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ABSTRACT: Morphology, phase composition, and molecular mobility for a series of semicommer-  JiTiEHE I
cial gel-spun UHMWPE fibers were studied using a combination of WAXS, SAXS, and 'H solid-state " i

NMR methods. The fibers show uncommon for this type of fibers decrease in the break load with BRIl grawing
increasing draw ratio, whereas their modulus and the tenacity reach very high ultimate values. The /il

X-ray and NMR methods have provided complementary information about the fiber morphology and
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structural reorganizations occurring at the final stage of the fiber drawing. The results suggest that the fiber morphology can be
described by a mixture of crystalline fibrils with long period of ~35—45 nm, as shown by SAXS, and large, so-called, chain-extended
crystals. The presence of large crystals with embedded defects is shown by NMR. The drawing causes increase in the crystallinity
from ~89 to ~96 wt % and in chain orientation, while the long period of fibrils and the break load of fibers surprisingly decrease. The
decrease in the long period with the drawing could indicate a partial reorganization of the amorphous phase and/or some
fragmentation of the fibrils, while the decrease in the break load could correspond to a decrease in number of load-bearing chains.
A disorder of the crystals and a small increase in chain mobility in the constrained amorphous fraction is also observed with
increasing the drawing. Approximately 1 wt % of the chain fragments in the amorphous fraction has a high molecular mobility. It is
assumed that these chain fragments reside in nanovoids, the presence of which was shown previously by a '*’Xe NMR study on the
same fibers. The role of a-crystalline relaxation in structural reorganizations during fiber drawing is also discussed.

I. INTRODUCTION

Elucidating the structure of high-strength polymeric fibers is a
very important issue in fiber technology research. Extensive work
has been carried out in the past decades to find correlations
between structure, performance, and processing conditions of
fibers."” There are two types of super-strong polymeric fibers,
mainly differentiated by the type of the chemical structure of
polymer and the type of fiber processing. One type, such as
Aramid and Zylon fibers, is based on relatively “stiff” polymer
molecules. The other type is prepared from more flexible molecules,
e.g. (ultra)high molecular weight polyethylene (UHMWEPE).
The performance of these polymeric fibers is the result of rather
complex processing and deformation mechanisms due to draw-
ing. A well-defined model was developed for Aramid fibers
allowing the prediction of fiber performance purelZ based on
the chemical structure and processing parameters.”> For gel-
spun UHMWPE fibers like Dyneema, such a model is not
present, although significant effort has been placed into the
research on the structure of this kind of fiber."

Several methods have been developed for the production of
high-modulus, high-strength structures based on UHMWPE,
namely melt-spinning, gel-spinning, and solid-state drawing.*
Both the tensile strength and the modulus of UHMWPE fibers
increase with the drawing. To reach a higher draw ratio in the
fiber, the UHMWPE polymer chains must have a low entanglement
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density to allow for polymer chain orientation during drawing.
This effect can be realized by processing the UHMWPE material
from a (semi)dilute solution where the polymer chains have been
(partially) disentangled as part of the dissolution process. The
strongest fibers are therefore produced using the gel-spinning
method consisting of the following three main steps: (1) con-
tinuous extrusion of a dilute solution of UHMWPE, (2) spinning
of the solution (followed by physical gelation of UHMWPE due
to its fast crystallization caused by either cooling of the solution
or solvent removal by extraction or evaporation), and (3)
drawing of fibers at elevated temperatures.””’ The attainable
draw ratio is affected by several factors such as molecular weight
of the polymer, the drawing temperature, and the drawing speed.®

Drawing of gel-spun UHMWPE fibers results in changes in
their physical structure. For example, at low draw ratio (4 < 12),
crystallinity may decrease, whereas crystal orientation increases
and approaches a high value already at a moderate draw ratio.”'°
In contrast, chain orientation in the amorphous phase increases
almost linearly with increasing draw ratio and approaches its
maximum value at 4 A~ 100.'"° The degree of crystallinity
approaches its maximum value exceeding 90% at approximately
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the same draw ratio.'® In addition, the amount of monoclinic
crystals grows gradually with an increasing draw ratio.

Different morphological elements are present in highly drawn
UHMWPE gel-spun fibers,'' ~'* and different types of morpho-
logical imperfections are found on the fiber surface.'* However,
fibrillar morphology is often the dominant one in highly drawn
UHMWPE materials."® Fibrils are composed of submicrometer
sized crystalline blocks that are interconnected by highly elon-
gated chain fragments in amorphous and interfacial fractions. As
proposed by several research groups, the phase structure of
UHMWPE fibers consists of five components. Two are asso-
ciated with the crystalline phase: (1) the majority of the crystal-
line phase is formed by orthorhombic crystals, and (2) a small
amount of monoclinic phase is present in highly drawn fibers.
The three other components are associated with the noncrystal-
line phase: (3) a crystal —amorphous interface that is adjacent to
the crystal surface with chain units mainly in all-trans conforma-
tions, (4) amorphous regions that are formed by less ordered
chain fragments in trans—gauche conformation, and ($) a small
amount of highly mobile chain fragments in nanovoids.'® The
presence of nanovoids in highly drawn fibers was suggested by
several studies.'”*° It should be mentioned that such descrip-
tion of the phase composition is rather simplified because of the
complexity of the fiber morphology, its heterogeneity, and the
absence of sharp borders between the different phases.

Two types of models were proposed to explain the relation-
ship between drawing-induced changes in physical structures and
improvement of mechanical properties of UHMWPE fibers.”"
The morphology of gel-spun UHMWPE fibers at different draw
ratios can be rather well described by a model that was pro3posed
for drawn polyethylenes by Peterlin®* and Gibson et al.>* This
morphological model assumes that the amount of taut-tie mol-
ecules that interconnect crystals plays an important role in the
improvement of mechanical properties. An extended mechanism
of morphological reorganizations during drawing was proposed
more recently.'#** The increase of the modulus with increasing
draw ratio correlates with the chain orientation in both crystalline
and amorphous phases where the high chain orientation in the
amorphous domains is necessary to achieve ultimate fiber
strength.'® The importance of taut-tie molecules for achieving
high ultimate fiber properties was also suggested in another
study.”® Therefore, characterization of both crystalline and non-
crystalline or “amorphous” phases in UHMWPE fibers is im-
portant for establishing processing—morphology—property re-
lationships for highly drawn PE materials. In the composite model
approach, the reinforcement is caused by oriented crystals that
are embedded in a partially oriented amorphous phase.***” Since
both types of model, namely the morphological and composite
model, can explain the effect of drawing on macroscopic proper-
ties of UHMWPE fibers,"**” a better understanding of how
drawing effects the morphological changes is desired.

A variety of methods have been used for the characterization of
the morphology and physical structures of UHMWPE fibers and
tapes, such as microscopy methods, WAXS, SAXS, DSC, deforma-
tion calorimetry, solid-state NMR, and Raman spectroscopy as well
as several other methods. Some of these studies are cited below,
although this list of references is far from being complete. Morphol-
ogy of highly drawn UHMWPE was studied by SAXS,*****° solid-
state NMR,'® and microscopy methods;' "%~ ** ghase composition
and dimensions of different phases by X-ray,'”***' ~3* solid-state
NMR,'***** and microsco;)y methods;"""*~** molecular mobility
by solid-state NMR;'®**** orientation by X-ray,** * infrared

dichroism,"'® and solid-state NMR;*>*° the effect of deformation
on chain loading by Raman spectroscopy and WAXS;*' strain-
induced chain scissions by ESR;** nanovoids by positron anni-
hilation spectroscopy'® and '**Xe NMR;*® and thermodynamics
of small deformations of single crystal mats of PE by deformation
calorimetry."®

Results of these different studies show that fiber properties
largely depend on fiber technology and processing conditions. As
mentioned earlier, the tensile modulus and the tensile strength of
gel-spun UHMWPE fibers and drawn single crystal mats of
UHMWPE rapidly increase with draw ratio and reach ultimate
plateau values at draw ratios higher than ~100—150 of ~120—
160 and ~5—6 GPa, respectively.”'”'>* Higher values for the
ultimate properties (i.e, 220 and 6 GPa, respectively) were
reported for drawn single crystal mats of UHMWPE,* indicating
importance of the disentangled state of the polymer chains for
obtaining the strongest UHMWPE fibers.

In the literature, several values for the maximum tensile
strength and the modulus of UHMWPE fibers were estimated
using theoretical calculations. These values, which are based on
the strength of carbon—carbon bonds, are all in the range of
18—30 GPa for the tensile strength and ~230—355 GPa for the
modulus.**%° The experimental maximum tensile strength
increases strongly with decreasing filament cross-section area
due to the smaller number of surface flaws and kink bands per the
length unit of fibers.>® This increase can be explained by the
Griffith theory>>>® where for a cylindrical filament shape the
Grifhth relationship predicts a linear dependence of the recipro-
cal tensile strength on the square root of the filament diameter.
Based on this theory and extrapolating this relationship to fiber
diameter that approaches zero, a maximum theoretical tensile
strength of 25 GPa was estimated. However, until present no
experimental tensile strength higher than 8 GPa has been
reported in the literature, while the maximum modulus values
of up to 300 GPa were reported.*® Thus, a significant gap still
exists between the experimental tensile strength and its theore-
tical maximum value, whereas the experimental modulus of fibers
are rather close to the theoretical value. This indicates that the
tensile strength is not only affected by fiber structure, which tends
to approach the single crystal at the maximum draw ratio, but also
affected by local defects such as chain ends, defects in crystals,
other fiber flaws, etc. It is therefore difficult to establish the
relationship between the tensile strength and fiber morphology.

In order to improve ultimate properties of UHMWPE fibers, it
is important to understand the structural and morphological
changes at the final stage of the fiber drawing. For this purpose,
we prepared a large series of samples with different draw ratios
and, consequently, different mechanical properties that approach
very high values at the highest draw ratio. Contrary to the most of
previously studied series of UHMWPE fibers, fibers for the
present study were spun from a (semi)dilute solution on a pilot
production facility. The morphology, local chain motions, and
domain sizes are characterized by a combination of SAXS,
WAXS, and 'H solid-state NMR. Although these methods have
been extensively used for characterization of gel-spun UHMWPE
fibers before, studies of a large series of fibers using a combination
of these complementary methods have not been reported pre-
viously. The aim of the present study is to determine (1) the
phase composition using WAXS and NMR relaxometry, (2)
crystal dimensions by SAXS, WAXS, and '"HNMR spin-diffusion
methods (NMR has an advantage in estimation of the size of
chain-extended crystals whose dimensions are beyond the
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detection limit of conventional SAXS experiments), and (3) the
effect of draw ratio on molecular mobility in different physical
phases using NMR relaxometry and to discuss the effect of draw
ratio on changes in morphology and the physical structures in
relation to mechanical properties. This approach is very promis-
ing for gaining a better understanding the effect of draw ratio on
morphology and mechanical properties of UHMWPE fibers.

Il. EXPERIMENTAL SECTION

A. Fiber Preparation. All samples were produced at DSM
Dyneema on a pilot production facility as 50 filament yarns using the
well-described gel spinning process.”* The feedstock was an UHMWPE
with M,, = 3.5 x 10° g/mol. UHMWPE fibers were spun from 9 wt %
solution in decalin. Spin-finish was removed by washing fibers in n-
pentane followed by drying in a flow of nitrogen gas.

The tensile strength and the tensile modulus were determined on the
multifilament yarns as specified in ASTM D885SM method using a
nominal gauge fiber length of S00 mm, a crosshead speed of 50%/min,
and Instron 2714 clamps. The modulus was determined from the
stress—strain curve as the slope between 0.3 and 1.0% strain. The
modulus and the tensile strength were calculated from the tensile force
by dividing its value by the titer, which is mass of 10 m of yarn and
assuming the volume average fiber density of 0.97 g/cm”.

B. Wide-Angle X-ray Scattering. The 2D WAXS experiment
were carried out on a D8 Discover goniometer from Bruker on a bundle
of “pseudoparallel” filaments or a single filament placed vertically with
the X-ray beam perpendicular to the fiber axis. The crystal size (d.) was
estimated using the Scherrer equation.’*** The amounts of the
amorphous, monoclinic, and orthorhombic phases were calculated using
eqs 1 and 2:

Weo = (Ao + 1.424500)/(0.73A001" + 1.25A200’
+ 1.6942-1" + Ao + 1.42450 + 0.654,) (1)

Wem = (0.73A001" + 1.254200" + 1.69A50-1")/(0.73A001
+ 1.25As0" + 1.69A50_1" + Aro + 1424500
+ 0.654,) (2)

where A, is the peak area of the amorphous phase, A;;o and A,y are
areas of the (110) and (200) peaks for the orthorhombic phase, and
Ao’y Az, and Ayg_, are areas for corresponding peaks of the
monoclinic phase. The peak deconvolution was performed with the
constraint conditions as described in the Supporting Information. These
constraint conditions were necessary for obtaining reliable peak decon-
volution for highly crystalline PE. To our knowledge, these constraint
conditions were applied for the first time in the literature for the PE. The
multiplication factors for each peak area were calculated in reference to
the intensity of (110) peak of the orthorhombic phase with corrections
considering geometry, polarization, temperature (thermal motion), and
absorption.>**® The factor of 0.65 for A, was used to compensate the
diffraction peaks at 26 larger than 28°.>® More details of the calculations
can be found in the Supporting Information.

The chain orientation was estimated using the full width at half-
maximum (FWHM) of azimuthal intensity distribution of the (110)
diffraction peak (FWHM, 10).55‘56 For the experiment, a single filament
of ~12 cm length was measured at 10—12 different positions along the
fiber axis, and the average value of FWHM] ¢ is reported. The Herman’s
orientation parameter (P,) was calculated from FWHM, 4>’ using the
relation (P,)o0s = —2{P>)110>” and assuming a cylindrical symmetry with
respect to the c-axis (chain direction).

C. Small-Angle X-ray Scattering. Two-dimensional (2D)
SAXS experiments were carried out on a Point-Focusing SAXS System
from Molecular Metrology,58 using an Ar-based multiwire 2D detector.

Figure 1. 2D SAXS pattern for a gel-spun UHMWPE fiber with a
modulus of 28 GPa. One integration range in direction along the fiber
axes is shown on the pattern.

The fibers were measured as a bundle of “pseudoparallel” filaments with
the fiber axes placed vertical and the beam perpendicular to the filaments.
The anisotropic 2D pattern was calibrated using silver behenate (dgo;=
58.380 A) and integrated in the ranges from 30° below to 30° above
(max (fiber direction) on two opposite directions using Fit2D program
from ESRF,59 as shown in Figure 1. The scattering intensity (I) was
plotted in the form of qu vs q (Lorentz-corrected form) % where qis the
scattering vector which is determined from the following relationship q =
(47t/)-sin 6, where 20 is the scattering angle. By applying Bragg’s law,
the long period (L) was estimated using relationship L ~ 277/¢p.y
where gy, is the (first order) maximum on the qu vs g curve. The one-
dimensional (1D) correlation function of the electron density distribu-
tion, K(z), was calculated from the measured (relative) scattering
intensity I(q) using eq 3:

1

K& = sy

| - coslgz)4nq’1(q) dg (3)

where z is the distance.

D. Phase Composition and Molecular Mobility by Low-
Field "H NMR T; and T, Relaxometry. Low-field '"H NMR T and
T, relaxation experiments were performed on static samples at 26 °C on
a Bruker Minispec mq-20 NMR spectrometer. This spectrometer
operates at a proton resonance frequency of 20 MHz. The length of
the 90° pulse, the dead time of the receiver, and the dwell times were 2.8,
7, and 0.5 us. A BVT-3000 temperature controller was used for
temperature regulation with an accuracy of £0.1 °C. The decay of the
transverse magnetization relaxation (T, decay) was measured with the
solid-echo (SEPS) and Hahn-echo (HEPS) pulse sequences.”’ The
SEPS and the HEPS decays were combined in one file and the file was
fitted with a linear combination of the Abragamian,62 Gaussian, and
exponential functions:

A(t) = A(0)° exp[—(t/ZTzs)z}[sin(at)/at]
+ A(0)' exp[—(t/T2")’] + A(0)' exp[—(t/T2")] (4)

Here short, intermediate, and long relaxation times, T5’, T, and T,
respectively, were assigned to the relaxation of the rigid fraction, which
mainly originate from crystalline phases and small amounts of rigid
noncrystalline fraction T5', largely immobilized (constrained) amor-
phous fraction T, and mobile amorphous fraction T,\. The fraction of
the relaxation components, as designated in the text by % T,™* =
{A(0)™4/[A(0)* + A(0)' + A(0)']} x 100%, represents the weight
fraction of these phases.

The longitudinal magnetization relaxation (T relaxation time) was
measured using the inversion—recovery pulse sequence with the solid-
echo detection of the signal amplitude: 180°,—t;,y— 90—t —90°—t,c—

inv

[acquisition of the amplitude of the solid-echo maximum A(0)™ as a
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Figure 2. Relationship between the modulus and the tensile strength of
gel-spun UHMWPE fibers. The line is meant as a guide to the eyes.

function of t,,]. The dependence of A(t,,) on t,, was fitted using a
two-exponential function:

Altiny) = A*(0)[1 — 2 exp(—tine/T})] + Ab(o)[l -2 eXP(*tinv/Tf)]

(s)

It should be noted that the biexponential T relaxation could be due to
micro/macroscopic heterogeneity of fibers, as described in the literature,"' ~**
and a slow spin-diffusion process between the rigid and mobile domains,
as will be discussed below. The average T relaxation time (T,") was
determined as follows:

YT = f9/T} + (1= f9)/Ty (6)

where f* = A%0)/[A*0) + A°(0)]. The recycle delay time for all
experiments was then ST, where le > T,%

More information is provided in the Supporting Information.

E. 'H NMR Spin-Diffusion Experiments and Data Analysis.
High-field "H NMR spin-diffusion experiments were performed at room
temperature on a Bruker AV700 NMR solid-state spectrometer at a
proton frequency of 700.2 MHz. "H NMR data were recorded for
nonspinning samples that were placed in a 3.2 mm cross-polarization
magic-angle spinning (CPMAS) probe. The dead time of the spectro-
meter, the duration of the 90° pulse, the dwell time, and the recycle delay
time were 2.5 us, 1.9 us, 2 us, and 3 s, respectively. 'H spin-diffusion
measurements were performed using the general setup consisting of the
DQ dipolar filter, a spin-diffusion period, and an acquisition period.** %
The pulse sequence was: [(77/2).4—T—(7/2) _11o] —DQ evolution—
[(7/2),—1—(7/2)_,]—t—(7/2),—acquisition, where the first block
represents the DQ_dipolar filter and ¢ is the spin-diffusion time. The
phases of the /2 radio-frequency pulses in the first block of DQ
coherence excitation had a phase cycle of four steps, i.e., ¢ = (0,1,2,3) X
(71/2) for selection of even-order coherences. More details on the
experiment and data analysis are provided in the Supporting Information.

Ill. RESULTS

A. Mechanical Properties of Fibers. The term “draw ratio” is
often used for describing the processing—structure—property
relationships of fibers. However, the macroscopic draw ratio does
not necessarily correspond to the drawing-induced chain exten-
sion because elastic chain contractions and slippage processes
occur at different stages of fiber processing. The modulus and the
tensile strength of UHMWPE fibers increases linearly with
increasing draw ratio (Figure 2), and this is very often the case
for gel-spun UHMWPE fibers. The modulus/tensile strength
ratio itself depends on the type of process, the conditions therein,
and especially the molecular weight, polydispersity, number, and
the type of branching in UHMWPE used for the fiber spinning,
At very high draw ratios, the modulus/tensile strength ratio often

Table 1. Mechanical Properties and Phase Composition
(in wt %) of Gel-Spun UHMWPE Fibers”

phase composition, wt %"

tensile strength, modulus, orthorhombic monoclinic amorphous

fiber GPa GPa crystals crystals phase
F1 1.6 28 88.8 0.7 10.4
F2 2.5 5SS 90.2 1.8 8.0
E3 3.0 80 91.5 2.9 5.6
F4 3.4 105 92.2 32 4.6
ES 3.9 128 90.4 44 5.2
F6 4.6 145 91.8 3.6 4.6
E7 4.8 160 92.2 4.3 3.5

“The phase composition is determined by WAXS. " The average fitting
error of WAXS profiles is 0.01 wt % for the orthorhombic phase, 0.08 wt %
for the monoclinic phase, and 0.03 wt % for the amorphous phase (see
the Supporting Information).
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Figure 3. (FWHM),,) against the modulus of gel-spun UHMWPE
fibers. Data points show the average value of (FWHM, ;) measured at
10—12 different positions of a single filament. Error bars indicate the
standard deviation 0, and the dashed line is meant as a guide to the eyes.
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Figure 4. Average crystal size (d.) in the (200) direction (perpendicular
to the fiber axis) as a function of the modulus of gel-spun UHMWPE
fibers. The dashed line is meant as a guide to the eyes.

tends to increase due to the formation of local defects and chain
scissions (which affects the tensile strength but has almost no
effect on the modulus); however, this is not observed here.

B. WAXS Results. The phase composition (in wt %), as
estimated by WAXS, is provided in Table 1. The chain orienta-
tion, as expressed by FWHM,| 1, is plotted against the modulus of
fibers in Figure 3, which shows an increase in chain orientation
with drawing. The Herman’s orientation parameter (P,)o, exceeds
0.998 for all fibers, indicating (1) a very high orientational order
of crystals and (2) that the FWHM is more suitable than {(P5)002
for comparing the order parameter in this series of fibers.

9257 dx.doi.org/10.1021/ma201888f [Macromolecules 2011, 44, 9254-9266



Macromolecules

1E-2 0.1 1 10 100 1000

intensity

Figure S. 2D SAXS pattern for gel-spun UHMWPE fiber with a
modulus of 160 GPa. The measurements are performed on a bundle
of pseudoparallel filaments with fiber axes indicated by the arrow on the
pattern.

The size of orthorhombic crystals in direction perpendicular to
the fiber axis (d.), i.e., in the (200) direction, is plotted against
fiber modulus in Figure 4. This size can be used as a measure of
fibril diameter as was suggested for polyamide 6 fibers.%

C.SAXS Results. 2D SAXS patterns are shown for two fibers in
Figures 1 and S. These patterns are typical for fibers containing
fibrils. The two spots on the pattern in the direction along the
fiber axis are an indication of the long period of fibrils.” The
streaks,”* which are observed in the perpendicular direction, are
due to scattering from the internal fibrillar morphology and a
filament-to-air interface. The representative Iq” vs q curves along
the fiber direction are shown in Figure 6. For the fiber with the
modulus of 28 GPa, the second-order peak of the long period
structures is still visible, whereas for fibers with higher moduli this
peak disappears. This means that fibrils become more disordered
along the fiber axis. The estimated long period is given in Table 2.

For semicrystalline polymers with lamellar crystallites, the
long period as well as the lamellae thickness can be determined
from the 1D correlation function of the electron density dis-
tribution, K(z), using eq 3.% Fibrils in a semicrystalline fiber can
be approximated by stacks of crystalline and amorphous blocks
packed alternatively along the fiber axis.”*%® Under this approx-
imation, the size of fibrillar crystals along the fiber axis—the stem
length (I.) of the crystalline blocks—is estimated from the K(z)
function, as shown for two representative fibers in Figure 7. Since
the fibers are highly crystalline even at low draw ratios, the smaller
dimension in Figure 7 corresponds to thickness of the amor-
phous domains along the fiber direction (d,). The shape of the
K(z) for the fibers with the modulus above S5 GPa is rather
peculiar because the K(z) function does not show a pronounced
maximum at z values larger than that for the first minimum and
even hardly exceeds zero at these z values. This might be caused
by rather low signal-to-noise ratio at high g values due to high
crystallinity. Therefore, the stem length of the crystalline blocks
in fibrils cannot be determined for these fibers. It should be noted
that fibrillar morphology in highly drawn UHMWPE fibers is
very heterogeneous with a wide distribution of crystal size.'”*
Therefore, the crystal stem length in fibrils corresponds to its
volume average value.

G. Phase Composition and Molecular Mobility by Low-
Field "H NMR Relaxometry. Low-field NMR relaxation experi-
ments are used for determining the effect of draw ratio on phase
composition and molecular mobility. "H T,*" relaxation time
allows us to compare the difference in fast (in the range of tens of
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Figure 6. Dependence of Iq* on q for gel-spun UHMWPE fibers with
the modulus of 28 GPa (a), 55 GPa (b), and 160 GPa (c). The
dependence was measured in the direction along the fiber axis.

Table 2. Long Period (L) and Stem Length of Crystalline
Blocks in Fibrils (I.) As Determined by SAXS for Gel-Spun
UHMWPE Fibers”

fiber modulus, GPa L, nm I, nm
28 452 37.3
5§ 41.5 n
80 38.9 n
108 36.9 n
128 35.8 n
145 353 n
160 35.0 n

“n: cannot be determined as described in the text.

MHz) local chain motions in the series of fibers. T;* increases
from 0.61 to 1.75 s with increasing the modulus from 28 to 160
GPa. For largely immobilized materials, such as highly drawn
fibers, this change corresponds to overall immobilization of
polymer chains with increasing draw ratio. However, this experi-
ment does not provide phase selective information due to the
rather fast spin diffusion as will be discussed below. Therefore,
"H T, relaxation experiments are used.

Figure 8 shows that the 'H T, relaxation decay can be described
with three components with a characteristic decay time (T}),
which is typical for the relaxation of rigid/crystalline materials
(T>’), largely immobilized crystal —amorphous interface and con-
strained amorphous phase (T,'), and mobile amorphous mate-
rials with chain mobility comparable to that of rubbers (T,').®®
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Figure 7. 1D electron density correlation function K(z) for gel-spun UHMWPE fibers with the modulus of 28 GPa (a) and 80 GPa (b). The dashed
lines are meant as a guide to the eyes. L and d, correspond to the long period and the size of amorphous domains along the fiber direction in fibrils.
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Figure 8. "H NMR T, relaxation decay for gel-spun UHMWPE fiber
with the modulus of 105 GPa. The decay was measured at 26 °C using a
combination of the solid-echo (a) and Hahn-echo pulse (b) sequences.
The solid line represents the result of a least-squares adjustment of the
decay (points) with a linear combination of the Abragamian, Gaussian,
and exponential functions. The dotted lines show the separate relaxation
components that originate from fiber domains with different molecular

mobility.

Longer T, corresponds to a higher frequency and/or larger
amplitude of molecular motions. The presence of highly mobile
chain fragments in highly drawn PE has been also shown by wide-
line '"H and *H NMR experiments.'®%

Fiber drawing causes the following changes in molecular
mobility and in phase composition (Figures 9 and 10, respectively).
With increasing drawing, the amount of the rigid fraction, which
is composed of orthorhombic and monoclinic crystals and small
amount of rigid crystal—amorphous interface,”® increases from
89% to 96% at the expense of amorphous fraction with inter-
mediate chain mobility. The amount of rigid fraction is close to
the total crystallinity that is measured by WAXS (Table 1 and
Figure 10). The amount of mobile amorphous fraction hardly
changes with draw ratio and equals to 0.95 £ 0.1%. The
molecular mobility in crystalline phases and constrained amor-
phous fraction slightly increases upon drawing as follows from
small increase in T,® and T, values. Chain mobility in mobile
amorphous fraction, as defined by T,' value, decreases upon
increasing fiber modulus from 28 to 80 GPa and then increases
for fibers with the higher modulus.
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Figure 9. Changes in the molecular mobility in (1) the rigid fraction
that is composed of orthorhombic and monoclinic crystals and a small
amount of rigid crystal—amorphous interface, T’ relaxation; (2) con-
strained (intermediate) amorphous fraction, T,' relaxation; and (3)
mobile amorphous fractions, T,' relaxation, of gel-spun UHMWPE
fibers as a function of fiber modulus.
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Figure 10. Changes in phase composition (in wt %) of gel-spun
UHMWEPE fibers with increasing fiber modulus. The phase composition
is determined by %T,™% values that are obtained by the analysis of 'H
NMR T, relaxation decay. The total WAXS crystallinity (composed of
orthorhombic and monoclinic phases) is shown for comparison.

H. Domain Sizes by 'H NMR Spin-Diffusion. The measure-
ment of domain sizes by NMR spin-diffusion experiments
requires the following four steps: (1) an optimization of a dipolar
filter to obtain the highest selectivity to the different phases, (2)
the knowledge of the spin-diffusion coefficients for modeling the
experimental data, (3) the proper choice of a model which describes
the morphology of the studied material, and (4) the appropriate
solutions of the spin-diffusion equation for this specific morphol-
ogy with the corresponding initial and boundary conditions.

The DQ dipolar filter is the most suitable one for the charac-
terization of domain sizes in highly crystalline materials as discussed
in the Supporting Information. Double-quantum coherences can
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Figure 11. DQ-edited "H NMR spectra for a gel-spun UHMWPE fiber
with the modulus of 160 GPa. The spectra were recorded using
excitation and reconversion times of T = 5 us (a) and 7 = 4S5 us (b).

be generated by a pair of two radio-frequency pulses. For short
excitation times (7) mainly the DQ coherences of the methylene
protons will be first generated. The optimum value of DQ filter
time 7 can be chosen by recording DQ buildup curves. The
maximum of the DQ buildup curve for UHMWPE fibers appears
at very short excitation/reconversion time 7 of ~10—12 us. The
high selectivity of the DQ filter to physical phases in UHMWPE
fibers is illustrated in Figure 11, which shows the DQ-edited NMR
spectra recorded at short and long the excitation/reconversion
time 7 for a fiber with the modulus of 160 GPa. For short 7 values,
the DQ filtered "H NMR spectrum edits mainly the spin pairs
with the strongest dipolar couplings in crystalline phases, whereas
at longer 7 values only the dipolar network from the amorphous
fraction.

The values of the spin-diffusion coefficients Dy and Dy, for
rigid (mainly crystalline) and amorphous (mainly intermediate)
phases can be determined by approximating the NMR line
shapes obtained from standard wide-line '"H NMR spectra of
these fractions by Gaussian and Lorentzian functions, respec-
tively. The spin-diffusion coeflicients can be related to the second
van Vleck moment of the NMR absorption lines which are, in
turn, related to the full line width at half-height, Av, /,. The equations
describing the spin-diffusion coefficients for crystalline (rigid) and
amorphous (semirigid and mobile) phases are given by”

1 [x,,
P 7
Dz 12 21n2<r >Avl/2 7)

and

Dy — %(rz)[aAvl A (8)

where « is the cutoff parameter of the Lorentzian line and {r*) is
the mean-square distance between the nearest spins. An estimation
of () A 0.0484 nm” was reported for high-density polyethylene,”*
and we use this value for our computations. For UHMWPE fibers
the values of Dy and Dy, spin diffusivities evaluated from eqs 7
and 8 are given in Figure S1 of the Supporting Information.
The experimental data of 'H spin-diffusion are shown in parts
aand b of Figure 12 for the UHMWPE fibers with a modulus of
28 and 160 GPa, respectively. The time evolution of the integral
intensities of the 'H wide-lines corresponding to rigid and
amorphous domains shows a decay and buildup behavior, respec-
tively. The linear dependence in the initial diffusion time regime
leads to the intercept (to)"/* The quasi-equilibrium states at the
end of the diffusion process could be affected by the properties of
the dipolar filter and the longitudinal relaxation time and there-
fore were not taken to define the intercept. From the (to)l/ 2
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Figure 12. Spin-diffusion buildup and decay curves for crystalline
(rigid) and amorphous domains in gel-spun UHMWPE fibers with
the modulus of 28 GPa (a) and 160 GPa (b).
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Figure 13. Average dimensions of crystalline/rigid domains against the
modulus of gel-spun UHMWPE fibers. The mean size of rigid domains
(dr) is determined by an NMR spin-diffusion experiment. The long
period (L), the stem length of the crystalline blocks in fibrils along the
fiber axis (I.), and the size of crystals in direction perpendicular to the
fiber axis (d.) as determined by SAXS and WAXS. It is noted that L and I,
values larger than ~70 nm cannot be determined by the conventional
SAXS method.

intercept and the values of spin diffusivities and spin densities, the
average thickness (dg) of the rigid domain was evaluated in the
approximation of the diffusion model discussed in the Appendix
(eq A7) and shown in Figure 13.

IV. DISCUSSION

A.Phase Composition. All studied fibers are highly crystalline
with orthorhombic phase providing the major contribution to
crystallinity. The amount of orthorhombic and monoclinic phase
increases by a few percent with increasing draw ratio (Table 1).
Both WAXS and NMR methods show increase in the total
crystallinity from ~89 to ~96 wt % with increasing fiber modulus
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(Figure 10). The NMR T, relaxation method shows the presence
of ~1 wt % of highly mobile chain fragments whose mobility is
comparable to that of amorphous rubbers. This fraction can
originate from chain fragments in nanovoids as suggested in a
previous solid-state "H NMR study.'® The presence of nanovoids
in UHMWPE fibers was shown by a positron annihilation study'®
and by "**Xe NMR.*°

B. Molecular Mobility in Different Phases. The effect of fiber
drawing on chain mobility in the crystalline and amorphous
phases is provided by the T, relaxation experiment (Figure 9)
and by wide-line NMR spectra recorded without and with the
DQ filter.** Both NMR relaxometry and wide-line NMR spec-
troscopy are sensitive to changes in molecular mobility in the
time window from approximately 10 to 1000 us. Crystalline
phases behave similar to a rigid sample with small amplitude
motions of polymer chains in agreement with what was observed
in wide-line "H NMR experiments on the same fibers.”’ Within
the limits of experimental error, drawing hardly influences small-
angle chain mobility in crystalline phases.”® Proton T, relaxation
experiments have a lower selectivity to physical phases as
compared to wide-line NMR spectra which are recorded using
the DQ filter in the spin-diffusion experiment. The T," relaxation
time of the rigid fraction is mainly influenced by chain dynamics
in the crystalline phases with a small contribution from crystal—
amorphous interface. A small increase in T," value was observed
for fibers with the modulus above 80 GPa (Figure 9) that can be
attributed to a small increase in chain dynamics at the interface
and possibly in the crystalline phase due to an increasing amount
of defects. Analysis of 2D WISE NMR spectra for the same fibers
shows that drawing causes an increase in oscillation of methylene
groups at the crystal—amorphous interface from ~8° to ~14°.%°
As far as the small amount of the mobile amorphous fraction is
concerned, chain mobility decreases upon drawing for fibers with
a modulus of up to 80 GPa and increases for fibers with higher
modulus. An ESR study for another series of UHMWPE fibers
also shows that for the draw ratios between 35 and 110 segmental
mobility goes through a minimum.”” These changes could be
explained by an increase in chain elongation at lower draw ratios,
causing a decrease in chain mobility. At higher draw ratios,
some local disorder and voiding could cause an increase in chain
mobility.

C. Dimensions of Crystals by SAXS, WAXS, and NMR.
Different methods are used in the present study for determining
dimensions of crystalline/rigid domains in UHMWPE fibers.
The average crystal size in the direction perpendicular to the fiber
axis (d.) is determined by WAXS. The long period (L) and the
stem length of crystalline blocks in fibrils (I.) are obtained by
SAXS. NMR spin-diffusion experiments are used to determine
weight-average shortest-distance-across rigid domains, which are
mainly formed by crystalline phases and largely immobilized chain
fragments in either intra- and/or interfibrillar noncrystalline domains.
These three methods provide a different contrast to semicrys-
talline morphology. WAXS and SAXS discriminate between crystal-
line and amorphous phases based on differences in electron
density and its periodicity/variation at different length scales,
with WAXS at the crystal lattice level and SAXS at larger length
scale of semicrystalline superstructure level. NMR explores differ-
ences in chain mobility of different phases. The application of all
three methods, which was not reported before for UHMWPE
fibers, can provide a better understanding of fiber morphology.

Fiber drawing causes significant changes in phase dimensions
as described here. The size of crystals in the direction perpendicular

to the fiber axis increases from ~22 to ~33 nm with increasing
draw ratio (Figure 4). The same trend has been previously
observed for UHMWPE tape at later stages of drawing of a
solution crystallized UHMWPE.”* The SAXS peak intensity
decreases continuously upon drawing (Figure 7), indicating a
decrease in the concentration of fibrillar structures, similar to
what is seen for drawing of solution-crystallized UHMWPE
film.>* The long period of fibrillar structures decreases by
~20% with an increasing draw ratio (Figure 13). Previous studies
have shown that, at the later stages of drawing, the long period can
either decrease with increasing draw ratio, as was observed for an
extruded ultraoriented HDPE,”® or remains constant, e.g. for a
;lape xhich was prepared by drawing of a solution-cast UHMWPE
Im.

The NMR spin-diffusion method shows peculiar changes in
average size of the rigid (mainly crystalline) domains (Figure 13).
For the fiber with a modulus of 28 GPa, the average size of rigid
domains is ~57 nm. This value does not largely deviate from the
diameter and the stem length of crystalline blocks of fibrils as
estimated by WAXS and SAXS, i.e., 22 and 37 nm, respectively. It
should be mentioned that the NMR method measures weight-
average smallest thickness of domains regardless of their orienta-
tion relative to the fiber axis. With an increasing draw ratio, the
size of rigid domains, as measured by NMR, increases and then
decreases for fibers with moduli larger than 128 GPa. The size of
rigid domains largely exceeds dimensions of crystalline blocks in
fibrils as determined by the X-ray methods (Figure 13).

The differences in domain sizes, as estimated using X-ray and
NMR methods hints at the existence of large crystals, which are
not detectable by conventional SAXS as was previously proposed
for highly drawn solution-cast UHMWPE film.** It should be
also mentioned that, if two adjacent crystals are separated by a
rigid amorphous layer either intra- and/or interfibrillar, the NMR
method will provide the total thickness of this rigid domain that is
composed of crystalline and rigid amorphous phases. Therefore,
the results might also suggest that drawing causes large immo-
bilization of the amorphous layers separating adjacent crystals.
However, the fraction of rigid amorphous material is small since
the total crystallinity as determined by WAXS and the amount of
rigid fraction is the same within experimental errors (Figure 10).
Thus, the large differences in domain sizes as estimated using
X-ray and NMR is explained by drawing-induced formation of
large crystals that are invisible in the conventional SAXS experi-
ment. NMR shows a decrease in the size of the rigid domains for
fibers where the modulus is larger than 128 GPa. The long period
of the fibrils in the fiber with a modulus of 160 GPa is even
smaller than the stem length of crystalline blocks in fibrils of the
fiber with a modulus of 28 GPa (Table 2). Thus, the SAXS
method reveals fragmentation of fibrillar structures and NMR
reveals the formation of large crystals structures at ultimate draw
ratios.

D. Effect of Drawing on Fiber Morphology. Different types
of morphological structures can be formed upon drawing of PE
samples, i.e., shish-kebab and fibrillar morphologies, chain-
extended crystals, and crystalline matrices with trapped defects. For a
highly drawn solution-crystallized UHMWPE film, the mor-
phology can be described as a mixture of fibrils and large, so-
called chain-extended crystals.”* The dimensions of the large
crystals largely exceeds that of the crystals in fibrils. The term
chain-extended crystals, which is often used in the literature, does
not necessarily mean that crystals are formed by fully extended
chains.”* The possibility of the formation of crystals with fully
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Figure 14. Schematic 2D drawing of the morphological features of gel-spun UHMWPE fibers with extreme draw ratios. The model shows the main
morphological elements that are present in fibers with different draw ratios and not their dimensions. The thick lines show boundaries of the fibrils or
large crystals with lost coherency across the lines. The large white areas correspond to amorphous domains and the small ones to voids and defects in
large crystals. The designation of crystal dimensions, as measured by different method (Figure 13), is shown in this figure.

extended chains is very low due to residual chain entanglements
that are trapped in the semicrystalline matrix during solvent
removal in the gel-spinning used in the present study.

Results of X-ray and NMR methods suggest continuous
transformation of fibrillar structures into large crystals at the late
stage of fiber drawing. These large crystals do not show long-
range periodicity even in a SAXS experiment (performed on JJ
X-ray) with an upper detection limit of ~210 nm. One feature
for such large crystals is that they do not show long period.**
This can be caused either by (1) a large long period, which is
beyond the detection limit of SAXS (above ~70 nm in the
present study) or (2) an absence of regular periodicity of the
crystalline—amorphous domains along the fiber axis. The large
variations in crystal size dimensions were grewously observed in
drawn single-crystal UHMWPE mats.”™ Fiber drawing also
causes an increase in the crystal size in the direction perpendi-
cular to the fiber axis (Flgure 4) due to a lateral merging of
crystals of neighboring fibrils.** The transformation of fibrils into
large crystals with randomly distributed defects can explain the
crystallinity increase, which is observed by all methods used in
the present study. Because of the high crystallinity of studied
fibers, large crystals form the continuous crystalline matrix. The
large crystals seem already to exist in fiber F1, and their fraction
could be estimated by comparing volume crystallinity as mea-
sured by SAXS with weight crystallinity determined by WAXS. If
fiber F1 would be composed of only fibrils, then volume crystal-
linity of 82.5% can be estimated from the ratio of I./L. Further
assuming that the density of the crystalline and amorphous
phases is not affected by drawing and equals 1.00 and 0.855 g/cm’,
respectively,” the weight crystallinity is estimated at 84.7 wt %.
This value is lower than WAXS crystallinity for the same fiber,
which is 89.5 wt %. From this difference, the volume fraction of
large crystals in fiber F1 is estimated to be ~30%.

A peculiar result of this study is the decrease in the long period
of remaining fibrillar structures (Table 2), which is accompanied
by growth of large crystals. This decrease can be caused by (1)
pulling out of some chains from amorphous phase into fibrillar
crystals forming defects and/or (2) fragmentation of fibrillar
crystals, which is initiated by defects which are trapped in crystals.
The fragmentation of crystals can cause some local disordering
with increasing draw ratios. As a result, the molecular mobility in
the rigid fraction slightly increases as discussed above. Moreover,
the higher order SAXS peak disappears, suggesting a decrease in
the periodicity of crystalline—amorphous domains in the fibrils.

The fragmentation can also explain the formation of nanovoids in
UHMWEE fibers.'*?°

Based on the results above, fiber morphology can be described
in a relatively simple way by using a comblnatlon of two morpho-
logical models, i.e., the fibrillar morphology and large crystals
(crystalline matrlx) with imbedded defects.'*** The suggested
transformation of fiber morphology upon drawing is shown in
Figure 14. The same morphological model was also suggested for
explaining the mechamcal properties of UHMWPE fibers using a
fiber composite model.”®

E. Effect of Drawing on Molecular Scale Phenomena. The
drawing speed and temperature are two important parame-
ters largely 1nﬂuenc1ng the maximum achievable draw ratio of
UHMWPE fibers.® Usually, a high draw ratio can be reached ata
high drawing temperatures and low enough strain rates.” The
temperature and the rate dependences of drawability strongly
indicate that an activation process, which has been identified as
the a -relaxation process (chaln diffusion through crystals), is
responsible for high drawability.”” A sufficiently low entanglement
density is another necessary condition for high drawability.*
Commercial UHMWPE fibers are usually spun with a high
winding speed from a semidilute solutions providing a good
balance between fiber properties and productivities. For typical
concentrations used, chains are not fully disentangled and not
fully elongated in a spinneret. The remaining number of chain
entanglements per a single chain can be estimated from M,, of
UHMWPE and its concentration in the solution.®”®”® The
number of residual chain entanglements is ~200 per chain in our
case. During fast cooling of the solution and solvent removal,
chain entanglements and conformational defects are trapped by
fast growing crystals. The presence of the trapped entanglements
and “frozen” defects in crystals cause a heterogeneous force dis-
tribution on the mesoscale that finally leads to a wide distribution
of crystal sizes and shapes, distortions of the crystal lattice, a decrease
of structural order, and a difference in local chain orientation.'”*%!
Heterogeneous force distribution in loaded UHMWPE fibers
was shown by Raman and WAXS studies.””*' One fraction of the
C—C bonds exhibits high strain and the other one low strain.

Fiber drawing at elevated temperatures causes increase in
crystallinity and “curing” of some of the conformational defects
in crystals. However, drawing of fibers causes also an overall decrease
in molecular mobility, as it follows from NMR T, relaxation data
discussed above. The chain immobilization slows down the rate
of the a-relaxation process,””**~** which is important for structural
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Figure 1S. Tensile force at break of gel-spun UHMWPE fibers as a
function of their modulus.

reorganizations required for the formation of “single” crystal-like
structure of fibers. It was shown that the creep rate of drawn PE,
which is largely influenced by the o -relaxation, decreases with
increasing drawing.85 Therefore, further fiber drawing causes
accumulation of defects in crystalline regions, fragmentation of
fibrillar structures, and the formation of nanovoids. These
processes might be accountable for the significant drop in the
tensile force at break of the fibers as a function of the modulus
(Figure 15). This molecular picture is supported by the results of
the present study.

F. Fiber Morphology and Mechanical Properties. Based on
the above proposed model, there is a good correlation between
the morphology development and the modulus of UHMWPE
fibers at the final stage of drawing. Since the modulus is an
intrinsic volume-average structural parameter of fibers, it is much
less affected by the accumulation of defects in the crystalline
regions, fragmentation of fibrillar structures, and the formation of
nanovoids. This conclusion is also supported by the fact that the
modulus of the studied UHMWPE fibers is not far from the
calculated theoretical maximum modulus. As far as the tensile
strength is concerned, this is more complex because this macro-
scopic parameter is significantly influenced by accumulation of
defects as indicated by Smook™" according to the Griffith theory.>
The level of accumulation of defects depends on conditions that
are used for fiber production. For samples prepared in a research
laboratory, the amount of defects is smaller than for (semi)-
commercially produced fibers used for the present study. This
can be illustrated by the Griffith relation. This relation has provided
the theoretical tensile strength for laboratory-scale prepared fibers of
~25 GPa>' The same relation for the (semi)commercial sam-
ples of this study provides the theoretical tensile strength of
~12 GPa. This value is close to the maximum tensile strength of
(semi)commercial fibers reported so far.

Despite a significant increase in the tensile strength of fibers
with increasing draw ratio (Figure 1), the tensile force at break
decreases significantly at excessive drawing (Figure 15). The
strength of fibers is closely related to the fraction of chains that
carry the load. It should be mentioned that force distribution in
loaded UHMWPE fibers is heterogeneous as shown by Raman
and WAXS studies, and only a fraction of the C—C bonds carry
the load.””*' The force that is required to break the fibers can
thus be related to the absolute number of chains ruptures in the
fracture surface. Previous studies of UHMWPE fibers have found
an increase in the break load upon fiber dravving86 or constant
value of the break load that is independent of draw ratio.”**” This
occurs despite the significant decrease in the fiber cross-sectional
area due to an increase in crystallinity and orientation and because

chains can slip through crystals and entanglement hooks, keeping
constant the number of chains that carry the load. Chain
slippages can be hindered due to a decrease in the rate of the
a-relaxation process which can be caused by higher crystallinity,
larger crystal size due to a higher entanglement density, and a
high level of molecular inhomogeneity or to a too low drawing
temperature. A decrease in the rate of chain slippages at further
drawing will lead to breakage of the chains as the load on a single
chain will become greater than the intrinsic breaking force of
that chain.

The decrease in the tensile force at break, which is observed at
excessive drawing (Figure 15), indicates that fiber structure is
damaged during drawing. One of the most plausible explanations
of this is chain scissions causing a reduction in molecular weight.
This explains why the tensile strength at break is significantly
lower than its theoretical maximum value for UHMWPE fibers.
As far as the modulus is concerned, its value is rather close to the
maximum theoretical value because of very high crystallinity and
chain orientation of fibers as well as large crystal sizes.

V. CONCLUSIONS

The present study demonstrates that WAXS, SAXS, and 'H
solid-state NMR methods provide complementary information
about the molecular-scale phenomena and changes in morphol-
ogy that are caused by the drawing of gel-spun UHMWPE fibers.
The following changes occur at the final stage of production of
ultrastrong PE fibers. Crystallinity of fibers increases from ~89 to
~96 wt % with orthorhombic being the major crystalline phase.
The amount of monoclinic phase increases upon drawing from
~1 to ~4.5 wt %. A small amount of a mobile amorphous
fraction (~1 wt %) is present in all fibers. It is suggested that the
origin of this fraction is caused by nanovoids in highly drawn
UHMWPE fibers as shown by '**Xe NMR.*® Polymer drawing
causes some disordering of the crystal structure. The orientation
of crystals, which is already very high in partially drawn fibers,
increases further with drawing. Drawing causes gradual transfor-
mation of fiber morphology from a fibrillar one to a morphology
that is composed of fibrils and large, so-called, chain-extended
crystals with trapped defects. The average crystal size in the
direction perpendicular to the fiber axis (fibrillar crystals and
chain extended ones) increases with drawing, whereas the size of
fibrillar crystals along the fiber axis decreases.

Results of the present study suggest that the rate of the
o -relaxation process relative to the strain rate during fiber drawing
plays an important role in the development of fiber morphology
toward perfect “single-crystal”-like structure. It appears that slow-
ing down of the rate of the a-relaxation at the ultimate draw ratio
causes fragmentation some of fibrils and local disordering of
crystals. This accumulation of defects does not affect the devel-
opment of fiber modulus as it is an intrinsic volume-average
structural parameter. However, the development of the tensile
strength will be affected in a significant way by the amount of
defects whose level depends on the fiber processing conditions, i.e.,
laboratory versus (semi)commercial production.

B APPENDIX

Theory of spin-diffusion in the initial rate approximation was
used for determining the size of rigid domains. The following
assumptions are made for an initial rate approximation of the
spin-diffusion process. (i) The magnetization exchange is irre-
versibly taking place by a series of quasi-equilibrium states and,
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therefore, could be described by a spin-diffusion equation.
(ii) The solution of the spin-diffusion equation for a finite source
and semi-infinite sink was used in this spin-diffusion regime.”® It was
assumed that spin-diffusion takes place in a heterogeneous matrix
from a source R (rigid domains) with low segmental mobility
into a semi-infinite sink M (mobile) with larger segmental
mobility corresponding to the amorphous phase in semicrystal-
line polymers at temperatures above T,. The above model is
approximating the diffusion process for lamellar morphology of
UHMWPE fibers only for short spin-diftusion time t, i.e., t < dg"/Dpg,
where dy is the size of the rigid domains and Dy is the spin-
diftusivity for the R domains. Furthermore, the interfacial region
is incorporated into the rigid/crystalline and mobile amorphous
fractions, as described in the Experimental Section. (iii) The
general solution of the spin-diffusion equation for the composite
medium of finite source and semi-infinite sink can be obtained
using the solution for a one-dimensional (1D) composite medium.
For a &-dimensional diffusion process (& = 1, 2, and 3 for 1D, 2D,
and 3D), the solution of the spin-diffusion equation can be written
simply as a product of the solutions for the 1D diffusion process.
It is essential that the initial conditions must be expressible as a
product of those for the single-variable problems taken separately.

Using the above assumptions the space and time evolution of
the concentratlon of magnetization my(7,t) in the R domains is
given by’

ma( 7, t) = PrVDrmro + Ppv/Dmmmo
R ] -
PrVDr + Py Dy
D £ 2 —x;
_ PmV M (Mo — mRo) e f{dR/ x} (A1)
pRVDR + pM\/ i=1 4DRt

where x; are the coordinates of the vector7 (x;,x,,;) and x; < dr /2.
The error function is defined as

erf(z e dx (A2)

A high efficiency dipolar filter is characterized by the initial
concentration of magnetization: mgg 7 0 and myy = 0. For such
conditions the eq Al can be rewritten as

—- N Pr vV Drmro
mr(7,t) =
PrVDr + pyvDm
vD dr /2
4 PuvEMITRo II erf { R/ } (A3)
,OR\/DR + ,OM\/DMi:I 4Dyt
Using the above equations, we get for the time evolution of the
integral intensity of the NMR signal from rigid domains R the
following relationship:
L(t) _ PrvDr
Iy PrvVDr + pyvDu
+ Py D 1- 3Dt {L — ierfc <d7R):| g
pR\/DR + pM\/DM dR \/JT[ 4\/DRt
(A4)

where the integral error complement function is
ierfc(z) = /m(l —erf(x)) dx (AS)

At the beginning of the spin-diffusion process, i.e., for short spin-
diffusion times t, the quantity dg/(dgt) /2> 1 and ierfc(o0) = 0.

It is evident from eq A4 that in the initial regime of the spin-
diffusion process, i.e., for t < dg”/ Dy, the time dependence of the
NMR observable IR(t) /I, is linear upon +/t and is given by

R(t) PrVDr
Iy PrVDr + pyvDum

pv/Dar {1 4e¢D—Rt}

+ - A6
PrvVDr + pyvDum Vady (a6)

The spin-diffusion decay curve (ec;A6) is described by a straight
line that intersects 1/t axis at (f,)"/%. The domain thickness dx for
a &-dimensional spin-diffusion process is determined from the
equation

48 pM\/DRDM \/-
\/—PRVDR + pmvD

It should be noted that inaccuracy in the spin-density ratio and
the values of spin-diffusivity could cause errors in the computed
dg values.

The quantity dr can be evaluated also from the intercept of the
initial straight line given by eq A6 to the horizontal line
corresponding to the spin-diffusion data for quasi-equilibrium
regime (see Figure 13). The intercept 1s denoted by (¢,)"/? and
its connection with the intercept (to)"/* can be easily evaluated
from geometrical consideration

(t)'* = (%)”2(1 —§> (A8)

Io

dr (A7)

where I{°/I, is the ordinate of the spin-diffusion quasi-equilibrium
data. The average thickness of the rigid domains can be evaluated
also from the relationship

4 Py vV DrDwm 1/2 7£ 1
\/—PR\/D_R + pyvDum (t) (1 IO) (49)

Equations A7 and A9 are equivalent, but the errors produced by
using eq A9 also depend on I{/I,. However, this approach
provides NMR crystal dimensions lower that that of X-ray
methods for fibers with low modulus. Because of the presence
of large crystals in these fibers as discussed in section IV.C, the
method is not justified.

B ASSOCIATED CONTENT

(5] Supporting Information. Experimental details. This ma-
terial is available free of charge via the Internet at http://pubs.acs.
org.
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