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Abstract The hierarchical constraint characteristics of
ultra-high molecular weight polyethylene (UHMW-PE)
fibers with different structures were evaluated by in situ
wide-angle X-ray diffraction (WAXD) measurement during
heating. Two UHMW-PE fibers were used in this study, an
original gel-spun fiber and a processed fiber that was tensile-
drawn from the original fiber above the static equilibrium
melting temperature of PE. A difference in fiber processing
induced change in constraint distribution attributed to mor-
phological heterogeneity. The original gel-spun fiber, which
had a heterogeneous structure, induced the constraint dis-
tribution because of the obvious existence of skin and core.
In contrast, the tensile-drawn fiber, which had a homoge-
neous structure formed by the fusion adhesion between
twisted single yarn surfaces, depressed the constraint dis-
tribution. These results demonstrate that a difference in fiber
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processing induces change in hierarchical characteristics
with different structural dimensions.

Introduction

Polyethylene (PE) fiber is a typical high-performance
material that is widely applied in producing rope and tex-
tiles. It is produced by the gel-spinning method, which
allows a PE chain with ultra-high molecular weight
(UHMW) to become highly oriented along the fiber
direction [1]. The orientation state greatly influences its
performance (e.g., tensile modulus and strength).

When an oriented PE sample was heated under tension, an
orthorhombic phase transformed through an intermediate
hexagonal phase into melt [2—13]. This hexagonal phase also
appeared during drawing from the molten state of UHMW-
PE [14-16]. Considering that the crystal modification of the
hexagonal phase is the same as that of the extended-chain
crystal that is usually formed under high temperature and
pressure [17-21], it can be reasonably assumed that this
highly oriented chain arrangement significantly affects the
phase transition behavior during heating of preoriented PE.
Tsubakihara et al. [5] reported on the melting characteristics
under fixed conditions of commercial PE fibers with differ-
ent MWSs. The phase transition and melting mechanisms
were analyzed based on a free-energy diagram.

However, such a phase transition during heating of the
oriented PE sample is also synchronized with its stress
relaxation [2, 4, 6]. Moreover, we reported that the mor-
phology of the sample corresponded to retractive stress for
melt-drawn UHMW-PEs with different molecular charac-
teristics [13]. Therefore, the stress state inside oriented PE
fiber can closely relate to both the obvious orientation state
and to the fiber morphology.
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In this study, we discussed phase transition behavior
during heating of UHMW-PE fibers with different prepa-
ration methods in order to define the constraint character-
istics of fibers with different structures, using in situ wide-
angle X-ray diffraction (WAXD) measurement during
heating. One sample is an original gel-spun fiber, and the
other is a processed fiber that is tensile-drawn from the
original fiber above the static equilibrium melting tem-
perature of PE (LO,LPE). The fiber morphologies with dif-
ferent preparation methods were investigated using
scanning electron microscopy (SEM).

Fiber material generally has a “skin” and a “core” in
each single yarn, which contribute to the intrinsic hetero-
geneity inside the fiber structure (e.g., crystalline form or
orientation state) and the properties (e.g., wear resistance or
processing reactivity to cross-linking). Constraint distri-
bution arises from this structural heterogeneity. The con-
straint distribution for the material varies, since the skin is
more constrained by this process, although the core
maintains a state of high constraint after the fusion adhe-
sion process. Furthermore, the entire fiber morphology is
modified by this process (i.e., more homogeneous mor-
phology for the skin-molten PE fiber). Therefore, under-
standing such hierarchical characteristics is highly
important for processing PE fiber material. Thermal anal-
ysis using differential scanning calorimetry (DSC) is a
common tool for evaluating the fiber structure, because it
reasonably responds to crystalline modification or orien-
tation state. However, it is difficult to attribute multiple
peaks to the phase transition or melting of crystals because
the meaning of a peak is amphibological, depending on the
constraint state of the fiber, i.e., tightly fixed [7, 22] or
tension-free [22] conditions. In situ WAXD measurement
during heating enables us to determine the origin of these
crystalline transformations because the phase transition
from the orthorhombic phase into the hexagonal phase is in
accordance with a stress—temperature phase diagram [13].
Ratner et al. [11] discussed the phase transition behavior in
UHMW-PE fiber compacts prepared by different com-
pression conditions with surface cross-linking, based on
DSC and in situ WAXD measurements. In this study, the
correlation between phase transition behavior and the
hierarchical constraint characteristics of UHMW-PE fiber
was investigated from diversified perspectives combining
morphological and phase transition considerations.

Experimental

Materials

Two UHMW-PE fibers were used in this study, Dyneema
(Toyobo Co. Ltd., Japan) and a tensile-drawn fiber (TD-

fiber). Dyneema is a typical UHMW-PE strand prepared by
the gel-spinning method and has a higher tensile modulus
and strength despite being lightweight. The TD-fiber was
prepared by tensile-drawing the Dyneema strand at 145 °C,
above the TgLPE, and 30% elongation, which induces fusion
adhesion between twisted single yarn surfaces. Before
drawing, the sample specimen was held at 145 °C for
5 min for temperature equilibrating with on tension. The
crosshead speed of drawing was 24 mm/min. It has been
known that a UHMW-PE material could be drawn even
from the molten state using its higher melt viscosity
[13-16, 23-28].

Measurements

Morphologies of these fiber samples were observed by
using a Hitachi field-emission SEM S-4800 operated at
1.0 kV. The sample was non-coated, thus any artifact was
negligible. In situ WAXD measurements during the heating
process were carried out using a synchrotron radiation
source at Beamline 9C of the Photon Factory at the High
Energy Accelerator Research Organization (KEK) in Tsu-
kuba, Japan. The wavelength of the synchrotron beam was
1.50 A. The UHMW-PE fibers were wound tightly on a
copper sample holder in a high-temperature furnace
installed in the beamline, where the measurement temper-
ature was detected by thermocouples placed less than
1 mm away from the sample. All heating was performed up
to sample breaking at a rate of 2 °C/min. WAXD profiles
were continuously recorded with a 29 s exposure time for
each pattern and a 1 s time interval. A position sensitive
proportional counter (PSPC) (Rigaku, PSPC-10), which
was used to detect diffraction intensity, was attached along
the equatorial direction on the fiber axis.

Results and discussion

SEM observations were carried out in order to characterize
the surface morphologies of these UHMW-PE fibers with
different preparation methods. Figure 1 presents SEM
images of Dyneema and TD-fiber. The diameter of a
monofilament is approximately 30 pum. The agglomerates
on a micrometer scale, which were formed by melt-recrys-
tallization in the fiber surface during the tensile-drawing
process above the Tﬁl’pE, are observed for the TD-fiber
(Fig. 1c). In contrast, the location of fiber boundaries is
recognized for Dyneema (Fig. 1b), although only flatter
morphology is observed for the TD-fiber (Fig. 1d). This
means that the fusion adhesion between twisted single yarn
surfaces is developed by tensile-drawing process at 145 °C.
These results indicate that structural homogeneity of the
TD-fiber is higher than that of Dyneema.
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Fig. 1 SEM images of
a, b Dyneema and ¢, d TD-fiber

In situ WAXD measurement for both fibers during
heating was carried out for qualitative analysis of the
structural change. The obtained 20 profiles are plotted as a
function of temperature in Figs. 2 and 3. For Dyneema
(Fig. 2), weaker monoclinic (010) reflection is exhibited
and disappears at 130 °C, since a small amount of mono-
clinic crystal is located in the UHMW-PE fiber skin [29].
Additionally, the intensities of orthorhombic (110) and
(200) reflections increase gradually for Dyneema, indicat-
ing the rearrangement of PE crystals with the thermal
treatment. The transition from the orthorhombic phase into
the hexagonal phase occurs beyond 145 °C, with no
remarkable increase of amorphous scattering (Fig. 2b).
However, its phase transition is gentle, and the intensity of
hexagonal (100) reflection is consequently weaker. The
fiber breaks at 155 °C. In contrast, for the TD-fiber
(Fig. 3), no monoclinic (010) reflection is observed
because the monoclinic crystal located in the fiber skin
disappeared during the tensile-drawing process under
higher temperature. Moreover, no significant increase of
orthorhombic (110) reflection is observed, due to the
annealing effect under high temperature during fiber

@ Springer

preparation. Phase transition behavior is more significant
than for Dyneema, and only hexagonal (100) reflection is
observed beyond 154 °C, with increasing amorphous
scattering (Fig. 3b). The fiber breaks at 159 °C, which is
4 °C higher than that for Dyneema.

The differences in phase transitions during the heating of
these fibers were characterized using the integral intensities
of the crystalline reflections observed by in situ WAXD
measurement. The obtained line profiles (Figs. 2 and 3)
were resolved into hexagonal (100), and orthorhombic
(110) and (200) reflection peaks using the Voigt function,
which combines the Lorentzian and Gaussian functions.
Here, small amorphous scattering was ignored because
quantitative fitting was impossible. Among the resolved
peaks, the hexagonal (100) and orthorhombic (110) ones
were chosen for evaluation of the crystalline phase transi-
tion. Changes in the integral intensities of these peaks
during heating of Dyneema and TD-fiber are summarized in
Fig. 4. For Dyneema (top column), the transition into the
hexagonal phase is recognized from 145 °C but remains
incomplete, with the orthorhombic phase surviving. This
incomplete transition temperature window with the
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Fig. 2 a Changes in WAXD patterns during heating for Dyneema.
The difference in intensity is represented by a color gradation with a
logarithmic scale indicating intensity from the lowest (blue) to the
highest (red). Subscript “o” corresponds to the orthorhombic phase,
“h” to the hexagonal phase, and “m” to the monoclinic phase.
b Enlarged figure of the area surrounded by the white dotted square in
a. (Color figure online)

coexistence of the hexagonal and orthorhombic phases
reaches 8 °C. Complete transition into the hexagonal phase
is recognized at 154 °C, just before the sample breaks at
155 °C. Consequently, the complete transition temperature
window with only the hexagonal phase is depressed. The
behavior of the incomplete transition temperature window
for the TD-fiber (bottom column) is similar to that for
Dyneema. However, the complete transition temperature
window with only the hexagonal phase reaches 5 °C from
154 °C, which is broader than that for Dyneema.

We reported that such a temperature window observed
during heating of the melt-drawn UHMW-PE samples with

Temperature (°C)

Temperature (°C)

26 (deg.)

Fig. 3 a Changes in WAXD patterns during heating for TD-fiber.
b Enlarged figure of the area surrounded by the white dotted square in a

different molecular characteristics is deeply related to the
retractive stress attributed to its morphology [13]. Specif-
ically, the behavior of this temperature window reflected
crystalline structural homogeneity on a nanometer scale. A
sample with heterogeneous structure exhibited both less
perfection of the phase transition and a narrower complete
transition temperature window due to the constraint dis-
tribution with partial sample retraction. In contrast, a
sample with homogeneous structure had a broader com-
plete transition temperature window. This correlation
between structural homogeneity and phase transition
behavior is also recognized in this study, although only
structural homogeneity on a micrometer scale is different
(Fig. 1). Namely, Dyneema, which has a heterogeneous
structure, exhibits the narrower complete transition tem-
perature window (Fig. 4, top column), and the TD-fiber,
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Fig. 4 Changes in the integral intensities of the hexagonal (100) and
orthorhombic (110) reflection peaks evaluated from the WAXD
profiles in Figs. 2 and 3: (fop) Dyneema and (bottom) TD-fiber. The
broken arrows indicate the incomplete transition temperature win-
dow, and the solid arrows indicate the complete transition temper-
ature window

which has a homogeneous structure, exhibits the broader
complete transition temperature window (Fig. 4, bottom
column). Here, the difference in phase transition behavior
for UHMW-PE fiber points to that in constraint state inside
fiber because the stress—temperature phase diagram domi-
nates this phase transition behavior [13]. Thus, the homo-
geneity of structure corresponds to that of constraint state.
This knowledge indicates that the TD-fiber with a broader
complete transition temperature window has a homoge-
neous fiber structure, indicating less constraint distribution
inside the fiber; in contrast, Dyneema, with a heteroge-
neous structure, exhibits constraint distribution. Consider-
ing the existence of these components with different
constraint states, it is assumed that the constraint-free
component corresponds to the skin and the constant-con-
straint component corresponds to the core of a single yarn.
These results demonstrate that the difference in constraint
states is induced by the preparation methods.

Schematic interpretations of constraint distribution for
both fibers are proposed in Fig. 5, based on the experiment
result of this in situ WAXD measurement during heating.
Essentially, the two fibers used in this study, Dyneema and
TD-fiber, consist of the same UHMW-PE single yarns pre-
pared by the gel-spinning method. The skin and core con-
tribute to the intrinsic structural heterogeneity inside the
fiber. The skin is in a state of less constraint (bright area in
Fig. 5), while the core is in a state of more constraint (dark
area in Fig. 5). Here, the tensile-drawing process above the
T?H_PE for the TD-fiber induces sufficient fusion adhesion
between the twisted single yarn surfaces. Significant dis-
ruption of the balance of intrinsically included skin and core

@ Springer

Fig. 5 Schematic interpretations of constraint distribution for a
Dyneema and b TD-fiber. Dyneema is the strand consisting of
original single yarns, and the TD-fiber is the cohesive fiber prepared
by fusion adhesion between twisted single yarn surfaces. The
difference in constraint state is represented by a color gradation
indicating a state of less constraint (bright) and more constraint (dark)

for the single yarn leads to a change in constraint distribution
as a result of this tensile-drawing process. For Dyneema
(Fig. 5a), an obvious skin exists because the structure of the
original single yarn remains after twisting (i.e., the single
yarn of Dyneema has a heterogeneous structure). This
structural characteristic induces the constraint distribution
inside the fiber. In contrast, for the TD-fiber (Fig. 5b), a
monostructure is formed by the fusion adhesion between
twisted single yarn surfaces during the tensile-drawing pro-
cess (i.e., the single yarn of TD-fiber has a more homoge-
neous structure). Consequently, the constraint core area
increases, although the skin decreases. Thus, the constraint
distribution is depressed and more constraint is achieved for
the single yarn of TD-fiber. Therefore, the transition
behavior from the orthorhombic phase into the hexagonal
phase becomes significant, and the complete transition
temperature window existing in only the hexagonal phase is
broader because a state of more constraint can be maintained
at high temperature. Furthermore, morphological homoge-
neity across the whole fiber is modified significantly by the
tensile-drawing process, which affects the phase transition
behavior and the mechanical properties. Indeed, the tensile-
drawing process above the T,OH,PE changes the morphology
and mechanical properties of a rolled film by direct pro-
cessing from UHMW-PE reactor powder [30]. For Dyneema
(Fig. 5a), the constraint state for each single yarn is different,
since a separate single yarn exists inside the fiber (i.e., het-
erogeneous morphology). Thus, heterogeneity of phase
transition behavior is induced because the phase transition
proceeds independently for each single yarn under different
constraint states. Moreover, the breaking temperature is
lower because breaking occurs discretely for each single
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yarn, in accordance with the constraint state. In contrast, for
the TD-fiber (Fig. 5b), cohesiveness of the original single
yarn is achieved by the tensile-drawing process. The
obtained homogeneous morphology contributes to the
broader complete transition temperature window existing in
only the hexagonal phase and the higher breaking tempera-
ture, because the core (i.e., the component with more con-
straint) increases for the cohesive fiber. These results
demonstrate that a difference in fiber processing induces
change in hierarchical characteristics with different struc-
tural dimensions (i.e., constraint distribution of skin and core
into a single yarn, and morphological homogeneity across
the whole fiber). This structural development for the tensile-
drawn fiber acts on the resultant mechanical properties (i.e.,
improvement of heat and wear resistances of the fiber).
Furthermore, the surface and constraint characteristics of
initial fibers affect the mechanical properties of PE fiber
applications (e.g., a fiber-reinforced composite [31-33] and
a compacted material [11, 34, 35]). Therefore, findings from
this study provide a methodology for preparing and devel-
oping polymeric materials.

Conclusions

The hierarchical constraint characteristics of UHMW-PE
fibers with different structures were evaluated by in situ
WAXD measurement during heating. Two UHMW-PE
fibers were used in this study; Dyneema was the original gel-
spun fiber, and the TD-fiber was the processed fiber that was
tensile-drawn from the original fiber above the T?n,pE. The
obtained result suggested that the difference in constraint
distribution is induced by the preparation method. Dyneema,
which had a heterogeneous structure, induced the constraint
distribution inside the fiber because the obvious skin existed.
In contrast, the TD-fiber, which had a homogeneous struc-
ture, depressed this constraint distribution because a mono-
structure-like core was formed by the fusion adhesion
between the single yarn surfaces during the tensile-drawing
process. These results demonstrated that significant disrup-
tion of the balance of intrinsically included skin and core led
to a change in the constraint distribution inside the fiber and
morphological homogeneity across the whole fiber as a result
of this tensile-drawing process.
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