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ABSTRACT: The melting-induced change in density of physical network junctions, which are
formed by chain entanglements and network junctions due to anchoring of chain segments to
crystals, is studied by *H NMR T, relaxometry for solution- and melt-crystallized ultra-high
molecular weight polyethylene (UHMWPE) - sc-UH and mc-UH, respectively. The NMR
results are complemented by real-time synchrotron WAXS and SAXS analyses to extract the
sizes of the crystalline lamellae and inter-crystalline domains. Below the melting temperature,
the network of physical junctions is denser in the amorphous phase of mc-UH than the one in sc-
UH owing to lower entanglement density and smaller number of physical junctions from
polymer crystals in sc-UH. However, the difference in the total density of physical junctions
between mc-UH and sc-UH films decreases with decreasing crystallinity during melting. At the
end of the melting trajectory, at vanishing crystallinity, the volume-average entanglement
density, as characterized by the NMR method, is approximately the same in sc- and mc-UH.
This indicates that the entanglement density in sc-UH films increases during melting owing to
fast buildup of local chain entanglements. These entanglements are formed by segments of the
same chain, neighboring chains, or the both due to a displacement of chain fragments upon
lamellar thickening and due to the so-called “chain explosion” that occurs locally in the
amorphous domains. The increase in the entanglement density in sc-UH is additionally
confirmed by solid-state drawability of sc-UH films that were annealed in the melting region but
below the end of melting. The maximum draw ratio decreases and the drawing stress increases
with increasing annealing temperature.

1. INTRODUCTION

An intrinsic property of long chain molecules are chain entanglements which originate from
the uncrossability of neighboring chains surrounding a given chain. The degree of entanglement
is characterized by the entanglement density, which is one of the fundamental characteristics of
polymer melts determining their viscoelastic properties. In solid polymers, the entanglement
density influences fracture behavior, the strength of interfacial adhesion in polymer composites,
the strain-hardening modulus during plastic deformation and the resistance to creep failure by



slow crack growth in the case of semi-crystalline polymers."***° Entanglements significantly
influence the nucleation rate during crystallization,® the size of crystalline and amorphous
domains, and long-range order in adjacent re-entry sequence of chains in the crystal lamellae,
whereas this order can hardly be modified by the experimentally accessible crystallization
conditions.” Entanglement density is also a key parameter when determining the solid-state
drawability at elevated temperatures of “soft” semicrystalline polymers that exhibit main chain
dynamics in the crystalline phase.? It is widely accepted for these systems that drawability
increases with decreasing entanglement density.>*® The maximum draw ratio, Amax, Which is
measured in the solid state at elevated temperatures for melt-crystallized high-density
polyethylene (HDPE) and ultrahigh-molecular-weight polyethylene (UHMWPE), does not
exceed 6 — 9,™'? whereas disentangled films and single-crystal mats of HDPE and UHMWPE
can be drawn to draw ratios of 250 — 370.*%*3

Polymers with a decreased entanglement density can be realized in different ways.
Crystallization of polymers from the equilibrium melt causes a heterogeneous distribution of
chain entanglements,™*>'® and can lead to a decrease in their density.*”*® Crystallization of
polymers from a sheared melt can also result in a decrease of the entanglement density.'® The
entanglement density and morphology in semicrystalline polymers are affected by the polymer
crystallization and crystallization conditions for solution-crystallized materials’**?*?! and by the
type of catalyst and polymerization conditions for nascent powders.?*?* Low-entangled,
extended-chain crystals are obtained by crystallization of HDPE at high pressure.?* Differences
in the entanglement density are reflected in the phase composition, in the chain motion in
polyethylene (PE) crystals, the a-relaxation process in crystals, in long-range chain diffusion
between crystalline and amorphous domains, and in the type of the crystal-amorphous interface,
namely, switchboard-like for melt-crystallized PE and the adjacent-reentry-like morphology with
short loops on the lamellae surface for low-entangled PEs. The entanglement density reaches its
equilibrium state upon melting of semicrystalline polymers. There are two opposing views on
the rate of the re-entangling after melting of low-entangled polymers, i.e., slow- and fast
recovery to the equilibrium melt state. Terms like “melt memory?, and “chain explosion™?® or
“explosion upon melting”?’ are often used to describe these phenomena, respectively.

Conflicting statements being made on the melt memory effect in polyethylene’s. The
existence of a low-entangled melt state has been shown by a crystallization study of molten
high-pressure-crystallized HDPE with medium molecular weight (M, = 55 000 kg/mol, M,/M,
= 4.80).® Despite the short reptation time of approximately 0.1 sec,® a low entanglement
density persisted in the HDPE melt for 20-30 min as was concluded from a fast spherulite
growth rate. Slow heating (0.2 °C/min) of low-entangled nascent UHMWPE powders provided a
long-lived-heterogeneous low-entangled melt state as was shown by different methods.?*3%%
Contrary to these results, close to instantaneous recovery to the equilibrium melt state was
shown by a neutron scattering study on the melting of solution-grown PE crystals.”® Chain-
folded crystals “explode” upon melting and the fold energy of tight polymer coils is released in a
spring-wise manner, resulting in an ultra-fast interpenetration of chains, often referred to as
“chain explosion”. The chains virtually immediately adopt a random-coil conformation due to
the entropy-driven process. Fast equilibration of entanglement density upon melting was shown
by the instantaneous loss of drawability in solution-cast low-density polyethylene (LDPE) and
UHMWPE, and by the fast auto-adhesion of solution-crystallized nascent UHMWPE films.3%%
The same conclusion was recently made in a study of sintering of UHMWPE powder.** The
study suggested that the entropy-driven, fast re-entangling process is due to segmental dynamics



rather than reptation of entire chains. Thus, the reptation model is perhaps not strictly applicable
in this case since molecules must move “sideways” as well as along their length to achieve the
random coil conformation, occupy a larger volume and share this volume with many other
molecules, as was also suggested earlier by de Gennes.?’

Recently, a methodology was developed for the estimation of the volume-average entanglement
density in semicrystalline polyolefins by studying HDPEs in melting temperature range with *H
NMR T, relaxometry.*®> Melting-induced changes in the phase composition and chain motion in
the crystalline and the amorphous phases were followed by the real-time NMR experiments. It
was shown that the network of physical junctions in the amorphous phase of semicrystalline
polymers is composed of junctions originating from chain anchoring to crystals and chain
entanglements. To estimate the entanglement density in the amorphous phase, T, relaxation
experiments were performed at temperatures close to and gradually approaching melting where
the density of crystal-induced physical junctions vanishes. The aforementioned study detected a
lower entanglement density at the end of melting for high-pressure-crystallized HDPE compared
to its melt-crystallized counterpart.®> Application of this new method is of interest in studying
the phase composition, molecular motions and the density of physical network junctions in the
melting temperature range of solution-crystallized UHMWPE. Given that the ultra-drawing at
elevated temperatures of such materials results into high strength/high modulus fibers, knowledge
of melting-induced changes would provide a better understanding of the eff ect of temperature on the
ultra-drawing process. It is, therefore, the objective of this study is to evaluate these melting-
induced changes in physical structures and the structure of network that is composed of crystal-
induced physical junctions and chain entanglements in low-entangled, solution-crystallized and
isotropic melt-crystallized UHMWPE. First, the morphology and the physical structures of solution-
and melt-crystallized UHMWPE below the melting onset temperature are characterized. Then,
changes in morphology, phase composition and total density of physical junctions in the
amorphous phase are recorded upon melting. Last, the role of the physical network junctions in
the stress-strain behavior of solution-crystallized UHMWPE films is examined. 'H NMR T,
relaxometry is used (i) to determine changes in the phase composition and molecular mobility
upon melting, and (ii) to study the effect of melting on the total density of physical network
junctions, which are formed by chain entanglements and physical junctions originating from
chain anchoring to crystals.®® Synchrotron wide- and small-angle X-ray scattering (WAXS and
SAXS) experiments are used to follow changes in crystallinity, crystal thickness and thickness of
interlamellar amorphous layers in the melting temperature range. The experiments reflect
reorganization of the crystal structure which can affect the structure of the network of physical
junctions. The solid-state drawability experiments are utilized to evaluate the role of the
entanglement density in the stress-strain behavior of solution-crystallized UHMWPE films.
Since the structural reorganization on heating is a time- and temperature—dependent
phenomenon,***"® it was decided to perform structural, thermal and NMR experiments at
similar heating ramp conditions in order to obtain comparable results. Finally, the role of the
entanglement density in the solid-state drawability of solution-crystallized UHMWPE films is
discussed.

2. EXPERIMENTAL SECTION

2.1. Samples and Their Preparation. Commercial UHMWPE, GUR4120®, was supplied
by Ticona. The average molecular weight of the polymer was calculated from the intrinsic
viscosity [n] using the Margolies’ equation and is equals to 4700 kg/mol according to supplier



info. For the preparation of solution-crystallized films, nascent UHMWPE powder was dissolved
in decalin at 160 'C, stirred for 1 h under N, flow and fast crystallized upon cooling of the
solution with a rate of > 20 ‘C/min. To prevent degradation of UHMWPE, 1 weight part of
Irganox/Irgafos stabilizer per 100 weight parts of the polymer was added to decaline before
heating. After crystallization, the samples were dried at room temperature. Three different
concentrations of the UHMWPE were used for preparing the solutions that ranged from
approximately 1 to 10 wt%. The exact concentrations were calculated from the weight of the
solutions and the weight of UHMWPE films after solvent evaporation and there equals to 1.31,
3.67 and 10.6 wt%. The following designation of samples is used: sc-UH-1.3; sc-UH-3.7; sc-
UH-10.6 and mc-UH where the numbers provide the concentration of UHMWPE in the
solutions, and sc-UH and mc-UH stand for solution- and melt-crystallized UHMWPE,
respectively. Additionally, a film crystallized from a 20 wt% solution was prepared in the same
way. This film was used for dynamic mechanical thermal analysis (DMTA) and for solid-state
drawability experiments.

Thermal Analysis and Thermal Characteristics of UHMWPE Films. Thermal analysis was
conducted at heating and cooling rates of 10 °C/min on a Discovery 2500 differential scanning
calorimeter (TA Instruments, USA). The sample mass was approximately 2 mg. Indium standard
was used for temperature and heat flow calibrations. DSC thermograms were recorded under a
nitrogen flow of 20 ml/min and are shown in Part 1.1 of the Supporting Information. The
crystallinity was calculated from the enthalpy of melting, Ah, of the first DSC heating run, using

the relation x = % where Ahs is the heat of fusion of polyethylene crystals equals to 293 J/g.*
f

Thermal characteristics of the films are shown in Table 1. To resemble the heating protocol
during the X-ray analyses, DSC measurements at a rate of 1 °C/min were performed with a
NETZSCH DSC214 Polyma instrument. Samples were cut from the films and placed in 30 ul Al
pans with pierced lids. Then, the pans were heated from 25 to 180 °C. The thermograms for sc-
UH-1.3 and mc-UH are shown in Part 1.1 of the Supporting Information.

Table 1. Thermal Characteristics of UHMWPE Films Evaluated for the First Heating at a
Rate of 10 °C/min

sample solution heat of | crystallinity, melting onset peak melting
concentration, | fusion, wit% temperature, °C | temperature, °C
wit% J/g
sc-UH-1.3 1.3 212 72 125 132.7
sc-UH-3.7 3.7 205 69 125 132.4
sc-UH-10.6 10.6 197 67 124 132.2
mc-UH - 124 42 121 134.0

2.2. Solid-state drawability. Dumbbell-shaped bars were cut from the UHMWPE films
according to 1SO 527-2 type 5B. The bars were drawn at 120 °C with an Instron 5864 static
mechanical tester at an initial strain rate of 0.1 s*. The mean maximum draw ratio (Amax) Was
determined from at least five measurements for each film.

2.3. Dynamic Mechanical Thermal Experiments. DMTA experiments were conducted on
an ARES G2 rheometer (TA Instruments, USA) at 110 °C. The temperature was controlled in an
oven with a forced N, convection using a Pt100 temperature sensor which was in a close



proximity to the samples. The heating rate was 2 °C/min. The measurement was conducted at a
frequency of 1 Hz and a strain amplitude of 0.5 %. The samples were always under tension
during the measurements by applying a constant force of 0.1 N which caused only minor
extension. Changes in the position of the clamps due to the thermal expansion of the setup were
calibrated in advance with an iron strip of known thermal expansion coefficient. Drawing of the
partially molten samples was performed immediately after the DMTA measurement was
finished without taking films out of the clamps with the initial strain rate of 0.05 s™.

2.4. X-Ray Synchrotron Experiments. Temperature-resolved SAXS and WAXS
experiments were performed at the P03 beamline of PETRA Il storage ring (Hamburg,
Germany) and at the ID02 beamline of ESRF (Grenoble, France). The energy of the incident
beam was set in both cases to 12.4 keV and 2D scattering patterns were recorded using hybrid
photon-counting detectors. The recorded 2D data were centred, calibrated, regrouped, and
reduced to 1D profiles using the SAXS utilities platform described elsewhere,* and custom
designed Python routines based on PyFAl library.*" In the experiments, samples were heated at 1
°C/min rate to the final melting region with a Linkam heating stage. Solution-crystallized films
were placed in a custom-built transverse sample holder so that the film plane was parallel to the
beam direction. The synchrotron experiments were complimented by laboratory-based SAXS
machine Xenocs Xeuss equipped with GeniX 3D sealed tube, evacuated sample chamber that
was connected with a flight tube and Pilatus 300k detector. The microstructural parameters of
the semicrystalline morphology were analysed by calculating 1D correlation functions,** and 1D
chord distribution functions****** similar to that in our previous publication.®

2.5. Time-Domain '"H NMR Experiments. *H NMR transverse magnetization relaxation
(T, relaxation) experiments were performed for static samples on a Bruker Minispec MQ20
relaxometer equipped with 10 mm temperature probe head. Detailed information on the
equipment and experiments performed was provided previously.*® Small pieces of films were
randomly packed in an NMR tube. The NMR tube with samples at room temperature was placed
into the NMR probe-head which was stabilized at the required temperature. Five minutes were
required for temperature stabilization within the sample volume.*>*® This time was taken as zero
in all real-time NMR T, relaxation experiments. To determine relative change in the density of
physical network junctions in the amorphous phase at melting temperatures, T, decay was
recorded as a function of time at several temperatures. A new sample was used for the
experiments at each temperature. Each experiment took fewer than 2 min.

2.6. Phase Composition of Samples by *H NMR T, Relaxometry. A three-phase model
was used for determining the phase composition and molecular mobility in different phases as
characterized by T, relaxation time. In this model, a crystal-amorphous interface separates the
crystalline and the amorphous domains. A linear combination of an Abragamian, a Gaussian and
exponential functions provided the best description of the T, decay for solution-crystallized
UHMWPE films at 70 °C (equation 1)

A(t) = A(0)" exp[ — (t/2T5")?] - [sin(at)/at] + A(0)™ exp[ — (¢/T3")*] + A(0)*™ exp[ — (¢/T5™)]
1)
The three relaxation components were assigned to the crystalline phase - (T, relaxation time);

the crystal-amorphous interface - (T, relaxation time); and the amorphous phase - (T,*"
relaxation time). The relative amount of highly mobile chain end segments in the UHMWPE



was very small.*® Therefore, the relaxation of the amorphous phase was approximated by the
single exponential function. The longer the T,™®* for the same phase, the larger the frequency of
molecular motions, their amplitude, or both are. It should be noted that difference between the
values of T,”, T, and T,®" cannot be used as a measure of relative difference in molecular
mobility in the different phases due to the difference in the shape factor of these relaxation
components, i.e., Abragamian, Gaussian and exponential shapes, and difference in the origin of
NMR relaxation processes for chain segments with different molecular mobility. The relative
fraction of the relaxation components, {A(0)™/[A(0)* + A(0)™ + A(0)*™]} x 100%, represents
the relative amount of hydrogen atoms (as expressed in weight fractions) of the crystalline
phase, the crystal-amorphous interface, and the amorphous phase, respectively. Value of a in the
Abragamian function for the crystalline phase is provided in Table SI-1 in the Supporting
Information. Since values of the T, relaxation parameters depend on the fitting function used,*"*
equation 1 was also used for the analysis of T, decay of all samples in entire temperature range
studied.

2.7. Network Density in Rubbery Materials and Chain Entanglements in HDPE Melts
by 'H NMR Relaxometry. NMR relaxometry is a well-established methodology for
characterization of network structure in viscoelastic materials. The presence of network
junctions, either chemical cross-links, physical junctions or both, increases the anisotropy of
chain motions which causes an increase in the strength of interactions between nuclear spins.
These internuclear interactions are quantified by different NMR experiments and are used for
calculating the molecular weight of network chains.***°! The T, relaxation method is a simple
and robust way for such analysis providing quantitative data on molecular weight of network
chains in polymers with chemical crosslinks, (quasi)permanent physical junctions, or both.>**%>4
In polymer melts, the fluctuation of entanglement nodes (in the discrete binary entanglements
model) or the tube diameter (in the tube model) at the time scale of the NMR T, relaxation
experiment (~ T, value) causes an overestimation of molecular weight between apparent chain
entanglements, M. The effect is small for UHMWPE as was shown by a theoretical analysis of
T, decay for a series of HDPE melts with a large range of molecular weight.>® The obtained M,
value of 1760 g/mol®® exceeds a typical M. value of 1250 g/mol which is commonly accepted by
rheologists.”® However, this value is in the M, range reported previously for HDPES.*® It is noted
that different methods should not necessary provide the same M, value due to several reasons
discussed previously.>

2.8. Chain Entanglements in the Amorphous Phase of Melt-Crystallized HDPE in the
Melting Temperature Range. A methodology for estimation the volume-average entanglement
density in amorphous phase of HDPEs was recently developed and is used in the present study.®
The method is based on analysis of the dependence of 1/T,*™ relaxation rate of the amorphous
phase in the melting temperature range against the remaining crystallinity. As an example, the
dependence is shown for melt-crystallized polymer - (mc-HDPE) in Figure 1.%° At temperatures
well above T4, the NMR T, relaxation time of the amorphous phase is determined not only by
chain entanglements but also by junctions which originate from polymer crystals providing a
dense network in the amorphous phase.®® The contribution from polymer crystals to the total
network density in mc-HDPE is the major component at temperatures below melting. Upon
melting of mc-HDPE, the number of crystal-induced physical junctions decreases and chain
entanglements provide a larger contribution to the total network density. The dependence of
UT,"™ against crystallinity for mc-HDPE reaches an asymptotic value, 1/T,*"(0), at a
crystallinity below 10 wt %.%°> The value of 1/T,*"(0) is used for estimation of the weight-



average-molecular-weight of chain segments between apparent chain entanglements, Me, as
described previously.®* It was shown that re-entangling of mc-HDPE in melting temperature
range hardly occurs for high-molecular-weight 5polymers due to restriction on long-spatial scale
segmental mobility from remaining crystals.® Value of 1/2M. corresponds to the volume-
average entanglement density. This NMR experiment cannot detect heterogeneous distribution
of chain entanglements in the amorphous phase. The entanglement density in the amorphous
phase in the semicrystalline state is higher than its value in the melt since most of the
entanglements cannot be disentangled during rapid crystallization of HDPE and preexisting
entanglements in the melt are pushed to the inter-lamellar layers by the growing crystals. %’
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Figure 1. Dependence of 1/T,*™ against crystallinity for melt-crystallized HDPE.* The polymer

has M, = 95 kg/mol and M,, = 260 kg/mol. Crystallinity decreases with time at the same

temperature due to partial melting.*

3. RESULTS AND DISCUSSION

3.1. Morphology and Physical Structures in Solution- and Melt-Crystallized
UHMWPE Films Below Melting Temperature. The lamellar thickness and long period of the
periodic lamellar structure are determined by SAXS and the obtained values are summarized in
Table 2. Lamellar thickness in all sc-UH films is approximately two times smaller than that in
mc-UH due to reasons discussed previously.®® The thickness of interlamellar amorphous layers
l,, in mc-UH is approximately 10 nm. Such large value is entirely due to the effect of chain
entanglements. Pre-existing entanglements in the UHMWPE melt are pushed by the growing
crystals to interlamellar layers and restrict further crystal growth resulting in nearly two times
lower crystallinity and much thicker amorphous layers in mc-UH (Table 2). The thickness of
interlamellar non-crystalline layers in sc-UH is only 2 nm and approximately equals to the size
of chain folds separating adjacent lamellae. The amount of the crystal-amorphous interface,
which is determined by the NMR method, is nearly the same for all sc-UH films and equals 13 +
1 wt% (Table SI-1 in the Supporting Information). Despite the higher crystallinity and the
smaller lamellar thickness in sc-UH, the fraction of the interface relative to crystallinity
(%T,"/9%T,") is approximately 1.5 times smaller than its value for mc-UH as shown by *H NMR
T, relaxation experiment (Table SI-1 in the Supporting Information). This is indicative of tight
chain folds on the lamellar surface having a large fraction of adjacent chain re-entering into the
same lamellae.®® Chain mobility in the crystal-amorphous interface of sc-UH is larger than that
in mc-UH. This can be due to faster chain-diffusion in and out of crystals that has been shown
by high-field *C NMR experiments.>



The crystallinity of the samples was independently evaluated through WAXS, SAXS and NMR
and the values obtained are presented in Table 2. The values measured for each sample differ
depending on the measurement method due to several reasons as discussed previously.®
However, the same trend of increasing crystallinity with decreasing initial polymer concentration
is observed for all experimental approaches. The crystallinity of the sc-UH samples is found to
be nearly two times higher compared to the mc-UH, as was expected due to the lower
entanglement density in sc-UH. In addition, the T, value for sc-UH is lower than mc-UH (Table
SI-1 in the Supporting Information), thus suggesting a more perfect crystal packing in sc-UH,
resulting in smaller average internuclear distances and, consequently, stronger proton-proton
interactions.

Table 2. Crystallinity of UHMWPE Films as Determined by NMR, WAXS and SAXS.
Lamellar Thickness (Lc), Thickness of Interlamellar Amorphous Layers (L;) and Long
Period (Lp) as Determined by SAXS Experiments for Solution- and Melt-Crystallized
UHMWRPE Films at Room Temperature.

sample crystallinity Le, “nm | Lo, @nm | L, nm
WAXS SAXS NMR
crystallinity linear crystallinity,®
index, wt% | crystallinity, wit%
%
sc-UH-1.3 86 81 83.5 8.9 2.1 11.0
sc-UH-3.7 83 73 82.5 8.5 3.1 11.6
sc-UH-10.6 72 na® 81.0 n.a. n.a 14.9
mc-UH 45 61 46.5 16.2 104 26.6

@ not analyzed

® NMR crystallinity was determined at 70 °C and obtained values are shown Part 1.2 in the
Supporting Information

© parameters extracted from the Interface Distribution Functions.

3.2. Evolution of the Size of Crystalline and Amorphous Domains Upon Melting of
Solution- and Melt-Crystallized UHMWPE Films. The changes in dimensions of crystalline
and amorphous domains in melting temperature range can provide information on the order of
translational displacements of chain segments that can lead to re-entanglement®. The evolution
of the microstructural parameters for the two extreme cases of the studied samples, i.e. samples
sc-UH-1.3 and mc-UH, is assessed by analysis of synchrotron SAXS and WAXS data recorded
during a heating ramp of 1.0 "C/min. The results are shown in Figure 2. In panel A of Figure 2, it
can be seen that the SAXS curve of the sc-UH exhibits three orders of the main interference
peak, whereas for the mc-UH only one broad peak is clearly visible. This difference reflects the
order in stacking of lamellar crystals which is much higher for the sc-UH-1.3 film. This is also
illustrated by the Interface Distribution Functions (IDF) shown in panel B of Figure 2. One
observes the classical shape of the IDF for the sc-UH-1.3, displaying separated distributions of
both the crystalline and amorphous regions. By contrast, the mc-UH displays a much broader
distribution of peaks which are almost merged together. Upon melting, the crystals of the sc-UH-
1.3 undergo a dramatic reorganization whereby their thickness starts to significantly increase
below the WAXS crystallinity index of ca. 0.7. Clearly, the heating rate of 1.0 °C/min is slow



enough to allow for lamellar thickening to occur, resulting to almost doubling of the initial
crystal thickness towards the end of the melting region. In contrast, the crystals in mc-UH, being
much thicker below the melting temperature, display smaller variation in thickness upon
melting. This limited thickening could be partially due to the high entanglement density in the
amorphous phase. A longer timescale would be required for the thickening process to proceed.
The occurrence of lamellar thickening can be also concluded from the corresponding DSC traces
that are shown in Figure SI-1.2 of the Supporting Information. For the slowest heating rate
applied, the melting peak exhibits a high-temperature shoulder.
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Figure 2. Room-temperature SAXS curves of sc-UH-1.3 and mc-UH (A); and the
corresponding Interface Distribution Functions (B). Arrows indicate most probable thickness for
corresponding domains. Domain sizes are calculated from the Interface Distribution Functions
for sc-UH-1.3 (C), and mc-UH (D) films. Filled squares correspond to lamellar thickness and
empty squares - to thickness of interlamellar amorphous layers. Line between symbols is a
guide to the eye.

As far as the evolution of the amorphous regions upon heating is concerned, their
characteristic size dramatically increases for both samples. The thickness of amorphous layers
for the sc-UH-1.3 film progressively increases from ca. 2 nm to more than 13 nm at the later
stage of melting (Figure 2C). Interestingly, the final value of the amorphous layer thickness for
the solution-crystallized sample is roughly equal to the corresponding initial value for the melt-
crystallized sample (Figure 2D). This suggests that the increasing amount of the amorphous
phase in sc-UH-1.3 could be also accompanied by an increasing entanglement density. It is
noteworthy that linear SAXS crystallinity becomes much higher than the crystallinity index
extracted from WAXS at advanced stages of melting. This can be accounted for by the fact that
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the linear crystallinity represents the morphology within the ordered lamellar stacks, whereas the
WAXS crystallinity index takes into account all the 3D structures comprising not only the stacks
but also the growing molten regions surrounding them.

3.3. Change in the Total Density of Physical Junctions in the Amorphous Phase Upon
Melting of Solution- and Melt-Crystallized UHMWPE Films. Melt Memory or “Chain
Explosion”? The total density of physical junctions in the amorphous phase is composed of
chain entanglements and crystal-induced physical junctions and is characterized by 1/T,°™.* The
lower the 1/T,*", the smaller the network density is. Since the effect of 1/T,*" depends on
crystallinity, the difference in the network structure in mc-UH and sc-UH should be compared at
the same crystallinity. The dependence of 1/T,*™ against crystallinity in melting temperature
range is shown for mc- and sc-UH in Figures 1 and 3, respectively. The change in 1/T,*" with
decreasing crystallinity is caused by four processes:* (1) a decrease in the number of crystal-
induced physical junctions leading to a decrease in 1/T,*"; (2) if no re-entangling would occur,
1/T,"™ will decrease due to dilution of the local entanglement network in the amorphous phase
since its volume increases at constant overall entanglement density; (3) a decrease in
confinement of chain segments in the amorphous phase by adjacent crystal lamellae, the so-
called the “corset effects”,”" should cause a decrease in 1/T,*™; and (4) an increase in
entanglement density, if it occurs, will cause an increase in 1/T,*™. The combination of these
four processes determines the total change in 1/T,*™ upon melting.

The effects of crystals play a dominant role in the decrease of 1/T,*™ upon melting of mc-
UH, because entanglement density provides a smaller contribution to the total density of the
physical junctions.®® Therefore, the decrease in crystallinity causes a large decrease in 1/T,*™ for
mc-UH. Assuming that no re-entangling occurs upon melting, the volume-average entanglement
density in the amorphous phase of mc-UH should additionally decrease due to the dilution of
existing entanglements as a result of the increasing amount of amorphous phase. In addition,
melting also causes a decrease in confinement of chain segments by adjacent crystal lamellae
due to increasing thickness of interlamellar amorphous layers both in mc-UH and sc-UH (Figure
2,C-D). The larger the thickness of the amorphous layers, the smaller the confinement and its
effect on 1/T,*".

At a crystallinity of ~40 %, the 1/T,®" for partially molten sc-UH films is significantly lower
compared to mc-UH. This is due to a lower density of chain entanglements and a smaller amount
of crystal-induced physical junctions in the amorphous phase of sc-UH, as was shown in Section
3.1. If the overall entanglement density would be constant during melting of sc-UH, it would be
expected that 1/T,"™ for sc-UH will gradually decrease upon decreasing crystallinity due to
progressive dilution of the entanglements and the effects of decreasing crystal-induced physical
junctions. In this case, 1/T,*™ at vanishing crystallinity of sc-UH should reach a lower value than
that for mc-UH. However, it can be seen in Figure 3 that the experimentally observed difference
between 1/T,*™ for mc- and sc-UH decreases with decreasing crystallinity and approaches nearly
the same value at the end of melting. This indicates the increase in the volume-average
entanglement density in sc-UH, which becomes approximately the same in mc-UH and sc-UH
films at crystallinity below ~10 %. This observed increase in the entanglement density in sc-UH
cannot be caused by chain reptation since residual crystals limit diffusional motion of entire
UHMWPE chains and the time of the NMR experiments is at least two orders of magnitude
smaller than the reptation time, ., of UHMWPE chains. A neutron scattering study determined
a reptation time of 1, = 2.3 hours for UHWMPE with My, = 4000 kg/mol.?® For the UHMWPE
used in the present study (M,, = 4700 kg/mol), a reptation time of approximately 4.1 hours is
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estimated through the following equation: tr, = 3-107(M\/1350)°. Therefore these results
suggest that the volume-average entanglement density in the amorphous phase of sc-UH films
increases with decreasing crystallinity during melting and approaches approximately the same
value as previously determined for melt-crystallized UHMWPE.*
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Figure 3. Dependence of 1/T,*" against crystallinity which is determined as a function of time at
different temperatures for solution-and melt-crystallized UHMWPE films. Only the data points,
which are recorded during 2-4 min after the samples reached the required temperature, are
included in the graph.

This increase in entanglement density during melting of sc-UH can be explained by the
formation of local chain entanglements, by a localized “chain explosion”, or the both. A two-
step formation of entanglements upon melting of low-entangled-high-molecular weight
polymers has been suggested previously.®® At a first step, local chain entanglements are formed
by the same chain, by neighboring chains, or the both due to chain twists, formation of knots and
loops. This type of entanglements can be easily formed within a short time without significant
long-spatial-scale chain diffusion. At longer times, equilibration of entanglements, through the
polymer volume, occurs in the molten state. This process requires reptation of all chains and is
excluded for partially molten polymers since polyethylene crystals largely slow down chain
diffusion. The increase in entanglement density can be also explained by the so-called “chain
explosion” which occurs locally in amorphous domains involving only a fraction of chain coils.

In order to understand the molecular origin of the formation of local chain entanglements,
melting-induced changes in morphology and chain dimensions should be considered. One of the
possible mechanisms is lamellar thickening which causes local displacement of chains in
amorphous domains between adjacent lamellae. The radius of gyration Ry of solution-
crystallized HDPEs is proportional to M** - MY2.% The estimated R, for the studied sc-UH films
is in the range from 19 to 36 nm. This range corresponds to approximately two- to three long
periods of sc-UH films (Table 2). The typical lateral lamellar size of solution-crystallized
HDPEs exceeds micrometers.®* Thus, each crystal lamella is built by many polymer chains that
need to be locally displaced during the lamellar thickening process. The thickness of the
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amorphous layers (L) is two-three times smaller than the radius of gyration of sc-UH and L, in
sc-UH-1.3 increases by a few times during the initial stage of melting. Such a large change
should lead to interweaving — local entangling of polymer chains. Reorganization of the chain-
folding-pattern during lamellar thickening may also cause the formation of latent chain
entanglements.®® The other mechanism, which can explain the rapid increase in entanglement
density, is a localized “chain explosion” in the amorphous domains. A localized ‘“chain
explosion” can explain the large increase in the thickness of the amorphous layers which is
already observed for sc-UH during the moderate crystallinity decrease at the initial stage of
melting (Figure 2C). A neutron scattering study of melting of HDPE-single-crystal-mats has
shown that a regular super-folded sheet structure in crystallites, which has a rather compact
nonequilibrium conformation, adopts the random-coil-configuration in the melt within a very
short time.?® “The molecule springs out, driven by the need to increase its entropy” upon
melting. The localized “chain explosion” mechanism is in agreement with drawability and
welding studies on solution-crystallized UHMWPE films which were molten and immediately
quenched prior drawing and welding experiments.'***% These studies have shown that
viscoelastic properties in the solid state and in the melt are governed by segmental dynamics
rather than by mobility of entire chains. Consequently, reptation of chains as a whole appears not
to be a prerequisite for restoring equilibrium properties of low-entangled HDPE and UHMWPE.
3.4. The Effect of Entanglements on Drawability of Solution-Crystallized UHMWPE Films.
In order to investigate whether the detected by NMR entanglement-formation during melting
affects mechanical properties, the solid-state drawability of solution-crystallized UHMWPE
films was studied.

3.4.1. Solid State Drawability of Solution-Crystallized UHMWPE Films Prior
Annealing at Melting Temperatures. Entanglement density is a key parameter which
determines the solid-state drawability of semicrystalline polymers.®'®®® For UHMWPE, it
generally assumed that the maximum drawability, Ama, Which is measured at elevated
temperatures but below the melting point, scales as the ratio of the fully stretched chain length to
the random-walk end-to-end distance of a chain segment between entanglements, resulting in the
following scaling rule:*

Nel Ne
Amax = L= a X/ M, (2)

CooNel

Here N is the number of monomer units between neighbouring entanglements along a chain, I,
is the bond length and C, is the characteristic ratio. Assuming that the molecular weight
between entanglements in solution is inversely proportional to the polymer volume
concentration, ¢,°" and that the crystallization process does not influences the entanglement
density, it follows that the maximum drawability of UHMWPE-films crystallized from solution
and after removal of the solvent, scales as

Amax x \/Ve x \/% (3)

The maximum drawability values of all UHMWPE samples were determined at 120 °C and are
plotted in a double-logarithmic plot against the polymer volume fraction of the solutions from
which they were cast (Figure 4). The slope of -0.48 is in agreement with other studies.'® and with
the scaling relation derived above. This confirms that the low entanglement density of the
solutions is preserved during subsequent casting, crystallization and drying. Thus, the resulting
solution-crystallized films that were used for the NMR and X-ray diffraction experiments are
disentangled to various degrees.
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Figure 4. Maximum draw ratio of solution-crystallized UHMWPE films at 120 'C against
polymer volume fraction. The red dotted line corresponds to a nonlinear model fit
f(x)=Ax", with A = 10.6 + 0.8 and n = -0.48 + 0.02.

3.4.2. Solid-State Drawability of Solution-Crystallized UHMWPE Films After Partial
Melting. The NMR experiments show an increase in the entanglement density upon approaching
complete melting. In addition, it is widely accepted that an increased entanglement density
would hinder ultra-drawability and should cause an increase in the associated stress needed for
drawing.®® In order to justify or disprove the observed by NMR increase in entanglement
density, the solid-state drawability is studied for partially molten sc-UH films.

The melting onset and the end of melting of the 20 wt% solution-crystallized UHMWPE
film are observed at ~128 °C and 136 °C, respectively. The storage modulus of the film largely
decreases upon heating to temperatures above the onset of melting (Figure 5). This is mainly
caused by the decrease in crystallinity, hence supporting that the samples are indeed partially
melting. After the required annealing temperature was reached, the film was immediately
quenched under a strong nitrogen flow without removing the sample from the clamps. The
partially molten fraction of UHMWPE crystallizes upon cooling. Then, the temperature of the
annealed sample was stabilized at 110 °C and stretched in the solid-state. The drawability curves
of stripes cut from the film which were heated to 128, 130 131 and 135 °C are presented in
Figure 6. If the entanglement density would not change during partial melting followed by
crystallization, the stress-strain curves should be identical for all samples. However, a large
change in the stress-strain properties is observed after annealing at elevated temperatures above
the melting onset but below the end of melting. Both the yield stress and the strain-hardening
increase, whereas the maximum draw ratio drastically decreases with increasing annealing
temperature. The increase in strain-hardening and decrease in the maximum draw ratio upon
annealing both indicate an increase in the entanglement density. Thus, the results of the solid-
state drawability experiment are in agreement with the rapid entanglement formation as shown
by the NMR method. The observed partial loss of drawability after partial melting is also
consistent with the complete loss of drawability after heating of solution-crystallized LDPE and
UHMWPE into the melt for a short period of time.™*
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Figure 5. Storage modulus of stripes cut from a sc-UH film against temperature. The film was
solution-casted from a 20 wt% UHMWPE solution. The storage modulus was recorded during film
heating with the rate of 2 °C/min, frequency of 1 Hz and at a strain amplitude of 0.5 %. A new film
was used for each measurement with different maximum heating temperatures.
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Figure 6. Solid-state drawability curves of stripes cut from a sc-UH film annealed at different
temperatures. The film was solution-casted from a 20 wtl% UHMWPE solution. Drawing was
performed at 110 °C with initial strain rate of 0.05 s™. Melting onset is observed at ~ 128 °C.

4. CONCLUSIONS

Entanglement density is a key parameter determining solid-state drawability of

polyethylene’s. Therefore, understanding the effect of melting on entanglement density of low-entangled
UHMWPE is of significant importance for production of high-performance fibers by ultra-drawing of solution-
crystallized UHMWPE, as solid-state drawing is performed at elevated temperatures allowing for higher draw ratios
to be achieved, leading to improved ultimate properties of the final product. Understanding the effect of
melting on entanglement density of low-entangled UHMWPEs is of a significant importance
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since solid-state drawing is performed at elevated temperatures allowing to reach a higher draw
ratio which leads to better ultimate properties of drawn materials.’*®*®®% There is a long-
standing discussion about the melting-induced change of entanglement density in low-entangled
HDPE and UHMWPE, with two contradicting observations. Namely, a rapid “chain explosion”
mechanism which causes fast equilibration of entanglement density upon melting,?® and melt-
memory effect with slow equilibration over time in the molten state.”® To gain an insight in the
timescale of entanglement formation upon melting of low-entangled UHMWPE, a series of
solution-crystallized samples together with a melt-crystallized one were studied. *H NMR T,
relaxometry was used to determine the melting-induced change in the total density of physical
junctions that originate from crystal-induced junctions and chain entanglements in the
amorphous phase of mc-UH and sc-UH. Since the structure of the entanglement network is
affected by reorganization of the semi-crystalline morphology during melting, time-resolved
synchrotron WAXS and SAXS experiments were performed during a temperature ramp in the
melting temperature range, to follow the changes in crystallinity, crystal thickness and thickness
of interlamellar amorphous layers during melting.

The crystallinity of sc-UH is approximately double compared to mc-UH, which is common
for low-entangled UHMWPEs. The thickness of interlamellar amorphous layers in sc-UH-1.3,
La, equals = 2 nm, which is approximately the size of chain folds separating adjacent crystal
lamellae. The thickness of amorphous layers in sc-UH progressively increases upon melting and
finally exceeds 13 nm, i.e. to become close to the initial size of the amorphous layer thickness
for the melt-crystallized UHMWPE. This evolution of L, in sc-UH could facilitate a progressive
increase of the entanglement density during melting. Contrary to sc-UH films, the amorphous
and crystalline thicknesses in mc-UH did not change much during melting, as the high
concentration of chain entanglements in the amorphous phase of mc-UH film are likely to
strongly hinder lamellar thickening.

Using 'H NMR T, relaxometry, the total density of physical junctions in the amorphous
phase in sc-UH was found to be significantly lower than the one in mc-UH. This is due to the
higher fraction of adjacent chain reentering into the same crystal lamella, combined with the
lower entanglement density in sc-UH films. Since the contribution of the polymer crystals to the
total density of physical junctions vanishes at low crystallinity, chain entanglements provide the
major contribution to the network density close to the end of melting. At the initial stage of
melting, mc-UH has much higher density of crystal-induced physical junctions than that in
partially molten sc-UH (Figure 3). However, the difference gradually disappears with decreasing
crystallinity and approaches nearly the same value at the end of melting, suggesting an
approximately equal entanglement density at the end of melting. This fast increase in the
entanglement density of sc-UH during melting cannot be explained by chain reptation, as the
reptation time of the studied UHMWPE exceeds 2 hours. A localized “chain explosion”, which
occurs in amorphous domains and involves only a fraction of chain coils, is proposed to explain
the observed increase in entanglement density. Non-equilibrium super-folded chain
configuration with small radius of gyration changes locally in amorphous domains to random-
coil-configuration already during melting and leads to random-coil-configuration with larger Ry
at the end of melting. In addition, local entangling occurs at the intermediate stage of melting
due to the interweaving of chain segments upon lamellar thickening and their displacements due
to volume increase, caused by the melting of crystals.

Thus, the present study shows that a localized “chain explosion” already occurs locally in
the amorphous phase during partial melting of solution-crystallized UHMWRPE. The solid-state
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drawability behavior of solution-crystallized UHMWPE films, which were exposed to partial
melting, confirms this conclusion. The maximum draw ratio decreases and the nominal stress
increases upon decreasing crystallinity in melting temperature range, in agreement with past
observations.*!
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