the purified polypropylene in 1,1,2,2tetrachloroethane-d2 in a vacuum oven for 2 hours.

13

C NMR was carried out using

a Bruker AM-300 instrument, with the sample held at 110C. Data were acquired
for 13-15 hours to improve the signal-to-noise ratio.
13

C NMR can be used to characterize the stereochemical placement of adjacent

monomers along an iPP chain, and so determine its tacticity. A meso placement
(m) consists of two adjacent monomers stereochemically oriented in the same direction; a racemic placement (r) is two adjacent repeat units oriented oppositely.
The tacticity is the probability [m] of a meso bond between adjacent monomers.
From the integrals of chemically shifted NMR peaks corresponding to the
methyl carbon, one can determine the probabilities of the three possible stereochemical triads: isotactic (mm), heterotactic (rm or mr), and syndiotactic (rr),
with corresponding probabilities [mm], [rm] + [mr], and [rr]. (By symmetry, [rm]
equals [mr].) The tacticity is determined from the triad probabilities as follows:
[m] = [mm] + [mr]

(2.4)

expressing the fact that m must be followed by either m or r.
Tacticity percentages obtained for the five grades are summarized in Table 2.3;
these values give the percent of repeat units that are isotactic. The errors in [mm],
[rm]+[mr], and [rr] are calculated by integrating the noise of the baseline over the
width of their respective triad peak. The baseline was repeatedly integrated over
a wide range, resulting in a series of values that have normal distribution with the
mean at zero. Error bars were calculated using the variance of this distribution.
Table 2.2. Physical properties of the five iPP grades.

Grade MW
CiPP1
CiPP2
CiPP3
CiPP4
CiPP5

[kg/mol] MW /MN
448
7.2
158
3.7
236
6.0
462
8.6
474
5.7
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Table 2.3. Percent isotacticity of the five iPP grades.

Grade
CiPP1
CiPP2
CiPP3
CiPP4
CiPP5

2.4

[mm]
93.4 ± 0.5
98.3 ± 1.0
95.4 ± 0.9
96.7 ± 0.8
95.1 ± 0.5

[mr] + [rm]
4.6 ± 0.3
1.4 ± 0.6
3.4 ± 0.5
1.8 ± 0.4
2.1 ± 0.2

[rr]
[m] (tacticity)
1.9 ± 0.3
95.7 ± 0.5
0.4 ± 0.4
98.9 ± 1.0
1.1 ± 0.4
97.1 ± 0.9
1.5 ± 0.4
97.6 ± 0.8
2.8 ± 0.2
96.2 ± 0.4

Results and discussion

In this work, our goal is to discover what attributes of semicrystalline polymer
samples influence the strength of flow-induced crystallization, and the range of
processing parameters over which flow-induced crystallization occurs, by comparing the behavior of a suite of commercial isotactic polypropylenes. To this end, we
examined five different grades of commercial isotactic polypropylene (CiPP). Key
characterization attributes of these grades are summarized in Table 5.1.

2.4.1

Sample characteristics

From Table 5.1, we see that all five grades are highly isotactic,z with tacticity
(percent meso addition of successive monomers) varying from 95.7 up to 98.9.
The samples vary in weight-average molecular weight MW from 158kg/mol up to
474kg/mol, and all are significantly polydisperse, with MW /MN ranging from 3.7
up to 8.6. All commercial polypropylene homopolymers are known to have been
produced in a slurry polymerization process using a Ziegler-Natta catalyst.
Fig. 3.3 provides a more detailed look at the molecular weight distribution, obtained from size-exclusion chromatography. The molecular weight distributions are
all unimodal, roughly similar in shape. Of particular interest are the high molecular weight tails for each sample (Fig. 3.3 b), since the prevailing hypothesis for the
mechanism of flow-induced crystallization suggests that chains long enough to be
stretched by the flow contribute most strongly to enhanced nucleation. The five
grades can be rank-ordered with respect to the prominence of their high molecular
weight tails: CiPP2 has the weakest tail, followed by CiPP3, with CiPP1, CiPP4,
and CiPP5 roughly comparable.
Another more detailed characterization tool, particularly important for flow-
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Figure 2.5. (a) Molecular weight distribution of all five grades. (b) Closeup of the high
molecular weight tails. Curves: 1 → CiPP1, 2 → CiPP2, 3 → CiPP3, 4 → CiPP4, and
5 → CiPP5.

induced crystallization studies, is linear viscoelasticity. Fig. 3.2 shows dynamic
rheology data for all five grades. The data were obtained over a range of temperature 140 to 230 C and a range of frequencies 0.1 to 100 rad/s (down to 0.001
rad/s for the highest temperature), and shifted to a master curve at a reference
temperature of 170C using time-temperature superposition. From the temperature dependent shift factors, the activation energy of all grades was found to be
about kJ/mol, consistent with previously reported values for isotactic polypropylene. [126, 127] The different grades show a range of viscoelastic responses, with
each grade reaching terminal response at a different frequency. CiPP2 and CiPP5,
with lowest and highest average molecular weight, are fastest and slowest to relax,
respectively.
The solid curves in Fig. 3.2 are tube model predictions of the viscoelastic response computed using the program BoB (Branch on Branch), from the measured
molecular weight distributions and the assumption that all chains are linear. [15]
The same values of entanglement molecular weight Me = 5.25kg/mol and entanglement strand Rouse time τe = 1.5 × 10−7 s were used in the predictions for all
grades, with the exception of CiPP5. A slightly larger τe = 2.5 × 10−7 s was
used for CiPP5 in order to correctly predict the experimental LVE data. It is not
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clear what induces this increase in τe for CiPP5, there is nothing in our extensive
characterization that suggests difference of this sort. The experimental dynamic
response is in good agreement with BoB predictions for all grades; we observe no
anomalous low-frequency elastic response, which is a sensitive indication of low
levels of long-chain branching. By this comparison, we can attest that our samples
do not contain rheologically detectable levels of long-chain branching, which has
been suggested to contribute strongly to flow-induced crystallization.
The linear viscoelastic data can be usefully presented in another form, as plots
of the magnitude |η ∗ (ω)| of the complex viscosity, shown in Fig. 2.6. (The complex
viscosity η ∗ (ω) is defined in terms of the complex modulus G∗ (ω) by −iωη ∗ (ω) =
G∗ (ω).) According to the Cox-Merz rule, the shape of |η ∗ (ω)| is very similar to
the “shear-thinning curve” of steady shear viscosity η(γ̇) versus shear rate.[128]
The Cox-Merz rule is well obeyed by smoothly polydisperse linear entangled melts.
[129] The curve |η ∗ (ω)| highlights the onset of shear thinning, which occurs at lower
frequencies for the more slowly-relaxing samples.

Figure 2.6. Complex viscosity of five commercial iPP grades at reference temperature
170C.
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2.4.2

Crystallization monitoring

After a protocol of annealing, shearing, and quenching a sample in the rheometer,
the crystallization kinetics are observed by monitoring the linear viscoelastic response at a single frequency as a function of time. The details of this technique,
developed by Pogodina et al. and Vleeshouwers et al. are presented in the Methods
section above.
Typical results are shown in Fig. 2.8. These particular experiments were performed on CiPP1, with a shear rate of 2.5 s−1 at 170C and applied specific work of
(a) 4.1 MPa and (b) 25.4 MPa. In Fig. 2.8a, the initial increase in modulus over
the first two minutes is due to the decrease in temperature on quenching from Ts
to Tc (here, from 170C to 141C). After the crystallization temperature is reached
(at about t = 3 min), both G0 and G00 remain constant until the sample crystallizes
sufficiently that the modulus begins to climb (starting at about t = 20 min in Fig.
2.8a). This is as a result of lamellae and spherulites growing outwards from the
nuclei during crystallization. Eventually these lamellae reach a percolation threshold (gel point), where they spread over the whole sample to form interconnected
spherulites, causing the modulus to grow rapidly. As crystallization progresses
further the interconnections between lamellae increase, transitioning the semicrystalline polymer from a viscous to an elastic response; G0 overtaking G00 (hence
tan δ = 1) at about t = 60 min in Fig. 2.8a. The microscopy image in Fig. 2.7
shows that at tan δ = 1 the spherulites are connected with the lamellae impinged.
The range of shear rates used during the steady shear portion of our protocol
can cause secondary flows, which result in some of the sample escaping out of the
gap between the cone and plate fixtures, a phenomenon known as edge fracture.
[130] The escape of a portion of the sample leads to a lower measured stress, and
thus an apparent decrease in moduli. This effect is visible in comparing the timedependent values for G0 (ω0 ) and G00 (ω0 ) of a sample that has been sheared (square
symbols in Fig. 2.8) to the values for a sample that has not been sheared (star
symbols on the vertical axis). The values of G0 and G00 for the sheared sample
are shifted downwards with respect to the unsheared sample. The extent of edge
fracture increases with shear rate and applied work, as is evident in comparing Fig.
2.8 (a) to (b); much more work was applied in (b), much more sample escaped,
and G0 and G00 for the sheared sample are more dramatically shifted downwards.
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Figure 2.7. Crystalline structure of sheared CiPP1 (γ̇ = 2.51 s−1 and W = 5 MPa)
using polarized optical microscope. Image was taken at time to tan δ = 1 (60 minutes
for 5 MPa) at 141C after cooling from 170C (same cooling protocol as in the rheometer).
Scale bar = 500 µm.

However, the phase angle tan δ is insensitive to escape of a portion of the
sample, because it only measures the phase relation between the applied strain
and the measured stress, or equivalently the ratio of the in-phase and out-of-phase
stress response. Consequently, tan δ provides a useful way to detect crystallization;
the time to reach tan δ = 1 is a good practical measure of crystallization time,
[28, 32] with good reproducibility in duplicate experiments.

2.4.3

Quiescent crystallization

Many aspects of quiescent crystallization have been extensively studied and are
well understood. A central feature of quiescent crystallization is that greater undercooling decreases the activation barrier for nucleation, which leads to a greater
concentration of nuclei, and hence faster crystallization. [7, 58, 73, 131]
The quiescent crystallization time for a sample at a given crystallization temperature Tc serves as the reference point for flow-induced crystallization experiments. We have carried out quiescent crystallization experiments on our five
commercial iPP grades as a function of crystallization temperature Tc , from 142C
down to 130C. This temperature range was selected because quiescent crystal-
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Figure 2.8. Time sweep at ω = 0.5 rad/s and γ0 = 0.05 to monitor crystallization. (a)
CiPP1, with γ̇ = 2.5 s−1 and W = 4.1 MPa. (b) CiPP1, with γ̇ = 2.5 s−1 and W = 25.4
MPa. Shearing temperature Ts = 170C and crystallization temperature Tc = 141C in
both (a) and (b). G0 (filled square), G00 (open square) tan δ (open triangle). Unsheared
values of G0 (filled star) and G00 (open star) are shown for reference.

lization above 142C takes many hours, while for Tc below 130C crystallization
progresses before the quench is completed.
Fig. 2.9 presents our quiescent crystallization results (about four repeats), in
which the crystallization time has been taken as the time to reach tan δ = 1 as
described in the previous section. Generally speaking, all our samples show similar
crystallization times versus Tc , ranging from about 500 minutes at Tc = 143C
down to about 10 minutes at Tc = 130C. A closer examination reveals substantial
differences between the different samples, with CiPP2 and CiPP3 crystallizing
more quickly, followed by CiPP4, and with CiPP1 and CiPP5 crystallizing more
slowly.
In quiescent crystallization, polymers with higher molecular weight and lower
isotacticity have been shown to crystallize more slowly. [56, 83] Longer chains in
the melt have lower mobility, and consequently have a lower crystalline growth
rate. Lower tacticity chains have shorter isotactic sequences, separated by segments with “stereo errors” (switching of the methyl group from one side of the
chain to the other). These stereo errors are rejected from the crystals, much as
comonomers are rejected. The entropic cost of rejecting stereo errors from a crit-
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Figure 2.9. Quiescent crystallization time for different grades versus crystallization
temperature Tc .

ical nucleus increases the nucleation barrier and hence the crystallization time.
The final crystallinity of solid polymer is likewise reduced because some isotactic
sequences are too short to incorporate in the crystalline lamellae. [84, 85]
The differences in crystallization time between our various samples appear to
arise from differences in their tacticity and molecular weight. Based on the above
discussion, we expect the grades with the highest tacticity and lowest molecular
weight will crystallize the fastest. Consulting Table 5.1, we find that the highest
tacticity sample is CiPP2, followed in order by CiPP4, CiPP3, CiPP5, and finally
CiPP1. We note also that CiPP2 has the lowest MW , followed by CiPP3, and
CiPP1, CiPP4, and CiPP5 all with substantially higher MW .
Thus, a good overall agreement is found between the order of crystallization
times in Fig. 2.9 and the values in Table 5.1, where CiPP2 (with the highest
tacticity and lowest MW ) crystallizes the fastest, followed by CiPP3 (with low
MW and intermediate tacticity), then CiPP4 (with high tacticity but high MW ),
and finally CiPP1 and CiPP5 (both with low tacticity and high MW ).
In Fig. 2.9, the overall trend of shorter crystallization time at lower Tc values

56
appears to be broken into three regimes (most clearly visible in the data for CiPP1),
with a smaller slope between about 134C and 138C than above or below this range.
This behavior may reflect different regimes in the mechanism for the growth of
crystalline lamellae.
Hoffman described three regimes of lamellar growth (called Regime I, II, and
III), each corresponding to a different mechanism for the addition of new chain
stems to the edge of a growing lamella. [60, 74, 132, 133] The transitions between
regimes have been reported to occur at 153C (I to II) and 137C (II to III). [132, 134]
The mechanisms differ with respect to the process of “secondary nucleation”, under
which a new chain stem is added to a completed layer of stems on the growth
face; addition of stems next to an existing stem or partial layer is more rapid
than addition of the first stem to a flat face. At small undercoolings (Regime I,
Tc > 153C), the barrier to adding the first stem is large enough that secondary
nucleation is rare on the growing face. In Regime II (137C < Tc < 153C), multiple
secondary nucleation begins to be prevalent. In Regime III (Tc < 137C), secondary
nucleation is so facile that the growing interface becomes rough. [134]
Finally, note that all our commercial polypropylene samples undergo heterogeneous primary nucleation, in which the nucleation barrier is lowered by the presence
of impurities or small particles. In careful experiments to observe homogeneous nucleation in isotactic polypropylene, using samples purified by crystallization from
solution, homogeneous nucleation is observed on experimental timescales (minutes
to hours) only at much greater undercoolings (Tc in the range 80–85C) than we
reach in our experiments. [135, 136]
In contrast, for unpurified commercial isotactic polypropylene, nucleation is
readily observed on experimental timescales at much higher temperatures (Tc in
the range 115–150C), [137, 138] as in our own observations of quiescent nucleation. Our samples contain a small, unknown quantity of particulate impurities,
certainly including catalyst and support fragments, which are not separated from
the polymer in commercial processes. These act as heterogeneous nucleation sites
when a sample is quenched, lowering the surface free energy of the critical nucleus.
[79, 136, 139]
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2.4.4

Flow induced crystallization

The goal of studying polypropylene grades with different properties (molecular
weight and isotacticity) is to understand the influence of those properties on flowinduced crystallization. A key element of the prevailing view of flow-induced crystallization is that chains long enough to stretch in the flow will contribute most
strongly to enhanced nucleation.
For the range of shear rates used in our experiments, only chains in the high
molecular weight tail of the molecular weight distribution have stretch relaxation
times τR such that γ̇τR exceeds unity. From Fig. 3.3, CiPP1, CiPP4 and CiPP5
have equally large high molecular weight tails, followed by CiPP3, with CiPP2
having the smallest high molecular weight tail. Thus we might expect that CiPP1,
CiPP4 and CiPP5 should show the strongest flow-induced crystallization response,
followed by CiPP3, with CiPP2 having the weakest effect.
To test these expectations, we performed flow-induced crystallization experiments using the shearing and quenching protocol described in the Methods section.
As for the quiescent crystallization experiments, time-dependent linear viscoelasticity at a fixed frequency was used to monitor crystallization, with the crystallization time defined as the time at which tan δ = 1. Fig. 2.10 shows results for FIC
experiments carried out as a function of applied shear rate, with specific work held
constant, at a shearing temperature of 170C and a crystallization temperature of
141C. Approximately 20 MPa of specific work was applied to all grades, with the
exception of CiPP1 (12.5 MPa and 25 MPa).
Dependence on shear rate. For four of our five samples, the crystallization
time rapidly decreases with increasing shear rate, by a factor of about 5 to 30
depending on the particular material, and then becomes constant at a saturation
shear rate γ̇sat of about 1–2 s−1 . One sample (CiPP2) shows essentially no change
in the crystallization time, even at shear rates as high as 90 s−1 . From Fig. 2.6, we
see that all of our samples are shear-thinning over the range of shear rates applied
in our FIC experiments; hence typical chains in all samples are to some extent
oriented in the flow. The onset of shear-thinning is delayed in CiPP2 because of
its lower molecular weight; however, for this sample we applied shear rates up to
90 s−1 , well into the shear-thinning range for this material, without observing FIC.
Some aspects of these results agree with our expectations based on the amount
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Figure 2.10. Crystallization time versus shear rate, at fixed applied work (see legend).
All samples sheared at 170C and crystallized at 141C. (a) Four of five grades show FIC
behavior. (b) Crystallization time for CiPP2 is essentially independent of shear rate up
to 90 s−1 .

of high molecular weight tail in the distributions for the various grades: CiPP2
(with the smallest high molecular weight tail) shows no FIC effect, CiPP3 (with
the next smallest tail) shows weak FIC, and CiPP1, CiPP4, and CiPP5 show
the strongest FIC effect. However, CiPP1, CiPP4, and CIPP5 have essentially
the same high molecular weight tail, but show markedly different flow-induced
crystallization, with CiPP1 exhibiting a much stronger response than the other
two grades. These variations suggest that some other material property in addition
to the high molecular weight tail also influences FIC.
The decrease in crystallization time for shear rates between 0 and 1 s−1 is
generally consistent with the hypothesis that chains stretched in the flow contribute
strongly to FIC. As the shear rate increases, the minimum molecular weight M ∗ (γ̇)
for a chain to be stretched decreases, so that more of the high molecular weight
tail can be stretched by the flow, presumably leading to a stronger FIC effect. This
minimum molecular weight is given by the condition τR (M ∗ ) = γ̇ −1 , which implies
that M ∗ scales as γ̇ −1/2 . Using Eqn. 4.1, a shear rate of 1 s−1 corresponds to a
molecular weight M ∗ = 1.4 × 104 kg/mol, just at the edge of the high molecular
weight tail.
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One qualitative feature of Fig. 2.10 not evidently explained by the hypothesis
that stretchable chains contribute strongly to FIC, is the appearance of a saturation
shear rate γ̇sat . From Fig. 2.10, we see that for CiPP1 at two different values of
applied work (12.5MPa and 25MPa), although the crystallization is more rapid for
larger applied work, the saturation shear rate is the same.
Indeed, all four samples seem to show the same saturation shear rate: shearing
faster than 1–2 s−1 has no further effect on the crystallization time, even though
there are many more slightly shorter chains in the high molecular weight tail that
could have been stretched by a faster shear rate. This observation suggests that for
some reason, chains below a minimum molecular weight of about 104 kg/mol are
not effective in initiating FIC. A minimum molecular weight requirement would
also be consistent with the observation that CiPP2 does not display flow-induced
crystallization at any shear rate (Fig. 2.10b); for CiPP2, the high molecular weight
tail does not reach 104 kg/mol (see Fig. 3.3).
Evidently, at a shear rate of 1 s−1 only a small minority of the chains in any of
our samples are long enough to be stretched by the flow. The fraction of stretchable
chains can be computed by integrating the molecular weight distribution from M ∗
upwards. We may ask whether the stretchable chains are sufficiently concentrated
to overlap. [140, 141]
We define overlap by the condition that the sum of the pervaded volumes for
all the stretchable chains equals the system volume. The pervaded volume Ω(M )
for a chain of mass M is given by
Ω(M ) = (4π/3)Rg (M )3

(2.5)

in which Rg is the radius of gyration, given by hRg2 i = b2 M/(6M0 ). At overlap the
pervaded volume fraction becomes unity. The pervaded volume fraction φ can be
written as an integral over the molecular weight distribution,
4πb3 ρNA
φ= √
18 6M0

Z

∞

log10

M∗

(M/M0 )1/2 P (log10 M ) d log10 M

(2.6)

In the above, b is the statistical segment length, ρ the melt density, M0 the
monomer molar mass, and NA is Avogadro’s number.
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To derive Eq. 2.6, observe that the pervaded volume Ωi of chain i is given
3
, in terms of its gyration radius Rg,i = (M/Mm )b2 /6, where
by Ωi = (4π/3)Rg,i

Mm is the mass of a monomer. The sum Vp of the pervaded volumes (assumed
√ P
non-overlapping) can be written Vp = 4πb3 /(18 6) i (Mi /Mm )3/2 . The sum over
P
chains i can be replaced by an integral over the number distribution PN (M ),
R
P
as
dM PN (m), where N is the total number of chains. The numi → N
ber distribution is related to the mass distribution P (M ), by M PN (M )dM =
ρV /N P (M )dM , where V is the system volume. The pervaded volume fraction φ
equals Vp /V , which can be rearranged to give Eq. 2.6.
Fig. 2.11 shows the pervaded volume fraction φ versus log M ∗ for CiPP1, with
the range of M ∗ corresponding to a range of shear rates 0.53 to 2.5 s−1 . Even at
a shear rate of 2.5 s−1 , the stretchable chains in CiPP1 are far below overlap, yet
CiPP1 shows a strong flow-induced crystallization effect. This behavior suggests
that overlap of stretchable chains in the melt is not an essential element of the FIC
mechanism.

Figure 2.11. Pervaded volume fraction of stretchable chains in CiPP1 versus M ∗
(bottom x-axis) and applied shear rate corresponding to inverse Rouse time of stretched
chain (top x-axis).

Dependence on specific work. Applied specific work has long been iden-

61
tified as the second key flow parameter governing the strength of flow-induced
crystallization. [17, 34, 73, 88, 92] Generally speaking, increasing applied work
leads to faster crystallization, in a manner qualitatively similar to increased undercooling. This is evident in Fig. 2.10, where for CiPP1 we have presented data
for two different applied work values (12.5 and 25 MPa).
Although most authors now agree that specific work appears to be the proper
way to measure the “amount of strain applied” in flow-induced crystallization
experiments, some previous works have used total applied strain instead, in describing how shearing time influences flow-induced crystallization. To investigate
which is a more appropriate control variable, we performed experiments in which
the applied strain was varied while the specific work was held constant (by reducing
the shear rate). We found that the magnitude of FIC effects were approximately
strain independent at fixed work, indicating that specific work is indeed the correct
control variable, in agreement with previous findings. [26, 73, 88]
We would like to explore the effect of varying applied work on crystallization
for our various grades in a way that is disentangled from the effect of varying shear
rate. For this purpose, we take advantage of the observation that the effect of
shear rate saturates above the saturation shear rate γ̇sat . Therefore, to study the
effect of varying applied work alone, we perform FIC experiments with the shear
rates all chosen larger than γ̇sat for each grade.
Fig. 3.1 presents results for crystallization time versus applied work, for all five
commercial iPP grades. All results shown are for shearing temperature 170C and
crystallization temperature 141C, with shear rates for each grade indicated in the
legend.
Evidently, the different grades show different strengths of flow-induced crystallization. CiPP2 again shows essentially no FIC effect, even at a large shear
rate of 31.5 s−1 and W > 30MPa. CiPP1 shows a strong FIC effect, with the
crystallization time reduced by up to a factor of 30. CiPP3, CiPP4, and CiPP5
show intermediate FIC effects. Note that all five samples show a saturation of FIC
effects with increasing applied work; beyond a characteristic value Wsat , further
increases in applied work have no effect on the crystallization time.
In Fig. 3.1, the initial slopes of the crystallization time versus work for CiPP1,
CiPP4, and CiPP5 are similar, with a smaller initial slope for CiPP3 and essen-
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Figure 2.12. Crystallization time versus applied work, with shearing temperature 170C
and crystallization temperature 141C. Shear rates for different grades (see legend) were
chosen to be above γ̇sat for that grade.

tially zero initial slope for CiPP2. One property that correlates well with this rank
ordering of the initial slopes is the shape and prominence of the high molecular
weight tail in the molecular weight distribution (see Fig. 3.3). We may hypothesize
that for some reason, the onset of FIC for applied work below Wsat is governed by
the prominence of long chains (above 104 kg/mol) in the molecular weight distribution.
Our five commercial grades also vary with respect to how much crystallization
speeds up for applied work at or above the saturation value Wsat . Remarkably,
we find that the crystallization rate at saturation correlates well with the tacticity
of the sample, with the least isotactic sample exhibiting the largest speedup in
crystallization. Fig. 2.13 shows the results for all five commercial iPP grades
studied. From left to right in Fig. 2.13, the samples in order of increasing tacticity
are CiPP1, CiPP5, CiPP3, CiPP4, and finally CiPP2 at 98.9%.
This correlation between tacticity and crystallization rate is surprising, for two
reasons. First, in quiescent crystallization, low tacticity has the opposite effect
(filled squares in Fig. 2.13), resulting in slower crystallization, as mentioned earlier.
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In fact, from Fig. 2.13 it appears that tacticity has a stronger influence on FIC
than quiescent crystallization. Second, tacticity seems to have a stronger influence
on FIC than molecular weight. The molecular weights MW from left to right in
Fig. 2.13 are 445kg/mol, 475kg/mol, 254kg/mol, 462kg/mol, and 158kg/mol, but
the variation of crystallization time at saturation with tacticity appears smooth
with no evident corrections to be made for varying molecular weight.
Note also that CiPP1 and CiPP4 have nearly identical molecular weight distributions (see Fig. 3.3), and correspondingly nearly identical linear viscoelastic
response (see Fig. 3.2); they differ only in tacticity (95.7% for CiPP1 versus 97.6%
for CiPP4, first and fourth points in Fig. 2.13 respectively). The tacticity difference between the two samples appears to account for the striking difference in their
flow-induced crystallization response.
The modest change in quiescent crystallization times of the five commercial
samples in Fig. 2.13 suggests that the variation in concentration of quiescent nuclei
is rather modest. Assuming that the growth rates in the different samples at
the same temperature are similar, faster quiescent crystallization of high-tacticity
materials implies a higher nucleation rate, and hence a higher spherulite number
density in the solid sample. Since the crystallization times vary by a factor of ∼ 3
across the tacticity range studied, means that the nucleation densities are similar
among the materials. Having a similar initial nucleation density is essential when
comparing the influence of flow on the five studied samples.
To understand why tacticity should play a key role in flow-induced crystallization, we use

13

C NMR data to compute the length distribution of isotactic

sequences for each of our iPP grades. Each successive monomer in a polypropylene chain is added either “meso” (on the same side as the previous monomer) or
“rac” (on the opposite side). A chain can thus be regarded as a sequence of m and
r bonds between successive monomers.

13

C NMR reports the fraction of [mm],

[mr] + [rm] ([mr] = [rm] by symmetry), and [rr] on two successive bonds (see
Table 5.1).
The probability per bond p that an isotactic sequence terminates with a “racemic”
addition is p = [mr]/([mm] + [mr]), which can be computed for each grade from
the NMR data. The normalized mass distribution of isotactic sequences P (n)
(probability that a randomly chosen meso addition is on a sequence of length n)

64

Figure 2.13. Time to tan δ = 1 at 141C (for quiescent crystallization and FIC at
saturation) versus tacticity. Tacticity error bars are from analysis of 13 C NMR data (see
main text).

is given by
P (n) = pn−1 n(1 − p)2

(2.7)

The isotactic sequence mass distribution is plotted for all five grades in Fig.
2.14. In the figure, the number of monomers n is converted to the length of a
3 × 1 helical crystalline stem, using the polypropylene helix length of 6.5Å per
helical turn consisting of three monomers.[62] For comparison, the typical lamellar
thickness h at nominal undercooling (corresponding to a stem length of about
12 nm) is indicated in gray, computed from the “crystallization line” of Tc as a
function of 1/h. [5]
Figure 2.14 suggests that the maximum speedup from flow-induced crystallization is greater when typical isotactic sequences in a sample are comparable to or
shorter than the expected lamellar thickness at the given crystallization temperature (typically Tc = 141C in our experiments). Still, it is remarkable that CiPP1,
with shorter isotactic sequences, crystallizes faster as a result of flow-induced crystallization for applied work at or above saturation, than the more isotactic samples
(see Fig. 2.13).
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Figure 2.14. Isotactic sequence mass distribution versus stem length, for all five iPP
grades. Grey vertical line indicates the 12 nm lamellar thickness at nominal undercooling
(130 - 142C).

The saturation value of applied work Wsat has been identified in previous works
as an important sample-dependent parameter governing flow-induced crystallization. For applied work in excess of Wsat , crystallization times are constant, which
suggests that the number of nuclei formed as a result of FIC reaches a maximum.
We would like to know what material properties determine Wsat , which evidently
varies among different iPP samples (see Fig. 3.1).
The variation of log crystallization time versus applied work in Fig. 3.1 can be
represented roughly as a linear decrease to a saturation value. We have observed
that the initial slope of this variation seems to correlate with the prominence of the
high molecular weight tail, while the maximum speedup appears to correlate with
the tacticity of the sample. If these two relations are both valid, the saturation
work Wsat would be determined indirectly, by following the initial slope (set by the
strength of the high molecular weight tail) down to the minimum crystallization
time (set by the sample tacticity).
Crystallization temperature Tc . To this point, we have investigated how
shear rate and applied work each affect crystallization time, at a given undercooling. Of course, in quiescent crystallization we know that the degree of undercooling
has a strong effect on crystallization time. Now we vary the crystallization tem-
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perature Tc , to see its effect on the crystallization time as a function of applied
work W . Fig. 2.15 displays a family of results for crystallization time versus W , for
different values of crystallization temperature Tc . In all these curves, the sample
is CiPP1, and the shearing temperature is held fixed at 170C, and the shear rate
at 2.5 s−1 , above the saturation shear rate.
In Fig. 2.15, we see that as the crystallization temperature Tc decreases, the
shape of the curve for crystallization time versus work becomes more “bowed out”.
The initial slope of the curve is steeper at lower crystallization temperatures, even
as the quiescent crystallization time becomes shorter. Thus the crystallization time
becomes more sensitive to small amounts of applied work at lower Tc values.

Figure 2.15. Crystallization time versus applied work at different crystallization temperatures (see legend), for CiPP1 sheared at 170C with shear rate of 2.5 s−1 .

Remarkably, the minimum crystallization time is essentially independent of undercooling, in the range of Tc we studied. This strongly suggests that the minimum
crystallization time is due to reaching a maximum nuclei density, driven by both
undercooling and specific work. Likewise, the saturation work Wsat remains constant at around 16 MPa for Tc in the range 138–142C, consistent with observations
of Janeschitz-Kriegl et al. [11, 18]
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At the lowest crystallization temperature we studied (Tc = 136C), the behavior
of the crystallization time versus work changes somewhat, reaching the same minimum time (10 min) at a much lower work (about 4 MPa), and exhibiting some
crystallization times at low work levels that are actually slower than at higher crystallization temperatures. This change in behavior may be related to the change in
the lamellar growth regime from Hoffman Regime II to Regime III, which occurs
around this temperature. [82, 132, 134]
Shearing temperature Ts . We now turn our attention to the last of the four
key process variables, the shearing temperature Ts . Intuitively, we expect that
shearing at sufficiently elevated temperatures will have progressively less effect
on the subsequent crystallization after quenching, because whatever precursors
to crystallization may be generated during the shearing will not survive at high
temperatures. By varying the temperature at which shear is applied, we can
investigate the thermal stability of these flow-induced precursors to crystallization.
Fig. 2.16 shows the crystallization time versus shearing temperature Ts over
the range 160–240C, for sample CiPP1 at nominal conditions with shear rate held
constant at γ̇ = 2.5 s−1 , a constant applied work of 12.5 MPa, and a constant
crystallization temperature Tc = 141C. (Our experiments were limited to temperatures above 160C, because below 160C, crystallization proceeds so rapidly that
the sample begins to solidify during the shearing, which overwhelms the torque
transducer and ends the experiment.)
Generally speaking, shearing at lower temperatures results in faster crystallization, as one might expect; but surprisingly, there appear to be three temperature
regimes in Fig. 2.16: below about 180C, between 180C and 210C, and above about
210C. The crystallization time appears independent of shearing temperature Ts in
the range from about 180C to about 210C. For Ts below 180C, near or below the
spherulite melting temperature (about 170C), the crystallization time decreases
with decreasing Ts . This could be a result of the combined effect of flow-induced
crystallization and lamellar growth during the interval of shear. Chains bridging
between growing lamellae (i.e., tie chains) could be further stretched by the flow,
leading to an amplification of flow-induced crystallization.
For shearing temperatures Ts above 210C, the effect of flow-induced crystallization diminishes — as Ts increases above 210C, the crystallization time steadily
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Figure 2.16. Crystallization time versus shearing temperature, for CiPP1 with shear
rate γ̇ = 2.5 s−1 (above saturation), applied work of 12.5 MPa, and crystallization
temperature Tc = 141C. Dashed line indicates quiescent crystallization time at Tc =
141C.

rises. This result could be a consequence of the relaxation of whatever shear
induced precursors are responsible for the enhanced nucleation that follows the
quench after shearing. Perhaps coincidentally, the Hoffman-Weeks temperature,
at which the extrapolated crystallization and melting lines cross (discussed in the
Introduction), is about 208C for polypropylene. [105] There may be a connection
between the diminished flow-induced crystallization effect at shearing temperatures above 210C, and the Hoffman-Weeks temperature, sometimes interpreted as
the limit of metastability of some as-yet undefined precursor to nucleation.
Perhaps as the sample is sheared at these elevated temperatures, the flowinduced precursors to nucleation immediately begin to relax, resulting in a weaker
enhancement of nucleation after the subsequent quench to the crystallization temperature. The relaxation of these precursors may proceed more readily at higher
temperatures, eventually eliminating the flow-induced crystallization effect. Nonetheless, shearing far above the equilibrium melting temperature (187C for polypropylene) remarkably still has an effect on the crystallization time compared to quies-
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cent conditions, as shown by the dashed line in Fig. 2.16. A linear extrapolation
of the log of the crystallization time in Fig. 2.16 to the quiescent limit suggests
shearing may still reduce the crystallization time even at temperatures as high as
300C.

2.5

Conclusions

We investigated flow-induced crystallization (FIC) of five different commercial linear polypropylene samples, with different molecular weight distributions and tacticities. Our samples are all polydisperse (with Mw /Mn from 3.7 to 7.2), with
Mw from 158 to 474 kg/mol, and with isotactic content from 95.7 to 98.9 percent.
We verify that our samples consist of linear chains, by comparing dynamic rheology to tube model predictions based on measured molecular weight distributions.
Our purpose in studying PP grades with different material properties is to understand which material parameters govern the magnitude of FIC effects. Using
a rheometer, we studied how flow-induced crystallization kinetics vary with four
basic processing parameters: shear rate, specific work, crystallization temperature,
and shearing temperature.
For all samples studied, we find that the crystallization rate increases with
shear rate up to a saturation shear rate γ̇sat of about 1 s−1 . At this shear rate,
only a very small minority of the longest chains (above 104 kg/mol), mass fraction
of ∼ 10−3 , have Rouse times long enough to be stretched by the flow. Further
increases in shear rate above γ̇sat have no effect on the crystallization rate. The
prevailing hypothesis for FIC effects is that chains stretched by the flow are potent
in reducing the nucleation barrier. Under this hypothesis, further increases in shear
rate should stretch more chains and further speed crystallization. The appearance
of a saturation shear rate is not explained by this hypothesis, and suggests that
somehow chains must be above a certain molecular weight to be effective in FIC,
regardless of the shear rate.
Similarly, the crystallization rate is observed to increase with specific work
W , up to a saturation value Wsat beyond which the crystallization rate remains
constant. The influence of work on flow-induced crystallization appears to be
stronger for iPP grades with a more pronounced high molecular weight tail, in
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agreement with previous reports.[27, 39, 87]
For all five samples, the magnitude of flow-induced speedup of crystallization at
saturation (i.e., for sufficiently large shear rate and applied work) correlates with
the tacticity of the sample. Remarkably, chains with lower tacticity show faster
crystallization rates at saturation. This trend is opposite to quiescent crystallization, for which higher tacticity samples crystallize faster (see Fig. 2.13). For the
samples we studied, tacticity has a much stronger influence on the magnitude of
FIC at saturation than differences in molecular weight distribution.
We varied the crystallization temperature Tc (to which we quench after shearing) from 142C down to 136C. Lower crystallization temperatures speed flowinduced crystallization, in much the same way as quiescent crystallization is accelerated by greater undercooling. Remarkably, the saturation work Wsat appears to
be rather insensitive to Tc over the range of temperatures we studied.
We varied the shearing temperature Ts (at which shear is applied, before
quenching to Tc ) over a wide range, from 160C to 240C. Flow-induced crystallization persists even when shear is applied well above the equilibrium extended-chain
melting temperature (about 187C). This observation suggests the flow-induced
precursors are either not crystalline, or are stabilized somehow by particulate impurities in the samples, because otherwise they would not be expected to survive
at such high temperatures. FIC effects finally weaken when shear is applied above
the Hoffman-Weeks temperature (about 210C), perhaps because flow-induced precursors are no longer metastable.

Chapter

3

Lifetime of Flow Induced Precursors
in Isotactic Polypropylene
3.1

Abstract

Brief intervals of strong flow stretch chains in a semicrystalline polymer melt to
form flow-induced precursors, which accelerate crystallization kinetics and transform the morphology. Using commercial isotactic polypropylene, the persistence
and lifetime of flow-induced precursors was investigated, focusing on the effects
of specific work and annealing time and temperature. Precursors were formed by
shearing polypropylene in a rotational rheometer, then quenching to a desired temperature. The crystallization time and crystallization temperature of the sheared
samples were investigated using novel rheology and DSC experiments. For sufficiently large shear rates, the appearance of flow-induced precursors is controlled
by the applied work. A qualitative change in many properties related to precursors
takes place at a critical work value Wc , about 7 MPa for our iPP material. To erase
the persistent “memory” of flow-induced nuclei, samples must be annealed for a
very long time below 210C (> 3, 000 min), or a shorter time above 210C (e.g., 300
minutes at 250C). Annealing above the Hoffman-Weeks temperature (208C) evidently erases flow-induced precursors much faster, although at 210C still requiring
times a factor of 50 longer than the reptation times of the longest chains.
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3.2

Introduction

Subjecting a semicrystalline polymer melt to deformation prior to crystallization
can lead to a higher nuclei number density as well as a change in crystalline morphology, resulting in faster crystallization. [9, 14, 18–30] This phenomenon is
called flow-induced crystallization (FIC) and is common in polymer processing operations such as injection molding or film blowing. [52, 142] Polypropylene has
been the most studied polymer for FIC, because of its commercial importance and
experimentally convenient crystallization rates.
Flow in semicrystalline polymer melts increases the nucleation rate and influences the characteristics of nuclei, hence altering the final material properties of
the solid. The main property differences identified between flow-induced crystallization and quiescent crystallization include:
1. greatly increased number density of nuclei, [19, 21, 26, 48, 55, 73]
2. anisotropic morphology due to aligned nuclei,[14, 17, 21, 26, 37, 97, 101–105]
3. increased lifetime of flow-induced nuclei. [21, 33–36]
A fast enough deformation aligns and stretches polymer chains, reducing the
nucleation barrier and thus increasing the number density of flow-induced precursors. [7, 11, 19, 55, 73] With increased deformation, the number of flow-induced
nuclei increases, until at sufficiently large deformation the flow-induced precursors change in character, resulting in an anisotropic morphology. The effects of
FIC (high nuclei number density and anisotropic morphology) take a long time
to anneal away at temperatures well above melting, indicating that flow-induced
precursors have a very long lifetime compared to expected chain relaxation times
(i.e., reptation times).
Many experimental techniques have been used to investigate flow-induced crystallization in both the melt and crystalline state. These techniques include smallangle X-ray scattering (SAXS), [91, 143] wide-angle X-ray diffraction (WAXD),
[144] birefringence, optical microscopy,[57, 87, 97, 103, 106–108] atomic force microscopy, [41, 97, 103, 110] Raman spectroscopy, [118] and rheology. [23, 26, 28, 31]
After sufficiently large amounts of applied shear, flow-induced crystalline morphologies are no longer spherulitic. Instead, anisotropic morphologies are observed,
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called shish-kebab, thread-like nuclei or cylindrite structures. [14, 37, 47, 88, 92, 97]
Hsiao et al. carried out in-situ X-ray scattering experiments to study the evolution
of crystalline structures after the melt was sheared. Scattering intensities parallel to the flow direction were initially observed, indicating the formation of shish
structures. [9, 93, 112] This was followed by lamellae, i.e. kebab, nucleating and
growing radially from the shish.
These results were also verified ex-situ using an electron microscope. The micrographs similarly revealed fibrillar shish structures parallel to the flow direction,
with lamellae growing perpendicularly outwards. [13] A number of authors have
imaged these anisotropic structures using atomic force microscopy or polarized
optical microscopy. [97, 103, 110]
In discussing FIC effects, it is important to recall that the melting temperature
Tm of crystalline lamellae depends on the lamellar thickness h, which in turn is
governed by the crystallization conditions. [7, 58] Tm (h) is suppressed by the interfacial tension of the crystal-amorphous interfaces (σe ), leading to a 1/h correction
described by the Gibbs-Thomson equation:
Tm = Tm◦ −

2σe Tm◦
∆Hf h

(3.1)

Here Tm◦ is the equilibrium melting temperature of an infinitely thick crystal, and
∆Hf is the specific heat of fusion.
Plotting Tm and Tc versus 1/h gives straight lines (the “melting” and “crystallization” lines). For accessible lamellar thicknesses, Tc (h) is less than Tm (h) —
one must undercool to nucleate lamellae, which are then stable to melting until
heated sufficiently. [5, 58] The equilibrium melting temperature Tm◦ is found by
extrapolating the melting line to infinite lamellar thickness (1/h = 0). [5]
Extending the crystallization and melting lines until they cross gives the HoffmanWeeks temperature. [80–82] For isotactic polypropylene, Tm◦ = 187 ± 2C and THW
= 208 ± 8C. Note that since THW is greater than Tm◦ , the Hoffman-Weeks temperature corresponds to a negative (unphysical) value of 1/h at which Tm (h) = Tc (h).
Flow-induced precursors require prolonged annealing at elevated temperatures
in order to erase them from the melt. The presence of precursors in the melt
can be detected in different ways, including the birefringence of the sheared melt,
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the crystallization kinetics upon quenching, and the orientation of the crystallized
sample. Each way of detecting precursors leads to a different operational definition
of the presence or absence of precursors, and hence a different operational definition
of what it takes to eliminate precursors from the melt, returning it to an unsheared
state.
Binsbergen was among the first to investigate the persistence of flow-induced
precursors, and the annealing conditions necessary to destroy them.[115] Oriented
fibers were produced by shearing polypropylene in a two-roll mill at 180C, then
quenching to 140C to crystallize. After this process, the sample was subjected to
several cycles of melting and recrystallizing without additional shear. An oriented
fibrillar morphology was repeatedly observed in a polarized optical microscope,
provided annealing was carried out below 210C. Heating these structures to temperatures above 210C (i.e., above THW ) decreased the fibrillar orientation, until it
was eventually completely erased when annealed at 240C. These results were the
first to indicate that annealing above THW accelerates the erasure of flow-induced
precursors.[115]
Janeschitz-Kriegl et al. used birefringence to observe the orientation in a molten
fiber subjected to uniaxial extension, annealed at some temperature Ta after cessation of flow but before quenching. [34, 55] A relaxation time of flow-induced
precursors was identified in terms of the decay of the observed birefringence. Experiments were performed on isotactic polypropylene (iPP) and isotactic poly(1butene) (PB-1).
The relaxation time of the birefringence was found to decrease with increasing
annealing temperature with an Arrhenius dependence; relaxation times ranged
from 57.8 s at 190C to 0.8 s at 210C for iPP, and 14.3 s at 150C to 0.9 s at
170C for PB-1, respectively. Note that these relaxation times are quite short
compared to the relaxation times observed in the recrystallization experiments of
Binsbergen; Janeschitz-Kriegl observed how long it takes for the melt birefringence
to fade, rather than the time it takes for the sheared melt to become ineffective in
nucleating an oriented crystalline structure.
From the Arrhenius plots, Janeschitz-Kriegl computed an apparent activation
energy for isotactic polypropylene and isotactic poly(1-butene) of 334 kJ/mol and
224 kJ/mol, respectively. For comparison, the flow activation energies of iPP
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and PB-1 from melt rheology are 44 kJ/mol and 49kJ/mol, respectively. [126,
127] The birefringence relaxation time became too fast to measure above 210C
for polypropylene and 140C for poly(1-butene), consistent with the idea that the
Hoffman-Weeks temperature (Tm◦ = 121C[116] and THW = 141C[117] for PB-1)
acts as a transition temperature above which flow-induced precursor relaxation
accelerates, as suggested by the work of Binsbergen.
Azzurri and Alfonso explored the lifetime of flow-induced precursors defined by
their effect on the final oriented morphology, by annealing an oriented melt fiber
prior to quenching, and using polarized optical microscopy to observe the birefringence of the oriented crystalline fiber. [33] They used isotactic poly(1-butene)
samples of several different molecular weights, and annealed at temperatures in
the range 115–145C for varying lengths of time before quenching to the crystallization temperature. Longer chains required longer overall annealing time (1s up
to 20,000s depending on Mw and temperature) to fully erase the orienting effect on
the final crystalline fiber of flow-induced precursors in the melt. The annealing time
was found to decrease with increasing temperature with an Arrhenius dependence;
the authors report an effective activation energy of approximately 750 kJ/mol independent of molecular weight, much larger than the values reported for PB-1 by
Janeschitz-Kriegl. In contrast to Binsbergen and Janeschitz-Kriegl, no transition
in the efficacy of annealing was observed for annealing above or below the equilibrium melting temperature or the Hoffman-Weeks temperature (121C[116] and
141C[117] for PB-1, respectively),
Chai et al. explored the persistence of flow-induced precursors using Raman
spectroscopy to detect all-trans sequences, which are presumably associated with
chains stretched by the flow. [118] High density polyethylene (HDPE which has
Tm◦ = 141C)[145] was sheared at 140C in a rheo-Raman microscope by rotating the
lower window. The trans peak intensity in the Raman spectrum was increased by
applied flow, consistent with a greater fraction of all-trans sequences in an oriented
melt — 13% at the highest shear rate of 50 s−1 , compared to 3% in an unsheared
melt.
With this approach, Chai et al. showed that the increased fraction of all-trans
sequences survives at elevated temperatures for several hours at 140C after cessation of flow, consistent with persistent flow-induced precursors to nucleation.
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[118] These results suggest that flow-induced precursors are associated with highly
aligned chain segments, which somehow survive for long periods at elevated temperatures, so that they remain available to enhance nucleation when the sheared
melt is eventually quenched.
In exploring the robustness and annealing of flow-induced precursors, it is important to know where we are in the parameter space of FIC. FIC effects are
governed by the shear rate, shearing temperature, total applied specific work, and
crystallization temperature. [31] In typical experiments, the shearing temperature
is below the equilibrium melting temperature, but high enough so that nucleation
is negligibly slow even with flow-induced precursors present. Likewise, the crystallization temperature is kept well below the equilibrium melting temperature, but
high enough so that quiescent nucleation is slow but observable. Typical values of
Ts and Tc used in our studies of iPP are 170C and 141C respectively.[31]
With values for Ts and Tc selected, the key control parameters are shear rate
and applied work. To observe strong FIC effects, the shear rate must be sufficiently
high to stretch at least a small minority of the longest chains in the system.[17, 39,
42, 92, 93] The stretched and aligned state of the chains lowers the melt entropy
and raises the free energy with respect to the crystal. The increase in free energy
difference at a given undercooling lowers the nucleation barrier, thus increasing the
nucleation rate, density of nuclei, and crystallization rate. [19, 21, 26, 48, 55, 73]
Surprisingly, in Chapter 2 we found a saturation shear rate of about 1 s−1 , above
which further increases in shear rate did not lead to stronger FIC effects, even
though only a small minority of chains in our sample would be stretched at a such
shear rate. [31]
The final and most important control parameter for flow-induced crystallization
is the specific work applied by the flow to the sample,[11, 26, 88, 92] defined as:
W = σγ = η γ̇ 2 t

(3.2)

in which σ is the applied stress, γ the strain, η the shear viscosity at the applied
shear rate γ̇, and t the duration of the applied shear.
Many previous authors have identified specific work (W ) as an important variable that governs the strength of FIC. It has been hypothesized that greater
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amounts of specific work aggregate stretched chains to form stable nuclei. Previous experiments have shown that as specific work increases, crystallization speeds
up and the morphology changes from isotropic spherulites to an anisotropic structure aligned with the flow. While crystallization kinetics are sensitive to even the
smallest amount of applied work, anisotropic morphology is only observed when
sufficient work was applied, known as critical work (Wc ). [14, 37, 47, 88, 92, 97]
Critical work was identified in elegant experiments by Ryan et al. in which
polyethylene was sheared between two parallel plates in a rotational rheometer,
and the orientation of the crystallized material observed as a function of radius.
The parallel plate flow geometry results in shear rate that varies linearly in radial
position, increasing from the center outwards. The PE samples were imaged with
crossed polarizers ex-situ to identify the boundary between oriented and unoriented
structures, corresponding to the critical work threshold. [17, 88, 92]
The number density of flow-induced precursors smoothly increases with specific work; however, at Wc the precursor characteristics change, causing a change in
the crystalline morphology. Flow-induced precursors formed below this transition
result in more numerous isotropic spherulites, consistent with a lower nucleation
barrier and hence higher density of nuclei. The nucleation rate continues to increase above Wc , but flow-induced precursors form anisotropic cylindrite structures
instead of spherulites.
At still higher values of specific work, above a saturation threshold Wsat , the
crystallization rate becomes independent of work. In Chapter 2, this saturation behavior was observed for five different commercial isotactic polypropylene samples;
Wsat depended on the sample, with values ranging from 5–16 MPa. A saturation
threshold Wsat is consistent with a maximum number of precursors, possibly governed by the isotactic content of the chain and the concentration of heterogeneous
impurities. [31]
As an example of this behavior, Fig. 3.1 presents Chapter 2 results[31] for crystallization time versus specific work for CiPP1, the commercial isotactic polypropylene sample we focus on in this paper. The data of Fig. 3.1 were obtained by
shearing in a rheometer at 170C with a shear rate of 2.51 s−1 , and quenching to
141C to crystallize. The onset of crystallization was determined by monitoring
the linear viscoelasticity at a fixed frequency, and observing the growth of elastic
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response (described further below).

Figure 3.1. Crystallization time versus applied work for CiPP1 using 2.51 s−1 shear
rate at shearing temperature 170C and crystallization temperature 141C.

Clearly, work strongly influences the crystallization rate, reducing the crystallization time by up to a factor of 50 across the range of 0 –16 MPa. Even low
values of work speed crystallization, suggesting that even small deformations favor the formation of flow-induced precursors to nucleation. Fig. 3.1 clearly shows
saturation in the crystallization time versus applied work; above Wsat = 16 MPa,
additional applied work does nothing further to speed crystallization, consistent
with some intrinsic limit to the number density of flow-induced nuclei.
In this work, we focus on what it takes to anneal away flow-induced precursors,
so that they no longer act to enhance nucleation of the melt. We explore this in
two new ways. First, we investigate how annealing the melt after shear and before
quenching increases the crystallization time. As the flow-induced precursors are
eliminated, the crystallization time grows from its value with shear and no annealing, towards the value we obtain with no applied shear. For these experiments, we
use a rheometer both to apply controlled shear, and to monitor crystallization by
the growth of elastic response at a fixed frequency, in the manner developed by
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Pogodina and Winter,[23] and applied in Chapter 2.[31]
Second, it turns out that flow-induced precursors reveal themselves in another
way as well; when a solid sample that has undergone FIC is melted and slowly
cooled, it crystallizes at a higher temperature than a sample that has never been
sheared, by as much as 15C or so. This manifestation of “melt memory” disappears
very slowly on annealing at elevated temperatures, so that eventually the sample
crystallizes on cooling at the same temperature as a sample that was never sheared.
We take advantage of this phenomenon to study the annealing of flow-induced
precursors, by using a differential scanning calorimeter (DSC) to impose successive
cycles of annealing and cooling on an FIC sample, and to monitor the changes in
the crystallization temperature with each cycle.
In addition, in this work we emphasize that the characteristics of flow-induced
precursors depend on the specific work applied to the sample when they were
created. For specific work less than the critical work Wc , the precursors still
form isotropic spherulites; for W > Wc , flow-induced precursors result in aligned
morphologies. It is therefore reasonable that precursors respond to annealing differently depending on how much work was applied. We therefore investigate the
annealing of precursors as a function of applied work, covering the entire range
from small values up beyond Wsat .

3.3
3.3.1

Experimental
Sample characteristics

The commercial isotactic polypropylene grade (CiPP1) used in this work was one
of the five samples investigated in Chapter 2. [31] CiPP1 is a Borealis commercial
grade (Borclean HB311BF), produced in a slurry polymerization process using a
Ziegler-Natta catalyst. The key material properties of the sample are summarized
in Table 5.1
The relatively low isotacticity and high molecular weight of CiPP1 make it a
good candidate to study flow-induced precursors. [31] In Chapter 2, we found the
surprising result that the strongest FIC effects were found in commercial samples
with the lowest tacticity. As expected, low isotacticity samples crystallize slower
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Table 3.1. Physical properties of CiPP1.

CiPP1
MW [kg/mol]
448
MW /MN
7.2
Tacticity
95.7 ± 0.5
Quiescent Tm at 5 C/min [C]
160 ± 1
Flow Activation Energy [kJ/mol]
40
under quiescent conditions than highly isotactic samples, because the tacticity defects are rejected from the crystal and interfere with nucleation. What is surprising
is that under FIC, the low isotacticity samples eventually crystallize much faster
than the high isotacticity samples. The high molecular weight of CIPP1 ensures
the presence of a minority of long chains that will be stretched at moderate shear
rates convenient for experiments in a rheometer.

3.3.2

Linear Viscoelasticity

A Rheometric Scientific ARES-LS rheometer with a 25 mm diameter cone (5.7◦
angle and 0.048 mm truncation gap) and plate geometry was used for rheological
measurements and to apply flow to the polypropylene sample. All experiments
were carried out under a nitrogen blanket to help prevent sample degradation.
Samples for the rheometer were prepared by press-molding polypropylene into 25
mm diameter disks of about 1 mm thickness, at 200C for about 30 minutes under
vacuum.
The linear viscoelastic response of the iPP sample was determined by dynamic
rheology, [31] with frequency from 0.1 (0.001 rad/s for the highest temperature)
to 100 rad/s, and temperatures 140–230C. Using time-temperature superposition,
master curves of the storage (G’) and loss modulus (G”) were constructed over 5
decades in frequency (Fig. 3.2).
To verify that CiPP1 does not contain any long-chain branching from manufacturing, we compare the experimental linear viscoelastic response with a tube model
calculation. [31] Using the measured molecular weight distribution (Fig. 3.3), we
calculate the linear viscoelastic response with the BoB (Branch on Branch) program. [15] Fig. 3.2 compares the experimental with the predicted BoB results
for G0 (ω) and G00 (ω) for CiPP1, and shows good agreement between both sets
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Figure 3.2. Linear viscoelasticity master curves for CiPP1 at reference temperature 170
C for G0 (filled symbols) and G00 (open symbols). Solid curves are tube model predictions
using BoB [15] (see main text). During crystallization, we monitor viscoelastic response
at ω0 as a function of time, to determine the time to crystallize (see main text).

of data across the whole range. This is strong evidence that the polymer chains
are indeed linear with negligible long-chain branching, which has been suggested
to contribute strongly to flow-induced crystallization. [125] This comparison also
verifies the measured molecular weight distribution, allowing us to accurately calculate the shear rates required to stretch the longest chains in the sample.

3.3.3

Flow-induced crystallization

3.3.3.1

Rheometer experiments

To find out how long flow-induced precursors survive in the melt, we carried
out FIC kinetic experiments [31] with a period of annealing between the shear
and the quench, after which we observe the crystallization time. In our protocol, after shearing in the rheometer, the melt was held at an annealing temperature (Ta ≥ 170C) for a time ta then isothermally crystallized at temperature Tc .
The crystallization time was defined as the time required to reach the threshold
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Figure 3.3. Molecular weight distribution of CiPP1. Inset: Closeup of the high molecular weight tail.

value of tan δ = 1, determined by running an oscillatory time sweep at 0.5 rad/s.
[23, 31, 32, 124]
In these experiments, we used a shearing and temperature protocol similar
to that of Chapter 2. [31] Compression-molded samples were annealed in the
rheometer at 220C (above Tm◦ ) for 10 minutes with the idea to erase any melt
memory from sample preparation. The melt was then cooled to 170C to apply an
interval of steady shear (see Fig. 3.4). The same shear rate (2.51 s−1 ) was used
in all experiments, while the shearing time was varied to obtain a given specific
work. At this shear rate, only chains in the high molecular weight tail (> 9 × 103
kg/mol vertical line in the inset of Fig. 3.3) of the molecular weight distribution
have stretch relaxation Rouse times τR such that γ̇τR > 1. [31]
The melt is then annealed at a desired temperature Ta (170-250C) for a time ta
after shearing is complete, to see what combinations of time and temperature are
required to erase the flow-induced precursors, so that crystallization proceeds as
for an unsheared sample. Only two annealing times ta were investigated for most
temperatures (60 and 120 minutes). After annealing, the samples were quenched
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Figure 3.4. Shear and temperature protocol applied to a polymer melt during a flowinduced crystallization experiment. Temperature profile (blue line) and shear rate (red
line) on a common time axis. Protocol consists of 1) annealing the melt at 220C, 2)
shearing at Ts , 3) annealing the melt in order to relax flow-induced nuclei (170-250C),
4) equilibrating at 170C and 5) quenching to the crystallization temperature Tc (141C).

at a rate of about 15 C/min to 141C to crystallize (to avoid undershooting the
temperature, the cooling rate was gradually decreased as 141C was approached.)
To measure the crystallization time after this shear and annealing protocol, we
use the same method as in Chapter 2. Crystallization was monitored through the
viscoelastic response of the sample at constant frequency as a function of time,
following the methods developed by Pogodina and Winter.[23] From the linear
viscoelasticity of CiPP1 (see Fig. 3.2) the monitoring frequency ω0 = 0.5 rad/sec
falls in the middle of the crossover to terminal behavior, where G0 (ω) and G00 (ω)
are comparable but the viscous response still dominates (tan δ = 1.5 at 141C).
After annealing, an oscillatory time sweep was initiated at 170C (note: samples
that were annealed at higher temperatures were first cooled back down to 170C)
using a constant frequency of 0.5 rad/s and a constant strain amplitude of 0.05,
which maintains linear response until tan δ = 1. As the sample crystallizes, the
lamellae grow to form a tenuous network, imparting an elastic modulus to the
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sample. This increase in the elastic modulus decreases the phase angle tan δ =
G00 (ω0 )/G0 (ω0 ). The threshold value tan δ = 1, identified by Pogodina et al. as
the hallmark of an “incipient gel”, was chosen as a convenient measure of the
“crystallization time” [23, 31, 32, 123, 124]
3.3.3.2

DSC experiments

When a solid sample that has crystallized via FIC is melted and slowly cooled, it
crystallizes at temperatures as much as 15C higher than a sample that has never
been sheared. This enhanced recrystallization only disappears after extended annealing at temperatures well above melting. Evidently, some nucleation precursors
formed during FIC persist when the sample is melted, and survive to nucleate crystals once the melt is cooled. We exploit this behavior to study the slow erasure
of persistent precursors by annealing, which is reflected by a gradual decrease in
crystallization temperature, and determine the effect of annealing time and temperature on their disappearance.
To carry out these experiments, a TA-Instruments Q2000 DSC is utilized to
subject a previously sheared solid sample to repeated cycles of annealing and recrystallization, while recording the temperature Tc at which the sample recrystallizes on each cycle as the peak of the crystallization exotherm: 1) heat to the
desired annealing temperature Ta (typically 185–250C), 2) anneal at Ta (for 20
minutes unless otherwise specified), 3) record the crystallization temperature Tc
on cooling to 80C at 5 C/min (see Fig. 3.5). These cycles are repeated many
times, and in some cases until the crystallization temperature approaches that of
an unsheared sample.
Samples for these DSC experiments are sliced from the interior of a solid
rheometer sample, far from the cone truncation but where edge fracture has not
yet reached (more information on edge fracture is found in the supplementary information section). The radial position of each of the DSC samples was chosen
arbitrarily; DSC results are independent of the rheometer sample radius, provided
the sections were made in the unaffected region. Small (5 mg) pieces of such slices
are placed in aluminum pans for DSC measurements. The shape of the sections
depend on the radius at which the cut was made (height in a cone plate geometry can vary from 0.1 mm to 0.8 mm). DSC experiments were performed under
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Figure 3.5. Ex-situ DSC temperature protocol applied to a polymer melt previously
sheared in the rheometer. Sample experienced several cycles: 1) heating to the desired
temperature Ta (210C unless specified otherwise), 2) anneal at said temperature for 20
minutes, 3) cool back down to 80C using 5 C/min heating and cooling rates.

a nitrogen blanket with temperatures ranging from 80 - 250C, using heating and
cooling rates of 5 C/min.
As an example of these experiments, Fig. 3.6 presents the DSC traces for a
sequence of heating and cooling cycles applied to a previously sheared iPP sample
(colored curves), compared to a single heating and cooling cycle for an unsheared
sample (black curve). The result of continuously heating and cooling a sheared iPP
sample in the DSC. (For this particular experiment, CiPP1 was previously sheared
in the rheometer at 2.51 s−1 for an applied work of 25 MPa at 170C, well beyond
Wsat . The same temperature protocol was applied to the unsheared sample, in
order to serve as a control for the DSC experiments; the molded disc was annealed
at 220C in the rheometer, cooled to 170C and held there for the same time as
the corresponding sheared sample, and then quenched to the same crystallization
temperature). The annealing temperature in this sequence of cycles was increased
by 2C after each cycle (200C to 214C), to examine the effect of annealing temperature on the erasure of flow-induced precursors and the corresponding recovery of
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Figure 3.6. DSC result of applying numerous cycles of heating, annealing, and cooling using a rate of 5 C/min to monitor the crystallization temperature as a function
of annealing time. Previously sheared CiPP1 (γ̇ = 2.51 s−1 and W = 25 MPa) was
annealed at different temperatures (200 - 214 C) after each cycle. Inset: Close up of the
crystallization exotherm peaks.

the unsheared crystallization temperature Tc .
The crystallization exotherms (upper half of the traces) in Fig. 3.6 show clearly
that the sheared sample crystallizes at a significantly higher temperature (above
125C) than the unsheared sample (around 112C). (In contrast, the melting endotherms show only modest differences between the different traces, mainly in the
narrower lineshape on successive annealings.)
With each successive 20-minute annealing cycle, the crystallization temperature of the sheared sample moves to a slightly lower temperature, with a nearly
invariant lineshape. This is most visible in the inset of Fig. 3.6. Even after eight
annealing cycles (160 minutes total annealing time), the crystallization temperature has shifted by less than 3C. Note that the annealing temperatures are all
well above the equilibrium melting temperature (187C). Evidently, some structure
persists in the molten state for many minutes at high temperature, surviving to
enhance crystallization kinetics when the sample is cooled again.
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3.4

Results and discussion

The sensitivity of dynamic rheology to the onset of crystallization, combined with
good temperature control and flexible shear protocols, makes rheometer experiments a powerful way to investigate the persistence of flow-induced precursors at
elevated temperatures. Likewise, flexible temperature control combined with the
convenient observation of Tc as a signature of active precursors, makes DSC an
ideal tool to study the slow erasure of precursor structure by annealing. We use
these two experimental techniques to determine how flow-induced precursors, originally created at a given value of applied work slowly anneal away, as a function
of annealing temperature Ta and time ta .

3.4.1

Annealing the melt after shear

A straightforward way to probe the longevity of flow-induced precursors in our
rheometer-based FIC experiments is to interpose a period of annealing between
the shear and the quench, as described in the Methods section. In this way, we
investigate the lifetime of precursors during annealing, as defined by their effect
on the crystallization kinetics.
We have carried out these experiments on CiPP1 after shearing at 170C with
γ̇ = 2.51 s−1 and W = 25 MPa. This value of W is well beyond the saturation
work value of Wsat = 16 MPa, so that the state of this sheared melt may be
regarded as a well-defined flow-induced endpoint. We anneal the sample for 60 or
120 minutes at different temperatures (170 - 250C), followed by quenching to 141C.
The crystallization time was determined as the time after quenching at which tan δ
reaches unity.
Fig. 3.7 displays the influence of annealing time and temperature on the crystallization kinetics of CiPP1. Crystallization time values at saturated (8 minutes)
and quiescent conditions (390 minutes) are shown as dashed lines for reference. As
expected, flow-induced nuclei relax more when annealed at higher temperatures
for longer periods of time, leading to progressively longer crystallization times.
But remarkably, the overall relaxation is extremely slow. Annealing for example
at 210C for 2 hours only increases the crystallization time from 8 minutes to 20
minutes. Annealing at temperatures above 210C apparently speeds up the era-
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Figure 3.7. Crystallization time of CiPP1 annealed at different temperatures after
shearing at 170C using shear rate of 2.51 s−1 and work of 25 MPa. The samples were
eventually quenched to 141C to crystallize after annealing.

sure of flow-induced precursors, but even annealing at 250C for two hours only
increases the crystallization time to 190 minutes, half way to the unsheared limit
of 390 minutes.
We emphasize that the melt in these experiments was quenched only after
annealing, so that this long lasting “melt memory” is a consequence of shear, i.e.
was formed prior to any crystallization. It remains unclear what sort of structure
gives rise to these long relaxation times, since the characteristic rheological time
scales of chains in the melt are much faster (longest reptation time τd = 28 min
at 250C for M = 1.4x104 kg/mol, the longest chains in the molecular weight
distribution).
Flow-induced precursors evidently anneal more rapidly above 210C. This temperature coincides with the Hoffman-Weeks temperature (208C), defined as the
extrapolated point at which Tm (h) = Tc (h). [105] This agrees with Chapter 2
results in which we applied shear at progressively higher temperatures, and found
that shearing above 210C reduces the effect of flow on the crystallization kinetics,
presumably because precursors are less stable in shear above THW . [31]
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3.4.2

Recrystallization after annealing

In the previous section, we examined the effect of annealing after shear on a sample
with applied work in excess of the saturation work Wsat . Samples with different
amounts of applied work behave differently, each with different crystallization times
(see Fig. 3.1) and different morphologies.

Figure 3.8. Mass normalized recrystallization exotherms of CiPP1 using 5 C/min
cooling rate. Samples were sheared using γ̇ = 2.51 s−1 at 170C for a range of specific
work values shown at right.

Samples to which different amounts of work have been applied in the melt also
differ in how much their recrystallization temperatures increased, relative to an
unsheared sample. (By “recrystallization temperature”, we mean the temperature
at which an FIC solid sample crystallizes after having been completely melted.)
Fig. 3.8 shows DSC recrystallization exotherms for samples with different values
of applied work, ranging from 0 MPa(quiescent with lowest Tc ) to 25 MPa colored
according to W , from red to blue. (A common linear specific heat background has
been subtracted from every exotherm, which have been normalized by the DSC
sample masses.)
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Figure 3.9. Recrystallization temperature Tc (exotherm peak value) of CiPP1 versus
specific work. Samples were sheared using γ̇ = 2.51 s−1 at 170C.

From Fig. 3.9, there are clearly three regimes of specific work:
1. 0-6 MPa: essentially no change in crystallization temperature Tc ∼
= 113C,
2. 7-16 MPa: increase in crystallization temperature,
3. 16-25 MPa: saturated behavior, with Tc ∼
= 127C independent of W .
Evidently, samples with low specific work show little or no shift in the recrystallization temperature. Above a critical value Wc = 7 MPa or so, samples
recrystallize at significantly higher temperatures. The shift in recrystallization
temperature clearly saturates for work greater than Wsat = 16 MPa. Fig. 3.9 plots
the recrystallization temperature Tc versus specific work W , which displays a clear
threshold at Wc , and saturation of the temperature shift beyond Wsat . This saturation value is the same applied work above which flow-induced crystallization
times stop decreasing. In contrast, the threshold value Wc , which clearly influences some characteristics of flow-induced precursors, is not evident in the plot of
crystallization time versus work (Fig. 3.1).
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Next, we explore the response of recrystallization to annealing for FIC samples
that were subjected to varying amounts of applied work in the melt, using the
DSC protocol of repeated annealing and cooling cycles described in the Methods
section. In these experiments, samples were subjected to many cycles of annealing
at 210C followed by cooling and crystallization, with heating and cooling rates of 5
C/min. On each cycle, we recorded the crystallization temperature, which slowly
decreased with accumulated annealing time towards the unsheared value (113C).

Figure 3.10. Crystallization temperature versus total annealing time at 210C, for a
CiPP1 sample subjected to FIC at 2.51 s−1 at 170C for different amounts of applied
work W . Dashed line at 113.5C indicates quiescent crystallization temperature.

Fig. 3.10 presents the crystallization temperature versus accumulated annealing
time, for a series of FIC samples subjected to different amounts of applied work in
the melt.
For samples with applied work W less than 6 MPa, the recrystallization temperatures are unshifted, equal to that of an unsheared sample. Apparently, FIC
samples with work in this range crystallize similarly to unsheared samples. As
one might expect, Tc for these samples remains constant at 113.5C, regardless of
how long they are annealed. This strongly suggests that the flow-induced nuclei
formed for W less than 6 MPa are similar to quiescent nuclei. Indeed, FIC samples
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with work values in this range form isotropic spherulites (see Fig. 3.11), discussed
further below, albeit with higher spherulite number density.
However, note that the crystallization times for W in the range 0–6 MPa are
faster by as much as a factor of ten (see Fig. 3.1) than for unsheared samples.
Increasing the amount of work in this range seems to be equivalent to a deeper
quench, lowering the nucleation barrier and decreasing the crystallization time by
forming more flow-induced nuclei that are similar in character to quiescent nuclei.
For applied work above 6 MPa, the recrystallization temperature Tc is significantly increased. For W = 7 MPa, the shift is modest (Tc is initially shifted
upwards by about 6C). In addition to their ability to crystallize at higher temperatures, these metastable nuclei can withstand significant annealing at 210C.
Even for this modest shift in recrystallization temperature, Tc only returns to its
unsheared value when annealed at 210C for about 100 minutes.
This change in recrystallization temperature is consistent with the onset of
flow-induced nuclei with different characteristics, and is correlated with a change
in crystalline morphology. Fig. 3.11 presents atomic force microscopy images of
samples on either side of the critical work transition, at 5 MPa and 12.2 MPa
respectively. The 5 MPa sample consists of isotropic spherulites indistinguishable
from those in an unsheared sample. In contrast, the sample above the critical
work threshold Wc consists of elongated rice-grain structures with a 3:1 aspect
ratio. (These morphological observations will be presented more extensively in a
future publication.)
As specific work increases in the range 8–15 MPa, the initial shift of the recrystallization temperature increases, as does the annealing time required to restore
Tc to its unsheared value. Hence the flow-induced precursor structures persist for
an increasingly long annealing time as specific work increases within this range,
suggesting that the flow-induced nuclei above Wc are progressively more stable.
For sufficiently large applied work (above Wsat = 16 MPa), the shift in recrystallization temperature as well as the response to annealing become saturated, independent of W . This saturation work Wsat is the same as the applied work above
which the crystallization time becomes constant (see Fig. 3.1). This saturation
behavior is consistent with the existence of a maximum number of flow-induced
nuclei that can be created in the sample. Further increases in applied work appar-
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Figure 3.11. Topographic images of CiPP1 crystalline morphology by force modulated
AFM. Samples were sheared using a shear rate of 2.51 s−1 at 170C, applying 5 MPa
(left) and 12.2 MPa (right) of specific work.

ently cannot produce more flow-induced nuclei, increase their potency to shift the
recrystallization temperature, or increase their stability to annealing — thus the
crystallization time, the recrystallization temperature, and the annealing lifetime
all approach a limiting value.
The amount of applied work also affects the shape of the first melting endotherm, shown in Fig. 3.12. The broad curves at low specific work values (0–6
MPa) centered around 161C, tend to exhibit a more sharply defined peak at a
slightly lower temperature (about 158C). This peak at 158C becomes more prominent as the W increases between 0 and 6 MPa, suggesting an increase in the
fraction of whatever crystalline structure is produced that melts at 158C. These
peak shapes persist over repeated melting and recrystallizing. (If we assume this
structure is conventional iPP α phase and make use of the Gibbs-Thomson equation, the lamellar thickness with a melting temperature of 158C would be about 8
nm.)
Above the critical work threshold Wc = 6 MPa, the shape of the endotherm
changes, to become a single sharp peak at 163C (corresponding to a somewhat
larger lamellar thickness of 10 nm). This same melting behavior is observed for
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all work values above 6 MPa, again consistent with the hypothesis that the same
crystalline morphology is formed for all values of applied work above Wc .

Figure 3.12. DSC endotherms of CiPP1 for specific work values in the range 0–25
MPa, sheared with γ̇ = 2.51 s−1 at 170C, cooled and heated at 5 C/min.

Regardless of the changes in the shape of the melting endotherm, the percent
crystallinity of CiPP1 remains constant as the amount of applied work increases.
Percent crystallinity is determined by integrating the DSC melting endotherm
(with a linear background corresponding to the specific heat of the melt subtracted). This enthalpy value is then normalized to the ideal enthalpy of fusion of
100% crystalline polypropylene (209 J/g). [77] The percent crystallinity of CiPP1
across the whole work range is 52 ± 2 %, similar to percent crystallinity values
reported in the literature for quiescent crystallization. [78]
To further investigate the transition in FIC behavior at the threshold applied
work Wc , we measured crystallization exotherms using isothermal DSC experiments at 141C, and fit the exotherm shapes to the Avrami equation.[146, 147] The
Avrami equation is given by:
n

Xc (t) = 1 − e−Kt

(3.3)

here Xc (t) is the crystal fraction at time t, K is a crystallization rate constant,
and n is the Avrami exponent. On theoretical grounds, the Avrami exponent
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is expected to take an integer value between 1 and 4, equal to the sum of the
spatial dimension of crystal growth (3 = spherulitic, 2 = disc-like, or 1 = rod-like
growth), and unity or zero depending on the nucleation mode (1 = continuous,
often homogeneous or 0 = initial, often heterogeneous). [54, 148] We observe a
change in the fitted Avrami exponent as the applied work exceeds Wc , described
further below.
We performed isothermal DSC experiments by melting FIC samples of CiPP1,
and then recrystallizing at 141C. The sample was melted close to the equilibrium
melting temperature (190C) for 1 minute. This annealing condition insures that all
crystals are melted while flow-induced precursors remain largely unaffected. The
sample was cooled to 141C at 5 C/min and left to crystallize isothermally.

Figure 3.13. Time evolution of crystallinity during isothermal crystallization at 141C.
CiPP1 samples were sheared using a shear rate of 2.51 s−1 at 170C.

Fig. 3.13 shows that FIC samples of CiPP1 reach full crystallinity (∼52%)
faster for larger values of applied work. Isothermal DSC experiments were performed for FIC samples with five values of applied work (0, 5, 7, 12, and 25 MPa).
Overall, the results are generally consistent with the idea that FIC causes formation of more nucleation precursors, which survive melting, and lead to more rapid
recrystallization. A particularly dramatic change occurs at the critical work Wc ,
where the crystallization time decreases by a factor of about 10 when the work
increases from 5 to 7 MPa.
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A typical Avrami fit to this DSC trace is shown in Fig. 3.14(a). The data was
plotted in an “Avrami plot” (log-log plot of (− ln(1 − Xc )) versus time), yielding a
straight line that is fitted linearly (dashed lines in Fig. 3.14(a)). The slope of this
line is the Avrami exponent n and the y-intercept gives the rate constant K.

Figure 3.14. Using Avrami equation to fit DSC data obtained at 141C. CiPP1 was
sheared using a shear rate of 2.51 s−1 with a specific work range 0–25 MPa (from red
to blue). (a) Plot of log10 (− ln(1 − Xc )) versus log10 t allows to calculate the Avarmi
exponent n (slope). (b) Avrami exponent dependence on specific work using CiPP1.

Fig. 3.14(b) shows that the Avrami exponent n increases by about unity, from
a value at low work of n ≈ 2 to a saturated value of n ≈ 3. Consistent with
other FIC features (persistence time, crystallization temperature, and change in
morphology), this transition occurs at the critical work Wc ≈ 7 MPa.
The change in Avrami kinetics is consistent with a transition in mechanism
occurring around Wc ; however, the specific values of Avrami exponents (2 at low
work, 3 at high work) are not completely understood. At high work values, we observe crystallized domains with “rice grain” morphology, suggestive of a threadlike
“shish” nucleation precursor in the center of the grain. If crystal growth proceeds
radially outwards from a threadlike nucleus, the spatial growth dimension would
be 2. The expected Avrami exponent would then be either n = 2 (if all nucleation from threadlike precursors happened more or less instantly) or n = 3 (if the
threadlike precursors nucleated continuously over time during the crystallization).

97
So the observed n = 3 for large applied work is at least consistent with continuous
nucleation from threadlike precursors.
In contrast, the observed Avrami exponent of n = 2 for small applied work is
not understood. In this regime, we know from optical microscopy that the crystalline morphology is spherulitic, so the expected spatial growth dimension would
be 3, and the expected Avrami exponent would then be either n = 3 (if nucleation
events are immediate) or n = 4 (if nucleation occurs continuously during crystallization). To help resolve this puzzle, in future work we will observe recrystallization kinetics and crystal growth velocities as a function of quench temperature by
a combination of wide-angle X-ray scattering, time-dependent optical microscopy,
AFM, and DSC.

3.4.3

Effect of annealing temperature

In the previous section, we explored the persistence of flow-induced precursors
to nucleation, using our DSC protocol of multiple annealing and cooling cycles,
with a fixed annealing temperature of 210C. This temperature was identified in
our rheometer annealing experiments, in which the annealing temperature was
varied but the annealing time was fixed, as the onset temperature for more rapid
annealing of flow-induced precursors in the melt prior to quenching.
In those rheometer experiments, each data point is a separate experiment, with
a given annealing temperature and time, so that a systematic exploration of annealing temperatures and times is quite tedious. In contrast, our DSC experiments
subject the same sample to repeated cycles of annealing and cooling, which is both
convenient and versatile. The results of the previous section show that the slow
return of the recrystallization temperature to its unsheared value is a function of
cumulative annealing time.
Now, we use the DSC protocol to systematically explore the effect of annealing
temperature on the survival of flow-induced precursors, as revealed by their effect
on the recrystallization temperature. We focus on FIC samples with W = 25 MPa
of applied work, well above the saturation value, so that the samples represent the
limiting case of ample applied work in FIC.
One question conveniently addressed with the DSC protocol is how low an
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annealing temperature remains effective in slowly erasing the precursors from a
sample. To answer this question, we subjected FIC samples with W = 12.2 MPa
and W = 25 MPa to a sequence of annealing and cooling cycles, in which the first
annealing was at 210C for 20 minutes, and each successive 20-minute annealing
was done at a lower temperature, marching down to 180C in steps of a few degrees
C. The decrease in recrystallization temperature was monitored on each cooling
cycle. (The annealing temperature was varied progressively downwards from 210C
rather than upwards from some lower value such as 180C, to be sure to melt away
any nuclei other than flow-induced precursors, in order to focus on the effect of
flow-induced precursors on Tc .)

Figure 3.15. Crystallization temperature of sheared CiPP1 (γ̇ = 2.51 s−1 ) versus
annealing at a sequence of temperatures Ta , stepped down from 210C. Samples (12.2
MPa, red and 25.3 MPa, blue) were annealed for 20 min at 210C followed by 205C,
202C, 199C, 196C, 193C, 190C, 185C (and 180C for 25 MPa). Curves are quadratic fits
(see main text). Limiting (unsheared) crystallization temperature is 113.5C.

Fig. 3.15 shows that annealing below the equilibrium melting temperature
(187C) appears to be ineffective in erasing flow-induced precursors. This is generally consistent with Fig. 3.7, for which annealing the melt after shearing (and
before quenching) at temperatures below 187C had very little effect on the observed

99
crystallization time.
For annealing at temperatures above 187C, the sequence of crystallization temperatures observed for samples with the two different work values (12.2 and 25.3
MPa) have the same shape, separated by a constant offset of 3.0C. This offset
is determined by their different initial crystallization temperatures (see Fig. 3.9).
Both samples show a slow decrease in the recrystallization temperature as a result
of the sequence of annealing cycles, with a total decrease of only 2C after nearly 3
hours of annealing. This result suggests that the stability of the flow-induced precursors in these samples is similar, and that the difference between these samples
arises from a different number density of flow-induced precursors, which results in
slightly different crystallization temperatures.
In fact, the data of Fig. 3.15 can be well fit with a quadratic function of the
form A(T − T0 )2 + C, with identical values of A = 0.0027C −1 and T0 = 182.1C
for the two data sets, and C equal to 124.1C and 127.1C respectively for the
12.2 MPa and 25.3 MPa samples. The difference between the two C values of
3C is simply the offset between the two data sets. Evidently T0 (at which the
fitted curve has zero slope) is very close to the equilibrium melting temperature,
i.e., the recrystallization time stops decreasing for annealing temperatures at the
equilibrium melting temperature.
Next we investigate how the time-dependence of precursor annealing depends
on annealing temperatures above 210C, for which annealing is progressively more
effective. A different protocol was used in analyzing the relaxation of flow-induced
nuclei above 210C; samples were continuously annealed at the same temperature
after every cycle, (at 210C and 250C, proceeding until the crystallization temperature reached the unsheared limit of 113C). To avoid sample degradation, the range
of annealing temperatures was limited to below 250C. Each sample was periodically cooled at 5 C/min, to record the crystallization temperature as a function of
total annealing time.
The general trend in Fig. 3.16a is that annealing is faster at higher temperatures. Remarkably, however, prolonged annealing is required even at the highest
temperature (250C) to completely relax the recrystallization time to the unsheared
value (113C). Because of the long times required, complete annealing runs were
carried out only for two annealing temperatures (210C and 250C). Nearly 3,000
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Figure 3.16. Crystallization temperature versus annealing time for FIC samples originally sheared at γ̇ = 2.51 s−1 and W = 25 MPa at 170C. a) Five annealing temperatures
210–250C were separately studied. b) Master curve at 210C (shift factors 1.68, 2.8, 5.2,
and 9.8 for 220–250C).

minutes of annealing at 210C (more than 2 days above THW ) was required in order
to fully remove the effect of the original flow-induced crystallization; even at 250C,
annealing required approximately 5 hours. For comparison, the reptation time of
the highest molecular weight chains in the distribution is about 60 minutes at 210C
and 28 minutes at 250C, respectively 50 and 100 times smaller than the annealing
times.
Above 210C, the annealing kinetics display a strong temperature dependence;
increasing the annealing temperature from 210C to 250C reduces the relaxation
time by nearly one decade. The similarity in curve shapes among the five studied temperatures suggests the construction of a master curve, by applying timetemperature superposition (Fig. 3.16b). The shift factors obey an Arrhenius temperature dependence, with an apparent activation energy of 122 kJ/mol. For
comparison, the flow activation energy of CiPP1 from LVE measurements is about
40 kJ/mol. [126, 127] Recall that Janeschitz-Kriegl et al. measured the relaxation
times of birefringence for thread-like precursors in the melt at a range of temperatures below 210C, and found a much larger apparent activation energy, 334
kJ/mol. [34] It is not clear whether these results should be comparable, since
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Janeschitz-Kriegl is measuring much shorter relaxation times for the visible birefringence, rather than the very long annealing times required to eliminate the effect
on crystallization of flow-induced precursors.
When trying to superimpose the 200C curve, it was evident that it will not fit
the universal curve in Fig. 3.16b, due to 200C having a slower reduction in Tc . In
addition, temperatures below 210C did not have the same Arrhenius dependence,
once again suggesting that 210C marks the boundary of a regime of accelerated
annealing. This statement agrees with our previous results on annealing in the
rheometer after shearing and before quenching (Fig. 3.7), where it is evident that
210C marks the onset of a regime of (relatively) facile annealing of flow-induced
precursors.

3.5

Conclusions

We have investigated the persistence and robustness of flow-induced nucleation
precursors in isotactic polypropylene, by studying what it takes to anneal them
away. The relatively low isotactic content (95.7%) of our sample is a good fit for
this study, because low isotactic content apparently promotes the formation flowinduced precursors.[31]. Flexible temperature control, combined with the convenient observation of crystallization time and temperature as signatures of active
precursors, makes rheology and differential scanning calorimetry (DSC) ideal tools
to study the formation and slow erasure of precursor structures.
The formation and properties of flow-induced nucleation precursors depend on
the applied specific work. A qualitative change in many properties of precursors
takes place around a critical work value Wc , equal to 7 MPa for our iPP materials. At the critical work, the following phenomena appear in CiPP1: increase in
the recrystallization temperature, longer persistence time of flow-induced precursors, and change in morphology from spherulites to micron-sized anisotropic “rice
grains”.
A second characteristic value of applied is the saturation work Wsat , above
which the strength of FIC effects appears to saturate. Above Wsat (∼
= 16 MPa for
CiPP1), the FIC crystallization time, the recrystallization temperature, and the
size of “rice grain” morphological domains, all become constant, consistent with a
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maximum number of flow-induced precursors of well-defined properties
Flow-induced precursors persist for remarkably long times, even when annealed
at temperatures far above the equilibrium melting temperature. Rheology experiments show that many hours of annealing the melt at high temperatures after shear
and prior to quenching are needed to restore the crystallization time to the value
obtained for unsheared samples. The physical origin of this unexpected stability
of flow-induced precursors is presently unexplained.
Analogous “melt memory” effects of FIC are observed in DSC experiments;
when solid FIC samples are melted and cooled to recrystallize, the recrystallization
temperature is as much as 15C higher than for unsheared samples. It takes many
hours of annealing at high temperatures to erase this behavior. For example,
CiPP1 with W > Wsat was annealed for 3,000 minutes at 210C or 300 minutes at
250C, before all effects of the flow-induced precursors were eliminated.
Both the equilibrium melting temperature (187C) and the Hoffman-Weeks
melting temperature (208C) seem to be important in governing the relaxation
behavior of flow-induced precursors. Annealing at temperatures below 187C is
ineffective in erasing flow-induced precursors. The general trend for annealing
above 187C is that annealing is faster at higher temperatures; however, above the
Hoffman-Weeks temperature annealing becomes much more effective, as observed
both in annealing after shear and before first crystallization (by rheology), and for
solid FIC samples on melting and recrystallizing (by DSC).
The kinetics governing annealing at high temperatures (above 210C) obeys
time-temperature superposition, with an apparent Arrhenius activation energy of
122 kJ/mol (see Fig. 3.16b). This activation energy is three times larger than the
activation energy governing iPP melt rheology (40 kJ/mol), and thus appears to be
unrelated to purely rheological timescales. The Arrhenius temperature dependence
fails for temperatures below 210C, implicating the Hoffman-Weeks temperature as
a boundary for effective annealing of flow-induced precursors.

Chapter

4

Crystal Morphology in Flow-Induced
Crystallization of Isotactic
Polypropylene
4.1

Abstract

Deformation applied to a semicrystalline polymer melt prior to quenching can dramatically increase the concentration of nuclei and even transform the final crystalline morphology, phenomena collectively known as flow-induced crystallization
(FIC). Using polarized optical microscopy and atomic force microscopy, we image
the changes in morphology of an isotactic polypropylene (iPP) sample previously
sheared in a rotational rheometer. Sufficiently large deformations promote the formation of “rice grain” shaped crystalline domains. These anisotropic structures
are randomly oriented, and are about 0.75 − −1.5µm long (depending on applied
work), with an aspect ratio of about 2:1. Well below the critical specific work
threshold Wc , the crystalline morphology of our iPP sample is predominately composed of spherulites, with a fraction of rice grains that increases as the applied
work increases. Above Wc , rice grains predominate, with no visible spherulites.
The size of spherulites appears to be independent of applied work. In contrast,
the size of rice grains decreases with increasing applied work, up to a saturation
specific work Wsat , remaining constant thereafter. Similarly, the isothermal crys-
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tallization time decreases with increasing applied work up to Wsat , and is constant
thereafter. The effects of flow-induced precursors persist after repeated melting
and recrystallizations, observable by elevated freezing temperatures in DSC experiments. Here, we probe directly the robustness of these precursors in optical
microscopy, in which we repeatedly melt, anneal, and recrystallize a thin slice of
an FIC sample. We observe rice grain domains appearing over and over, with the
first domains to crystallize tending to reappear near the same locations.

4.2

Introduction

Shearing semicrystalline polymers forms flow-induced precursors that increase the
nuclei number density and transform the crystalline morphology. [14, 17, 19, 21,
26, 37, 41, 48, 49, 55, 73, 97, 101–105, 149] When a fast deformation is applied for
a period of time, chains get stretched and bundled together to create flow-induced
precursors, [11, 17, 35, 92] forming structures variously called shish-kebabs, fibril
structures, row-nucleated structures, or cylindrite structures. [14, 37, 47, 88, 92, 97]
The change in crystalline morphology speeds up crystallization, [14, 23, 25–32]
increases the crystallization temperature, [16] and increases the persistence time
of anisotropic nuclei (i.e. flow-induced precursors). [16, 21, 33–36] at elevated
temperatures.
With sufficiently large deformations, flow-induced precursors form nuclei that
promote anisotropic morphologies. These nuclei are aligned in the core of the
cylindrical crystal and consist of stretched chains parallel to the flow direction.
[14, 17, 21, 26, 37, 97, 101–105] These anisotropic structures have been imaged
using various microscopy techniques, including polarized optical microscopy, [57,
87, 97, 103, 106–108] atomic force microscopy, [41, 97, 103, 110, 150] scanning
electron microscopy, [13, 111] and transmission electron microscopy. [95, 102]
The formation of anisotropic morphology is a two-step process. Deformation
first forms flow-induced precursors (shish) in the melt, from which lamellae grow
epitaxially out from the center when quenched. Hsiao et al. observed this two-step
process using in-situ x-ray scattering experiments, by shearing isotactic polypropylene melt at 165C, applying a shear rate (γ̇) = 60 s−1 for 5 s. They first observed
scattering intensities parallel to the flow direction, indicating the formation of

105
shish structures. [9, 93, 112] A short time after, the lamellae (kebab) started growing radially from the shish, as indicated by a change in the pattern of scattering
anisotropy.
Kimata et al. identified that lamellae consist predominately of short chains.
[95] After shearing polypropylene samples with deuterium labeled low molecular
weight chains, they performed small-angle neutron scattering (SANS) experiments.
Results showed that the concentration of low molecular weight chains in lamellae
is higher compared to the remaining amorphous region. Since short chains have
higher mobility in the melt, their crystalline growth rate is higher compared to
longer chains.
The longest and slowest-relaxing chains in a melt are the easiest to orient and
stretch, suggesting that long chains are particularly important in flow-induced
crystallization. Nonetheless, Kimata et al. found using their SANS experiments
[26, 39, 92] that long chains are not overrepresented in flow-induced precursors. [95]
Instead, the concentration of deuterated long chains in shish structure is the same
as the remaining material. This observation suggests that as high molecular weight
chains stretch and bundle together during shear, they incorporate a substantial
number of shorter chains in their immediate vicinity.
Even though long chains are not overrepresented in flow-induced precursors,
their slow stretch relaxation appears to be essential for forming precursors. The
shear rate (γ̇) required to stretch these chains is governed by the Rouse time
(τR ).[39, 42, 86] Several authors have reported that to attain an anisotropic morphology, the applied shear rate must exceed the inverse stretch relaxation time for
the longest chains, i.e., γ̇τR ≥ 1. [39, 42, 46, 93, 151]
The Rouse time τR is given by [94, 121]
M 2
τR = ( M
) τe
e

(4.1)
in which Me is the entanglement molecular weight and τe the Rouse time of an entanglement strand. For isotactic polypropylene at 170C, the corresponding values
are Me = 5.25kg/mol and τe = 1.5 × 10−7 s. [31, 122]
Specific work is an important process parameter, which controls the strength of
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flow-induced crystallization (FIC). [11, 16, 26, 31, 88, 92] Specific work is defined
as stress σ times strain γ:
W = σγ = η γ̇ 2 t

(4.2)

Here η is the shear viscosity at the applied constant shear rate γ̇, and t the duration
of the applied shear; hereafter specific work W (J/m3 or Pa)is simply referred to
as work.
Mykhaylyk et al. demonstrated that the applied work must exceed a critical
threshold to achieve an anisotropic morphology. [17, 88] In their work, polyethylene and polypropylene samples were sheared between two parallel plates, which
imposes a shear rate that increases linearly with radius from the center to the
periphery of the sample. Crystallized samples were later imaged using a polarized
optical microscope. The critical work value was identified from the radial boundary at which the morphology becomes anisotropic. The authors also found that
the critical work defined in this way depends on the applied shear rate; the critical
work decreases as the shear rate increases, until a saturation shear rate is reached
(called the “minimum shear rate” by Mykhaylyk et al.), beyond which the critical
work is constant. The authors propose that as the applied shear rate increases,
the population of stretched chains grows, so that less total strain and hence work
is needed to bring the stretched chains together to form flow-induced precursors.
In similar fashion, Pantani et al. investigated the critical deformation threshold
above which anisotropic morphology results, again using a Linkham shear cell with
parallel plate geometry and polarized optical microscopy to find the anisotropy
boundary. [113] These authors studied isotactic polypropylene, at temperatures
ranging from 136–142C, with shear rates of 0–37 s−1 and shearing times of 1.5–1275
s. Similar to Mykhaylyk et al. these authors found that as the shear rate applied
to the melt decreases, the shearing time must increase to promote an anisotropic
morphology. However, Pantani et al. interpreted these results using two different
approaches. The first approach described the anisotropy threshold in terms of a
critical molecular stretch, using a nonlinear formulation of the elastic dumbbell
model; the second approach was based on a critical applied work (Wc ) threshold
required to form flow-induced precursors. Both analyses were consistent with the
experimental results.
Flow-induced crystallization has also been studied in the context of the film-
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blowing process, commonly used commercially to produce continuous thin films
from semicrystalline polyolefins. In film-blowing, a thin annular die extrudes a
molten bubble, which is expanded by internal air pressure, further drawn down by
tension from the takeup mechanism, and cooled to crystallize by external airflows.
The solid film is collapsed to a double sheet and rolled up in a continuous process.
Haudin et al. investigated FIC effects in film blowing by using wide-angle X-ray
diffraction to assess the anisotropy of crystalline lamellae in low-density polyethylene (LDPE) over a range of film-blowing operating conditions (i.e., varying the
blow-up ratio, the draw ratio, and the degree of undercooling). [111] These authors concluded that the transition from isotropic spherulites to row-nucleated
structures is a continuous evolution rather than an abrupt transition. As the flow
intensity increases, the patterns of anisotropy in the wide-angle scattering change
smoothly, which the authors interpret as an evolution from spherulites, to flattened
spherulites, to sheaf-like structures and finally to anisotropic cylindrite structures.
Modest flow conditions (low blow-up ratio, low draw ratio, small undercooling)
result in a spherulitic morphology. At intermediate flow conditions, the scattering
was consistent with flattened spherulites, stretched in the flow direction. Stronger
processing conditions resulted in sheaf-like structures, followed by cylindrite structures at the most severe conditions.
One important effect of FIC is to accelerate nucleation and crystallization.
The commonly accepted mechanism for this effect is that stretched chains lower
the melt entropy, which increases the melt free energy with respect to the crystal, which lowers the nucleation barrier and leads to a higher concentration of
nuclei at a given undercooling. More nuclei results in faster crystallization and
a smaller crystalline domain size. [19, 21, 26, 48, 55, 73] In previous work, we
have presented a detailed investigation of FIC kinetics of isotactic polypropylene
at different shearing conditions. [31]
Flow-induced crystallization increases the concentration of nuclei, and ultimately transforms the crystalline morphology from isotropic spherulites to anisotropic
structures; however, these effects appear to be independent, in the following sense.
The concentration of nuclei increases smoothly with increasing applied work, until
it saturates and remains constant (discussed later in more detail). Correspondingly,
the crystallization time decreases smoothly with increasing applied work until it
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also saturates. In contrast, anisotropic crystalline domains appear abruptly as a
function of applied work at Wc , at which there is no corresponding distinct effect
on the concentration of nuclei or the crystallization rate. [31]
Abuzaina et al. also investigated the independent effects of FIC on the concentration of nuclei and the transition in crystal structure. [114] Using a Linkham
shear cell, they applied wide range of shear rates (0.01 - 1000 s−1 ) to poly(pdioxanone) for 1s at the desired crystallization temperature. Polarized optical micrographs of the crystallized sample showed that when short intervals of shear were
applied, the sample maintained a spherulitic morphology, but with progressively
smaller spherulites as the shear rate was increased. These authors also monitored
the crystallization times using small-angle light scattering (SALS). They found
that at moderate shear rates, the crystallization times decreased by as much as
a factor of three, which is qualitatively consistent with the microscopy observations of smaller spherulites and the assumption of constant linear growth rates for
growing crystals. Fibrillar morphologies were observed only when sufficiently large
strains were applied (corresponding equivalently to sufficiently large applied work).
These results support the view that the effects of FIC on concentration of nuclei
and anisotropic morphology are independent, i.e., that the increase in number of
nuclei (and corresponding decrease in crystallization time) do not require forming
an anisotropic morphology.
Once formed, flow-induced precursors are very robust to annealing, either before shearing or after crystallization. Their effects on crystallization and recrystallization rates and temperatures are quite persistent, requiring prolonged annealing at elevated temperature to erase. [16] Several other groups have previously studied this persistence of flow-induced nucleation precursors by annealing
sheared semicrystalline polymers at elevated temperatures for long periods, either
before first quenching (Azzurri et al. [33, 35, 49] Janeschitz-Kriegl et al.[34]) or
after crystallization (Binsbergen,[115] Chai et al.[118]). In these studies, the authors variously determined the time required to restore the sample to its unsheared
crystallization behavior, by some feature of FIC behavior (e.g., birefringence in the
melt, small spherulites, fast crystallization time, high crystallization temperature).
Depending on the precise details of the experiment and the FIC feature monitored,
the persistence time of flow-induced precursors ranged from 1–20,000 s at temper-
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atures close to the equilibrium melting temperature. (A more detailed description
of these experiments is given in our previous work on the lifetime flow-induced
precursors.) [16]

Figure 4.1. Recrystallization temperature versus total annealing time at 210C.[16]
Polypropylene sample (CiPP1) was subjected to FIC at 2.51 s−1 at 170C for different
amounts of applied work W . Dashed line: Quiescent crystallization temperature at
113.5C.

In our previous work on persistence of flow-induced precursors, we monitored
the recrystallization temperature Tc as a function of annealing time and annealing
temperature, using the same material (CiPP1) as in the present study. [16] Fig. 4.1
summarizes our findings; for annealing at 210C, the recrystallization temperature
slowly returns to its unsheared value (113.5C) over many minutes to many hours,
depending on how much work was originally applied to the sample before first crystallization. The data in Fig. 4.1 were obtained by repeatedly melting, annealing,
and recrystallizing the sheared sample in a DSC, and noting the recrystallization
temperature on each cycle, as a function of the total annealing time. (We used 5
C/min heating and cooling rates for melting and recrystallizing, and annealed at
210C.)
From Fig. 4.1, it is clear that applied work influences the persistence time
of flow-induced precursors, increasing their lifetime at 210C to as much as 3,000
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minutes. The increase in recrystallization temperature, which can be as much as
15C before annealing, is only observed for samples that have been subjected to
applied work above the critical value Wc (7 MPa for CiPP1). Applying smaller
amounts of work does not result in any persistent increase in recrystallization
temperature, which suggests that the flow-induced precursors for W < Wc are
similar to nuclei formed quiescently, in the absence of shear.
As we shall demonstrate in this paper, this threshold Wc = 7 MPa for CiPP1
is the same applied work at which the crystalline morphology undergoes a transition from predominantly spherulites to much smaller, rather uniformly sized,
anisotropic domains. The increased recrystallization temperature is therefore a
hallmark of the persistent flow-induced precursors, which also continue to give rise
to anisotropic domains on recrystallization, as we shall show below.
For applied work in the range 8–15 MPa, the persistence time steadily increases
with increasing W , eventually saturating for applied work Wsat (about 16 MPa for
CiPP1). This saturation value Wsat is the same value of applied work at which the
first crystallization time (i.e., just after shearing) stops decreasing. This saturation of flow-induced acceleration of crystallization is consistent with a maximum
number of precursors in the semicrystalline polymer, possibly set by the isotactic
fraction of the chains. [31]
In the present work, we investigate the morphology of isotactic polypropylene
at different shearing conditions, to examine how applied work affects crystalline
structure, with its effects on crystallization rate and persistence of flow-induced
precursors as revealed by our recrystallization experiments. We image samples
previously sheared in the rheometer, using both polarized optical microscopy and
atomic force microscopy. We focus on the effects of specific work on the morphology, including the size, shape, and appearance of crystalline domains.
We can also use imaging to directly investigate robustness of flow-induced precursors to annealing. We use a temperature-controlled hot stage to subject FIC
samples to repeated cycles of melting, annealing, and recrystallization, using optical microscopy to take images of the recrystallizing sample after each annealing
cycle. By comparing these successive images to each other as well as to images
of unsheared samples, we can directly confirm that the flow-induced morphology
persists through many annealing cycles. Furthermore, we can compare successive
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images in detail, to observe the extent to which the first crystalline domains to
reappear tend to be located in the same places from cycle to cycle. This approach
gives us qualitative insight into the unique recrystallization dynamics of sheared
polypropylene samples.

4.3
4.3.1

Experimental
Material

A commercial isotactic polypropylene sample (CiPP1) was used in this study to
investigate flow-induced precursors. The same sample was used in our previous two
publications on crystallization kinetics [31] and lifetime of flow-induced precursors.
[16] CiPP1 (Borclean HB311BF) is produced in a slurry polymerization process
using a Ziegler-Natta catalyst. The sample contains approximately 37 ppm silicon,
8.2 ppm titanium, and 12 ppm magnesium, determined using inductively coupled
plasma mass spectroscopy (ICP-MS) measurements. The remaining key material
properties are summarized in Table 5.1.
Table 4.1. Physical properties of CiPP1.

CiPP1
MW [kg/mol]
448
MW /MN
7.2
Tacticity [% isotactic]
95.7 ± 0.5
Melting temperature at 5 C/min [C]
160 ± 1
Flow activation energy [kJ/mol]
40
Based on our previous work, CiPP1 is particularly effective among broad MWD
linear highly isotactic polypropylenes in forming flow-induced precursors, which
appears to be correlated with to its relatively low tacticity. [31] We have suggested
that the shorter isotactic sequences present in CiPP1, punctuated by stereo errors,
somehow act as precursor sites when sheared. In any event, the strong FIC effect
of CiPP1 makes it an ideal material for the present study.
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Figure 4.2. Molecular weight distribution of CiPP1. Blue vertical line is the molecular
weight where τR (M ∗ ) = γ̇ −1 for a shear rate of 2.51 s−1 . Inset: Closeup of the high
molecular weight tail.

Moderate shear rates of a few s−1 are sufficient to stretch only the very longest
few polymer chains in the molecular weight distribution of CiPP1, shown in Fig.
5.3. The shear rate applied in this study is 2.51 s−1 . Using Eqn. 4.1, this shear
rate corresponds to a molecular weight M ∗ = 9 × 103 kg/mol (blue vertical line in
Fig. 5.3) above which γ̇τR > 1. (In previous work, we have compared the linear
viscoelasticity of CiPP1 to that predicted from its molecular weight distribution
by contemporary molecular rheology theory, which provides the most sensitive
available check that no branched polymers are present in this sample. In any case,
long-chain branching is not expected for Ziegler-Natta iPP.)
The tiny fraction of chains stretched by the shear flow is found by integrating
the molecular weight distribution from M ∗ upwards. (Evidently, this is a very
small fraction indeed of the chains present, which pushes GPC results to the limits
of their reliability.) From these calculations we can estimate the mass fraction of
stretched chains with τR (M ∗ ) ≥ γ̇ −1 . For CiPP1, applying a shear rate of 2.51
s−1 will stretch ∼ 0.05% of the chains in the distribution. Nonetheless, this small
fraction of stretched chains apparently produce a significant FIC effect, discussed
further below.
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4.3.2

Shear protocol

A Rheometric Scientific ARES-LS rheometer with a 25 mm diameter cone and
plate geometry (with a 5.7◦ angle and 0.048 mm truncation gap) was used to
impose shear flow on molten CiPP1 at 170C. The cone-plate geometry applies a
uniform shear rate across the radius of the sample. All rheometer experiments
were performed under a nitrogen blanket to help prevent sample degradation. The
polypropylene samples were prepared by compression-molding at 200C for about 30
minutes under vacuum, forming 25 mm diameter disks with about 1 mm thickness,
followed by squeezing the samples in the rheometer at 220C to the truncation gap
and trimming with a razor blade.
The shearing and temperature protocol used here is similar to the one implemented in our previous work. [31] Samples loaded into the rheometer as described
above were first annealed at 220C (above the equilibrium melting temperature)
for 10 minutes in an attempt to erase any memory of the stresses encountered in
molding. The melt was subsequently cooled to a shearing temperature of 170C, at
which an interval of steady shear was applied. The same shear rate (γ̇ = 2.51 s−1 )
was used for all experiments reported here. The range of specific work investigated
was 4–25 MPa, obtained by varying the shearing time (100–625 s). After shearing
was complete, the material was quenched in the rheometer to 141C and crystallized isothermally, well below the equilibrium extended-chain melting temperature
of polypropylene (around 187C).

4.3.3

Microtoming

For microscopy studies, rheometer samples were microtomed into thin sections to
capture clear images of the crystalline structure. A sufficiently thin polypropylene
section prevents two spherulites from appearing one atop the other, so that optical images of the section present a two-dimensional field of slices through single
spherulites. For optical studies, samples were microtomed into 5–15 µm sections
at -50C using a Leica CM1950 Cryostat.
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Figure 4.3. (a) Cartoon of rectangular piece (green shaded area) cut from sheared 25
mm diameter rheometer sample for microtoming. Edge fracture occurs in red perimeter,
which is discarded. Blue lines represent cuts with a razor blade. (b) Side view of cut
piece, with linear thickness variation from cone-plate geometry. (c) Front view of cut
piece from which microtome slices are taken; flow direction parallel to surface.

For microtoming, a small piece was cut with a razor blade from the disk-shaped
rheometer sample, as illustrated in Fig. 4.3. The portion retained for microtoming
(green shaded area) satisfies several requirements: 1) it excludes areas damaged by
edge fracture during shear (red shaded area in Fig. 4.3(a)); 2) it excludes the cone
truncation in the center, where the shear rate is not constant; 3) the flow field is
approximately parallel to the front face, which will become the field of view in the
microscope as described below.
Fig. 4.3(b) illustrates the side view of the cut piece; since a cone-plate geometry
was used to shear the sample, its thickness varies linearly with radial distance from
the cone center (but only slightly, since the cone angle is quite small). We are most
interested in images in which the flow direction lies in the plane of the image, as it
does over the central region of the front face of the cut piece (the red shaded area
in Fig. 4.3(c)). All microscopy sections are microtomed from this face of the cut
piece. Note further that the flow direction is vertical for all micrographs presented
in this work.
Our imaging sections were prepared in a cryomicrotome (Leica cryostat) with
the aid of optimum cutting temperature (OCT) compound. Before placing the cut
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piece in the cryostat, it was submerged in optimum cutting temperature (OCT)
compound and quickly frozen. OCT compound is a tissue freezing medium that
is highly viscous and water soluble, consisting of a mixture of polyvinyl alcohol,
polyethylene glycol, and other non-reactive ingredients. During cryotomy, OCT
compound encapsulates the sample and acts as a support, preventing the sample
from curling during sectioning at subambient temperatures. After the sample
enclosed in OCT compound freezes, it is placed on an appropriate substrate with
the larger surface of the sample pointing outwards. Finally, the substrate with the
sample is attached to the cryostat, and the sample is ready to microtome.
Microscopy samples were sectioned at -50C using a microtome blade. To avoid
curling, the cutting direction was perpendicular to the flow direction (i.e. along
the short side of the sample in Fig. 4.3(c), which was the vertical direction in
the rheometer). The microtomed sections were 5–15 µm thick, about 0.8 mm
high (depending on the radius where the slice was made) and 1–2 cm wide. The
sections were placed carefully on glass slides to avoid curling, followed by immersion
in deionized water to wash away the OCT compound. Finally, the sample was left
to dry at room temperature between two glass slides to prevent curling.
4.3.3.1

Heat treatment

The surfaces of microtomed sections of semicrystalline polymers are damaged as
the blade cuts through the sample. Atomic force microscopy (AFM) is a surfacesensitive technique, the sample surface must be in good condition to capture good
images. Consequently, AFM samples require an additional step that “repairs”
the surface crystals. This additional step involved gently annealing the sample,
described in detail below.
Optical imaging studies of thin sections from quiescently crystallized iPP samples demonstrate that if a sample is heated to about 170C, the sample birefringence
essentially vanishes, corresponding to sample melting. However, if the sample is
cooled again after a few minutes at 170C, nearly the same detailed pattern of
spherulites reappears, indicating that not all of the semicrystalline structure was
erased by the brief annealing. Likewise, we know from our previous work on the
persistence of flow-induced precursors that whatever structures are induced by
large amounts of applied work are not easily annealed away, even at temperatures
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above 210C for hours.
These two observations suggest that a mild annealing treatment at 170C for a
few minutes will not destroy the crystalline morphology, but will allow the surface
of the section to recrystallize, eliminating the surface damage caused by the microtoming. We tested several annealing temperatures in the range of 165C–175C,
and annealing times in the range of 1–5 minutes; we identified 173C for 3 minutes
as the best treatment for fixing the crystalline structure for AFM imaging.
We also investigated whether another common sectioning technique, known as
ultramicrotoming, would reduce or eliminate the surface damage, so that our mild
annealing step would not be necessary. In ultramicrotoming, the sample is cooled
to -150C and sliced with a diamond knife. [152, 153] We found that the surface of
our iPP samples was similarly damaged by ultramicrotoming, and required similar
annealing treatment to repair the surface structure. For the AFM images reported
here, we used conventional microtoming followed by mild annealing at 173C for 3
minutes.

4.3.4

Atomic force microscopy

A Bruker Icon AFM operated in PeakForce Tapping (PFT) mode was used to
probe the crystalline morphology of CiPP1. In PFT mode the cantilever is brought
in and out of contact with the surface of the semicrystalline polymer at a nonresonant frequency. During each contact cycle the cantilever starts 300 nm above
the sample surface, after which the piezo actuator pushes the probe down towards
the sample. When the tip of the probe comes into contact with the sample, the
piezo actuator pushes the probe further down into the sample until the peak force
set-point is reached. This is followed by the probe withdrawing from the sample.
The tip of the probe eventually breaks free of the surface at the maximum adhesion
point, and returns to its starting point 300 nm above the sample. This provides
force spectroscopy information at each pixel, which can be translated into height
amplitude data.
The peak force applied to obtain the crystalline morphology of CiPP1 was 5–7
nN, using scan rates less than 1 Hz per line, with 512 pixels per line (the highest
available pixel density). All AFM experiments were performed at ambient temper-
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ature. Imaging was performed using a ScanAsyst-Air model cantilever, composed
of a silicon tip on a nitride lever. The cantilever has a resonance frequency of 70
kHz and a spring constant of 0.4 N/m. The cantilever dimensions are thickness
650 nm, length 115 µm, and width 25 µm.

4.3.5

Hot stage optical microscopy

Crystalline morphology of our samples was also imaged using a transmission optical
microscope with crossed polarizers. The images were captured with an Olympus
BX51 microscope with a ProgRes CF scan CCD camera. Samples were placed in
a Instec HCS402 dual heater microscope hot stage for temperature control. While
using the hot stage, we were restricted to a 10X objective lens because the thickness
of the hot stage limits the minimum working distance from the sample. Higher
magnifications were used for room temperature images, when the hot stage was
not mounted.
A key objective of this in-situ microscopy study is to investigate the lifetime
of flow-induced precursors by imaging their recrystallization. To this end, we
annealed the thin sections for different amounts of time, and took images of the
crystalline structure after each heating / cooling cycle. The temperature protocol
consisted of: 1) heating to 200C (above the equilibrium melting temperature of
187C); 2) annealing at 200C for some desired length of time (several minutes);
and 3) cooling at 10 C per minute. To observe to crystallization progress during
cooling, images were captured at quick succession starting at 130C and continuing
as low as 110C. Among other virtues, this protocol allows us to compare the shapes
and locations of crystalline structures as they form in successive recrystallizations,
to see how robust the microstructure is to annealing cycles.

4.4

Results and discussion

Equipped with a flexible shear protocol and two microscopy techniques, we image
the morphology of isotactic polypropylene after different shearing and annealing
protocols to see how flow-induced crystallization affects morphology. Our goal is
to correlate the changes in crystalline microstructure with the different regimes
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of flow-induced crystallization we previously identified by observing the acceleration of isothermal crystallization after shear and the increased recrystallization
temperature of previously sheared samples.
We use either optical microscopy or AFM, depending on the size of crystalline
features to be imaged. Optical microscopy provides relatively low magnification
and a wide field of view (∼ 160,000 µm2 ), compared to AFM with its much higher
magnification and smaller field of view (∼ 2,500 µm2 ). Generally, optical microscopy is better for imaging large crystalline domains such as spherulites, whereas
AFM is more suitable for small crystalline structures.
Flow-induced precursors to nucleation can be very robust to annealing, requiring many hours at high temperatures before their effects on recrystallization are
erased. We take advantage of this phenomenon, to image the crystalline morphologies produced by these precursors on recrystallization, after a controlled annealing
protocol. In this way, we can visualize the structures formed by the precursors,
and how they respond to annealing.

4.4.1

Crystalline morphology

Based on our previous work as well as reports in the literature, we expect a decrease
in the size of crystalline domains as applied work increases, and some qualitative
change in morphology at the critical work threshold Wc . [16, 31] The decrease in
crystal size is a consequence of stretched and aligned chains reducing the nucleation barrier, thereby increasing the concentration of nuclei.[39, 86, 96] Anisotropic
morphology above a critical work threshold has been reported previously, based on
a variety of direct and indirect observations of local structure. This phenomenon
has been explained by hypothesizing that for sufficient applied work, flow-induced
precursors are somehow aligned into rows, which nucleate and grow to form an
anisotropic morphology.
Herein, we use optical and AFM imaging to show that the change in morphology at the critical work threshold in our CiPP1 samples is a transition from
spherulites to much smaller, rather uniformly sized, anisotropic “rice grain” crystalline domains.
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(a)

(b)

(c)
Figure 4.4. Crystalline morphology of CiPP1 after quiescent crystallization at 141C.
(a) Polarized optical microscopy image; (b) and (c) AFM images of spherulite structures.

To appreciate the changes in morphology caused by flow-induced crystallization, we begin by imaging samples that have crystallized quiescently, i.e., without
being sheared. Fig. 4.4 presents optical and AFM images of crystalline morphology for quiescent samples, which are composed of spherulites. Spherulites grow
radially from a nucleus; crystalline lamellar “ribbons” grow in all directions until
they impinge on another growing spherulite. Fig. 4.4(a) shows an optical micrograph of spherulites imaged through crossed polarizers. Assuming that the growth
rate of lamellar ribbons is the same for all spherulites, a nucleus that forms later
compared to neighboring nuclei results in a smaller spherulite, hemmed in by its
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larger neighbors. The average size of the isotropic quiescent spherulites in Fig.
4.4(a) is about ∼ 60µm.
AFM achieves a higher magnification and different contrast compared to optical microscopy, and can image more detailed features of crystalline domains. Fig.
4.4(b) shows a spherulite and its immediate neighbors as seen by AFM at low magnification; comparing the AFM and optical images helps to confirm that our mild
annealing treatment of AFM samples preserved the microstructure. Fig. 4.4(c)
presents a higher-magnification AFM image, focused on the boundary between
three impinging spherulites. Here we can see finer detail in the spherulites, in
particular what may be individual lamellar ribbons (bright white lines, oriented
radially outwards from the spherulite centers.)
Having calibrated our optical and AFM imaging by examining the well-studied
spherulite structure of quiescently crystallized material, we can now explore how
the morphology changes for samples subjected to increasing amounts of applied
work before crystallization. All samples shown were sheared at a shear rate of
γ̇ = 2.51s−1 at 170C, then quenched (∼ 15 C/min)[31] to 141C and crystallized
isothermally.

(a)

(b)

Figure 4.5. Crystalline morphology of CiPP1 previously sheared at 170C using γ̇ =
2.51 s−1 with W = 4 MPa, subsequently quenched to 141C. Images taken using (a)
polarized optical microscope: spherulites make up majority of sample; and (b) AFM:
small fraction of rice grain crystals seen along left side of the image.

At relatively low amounts of applied work, optical micrographs of sheared sam-
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ples look qualitatively the same as quiescently crystallized samples. Fig. 4.5(a)
shows an optical image of a sample with W = 4 MPa, which appears to consist
of spherulites, of about the same size (60µm diameter) as for quiescently crystallized samples. However, in the AFM images of this sample, we find a surprise:
in some regions of the sample, a new morphology appears inside and alongside
the spherulites. Fig. 4.5(b) shows one such region, in which the boundary of a
spherulite is visible in the upper right hand corner, while on the left side of the
image a new morphology appears. The new morphology we call “rice grains”,
because of the slightly anisotropic shape and rather uniform size of the domains.
The limited field of view in AFM prevents us from showing more spherulites and
rice grains together in one image.
Only a small fraction of the area in images of samples at W = 4 MPa show
the rice grain morphology; rice grains are more prevalent at higher applied work,
as we shall see below. The rice grain domains appear to be confined by impinging
spherulites, and because of their small size can only be seen using AFM. This
observation suggests that at low applied work, most of the sample crystallizes by
the usual formation of spherulites, with only a small fraction crystallizing as a result
of some flow-induced precursor to nucleation that produces rice grain domains.
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(a)

(b)

(c)

(d)

Figure 4.6. Crystalline morphology of CiPP1 previously sheared at 170C with γ̇ = 2.51
s−1 and W = 5 MPa. Sample was subsequently crystallized at 141C. Images (a) and (b)
show spherulite morphology using optical and atomic force microcopy respectively. (c)
High magnification image of rice grain structure using AFM.

The crystalline morphology at W = 5 MPa again consists of a mixture of
spherulites (see Fig. 4.6(a)) and rice grain domains (see Fig. 4.6(c)). From relatively low-magnification images like this one, we can measure the dimensions of
rice grain domains, which here are about 1.5µm long, with an aspect ratio of about
2:1. A fraction of the spherulites however are aligned parallel to the flow direction
(vertical in all images). Deformation lining up nuclei into rows may be the cause
of this spherulite alignment. The size of these oriented and regular spherulites
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remains about 60µm, making up the majority of the morphology.
With AFM, we can image the rice grain domains in more detail; Fig. 4.6(d)
is a higher magnification image of a rice grain domain from a sample with applied work W = 5 MPa. The rice grain appears to consist of lamellae growing
transversely outwards from the central axis of the domain, presumably from a
thin core of stretched chains aligned along the domain. We may identify this presumed thin core with the “shish” structures observed or inferred previously by
other authors.[41, 57, 95, 103, 107, 111]

(a)

(b)

Figure 4.7. Crystalline morphology of CiPP1 previously sheared at 170C with γ̇ =
2.51 s−1 and W = 6 MPa. Sample was subsequently quenched to 141C. (a) Optical
micrograph showing spherulite morphology aligned in flow direction (vertical). (b) AFM
images of anisotropic rice grain structures.

When the applied work is increased to W = 6 MPa, the optical micrographs
still show spherulites of about the same size as for smaller W , but with a more
pronounced tendency to line up in the flow direction (see Fig. 4.7(a)). Otherwise,
the morphology at W = 6 MPa remains the same as at lower W , consisting of a
mixture of spherulites and rice grain domains. Although still not apparent in the
optical micrographs, rice grain domains are more prevalent in the AFM images at
W = 6 MPa (see Fig. 4.8(b)).
From previous measurements of crystallization time versus applied work, we
know that crystallization is substantially accelerated by applied work of 6 MPa,
by as much as a factor of 8 relative to quiescent crystallization. [31] From this
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finding, and the assumption that spherulite growth rates are not affected by shearing before the quench, we should expect that there are an increasing amount of
faster-crystallizing domains present somewhere in the sample as W increases. (This
argument is discussed below in more detail.)

(a)

(b)

Figure 4.8. Crystalline morphology of CiPP1 previously sheared at 170C using γ̇ =
2.51 s−1 with W = 7 MPa, subsequently cooled to 141C. (a) Grainy image of rice grain
domains obtained using a polarized optical microscope. (b) AFM image of anisotropic
rice grain structures.

When the applied work reaches the critical work Wc = 7 MPa, we finally find
a qualitative change in the morphology, visible even in optical micrographs. For
applied work of 7 MPa or greater, optical images show a grainy pattern (Fig.
4.8(a)), with no distinct spherulites. In fact, we cannot recognize any structures at
all, because of the small size of rice grain domains. AFM images of the same sample
show rice grain domains throughout (see Fig. 4.8(b)), with the same basic structure
as those formed at lower applied work. This critical work threshold of 7 MPa is the
same applied work value above which we see an increase in the recrystallization
temperature that persists despite long annealing[16] (see Fig. 4.1), which we have
interpreted as evidence of robust flow-induced precursors to nucleation.
The same rice grain morphology is formed at all applied work values larger than
Wc , as shown in Fig. 4.9(c) (9 MPa), Fig. 4.9(d) (12 MPa), Fig. 4.9(e) (16 MPa),
and Fig. 4.9(f) (25 MPa). Note that the anisotropic structures are not aligned in
the direction of flow (vertical in all images), but tend to point in random directions.
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4.4.1.1

Influence of morphology on FIC

The hallmarks of FIC — accelerated crystallization kinetics [31], elevated recrystallization temperature, and robustness of flow-induced precursors to annealing
[16] — all trace back to crystal morphology. The time to crystallize depends on
the concentration of nuclei; the concentration of nuclei in turn influences the size
of crystalline domains. The dependence of recrystallization temperature and persistence time on applied work all suggest that robust flow-induced precursors first
appear at W = Wc , which also correlates with a qualitative change in crystalline
morphology, at which spherulites disappear and rice grain domains predominate.
Morphology implications for crystallization kinetics. To explore the
links between morphology and the various hallmarks of FIC, we begin by observing
the size and prevalence of spherulites and rice grains in previously sheared samples
using optical microscopy and AFM. In particular, we measured the volumes of
spherulites and rice grain domains as a function of specific work, and correlated
these with crystallization time. [31] The crystallization time was determined by
monitoring the viscoelasticity response of the crystallized sample at constant frequency 0.5 rad/s with crystallization time is defined as the time required to reach
tan δ = 1 (see our work on FIC kinetics). [31] The spherulite volume (assuming
perfect spheres) was determined in the range 0–6 MPa (when W < Wc ). The
volume of the ellipsoidal shaped rice grains was calculated for W ≥ 4 MPa.
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(a) 4 MPa

(b) 5 MPa

(c) 9 MPa

(d) 12 MPa

(e) 16 MPa

(f) 25 MPa

Figure 4.9. AFM images of anisotropic crystalline morphology for W > Wc . All CiPP1
samples sheared at 170C with γ̇ = 2.51 s−1 and crystallized at 141C, with flow direction
vertical.
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The spherulite volumes were determined from optical images (Figs. 4.4(a),
4.5(a), 4.6(a), and 4.7(a)), while rice grain volumes were determined from AFM
images (Figs. 4.9(a)–4.9(f)). To determine the dimensions of spherulite and rice
grain domains, we digitized (using GetData Graph Digitizer) each image, and
measured the spherulite radius R and the rice grain diameter D and length L in
pixels, which we convert to length knowing the length per pixel of our images. For
each applied work value, average volumes were obtained from 10 to 15 domains in
a given image. Error bars represent the variance of the set of values from which
the average was obtained. (For some values of W , multiple images were used
to determine the average domain volume as a further check on the values.) The
volume results are shown in Fig. 4.10.

Figure 4.10. Specific work dependence of spherulite volume, rice grain domain volume,
and crystallization time (blue triangles and right axis), for CiPP1 sheared at 170C with
γ̇ = 2.51s−1 and crystallized at 141C.

Though the measurement of precise values for spherulite and rice grain domains
is somewhat challenging, the overall trend of how these dimensions change with
applied work is robust and striking. The volume of spherulites is roughly independent of applied work W (about 140µm3 ) over the entire range of work values
at which they form (W ≤ 6 MPa). In contrast, rice grain domains become pro-
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gressively smaller (with approximately constant 2:1 aspect ratio) with increasing
W until the saturation work is reached (Wsat = 16 MPa). Further increases in
applied work beyond Wsat have no effect on crystallization rate, recrystallization
temperature, or annealing time for flow-induced precursors.
Taken together, these results suggest that spherulites are formed by the same
heterogeneous nucleation process as occurs during quiescent crystallization; furthermore, that flow-induced precursors, formed from stretched chains, influence
rice grain structures by increasing their concentration. Spherulites show some
degree of alignment by flow, but their size remains unaffected.
Converting our volume estimates to number density values, we find that there
are about 7.1 × 1015 spherulites per m3 under quiescent conditions, and 2.56 ×
1018 rice grains per m3 at saturation (W = Wsat ). This means that the nuclei
number density increases by a factor of 350 when specific work value increases
from quiescent to maximally flow-induced crystallization conditions (W ≥ Wsat ).
As evident from the AFM images (Figs. 4.9(a)–4.9(f)), rice grain domains are
rather uniform in size at every value of applied work. This observation might be
taken to suggest that the rice grains nucleate all at about the same time (as in
classical heterogeneous nucleation), so that they would all grow to about the same
size. However, two observations appear to contradict this supposition, suggesting
instead that rice grains stop growing for some reason when they reach a certain
size, well before colliding with a neighboring domain.
The first such observation combines a series of optical images of an FIC sample
with W = 25 MPa (hence W > Wsat ) during cooling at 10 C/min, with the freezing
exotherm from a DSC experiment on a piece from the same FIC sample (see
Figs. 4.11 and 4.12(c)). Because flow-induced precursors are very robust for such
samples, which can be recrystallized many times and display the same increased
recrystallization temperature, we believe that the images and the DSC trace can
be compared. From the micrographs, it is evident that rice grain domains do not
all nucleate at once; some have appeared as early as 130C, others first appear
at lower temperatures. And yet at 126C (24 seconds later), where the rice-grain
domains are still distinguishable in the micrograph, they are rather uniform in size
– as indeed they are in AFM images of fully crystallized samples.
A related behavior is seen for W < Wc , where spherulite and rice grain do-
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mains coexist in the crystalline morphology. During the onset of crystallization,
rice grains presumably nucleate before spherulites, due to their lower nucleation
barrier, and are likely trapped inside these spherulites. Indeed, we attribute the
decreased crystallization time for W < Wc primarily to rice grain nucleation. If the
subsequent crystal growth rates were the same for both spherulites and rice grains,
we would expect rice grain domains to grow larger than spherulites. This is not
what we see: AFM and optical micrographs show a final morphology in which large
spherulites predominate, with much smaller small rice grains visible in the regions
between spherulites. This again suggests that something other than impingement
governs the size of rice grain domains, which we do not as yet understand.
Fig. 4.10 shows another striking correlation: the dependence of the crystallization time and average rice grain volume on specific work are rather similar — both
decrease rapidly with work and become constant at Wsat . Indeed, the ratio of crystallization time to average rice grain volume is about ∼ 20 min/µm3 , independent
of applied work. Qualitatively, it is reasonable that both the crystallization time
and average rice grain volume should decrease with increasing W ; the nucleation
barrier decreases as applied work increases, so that more nuclei form and grow into
rice grain domains. Thus samples with a higher concentration of nuclei crystallize
faster and have a smaller domain size.
Neither the crystallization time nor the rice grain volume undergo any evident
transition at 7 MPa, i.e., the critical work threshold does not appear to have a
distinct influence on the nucleation barrier. Additional applied work increases the
concentration of nuclei until Wsat , where it saturates; thus for W ≥ Wsat , both
crystallization time and rice grain volume remain constant.
4.4.1.2

What’s in a rice grain?

Having identified rice grain domains as the microscale crystalline morphology associated with the effects of flow-induced crystallization, we may ask: what molecules
or particulate impurities are inside a rice grain, that flow acts on to produce precursors to nucleation? We can use our knowledge of the size of rice grains, as well
as the concentration of large molecules and particulate impurities from catalyst
residue, to estimate whether there are enough long chains or nanoparticles per rice
grain to be relevant to flow-induced crystallization.
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We know reasonably well the volume of a rice grain, as well as the molecular
weight distribution of CiPP1 and the (very large) cutoff molecular weight Mc
(about 104 kg/mol) above which the shear rates we apply are sufficient to stretch
chains. Combining this information, we can estimate the number of chains above
Mc per rice grain, that the flow may have strongly stretched to form a flow-induced
precursor or “shish”.
In this way, we estimate that there are about ten chains of length 104 kg/mol per
rice grain when the domains are at their smallest, i.e., for applied work above the
saturation threshold W > Wsat . This is an intriguing result: ten chains — neither
10−4 nor 104 — we can imagine as possibly the minimum number to stretch and
bundle together to form the core of a shish.
If so, the maximum number of nuclei, achieved when W > Wsat , may be a
consequence of running out of stretchable chains per rice grain, and reaching this
limiting number of stretched chains per domain. (However, recalling the conclusions of Kimata et al. that as high molecular weight chains stretch they incorporate
nearby shorter chains to form flow-induced precursors, [95] it may be that the overall number of chains in the shish could be much higher than estimated here.)
This estimate leaves unanswered the vexing question of why there should be a
saturation shear rate, about 1 s−1 for CiPP1, above which shearing faster does not
accelerate crystallization;[31] reasonably, shearing faster should help, since there
are many more slightly shorter chains that could in principle be stretched, and
make more flow-induced precursors.
Besides a tiny minority of long stretchable chains, CiPP1 and other commercial iPP samples also contain a smattering of particulate impurities from catalyst
residue. Perhaps these also play a role in flow-induced crystallization? Because
commercial catalysts have very large productivities (kilograms of polymer per gram
of catalyst), directly finding catalyst residue particles in electron micrographs is
a hopeless task. However, we can estimate the amount of SiO2 , TiO2 , and MgO
impurities per rice grain in another way.
Using inductively coupled plasma mass spectrometry (ICP-MS, performed by
Evans Analytical Group), we determined that CiPP1 contains by weight about 79
ppm Si, 14 ppm Ti, and 12 ppm Mg, presumably in the form of SiO2 , TiO2 , and
MgO, respectively. These are plausible impurities to be expected from polymeriza-
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tion with a Ziegler-Natta catalyst, which is expected to shatter into nanoparticles
as the polymer grows on the catalyst particle. If we gather together all the SiO2 ,
TiO2 , and MgO in a rice grain domain each into a single particle, the particle
diameters would be about 25 nm, 12 nm, and 15 nm respectively.
Of course, we have no information about the size of the catalyst residue nanoparticles in our polymer. However, we can observe that the diameters of commercially
available SiO2 and TiO2 nanoparticles are typically in the range of 10–30 nm, as
are the “primary particle” sizes of nanoporous silica. So we may speculate that the
particle size of catalyst residue in our polymer is in this range, and hence that there
are several impurity particles per rice grain domain of the smallest size. Again,
this result is intriguing — not thousands of particles per rice grain, nor thousands
of rice grains per particle. So it may be that saturation of FIC effects arises not
from running out of long chains to stretch, but running out of particulate impurities to which the stretched chains somehow are adsorbed and anchored. Such
an adsorption would also rationalize the huge apparent activation energies of 120
kJ/mol to anneal away precursors[16] and 330 kJ/mol for the relaxation time of
birefringence fade above Tm .[34]
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Figure 4.11. Recrystallization exotherm together with polarized optical micrographs
at four temperatures, to track crystal structure development (cooling rate 10 C/min).
Sample was sheared at 170C with γ̇ = 2.51 s−1 and W = 25 MPa. Dashed lines mark
temperatures at which images were taken.
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4.4.2

Recrystallization after annealing

Crystallization Temperature. Our previous work revealed that flow-induced
precursors increase the recrystallization temperature compared to an unsheared
sample [16] This increased recrystallization temperature occurs only for samples
with applied work above the critical threshold W ≥ Wc , as seen in Fig. 4.1. This
phenomenon is robust to repeated annealing cycles (see Fig. 4.1), which gives
us an opportunity to image the growth of flow-induced crystalline domains as a
previously sheared sample recrystallizes, and to identify the temperatures at which
images were taken with points along the crystallization exotherm.
Fig. 4.11 shows a DSC crystallization exotherm, together with four optical
micrographs taken during recrystallization, that display the crystal development
as a function of temperature. The temperatures at which the images were taken
are marked on the exotherm plot with dashed lines. The sample investigated here
was sheared at 170C with shear rate γ̇ = 2.51 s−1 and applied work W = 25 MPa
before crystallizing at 141C.
In both the DSC and microscopy experiments, the samples were subjected to
the same annealing protocol: heating to 190C, annealing at 190C for 5 minutes,
and cooling at 10 C/min. The recrystallization exotherm occurs in the range 115–
133C, so optical micrographs were taken at 130C, 128C, 126C, and 120C during
cooling. All microscopy images were taken at the same location in the sample,
so that the nucleation and growth of individual domains can be compared from
one image to the next. Microtomed sections for these experiments were made
particularly thin (about 7µm) to minimize the number of overlapping rice grain
domains in the images.
In comparing the micrographs to the exotherm in Fig. 4.11, it is evident that
crystallization in the images is progressing in synchrony with the exotherm trace
— which we emphasize was a separate experiment. At the onset of crystallization
(around 130C, where the exotherm has just begun to rise), small crystalline domains start appearing in the polymer melt. More and brighter domains are present
at 128C and still more at 126C, as the exotherm rises to its maximum. Optical
micrographs and DSC results both show that the sample has crystallized as much
as it can at by around 120C. Once the rice grain domains fill the image, it becomes
difficult to distinguish them, as was seen earlier in Fig. 4.8(a).
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The micron-sized rice grains we know from AFM predominate in samples with
W = 25 MPa are not properly resolvable in these optical images; they appear
larger than they actually are. Still, in the earlier images at higher temperatures, we
are evidently seeing isolated small uniformly-sized anisotropic domains — looking
like rice grains, and not at all like spherulites. Overall, the good correspondence
between the exotherm peak and the micrographs, and the general appearance of
rice grain domains in the earlier images, verifies that robust flow-induced precursors
nucleate rice grain domains, thereby instigating the increase in recrystallization
temperature.
By comparing optical images of recrystallization with the DSC exotherm, we
have shown that the growth rice grain domains account for the increased recrystallization temperature. We have asserted that these rice grain domains regrow from
some robust, flow-induced nucleation precursor, which for samples with sufficient
applied work is remarkably difficult to anneal away, even for long times at elevated
temperatures.[16, 34]
Do rice grains regrow in the same places? As further evidence that these
flow-induced precursors really exist, we can use imaging to see whether rice grain
domains regrow after an annealing cycle in the same places at which they appeared
during the previous recrystallization. With optical imaging, we cannot distinguish
all the rice grain domains when the sample is fully crystallized; however, we can
identify domains early in the recrystallization process.
If some of the precursors nucleate rice grain domains more readily than others, we may expect that these precursors will be among the first to form a visible
domain, on successive cycles of annealing and cooling. Thus we can qualitatively
investigate the robustness to annealing of individual flow-induced precursors, by
comparing successive optical micrographs early in the recrystallization process to
see if the first domains that form tend to appear in the same places on successive annealing cycles. (As above, rather thin sections (about 7µm) were used to
minimize overlap of rice grain domains in the images.)
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(a)

(b)

(c)

(d)
Figure 4.12. Polarized optical micrographs, used to estimate the fraction of rice grains
that recrystallize in the same place after annealing. CiPP1 was sheared at 170C with
γ̇ = 2.51 s−1 and W = 25 MPa, with flow direction horizontal. The width of all four
samples is approximately 600 µm (scale bar is proportionally the same for all images).
(a) Crystalline structure at 128C after annealing at 200C for 12 minutes. (b) Image taken
after one more annealing cycle (another 3 minutes at 200C). (c) Overlapping images in
(a) red and (b) green, to estimate the fraction of rice grains reappearing at the same
place (yellow). (d) Final morphology of the fully crystallized sample.
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To estimate the fraction of reappearing rice grains, we subject a thin section of
a previously sheared sample to two annealing and cooling cycles under a polarized
optical microscope. The sample was previously sheared at 170C with γ̇ = 2.51
s−1 and W = 25 MPa (well beyond Wsat ). In the first annealing cycle, the sample
was held at 200C for 12 minutes (Fig. 4.12(a)); in the next cycle it was held at
200C for another 3 minutes (Fig. 4.12(b)). After each annealing, the sample was
cooled at 10 C/min; during each recrystallization, an image was taken at 128C. At
128C, rice grain domains are clearly visible but not overlapping, and can thus be
distinguished from each other (see Fig. 4.11).
Fig. 4.12(c) was used to estimate the overlap fraction of rice grain domains
that reappear at the same places, early in successive recrystallizations. This was
done by converting Figs. 4.12(a) and 4.12(b) to pixel arrays of binary values, i.e.,
a black background and white rice grain domains. The white values were replaced
with red (Fig. 4.12(a)) and green (Fig. 4.12(b)), and then added together. Where
red and green overlap, yellow results, corresponding to a domain that appears in
the same place in both images.
By using this procedure, from Fig. 4.12 we estimate that about 30 percent of the
rice grains that appear early in the recrystallization, appear at roughly the same
place as an early-appearing rice grain on the previous cycle. But this estimate
understates the similarity of the two images, which to the eye are rather correlated
in the locations of the red and green domains. Recall also that this approach only
picks up the locations of early-appearing grains, which may appear earlier or later
on successive cycles just by the randomness of nucleation. Overall, this simple
observation suggests that flow-induced precursors — whatever they may consist
of — give rise to rice grain domains in an apparently melted polymer at the same
places on successive annealing cycles, providing further evidence of the robustness
of precursors to annealing.
4.4.2.1

Discussion.

Flow-induced precursors persist to remarkably long times when annealed at elevated temperatures, far above the equilibrium melting temperature (187C). [21, 33–
36, 115, 118] Long annealing times are required before FIC conditions (e.g. faster
crystallization rates and higher crystallization temperatures) return to those of
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quiescent crystallization conditions. [16]
The increase in the number of precursors, the increase in recrystallization temperature, and the persistence of these effects on repeated annealing (see Fig. 4.1)
are all associated with the formation of the rice grain morphology. All three behaviors begin at the same critical work value (7 MPa). Apparently, the minority
of rice grain domains that form in a sample dominated by spherulites (W < Wc ),
are not sufficient to give rise to persistent precursors and their associated effects.
[16]
As specific work increases between Wc and Wsat , the recrystallization temperature rises. [16] This increase in recrystallization temperature correlates with the
increase in concentration of nuclei, which suggests an explanation in terms crystallization kinetics. [31] As the concentration of flow-induced precursors in the melt
increases (because of lower nucleation barriers at higher applied work), the sample
can crystallize at a higher temperature. The sample achieves its maximum concentration of nuclei at Wsat , at which point all other manifestations of flow-induced
crystallization likewise saturate. [31]
Similarly, the annealing time required to restore the sample to its unsheared
crystallization temperature increases with specific work between Wc and Wsat . [16]
This behavior may be caused by larger or more extensive aggregates of stretched
chains, possibly adsorbed to particulate impurities, which require long annealing
times to disrupt. Our estimates in this paper indicate that there may be several
nanoparticles and ten or so long stretched chains per rice grain domain, which
may form the skeleton of a “shish”. The very long annealing times suggest that
chain adsorption to particle surfaces may play a role in stabilizing the flow-induced
precursors; otherwise, it is difficult to rationalize a mechanism by which such
precursors could remain intact for hours at 210C.
Various authors have hypothesized that applied work governs the probability
of a stretched chain to collide with and thereby join existing chain aggregates.
[17, 92, 96] Applied work is the product of stress times strain; in this hypothesis, as
formulated by Janeschitz-Kriegl et al., stress governs the orientation of the chains,
while strain controls the probability of collisions between oriented chains as the
sample is sheared. [96] As the amount of applied work increases, more stretched
chains more often encounter existing chain aggregates, which should result in larger
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and more stable aggregates.

4.5

Conclusion

We have investigated the morphology of isotactic polypropylene (iPP) crystallized with and without a prior interval of shearing, using optical microscopy and
atomic force microscopy. Our aim in this work has been to determine how applied
work affects the concentration of nuclei and crystalline morphology, and how these
changes correlate with our previous results on accelerated crystallization rates,
[31] elevated recrystallization times, and robustness of flow-induced precursors to
annealing. [16]
Below the critical work value (Wc = 7 MPa for the commercial iPP sample
studied here), the crystalline morphology is dominated by spherulites. Beginning
at these lower work values W < Wc , we observe a new morphology: micronscale, anisotropic, randomly oriented, rather monodisperse “rice grain” domains.
As the applied work increases, spherulites remain constant in size (about 60µm),
and rice grain domains become more prevalent, steadily decreasing in size. These
observations suggest that the increase in crystallization rate over this same range
of applied work results from the increased number of rice grain domains.
Above the critical work threshold Wc = 7 MPa, we no longer observe spherulites;
the sample consists entirely of rice grain domains. As we increase the applied work
beyond Wc , the rice grains maintain their roughly 2:1 aspect ratio, and become
progressively smaller as seen in AFM images. The same Wc is the threshold above
which we previously reported, we found that flow-induced precursors begin to increase the recrystallization temperature of previously sheared samples.[16] This
increase in recrystallization temperature grows as W increases above Wc , becoming as large as 15C. At the same time, the flow-induced precursors to nucleation
become progressively more robust to annealing, as evidenced by recrystallization
experiments after annealing at high temperatures, as well as first crystallization after shear with a period of annealing before the quench. [16] The confluence of these
observations suggests all these phenomena are somehow caused by the appearance
of rice grain domains. Increasing the applied deformation when W < Wsat lowers
the nucleation barrier, forming more flow-induced precursors in the melt, which
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leads to more and smaller rice grain domains.
AFM images showed that the rice grain domains stop getting smaller for applied
work above a saturation threshold Wsat (16 MPa for our CiPP1 sample). Likewise
above Wsat , the crystallization rate, recrystallization temperature, and annealing
lifetime of flow-induced precursors all become independent of applied work.[16, 31]
These observations taken together suggest that a maximum concentration of flowinduced precursors is achieved at Wsat . Our estimates suggest that at saturation,
each rice grain domain contains about ten chains that can be stretched by the
flow, as well as several nanoparticles present in the material from catalyst residue.
Preliminary attempts to reduce the level of these particulate impurities lead to a
reduction in the strength of flow-induced crystallization effects. Taken together,
these observations suggest that both stretched chains and particulate impurities
play an important role in flow-induced crystallization.
Our previous DSC experiments show that for W > Wc , flow-induced precursors
are very robust in their effect on elevated recrystallization temperatures, with
many hours of annealing required to restore unsheared behavior.[16] Our AFM
images show that the morphology of these samples consist exclusively of rice grain
domains. These observations suggest that individual rice grain domains should
tend to reappear at the same places when a previously sheared sample is annealed
and recrystallized.
We used optical microscopy to test this hypothesis, observing a thin section of
sheared sample on repeated annealings. Even though rice grains are too small to
resolve in the optical microscope, we can still observe the locations of the first rice
grain domains to appear. By comparing images of successive recrystallizations,
we observe a tendency for the first rice grains to reappear at the same locations,
providing direct visual evidence of the robustness of flow-induced nucleation precursors within individual rice grains.

Chapter

5

Influence of Material Properties on
Flow-Induced Crystallization in
Isotactic Polypropylene
5.1

Abstract

Flow-induced crystallization (FIC) is a crucial phenomenon for many polymer
melts, which depends on processing parameters and material properties. To build
on our previous findings regarding the key material properties that control the
strength of flow-induced crystallization,[31] we investigate how material properties influence FIC by blending different isotactic polypropylene samples together.
To explore the influence of molecular weight distribution and tacticity on FIC,
we blend various samples (up to 30%) into a base polymer (at least 70%), which
shows little FIC effect by itself. These blends were subjected to shear at 170C
in a rheometer, and the crystallization was subsequently monitored after quenching. Tacticity was found to govern the maximum nuclei number density in sheared
samples; shorter isotactic sequences increase the number of crystals in the morphology. The concentration of particulates (mainly catalyst residue) are also crucially
important to the maximum nuclei number density. The exact influence of particle concentration however remains inconclusive, and requires a more controlled
experimental protocol. Finally, the results showed that the rate at which the crys-
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tallization time (i.e., nuclei number density) at saturation changes, correlates with
the prominence of the high molecular weight tail. Increasing the molecular weight
of the added component in a blend induces a larger change in the FIC behavior of
the base polymer.

5.2

Introduction

Flow-induced crystallization (FIC) occurs when a semicrystalline polymer is subjected to deformation prior to crystallization. Brief interval of strong flow stretches
chains in the melt, which form flow-induced precursors that increase the nuclei
number density and transform the morphology after subsequent cooling. [14, 17,
19, 21, 26, 37, 41, 48, 49, 55, 73, 97, 101–105, 149, 154] Stretched and aligned
chains form flow-induced nuclei by lowering the melt entropy and raising its free
energy with respect to the crystal (i.e. reducing the nucleation barrier). [19, 21,
26, 48, 55, 73] At larger deformations, stretched chains reach a critical anisotropic
configuration that promotes the formation of oriented crystal structures. [14, 37,
47, 88, 92, 97]
The material properties of semicrystalline polymers govern the magnitude of
the FIC effect, which are: molecular weight distribution,[39, 42, 46, 86, 93, 155, 156]
tacticity,[31] and particle concentration (e.g. catalyst residue or dust)[27, 157–159].
During FIC these material properties have a strong influence the nucleation rate
of the polymer. The influence of each property is discussed in detail next.
Literature investigated the molecular weight influence on FIC in depth by
blending two different semicrystalline polymers. Experiments with selective molecular weight distributions allow for a controlled study of flow-induced crystallization.
Generally speaking, chains with large relaxation times (high molecular weight or
with long chain branching) are blended with fast relaxing chains (low molecular
weight), attaining well separated relaxation time scales.
The prerequisite for stretching chains is to apply a shear rate (γ̇) faster than
the chain’s stretch relaxation time (Rouse time) τR .[94, 121] Therefore to promote
FIC, the shear rate is chosen based on the molecular weight distribution of the
sample, such that γ̇τR > 1.[39, 42, 86]
Zuo et al. observed that shish structures are predominately composed of high
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molecular weight chains due to their slow relaxation times.[160] Binary polyethylene (PE) blends were prepared by adding 2 wt. % high molecular weight sample
(1,500 kg/mol) to a low molecular weight matrix (53 kg/mol). The crystal morphology was examined using SAXS and WAXD after the sample was sheared in
a Linkam cell (shear rate = 125 s−1 at 125.6C for 20 s). Results showed that
the shish structures formed from stretched high molecular weight chains. In addition, these anisotropic crystals can reform upon melting and recrystallizing due
to the survival of the stretched chains in the melt. The long persistence time of
shish structures is correlated with the relaxation behavior of the stretched high
molecular weight chains in the blend.
Using SAXS and polarized optical microscopy, Mykhaylyk et al. investigated
the orientation of sheared binary blends. Two linear hydrogenated polybutadienes
(h-PBD) (of 1,700 kg/mol and 15 kg/mol) were used to prepare several binary
blends, composed of 0.5, 2, and 4 wt. % high molecular weight sample.[88] These
blends were sheared in a Linkam cell using a plate-plate geometry, which gives
a shear rate and specific work that increase from the center radially outwards
in the sample. (Specific work is defined as W = stress x strain. A measure of
the total amount of shear, specific work is an important control parameter for FIC
effects.) The samples were sheared isothermally at and subsequently crystallized at
115C. The results showed that crystallized samples had a radial boundary between
unaligned and aligned crystal, which occurs at the critical specific work transition.
This critical work threshold depends on both the shear rate and the number of
long chains in the sample. The authors observed that the critical work decreases
with increasing shear rate up to a critical shear rate from which point critical work
remains constant. Similarly, the critical work required to form oriented crystals
decreases as the fraction of high molecular weight chains increases. These two
results suggest that critical work is associated with the fraction of stretched chains
in the molecular weight distribution of the sample; as the fraction increases (higher
molecular weight tail or higher shear rates), a smaller value of critical work is
required to form oriented morphology.
Mykhaylyk et al. performed similar experiments on other semicrystalline polymers, which lead to similar conclusions.[17, 92] Critical work required to form
anisotropic crystals depends on the fraction of stretched chains. Different poly-
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Figure 5.1. A phase diagram that shows the flow conditions required to form isotropic
spherulite structures or anisotropic shish-kebab structures, which is separated by the
solid line. Amount of work required to form shish structures decreases with increasing
shear rate. At minimum shear rate (γ̇min ), the work required to form anisotropic crystals
remains constant.[17]

mers however need different amounts of critical work depending on the chemical
structure and molecular weight distribution (properties which set a chain’s Rouse
time). The phase diagram by Mykhaylyk et al. that shows the type of crystal
structure as a function of specific work and shear rate is shown in Fig. 5.1.
Fernandez-Ballester et al. identified that the stress requirement for a skin-core
morphology decreases when high molecular weight chains are added to a low molecular weight matrix.[22] Small concentrations (2 wt. % or lower) of high molecular
weight iPP (iPPS = 930 kg/mol and iPPL = 3,500 kg/mol) were blended with a
low molecular weight sample (186 kg/mol). A brief interval of shear was applied
at 137C using an apparatus with a rectangular slit channel. Results indicated
that the blends containing iPPL required a smaller critical stress level to form a
skin-core layout compared to blends containing iPPS . At 0.2 wt.% iPPL , the critical stress value of the blend reduced by 30% compared to the virgin matrix, an
effect that iPPS could not achieve even at the highest concentrations. The authors
believe that the critical stress does not only depend on the fraction of stretched
chains but also on the degree of entanglement in the matrix (i.e its molecular
weight). A matrix with many entanglements needs to be blended with larger high
molecular weight chains to reduce the critical stress value. Therefore, the ratio of
high molecular weight chains to matrix molecular weight chains governs the critical
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stress required to form a skin-core morphology.
Kumaraswamy et al. showed that the formation of an oriented morphology
is linked to the rheological behavior of the polymer melt.[89] In situ rheo-optical
and WAXD techniques were used to investigate the crystal orientation of sheared
isotactic polypropylene. Two iPP samples (180 kg/mol and 850 kg/mol) were
sheared individually and as a binary blend (2 wt. % high molecular weight sample
composition). With a pressure-driven channel flow, approximately 0.06 MPa of
wall shear stress was applied to all the samples. An anisotropic crystal morphology
was readily observed for the binary iPP blend. However, the individual blend
components showed no orientation. These observations agree with results reported
by Fernandez-Ballester et al., according to which small fractions of high molecular
weight chains added to a low molecular weight matrix promote the formation of an
anisotropic morphology more readily than other combinations do. Shish formation
is, therefore, governed by the rheological properties of the matrix (short chains)
and the stretch relaxation time of the large chains.
Hsiao’s group published several papers on blends, which are composed of ultra
high molecular weight polyethylene (UHMWPE with MW = 5000–6000 kg/mol)
and various types of base polymers, which included: non-crystallizable polyethylene (MW = 50 kg/mol), high density polyethylene (HDPE with MW = 112
kg/mol), and isotactic polypropylene (MW = 127 kg/mol).[13, 155, 161] Samples were sheared in a Linkam cell to promote an anisotropic crystal morphology,
which then were investigated using SAXS, WAXD, and SEM techniques.
Coiled and stretched chain segments created when a sample is sheared form
kebab and shish structures upon cooling, respectively.[13] The blends used for
these experiments were composed of 2 wt. % UHMWPE and 98 wt. % noncrystallizing PE (shearing conditions: γ̇ = 60 s−1 for 5 s at T = 128C). The
non-crystallizing matrix allowed Hsiao et al. to isolate and observe the crystallization behavior of stretched UHMWPE only. X-ray data provided evidence that a
stretched UHMWPE chain had multiple stretched and coiled regions in the melt.
After subsequent quenching, the stretched regions form shish segments along the
flow direction, while the coiled segments crystallize to form kebab structures.
Adding different amounts of UHMWPE to a HDPE matrix influences the kebab number density in the sample; higher fractions of UHMWPE increases ke-
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bab nucleation.[161] Two UHMWPE/HDPE blends with different ratios (2/98
and 5/95 compositions) were sheared (γ̇ = 100 s−1 for 5 s) at 142C and subsequently crystallized at 134C. While still in the melt, shish structures (composed
of UHMWPE chains) were found after shearing was complete. Both binary blend
samples had equal shish lengths, even though the concentration of stretched chains
was different. The blend with the 5/95 composition formed a larger nuclei number
density, while the blend with the 2/95 composition formed more kebabs per shish
structure. Differences in stretched chain concentrations lead to changes in the kebab nuclei number density along the shish fibril. Lower number of shish structures
reduce the number of kebabs per shish, however, the overall kebab number density
decreases in a sample due to the smaller number of shish structures.
In the third paper, Hsiao et al. sheared a blend that was composed of UHMWPE
and isotactic polypropylene at 145C; a temperature larger than the PE equilibrium melting temperature but lower the iPP spherulite melting temperature.[155]
In these experiments 10 wt. % UHMWPE was added to a isotactic polypropylene
matrix, which was sheared by applying a shear rate of 60 s−1 for 5 s. Naturally,
the stretched UHMWPE chain remained in their molten state at 145C and did not
crystallize, however, these chains enhanced the formation of iPP shish. The authors reported that the stretched polyethylene chains align the iPP chains, as well
as retarded their relaxation due to the interfacial friction between both polymers.
Consequently, kebab lamellae grow of the iPP shish structure, in a direction that
is perpendicular to the iPP/PE interface.
Heeley et al. reported two requirements for shish formation: 1) chains must have
a slow stretch relaxation time compared to the shear rate, and 2) stretched chains
must be above to the overlap concentration (c∗ = Mw /(Rg3 NA ρ)).[125] Experiments
were performed on blends containing comb-shaped hydrogenated polybutadiene
(h-PBD with MW = 129 kg/mol) and linear h-PBD (MW = 16.8 kg/mol and 46
kg/mol). Different comb concentrations were added to the linear matrix, all in the
vicinity of the overlap concentration. These samples were sheared in a Linkam cell
at various temperatures 90–110C, applying a shear rate of 100 s−1 for 5 s. Increasing the concentration of combs usually speeds up the crystallization rates, independent of the crystal orientation (i.e. shish-kebab versus spherulites). Anisotropic
morphology only occurs when the comb concentration is above to the overlap con-
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centration of the polymer, in this case between 5 and 10 wt. % comb. These results
suggest that the crystallization kinetics are independent of stretched chain concentration, to promote a shish-kebab morphology however, these stretched chains need
to be close or above to the overlap concentration.
A polymer’s tacticity is another material property that governs its crystallization behavior during quiescent crystallization and FIC. Tacticity gives the fraction
of monomers that are stereochemically oriented in the same direction. Chains
with lower tacticities have shorter isotactic sequences, separated by segments with
stereo error (i.e. methyl group on monomers oriented in the opposite direction).
These stereo errors are also known as atactic segments.
During quiescent crystallization, semicrystalline polymers with a lower isotactic
content crystallize more slowly. A chain’s atactic segments are rejected from the
lattice as defects, a behavior also found in comonomers. The entropic cost of
rejecting this atactic segment increases the nucleation barrier, causing an increase
in crystallization time. The final crystal fraction of a polymer is reduced when the
isotactic segments become too short to incorporate during lamellae growth.[84, 85]

Figure 5.2. Crystallization time (time to tan δ = 1) at 141C for quiescent crystallization
and FIC at saturation versus tacticity.

Chapter 2 on FIC kinetics identified that a polymer’s isotactic content governs
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the magnitude of FIC effect.[31] The crystallization rate was determined for five
commercial isotactic polypropylene samples, all sheared at a sufficiently large shear
rates and specific work. Surprisingly, tacticity has a strong influence on the crystallization rate during FIC, however opposite to the quiescent crystallization trend.
Fig. 5.2 shows the influence of tacticity on the quiescent and saturated crystallization time. (Saturated crystallization times were observed for all five commercial
iPP samples, where increasing the amount of specific work and shear rate beyond
a characteristic value no longer changes the crystallization time.) Chains with
lower tacticity show faster crystallization rates at saturation, as seen in Fig. 5.2.
The strong correlation between flow-induced crystallization time at saturation and
tacticity, suggests that tacticity has a much stronger influence than differences in
molecular weight distribution.
Foreign particles in polymer melts are generally responsible for promoting nucleation during quiescent crystallization, generally known as heterogeneous nucleation. Particles lower the surface free energy of the critical nucleus when the
sample is quenched. In commercial processing, particulate impurities usually remain in the semicrystalline polymer, hence influencing the nucleation rate and
consequently the crystallization kinetics. The concentration of particulates can be
also controlled by adding nucleating agents, which are additives that nucleate iPP
crystals.
In addition to quiescent crystallization, D’Haese et al. identified that particles
influence the crystallization kinetics at moderate shearing conditions.[157] In this
study zinc oxide (1 wt. %) of various diameters (35nm – 1 µm) were mixed with
polypropylene. Using a sliding-plate flow, samples were sheared at 145C applying
a range of shear rates (20–420 s−1 ) and a strain amplitude of 100. The crystallization time was subsequently determined using birefringence and transmitted
intensity measurements. Results show that particle influence on crystallization
time is dominant at low shear rates, by reducing the nucleation barrier. The influence of particles on crystallization diminishes as the shear rate increases, to the
point where particles have no effect on the crystallization kinetics at high shear
rates. The particle size did not influence the crystallization time regardless of
the shearing condition. The authors concluded that particle concentration and
applied flow compete to increase the nuclei number density in the semicrystalline
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polymer. Nucleation is primarily promoted by particles in the polymer matrix
during quiescent and moderate shearing conditions. At high shearing conditions,
flow-induced nuclei govern the nuclei number density, and hence the concentration
of particulates becomes irrelevant.
Lagasse and Maxwell similarly observed that shear flow only affects crystallization when the shear rate is sufficiently high so that nucleation density of a
sheared melt exceeds the nucleation density of a quiescent melt.[27] Therefore, the
onset of FIC depends on the amount of particles in the sample, the point where
the influence of flow-induced nucleation is comparable to the enhanced nucleation
rate caused by particles. Increasing the fraction of nucleating agents delays the
apparent onset of FIC to higher specific work values.
In this work four isotactic polypropylene samples are used to investigate the
influence of molecular weight distribution (MWD) and tacticity on the magnitude
of FIC. For this study, similar to the techniques used in the literature, 13 binary
blends with different compositions are prepared. The goal is try to distinguish the
influence of these two material properties on the crystallization time as a function
of specific work. The capability of forming different blend compositions, combined
with a flexible shear protocol and the sensitivity of dynamic rheology to the onset
of crystallization, can to track the crystallization time as a function of composition
for different blend types.
In this work we also investigate the influence of particle concentration on crystallization time. Commercial polypropylene samples, which contain residual particles, are solubilized and reprecipitated to lower the particle concentration in the
polymer. The FIC results of these samples are compared with their respective pellet form (i.e. before dissolution), to qualitatively observe the influence of particles
as a function of specific work.

5.3
5.3.1

Experimental
Materials

Four isotactic polypropylene grades were used in this study, three of which are
commercially available (CiPP1, CiPP2, and CiPP4 —samples investigated in our
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chapters—)[16, 31, 154] and one was synthesized (SiPP2). The three commercial polypropylene homopolymers are known to have been produced in a slurry
polymerization process using a Ziegler-Natta catalyst. The material properties are
summarized in Table 5.1.
Table 5.1. Physical properties of the four iPP samples.

Grade MW
CiPP1
CiPP2
CiPP4
SiPP2

[kg/mol] MW /MN
448
7.2
158
3.7
462
8.6
600
3.4

Tacticity
95.7 ± 0.5
98.9 ± 1.0
97.6 ± 0.8
97.2 ± 0.2

All four grades are highly isotactic, with tacticity ranging from 95.7 up to 98.9
%. The highest isotactic sample is CiPP2, followed by CiPP4, SiPP2, and finally
CiPP1. The weight average molecular weight varies from 158 kg/mol up to 600
kg/mol, and the distributions are significantly polydisperse, with MW /MN ranging
from 3.4 up to 8.6. CiPP2 has the lowest average molecular weight, followed by
CiPP1 and CiPP4 which are similar, and finally SiPP2 with substantially higher
MW . Some of these samples have matching material properties, which is useful for
later analysis: CiPP1 and CiPP4 have a similar molecular weight distributions but
different tacticities, while CiPP4 and SiPP2 have similar tacticities but different
molecular weight distributions.
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Figure 5.3. Molecular weight distribution of the four grades. Inset: Closeup of the
high molecular weight tail. Curves: 1 → CiPP1, 2 → CiPP2, 3 → CiPP4, and 4 →
SiPP2.

Fig. 5.3 provides the complete molecular weight distribution of the four samples,
obtained from size-exclusion chromatography. The high molecular weight tails of
each sample (Fig. 5.3 inset) are of particular interest for FIC, since only long
enough chains are stretched by the flow and contribute to nuclei formation. The
rank order of the high molecular weight tails is as follows: CiPP2 has the weakest
tail, then CiPP1 and CiPP4 which are comparable, and finally SiPP2 with the
longest chains.
Particle concentration in a sample plays a key role in FIC. To investigate this
dependence, the concentration of three prominent elements in Ziegler-Natta catalysts (silicon, titanium, and magnesium) were measured using inductively coupled
plasma mass spectrometry (ICP-MS). These measurements were performed for
virgin samples before and after dissolution, a method to change the particle concentration in the sample. These values are summarized in Table B.1.
Surprisingly, the amount of silicon particles increases after dissolving the sample, which is likely a consequence of adding antioxidant that contains particle
residues to the material (described below). It is impractical to control the particle
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Table 5.2. Silicon, titanium, and magnesium particle concentration in polymer materials.

Grade
CiPP1 - Pellet
CiPP1 - Dissolved
CiPP2 - Pellet
CiPP2 - Dissolved
CiPP4 - Pellet
CiPP4 - Dissolved
SiPP2 - Dissolved

Si [ppm]
37
190
22
140
13
240
1.1

Ti [ppm]
8.2
2.6
12
2.9
13
2.0
18

Mg [ppm]
12
7.1
77
57
43
45
0.5

Total (ppm)
57
200
111
200
69
287
20

concentration by dissolving the polypropylene samples, as it is a challenge to reach
a desired value. The amount of Ti and Mg is however reduced after dissolving the
polymer and reprecipitating it.
CiPP2 was chosen as the base polymer for 10 of the 13 binary blends prepared.
CiPP2 is unique because it does not display FIC behavior at any shear rate (10–90
s−1 ) or specific work (10–30 MPa).[31] (The Rouse time of the longest chains in
CiPP2 is τR = 0.05 s, the minimum shear rate needed to get γ̇τR > 1 is 20 s−1 ,
however, no FIC behavior was observed even for γ̇ = 90 s−1 ). We blend small
amounts of the other three polypropylene samples into CiPP2 to try to change the
FIC kinetics. A summary of all the prepared blends is given in Table 5.3.
The remaining 3 blends are composed of small fractions of CiPP1 and base
polymer CiPP4. From Chapter 2 we identified that the FIC effect of CiPP1 is
stronger compared to CiPP4, likely due to the tacticity differences as both samples
have the same molecular weight distribution.[31] This suggests that adding small
amounts of CiPP1 to a CiPP4 matrix speedups the flow-induced crystallization
time.
Table 5.3. Binary blends made

Minor Component
CiPP1
CiPP4
SiPP2
CiPP1

Matrix
CiPP2
CiPP2
CiPP2
CiPP4

Ratios
0.1/0.9, 0.2/0.8, and 0.3/0.7
0.1/0.9, 0.2/0.8, and 0.3/0.7
0.025/0.975, 0.05/0.95, 0.1/0.9, and 0.2/0.8
0.1/0.9, 0.2/0.8, and 0.3/0.7
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5.3.2

Blending isotactic polypropylene

A 250 mL three headed round bottom flask is cleaned and put in a drying oven
for 20-30 minutes to ensure minimal amount of moisture. One port in the flask
head is attached to a condenser (connected to a water source), another to an argon
gas tank, and the third head is blocked (also used to add material). The flask is
lowered into a silicone oil bath that is placed on a heating element.
After the setup is complete, materials are added to the flask. Up to 3.5 g of
isotactic polypropylene can be solubilized in total when blending two samples together. Around 50 mL of 1,2,4 trichlorobenzene (TCB) per gram of polypropylene
are used to solubilize the polymer. Finally, the antioxidant (Irganox 168 by Sigma
Aldrich) is added to the batch, at a concentration of 2.8 wt. % on a solvent basis
(i.e. 2.8 g per 100 g of TCB).
To obtain an inert environment, the flask is flushed with argon continuously,
starting 30 minutes prior to heating. The argon comes in through the argon feed,
and out through the condenser. Dissolving polypropylene requires a temperature
above its melting temperature; we used a temperature of around 180C. The solution was allowed to mix for 4–5 hours, while occasionally swirling the solution
by shaking the flask to help the polymers blend. (Gentle stirring is important to
avoid breaking long chains in the flow.)
After the polymers and antioxidant are completely mixed, the polymer is precipitated. To crash the polymer out of solution, a methanol volume 6 times greater
than 1,2,4 trichlorobenzene is required. Polypropylene is then separated through
filtration; any remaining solvent is evaporated in a vacuum at 150C oven for 2–3
days.
After the binary blends dried in the oven, they were molded for subsequent experiments in the rheometer. Approximately 0.4 g of polypropylene were compressionmolded at 200C for about 30 minutes under vacuum, forming a 25 mm diameter
disk with about 1 mm thickness.

5.3.3

Rheological measurements

A Rheometric Scientific ARES-LS rheometer with a 25 mm diameter cone (5.7◦
angle and 0.048 mm truncation gap) and plate geometry was used to measure the
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linear viscoelastic response and shear the polypropylene samples. The cone-plate
geometry applies a uniform shear rate across the radius of the sample, important for
flexible and controlled shear protocol. All experiments performed in the rheometer
were under a nitrogen blanket to help prevent degradation.
5.3.3.1

Linear viscoelasticity

The linear viscoelastic (LVE) response of the polypropylene blends was determined using dynamic rheology experiments, applying frequencies ranging from 0.1
(down to 0.001 for the highest temperature) to 100 rad/sec, and temperature from
150C to 220C. To maintain measurable stress levels, while remaining in the linear regime, strain amplitudes were increased for measurements at low frequencies.
Master curves of the dynamic moduli G0 (ω) and G00 (ω) were constructed using
time-temperature superposition.
Fig. 5.4 shows the viscoelastic response of the four studied samples. SiPP2
and CiPP2, with highest and lowest average molecular weight, are the slowest
and fastest to relax, respectively. CiPP1 and CiPP4 have similar relaxation times
because of the similar molecular weight distributions, seen in Fig. 5.3. These
LVE measurements were performed twice for the commercial polymers (CiPP1,
CiPP2, and CiPP4), once before solubilizing (i.e. pellet form) and once after
solubilizing/precipitating the polymer. The G0 (ω) and G00 (ω) data were identical
in both runs, verifying that the iPP chains did not break or degrade when dissolved
in trichlorobenzene at high temperatures.
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Figure 5.4. Linear viscoelasticity master curves for the four iPP samples at reference
temperature 170 C for G0 (square symbols) and G00 (circle symbols).

The master curves of the binary blends were compared to tube model calculations, to verify the blend composition and that the chains didn’t break/degrade.
The molecular weight distribution of a binary blend was constructed by adding up
the fractions of the individual molecular weights distributions. This distribution,
along with few other parameters, was inputted into the BoB program (developed
by D. Read and C. Das at the University of Leeds.[15]) to calculate the linear
viscoelastic response. Fig. 5.5 compares the experimental with the predicted BoB
results for G0 (ω) and G00 (ω) for all 13 binary blends. Both sets of data show good
overall agreement, the elastic modulus (G0 ) however shows some deviation at low
frequencies (experimental results have faster relaxations). This difference is larger
for blends predominately composed of CiPP2, see Fig. 5.5(a) and Fig. 5.5(b). The
BoB calculations are likely the cause of this difference in behavior at low frequencies, as the predictions are accurate for the higher molecular weight blends and
virgin CiPP2.

155

(a)

(b)

(c)

(d)

Figure 5.5. Master curves of 13 binary blends at reference temperature 170 C. (a)
CiPP1 blended into CiPP2, (b) CiPP4 blended into CiPP2, (c) SiPP2 blended into
CiPP2, and (d) CiPP1 blended into CiPP4. Solid curves are tube model predictions
using BoB.
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5.3.3.2

Flow-induced crystallization

In these experiments, we implemented the same temperature and shearing protocol
as that of Chapter 2, seen in Fig. 5.6.[31] Samples placed in the rheometer were
annealed at 220C (above the extended-chain melting temperature) for 10 minutes
in order to erase any melt memory from compression molding. The melt was
subsequently cooled to 170C, just above the spherulite melting temperature, to
apply an interval of steady shear. After equilibrating at this temperature, the
sample was sheared (2.51 s−1 or 31.4 s−1 ) for a certain amount of time to obtain a
given the specific work value.
The shear rates applied to the samples were chosen based on their molecular
weight distributions in Fig. 5.3. All samples were sheared using a shear rate of
2.51 s−1 , unless the sample/blend contained CiPP2, then 31.4 s−1 was applied.
This larger shear rate was chosen for CiPP2 due to its low molecular weight tail
(i.e. in order to have γ̇τR > 1). In addition, we found in Chapter 2 that the
crystallization rate increases with shear rate up to a saturation shear rate γ̇sat (at
∼ 1 s−1 ) and remains constant thereafter.[31] To explore the effect of specific work
on crystallization time separately without the effect of varying shear rate, we take
advantage of this observation and apply shear rates chosen larger than γ̇sat for all
of the samples (except CiPP2 which shows no FIC behavior).
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Figure 5.6. Shear-temperature protocol applied to a polymer melt during a flowinduced crystallization experiment. Temperature profile (blue line) and shear rate (red
line) on a common time axis. Protocol consists of 1) annealing the melt at 220C, 2)
shearing at Ts , and 3) quenching to the crystallization temperature Tc . Oscillatory time
sweep experiment is started (time = 0) immediately after shearing the sample.

A oscillatory time sweep experiment was started after shearing was complete,
measuring the elastic modulus and loss modulus at constant frequency (0.5 rad/s)
and strain amplitude (0.05) to monitor crystallization as a function of time. The
sample then was quenched to the desired crystallization temperature (in our cases
141C), at a cooling rate of ∼15C/min (while minimizing any temperature undershoot). The elastic modulus increases as the sample crystallizes, which in turn decreases phase angle tan δ (=G00 (ω0 )/G0 (ω0 )). The crystallization time was marked
as the time to tan δ = 1 as a convenient measure; a point which Winter et al.
identified as an incipient gel.

5.4

Results and discussion

The goal of this work is determining the influence of materials properties (particle concentration, tacticity, and molecular weight) on the magnitude of the flowinduced crystallization effect. Four different isotactic polypropylene grades (with
some overlapping properties) are blended together in a systematic manner to form
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binary blends with controlled material properties. Equipped with flexible shearing
capabilities (i.e., varying shear rate and specific work) and sensitive way to monitor crystallization, we determine the influence of tacticity and molecular weight
on the crystallization time.

5.4.1

Particle concentration

The influence of particles on the crystallization kinetics was investigated by comparing the crystallization time before and after sample dissolution (applying the
same shear/temperature protocol in both cases). Crystallization was monitored
by measuring the time-dependent linear viscoelasticity at a fixed frequency, with
the crystallization time defined as the time at which tan δ = 1, as described in
the Methods section. Fig. 5.7 shows the crystallization times as a function of specific work for CiPP1, CiPP2, CiPP4. Based on the GPC curves of these samples,
CiPP1 and CiPP4 were sheared using a shear rate of 2.51 s−1 and CiPP2 was
sheared using a shear rate of 31.4 s−1 .
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(a)

(b)

(c)
Figure 5.7. Crystallization time versus applied work for samples before (pellet) and
after dissolution. Samples were sheared at 170C and crystallized at 141C using sample
dependent shear rates: (a) CiPP1: 2.51 s−1 , (b) CiPP2: 31.4 s−1 , and (c) CiPP4: 2.51
s−1 .
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Starting with CiPP4 in Fig. 5.7(c), the particle concentration only influences
the crystallization time at quiescent and moderate shearing conditions (0 ≤ W ≤
Wsat ). The lower particle concentration in CiPP4 increases the crystallization time
at quiescent and low specific work values. The initial slopes of both curves are the
same. Since both curves converge to the same saturated crystallization time value,
the lower particle content delays the onset of the saturation behavior (higher Wsat )
in CiPP4. The influence of particles on the crystallization time therefore diminishes
with increasing amounts of specific work, similar to the D’Haese et al. results.[157]
In Fig. 5.7(a), CiPP1 shows the opposite behavior to CiPP4, particles only
influence the crystallization time at high shearing conditions. At low specific work
values (0–10 MPa), particle concentration in the semicrystalline polymer has minimal influence on the crystallization time; both curves have a roughly similar initial
slope. The saturated crystallization time is a factor of four larger for the sample
with the lower number of particles. The origin of this difference in crystallization
time at high work values is not well understood, a likely explanation is given later
in the text.
The crystallization rate remained the same for CiPP2, regardless of the particle
content and the applied flow, as seen in Fig. 5.7(b). We suggested in Chapter 2 that
the high tacticity of CiPP2 creates a maximum nuclei number density, any amount
of deformation will have no influence on the nucleation. Similarly, the influence
of tacticity on the nucleation density outweighs the influence of particle content;
the crystallization time therefore remains the same regardless of the amount of
particles in CiPP2.
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Figure 5.8. Quiescent (W = 0 MPa) and saturated crystallization (W > Wsat ) times
as a function of tacticity of CiPP1 (95.7%), CiPP4 (97.6%), and CiPP2 (98.9%) before
and after dissolution. Samples were sheared at 170C and crystallized at 141C.

Fig. 5.8 plots the quiescent and saturated crystallization times versus tacticity
(similar to Fig. 5.2) for both pellet and dissolved samples, to show the influence
of particle concentration. The quiescent crystallization time remains the same for
the pellet and dissolved samples. The saturated crystallization time dependence
on tacticity changes when the particle concentration in the sample changes. Highly
isotactic samples (like CiPP2) remain independent of tacticity and particle content.
Tacticity and particle concentration influence on quiescent crystallization are
well understood and have been extensively studied in the Literature. Chain atactic segments are rejected from a critical nucleus, the entropic cost of rejecting
these segments results in longer crystallization times. Impurities and small particles in the melt lower the nucleation barrier (heterogeneous primary nucleation),
and hence decrease the crystallization time. The combination of both phenomena
dictate the quiescent crystallization time; a decrease in either tacticity or particle concentration leads to longer crystallization times. The change in quiescent
crystallization time due to change in particle concentration is small and cannot be
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accurately detected because it is within the experimental error limits.
The saturated crystallization time (i.e maximum flow-induced nuclei number
density) is also governed by the tacticity and the number of particles in the polymer. From Chapter 2 we have found that a chain’s isotactic sequences govern the
crystallization speedup.[31] Shorter sequences allow for a larger nuclei number density (faster crystallization). In addition, using the ICP-MS data and micrographs
shown in Chapter 4,[154] we calculated that there is roughly one catalyst/substrate
particle per crystal. This suggests that the formation of flow-induced nuclei is only
promoted when short isotactic sequences are supported by a particle. In other
words, tacticity dictates the maximum potential number of nuclei in a sample,
which can only be ”activated” when supported by the particles in the melt. Particle concentration has a stronger influence on the magnitude of FIC effect for
samples which have a lower isotacticity, and is likely the reason why CiPP1 and
CiPP4 are different.
The ICP-MS data in Table B.1 show that the particle concentration in the
polymer sample increases due to the addition of silica particles. According to the
literature, this would mean that the FIC effect in Fig. 5.8 should be stronger for
the dissolved sample.[27, 157–159] The opposite behavior seen in Fig. 5.8 remains
unexplained and requires a more controlled and systematic study to understand.
A possible explanation is that the silica particles don’t influence the FIC, perhaps
due to their size, shape, or concentration, all variables the govern the magnitude
of particles influence on the FIC effect.[157, 158] Assuming the influence of Si
particles is minimal, then the decrease in Ti and Mg concentration would explain
the slower crystallization times after the sample was solubilized and reprecipitated.

5.4.2

Binary blends

To investigate the molecular weight distribution and tacticity effects on FIC, we
blend the four polypropylene samples in a systematic manner. In this work we
prepared four different types of blends (summarized in Table 5.3), which include:
adding CiPP1, CiPP4, and SiPP2 into the base polymer CiPP2 (which by itself
shows little FIC effect), and adding CiPP1 into CiPP4 (each with different tacticities but similar MWD). Several composition were prepared for each blend type,
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to observe the progressive change in FIC behavior of the base component.
Fig. 5.9 shows the crystallization time results for the 4 virgin samples (after
dissolution) and the 13 binary blends samples. All samples were dissolved in
1,2,4 trichlorobenzene for 5 hours, to ensure they were all prepared under the
same conditions. The samples were dried, compression-molded, and subsequently
sheared in the rheometer. Blends containing CiPP2 were sheared using γ̇ = 31.4
s−1 , otherwise a 2.51 s−1 was applied to the remaining samples. All results shown
are for shearing temperature 170C and crystallization temperature 141C.
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(a)

(b)

(c)

(d)

Figure 5.9. Crystallization time of isotactic polypropylene binary blends at various
compositions versus applied work with shearing temperature 170C and crystallization
temperature 141C. (a) CiPP1 blended into CiPP2 (γ̇ = 31.4 s−1 ), (b) CiPP4 blended
into CiPP2 (γ̇ = 31.4 s−1 ), (c) SiPP2 blended into CiPP2 (γ̇ = 31.4 s−1 ), and (d) CiPP1
blended into CiPP4 (γ̇ = 2.51 s−1 ).
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The four plots in Fig. 5.9 show the crystallization time signature dependence on
specific work; the crystallization time drops with specific work, up to the saturated
value Wsat beyond which the crystallization rate remain constant. To analyze
these data, we computed the quiescent (W = 0 MPa) and the saturated (W >
Wsat ) crystallization time for all binary blend. These time values were plotted
as a function of blend composition, as shown in Fig. 5.10. Generally speaking,
increasing the fraction of the added component in the base polymer influences the
FIC behavior of the blend. The specific features of each plot are dictated by the
MWD and tacticity.
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(a)

(b)

(c)

(d)

Figure 5.10. Quiescent and saturated crystallization times from Fig. 5.9 as a function
of blend composition (i.e. fraction of CiPP2 or CiPP4 in blend). (a) CiPP1 blended into
CiPP2, (b) CiPP4 blended into CiPP2, (c) SiPP2 blended into CiPP2, and (d) CiPP1
blended into CiPP4.
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The crystallization behavior of the binary blends progressively changes as the
fraction of the minor component increases in the blend. Only a small fraction of
sample needs to be added to the base polymer to change its FIC behavior. In all
four cases in Fig. 5.10, a 0.1/0.9 composition was enough to change the crystallization time of the blend compared with the base polymer. Eventually at some higher
composition, the blends crystallization behavior saturates and becomes comparable to that of the added component. At least 20 wt. % of the added component is
required for the blend from which point the time saturates and remains constant.
The plot features of each blend type change depending on the particle concentration, tacticity, and molecular weight distribution. SiPP2 has the largest
maximum crystallization speedup (Fig. 5.10(c)), followed by CiPP1 (Figs. 5.10(a)
and 5.10(d)), and then CiPP4 (Fig. 5.10(b)). To reach to this maximum crystallization speedup a certain concentration of added sample is required in the base
polymer (i.e. the saturation composition, at which the crystallization time becomes
constant). The rank-order of the composition at saturation is: CiPP1 (> 30%),
followed by CiPP4 and SiPP2 which are comparable (∼ 20%). These key features are likely dictated by particle concentration, tacticity, molecular weight of
the added component.
The change in crystallization time as a function of composition is the fastest
for SiPP2 (Fig. 5.10(c)), followed by CiPP4 (Fig. 5.10(b)), and then CiPP1 (Figs.
5.10(a)). One property that correlates with this ranking order is the prominence
of the high molecular weight tail in the molecular weight distribution. We hypothesize that longer chains have a larger number of short isotactic sequences per
chain, which accelerates the change in crystallization time after applying flow. The
molecular weight distribution however does not influence the final nuclei number
density (i.e. crystallization time) of a sample.
Similarly, from Chapter 2 we have observed that the initial slope of the crystallization time versus specific work seems to correlate with the prominence of the
high molecular weight tail.[31] This result appears to be linked with the molecular
weight analysis discussed above.
The influence of tacticity is difficult to analyze from these data, due to the
differences in particle concentrations in the samples. Chapter 2 has suggested that
tacticity governs the maximum crystallization speed up time, samples with lower
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tacticity create a morphology with a higher nuclei number density. Literature reported that the concentration of particulates are also important to FIC, where
higher concentration induce stronger FIC effect.[27, 157, 158] Since neither variables stay constant in these experiments it is difficult to determine the magnitude
of their influence on FIC.
Adding small concentrations of CiPP1 into CiPP4 matrix increases/decreases
the quiescent/saturated crystallization time of the blend, as seen in Fig. 5.10(d).
Since the molecular weight distribution is the same for both samples, only tacticity
and particle concentration influence the crystallization rate. The isotacticity and
particle concentration are both lower for CiPP1 (95.7% and 200 ppm) compared
to CiPP4 (97.6% and 287 ppm), respectively, we therefore cannot predict the FIC
outcome because the combination of both effects act on two opposite directions.
Results however show that the overall saturated crystallization time decreases as
CiPP1 is added into the CiPP4 matrix, which reinforces the idea that short isotactic sequences promote a higher nuclei number density.
The saturated specific work value Wsat increases as the fraction of CiPP2 decreases in the blend, as shown in Fig. 5.11. The saturated work value of virgin
CiPP2 is equal to zero because it shows no FIC effect. This also true for blends with
compositions < 10%, small amounts of the added component in the blend have a
minimal influence on the overall crystallization kinetics, hence Wsat ≈ 0M P a. Saturated work of the blends increases as the fraction of CiPP2 in the blend decreases,
until it converges to the Wsat of the added component.
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Figure 5.11. Saturated specific work values Wsat versus CiPP2 fraction in binary
blendsfrom Fig. 5.9.

The results in Fig. 5.11 suggest that the high molecular weight tail governs
the specific work value at which saturation begins. SiPP2 blends have the highest Wsat values, followed by CiPP1 and then CiPP4 which are roughly comparable (especially at high CiPP2 fractions). One property that correlates with this
ranking-order is the shape and prominence of the high molecular weight tail in
the molecular weight distribution (see Fig. 5.3). We have observed that the initial
slope of crystallization time versus blend composition and specific work correlates
with the prominence of high molecular weight tail.[31] If this relation is valid, then
stretched high molecular weight samples can reach a saturated FIC behavior faster
(steeper slope), which leads to a smaller Wsat value.

5.5

Conclusions

We investigated flow-induced crystallization (FIC) of one synthesized and five commercial linear polypropylene samples, with different molecular weight distributions
and tacticities. All these samples were extensively characterized by GPC, dynamic
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rheology, and NMR, so that we can explore how material parameters govern the
magnitude of FIC effects The average molecular weight distribution range from 158
to 600 kg/mol (with MW /MN from 3.4 to 8.6), and with isotactic content from 95.7
to 98.9 percent. By blending these samples we were able to control the material
properties of the blend, which is a more effective way to test for the influence of
tacticity and molecular weight on FIC. Using a rheometer, we studied how these
6 virgin and 13 binary blends samples influence the flow-induced crystallization
kinetics as a function of specific work.
The crystallization kinetics of these samples showed the signature dependence
on specific work, in which the log crystallization time drops with specific work, up
to the saturated value Wsat beyond which the crystallization rate remain constant.
The results show that the slope of the initial speed up is governed by the prominence of high molecular weight chains in the molecular weight distribution. The
maximum speedup from flow-induced (W ≥ Wsat ) is set by the combined influence
of tacticity and particle concentration.
Samples with a higher molecular weight tail in its distribution exhibits a faster
change in nuclei number density as a function of specific work (shear duration).
Similarly, increasing the molecular weight of the component added to the base
polymer, increases the influence on the FIC behavior of the blend. We hypothesize
that longer chains have a larger number of short isotactic sequences per chain,
which accelerate the change in crystallization time after applying flow. This also
means that higher molecular weight samples can reach saturation faster due to
their steeper initial slope, and therefore, reducing the Wsat value. The molecular
weight distribution however does not influence the final nuclei number density (i.e.
crystallization time) of a sample.
Samples with lower tacticity promote a higher nuclei number density in polypropylene. Changing the concentration of particulates in the sample by dissolving it in
trichlorobenzene, also influences the maximum nuclei number density in the polymer. The exact relation between particle concentration and nuclei number density
is however not clear, because the dissolution technique is not a practical way to
control the number of particles in a sample. Simple estimates in Chapter 4 indicated that there is approximately one catalyst/substrate particle per ”rice grain”
crystal.[154] Based of these previous chapters, we hypothesize that the tacticity
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dictates the maximum potential number of nuclei in a sample, which are only
”activated” when they are supported by a particle.

Chapter

6

Conclusion
In this work we focused on how the magnitude of the FIC effect depends on processing parameters (shear rate, total applied work, shear and crystallization temperature) and material properties (molecular weight distribution, melt rheology,
and chain isotacticity). Equipped with a good temperature control and flexible
shear protocol, we apply different temperatures and flow conditions to isotactic
polypropylene (iPP) samples. In addition, with six iPP materials, all extensively
characterized by GPC, dynamic rheology, NMR, and DSC, we can understand
which material parameters govern the magnitude of FIC effects.
One of the requirements for FIC is to orient and stretch the chains in the melt,
which reduces the melt entropy and increases its free energy compared to the
crystal. For a given deformation rate γ̇, only chains long enough that their Rouse
stretch relaxation time (τR ) satisfy γ̇τR > 1 are stretched. Further increases in
shear rate should stretch more chains which increases the nuclei number density in
the sample. For all commercial iPP samples studied, we find that the crystallization
rate (i.e. nuclei number density) increases with shear rate up to a saturation shear
rate γ̇sat of about 1 s−1 . Further increases in shear rate above γ̇sat have no effect
on the crystallization rate. At γ̇ = 1 s−1 , only a very small minority of the longest
chains (above 104 kg/mol), mass fraction of ∼ 10−3 , have Rouse times long enough
to be stretched by the flow. The appearance of a saturation shear rate suggests
that chains must be above a certain molecular weight to promote FIC.
Similarly, the crystallization rate increases with specific work W , up to a saturation value Wsat beyond which the crystallization rate remains constant. The
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influence of work on flow-induced crystallization appears to be stronger for iPP
grades with a more pronounced high molecular weight tail, in agreement with
previous reports.[27, 39, 87]
We also studied the influence of specific work on the nuclei number density and
the crystal structure. Applied shear forms flow-induced nuclei which crystallize
into anisotropic rice grain structures, which have a 2:1 aspect ratio and face in
random directions. Below the critical work threshold, the majority of the crystals
remain as spherulites, which keep a constant volume (140 µm3 ) and exhibit no
FIC effect. The number of rice grain crystals increases with specific work, which
decreases their crystal size, up to a value from which point the number/size of
crystals remains constant. This result suggests that the increase in crystallization
rate is due to the formation of more rice grain crystals, since the crystallization
kinetics are governed by the nuclei number density.
Rice grain crystals also cause other qualitative changes in the crystallization
behavior of polypropylene materials by increasing the recrystallization temperature and the persistence time of flow-induced precursors (which then crystallize
into rice grains on cooling). In cooling in the DSC at 5 C/min the sheared sample crystallizes at a significantly higher temperature (129C) than the unsheared
sample (113C). To return to the quiescent crystallization temperature, these rice
grain structures must be annealed significantly at elevated temperatures: 2 days
of annealing at 210C are required to melt these metastable nuclei. These changes
in crystallization behavior start occurring at critical work Wc , a threshold where
the crystal morphology transitions from mostly spherulites to only rice grain crystals. Above Wsat , the recrystallization temperature and the nuclei persistence time
become constant. The same saturation work value was obtained from the crystallization time, rice grain size, recrystallization temperature, and flow-induced precursor persistence time experiments, which constitutes proof of the validity of the
saturation of specific work effects and suggests that a maximal number density of
precursors is reached.
Rheology/DSC/microscopy experiments show that the melt must be annealed
for many hours at high temperatures to return to the crystallization time/crystallization
temperature/morphology of an unsheared sample, respectively. This long precursor persistence time characteristic was also observed when we varied the shearing
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temperature (160 to 240C) before a sample is quenched. The FIC effect persists
even when shear is applied well above the equilibrium extended-chain melting
temperature (about 187C). The FIC effect starts to diminish when shearing occurs above 210C. This observation suggests the flow-induced precursors are either
not crystalline, or are stabilized somehow by particulate impurities in the samples,
otherwise they would not be expected to survive at such high temperatures.
Both the equilibrium melting temperature (187C) and the Hoffman-Weeks temperature (208C) seem to be important in governing the melting of flow-induced
nuclei. Annealing at temperatures below 187C is ineffective in erasing flow-induced
precursors. The general trend for annealing above 187C is that annealing is faster
at higher temperatures; however, above the Hoffman-Weeks temperature annealing becomes much more effective, as observed both in annealing after shear and
before first crystallization (by rheology), and for solid FIC samples on melting and
recrystallizing (by DSC).
To explore the influence of material properties on the FIC effect, we investigated FIC of six linear polypropylene samples, with different molecular weight
distributions and tacticities. We further this investigation of how material properties influence FIC by blending four of the isotactic polypropylene samples together.
From the virgin and blended isotactic polypropylene samples, we have identified that the magnitude of FIC at saturation correlates with the tacticity of
the stretched chains. Remarkably, chains with lower tacticity show strongest FIC
effect at saturation. For the samples we studied, tacticity has a much stronger influence on the magnitude of FIC at saturation than differences in molecular weight
distribution.
The concentration of particulates (mainly catalyst residue) are crucially important to FIC. Similar to tacticity, the particle concentration governs the maximum
nuclei number density of the sample. Our results suggest that the particle concentration sets the maximum number density of nuclei while tacticity some how
diminishes that number density (or prevents it from being achieved). Results have
shown that the influence of tacticity on the magnitude of FIC effect is weaker at
lower particle concentrations. From AFM images, we have identified that there
is approximately one catalyst/substrate particle per crystal, these data suggest
that the formation of flow-induced nuclei is only promoted when short isotactic

175
sequences are supported by a particle. Therefore, we hypothesize that the tacticity dictates the maximum potential number of nuclei in a sample, which are only
”activated” when they are supported by a particle.
Our results show the rate at which the crystallization time (i.e., nuclei number
density) changes correlates with the prominence of the high molecular weight tail.
Samples with a higher molecular weight tail in its distribution exhibit a faster
change in crystallization time as a function of specific work. A similar behavior
was observed in the blends data. Increasing the molecular weight of the component
added to the base polymer, increases the influence on the FIC behavior of the blend.
We hypothesize that longer chains have a larger number of short isotactic sequences
per chain, which accelerate the change in crystallization time after applying flow.

6.1
6.1.1

Future Work
Material Properties

Based on our previous finding on FIC we propose the following experiments, which
focus on trying to further understand the influence of material properties on flowinduced crystallization.
6.1.1.1

Polypropylene Molecular Architecture

To further investigate the influence of molecular weight distribution and tacticity on FIC, we need to perform similar FIC experiments on polypropylene samples
with different molecular architecture. The literature reports that the enhancement
of crystallization rate by flow is more pronounced for stretched chains with higher
molecular weight,[27, 39, 87] whereas in this study we have found that samples
with lower tacticity have a stronger influence on the magnitude of the FIC effect.
Unfortunately none of the samples studied in this work had a molecular architecture that would prove which material property dominates the FIC effect; CiPP2
(shows no FIC behavior) has a low molecular weight distribution and high tacticity, while CiPP1 (shows strongest FIC effect) has a high molecular weight tail and
low tacticity. The ideal sample requirement is to have a low/high molecular weight
distribution and low/high isotactic content, respectively. Both material properties
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in this case impose the opposite effect on FIC, and whichever dominates the FIC
behavior is the influencing factor. For example: we shear a sample with a high
molecular weight distribution and a high isotactic content, if the sample shows a
weak FIC behavior then the tacticity has a stronger influence on the magnitude of
FIC, and vice versa. By careful choice of catalyst and polymerization conditions,
samples can be designed to be high or low tacticity, and independently vary its
molecular weight. According to our results, the next iPP sample to study would
be 99% or 95% isotactic and with a molecular weight tail having M > 107 g/mol
or M ∼ 106 g/mol, respectively.
6.1.1.2

Peroxide MWD Tailoring

Another way to study the molecular weight effect on FIC, is to cleave the chains
at random locations using peroxide degradation. Adding controlled amount of
peroxide to a polymer melt in a mixer will cleave the chains, with the longest
chains most likely to be broken. This will alter the molecular weight distribution,
especially the high molecular weight tail, by which we can explore the contribution
to FIC of the longest chains in the MWD in a simple way. The new MWD can
then be monitored with GPC, in order to identify how many chains are stretched
and contributing to the FIC effect. This technique will be especially useful to
investigate the saturation shear rate γ̇sat (=1 s1 ), where only a very few chains
were long enough to be stretched at such low deformation rates.
6.1.1.3

Binary Blends

In this study binary blends have been used to investigate the influence of high
molecular weight/low tacticity chains on the FIC behavior. Blends can be also
utilized to study the effect of low molecular weight PP on crystallization kinetics.
Previous work has shown that lower molecular weight chains have faster lamellae
growth rate, thanks to lower entanglement density and higher mobility.[56, 59] This
suggests that decreasing the MW of the short chain portion of the blend will result
in accelerated crystallization kinetics. The crystal growth rate (G) expressed in
classical crystallization theory is[162]:
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∆E ∆F ∗
lnG = lnG0 −
−
kT
kT

(6.1)

Here, ∆E is the free energy of activation for transporting a unit from melt to
crystalline phase, ∆F ∗ is the free energy of nuclei formation, and k is the Boltzmann constant. Many theories attempted to insert molecular weight dependence
into this equation. Devoy and Mandelkern for example stated, that G is inversely
proportional to Mn , with ∆F ∗ holding the molecular weight dependence. Hoffman
and Weeks suggested that G0 holds the molecular weight dependence parameter,
and varies with n−y (number-average degree of polymerization).[59] Here y ∼ 1,
derived from the steady-state reptation concept, where a strong force, from the
free energy difference at the phase boundary, pulls a chain through a tube onto a
substrate. Previous work has also stated that the radial growth rate of fibrils and
spherulites are equal, if both have alpha phase lamellar morphology.[105]
More direct studies on the influence of low molecular weight on the FIC effect
have reported that FIC does not only depend on the fraction of stretched chains but
also on the degree of entanglement in the matrix (i.e its molecular weight).[22, 89] A
higher molecular weight base polymer reduces the FIC effect. Low molecular weight
matrix promotes the formation of an anisotropic morphology more readily than
other combinations do. Shish formation is, therefore, governed by the rheological
properties of the matrix (short chains) and the stretch relaxation time of the long
chains.
In order to have a systematic study and understand the influence of molecular
weight on the FIC effect, these binary blends need to have a constant particle
concentration. Particulates in a sample, as was shown in Chapter 5, influence
that FIC behavior (described in more detail in the next section below). Therefore,
to minimize the influence of particles on the magnitude of the FIC effect, it is
necessary to keep a constant particle concentration in the sample.
6.1.1.4

Particle Concentration

Preliminary results in Chapter 5 show that the particle concentration in isotactic
polypropylene has an influence on the FIC behavior of the sample. We verified
that the dynamic rheology was unaffected by the reprecipitation, which provides a
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sensitive test for degradation of long chains. The protocol implemented in Chapter
5 is impractical, controlling the particle concentration by removing particles from
the polymer has shown to be ineffective. Adding particles to resins is perhaps
a better technique to control the concentration of particulates in the sample, in
order to strengthen the FIC effect, and might have consequences of industrial
importance.
Using ICP-MS data and AFM images in Chapter 2, we have calculated that
there are few (∼ 1) catalyst particles per rice grain crystal for conditions where
W > Wsat and γ̇ > γ̇sat . This estimation was however performed only for pellet
CiPP1, and requires further experiments to verify. This can be further investigated
by observing the FIC saturation behavior of a given material with controlled particle concentrations as described above.

6.1.2

Crystallization Kinetics

The long persistence time of flow-induced precursors at elevated temperatures (>
210C), facilitates studying the crystallization kinetics of CiPP1. The continuous
recrystallization, with the same kinetics, means that we can perform different
experiments on the same sheared sample. This allows us to study the nucleation
and lamellae growth rates as a function of work and temperature using different
instruments, such as the microscope, DSC, and X-ray scattering.
6.1.2.1

Lamellae Growth Rates

The crystallization time of a semicrystalline polymer is dictated by its nucleation
rate and lamellae growth rate. In this study, it was assumed that only nucleation
rate increases as a function of specific work, as shown in Fig. 4.10. Some preliminary data has shown that CiPP1 might not keep the same lamellae growth rate as
a function of specific work, discussed in Appendix B. To verify that applied flow
only influences nucleation, the growth rate of a sample (perhaps CiPP1) should
be monitored, by annealing and crystallizing the sample isothermally at different
temperatures in a polarized optical microscope.
In Chapter 4, we have observed that the anisotropic rice grain crystals are very
uniform in size (narrow size distribution) at every work value, which suggests they
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nucleate all at once in the melt. We however found from two observations that
nucleation is not instantaneous, consequently, this suggests that rice grains stop
growing when they reach a certain size much before lamellae impingement. It is
not clear why the rice grains size is not governed by lamellae impingement (just
like spherulites), but rather for some unknown reason lamellae growth stops when
a certain size is reached. Exploring the lamellae growth rate is also crucial in trying
to understand the crystallization kinetics of the sheared sample.

6.1.3

DSC Experiments

To further investigate the crystallization kinetics, we also suggest to perform
isothermal DSC experiments, at different degrees of undercooling. The heat flow
as a function of time, measured by the DSC, reflects both nucleation and growth.
These data can be described using the Avrami theory, which describes the type of
nucleation (heterogeneous or homogeneous) and the spatial dimension of crystal
growth (spherulitic, disc-like, or rod-like). See Appendix C for a more detailed
explanation of the Avrami model.

6.1.4

X-ray Scattering Experiments

SAXS measurements at elevated temperatures can detect oriented and stretched
chains in the melt, and monitor this orientation as a function of time. Equatorial
streaks are seen when shish structures are formed in the melt, while the meridional
maximum forms when kebab structures (lamellae) start to grow during crystallization. These experiments can perhaps further explore the long persistence time of
flow-induced precursors that were found from DSC experiments. The crystalline
form of flow-induced precursors (α, β, and γ) can be detected through WAXS
experiments. Performing time-dependent small-angle X-ray scattering SAXS and
wide-angle X-ray scattering WAXS at different quench conditions, can be used to
further understand the crystallization kinetics of FIC, and also confirm DSC and
microscopy results.

Appendix

A

Edge Fracture
Viscoelastic samples exposed to large shear strains in a rotational rheometer undergo a well known hydrodynamic instability called edge fracture. In edge fracture,
large ”hoop” stresses build up, which can become azimuthally unbalanced because
of small fluctuations thereby tending to squeeze a portion of the sample out of the
gap between the cone and plate fixtures.
The extent of edge fracture increases with shear rate and shearing time or
specific work. This is evident in the torque during shearing, which tends to decrease
with time; material once ejected from the gap does not ”recover” or return to fill
the gap. Fig. A.1 displays the time dependence of the apparent viscosity (stress
divided by shear rate) for a representative set of shearing runs at the same shear
rate (2.51 s−1 ) and different values of applied work W (5, 8, 16, 19, and 25 MPa).
All curves show a modest overshoot around 1 s, followed by a period of roughly
constant stress (550 s) before edge fracture begins to expel the sample. As more
of the sample escapes, the torque and hence the apparent viscosity decreases with
time.
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Figure A.1. Apparent viscosity versus time for samples sheared at 2.51 s1 for different
amounts of applied work W (5, 8, 16, 19, and 25 MPa). All runs show mild stress
overshoot, followed by a period of roughly constant stress, before edge fracture begins
to expel the sample, reducing the torque.

Edge fracture thus disturbs some outer portion of the sample area, but leaves
the sample undisturbed inside an inner radius. This is evident in Fig. A.2, which
shows a typical sample after shearing (at 2.51 s−1 with W = 19 MPa). The region
inside the red boundary is undisturbed by edge fracture, easily identified by its
perfectly flat surface, which was in intimate contact with the rheometer plate.
The sample within this inner radius undergoes the desired shear history without
being perturbed by secondary flows, and is useful for our rheology, crystallization,
and ex situ DSC experiments.
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Figure A.2. Edge fracture in CiPP1 sample, sheared at 170C with γ̇ = 2.51 s−1 and
specific work W = 25 MPa. Total sample diameter is 25mm.

As a further check on our assessment of the undisturbed area, we can compare
the undisturbed radius as measured directly from the sample, and as calculated
from the ratio of the apparent viscosity during the period of constant stress to the
final value after shearing. Table A.1 gives the results of this comparison for the
series of six runs shown in Fig. A.1. (The sample shown in Fig. A.2 is the fourth
in this series.)
Another way to assess the amount of edge fracture is to report the ratio of G” at
the monitoring frequency of a sample before and after shearing. This ratio actually
represents the reduction of the measured torque, because some of the sample has
Table A.1. Comparison of measured undisturbed radius, and predicted value based on
ratio of apparent viscosity in steady-tate region and after shearing.

W (MPa)
5
8
16
19
25
25

initial η (Pa*s)
5899
6535
6658
6732
6591
6838

final η (Pa*s)
3210
2226
1776
877
2902
605

ratio
1.8
2.9
3.7
7.7
2.3
11.3

Radius (mm)
predicted measured
10.2
9
8.7
7
8.0
8
6.3
6
9.5
9
5.5
5
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been ejected from the gap. Fig. 19 illustrates how this ratio depends on applied
work W , for a representative set of measurements (a small fraction of our total
data set). Each point represents the average of several runs; the error bars indicate
the extent of run-to-run variations. There is significant run-to-run variation in the
extent of edge fracture for the same sample sheared under identical conditions.
This may be a consequence of the variations in the initial shape of the sample
edge; a more symmetrical sample should take longer to display edge fracture.
In nearly all cases the torque reduction is less than a factor of eight or so. To
roughly estimate the amount of sample that remains unaffected during shear, we
recall that torque scales as the radius cubed for a cone and plate geometry. If the
torque decreases by a factor of eight, (a typical maximum reduction for our longest
shearing times [31]), half the sample radius (hence one-fourth of the area) remains
undisturbed by edge fracture.

Figure A.3. Typical values for torque reduction in CiPP1, sheared at 170C with γ̇ =
2.51 s−1 , versus applied work.

Generally speaking, for all experiments performed, the region that experienced
edge fracture is ignored during analysis. In case of the rheology experiments, the
phase angle tan δ is insensitive to the portion of the sample that experience edge
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fracture (see our paper on FIC kinetics [31] for more information). Because edge
fracture reduces the torque by an amount that varies from run to run, we do not
use the measured torque and undisturbed sample area to compute the specific
work W . Instead, we calculate the specific work W from the applied shear rate
and shearing time, using the Cox-Merz relation and linear viscoelastic data to
determine the steady shear viscosity, as explained in the Experimental section.
For all DSC experiments, sections were taken from the unaffected portion of the
sample.

Appendix

B

Other Results
B.1

Linear Viscoelastic Response of Sheared Sample

We have performed oscillatory frequency sweep experiments on a sample that was
previously sheared to determine the influence of stretched chains (flow-induced
precursors) on linear visoelasticity of the sample. A CiPP1 sample was sheared
in the rheometer, by applying a shear rate of 2.51 s−1 and a specific work of 25
MPa at 170C. After the sample done shearing, we performed dynamic rheology
experiments, applying frequencies ranging from 0.1 (down to 0.001 for the highest
temperature) to 100 rad/sec, and temperature from 150C to 220C.
The linear viscoelastic response is not influenced by the stretched chains in
the sample, as shown in Fig. B.1 Both sets of data show good overall agreement
in the terminal response region, going down to a frequency of 0.001 rad/s. A
small difference is observed at high frequencies, however, this is likely due to edge
fracture, see Appendix A.
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Figure B.1. Linear viscoelastic response of CiPP1 before and after applying shear.
Sample was sheared at 170C with γ̇ = 2.51 s−1 and W = 25 MPa. Reference temperature
= 170C.

B.2

Molecular Weight Dependence

Chapters 2 and 5 show crystallization time’s signature dependence on specific work;
the crystallization time drops with specific work, up to the saturated value Wsat
beyond which the crystallization rate remain constant. The initial slope of these
plots appears to have a strong correlation with the weight average molecular weight
of the sample, as seen in Fig. B.2. We may hypothesize that for some reason, the
onset of FIC for applied work below Wsat is governed by the prominence of long
chains in the molecular weight distribution.
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Figure B.2. Initial slope of log crystallization time versus specific work plot as a function
of molecular weight for the five commercial isotactic polypropylene samples studied.

B.3

Samples with no FIC Effect

We investigated the FIC effect of a synthesized sample that has similar material properties as CiPP2, with a weight average molecular weight of 155 kg/mol
(MW /MN = 3.7) and a tacticity of 98.4%. The sample was also sheared in a rotational rheometer under the same conditions, applying a shear rate of 31.4 s−1 at
170C and crystallized at 141C.
Fig. B.3 shows that the sample does not display FIC behavior at any specific
work value. The shear rate applied to the sample is fast enough to stretch the
high molecular weight chains in the distribution (i.e., γ̇τR > 1). The response of
the sample is similar to CiPP2, confirming that samples with high tacticity and
low molecular weight don’t show FIC effect under the conditions applied in the
rheometer.
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Figure B.3. Crystallization time versus applied work of SiPP3, with shearing temperature 170C, shear rate 31.4 s−1 , and crystallization temperature 141C.

B.4

Shear Rate Dependence

We have investigate the shear rate dependence of SiPP2/CiPP2 blends at different
compositions. Similar to the specific work study in Chapter 5, we studied 4 different fractions (2.5/97.5, 5/95, 10/90, and 20/90), in which CiPP2 was the base
polymer. All the samples were sheared at 170C, keeping a constant work value of
25 MPa, and subsequently quenched to 141C.
The saturated shear rate value γ̇sat increases as the fraction of CiPP2 decreases
in the blend, as shown in Fig. B.4. Virgin CiPP2 does not have a saturated shear
rate value because it shows no FIC behavior. The saturation value of the blends
decreases as the fraction of CiPP2 in the blend decreases. Interestingly, γ̇sat is not
equal to 1 s−1 , the value was found to be higher in these binary blends; γ̇sat only
reaches its lowest value of ∼ 10 s−1 at a 20/80 composition. It is therefore not clear
what dictates the saturated shear rate value, nor why all the commercial samples
in Chapter 2 are equal to 1 s−1 .
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Figure B.4. Crystallization time versus shear rate, with shearing temperature 170C
and crystallization temperature 141C. The specific work for different binary blends is 25
MPa.

We have also briefly studied the influence of shear rate on the crystallization
time and the persistence time of flow-induced precursors. All samples in Fig. B.5
were previously sheared in the rheometer, applying various shear rates at 170C at
constant W = 25 MPa. These samples were subsequently placed into the DSC, in
which they were continuously annealed at 210C and recrystallized to monitor the
crystallization temperature as a function of annealing time.
The preliminary data in Fig. B.5 suggests that shear rate has an influence on
the crystallization temperature, even for γ̇ > γ̇sat = 1 s−1 . This result also raises
a major question on what the influence of shear rate is on the magnitude of the
FIC effect, and what the saturated shear rate results in Chapter 2 mean.
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Figure B.5. Crystallization temperature versus total annealing time at 210C. CiPP1
sample was sheared at 170C, applying constant amount of specific work (25 MPa) at
different shear rates.

B.5

Lifetime of Flow Induced Precursors

Similar to the experiments performed in Chapter 3 on CiPP1, we have placed
sheared CiPP2 and CiPP5 in the DSC in order to investigate the crystallization
temperature and persistence time of flow-induced precursors. Each sample was
sheared at 170C at a different shear rate (CiPP1: 2.51 s−1 , CiPP2: 31.4 s−1 ,
and CiPP5: 1.25 s−1 —depending on the molecular weight distribution—), while
applying the same specific work value of 25 MPa. The same cooling rates, annealing
times, and annealing temperature were applied to all three samples in the DSC.
CiPP2 does not show any change in the crystallization temperature, which is
not surprising because it shows no FIC behavior. CiPP5 shows a slight increase
in crystallization temperature (verified with multiple measurements), however, the
magnitude of this increases is much smaller than CiPP1, as shown in Fig. B.6. After annealing the sample at 210C for 200 minutes, the recrystallization temperature
of CiPP5 remains constant and does not return back to quiescent crystallization
conditions. It therefore remains unclear how stretched chains dictate the persis-
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tence time of flow-induced precursors and the recrystallization temperature.

Figure B.6. Crystallization temperature versus total annealing time at 210C, for a
CiPP1, CiPP2, and CiPP5 samples subjected to FIC at 2.51 s−1 , 31.4s−1 , and 1.25 s−1
at 170C applying constant specific work W = 25 MPa, respectively.

B.6

Specific Work Dependence

Although most authors now agree that specific work appears to be the proper
way to measure the “amount of strain applied” in flow-induced crystallization
experiments,[26, 73, 88] some previous works have used total applied strain instead, in describing how shearing time influences flow-induced crystallization. To
investigate which is a more appropriate control variable, we performed experiments
in which the applied strain was varied while the specific work was held constant
(by reducing the shear rate). We found that the magnitude of FIC effects were
approximately strain independent at fixed work, indicating that specific work is
indeed the correct control variable, as seen in Fig. B.7.
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Figure B.7. Crystallization time versus applied work, with shearing temperature 170C
and crystallization temperature 141C. Compare the specific work dependence, by varying
the applied strain while keeping specific work constant (by reducing the shear rate).
Shear rates applied were chosen to be above γ̇sat , which is 1 s−1 for CiPP1.

B.7

Lamellae Growth Rate

The lamellae growth rate of CiPP1 was briefly investigated under quiescent and
moderate shearing conditions. The quiescent and sheared (γ̇ = 2.51 s− 1 at 170C)
samples were microtomed and placed in a hot stage under a polarized optical microscope. All samples were melted and annealed at 190C (just above the equilibrium
melting temperature) to melt the lamellae crystals. The sample was subsequently
oooled at rate of 13 C/min to the desired crystallization temperature, at which a
video was made to monitor the crystal growth.
Preliminary results in Fig. B.8 show that the lamellae growth rate at quiescent
and sheared (specific work was not noted) samples is not the same like initially
expected. Both sets of samples have a different temperature dependence; the
quiescent sample (similar to the Literature) has a steeper slope compared to the
sheared sample. The influence of specific work on the lamellae growth rate is
crucial for trying to understand the FIC kinetics, and needs further investigation
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(see Future Work section in Chapter 6).

Figure B.8. Growth speed versus crystallization temperature for CiPP1 at quiescent
crystallization and FIC conditions. FIC sample was sheared at 170C with γ̇ = 2.51 s−1 .

B.8

X-Ray Scattering

Some X-ray scattering experiments were performed on CiPP1 at various specific
work values. Samples were all sheared using a shear rate of 2.51 s−1 at 170C and
subsequently crystallized at 141C. After cutting these samples into the appropriate
shape, they were placed in the intermediate and small angle chambers at room
temperature.
Fig. B.9 shows that the isotactic polypropylene sample has a peak at a q value
of approximately 0.04 Å. As the amount of applied specific work increases, the
peak tends to exhibit a more sharply defined peak at a slightly lower q values.
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Figure B.9. SAXS/IAXS profiles of CiPP1 at various specific work values.. Sample
was sheared at 170C with γ̇ = 2.51 s−1 and subsequently crystallized at 141C.

B.9

ICP-MS Measurements

ICP-MS measurements were performed by Evans Analytical Group for all the commercial samples before and after (except CiPP3 and CiPP5) dissolution, and for
the synthesized samples. The particles that were detected were Silicon, Titanium,
and Magnesium, which are prominent elements in Ziegler-Natta catalysts.
Table B.1. Silicon, titanium, and magnesium particle concentration in polymer materials.

Grade
CiPP1 - Pellet
CiPP1 - Dissolved
CiPP2 - Pellet
CiPP2 - Dissolved
CiPP3 - Pellet
CiPP4 - Pellet
CiPP4 - Dissolved
CiPP5 - Pellet
SiPP2 - Dissolved

Si [ppm]
37
190
22
140
74
13
240
5
1.1

Ti [ppm]
8.2
2.6
12
2.9
16
13
2.0
16
18

Mg [ppm]
12
7.1
77
57
23
43
45
42
0.5

Total (ppm)
57
200
111
200
113
69
287
63
20

Appendix

C

Avrami Model
To describe the crystallization kinetics of semicrystalline polymers, various theories have been formulated. The Avrami model is commonly used to explain the
crystallization behavior. The nucleation is represented as occurring randomly in
space, either heterogeneously (all at the same instant) or homogeneously with time.
The lamellae growth rate of the nuclei is fixed (assuming isothermal conditions),
and is uniform in all directions. These lamellae eventually impinge on one another
and stop growing.
To estimate how the much the material crystallized as a function of time,
Avrami computes the extended volume of crystals, which assumes that the crystals
continue to grow after impingement without any hindrance.
The number of nuclei formed in the melt at τ is given by:
dN = V Ṅ dτ

(C.1)

where V is the uncrystallized volume in the sample, and Ṅ is the nucleation rate.
The extended volume Ve at time t has contributions from all nuclei that were
born at some previous time τ
dVe =

4π 3
ν (t − τ )3 V Ṅ dτ
3

(C.2)

where ν is the lamellae growth speed (in this case assumed spherulitic). Integrating
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this equation from the start of nucleation (from τ = 0 to τ = t), we have
Ve (t) =

π
V Ṅ ν 3 t4
3

(C.3)

In reality however only a fraction of the sample is available to crystallize: we have
dV = dVe (1 − φ), where φ = V /Θ is the volume fraction already crystallized. The
unhindered increment of crystallizing volume actually exisits. We rearrange this
as

dV
= dVe
1 − V /Θ

(C.4)

log(1 − φ) = −φe

(C.5)

which when integrated gives

in which φe = Ve /Θ. Thus, we have
π

φ = 1 − e−φe = 1 − e− 3 Ṅ ν

3 t4

(C.6)

The Avrami exponent n in this case was assumed homogeneous with spherulitic
lamellae growth (=4). Depending on the type of nucleation and growth this Avrami
exponent can have different values ranging from 1 to 4, as summarized in Table
C.1.
Table C.1. Avrami exponent for different types of nucleation and growth.

Avrami Exponent
3+1=4
3+0=3
2+1=3
2+0=2
1+1=2
1+0=1

Nucleation
homogeneous
heterogeneous
homogeneous
heterogeneous
homogeneous
heterogeneous

Growth
spherulitic
spherulitic
disc-like
disc-like
rod-like
rod-like

Equation C.6 is commonly linearlized by functional inversion:
log(−log(1 − φ)) = logC + 4logt
in which C = π3 Ṅ ν 3 .

(C.7)
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The above analysis applies for isothermal conditions, in which a sample crystallizes isothermally at a fixed temperature. In the cases where a fixed cooling rate
is applies, both the growth rate ν and nucleation rate Ṅ don’t remain constant,
because both have a strong temperature dependence. This analysis is given below,
however, what remains true is the relation φ = 1 − e−φe because this depends in
the above derivation only on an integral over the crystallized volume, regardless of
the nucleation and growth rate.

C.1

Finite Cooling rate

The dependence of lamellae growth of isotactic polypropylene on crystallization
temperature is a well described by an exponential fit over a temperature range of
120C–145C,
ν(T ) = c0 e−c1 T

(C.8)

The constant c0 and c1 can be found in literature,[139] and have values of 4.6875
×1011 µm/min and 0.195601 /C. (Note that the lamellae growth rate is dependent
on the chain molecular weight. In addition it is assumed that the growth rate
continues to increases to temperature as low as 100C, which is not the case as
explained in Chapter 1.) Therefore, the growth rate is 30 µm/min at 120C, and
0.6 µm/min at 140C.
The fixed cooling rate r (typically 5 K/min, but can be varied) allows us to
relate time t to the degree of undercooling ∆T = Tm − T as,
∆T = rt

(C.9)

where we assume that at t = 0, we are at T = Tm .
Similarly, the nucleation rate Ṅ varies with temperature, we assume a form
suggested by classical nucleation theory, as
Ṅ (T ) = n0 e−a/∆T

2

(C.10)

For a nucleus born at temperature T0 , the volume to which it will grow to at a
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lower temperature is
V (T ) = Sn R(T ; T0 )n

(C.11)

Here Sn is the volume of a unit sphere in n dimensions (equal to 4π/3) for n = 3 —
homogeneous nucleation with spherulitic growth—, and π for n = 2 —homogeneous
nucleation with rod-like growth).
Sn =

2π n/2
nΓ(n/2)

(C.12)

and R(T ; T0 ) is the radius which a nucleus born at T0 would have grown to at T .
The equation for the change in radius of a crystal is (using r = dT /dt)
dR(T ; T0 )
ν(T )
=
dT
r

(C.13)

Given the exponential form above for ν(T ), we can integrate to obtain
R(T ; T0 ) =

V (T ) − V (T0 )
rc1

(C.14)

The ”extended volume” (crystallized volume with no overlaps occurring) can
then be written as an integral over previous times t’ (corresponding to previous
higher temperature T0 ):
Z
Ve (T (t)) =

t

dt0 Sn R(T (t); T (t0 ))n Ṅ (T (t0 ))

(C.15)

0

This equation can be vonverted to an integral over ”previous temperatures” T 0
using dt0 = dT 0 /r, to give
Z

T

Ve = Sn /r

dT 0 R(T ; T 0 )n Ṅ (T 0 )

(C.16)

Tm

˙ 0 ) with our previous results, to obtain
in which we can replace R(T ; T 0 ) and N (T
an explicit expression (That must be integrated numerically).
We can recast the above result as an integral over undercooling ∆T 0 = Tm − T 0 ,
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to obtain
n0 Sn
Ve (T ) = n+1
r

Z

∆T

d∆T 0 (V (Tm − ∆T ) − V (Tm − ∆T 0 ))n e−a/∆T

02

(C.17)

0

Using this result in the Avrami relation between V and Ve , we can predict the
crystalline fraction as a function of undercooling, for a given cooling rate.
The above model has three parameters in addition to the cooling rate r (given
that the growth rate function ν(T ) is experimentally known): the barrier parameter
a, the nucleation attempt frequency n0 , and the Avrami exponent n. Note that
the cooling rate r appears together with the nucleation rate n0 in the combination
n0 /rn+1 ; hence increasing the cooling rate (which we can do experimentally over
some range) has the same effect as reducing the nucleation attempt frequency
(which we cannot access directly).
Practically speaking, when we use Eqn. C.17 to fit a DSC lineshape, we can
choose n0 to adjust the predicted peak position Tmax to correspond to the data
at some selected cooling rate. We then have two parameters n and a to vary, to
control features of the lineshape. It turns out that n primarily affects the peak
width (much as it does in the isothermal Avrami prediction); larger values of n
give narrower peaks.
Likewise, a mainly governs the cooling rate dependence of the peak position.
When the cooling rate is increased by a factor f , the peak observed in DSC shifts to
lower temperatures by some amount ∆T . Peaks computed from Eqn. C.17 behave
in the same way. The ratio ∆T /f (e.g. degrees Kelvin shift for a 2x increase in
cooling rate) is smaller for larger a, presumably because the nucleation factor is
a stronger function of temperature for larger a, such that only a small shift in
undercooling is required to compensate a faster cooling rate (which we recall is
equivalent to a decrease in nucleation attempt frequency).
Figs. C.1 and C.2 show the results of fitting Eqn. C.17 to DSC lineshapes,
for samples with specific work values W = 0 MPa (quiescent) and W = 25 MPa
respectively, and cooling rates of 2 C/min, 5 C/min, 10 C/min, and 20 C/min. The
lineshapes have had linear backgrounds subtracted to the left and right of the peak
before fitting. Note the similarity in the two sets of lineshapes for the quiescent
and W = 25 MPa samples. For both sets, the lineshapes shift and broaden by
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about the same amount as cooling rate increases. The only substantial difference
in the shapes are the more prominent high-T tails for the quiescent sample, and
the more prominent low-T tails for the W = 25 MPa sample.

Figure C.1. Experimental (solid) and predicted (dashed) DSC lineshapes for quiescent
sample, at cooling rates 2 C/min (red), 5 C/min (green), 10 C/min (blue), 20 C/min
(purple).

The predicted lineshapes have been multiplied by arbitrary normalization factors, different for each cooling rate, to match the measured peak heights. Note
that this breaks the normalization – to maintain the same normalization for the
entire set of predicted curves, we should have multiplied each by the same factor.
The fitting procedure is as described above: use n0 to adjust the peak position
for the slowest cooling rate, use a to adjust the locations of the other peaks (i.e.,
the effect of cooling rate on peak position), and use n to adjust (insofar as possible)
the peak shape and width to match the data.
Although the lineshapes for the quiescent and 25 MPa samples are very similar
(except for the overall shift in temperature of about 16K), the parameters of the
finite cooling rate Avrami model needed to fit them differ substantially. For the
quiescent data, the (hand-adjusted) values are a = 60000 K2 , n = 1.4, n0 =
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120/(µm3 min); for the 25 MPa data, we find a = 20000 K2 , n = 1.8, n0 =
15/(µm3 min).

Figure C.2. Experimental (solid) and predicted (dashed) DSC lineshapes for sample
with W = 25 MPa applied work, at cooling rates 2 C/min (red), 5 C/min (green), 10
C/min (blue), 20 C/min (purple).

Most significant is the difference in barrier values. The value of a = 60000 K2 for
the quiescent sample is consistent with analysis of literature data for crystallization
rates. In Howard and STM Macromolecules 2013 (Fig. 6 and text), a value for
aT0 ≡ A of 5.6 × 107 K3 was obtained from fitting. With the simple model for
heterogeneous nucleation developed there, and a contact angle of around 90 degrees
(so a hemispherical nucleus on a flat substrate), the barrier would be reduced by a
factor of two (in general, the ratio of volumes of the cylindrical and ”cap” nuclei).
Thus the predicted value of a for crystallization at 120C, assuming heterogeneous
nucleation with hemispherical nuclei, would be a = 70000 K2 , in good agreement
with our present result. In contrast, the barrier coefficient for the 25 MPa sample
is three times smaller, suggestive of a substantially lower nucleation barrier.
The Avrami exponent of n = 1.8 for the 25 MPa sample is reasonably close to
n = 2 (expected for cylindrical growth patterns) and gives a reasonable fit for the
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slowest cooling rate. The value of n = 1.4 for the quiescent sample is not so easily
rationalized, and anyhow does not give a very good account of the lineshape.
As the cooling rate is increased, one prominent feature of DSC results not
captured by the present model is that the DSC peaks systematically broaden. It is
not clear what is the physical origin of this behavior. For the W = 25 MPa sample,
the broadening occurs for temperatures within the range (120C – 145C) at which
the growth rate was measured and fitted to an exponential. Indeed, the patterning
of peak broadening looks very much the same for the W = 25 MPa sample as for
the quiescent sample. This suggests that departures from the exponential model
for the growth rate are not the origin of the peak broadening.

Appendix

D

Tacticity/13C NMR
The tacticity of the commercial polypropylene samples was obtained by 13 C NMR.
The raw

13

C NMR spectrum data of each sample is shown below. From the

integrals of chemically shifted NMR peaks corresponding to the methyl carbon,
one can determine the probabilities of the three possible stereochemical triads:
isotactic (mm), heterotactic (rm or mr), and syndiotactic (rr). The tacticity is
determined from the triad probabilities as follows:
[m] = [mm] + [mr]

(D.1)

expressing the fact that m must be followed by either m or r.
The errors in [mm], [rm] + [mr], and [rr] are calculated by integrating the
noise of the baseline over the width of their respective triad peak. The baseline
was repeatedly integrated over a wide range, resulting in a series of values that
have normal distribution with the mean at zero. Error bars were calculated using
the variance of this distribution. Using error propagation rules, we calculated the
error values for each polypropylene sample. The Mathematica notebook with these
calculations is added below.
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In[203]:=
Out[203]=

SetDirectory[NotebookDirectory[]]
E:\Documents\Graduate School\Flow
Induced Crystallization PP\Data\Tacticity\CC1iPP\raw\lb1

Import the NMR raw data
In[204]:=

nmrdata = Import["nmrcc1.xlsx"];

nu: number of measurements
int0: intensity
freq0: frequency
{nu, int0, freq0} = nmrdata[[1]] // Transpose;

Normalize
Integrate any of the three peaks and use value to normalize the complete spectrum.
The value of this integral will be used to normalize the remaining spectrum.
Below we integrated the peak found at 23.3ppm.
lb: lower boundary limit
ub: upper boundary limit
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In[206]:=

lb0 = 27 770;
ub0 = lb0 + 25;
freqp = Table[freq0[[i]], {i, lb0, ub0}];
intp = Table[int0[[i]], {i, lb0, ub0}];
peak = Transpose[{freqp, intp}];
ppeak = ListLinePlot[peak, PlotRange → All, FrameLabel → {"ppm", "Intensity"}]

3.5 × 108
3.0 × 108

Out[211]=

Intensity

2.5 × 108
2.0 × 108
1.5 × 108
1.0 × 108
5.0 × 107
0
23.20

23.25

23.30
ppm

23.35

The peak is fit with an interpolation.
interp = Interpolation[peak, InterpolationOrder → 4];
lbt = interp[[1, 1, 1]];
ubt = interp[[1, 1, 2]];

fract= The integral value used to normalize the complete spectrum.
fact = Integrate[interp[t], {t, lbt, ubt}]
6.25339 × 106

Calculate the Width of each Peak
To calculate the error for each peak, we determined the width of each peak.
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This width value is later used as the range that is integrated.
The width value is found for all three peaks, found at: 23.3ppm, 23.0ppm, 22.5ppm

Peak1
In[212]:=

lb1 = 27 777;
δ1 = 10;
ub1 = lb1 + δ1;
freq1 = Table[freq0[[i]], {i, lb1, ub1}];
int1 = Table[int0[[i]] / fact, {i, lb1, ub1}];
peak1 = Transpose[{freq1, int1}];
ppeak1 =
ListLinePlot[peak1, PlotRange → All, FrameLabel → {"ppm", "Intensity/Intensity_n"}]

50

Out[218]=

Intensity/Intensity

n
_

40

30

20

10

0
23.26 23.27 23.28 23.29 23.30 23.31 23.32 23.33
ppm
Check work by making sure integral = 1.
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test1 = Interpolation[peak1, InterpolationOrder → 4];
lbp1 = test1[[1, 1, 1]];
ubp1 = test1[[1, 1, 2]];
p1 = Integrate[test1[t], {t, lbp1, ubp1}]
0.951134

Repeat for the two other peaks.
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Peak 2
In[219]:=

lb2 = 27 810;
δ2 = 13;
ub2 = lb2 + δ2;
freq2 = Table[freq0[[i]], {i, lb2, ub2}];
int2 = Table[int0[[i]] / fact, {i, lb2, ub2}];
peak2 = Transpose[{freq2, int2}];
ppeak2 =
ListLinePlot[peak2, PlotRange → All, FrameLabel → {"ppm", "Intensity/Intensity_n"}]

0.8

Out[225]=

Intensity/Intensity

n
_

0.6

0.4

0.2

0.0

23.00

23.02

23.04
ppm

test2 = Interpolation[peak2, InterpolationOrder → 4];
lbp2 = test2[[1, 1, 1]];
ubp2 = test2[[1, 1, 2]];
p2 = Integrate[test2[t], {t, lbp2, ubp2}]
0.0298632
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Peak 3
In[226]:=

lb3 = 27 883;
δ3 = 11;
ub3 = lb3 + δ3;
freq3 = Table[freq0[[i]], {i, lb3, ub3}];
int3 = Table[int0[[i]] / fact, {i, lb3, ub3}];
peak3 = Transpose[{freq3, int3}];
ppeak3 =
ListLinePlot[peak3, PlotRange → All, FrameLabel → {"ppm", "Intensity/Intensity_n"}]

1.0

0.8

Out[232]=

Intensity/Intensity

n
_

0.6

0.4

0.2

0.0

-0.2
22.46

22.48
ppm

22.50
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test3 = Interpolation[peak3, InterpolationOrder → 4];
lbp3 = test3[[1, 1, 1]];
ubp3 = test3[[1, 1, 2]];
p3 = Integrate[test3[t], {t, lbp3, ubp3}]
0.0202584

Knowing the integrals of all three peaks, we can also calculate the tacticity of the sample.
Tacticity is defines as m = mm + 1/2 mr (see Chapter 2).
Calculate the tacticity from the integrals above.
tac =

p1
p1 + p2 + p3

+

1

p2

2 p1 + p2 + p3

0.964854

Calculate the Variance
Choose a range from the raw data that shows no peak, it should only show a noisy baseline with a
mean intensity of 0. The range chosen was picked close to the analyzed peaks.
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In[233]:=

lb = 27 000;
ub = lb + 501;
freq = Table[freq0[[i]], {i, lb, ub}];
int = Table[int0[[i]] / fact, {i, lb, ub}];
baseline = Transpose[{freq, int}];
baselinep = ListLinePlot[baseline, FrameLabel → {"ppm", "Intensity/Intensity_n"}]

Out[238]=

Intensity/Intensity

n
_

0.6

0.4

0.2

0.0
25.5

26.0

26.5

27.0

27.5
ppm

28.0

noise = Interpolation[baseline, InterpolationOrder → 4];
lbn = noise[[1, 1, 1]];
ubn = noise[[1, 1, 2]];

Integrate the baseline equals to 0.
Integrate[noise[t], {t, lbn, ubn}]
0.00123368

Printed by Wolfram Mathematica Student Edition

28.5

29.0

Tacticity Noise CC1 v2.nb

9

218

Peak1
The baseline was integrated in parts along the chosen range. This range was based of the peak width
calculated previously.
inw1t = Table[Integrate[noise[t], {t, lbn, i + pw1}] - Integrate[noise[t], {t, lbn, i}],
{i, lbn, ubn - pw1, 0.001}];
In[239]:=

rou1 = 0.0001;
inw1 = Round[inw1t, rou1];
ListPlot[inw1, FrameLabel → {"Count", "Integrated Intensity"}]

0.006

Out[241]=

Integrated Intensity

0.004
0.002
0.000
-0.002
-0.004
-0.006

0

500

1000 1500 2000 2500 3000 3500
Count

The integral values were binned in order to obtain a distribution. Using ‘rou’ as the bins of width.
bin1 = BinCounts[inw1, {Min[inw1], Max[inw1] + rou1, rou1}];
inv1 = Table[i, {i, Min[inw1], Max[inw1], rou1}];
Length[inv1] ⩵ Length[bin1]
True
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fbin1 = bin1 / Total[bin1];

Plot a histogram of the integrals.
In[270]:=

dist1 = Transpose[{inv1, fbin1}];
pdist1 = ListPlot[dist1, FrameLabel → {"Integral Intensity", "Probability"}]

0.020

Out[271]=

Probability

0.015

0.010

0.005

0.000
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
Integral Intensity
Calculate the variance of the integral values.
ex1 = inv1.fbin1;
ex12 = inv12 .fbin1;
var1 = ex12 - ex12
7.75536 × 10-6

In order to fit the distribution, preliminary constants were chosen that give a approximate fit to the data
using Normal Distribution.
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In[266]:=

m01 = - 0.00;
v01 = 0.0016;
d01 = 1000;
Show[pdist1, Plot[PDF[NormalDistribution[- m01, v01], x] / d01,
{x, Min[inw1], Max[inw1]}, PlotStyle → Red], PlotRange → All,
FrameLabel → {"Integral Intensity", "Probability"}]

0.25

Out[269]=

Probability

0.20

0.15

0.10

0.05

0.00
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
Integral Intensity
ansd1 = FindFit[dist1, PDF[NormalDistribution[c1, c2], x] / c3,
{{c1, m01}, {c2, v01}, {c3, d01}} , x]
{c1 → 0.00012592, c2 → 0.00307754, c3 → 9672.12}

Use obtained fit equation and compare with data.
ffitd1[x_] = PDF[NormalDistribution[c1, c2], x] / c3 /. ansd1
2

0.0134025 ⅇ-52 791.2 (-0.00012592+x)
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pfitd1 = Plot[ffitd1[x], {x, Min[inw1], Max[inw1]}, PlotStyle → Red];
Show[pfitd1, pdist1, PlotRange → All,
FrameLabel → {"Integral Intensity", "Probability"}]

0.020

Out[265]=

Probability

0.015

0.010

0.005

0.000
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
Integral Intensity
Repeat the same calculations for the other 2 peaks using the respective width values obtained in
previous step.

Peak2
inw2t = Table[Integrate[noise[t], {t, lbn, i + pw2}] - Integrate[noise[t], {t, lbn, i}],
{i, lbn, ubn - pw2, 0.001}];
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In[242]:=

rou2 = 0.0001;
inw2 = Round[inw2t, rou2];
ListPlot[inw2, FrameLabel → {"Count", "Integrated Intensity"}]

Out[244]=

Integrated Intensity

0.005

0.000

-0.005

0

500 1000 1500 2000 2500 3000 3500
Count

bin2 = BinCounts[inw2, {Min[inw2], Max[inw2] + rou2, rou2}];
inv2 = Table[i, {i, Min[inw2], Max[inw2], rou2}];
Length[inv2] ⩵ Length[bin2]
True
fbin2 = bin2 / Total[bin2];
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dist2 = Transpose[{inv2, fbin2}];
pdist2 = ListPlot[dist2, FrameLabel → {"Integral Intensity", "Probability"}]

Out[263]=

Probability

0.015

0.010

0.005

0.000
-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008
Integral Intensity
ex2 = inv2.fbin2;
ex22 = inv22 .fbin2;
var2 = ex22 - ex22
9.77266 × 10-6
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In[258]:=

m02 = - 0.00;
v02 = 0.0016;
d02 = 1000;
Show[pdist2, Plot[PDF[NormalDistribution[- m02, v02], x] / d02,
{x, Min[inw2], Max[inw2]}, PlotStyle → Red], PlotRange → All,
FrameLabel → {"Integral Intensity", "Probability"}]

0.25

Out[261]=

Probability

0.20

0.15

0.10

0.05

0.00
-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008
Integral Intensity
ansd2 = FindFit[dist2, PDF[NormalDistribution[c1, c2], x] / c3,
{{c1, m02}, {c2, v02}, {c3, d02}} , x]
{c1 → 0.000358963, c2 → 0.00337035, c3 → 9782.64}
ffitd2[x_] = PDF[NormalDistribution[c1, c2], x] / c3 /. ansd2
2

0.0120998 ⅇ-44 017. (-0.000358963+x)
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pfitd2 = Plot[ffitd2[x], {x, Min[inw2], Max[inw2]}, PlotStyle → Red];
Show[pfitd2, pdist2, PlotRange → All,
FrameLabel → {"Integral Intensity", "Probability"}]

Out[257]=

Probability

0.015

0.010

0.005

0.000
-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008
Integral Intensity
Peak3
inw3t = Table[Integrate[noise[t], {t, lbn, i + pw3}] - Integrate[noise[t], {t, lbn, i}],
{i, lbn, ubn - pw3, 0.001}];
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In[245]:=

rou3 = 0.0001;
inw3 = Round[inw3t, rou1];
ListPlot[inw3, FrameLabel → {"Count", "Integrated Intensity"}]

0.006

Out[247]=

Integrated Intensity

0.004
0.002
0.000
-0.002
-0.004
-0.006
-0.008
0

500 1000 1500 2000 2500 3000 3500
Count

bin3 = BinCounts[inw3, {Min[inw3], Max[inw3] + rou3, rou3}];
inv3 = Table[i, {i, Min[inw3], Max[inw3], rou3}];
Length[inv3] ⩵ Length[bin3]
True
fbin3 = bin3 / Total[bin3];
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dist3 = Transpose[{inv3, fbin3}];
pdist3 = ListPlot[dist3, FrameLabel → {"Integral Intensity", "Probability"}]

0.025

Out[253]=

Probability

0.020

0.015

0.010

0.005

0.000
-0.006-0.004-0.002 0.000 0.002 0.004 0.006
Integral Intensity
ex3 = inv3.fbin3;
ex32 = inv32 .fbin3;
var3 = ex32 - ex32
8.58997 × 10-6
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In[248]:=

m03 = - 0.00;
v03 = 0.0016;
d03 = 1000;
Show[pdist3, Plot[PDF[NormalDistribution[- m03, v03], x] / d03,
{x, Min[inw3], Max[inw3]}, PlotStyle → Red], PlotRange → All,
FrameLabel → {"Integral Intensity", "Probability"}]

0.25

Out[251]=

Probability

0.20

0.15

0.10

0.05

0.00
-0.006-0.004-0.002 0.000 0.002 0.004 0.006
Integral Intensity
ansd3 = FindFit[dist3, PDF[NormalDistribution[c1, c2], x] / c3,
{{c1, m03}, {c2, v03}, {c3, d03}} , x]
{c1 → 0.000187534, c2 → 0.00324786, c3 → 9662.81}
ffitd3[x_] = PDF[NormalDistribution[c1, c2], x] / c3 /. ansd3
2

0.0127118 ⅇ-47 399.5 (-0.000187534+x)
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BoB (Branch on Branch) Program
BoB (Branch on Branch) is a program developed by D. Read and C. Das at the
University of Leeds.[15] Using tube model calculations, this program can be used
to predict the linear viscoelasticity of a polymer melt. The input file contains
several parameters. Below is the format of each line in the input file:
(1) maximum number of polymer

maximum number of segments

(2) α constant (set = 1)
(3) constant to tune parameter (set = 1)
(4) M0 (monomer M g/mol)
(5) τe (s)

ρ (density g/cm3 )

Ne (entanglement segment)

Temperature (K)

(6) Number of components in the blend
The remaining lines of the input file are sections for each component, which
specifies the parameters needed to generate the corresponding chains.
(7) weight fraction of first component
(8) number of chains

type of polymer

(9) (depends on type of polymer) for linear polymers (like in our case):
type of distribution

molecular weight of chains

PDI

An example of an input file for a linear polypropylene sample with a log-normal
distribution is:
100000
1.0

1000000

230
1
42

125

0.700

−7

1.5×10

443.15

1
1.0
20000
2

0
438000

7.1

In order to have a better fit to the shape of the cumulative mass distribution versus log molecular weight, instead of entering a log-normal distribution we
represent the molecular weight distribution as a large number of monodisperse
components. The following is an example of the BoB input file using a large number of monodisperse components:
500000

5000000

1.0
1
42

125
−7

1.5×10

0.700
443.15

75
0.000370011
2000
0

0
1789.99

1.0

0.00040767
2000
0

0
2008.4

1.0

0.000518039
2000
0

0
2253.46

1.0

0.000626751
2000
0

0
2528.42

...
0.000269041

1.0

231
2000
0

0
7995580.

1.0

0.000160427
2000
0

0
8971189.

1.0

This cumulative distribution molecular weights and mass fractions may either
be fitted to minimize the mean-square distance between the two cumulative distributions, or simply adjusted by hand with a large enough number of components to
give a close match to the measured cumulative mass distribution (obtained using
Mathematica Notebook shown below).

232
In[10]:=

rawdata = Import["cipp1_gpc.xlsx"];

In this data set (obtained from the computer attached to some GPC unit),
mw is in g/mol,
logmw is the log10 value of mw
dfrac is proportional to the mass fraction of material between successive mw values.
In[12]:=

{logmw, mw, dwf} = rawdata[[1]] // Transpose;

In[13]:=

logmwvsdwf = Transpose[{logmw, dwf}];

In[44]:=

figraw = ListPlot[logmwvsdwf, FrameLabel → {"Log[M]", "dwf/dLog[M]"}]

0.6

Out[44]=

dwf/dLog[M]

0.5
0.4
0.3
0.2
0.1
0.0
4

5
Log[M]

6

Curve is fit with an interpolation function.
In[24]:=

fitraw = Interpolation[logmwvsdwf, InterpolationOrder → 4];
LBC = fitraw[[1, 1, 1]];
HBC = fitraw[[1, 1, 2]];

Check work by making sure integral = 1.
In[27]:=
Out[27]=

all = Integrate[fitraw[t], {t, LBC, HBC}]
1.
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Determine Averages
In[20]:=

transweight = Transpose[logmwvsdwf];

In[21]:=

mwavg = (mw.dwf) / Total[dwf]

Out[21]=

In[22]:=
Out[22]=

In[23]:=
Out[23]=

447 925.
mnavg = Total[dwf] / ((1 / mw).dwf)
62 245.6
mwavg / mnavg
7.19609

BoB Input
Convert dfrac to frac (frac is the mass fraction of material),
dx = integrated range
In[29]:=

dx = 0.05;

In[30]:=

logmwvsfrac = Table[{(i + dx), Integrate[fitraw[t], {t, LBC, i + dx}] Integrate[fitraw[t], {t, LBC, i}]}, {i, LBC, HBC - dx, dx}];
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In[42]:=

ListPlot[logmwvsfrac, FrameLabel → {"Log[M]", "dwf"}]

0.030
0.025

dwf

0.020

Out[42]=

0.015
0.010
0.005
0.000
4

In[32]:=

5
Log[M]

6

7

pdatLog = Table[{(i), Integrate[fitraw[t], {t, LBC, i}]}, {i, LBC, HBC, 0.05}];
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In[43]:=

235

ListPlot[pdatLog, FrameLabel → {"Log[M]", "wf"}]

1.0

0.8

0.6
wf

4

Out[43]=

0.4

0.2

0.0
4

5
Log[M]

6

7

Use calculated values to create BoB input file
fout = OpenWrite["CiPP1.dat"];
WriteString[fout, 500 000, " 5000000", "\n"];
WriteString[fout, "1.0", "\n"];
WriteString[fout, "1", "\n"];
WriteString[fout, "42 125 0.700", "\n"];
WriteString[fout, "1.5e-7 443.15", "\n"];
WriteString[fout, Length[logmwvsfrac], "\n"];
count = 1;
While[count ≤ Length[logmwvsfrac],
WriteString[fout, AccountingForm[logmwvsfrac[[count, 2]]], "\n"];
WriteString[fout, "2000 0", "\n"];
WriteString[fout, "0 ",
AccountingForm[10 ^ (logmwvsfrac[[count, 1]])], " 1.0", "\n"];
count ++]
Close[fout]
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