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ABSTRACT

For the production of high-performance polyethylene fibers and tapes by ultra drawing, using solid-state pro-
cessing of disentangled nascent ultra-high molecular weight polyethylene (UHMWPE), the maximum draw ratio
is an important design parameter, as it determines the maximum degree of chain alignment and, therewith, the
properties of the final product. It would, therefore, be advantageous to have a fast scanning method to estimate
the maximum drawability of reactor powders. In the present work, the melting behavior of nascent UHMWPE
reactor powder was studied by differential scanning calorimetry, followed by isoconversional analysis to eval-
uate the apparent activation energy barrier of melting for the different UHMWPE grades of different level of
disentanglement. Powder samples were solid-sate processed into tapes at elevated temperature. Ultra drawing of
these tapes at the optimum drawing temperature allowed for the evaluation of the maximum draw ratio (Amax)
that is determined by the entanglement density. The morphology of the lamellar structure of the nascent powder
was studied by small-angle X-ray scattering and by scanning transmission electron microscopy analyses. A
correlation between the melting kinetics, the microstructure and the maximum draw ratio was observed for all
grades, suggesting that the apparent activation energy of melting can be used as a screening method to estimate

the maximum draw ratio.

1. Introduction

Polymeric materials often represent an attractive compromise be-
tween the properties of the final product and ease of processing. This is
especially true for polymeric fibers. For example, relatively low-viscous
polyesters and polyamides allow for high-speed melt-spinning, with
wind-up velocities in excess of 5 km min~! [1]. This allows for
mass-production of fiber material, albeit with modest mechanical
properties that are only sufficient for relatively low-demanding appli-
cations, such as tapestry and clothing [2]. In contrast, high-performance
fibers consisting of stiff (lyotropic) polymer systems or flexible polymers
of ultra-high molar mass, hold the promise of superior mechanical
performance due to nearly full orientation of the macromolecular chains
[3-5]. However, these superior properties are notoriously difficult to
achieve due to the intractable nature of the starting materials. It is,
therefore, not surprising that the quest for efficient processing routes to
produce high-performance polymer fibers is still an active field of
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research [6].

In case of state-of-the-art high-performance polyethylene (HPPE)
fibers, the close-to-perfect macromolecular alignment that is needed to
obtain high stiffness and strength is achieved by large-scale uniaxial
solid-state plastic deformation of disentangled ultra-high molecular
weight polyethylene (UHMWPE) precursor fibers at elevated tempera-
tures, the so-called “ultra-drawing process” [7]. In “soft”
semi-crystalline polymers above the glass-transition temperature, such
as polyethylene, where the crystal interactions are dominated by van der
Waals bonds, the ultimate solid-state drawability is mostly determined
by the entanglement density [8], although crystal perfection might also
have an influence [9]. Therefore, to obtain polyethylene fibers with
superior mechanical properties, precursor fibers are needed that have a
low entanglement density, allowing for a maximum draw ratio
Amax > 30, where A,y is defined as the ratio of final to initial length.

The reduction of entanglement density that is needed to allow for
large plastic deformation is typically achieved by crystallization of the
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Table 1
Abbreviated names, molecular weight and melting peak temperature of the
UHMWPE grades used.

Grade Abbreviated name M, (kg mol ™) Tm (°C)
Commercial GUR 4120 GUR 5000 139.8
Ziegler-Natta entangled ZNE 8000 140.9
Ziegler-Natta low entangled ZNLE 4500 140.0
Single-site catalyst A SSCA 5500 140.3
Single-site catalyst B SSCB 5000 140.7

UHMWPE from dilute solution, leading to the so-called “gel-spinning
process” [7,10]. However, this leads to an unfavorable processing
method involving large amounts of flammable and poisonous solvents
such as decalin. One recently proposed alternative is the use of green
solvents, such as vegetable oils and stearic acid [9,11]. Another method
was proposed by Smith et al. [12] and involves the direct synthesis of
disentangled UHMWPE reactor powder [13-15]. This special, nascent
(also called “virgin™), morphology can be achieved by polymerization at
relatively mild conditions or by having catalytic centers apart from each
other, as for example by using single-site catalysts [16-18]. In both
cases, the as-polymerized polymer chain is thought to crystallize before
the formation of intermolecular entanglements can occur, resulting in a
UHMWPE reactor powder with reduced entanglement density.

In case of solution crystallization, control over the maximum draw-
ability is achieved by adjusting the entanglement density through the
UHMWPE solution concentration [8] and, additionally, by solvent
quality [9,11]. In contrast, the entanglement density of nascent
UHMWPE reactor powder is more difficult to control or even determine.
However, it was observed that nascent UHMWPE powders depict pro-
nounced superheating during melting that is related to the entanglement
density and, thereby, to the ultimate draw ratio [19-22]. In these
studies, it was shown that the time constant for melting was lower for
disentangled materials, in other words, that disentangled nascent pow-
ders melt “faster”.

A standard tool for quantitative analysis of thermally activated
processes, which is recommended by the Kinetics Committee of the In-
ternational Confederation for Thermal Analysis and Calorimetry, is the
isoconversional method [23,24]. The isoconversional analysis allows for
a reliable way of evaluating a calorimetric dataset, without assuming
any particular reaction model beforehand and has been utilized for the
investigation of melting kinetics of polymers in numerous studies
[24-32].

It is, therefore, the objective of this study to apply the isoconver-
sional method to determine the melting kinetics of various nascent
UHMWPE samples of approximately equal molecular weight, but with
different entanglement densities, resulting in different maximum draw
ratios. In addition, for all samples, an important morphological char-
acteristic, the lamellar thickness, will be measured. Finally, we will
attempt to correlate the maximum draw ratio to the apparent activation
energy for melting and the lamellar thickness.

2. Experimental
2.1. Materials

Different grades of nascent UHMWPE reactor powder were used.
Those include a commercial UHMWPE grade, namely GUR4120 sup-
plied from Ticona. The rest of the samples were kindly provided by
SABIC and were produced using different catalytic systems and under
different polymerization conditions. They consisted of two UHMWPE
grades produced by a Ziegler-Natta catalyst, an entangled and a low
entangled, and two highly disentangled UHMWPE grades, synthesized
using different single-site catalytic systems. As the materials are pro-
duced through different catalytic systems and polymerization conditions
they are expected to have a different degree of disentanglement. The
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abbreviated names that are used in the article for each grade, together
with the viscosity average molar mass, M,, as measured from the
intrinsic viscosity with the Mark-Houwnik equation and the melting
peak temperature, as measured by DSC at a heating rate of 10 °C min "},
are presented in Table 1.

2.2. Solid-state drawability experiments

For the preparation of solid-state drawability specimen, 2 g of
UHMWPE reactor powder was compression molded at 200 bar and
120 °C, below the melting temperature, for 20 min into 1 mm thick films.
The films were then drawn in the solid state in a two-step process. First,
to a draw ratio (1) of about 3.5 by calendering, using a Collin W100T
calendering machine, at 125 °C. Second, dumbbell-shaped samples, ac-
cording to ISO 527-2 type 5B, were cut from the calendered films and
drawn in an Instron 5864 static mechanical tester, equipped with an
environment-control chamber, at 120 °C at an initial strain rate of 0.1
s~! until failure occurred. The draw ratio is calculated from the
displacement of the cross-head and is the mean value of at least five
measurements. The maximum draw ratio (4ma.x) of each sample corre-
sponds to the product of the two drawing steps.

2.3. Thermal analysis

For the thermal analysis, DSC experiments were conducted with a
heat flux Mettler-Toledo 822e. Indium and Zinc standards were used to
perform automated temperature, heat flow and tau-lag calibrations. The
tau-lag calibration consists of two compensations, matching the pro-
gram temperature to the reference temperature, and adjusting for the
heating rate as described by the equation AT,y = 7155, Where q is the
heating rate, AT, is the difference between the furnace and reference
temperatures and 7y, is the adjustment factor [33]. The specific value of
the tau-lag adjustment is calculated from multiple heating rates, be-
tween 1 °C min ! and 10 °C min~!. DSC thermographs were recorded
under N5 flow of 20 L min~! with a sample weight of 2 mg(+ 50 pg). A
value of 293 J g~ was used for the heat of fusion of polyethylene [34].
The software packages Matlab and Igor Pro were employed to perform
all numerical fits and analyses.

2.4. Isoconversional analysis

Isoconversional analysis is focused on evaluating reactions at the
same extent of conversion (o), obtained through different temperature
protocols. That is achieved in a model-free way, without assuming a
reaction model beforehand [24,35-37]. In the case of melting of poly-
mers, investigated by DSC, this can be achieved in two ways. The first
consists of isothermal experiments. Another way is by conducting,
non-isothermal, constant heating rate experiments with a different
heating program (heating rate, p) between each experiment. Due to the
inaccuracy of the isothermal experiments regarding the amount of ma-
terial that is molten during the heating to the isothermal temperature
and the long times needed for those experiments, the non-isothermal
experiments were conducted. In general, isoconversional kinetic anal-
ysis involves evaluating a dependence of the apparent activation energy
E, on conversion or temperature and using this dependence to predict
and explore the mechanisms of thermally stimulated processes [23]. The
general form of the basic rate equation for a thermally stimulated pro-
cess can be written as:

(i—?) =k(T,a)f(a) (@D

where « is the extent of melting (“conversion™), which runs from 0 (fully
crystalline) to 1 (fully molten), t the time, T the temperature, f(a) the
mathematical function that represents the reaction mechanism and k(T)
the rate coefficient [38]. The dependence of the rate coefficient on
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temperature is typically given by an Arrhenius law [39]:

K(T, ) = A(a)e E@/RT (2)

Here, E is the activation energy, A the pre-exponential factor and R the
universal gas constant. The isoconversional principle states, that at a
constant extent of conversion, the reaction rate is only a function of
temperature [29], and so according to Eq. (1)

] (3]

3

The subscript o indicates values related to a certain extent of con-
version. Following the isoconversional principle, f(a) does not depend
on temperature when « is constant, therefore:

{aln((;;of{dt)]a: E / R @

Using Eq. (4), a model-free value of the apparent activation energy
(E,) is estimated for each degree of conversion. Depending on the nature
of the experimental data, a differential or integral isoconversional
method can be used. As the current data originates from DSC mea-
surements and so the data is already in differential form, the differential
isoconversional method of Friedman has been employed [36]. Appli-
cation of this method requires knowledge of the reaction rate (da/dt),;
and the temperature T,; corresponding to a given extent of conversion,
for the ith temperature program used. From Eq. (1) and Eq. (2) we get:

da /dt=A(a)f(a)exp(—E(a) / RT) 5)

and by using the isoconversional method at a constant extent of con-
version, o:

In(da/ds),, = n{Aof (@)] — E, / RT., ®)

where In[A,f(a)] is constant. The apparent activation energy E, can be
determined by a plot of the left hand side of Eq. (6) against the reciprocal
absolute temperature for each extent of conversion for every heating
program. E, is calculated from the slope of the resulting Arrhenius-like
plots.

The melting runs were conducted in the temperature range of
20-180 °C using i = 19 different heating rates, from 1 °C min~' to 10 °C
min~! with steps of 0.5 °C min~, that fall within the range of the tau-lag
calibration. For each heating run a new sample was used, as the melting
behavior of the nascent reactor powder is under investigation. Two
replications were conducted for each heating rate and all are included in
the analysis, in order to improve accuracy.

2.5. Wide- and small-angle X-ray scattering

Wide-angle X-ray scattering measurements were performed on a
Panalytical Xpert-Pro equipped with a Cu anode and a Bragg-Brentano
geometry, using Cu K,; wavelength of 1.540598 A, ascan range of 20
from 3° to 80°, and a scan-step size of 0.00167 °. Crystallinity was
measured from the ratio of the crystalline peaks of 110 and 200 spacings
to the total intensity of the crystalline and the amorphous part, following
the internal comparison method of Ruland and using the correction
factors for polyethylene from Mo et al., [40,41].

For the small-angle X-ray scattering the samples were prepared ac-
cording to the protocol of Westfahl and Cardoso [42]. Namely, the
nascent powder was dried overnight in a vacuum oven at 60 °C and then
infiltrated by a contrast fluid mixture of 0.67 toluene and 0.33 chloro-
form, by molar fraction, under vacuum in a Schlenk tube. The mea-
surements were conducted on a Panalytical Empyrean series 2 with Cu
Kal wavelength of 1.540598 A. Equipped with a PIXcell1D detector and
with a scan range of 26 from 0.04 ° to 2.11 °, a scan step size of 0.005 °
and a time per step of 300 s. The scattered intensity was recorded as a
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function of the scattering vector g, defined as ¢ = 4x/4 sin(6), where 20
is the angle between the incident beam and the detector, measuring the
scattering intensity, and A is the wavelength of the radiation. The
Lorentz-correction was applied and the scattering curves were further
corrected for thermal density fluctuations. The latter seemed appro-
priate for our data due to the presence of the contrast fluid mixture, as
even in the blank measurement, of a capillary filled only with the
contrast fluid mixture, the scattering intensity was increasing at higher
g-values [42]. In principle, thermal density fluctuations due to the
contrast fluid alone should be readily corrected after subtraction of the
background scattering, however the powder/contrast fluid interface
might enhance the effect of these fluctuations. In addition, porosity
might play a role if the system is not fully equilibrated (all the pores are
filled) during the measurement. For the thermal-density fluctuation
correction, Iq* was plotted against g* for each grade, and the slope of the
linear portion was estimated for g*>1, to be in the Porod region. The
resulting slope was then subtracted from the scattering intensity of the
respective grade [43,44]. The average long period L of the lamellar
stacking, was determined from the g-value, gmax, at which the
Lorentz-corrected intensity reached a maximum, using the Bragg’s
condition: L = 27/qmax- The lamellar thickness | was calculated by
multiplying the long period with the crystal volume fraction [44].

2.6. Electron microscopy

Morphological studies of the nascent UHMWPE powders of different
entanglement states were studied by transmission electron microscopy
(TEM) using a Thermofischer Scientific Talos F200x instrument oper-
ated at 200 kV acceleration voltage in a scanning (STEM) mode. The
atomic number sensitive imaging with the high angle annular dark field
(HAADF) detector was used for the direct visualization of the, stained by
a high atomic number compound, amorphous regions in the specimens.
As a result, the measurements of the thickness of crystalline lamellae
between the amorphous regions were straightforward and were per-
formed using the ImageJ package for image analyses. The elemental
content distribution (chemical mapping) in the specimens was analyzed
by spectrum imaging (SI) using energy dispersive spectroscopy (EDS) in
the STEM mode with the probe size of about 0.6 nm. For the staining of
the TEM specimens, the nascent UHMWPE powder was immersed in a
ruthenium tetroxide solution and then embedded in fresh prepared
Epon-Araldite resin. Ultra-thin slices were cut with a diamond knife in a
Leica FC6 ultramicrotome.

2.7. Fourier analysis of STEM images

Frequency analysis of the STEM images was performed, to detect
emerging characteristic length scales due to the presence of repeating
patterns, such as those produced by lamellae. In each image, a square
region of interest of around 90 nm x 90 nm (512 x 512 pixels), sur-
rounding the area where lamellar structure is visible, was cropped. In
order to reduce possible artefacts due to edge effects, windowing by
weighting the image with a 2D circular Tukey window H(x,y) was
applied [45]:

H(xvy) =1
z(r—alL/2)
(1—a)L/2
H(x,y) =0

for r<al/2

for rSaL/2<r§L/2

for r>L/2,

H(x,y) :% {1 + cos

@)

where r = \/ (x —L/2)? + (y — L/2)? corresponds to the radial position
of the point (x,y) in respect to the center of the image, L refers to the
image size and a = 0.5 is a scaling factor. Fast-Fourier transform (FFT)
was performed, thus obtaining a representation of the original image in
the frequency domain. Then the 2D power spectrum was considered and
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Fig. 1. Differential scanning calorimetry thermographs of the melting of nascent (black solid line) and melt-crystallized (blue dotted line) samples of (a) GUR and (b)
SSCB. The difference in the melting peak temperature and enthalpy between the nascent and melt-crystallized material is evident in both cases. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Values of crystal fraction as measured by WAXS, the apparent activation energy
at 50%, E s, lamellar thickness [ as measured by STEM using an edge-filter and
by Fourier analysis and Amax for the UHMWPE grades examined.

Grade JWAXS Eos Amax 1 (Edge) 1 (Fourier)
) (kJ/mol) =) (nm) (nm)

GUR 0.63 2252 + 271 1+- 9.68 £ 0.72 10.30 £+ 2.08

ZNE 0.59 1978 + 284 4.5+ 0.2 7.70 £ 0.49 871 £1.17

ZNLE 0.70 1506 + 105 115+ 9 6.06 + 0.51 6.10 £ 1.01

SSCA 0.73 1172 + 105 215 + 16 3.84 £ 0.30 3.14 £ 0.30

SSCB 0.78 1118 + 140 240 £ 12 3.77 £ 0.46 2.92 £+ 0.27

averaged in the angular direction from 0 to 2r. Hence, the radial profile
of the power spectrum was obtained. Such a profile was further
smoothed by means of a moving averages procedure over a three-points
window. The peaks were detected in the radial profile of the power
spectrum, by means of their prominence with respect to the closest
minima. After converting from Fourier space to real space, visual in-
spection of the images was used to verify the correspondence between
the peaks position in the power spectrum and the visible repeating

features. In particular, it was observed that the peak with the highest
prominence corresponds to the long period. Hence, this value was
multiplied by the crystal volume fraction to derive the corresponding
lamellar thickness. The width of the peaks, measured at the median
point of the segment denoting their prominence (height) was used for
the calculation of the standard deviation. The aforementioned proced-
ure was performed by means of an in-house code written in ImagelJ-
macro language, based on the Fiji (ImageJ) native FFT plugin, the H.
Gliinder’s Windowing plugin [46] and Philippe Carl’s Radial Profile
Extended plugin [47], in combination with an in-house Matlab code.

3. Results and discussion
3.1. Ultra-drawability

Disentangled reactor powders, compacted below the melting tem-
perature, can be drawn to high draw ratios in the solid state [13,14]. The
maximum achievable draw ratio (1ax) scales with the amount of en-
tanglements according to Eq. (8), where M, corresponds to the molec-
ular weight between entanglements, N, is the number of segments
between entanglements, Lo is the monomer length and c,, is the char-
acteristic ratio [8]:

-1 °Cmin”
5 e 5 °C min"
— 10°C min
4
“-CD
z 37 8
[a— c
= [}
o
3 24
T
1
0 I T
110 120 150

Temperature [ °C ]

Fig. 2. Differential scanning calorimetry thermograph of the melting of SSCB samples at different heating rates, where the increase in Ty, by increasing heating rate

can be seen.
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Fig. 3. Fitting of the melting peak temperature against heating rate with Equation (8) for the GUR (a) and SSCB (b) samples.
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The ultra-drawability of the samples was investigated by the 2-stage
0.350 drawing protocol described earlier. All samples were tested for possible
0.600 melting by DSC after drawing, where the absence of the melt-
0.850 crystallized, low temperature, melting peak (see Fig. 1) suggests that
the samples are still nascent. The samples produced by the single-site
catalytic systems (SSCA and SSCB) were already translucent after
compression molding and could be easily calendered into translucent
coherent films. On the contrary, the GUR and the ZNE grades were
opaque after compression molding and calendering resulted in poorly
coherent films, that for the case of GUR could not be drawn further. The
‘ ‘ maximum achieved draw ratio is reported in Table 2. The GUR and the
2.40 2.42 2.44 x10° ZNE grades show very poor drawability, the low entangled ZNLE is fairly

'K drawable and the single-site catalyst (SSCA and SSCB) grades show
excellent drawability.

Conversion, a
0

In ((davdt) s) [-]

Fig. 4. A few representative Arrhenius plots used for the determination of E, of
the SSCB grade. Each color represent datapoints at the same extent of conver-
sion collected from heating runs with a different heating rate. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

3.2. Isoconversional analysis and apparent activation energy of melting

3.2.1. Apparent activation energy of melting of the different UHMWPE
grades

It is well known that UHMWPE exhibits a high melting temperature
of about 140 °C that is lost upon melt-crystallization and subsequent

3000 [T 2 o
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— by 1 sscB
5 2500
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- r & X
= ¥ ¥ ’ 0] T
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g
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Conversion [-]

Fig. 5. Apparent activation energy as a function of conversion (loss of crystallinity during melting) of different nascent UHMWPE grades prepared via different
catalytic systems. Black o: GUR, grey \/: ZNE, red: ZNLE, green /\: SSCA, blue [J: SSCB. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 6. Apparent activation energy values at a conversion of 0.5 against Aya.x for the different UHMWPE grades. Black ¢: GUR, grey \V: ZNE, red: ZNLE, green A:
SSCA, blue [: SSCB. The dashed line is a guide to the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 7. Lorentz-corrected scattering intensities of the different nascent
UHMWPE powders. Black: GUR, grey: ZNE, red: ZNLE, green: SSCA, blue: SSCB.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

melting [19,48,49]. The high temperature melting peak and the high
enthalpy of melting of nascent UHMWPE are clearly visible in the DSC
curves of Fig. 1, where the initial (solid black lines) and subsequent
(dotted blue lines) heating runs are presented. Fig. 1 depicts the com-
mercial, entangled, GUR and the highly disentangled SSCB grades. Both
entangled and disentangled nascent powders show this difference be-
tween nascent and melt-crystallized samples, in agreement with previ-
ous studies [19,20].

Fig. 2 demonstrates some DSC curves, at different heating rates and
with the baseline subtracted, of the nascent SSCB powder, representative
of our melting data. The increase of the melting temperature by
increasing heating rate was utilized for the isoconversional analysis.

A way to check for superheating was suggested by Toda et al. [25],
who examined the heating-rate dependence of the melting peak using
Equation (9).

T,p=Tu+ Bf 9

Here, T, ; is the melting peak temperature for each heating rate, Ty, the
non-equilibrium melting temperature and B and z fitting parameters.
The value of z corresponds to the heating rate dependance of the shift in
peak temperature and if it is smaller than 0.5, melting can be regarded as
kinetically controlled. The fitting was performed by having Tp,, B and 2z
as fit coefficients, as common methods to calculate T,,, like the Iller’s
equation, return unrealistic high values that are not consistent with the
experimental observations, possibly due to the special nature of nascent
UHMWPE crystals. From the fitting of T, against f, a value smaller than
0.5 is obtained for parameter z, indicating kinetically controlled
melting. Two representative graphs, namely for the GUR and SSCB
samples, are presented in Fig. 3.

The E, of melting was calculated for the different UHMWPE nascent
powders. Some of the Arrhenius plots from which the E, values of the
SSCB grade were calculated are presented in Fig. 4. It should be noted
that the plots presented in this figure correspond to just a fraction of the
data analyzed for the E, calculation.

The E, dependence on conversion (a) for the different grades is
presented in Fig. 5. The high values obtained are in accordance with
previous reports on the melting of polymers [20,27,30].

The shape of the E,, is similar for all the grades analyzed and shows a
decreasing dependance on conversion. In addition, there is almost no
overlap of the curves of the different grades, especially at the regime
with the higher confidence. For our comparisons we utilized the values
of E, at a conversion of 0.5 (Eys), since the relative error of the
Arrhenius-type fitting is the smallest at this value. There seems to be a
correlation between the level of disentanglement and the apparent
activation energy, as the values of i, are increasing by decreasing
values of Egs. This trend can be observed when the values of Ey 5 are
plotted against the values of An.y, as is presented in Fig. 6. This corre-
lation is in agreement with the observation by Rastogi et al. [19] that the
disentangled nascent UHMWPE melts faster than the entangled one. The
lower value of the apparent activation energy calculated by our exper-
iments for the more disentangled grades can explain this behavior. As
melting of nascent UHMWPE is governed by kinetics, a lower activation
energy of melting will translate into a faster melting. The calculation of
the E, could, therefore, possibly be used as an alternative way of eval-
uating the level of disentanglement of UHMWPE reactor powders.
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Fig. 8. STEM micrographs of the GUR (top) and SSCB (bottom) grades stained with ruthenium tetroxide at two different magnifications. The bright contrast in
HAADF STEM micrographs corresponds to the Ru-rich regions. The micrograph (b) corresponds to the area framed in micrograph (a). Image (d) shows the
micrograph of the SSCB grade (c) overlaid with the one where the edge-detect filter has been applied.

3.3. Microstructure analysis

In order to get an insight into the origin of the differences in the E,, a
microstructural aspect of the nascent powders, the lamellar thickness,
was investigated. First, it was attempted to measure the long-period (L)
through small-angle X-ray scattering. The samples were prepared ac-
cording to the protocol described by Westfahl et al. in order to suppress
the contribution from the grain-air interface of the nascent UHMWPE
powder particles [42]. The crystallinity was measured by wide-angle
X-ray scattering and the values obtained are presented in Table 2.

Unfortunately, as can bee seen from Fig. 7, the Lorentz-corrected
SAXS intensity curves show only broad maxima, especially for the
more disentangled samples. This could be related to a combination of
factors, such as the irregular stacking of the lamellae [50], the small
lateral dimensions, of especially the more disentangled samples, the
uncertainty on how well the solvent is penetrating in all the pores of the
powder or that a stronger X-ray source would be needed for such mea-
surements. However, if the q-values, corresponding to the
Lorentz-corrected intensity maxima of the curves of Fig. 7, are used for

the calculation of an approximate value of the lamellar thickness, it can
be seen that there is a trend of decreasing lamellar thickness with
decreasing values of Eps. The estimated lamellar thickness values
correspond to GUR: ~ 13 nm, ZNE: ~ 11 nm, ZNLE: ~ 10.5 nm, SSCA:
~ 7.2 nm and SSCB: ~ 7 nm.

In order to confirm the trend identified from the SAXS measure-
ments, direct measurements of the thicknesses were performed by STEM
using an atomic-number (Z) sensitive imaging mode with a high-angle
annular-dark field detector (HAADF STEM). The HAADF image
contrast is proportional to Z? and is, therefore, especially suited for
imaging the elemental-content modulations in a specimen. Ruthenium-
tetroxide, containing heavy Ru atoms that produce a high contrast in
HAADF STEM images, is used to stain the amorphous part of the
UHMWPE, so the crystalline lamella would correspond to the unstained
features of the micrographs. The successful staining was confirmed
through energy-dispersive X-ray spectroscopy (EDS) element mapping.
For the evaluation of the lamellar thicknesses, the HAADF micrographs
of the stained specimens were used. An edge-detect filtering was applied
to the micrographs and the filtered images were analyzed with the help
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Fig. 9. Histograms of the lamellar thickness, as measured from the STEM micrographs, for the different UHMWPE grades: (a) GUR, (b) ZNE, (c) ZNLE, (d) SSCA,

(e) SSCB.

of an ImageJ script. STEM micrographs, representative of our data, are
presented in Fig. 8, where the original HAADF, filtered and super-
imposed images are shown. For the calculation of the lamellar thickness
the distance between the amorphous part are measured and at least 50
measurements where conducted on ten different STEM micrographs for
each grade. The distribution of the measured lamellar thickness is pre-
sented in Fig. 9 and the values included in Table 2. In addition, Fourier
analysis of the STEM images was performed, as explained in Section 2.7,
as an additional method to provide unbiased lamellar thickness values.
The results for the lamellar thickness values obtained from the different
evaluation methods are presented in Table 2 and are in very closed
proximity to those measured earlier, and exhibit the same trend with
respect to Eps.

Even though the determination of the exact value of the lamellar
thickness is challenging, the obtained values are in agreement with the
trend that was suggested by the SAXS measurements of the lamellar
thickness.

Fig. 10 depicts the Eg s values as a function of lamellar thickness as
measured by STEM, showing a clear trend of increasing lamellar thick-
ness with increasing value of Eys. According to the kinetic theory of

polymer melting [25], the apparent activation energy of melting E,
equals:

_ din(de/dr)] [ 1 2T
e[l 1 2] a0

Here, R is the universal gas constant, « is the extent of melting (“con-
version™), which runs from 0 (fully crystalline) to 1 (fully molten), AT is
the superheating and A is a constant:

_ nle*T),

A= 11
AL an

where o is the lateral-side interfacial free energy of a cylindrical nucleus,
L is the lamellar thickness, T is the equilibrium melting temperature
and AH; is the heat of fusion per unit volume. From Egs. (10) and (11),
assuming a constant o, it follows that the apparent activation energy is
expected to be proportional to the lamellar thickness [, which is in
agreement with the correlation depicted in Fig. 6. Furthermore, from
standard theory of polymer crystallization [51], it is well known that
large undercooling leads to fast crystallization of polymer crystals with a
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Fig. 10. Apparent activation energy at a conversion value of 0.5 against lamellar thickness as measured from the STEM micrographs. Black ¢: GUR, grey \V: ZNE,
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referred to the web version of this article.)

small lamellar thickness. For the synthesis of nascent UHMWPE, it is also
known that fast cooling reduces the chance of the formation of entan-
glements of the growing macromolecular chain [12]. Using the corre-
lation observed in Fig. 6, this would then agree with the observation that
nascent UHMWPE powders that depict a small lamellar thickness
(indicating a large undercooling) lead to films that show a large Amax
value (low entanglement density). Finally, it should be noted that the
apparent activation energy for melting does not directly relate to the
melting temperature as observed in a standard DSC experiment, as the
full kinetic equation also includes the pre-exponentional factor and the
detailed kinetic model [27]. In other words, a low activation energy can
still result in a relative high melting point and the other way around.

4. Conclusions

The standard way of the production of high strength/high modulus
UHMWPE fibers is the gel-spinning route. However, an alternative
method, which avoids the use of excessive amounts of solvent, is solid-
state processing of disentangled nascent UHMWPE reactor powder,
followed by ultra drawing into high-performance polyethylene fibers or
tapes. Here, as is the case in gel-spinning, the lower the entanglement
density of the nascent powder, the better is the drawability, leading to
superior fiber properties. In our work we use isoconversional analyses of
DSC heating experiments up to melting to evaluate the apparent acti-
vation energy of melting. Moreover, we correlate the magnitude of the
apparent activation energies, determined for all examined UHMWPE
grades, to the level of disentanglement of each grade, as measured by
solid-state drawability. It was found that the more disentangled mate-
rials exhibit a lower apparent activation energy, confirming earlier
studies that the level of disentanglement of nascent UHMWPE is
depicted in its melting kinetics. It is important to note that a high
melting temperature of the nascent powder or the presence of super-
heating alone, is not necessarily indicative of disentangled material in
itself, as both entangled and disentangled powders used in the present
study depict superheating having a high initial melting temperature. To
further investigate the reason behind the differences of the apparent
activation energy of melting, the microstructure of these powders was
determined, by measuring the lamellar thickness using SAXS experi-
ments combined with STEM imaging. It was found that thinner lamella

correspond to a lower apparent activation energy of melting, in agree-
ment with current kinetic theories of polymer melting. In addition,
thinner lamella are indicative of a faster crystallization during poly-
merization, which has been identified as one of the preferred conditions
to obtain nascent UHMWPE reactor powder with a desired low entan-
glement density. This then explains the observed correlation between
apparent activation energy of melting and maximum drawability, which
could be used for identification of nascent UHMWPE powder grades to
be used for high-performance polyethylene fibers and tapes.
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