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ABSTRACT: Pressing of ultra high molecular weight
polyethylene (UHMWPE) melt on a flat substrate of
HOPG, Si/SiO,, or mica resulted into molecular alignment
at the polymer melt/solid interface. From the resultant
morphology, as visualized from AFM, it appears that the
extended chain crystals are formed at the interface. The
chain alignment in the extended chain crystals could be
preserved even after annealing well above the equilibrium
melting temperature (20 h at 160°C). It is thus concluded
that the atomically flat surface provides efficient constraint
that refrains chain relaxation of the extended chains to
random coil state. It is shown that at the melt/hydrophilic

mica interface the extended chain fibrils are formed easier
from the polymer obtained from the single-site catalyst
compared to the heterogeneous catalyst. The extended
chain fibrils at the interface promote the oriented lamella
growth. Isothermal crystallization at low supercooling
(at 133°C) results in the formation of lamella thicker than
200 nm. The lamellae exhibit a characteristic tapered shape
indicating the thickening growth mechanism via chain
sliding diffusion. © 2012 Wiley Periodicals, Inc. ] Appl Polym
Sci 000: 000-000, 2012

Key words: polymer crystallization; polyethylene; lamella

INTRODUCTION

Polymer crystallization at the melt/solid interface
may proceed differently than in the bulk. Effects
reported are heterogeneous nucleation, epitaxy, and
transcrystallinity.' Solid surfaces may favor hetero-
geneous nucleation due to reduced nucleation barrier
at the melt/solid interface.* In the vicinity of a solid
surface, chain configuration and mobility will be
different than in the melt. At the solid surface obser-
vations on preferential orientation and elongation of
polymer coils®® have been confirmed by simula-
tions.”"® These studies on the polymer interface
interactions are of relevance to understand the crys-
tallization process and the resultant morphology,
because often a polymer encounters a solid interface
in several applications. Crystallization of model
crystallizable polymers—high density polyethylenes
(HDPE) and ultralong monodisperse alkane
Cs9oHygo—on various molecularly flat surfaces of
solids (graphite, mica, MoS,, alkali halides, and
others) has been studied.'*?® Efficient method that
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has been successfully applied in the studies is the sub-
strate detachment technique. The technique allows to
study the morphology of a polymer crystallized in
contact with a solid substrate. Experimental tool
applied for the purpose is atomic force microscopy
(AFM), where imaging of a fracture occurring at, or
very close to, the polymer/substrate interface is exe-
cuted.'*'®%° Crystallization of the contact layer of
HDPE on highly oriented pyrolytic graphite (HOPG)
or MoS, substrates occurs at exceptionally high tem-
peratures; at 135°C under isothermal conditions'® and
at 129°C while cooling from melt at a rate of 10°C
min "' Moreover, it is found that at atmospheric
pressure crystallization at the interface proceeds
according to the mechanism of lamellar thickening
growth.'® Tt is thus well established that some flat
substrates may strongly influence the crystallization
of polyethylene, at least in the adjacent layer. Epitax-
ial crystallization of polymer on the crystalline sub-
strates is one of the most important phenomenons
that determine the polymer morphology at the
interface. In the contact layers of HDPE and CzooHz7s,
crystallized on HOPG or MoS,, domains with three
distinct orientations of the lamellae, inclined at 60° to
each other reflects the threefold symmetry of the
substrate.'>"182%30



The article reports crystallization of ultra high mo-
lecular weight polyethylene at the interface, where
beside the epitaxial crystallization, the presence of
entanglements will have strong influence on the re-
sultant morphology. To investigate the influence of
entanglements on polymer crystallization, polymers
synthesized via homogeneous and heterogeneous
routes have been studied. It is to be realized that
while the nascent polymer synthesized via homoge-
neous (single-site metallocene catalyst) route results
into disentangled melt that tends to entangle with
time, the melt of the nascent polymer obtained from
the heterogeneous (supported Ziegler—Natta catalyst)
route is entangled from the very start.>!

Before studying crystallization at the melt/solid
interface a polymer melt is brought in contact with a
solid substrate. In many experiments polymers in a
form of pellets or reactor powders are pressed in the
molten state between the flat substrates. The inti-
mate contact between the melt and a surface occurs
gradually, where the flow of polymer molecules is
influenced by the atomistic roughness of the sub-
strate. In some local regions, shear forces at the
interface are sufficiently high to orient the chains—
leading to the shish formation. Because the relaxa-
tion time t increases with the molecular weight (M,,)
(t ~ M,03'4,32’33), it is of interest to investigate the
influence of molar mass on chain orientation. Obvi-
ously the presence of aligned chains at the interface
will have the strong influence on nucleation and
crystallization process. It is well established that
aligned chains (shishes) in polymer melts serve as
nucleating centers. Experimentally, to detect the
shish formation is very challenging especially if it is
present only at the polymer—substrate interface. Ori-
ented lamellar overgrowth on PE shishes, induced
by shearing the melt surface with a razor blade, was
observed in situ using high temperature AFM.**

In this work we present AFM studies on fibrils of
extended chains (EC) of ultrahigh molecular weight
polyethylene (UHMWPE) formed at the interface of
melt/nanoscopically flat substrates: HOPG, Si/SiO,,
and mica. The substrate detachment technique has been
chosen as the most suitable experimental approach.
Majority of experiments are performed on ultrahigh
molecular weight polyethylene (M-UHMWPE) synthe-
sized using a metallocene catalyst. The polymer is of
interest because of the disentangled nature of the melt,
where the entanglements per chain could be tailored
during controlled polymerization.®

EXPERIMENTAL
Materials

UHMWPEs obtained using metallocene catalyst
(M-UHMWPE)*** of molar masses ranging between
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2 x 10° g mol ' and 8 x 10° g mol " are used. For
a comparison, polymers synthesized using a Ziegler—
Natta catalyst are also investigated. Nascent UHMWPES,
as obtained after polymerization, consists of granules. In
Figure 1, granules of M-UHMWPE and Z-UHMWPE
before and after melting are compared with granular
morphology of HDPE.

Because of lower melt viscosity the granules of
HDPE undergo substantial shape reorganization
after annealing and turn to ball like objects
[Fig. 1(a)]. The high melt viscosity of UHMWPE
inhibits the polymer to alter its shape, even after
melting. In the case of UHMWPE, the melt reorgan-
ization occurs only locally within the surface layer
and granular, cauliflower morphology remains the
same [Fig. 1(b,c)].

For the experiments on substrate, powders are
compressed between aluminum or Teflon foils to
obtain about 0.5-mm thick films (Fig. 2). M-UHMWPE
powders are compressed at ~ 200 bars, for 90 min at
70°C i.e., below the melting temperature. Under such
sintering conditions the nascent disentangled state of
the polymer is preserved.’** Z-UHMWPE granules
are compressed at 180°C. For crystallization experi-
ments 5 mm x 5 mm samples are used.

Substrate detachment technique

The morphology of UHMWPE crystallized at the
polymer melt/solid interface has been studied using
the so-called substrate detachment technique devel-
oped for studies of melt-crystallized HDPE. The
technique allows to investigate the morphology of a
contact layer by using atomic force microscopic
(AFM), where imaging of a fracture occurring at or
very close to the polymer/substrate interface is per-
formed."*'®%* A scheme of experimental procedure
is shown in Figure 3. Because of the high melt
viscosity of the UHMWPE, the polymer samples are
pressed to ensure a good contact with a substrate
(Stages 1 and 2 in Fig. 3).

To ensure the good contact a force of 0.5 kG is
applied to the cover of Mettler—Toledo (Columbus,
OH) hot stage during heating of the sample. Taking
into account the lateral size of samples (0.25 cm?)
the overall pressure on the sample is less than 2 bars.
Because the cover of the hot stage is not ideally paral-
lel to the substrate, the molten sample experiences a
flow in one direction resulting in a deformation of
about 1020 % (Fig. 4).

After pressing the viscous melt two protocols are
used for crystallization (Stage 3 in Fig. 3).

Protocol 1

The sample is heated to 170°C in steps under the
applied pressure. First at a rate of 0.2°C min~' from
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Figure 1 SEM images of reactors powders of three different polyethylenes: (a) HDPE (M,, 193,000); (b) M-UHMWPE
(M, = 8 x 10° g mol %) and (c) ZZUHMWPE (M,, = 6 x 10° g mol™Y); Left side figures represent SEM images of the reac-
tor powders as obtained, whereas images on the right side are of the powder after annealing for 10 min at 170°C.

130 to 150°C followed by rate of 1°C min~' up to
170°C. After reaching the desired temperature, the
pressure is released and the sample is kept for
10 min at the temperature. Finally the sample
adhered to the substrate is quenched by dropping it
into ice cool water.

Protocol II

Sample is heated to 170°C at a rate of ~ 60°C min .
Once the temperature is reached the pressure is
applied. After 10 min at this temperature, the
pressure is released and the sample attached on the

substrate is quenched by dropping into ice cool
water. The difference between the two protocols
relies on the different temperature when melt starts
to flow under applied pressure. In the case of Proto-
col I the melt can start flow already above melting
temperature since the sample is heated under
applied pressure while in case of Protocol II the
pressure is applied at 170°C.

The adhered substrate is then cleaved off the
sample (Stage 4 in Fig. 3). Prior to cleaving a notch
is initiated with a razor blade. Detachment of the
polymer sample from HOPG results in a brittle frac-
ture close to the interface. After the detachment

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM images of the surface of films of UHMWPE
used in experiments. (a) Z-UHMWPE (M,, = 6 x 10° g mol ™)
sintered at 180°C, (b) M-UHMWPE (M,, = 8 x 10° g mol ")
sintered at 70°C. High sintering temperatures for Z-UHMWPE
compared to M-UHMWPE are requisite due to differences in
the entangled state of the two samples.

most of the HOPG surface is covered by a polymer
layer of small nonuniform thickness. In areas where
this film is several nanometers thick and flat,
morphology similar to that of the surface of the
detached sample can be seen. However, the resolu-
tion achievable by studying the surface of the
detached sample is better, and we therefore concen-
trate on the latter.

Usually a part of the fractured surface is covered
with the thin graphite flakes. If necessary some
remaining flakes of graphite are gently removed
using adhesive tape. Subsequently, the exposed
surface is investigated using AFM. For studies on iso-
thermal crystallization, the samples are cooled from
melt at a rate of 1°C min ™" to the isothermal crystalli-
zation temperature of 133°C followed by quenching
in the ice cold water. Highly oriented pyrolytic graph-
ite (HOPG), mica, and silicon wafer with native oxide
layer (Si/SiO,) are used as substrates. HOPG and
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mica are freshly cleaved before use. Silicon wafers are
cleaned using acetone and ethanol.

Morphological investigations are performed using
Nanoscope Illa AFM microscope (Digital Instru-
ments/Veeco, Santa Barbara, CA), operated in tap-
ping mode. Rectangular silicon cantilevers of model
RTESP (Veeco Instruments) are used throughout the
study. All scans are performed in air, at room
temperature, with a scan frequency below 2 Hz.
Scanning electron microscopy (SEM) images are
obtained using Jeol JSM—5500LV.

RESULTS AND DISCUSSION

In Figure 5, typical AFM images of the fracture
surfaces of M-UHMWPE melted on HOPG, and
quenched from 170°C are shown. During melting
the sample is slightly pressed following the Protocol
I described in the Experimental section. Though the
sample is crystallized in contact with a flat substrate,
the detached surface is not smooth (Fig. 5). Section
profiles imply that the majority of the area in the
detached surface is not the first layer that was origi-
nally in contact with the graphite surface, where the
graphite surface is atomically flat. Fibrils of extended
chains (EC) are characteristic of fracture surfaces of
UHMWPE molten on a solid surface.

The presence of the fibrils implies that at a certain
stage of the experiment the coil-to-stretch transition
occurs at the melt/solid interface. During the sample
detachment, the fracture occurs through layer of
fibrils at different distances from the substrate and/
or the EC layer has different thicknesses, which
causes topographic variations in different areas of

@ (2) ®

melting crystallization
mica — = - *

L |

(6) AFM

substrate

®

detachment from
the substrate

Figure 3 Schematic illustration of the substrate detach-
ment technique. The figure depicts successive stages of the
experiment, from melting to AFM observations. Vertical
arrow symbolizes pressing.
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Figure 4 Schematic illustration depicting melting of a polymer sample between hot plates in Mettler Toledo hot stage.
After inserting the samples, upper heating plate is not ideally parallel to the substrate. During pressing the molten sample
experiences shear deformation in one direction (shown by arrow).

the sample [for comparison see Fig. 5(a,b)]. In some
locations, ribbons of fibrils appear to be missing
exposing the underlying lamellar morphology thin
lamellae are seen between EC fibrils. They are per-
pendicular to the fibrils axes [Fig. 5(a)]. Obviously

the fibrils acted as nucleation centers. The surface of
lamellae is about 3 nm below the neighboring fibrils
[Fig. 5(a)]. In other words the lamellae are grown
not in the direct contact with HOPG substrate but
on the layer of EC fibrils.

Figure 5 AFM height images of two selected areas of the fracture surface of M-UHMWPE (M,, = 8 x 10° g mol ') crys-
tallized from melt on HOPG surface. Samples are slowly heated to 170°C and quenched after 10 min (following Protocol I
described in the Experimental section). Fibrils of extended chains running across the images are seen. The height profiles
at the bottom of the figures are scanned along the lines indicated in the figures.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 AFM height images of the fracture surface of M-UHMWPE (M,, = 8 x 10° g mol ') crystallized from disen-
tangled melt on mica (a), and Si/SiO, (b). Samples are slowly heated to 170°C and quenched after 10 min (sample prepa-

ration is done following the Protocol I).

In Figure 5(b) a very dense layer of EC fibrils
completely covering the underlying lamellar mor-
phology is shown. Relatively big roughness of the
surface indicates that also in this case the fracture
occurred through the dense layer of EC fibrils. The
width of single fibrils seen in Figure 5 (taking into
account the effect of finite size of the AFM tip) can
be estimated as few nanometers. It is worth men-
tioning the similarity of highly oriented EC fibrils
ones seen on the surface of the UHMWPE gel-spun
fiber after splitting.*

Importantly, EC fibrils are observed for samples
melted on other substrates used in our experiments
(Fig. 6). The results obtained for Si/SiO, are of par-
ticular interest; as compared to HOPG this substrate
is amorphous.

In some images few micrometer long fibrils, evi-
dently pull-out lie randomly on the fracture surfaces
(Fig. 7). Some of them split into thinner filaments.
The cross section analysis indicates that their thick-
ness ranges from 2 to 8 nm. It implies that the fibrils
consist of few chains. One can notice still thinner
pull-out filaments protruding by less than 1 nm
which may be single chains.

The presence of EC fibrils on fracture surfaces of
UHMWPE detached from Si/SiO, substrate [Fig. 6(b)
and 7], suggests that the long range order and align-
ment of EC fibrils is not related to epitaxy. Indeed, in
previous studies on crystallization of monodisperse
long chain alkane Cs00H7s2'® or HDPE %% on
HOPG, the same chain direction in neighboring edge-
on lamellae, is detected over distances much larger
than the lamella thickness. However, in scale of a
few hundred nanometers (up to few micrometers)
domains with a distinct chain orientation are seen.

Journal of Applied Polymer Science DOI 10.1002/app

These orientations, in the neighboring domains
inclined at 60° to each other, are correlated with the
epitaxial relationship with the hexagonal lattice of
graphite. Similar results are obtained for samples
crystallized in contact with other substrates such are
talc or MoS, exhibiting threefold symmetry on the
cleavage planes.'>'%*

Orientation of UHMWPE EC fibrils in Figures 5-7
is uniaxial in a macroscopic scale, which is preserved
over distances of hundreds of micrometers. The
chain orientation matches with the flow direction
that arose during the sample preparation while
pressing the sample on the substrates (Stages 1 and 2
in Fig. 3). It implies that the EC fibrils are formed
due to the flow induced orientation during pressing
of the molten sample against the substrate, as
depicted in Figure 4. Initially, when sample is placed
on the substrate and pressed, the contact between
the polyethylene melt and a substrate is likely to be
established locally only, in a scale of tens of a few
nm?. The overall pressure applied to the sample in
our experiments, calculated taking into account the
applied force and the macroscopic lateral dimensions
of sample, appears to be low (2 bars). In a nanoscale
the molten UHMWPE sample is rough (see Fig. 2).
Therefore, the local pressure in contact spots can be
orders of magnitude higher, resulting in a shear flow
which is sufficient to induce locally the coil-to-stretch
transition of UHMWPE chains. Most probably the
EC fibrils under constrained conditions form hexago-
nal phase that provides sufficient chain mobility. It is
known that drawing of UHMWPE above melting
point leads to crystallization and interestingly the
formation of hexagonal phase prior to orthorhombic
phase has been reported.**”’
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Figure 7 (a) AFM height (grayscale covers 50 nm) and (b) amplitude image of fracture surfaces of M-UHMWPE (M,, =
8 x 10° g mol’l) crystallized from disentangled melt on Si/SiO, substrate. Sample is slowly heated to 170°C
and quenched after 10 min (following the Protocol I). At the bottom panel the cross section analysis of magnified area I

showing the fibril splits into two is shown.

Formation of EC fibrils on atomically smooth sub-
strates is not evident in previous studies performed
on the crystallization of CzgoHyg, and HDPE.!>16:18
Molten alkane CzgoH7s, spreads spontaneously on a
surface. Samples of molten HDPE are also slightly
pressed to assure an intimate contact with HOPG,
talc or MoS, substrates. Obviously, melts of HDPE
and CszgoHyg, also flow on a substrate in a micro-
scopic scale before a full contact with a substrate is
established. However, because of lower melt viscos-
ity and shorter relaxation time the flow of these
polymers did not result in the formation of clearly
detectable layer of EC fibrils.

One could presume that effectiveness of EC
fibrils formation should be dependent on various ex-
perimental parameters such are temperature, initial
state of chains entanglements, molecular weight,
properties of the substrate etc. However, the above
discussed inhomogeneity of the samples morphol-
ogy, resulting from locally different deformation
conditions at the interface makes the comparative
crystallization studies rather difficult. Further studies
would be required to gain a better insight into the
problem. Preliminary results reported in this publica-

tion indicate that the nature of a solid surface and of
the synthesis history of UHMWPE become important
parameters if the melt flow at the interface is induced
well above the melting temperature (Protocol II
described in the Experimental section). On hydropho-
bic substrates such as HOPG and Si/SiO, formation
of EC fibrils is observed for the two investigated
UHMWPE samples, independent of the stage at
which the pressure is applied on the melt. Formation
of EC fibrils on pressing of the samples at 170°C,
following the Protocol II, is remarkable (Fig. 8). It
is worth noting that in most studies performed on
relatively low molar mass polyethylenes reported in
literature, shishes are induced by shear or flow at
temperatures close to but certainly below the equilib-
rium melting temperature i.e., in a supercooled melt
(e.g., Refs. 34,38-40).

On the contrary if Protocol II is applied and
hydrophilic mica is used as a substrate, the EC
fibrils are found only for M-UHMWPEs [Fig. 8(b)].
Whereas, in the case of Z-UHMWPE disordered
lamellar organization is seen and the morphology
resembled the one reported earlier for HDPE™

[Fig. 8(c)].
Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 AFM height images of fracture surface Z-UHMWPE (M,, = 3.6 x 10° g mol ') crystallized in contact with dif-
ferent Substrates Samples are pressed on different substrates at 170°C (followmg the Protocol II). (a) Z-UHMWPE (Mw =
3.6 X 10° g mol 1 on HOPG, (b) M-UHMWPE (M,, = 8 x 10° g mol~ 1 on mica, (¢) Z-UHMWPE (M,, = 3.6 x 10° g
mol ') on mica. It is apparent that on mica substrate while M-UHMWPE forms fibrillar morphology, the Z-UHMWPE

forms thin folded crystals. Grayscale covers a corrugation of 30 nm.

The results reported in this publication demon-
strate the role of friction resulting from the interac-
tion of aliphatic chains with a substrate surface. For
hydrophobic HOPG and Si/SiO, substrates friction
between polymer chains and a substrate surface
provides the force high enough to align the chains
from melt initiating formation of EC fibrils both
for M-UHMPWE and Z-UHMWPE. Mechanism
involved in the chain alignment appears similar to
the formation of highly oriented thin polymer layers
on substrates by so-called friction-transfer method.
However, in the latter the process takes place below
the melting temperature of a polymer.*! The friction
between aliphatic chains and hydrophilic mica is
probably smaller. On pressing at 170°C the EC fibrils
can be formed only from the melt of M-UHMWPE
[Fig. 8(b)]. This suggests that formation of EC fibrils
is easier for M-UHMWPE than the Z-UHMWPE.

This difference in chain orientation can be attributed
to the presence of lesser entanglements per chain
in the melt of M-UHMWPE compared to the
Z-UHMWPE. Assuming that transient metastable
hexagonal phase plays an important role in EC
fibrils formation, the result is in agreement with the
reported observations that during melt drawing of
the UHMWPE, transient metastable hexagonal phase
is formed easier in the polymers synthesized using
metallocene catalyst.*?

The EC fibrils thus formed on the surface of
HOPG, silica or mica are very stable. Even after
annealing above the melting temperature (160°C for
20 h on HOPG) the layer of fibrils can still be seen
on the fractured surface of M-UHMWPE sample
[Fig. 9(a)]. Similarly, EC fibrils can also be seen on
the detached surface of M-UHMWPE sample which,
prior to detachment from mica [Fig. 9(b)] or from

Figure 9 AFM height images of fracture surfaces of M-UHMWPE (M,, = 8 x 10° g mol ') prepared under different con-
ditions. (a) Sample is slowly heated on HOPG to 170°C and after annealing for 10 min at this temperature, the sample
(without detachment from the substrate) is left to anneal at 160°C for 20 h and subsequently quenched in the ice cold
water. The fracture occurred partially through the EC layer and partially farther away from the substrate exposing thin
lamellae (thickness of ~ 35 nm) seen edge on. Thin lamellae are better seen in the inset showing AFM phase image of
small area marked by white rectangle. (b) Sample is slowly heated on mica to 170°C held at this temperature for 10 min.
After the isothermal annealing at 170°C the sample is heated to 200°C at a rate of 3°C min ' and subsequently quenched
from 200°C to ice cold water. (c) Sample prepared as in (b) but on 5i/SiO,. Grayscale covers a corrugation of 30 nm.

Journal of Applied Polymer Science DOI 10.1002/app
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silica [Fig. 9(c)], was annealed at 170°C for 10 min,
followed by heating to 200°C at a rate of 3°C min '
before quenching.

To recall, normally annealing in the temperature
region of 160-170°C for much shorter time (several
minutes) is commonly applied for erasing the melt
history. Though in the bulk PE shishes may disap-
pear after annealing at 154°C for 3 min,* however
from the results shown in this publication it can be
stated that the commonly used procedures for eras-
ing the melt memory are not sufficient for the chains
aligned on the solid surface.

High stability of the EC fibrils at the interface,
well above equilibrium melting temperature of the
linear polyethylene, can be explained by the molecu-
lar interaction of the polymer with the substrate.
Magonov et al. have also shown that monolayers of
ultralong alkanes or PE molten on HOPG remains
ordered more than 40°C above the equilibrium
melting temperature of PE.**** In this respect our
findings for the system UHMWPE/HOPG are in
accordance with Magonov et al.

High thermal stability of constrained oriented
extended chains of UHMWPE has been recognized
long time ago. To recall, fibrillar crystals of HDPE
(M, = 1.5 x 10° were studied by Pennings and
Zwijnenburg using X-ray diffraction.*> They used
ultradrawn fibers composed of fibrils of extended
chains, with diameter of about 15 nm. It was found
that the constrained fibers exhibited relaxation well
above the normal relaxation time for the high molar
mass PEs. Though the constrained fibers (where the
shrinking on heating could be suppressed) at atmos-
pheric pressure, exhibited the transformation from
orthorhombic to hexagonal phase around 150°C,
their orientation could be maintained at 180°C even
on heating the sample slowly at a rate of 0.35°C
min~' from 150 to 180°C.

The phase transition from orthorhombic to hexag-
onal phase has been also reported on annealing of
the drawn UHMWPE fibers under constraint at
atmospheric pressure.*® To circumvent shrinkage on
heating the fibers were wounded around metal
holder and the ends were tied tightly. Though,
upon slow heating in DSC pan, where constraint is
transferred during sample preparation by compres-
sion of the lid, the hexagonal phase transforms to
liquid around 154°C. These results imply that for
the stability of hexagonal phase at atmospheric
pressure, sample geometry and “quality” of con-
strains are of great importance—the constraints
should be effective enough to transfer macroscopic
stresses to molecular level. Our results indicate that
confinement of extended chains at atomically flat
solid surfaces provide a very efficient constraint
allowing survival of EC fibrils upon annealing up
to 200°C.

Figure 10 AFM height images of fracture surfaces of
M-UHMWPE (M, = 2 x 10° g mol ) quenched after
isothermal crystallization at 133°C for 5 h on HOPG.

From Figures 5 and 9 it is evident that the ori-
ented EC fibrils have an important influence on crys-
tallization. Nonisothermal lamellar crystallization of
the melt in contact with fibrils during quenching
proceeds directionally, i.e., lamellae formed are per-
pendicular to the EC fibrils, where the fibrils act as
nucleation centers for further crystal growth.

More spectacular influence of EC fibrils on crystal-
lization is observed at low supercoolings, for an
example see Figure 10.

More detailed studies on isothermal crystallization
of UHMWPE on solid substrates will be a subject of
forthcoming article. Isothermal crystallization of
UHMWPE at 133°C, in the presence of EC fibrils,
results into the formation of very thick lamellae
about 200 nm. Tapered edges of the lamellae are in-
dicative of the thickening growth mechanism typical
for the formation of ordered domains in pseudohex-
agonal phase. According to this mechanism the
lamella thickness increases gradually.*”** In conse-
quence the lamella thickness is established only at a
distance from the growing front, see dotted lines in
Fig. 10). The results imply that the flow induced
orientation of UHMWPE polymer chains at the
melt/solid surface interface facilitates and promotes
polymer crystallization from the mesophase.

CONCLUSIONS

Molecular contact between the melt of UHMWPE
and a substrate is achieved on application of small
load on the sample. The resulting shear flow is suffi-
cient to induce coil-to-stretch transition of the highly

Journal of Applied Polymer Science DOI 10.1002/app
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viscous UHMWPE melt, where the extended chain
fibrils are formed at the melt/substrate interface.
Confinement of extended chains at the atomically
flat solid surface provides a very efficient way of
transferring the constraint. The chain alignment in
extended chain fibrils is preserved even after anneal-
ing well above the equilibrium melting temperature.
The presence of hexagonal phase at the melt/solid
interface is elucidated by the resultant morphologies,
comparable to that observed in bulk on crystalliza-
tion of a linear polyethylene at elevated pressures
and temperatures. Results reported here imply that
the flow induced orientation of UHMWPE polymer
chains at the melt/solid surface interface facilitates
and promotes polymer crystallization from the
mesophase. The influence of entanglements on the
resultant extended chain morphology is observed at
the melt/hydrophilic mica interface. The observa-
tions are that the extended chain fibrils are formed
easier from the polymer obtained from the single-
site catalyst compared to the heterogeneous catalyst.
These findings shall be of relevance for facilitating
the sintering process of UHMWPE reactor powders
where the presence of extended fibrils at the inter-
face of the nascent powder may promote the forma-
tion of thick lamellae.

References

1. Wunderlich, B. Macromolecular Physics; Academic Press:
New York, 1973.
2. Thierry, A.; Mathieu, C.; Straupe, C.; Wittmann, J. C.; Lotz, B.
Macromol Symp 2001, 166, 43.
3. Billon, N.; Henaff, V.; Pelous, E.; Haudin ]. M. ] Appl Polym
Sci 2002, 86, 725.
4. Wunderlich, B. Crystal Nucleation, Growth, Annealing: Mac-
romolecular Physics; Academic Press: New York, 1976; Vol.2.
5. Jones, R. L.; Kumar, S. K.; Ho, D. L.; Briber, R. M.; Russell, T.
P. Nature 1999, 400, 146.
6. Kraus, J.; Muller-Buschbaum, P.; Kuhlmann, T.; Schubert, D.
W.; Stamm, M. Europhys. Lett. 2000, 49, 210.
7. Pakula, T. J. Chem Phys 1991, 95, 4658.
8. Baschnagel, J.; Meyer, H.; Varnik, F.; Metzger, S.; Aichele, M.;
Muller, M.; Binder, K. Interface Sci 2003, 11, 159.
9. Meyer, H.; Baschnagel, J. Eur Phys ] E 2003, 12, 147.
10. Yamamoto, T. Polymer 2004, 45, 1357.
11. Yamamoto, T. Polymer 2009, 50, 1975.
12. Daoulas, K. C.; Harmandaris, V. A.; Mavrantzas, V. G. Macro-
molecules 2005, 38, 5780.
13. Harmandaris, V. A.; Daoulas, K. C.; Mavrantzas, V. G. Macro-
molecules 2005, 38, 5796.
14. Tracz, A; Jeszka, J. K.; Kucinska, I.; Chapel, J. P.; Boiteux, G.;
Kryszewski, M. ] Appl Polym Sci 2002, 86, 1329.

Journal of Applied Polymer Science DOI 10.1002/app

15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.
44.

45.

46.

47.

48.

MASIREK ET AL.

Tracz, A.; Kucinska, I; Jeszka, J. K. Macromolecules 2003, 36,
10130.

Tracz, A.; Kucinska, I.; Jeszka, J. K. Polymer 2006, 47, 7251.
Tracz, A.; Kucinska, I.; Wostek-Wojciechowska, D.; Jeszka, J.
K. Eur Polym J 2005, 41, 501.

Tracz, A.; Ungar, G. Macromolecules 2005, 38, 4962.

Willems, J. Discuss Faraday Soc 1958, 25, 111.

Willems, J.; Willems, 1. Experimentia 1957, 13, 465.
Wellinghoff, S.; Rybnikar, F.; Baer, E. ] Macromol Sci Phys
1974, B10, 1.

Fischer, E. W. Discuss Faraday Soc 1958, 25, 204.

Fischer, E. W. J Polym Sci Part B: Polym Phys 1999, 37, 622.
Mauritz, K. A.; Baer, E.; Hopfinger, A. J. ] Polym Sci Part B:
Polym Phys 1973, 11, 2185.

Baukema, P. R.; Hopfinger A. J. J Polym Sci Part B: Polym
Phys 1982, 20, 399.

Rybnikar, F. ] Macromol Sci Phys 1981, B19, 1.

Wittmann, J. C.; Lotz, B. ] Mater Sci 1986, 21, 659.

Bartczak, Z.; Argon, A. S.; Cohen, R. E.; Kowalewski, T. Poly-
mer 1999, 40, 2367.

Tracz, A.; Kucinska, I.; Jeszka, J. K.; Chapel, J. P.; Boiteux, G.
Macromol Symp 2001, 169, 129.

Takenaka, Y.; Miyaji, H.; Hoshino, A.; Tracz, A.; Jeszka, J. K,;
Kucinska, I. Macromolecules 2004, 37, 9667.

Rastogi, S.; Lippits, D. R.; Peters, G. W. M.; Graf, R;; Yao, Y.
F.; Spiess, H. W. Nat Mater 2005, 4, 635.

Rastogi, S.; Kurelec, L.; Lippits, D.; Cuijpers, J.; Wimmer, P.;
Lemstra, P. J. Biomacromolecules 2005, 6, 942.

Rastogi, S.; Kurelec, L.; Cuijpers, J.; Lippits, D.; Wimmer, M.;
Lemstra, P. J. Macromol Mater Eng 2003, 288, 964.

Hobbs, J. K.; Humphris, A. D. L.; Miles, M. ]. Macromolecules
2001, 34, 5508.

Hu, W. B,; Buzin, A.; Lin, J. S.; Wunderlich, B. J Polym Sci
Part B: Polym Phys 2003, 41, 403.

Uehara, H.; Kakiage, M.; Yamanobe, T.; Komoto, T.; Mura-
kami, S. Macromol Rapid Commun 2006, 27, 966.

Kakiage, M.; Yamanobe, T.; Komoto, T.; Murakami, S.; Uehara,
H. Polymer 2006, 47, 8053.

Ogino, Y.; Fukushima, H.; Matsuba, G.; Takahashi, N.; Nish-
ida, K.; Kanaya, T. Polymer 2006, 47, 5669.

Zuo, F,; Keum, J. K.; Yang, L.; Somani, R. H.; Hsiao, B. S. Mac-
romolecules 2006, 39, 2209.

Somani, R. H.; Yang, L.; Zhu, L.; Hsiao, B. S. Polymer 2005,
46, 8587.

Motamedi, F.; Thn, K. J.; Fenwick, D.; Wittmann, J.-C.; Smith,
P. ] Polym Sci Part B: Polym Phys 1994, 32, 453.

Kakiage, M.; Yamanobe, T.; Komoto, T.; Murakami, S.; Uehara,
H. J Polym Sci Part B: Polym Phys 2006, 44, 2455.

Magonov, S. N.; Yerina, N. A. Langmuir 2003, 19, 500.
Magonov, S. N.; Yerina, N. A.; Ungar, G.; Reneker, D. H,;
Ivanov, D. A. Macromolecules 2003, 36, 5637.

Pennings, A. J.; Zwijnenburg, A. ] Appl Polym Sci 1979, 17,
1011.

Tashiro, K.; Sasaki, S.; Kobayashi, M. Macromolecules 1996,
29, 7460.

Hikosaka, M.; Amano, K.; Rastogi, S.; Keller, A. Macromole-
cules 1997, 30, 2067.

Hikosaka, M.; Amano, K.; Rastogi, S.; Keller, A. ] Mater Sci
2000, 35, 5157.



