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ABSTRACT: Within an intense research study concerning the theme “organization and reorganization
of solution grown polyethylene single crystals”, the present part is focused on the nucleation and growth
behavior of such crystals. Beside the well-known crystallization behavior, several novel features have
been observed. Growth rates and the influence of the actual concentration on the growth rate have been
analyzed using the technique of isochronous decoration. The most important results are that the growth
rate decreases with decreasing concentration and that in our study the concentration coefficient a is unit
and independent of the crystallization temperature. Another feature is that the applied self-seeding
temperature, above or below the dissolution temperature of PE in the solvent, determines the final
organization of the crystals. Detailed analysis of the crystal fold surfaces using the n-alkane decoration
technique has shown that the fold surfaces are regularly organized and have pronounced growth sectors
when prepared at low seeding temperatures, but have no order of the fold surface when prepared using
seeding temperatures above the dissolution temperature of PE.

Introduction

Crystallization is the dominant (self-) organization
process in polymers, the strongest driving force toward
morphology formation. Understanding the crystalliza-
tion behavior is a hot topic on the way to advanced
materials for polymer devices and requires an inte-
grated research approach. This includes the combination
of fundamental polymer chemistry, physics, and engi-
neering expertise on polymer crystallization and mor-
phology formation, an understanding of the complex
transitions of the materials investigated in time, and
accurate theoretical descriptions of all these features.

During the last century several observations on, e.g.,
nucleation and growth rates of polymers crystallized
from the melt or from solution have triggered the
development of standard theories describing the crystal-
lization of macromolecular materials and have formed
the basis of our present understanding of crystallization.
Looking in a modern textbook, one can find two some-
what different models explaining the crystallization of
polymers: the “surface nucleation model™ and the
“entropy barrier model”.2~* Although their physical
origins are different, both models have successfully
explained various experimental investigations related
to the crystallization of polymers. However, both models
use simple equilibrium physics approaches, which means
that any stage from a noncrystalline state to the
crystalline state is in equilibrium, but the metastable
character of a common folded-chain crystal, e.g., re-
flected by the feature of lamellar thickening, is ignored.

Recent experimental results as well as computer
simulation studies have shown that polymer crystal-
lization is a rather complex phenomenon and that novel
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and in particular nonequilibrium physics concepts are
required to explain nucleation, growth, and organization
of polymer crystals. Some of the recent observations are,
e.g., the occurrence of density fluctuations already in
the melt,> the observation of mosaic-blocks within
lamellae,b” and the thickening of lamellae from a
mesomorphic phase.2 Moreover, it seems that latest
computer simulation studies are, at least partly, able
to indicate organization processes during crystallization,
which could explain the experimental observations
mentioned.®12

To contribute in this exciting research field and to
understand features related to crystallization and melt-
ing of polymer crystals, in the present study the
dominant theme is to follow the “life-cycle” of a solution
grown polyethylene single crystal from its birth, the
nucleation and growth, via aging including several
reorganization processes to its death, the melting, and
its possible rebirth, the recrystallization from the melt.

The surprising discovery that regular polymeric mac-
romolecules (e.g., polyethylene) crystallize, not by form-
ing fibers as might have been expected from filamentous
molecules, but by forming thin folded-chain crystals
with regular facets, with the chain direction almost
perpendicular to the lamellar surface, has been one of
the milestones in polymer science of the last century.13-16
The observation of such folded-chain crystals formed
both from the melt and from solution, and the investi-
gation of their nucleation, growth, annealing, and
melting has determined strongly the research activities
in the field of polymer physics over more than four
decades. Although progress has been and still is being
made in our understanding of the morphology of crys-
talline polymers and, in particular the dynamic of
organization and reorganization processes on the mo-
lecular level, the gaps in our knowledge are at present
both wide and numerous.

The main analytical technique of choice is atomic force
microscopy using various operation modes. Since the
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Table 1. Characteristics and Origin of the Linear
Polyethylene Samples?

My (kmol/g) My (kmol/g) P supplier
4000 800 5.00 Hoechst AG
112 102 1.10 NIST

aMy and M, are the weight-average and number-average
molecular weights, respectively; P is the polydispersity (IMyZM,0.

Table 2. Seeding Temperatures (Ts) as a Function of
Molecular Weights (from Refs 17-19)2

My, (kmol/g) Mn (kmol/g) P solvent Ts (°C)
16 15 1.10 xylene 95.7
25 24 1.08 xylene 96.1
62 59 1.09 xylene 97.4
84 80 1.10 xylene 97.6

135 xylene 106.0
135 decalin 98.3
135 p-xylene 93.3
135 xylene 100.0
186 168 1.11 xylene 99.5
451 415 1.18 xylene 100.5

aM,, and M, are the weight-average and number-average
molecular weights, respectively; P is the polydispersity (IMyZ0M,0.

invention of the scanning tunnel microscope (STM) by
Binning et al.l” a whole family of scanning probe
techniques has been developed. As one of these tech-
niques, atomic force microscopy (AFM) is being widely
applied for the characterization of polymer systems.18-24

In this part of the study, the focus is directed to
understand the interaction between preparation condi-
tions used, e.g., influence of molecular weight, concen-
tration, and crystallization temperature used, the nucle-
ation process, and the final organization of the formed
single crystals. One specific research topic will be the
investigation of the crystal formation dependent on the
self-seeding temperature Ts used, which has had little
attention in the past. It is not our intention to reproduce
well-documented features; the main purpose of this
study is to present and discuss novel experimental
results.

Experimental Section

Preparation of Solution-Grown Polyethylene Single
Crystals. The materials used in the present studies are listed
in Table 1. All samples are linear polyethylene.

The process of crystallization can be divided in two steps:
the formation of stable nuclei, nucleation, and the growth of
the crystals. For the preparation of polyethylene single crystals
from solution within opportune times, the limiting factor is
the nucleation step; from solution, it will be a homogeneous
nucleation. To increase and to control the nucleation rate, the
preparation technique of seeding or self-seeding has been
developed.?® By use of a smart pretreatment of the solution
before initiating the crystallization process, the start conditions
for crystal growth can be accurately controlled. In general, a
solution is heated above the dissolution temperature of the
polymer and then cooled to a rather low temperature where
first crystallization starts (the solution becomes cloudy), heated
again, but below the dissolution temperature (Tpis, the solution
becomes clear again), and subsequently cooled to the desired
crystallization temperature.

It is important to know that temperatures commonly used
for seeding depend on the molecular weight and concentra-
tion.%5~27 With increasing molecular weight and/or concentra-
tion the suitable seeding temperature increases. Some data
for a fixed PE concentration of 0.1 wt %o are listed in Table 2.
However, in practice a whole temperature range of several
degrees can be used for successful seeding of nuclei.

In the present study, polyethylene single crystals are
prepared from dilute xylene solution by varying systematically
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Figure 1. Typical temperature treatment to form single
crystals: (a) common self-seeding procedure with T¢L < Ts <
Tois; (b) the so-called pseudo self-seeding procedure with Tpis
< Ts < Tg. Key Tg, boiling temperature of the solvent; Ts, self-
seeding temperature; Tc, “cloud-point” temperature where the
cloud-like crystals disappear; Tci, the temperature of first-
crystallization with the appearance of the cloud-like crystals;
Tcz, isothermal crystallization temperature. Tpis is the dis-
solution temperature.

Ts for a given molecular weight, solvent and concentration.
Dilute solutions with a concentration of 0.1—0.001 wt %o for
medium molecular weight PE and 0.001 wt %0 for ultrahigh
molecular weight PE (UHMWPE) are applied throughout the
whole study, if not indicated differently.

A typical preparation route is as follows: a PE/xylene
solution is obtained by dissolving PE into the hot solvent at a
temperature slightly below the boiling temperature (Ty) of the
solvent. The hot solution was transferred to an oil-bath, which
had a temperature T¢;, and held for 2 h for the precrystalli-
zation (in principle, it is now a crystals in solvent suspension).
Then it is heated to Ts with a heating rate of 10 °C/min and
held for 15—20 min to form stabilized and uniform nuclei.
Subsequently, the solution is transferred to another preheated
oil bath having a temperature Tc,, which is the temperature
for isothermal crystallization. A typically preparation sequence
is described in Figure la. Moreover, sometimes a so-called
“pseudo self-seeding” technique is applied for the preparation
of crystals. In this case, the seeding temperature is above the
dissolution temperature, Ts > Tpis (Figure 1b).

For the measurements of the crystals growth, the crystals
are removed from the solution at different crystallization times
(minutes to days) by simply dipping freshly cleaved mica or
small silicon wafer pieces in the solution followed by subse-
quent drying the samples in a vacuum oven at 40 °C for 24 h.
The substrates used are preheated by immersing in a fresh
solvent, which has a temperature similar to the crystallization
temperature (Tcz). This procedure is chosen to prevent the
formation of nonisothermal crystallization of the remaining
crystals in the solution due to the introduction of a cold
substrate. Some of the samples are posttreated, e.g., annealed
after deposition on the substrates.

Isochronous Decoration Method. The so-called isochro-
nous decoration method is used to prepare PE single crystals.?8-30
Using this method the crystallization temperature is changed
in a controlled way during the crystal growth. As seen in
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Figure 2. Temperature vs time profile of the isochronous
decoration procedure. Key: Ts, self-seeding temperature; Tcy,
“cloud-point” temperature where the cloud-like crystals disap-
pear; Tci, the temperature of first-crystallization with the
appearance of the cloud-like crystals; Tr, room temperature.
Tois is the dissolution temperature.
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Figure 3. Sketch of the n-alkane decoration setup.

Figure 2 crystal bodies are prepared having alternating two
different thicknesses, resulting from the two crystallization
temperatures used. Changing the temperature during the
crystallization process results in distinct thickness steps within
the crystal body. A typical temperature transition time is ~10
s. After crystallization, the single-crystal suspension is quenched
to room temperature. Then, droplets of the solution are
transferred onto the substrates as described above.

n-Alkane Decoration. Some of the single crystals are
decorated with n-alkanes following the route as described by
refs 31 and 32. A detailed sketch of the setup can be found in
Figure 3. For decoration purposes a linear polyethylene
fraction is used having a weight-average molecular weight of
~55K and M/M, ~ 4.5. A small piece of this material is placed
on a Q-type wire in the evaporator. A vacuum below 5 x 107°
mbar, a voltage of 20 V and a current of 30 A are used to
uniformly decompose polyethylene. Moreover, a 15 cm distance
between the sample and the wire in the vacuum evaporator
is chosen to avoid possible surface melting of the PE single
crystals. Using this setup the resulting n-alkanes condense
on the surface of the single crystal and form rods by crystal-
lization. The decoration is performed at room temperature.
After decoration—and in the preferred case—the rods are
aligned and form specific patterns, which may reflect the local
organization of the fold surface of the crystal.

On the basis of electron diffraction studies®'*? the alignment
mechanism can be best demonstrated looking at Figure 4: the
first condensed n-alkanes are considered as units searching
for their most favorable organization and orientation on a
fairly rough surface (at the chain diameter scale). Since ditches
or furrows exist on the surface of the single crystals, which
are formed by folds, loops, cilia, etc., the n-alkane chains align
in a parallel way, rather than at an angle, to them. Subsequent
accretion of the following n-alkane molecules results in the
formation of oriented nuclei and, finally, of the rods. Because
of its small size, the orientation of an n-alkane nucleus, and
thus the orientation of the n-alkane rod, can be used to probe
the local surface organization of the single crystals.
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Figure 4. (a) Schematic representation of the substrate
crystal and the orientation of the decorating n-alkane rods.?*
(b) High magnification height-contrast AFM image showing
the orientations of n-alkane rods decorating two (110) sectors.
Scanning size is 3.0 um x 3.0 um, and the height scale is 10
nm.

Atomic Force Microscopy (AFM). AFM investigations of
the morphology evolution of PE single crystals are performed
using a Smena P47H, NT-MDT Ltd., Moscow, Russia. The
AFM is operated in noncontact mode in air using silicon
cantilevers with spring constant k of 11—15 N/m, which are
coated with a gold layer for higher laser beam reflectivity.
Typical resonance frequencies are 210—230 kHz. The AFM has
been calibrated using a 25 nm height standard grating
produced by NT-MDT. Ltd., Moscow, Russia.

Low Voltage Scanning Electron Microscopy (LVSEM).
Some morphology investigations of polyethylene solution-
grown single crystals are performed using a Philips, at present
Fei Co. (Eindhoven, The Netherlands) environmental scanning
electron microscope XL30 ESEM-FEG, which is equipped with
a field emission electron source, using low voltage mode
(LVSEM) and a secondary electron detector. The detailed
operation principle of LVSEM is described in ref 33.

After deposition of the polyethylene single crystals on mica
or silicon wafer substrates the samples are investigated
without any additional sample treatment using acceleration
voltages between 700 V and 1 kV.
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Figure 5. Single-crystal grown using the technique of ischro-
nous decoration, the two different heights are visible, which
correspond to the two different crystallization temperatures.
(a) Height- and (b) amplitude-contrast images recorded by
AFM in noncontact mode: scanning size is 20 um x 20 um;
height scale is 40 nm.

Results and Discussion

Growth Rate Determination Using the Isochro-
nous Decoration Method. For the exact determina-
tion of the growth rates of solution grown PE single
crystals the technique of “isochronous decoration” has
been used.?8730 For this technique, a low concentrated
solution of PE in xylene is prepared and nucleation is
initiated using the self-seeding procedure. During the
crystal growth the crystallization temperature is rapidly
changed several times between two temperatures re-
sulting in two different thicknesses within one indi-
vidual lamella. A typical result is shown in Figure 5.

In this case, the initial PE concentration is 0.01 wt
%o, and the crystallization temperatures are 82 and 87
°C, respectively. It is obvious that the single crystal has
a lozenge shape with rather smooth growth fronts, and
the dominant central pleat indicates the self-seeding
technique used. The pattern, which is a result of the
changed crystallization temperature during the growth
process, indicates two different thicknesses of the

Macromolecules, Vol. 37, No. 4, 2004

Table 3. Data Obtained from an Isochronous Decoration
Experiment

step Tc T Ln C| G| Lp

(N) (°C) (min) (nm) (10 *wt%) (nm/min) (nm)
1 87 16 944 0.1 59 14.8
2 82 1 532 0.0992 532 12.7
3 87 16 610 0.096 39 14.8
4 82 1 415 0.088 415 12.7
5 87 20 708 0.0817 35 14.8
6 82 2 602 0.0653 301 12.7
7 87 20 473 0.0504 24 14.8
8 82 4 610 0.0345 153 12.7
9 87 33 187 0.0149 5.7 14.8

10 82 1440 187 0.0070 12.7

aKey: Tg, crystallization temperature; T), crystallization time
at temperature step I; Ly, lateral distance from the center of the
crystal to the growth fronts; C,, the instant concentration; G,
growth rate at | step; and Lp, crystal thickness including 2-fold
surfaces.
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Figure 6. Growth rates as a function of the actual solution
concentration for (a) 82 and (b) 87 °C.

lamella. Precise AFM measurements show that during
the whole crystallization process both thicknesses are
constant with ~12.7 nm (for Tc = 82 °C) and ~14.8 nm
(for Tc = 87 °C), respectively, and thus are independent
of the actual concentration in the solution.

Further, if one knows the crystallization time corre-
sponding to one single growth step before changing
again the temperature, accurate calculations of the
actual PE concentration in the solution and the growth
rate have been performed. The measured thickness and
grow width data within the individual crystallization
temperature steps and the calculated concentrations
and growth rates are shown in Table 3.

From calculated growth rates as shown in Table 3 and
plotted in Figure 6, it is evident that the growth rate
decreases with lower polymer concentration in the
solution. For the chosen crystallization temperatures an
almost linear relation between growth rate and concen-
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Figure 7. Double logarithmic plot of the growth rates vs
concentration. (a) The lines indicate the linear fits for the
crystallization temperatures of 82 and 87 °C, respectively, and
(b) the linear fit of all data points together.

tration has been measured. In general, it is accepted
that the growth rate decrease with increasing crystal-
lization temperature for a given molecular weight and
concentration of polymer in solution. This behavior could
be confirmed within the present study. However, next
to the parameters mentioned, the growth rate depends
on the concentration. This relationship can be described
by eq 1.

Goc® 1)

Key: G, growth rate; C, concentration; a, correction
exponent.

In the literature the exponent o has been calculated
to be between 0.45 and 0.60, and to depend somewhat
on crystallization temperature.®*=36 In the present
study, the exponent o could be calculated to be 1, and
it shows no influence on the crystallization temperature
(Figure 7). Such behavior may indicate that the growth
of the lamellae is continuous even when increasing and
decreasing the crystallization temperature several times
during the experiment. However, this observation may
be valid only for the experimental conditions used, and
further experiments with varying crystallization tem-
peratures, concentrations, and molecular weights have
to be performed before the final conclusions can be
drawn.

The observation that the exponent o in eq 1 is
independent of the crystallization temperature, for the
experimental conditions used, may have some impact
on our understanding of the nucleation process in the
presence of a growth front having a thickness different
from the thermodynamically stable thickness. In the
case of a thicker substrate, such as in shish kebabs, it
is in general accepted that for the secondary nucleation
(the kebab) the surface free energy is reduced by the
substrate (the shish). This yields to the formation of a
transition zone, in which the folded chain crystal
gradually decreases its thickness down to a thermody-
namically stable value.3”38 In contrast, the stable
nucleus exceeds the thickness of the substrate if the
crystallization temperature is increased (as in the
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Figure 8. High magnification height-contrast images and
their corresponding topography line scans on thickness steps
formed at (a, c) decreasing and (b, d) increasing crystallization
temperature; scan size is 400 nm x 400 nm. The topography
line scans represent only a part of the lines drawn in the height
images.

isochronous decoration experiments). Thus, in the latter
case, there should be an induction time for nucleation,
which certainly will slow the overall crystal growth rate,
and should yield to a crystallization temperature-
dependent exponent a. However, this behavior could not
be confirmed in the present study; the exponent a is
independent of the crystallization temperature. One
conclusion from this observation is that the crystal
growth is a continuous process and independent of the
substrate size, and only depends on the access of
molecules (which depends on the concentration).

To strengthen this observation, the crystal growth
process is critically evaluated using the technique of
isochronous decoration. Beside the clear evidence that,
for the experimental setup used, less than 10 s are
required for the stabilization of the crystallization
temperature after a temperature change, morphological
investigations of the thickness steps within the crystals
have been performed. Figure 8 shows AFM height-
contrast images of the thickness steps resulting from a
decrease (Figure 8a, from 87 to 82 °C) or increase
(Figure 8b, from 82 to 87 °C) of the crystallization
temperature, and their corresponding topography line
scans (Figure 8c,d).

Two apparent features can be observed from the
images: a pattern spreading over the entire lamella,
which might be caused by fold loops or by sedimented
residues onto the lamella surface, and a rather sharp
thickness step reflecting the crystallization temperature
changed. In both cases the morphological appearance
of the thickness step is identical having a height of ~1.8
nm and a width of ~16.5 nm, which might be in line
with the statement of continuous nucleating and grow-
ing independent of the size of the substrate.

To further evaluate the correctness of the performed
AFM measurements at the thickness steps for increas-
ing and decreasing temperature jumps, a discussion of
the influence of the AFM-tip size and shape on the
height and especially on the lateral information ac-
curacy has to be done. The tip has, in a two-dimensional
representation, a hyperbolic shape with a contact area,
which can be fitted as a circle. Because of this shape it
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Figure 9. (a) Sketch of the tip—sample contact geometry, R
is the tip radius, Ls the step height, Lc the lateral error. (b)
Lateral uncertainty of AFM measurements depending on tip
radius and step height.

is possible that the tip interacts with the sample surface
not only with, in the ideal case, a single atom located
at the head of the tip, but infrequently also with its
flanks, especially when the sample surface has some
roughness or height steps.

Figure 9a represents a sketch of the tip geometry in
contact with a rough sample surface. It is obvious that
dependent on the tip radius and the height of the sample
surface an error occurs in the lateral precision of the
AFM measurement. Using simple geometric mathemat-
ics an approximation of this error can be done (Figure
9b). However, the calculations do not consider the
effective tip—sample contact area, which depends on the
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imaging conditions. For a height step of 2 nm, as in the
case of the isochronous decoration experiment, even for
a bad tip having a radius of 50 nm the exactness of
lateral measurements is better than 15 nm, in the case
of a standard tip having a radius of less than 10 nm a
value of ~5 nm for the imprecision of the lateral
measurement can be achieved. Thus, the thickness
gradient measured for decreasing as well as for increas-
ing crystallization temperatures as shown in Figure 8
is a real feature. Of course, during the AFM measure-
ments scan direction and scan speed as well as oscilla-
tion amplitude, etc. are systematically varied to prevent
measurement artifacts. Thus, looking on the similar
morphology of the thickness steps for increased or
decreased crystallization temperature supports the
observation that the exponent a is independent of the
crystallization temperature, and the growth process is
continuous.

Formation of Solution Grown Ultrahigh Molec-
ular Weight Polyethylene Single Crystals. The
formation of solution-grown PE single crystals is fol-
lowed. Crystals are fished from solution at several times,
dried, and subsequently investigated using low voltage
scanning electron microscopy and atomic force micro-
scopy. An ultrahigh molecular weight PE is chosen for
the experiments. Figure 10 shows a set of LVSEM
images obtained after different crystallization time at
a crystallization temperature of 85 °C. LVSEM is used
mainly because it allows fast screening of a large
samplearea, which helps finding suitable crystals for
imaging.®® The images represent different crystals.

Using the self-seeding technique after a crystalliza-
tion time of 20 min a single crystal is already formed,
and its growth continues up to a crystallization time of
approximately 1 h. Several morphological features can
be seen in Figure 10: the truncated lozenge shape of
the crystals and the central pleat. The crystals are
surrounded and sometimes partly covered by residual

B

Figure 10. Set of LVSEM images of UHMWPE single crystals deposited on mica after crystallization in solution for (a) 20 min,
(b) 40 min, (c) 50 min, and (d) 4 h.
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Figure 11. Plot of half the crystal size in [2000and (1100
direction.

polymer material. It is evident that the amount of
residual material decreases with increasing crystalliza-
tion time, which indicates that the crystal growth
process is almost finished after 50 min. In addition, from
Figure 11 the growth rates of the crystals have been
determined with 141 nm/min in [200Cdirection and 97
nm/min in [1100direction, respectively. In contrast to
the isochronous decoration experiments described be-
fore, the influence of the reduced polymer concentration
during crystallization cannot be measured.

As seen from Figure 10, the residual polymer material
is only surrounding the growing crystals and cannot be
found elsewhere onto the substrate, which might be an
indication for some physical connection between the
polymer chains still being in solution and the growth
front of the lamellae. Of course, using a molecular
weight of about 4000 kmol/g chain entanglements are
an important issue and might explain the appearance
of the residual molecules as dense network, even for the
concentration of 0.001 wt %o used. However, because
they are located only nearby and in contact with the
growing crystals some molecule parts might be already
adsorbed at the growth front of the crystal, and it seems
that the local polymer density at the growth front is
enriched.

Influence of the Self-Seeding Temperature Used
on the Organization of the Crystals. Systematic
investigations are performed on the growth process of
crystals treated according to the “pseudo” self-seeding
technique using a seeding temperature of 105 °C for a
PE having a molecular weight of 110 kmol/g dissolved
at a concentration of 0.01 wt %o in xylene and crystal-
lized at 85 °C. Figure 12 shows typical LVSEM images
of a sample immediately removed from the crystalliza-
tion solution (Figure 12a), and a sample deposited on
mica after crystallization for 6 h (Figure 12b). Because
of the absence of seeds after short crystallization times
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only small dendritelike structures can be found. How-
ever, there is clear evidence that already after few
seconds some organization of the macromolecules in the
solution is present, even for the high seeding temper-
ature used. Another surprising feature is that already
after crystallization for 6 h single crystals are present
having pronounced lozenge shape and a size in 0100
direction on the order of 6 um (Figure 12b). No central
pleat or corrugation lines are visible, indicating that the
crystal has been flat already in solution, instead of the
hollow pyramidal shape of crystals self-seeded at lower
temperatures. Calculations have demonstrated that
applying the “pseudo” self-seeding technique the growth
rate for the identical crystallization temperature (and
identical concentration) is at least 1 order of magnitude
lower than the growth rate for crystals prepared by the
ordinary self-seeding procedure, in fact for the present
case 3.9 vs 70.3 nm/min, respectively.

Figure 13a shows a typical solution grown crystal
having truncated lozenge shape. The crystal is prepared
from dilute xylene solution using a self-seeding tem-
perature of 85 °C, which is Ts < Tpjs. Several morpho-
logical features can be discussed: the four (110) and two
(200) sectors, the characteristic central pleat, and the
pronounced corrugation lines around the pleat and
within the (200) sectors. In more detail, the central tri-
angular pleat has an approximately triple-thickness
compared with the lamella and is aligned along the
crystallographic [010direction. Further, smooth lateral
{200} and {110} growth faces and striations along the
[310direction in the (110) sectors or the [200[direction
in the (200) sectors can be observed. These features
indicate that the crystal has had a hollow pyramidal
shape in the solution and has been collapsed during the
process of sedimentation on a substrate.3940

In contrast, Figure 13b shows a crystal grown via the
preparation route of setting Ts > Tpjs (Ts = 105 °C).
This crystal has a lozenge shape with a smooth folding
surface and rough lateral growth planes. Since there is
neither a characteristic central pleat along the crystal-
lographic [@100direction nor pronounced corrugation
lines, it is expected that the original crystals has been
flat already in the solution before sedimentation.

On the basis of the observation that depending,
whether the self-seeding (Ts < Tpijs) or pseudo self-
seeding (Ts > Tpis) preparation technique is applied, the
appearance of the single crystals is different further
experiments are performed. Both “types” of crystals are
treated using the n-alkane decoration technique.31:32
Figure 14 shows two AFM images in height contrast.
In the case of following the standard self-seeding
procedure alignment of the n-alkane rods parallel to the

(b)

Figure 12. LVSEM images of PE single crystals deposited on mica after growing in solution at 85 °C for (a) few seconds and (b)

6 h. Seeding temperature Ts is 105 °C.
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(b)

Figure 13. Height contrast images recorded on (a) a truncated lozenge PE single crystal prepared from solution by the common
self-seeding technique, scanning size is 10 um x 10 um, height scale is 100 nm, and (b) a lozenge shaped crystal grown using the
pseudo-self-seeding procedure with Ts = 105 °C. Scan size is 5 um x 5 um; height scale is 50 nm.

Figure 14. Height contrast AFM images of n-alkane decorated single crystals: (a) Ts < Tpis (same as Figure 4b) and (b) Ts >
Tois. Scan size is (&) 3 um x 3 um and (b) 2 um x 2 um, respectively, and the height scale is 10 nm.

(1100direction with a clear border between two sectors
can be seen. The right side of the image represents
n-alkane rods laying on the mica substrate. In contrast,
using the pseudo-self-seeding technique, which means
that the seeds are completely destroyed before starting
the isothermal crystallization, no pronounced surface
organization can be detected. A possible explanation
might be that in the latter case the organization of the
crystal is much disordered. More details on the organi-
zation of the crystals will be discussed in other parts of
our study.

Conclusions

In the present part of the study concerning the
organization and reorganization of solution grown poly-
ethylene single crystals, the nucleation and growth
process of such crystals has been analyzed. The influ-
ence of several preparation parameters, such as molec-
ular weight, concentration, crystallization temperature
and seeding temperature, has been systematically in-
vestigated. Main experimental observations are as
follows.

*An apparent relation between actual polymer con-
centration during one crystallization experiment and the
crystal growth rate could be established. It should be
noted that Doisére et al. have already discussed a
similar relationship between actual polymer concentra-
tion and growth rate.?® However, at that time no
guantitative calculation of the concentration could be

performed, because of the lack in local quantitative
thickness data.

oFor the experimental conditions used the concentra-
tion coefficient o could be calculated to be unit and
independent of the crystallization temperature.

Within the experimental accuracy the secondary
nucleation at the growth front of a crystal is indepen-
dent of the length of the substrate (as seen from the
isochronous decoration experiments).

«To the best of our knowledge it is the first time that
individual solution-grown ultrahigh molecular weight
polyethylene single crystals could be prepared.

eAttachment of individual molecules and increase of
local polymer density at the crystal growth front could
be observed. Even for dilute concentrations chain en-
tanglements are present near to the growth front.

eThe (“pseudo”) self-seeding temperature determines
shape and organization of the single crystals. For low
temperatures (Ts < Tois) initial hollow pyramidal
crystals with clear sectorization are grown in solution,
at high temperatures (Ts > Tpis) the crystals are already
flat in the solution and, at least, their surfaces are
disordered (seen from n-alkane decoration experiments).

*An unexpected high growth rate for crystals prepared
by the “pseudo” self-seeding technique (Ts > Tpjs) has
been found: crystals are already formed after minutes
to hours, instead of days to weeks (as stated in the
literature).
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esAtomic force microscopy and low voltage scanning
electron microscopy are accurate techniques for mor-
phological investigations of polymer single crystals. In
particular, AFM can be used for quantitative lateral size
and height measurements.
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