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ABSTRACT:

Melting behavior under constrained state was studied for two kinds of commercial ultra-high molecular

weight polyethylene (PE) fibers with different molecular weights by means of differential scanning calorimetry (DSC) and
X-ray measurement. DSC melting curves of constrained samples were compared with those of unconstrained ones. It was
shown that the constrained sample mainly melts through two endothermic peaks 2 and 3, while the unconstrained sample
mainly melts through single endothermic peak 1 whose peak temperature is lower than those of peaks 2 and 3. These peak
temperatures were very reproducible for each sample. Peak 1 of the unconstrained sample was attributed to the melting of
orthorhombic phase composed of so-called extended-chain crystals. On the other hand, based on the X-ray data, peaks 2 and
3 of the constrained sample were assigned to a transition orthorhombic to hexagonal phase and a melting of the hexagonal
phase, respectively. Based on the visual observation, peak 3 was also shown to be accompanied by the break and rapid
thermal-contraction of the sample. These peculiar transition and melting mechanisms of PE under the constrained state were
discussed on the basis of a free energy diagram that can explain the experimental results successfully.
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Two decades ago, ultra-drawn polyethylene (PE) fiber
made from ultra-high molecular weight PE (UHMW-PE)
was developed, and has been commercially produced.! =3
This fiber is noted as a light and tough material because
of a high tensile strength between 2 and 7 GPa and high
Young modulus above 100 GPa, which are comparable
to inorganic fibers such as glass, carbon, and steel etc.
However, the fiber is of poor heat resistance since a
melting point of PE crystal is very low about 140°C, and
it has been an important subject to improve the heat
resistance. Therefore, detailed studies about its melting
process* ~® and some attempts such as irradiation®'° or
chemical cross-linking!!!? have been made to find an
effective method.

For such a reason, the melting process of a physically
constrained PE fiber was also studied, and the con-
straining method was shown to raise the melting point
of PE crystal by 10—15K, that is, improve the heat-
resistance slightly.*”-8 Numerous entanglements among
tie molecules in the UHMW-PE fiber play a significant
role in this increase of the melting point. Moreover, it
was also reported that a phase transition due to a change
of crystal structure, orthorhombic to hexagonal, occurs
prior to the melting.”"® This hexagonal structure is the
same as that of so-called high pressure phase of a bulk
sample, which appears only at high pressures above
about 300 MPa.!3~ 15 In this structure, molecular chains
arrange in an orderly hexagonal packing in a lateral
plane perpendicular to the molecular axis, while there is
no order in their direction, so that it is also termed
pseudo-hexagonal structure.’®~'® Such a phase transi-
tion of the constrained fiber is unique and interesting,
and the phenomenon has been well known since the
finding by Pennings et al.” Further, it was also known
that the phase transition gives a critical point to the
heat-resistance because the strength of the fiber decreases

drastically at the point.” Accordingly, studies about the
phase transition are very important, so that some studies
including authors’ one have been done.”-®12:1% Never-
theless, effects of differences in type of sample and con-
straining method on the phase transition have not yet
been examined sufficiently, and the transition mechanism
is not clarified even at present. Thus, it is necessary
to investigate this phenomenon more systematically and
clarify the mechanism.

There is another specific effect of the numerous en-
tanglements among molecular chains. The UHMW-PE
fiber contracts considerably when it melts under an
unconstrained state. This thermal-contraction is caused
by the melting of included PE crystals. However, the
contracted, i.e., molten sample is rubber-like and hardly
flows because melt viscosity of the UHMW-PE is very
high. Further, it can be elongated from the molten state
at higher temperatures than its melting point. In this
elongating process, it is presumed that the strain-induced
crystallization, well known in a natural rubber, occurs.
If this phenomenon does, mechanical properties such as
the tensile strength and Young modulus are expected to
recover to a certain degree. Therefore, a detailed study
about the strain-induced crystallization of the contracted
sample seems to extend the possibility of the PE fiber at
elevated temperatures.

In addition to the application advantages, the studies
about the melting of constrained sample and strain-
induced crystallization, which the numerous entangle-
ments make possible, are also expected to give a lot of
fundamental information with regard to melting and
crystallization processes of crystalline polymers. In this
work, these characteristic melting and crystallization
processes of PE, which have not been studied adequately,
were investigated for some kinds of fibers and highly-
drawn samples made from the UHMW-PE. The results
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are reported in two papers. This paper (Part I) par-
ticularly describes the study about the melting process
under the constrained state, carried out for two kinds of
commercial UHMW-PE fibers by differential scanning
calorimetry (DSC) and X-ray measurement. This study
promotes the content that the authors already reported
in a previous paper.!® At first, DSC melting curves of
constrained and unconstrained samples are compared
with each other, and the difference between their melting
processes is shown. Next the endothermic peaks of the
constrained sample are assigned based on results ob-
tained by X-ray measurement, etc. At last, mechanisms
of the transition and melting under the constrained state
are discussed on the basis of a free energy diagram that
is able to explain the experimental results successfully.

EXPERIMENTAL

Two kinds of commercial UHMW-PE fibers, “Spectra-
900" (Allied Signal Co., viscosity average molecular
weight, M, =ca. 2 x 10°) and “Tekmilon NA310” (Mitsui
Petrochemical Industries Co., M,=ca. 7x 10°), were
used. They were denoted by samples 1 and 2, respectively.

The melting processes of the two kinds of samples
were examined under both the constrained and uncon-
strained states using a DSC apparatus (Perkin-Elmer
DSC7). The constraining method is shown in Figure 1.
The fiber samples were tightly wound round a copper
ring of 4mm diameter and tied at the edges, and then
the excess portions were cut off. On the other hand, very
short free fibers cut to a length of about 1 mm from
the original ones were dealt with as the unconstrained
samples. To obtain the adequate constraint-free samples,
the original fibers had to be cut off to the short length
because the longer free fiber, even if it is Smm in length,
underwent considerable constraining force without being
constrained by any special method. Both the constrained
and unconstrained samples were then independently con-
fined to aluminum containers of 6 mm diameters, and
the DSC measurements were carried out at a heating rate
of 5.0 Kmin~!. In addition, DSC curves of constrained
sample-1 were also recorded at heating rates of 0.3, 0.6,
1.2, and 2.5K min~! to examine the superheating effect
of the heating rate on the melting process.

Structure change of the constrained sample was ex-
amined by the X-ray measurement in the heating process.
Figure 2 shows a sample holder and a heating cell made
of brass. The fiber sample was fixed on the sample holder
and coated with an epoxy resin for the sake of con-
straining it. The holder was then set in the cell as shown
in the figure. A pinhole-collimated Mo-K, beam filtered
through a zirconium film was irradiated to the sample
perpendicularly to the fiber axis, and its equatorial dif-
fraction pattern was recorded with a scintillation counter.
As a X-ray generator, a Rigaku Rotaflex RU-200 (60kV,
200 mA) was used. The diffractometer was scanned over
a range of 8.5°<20<12° in which main reflections of
the orthorhombic and hexagonal structures were ob-
served. Temperature of the sample was raised in steps,
and the diffraction pattern was recorded at each tem-
perature. The temperature was measured with an alumel-
chromel thermocouple located at a distance, 1 mm, from
the center of an X-ray exposure part.
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Figure 1. Constraining method of UHMW-PE fiber. The fiber sam-
ple was tightly wound round a copper ring of 4mm diameter and
tied at the edges, and then the excess portions were cut off. The ring
was confined to an aluminum container, and DSC measurement was
carried out.
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Figure 2. (a) Sample holder and (b) heating cell for X-ray measure-
ment, used to examine structure change of constrained fiber in the
heating process. A fiber sample was fixed on the sample holder and
coated with an epoxy resin for the sake of constraining it.

In order to examine changes of shape and length in
the heating process, sample-1 constrained in the same
manner as the thermal analysis was heated to two char-
acteristic temperatures at a heating rate of 5.0 K min~!
and then quenched to room temperature at the moment
when reaching each temperature. These processes were
carried out with the DSC apparatus. The resulting sam-
ples were photographed, and the changes of the shape
and length caused by the thermal effect were exhibited.

RESULTS AND DISCUSSION

Figure 3 shows DSC melting curves of sample-1,
measured under (a) constrained and (b) unconstrained
states. In the case of the constrained sample (Figure
3(a)), there are three endothermic peaks denoted as
peaks 1—3. Their peak temperatures are 143, 155, and
159°C, respectively, and peak 1 is considerably smaller
than the other peaks. On the other hand, peak 1 of the
unconstrained sample (Figure 3(b)), whose peak tem-
perature is 144°C nearly equal to 143°C of the con-
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Figure 3. DSC melting curves of sample-1, measured under (a) con-
strained and (b) unconstrained states. The heating rate was 5.0 K min~!.

strained one, is the largest. In this case, the unconstrained
sample almost melts through this endothermic peak. It
is well known that the ultra-drawn PE fiber is composed
of so-called extended-chain crystals. Accordingly, peak
1 is attributed to their melting under the unconstrain-
ed state. The constraining effect prevents this melting
process and induces another melting one proceeding
through peaks 2 and 3 instead of peak 1. Consequent-
ly, the two peaks become predominant, while the heat
quantity of peak 1 becomes very small. Probably the
constraint-free portions at the tie point, which could
not be cut off, are responsible for this small peak 1.

DSC melting curves of sample-2 are shown in Figure
4. Their features are substantially the same as those of
sample-1. However, the temperature interval between
peaks 2 and 3 in Figure 4(a) is narrower than that in
Figure 3(a), so that the two peaks are not sufficiently
separated. Moreover, the right-hand shoulder peak in
Figure 4(b), which is attributed to the slightly con-
strained portion, is smaller than that in Figure 3(b).
These differences in constraining effects are probably due
to the difference in molecular weights between samples-1
and -2 since the higher molecular weight sample generally
undergoes more effective constraining force because of
more entanglements among molecular chains.

To assign peak 2 that appears only under the con-
strained state, X-ray measurement of constrained sam-
ples was carried out. Figure 5 shows a temperature
change of the X-ray equatorial diffraction pattern of
constrained sample-1, measured in the heating process
with the apparatus shown in Figure 2. At 153 and 154°C,
(110)0 and (200)o diffraction peaks of orthorhombic
structure appear, while (100)h single diffraction peak
of hexagonal structure appears above 155°C instead of
them. This indicates that the phase transition due to a
change of crystal structure, orthorhombic to hexagonal,
occurs at 155°C in the heating process. After the phase
transition, the diffraction intensity of (100)h peak de-
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Figure 4. DSC melting curves of sample-2, measured under (a) con-
strained and (b) unconstrained states. The heating rate was 5.0 K min~!.
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Figure 5. Temperature change of the X-ray equatorial diffraction
pattern of constrained sample-1, measured in the heating process with
the apparatus shown in Figure 2. (110)o and (200)o represent ortho-
rhombic reflections, and (100)h does hexagonal one.

creases gradually with temperature and disappears even-
tually at 161°C. The halo of liquid or the epoxy resin is
afterward left. Figure 6 shows a result with respect to
sample-2. In this case, the phase transition occurs be-
tween 152 and 153°C. At this point, the orthorhombic
and hexagonal peaks coexist. Then the constrained sam-
ple melts completely at 155°C.

In Figure 7, the DSC melting curve of constrained
sample-1 and its temperature dependence of lattice spac-
ing d calculated from the X-ray diffraction pattern are
shown on the same temperature scale. In the heating
process, two orthorhombic lattice spacing curves disap-
pear within the temperature range of peak 2, and the
hexagonal curve begins instead of them. This indicates
that endothermic peak 2 of the DSC melting curve is
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Figure 6. Temperature change of the X-ray equatorial diffraction
pattern of constrained sample-2, measured in the heating process with
the apparatus shown in Figure 2.
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Figure 7. DSC melting curve of constrained sample-1 and its tem-
perature change of lattice spacing d, obtained in the heating process.

attributed to the phase transition orthorhombic to hex-
agonal structure. Subsequently, the hexagonal lattice
spacing increases by ca. 0.1 A with temperature, that
is, its lattice expands appreciably, and then the curve
disappears at the end of peak 3 corresponding to the
complete melting. A similar result with respect to sample-
2 is shown in Figure 8. This result also indicates that the
phase transition is responsible for peak 2. In this case,
the temperature range of hexagonal is very narrow as
well as the interval between peaks 2 and 3, and there is
small temperature range in which two crystal structures
coexist. These facts indicate that the hexagonal phase of
constrained sample-2 is not as stable as that of sample-1.

To examine the phenomenon occurring through peak
3, the changes of the shape and length in the heating
process were observed. Figure 9 is a photograph ex-
hibiting their characteristic changes, taken at room tem-
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Figure 8. DSC melting curve of constrained sample-2 and its tem-
perature change of lattice spacing d, obtained in the heating process.

Figure 9. Photograph of sample-1, which exhibits changes of shape
and length in the heating process under the constrained state. The
photograph was taken at room temperature. Sample A is an original
sample-1, and samples B and C were obtained by annealing the same
length of original one as sample A.

perature. Sample A is an original sample-1 of a 10 mm
length, while samples B and C were obtained by an-
nealing the same length of original one as sample A.
The annealing conditions of samples B and C were as
follows. Sample B was heated to a middle point between
peaks 2 and 3 at the rate of 5 K min ™!, and then quenched
to room temperature at the moment when it reached the
point. On the other hand, sample C was heated to the
end point of peak 3 at the same rate, and then quenched
immediately from the point. As shown in Figure 9, the
shape and length of sample B are the same as those of
sample A, that is, constrained sample-1 does not change
at all even after its temperature passes through peak 2
at which the phase transition occurs. On the other hand,
they drastically change after it does through peak 3.
Sample C in the figure is very wrinkled and short. This
results from a rapid thermal-contraction due to the break
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Table I. Peak temperatures® of constrained sample-1

Peak 1 Peak 2 Peak 3

No.
°C °C °C
1 143 156 159
2 143 156 159
3 143 155 159
4 143 155 158
5 143 154 158
Av. 143 155 159

*These data were obtained for sample-1 wound round copper ring
(heating rate, SK min~!).

Table II. Peak temperatures® of constrained sample-2

Peak 1 Peak 2 Peak 3

No.
°C °C °C
1 142 154 155
2 142 153 154
3 142 153 155
4 142 153 154
5 142 153 155
Av. 142 153 155

*These data were obtained for sample-2 wound round copper ring
(heating rate, SKmin™1).

of the sample. From this result, it is concluded that the
endothermic phenomenon at peak 3, caused by the
melting of the hexagonal phase, is accompanied by the
break and rapid thermal-contraction of the sample. The
same conclusion was also reached on sample-2.

Table I shows the peak temperatures of constrained
sample-1, repeatedly measured 5 times. Each tempera-
ture of peaks 1—3 is reproducible, that is, the transition
and melting of the constrained sample occur at their
individual definite temperatures. In particular, the re-
producibility of peak 3 reveals that the melting of the
hexagonal phase is not caused by any mechanical origin
such as the break of the sample, but by a definite
thermodynamic origin. If the melting is caused by the
mechanical origin whose condition varies each time,
the temperature of peak 3 must not be reproducible.
Probably the break of the sample results from con-
siderable decrease of the tensile strength, which is owing
to the melting of the hexagonal phase. The average tem-
perature of peak 1 related to the unconstrained residual
portion is 143°C, and those of peaks 2 and 3 related
to the constrained main portion are 155 and 159°C,
respectively. The results of constrained sample-2 are
given in Table II. Each temperature in this case is
also reproducible. The average temperatures of peaks 1
(142°C) and 2 (153°C) are close to those of sample-1. On
the other hand, that of peak 3 (155°C) is somewhat lower
than that of sample-1. This difference implies that the
melting temperature of the hexagonal phase is apt to be
influenced by inherent factors of the constrained sample
such as the molecular weight.

Melting curves of constrained sample-1, measured at
several heating rates, 0.3, 0.6, 1.2, 2.5, and 5.0 K min~*,
are shown in Figure 10. The peaks lower remarkably
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Figure 10. Melting curves of constrained sample-1, measured at
several heating rates, 0.3, 0.6, 1.2, 2.5, and 5.0 Kmin™*.

with decreasing heating rate because the unit of the
longitudinal axis represents heat quantity flowing into
the sample per second. Except for the lowering, the
melting curve profile mainly showing peaks 2 and 3 does
not change essentially with the decreasing rate though
peak 3 lowers relative to peak 2 in some degree. When
the heating rate increases 0.3 to 5.0 Kmin~!, the rises
of the peak temperatures, caused by the superheating
effect, are less than 2°C.

Based on the DSC and X-ray data efc., the melting
behavior under the constrained state has so far been
described for two kinds of PE fibers. The mechanism of
this unique melting can be explained thermodynamically
as follows. Figure 11 is a supposed schematic free energy
diagram representing the melting process under the con-
strained state. For the sake of convenience, enthalpy
H and entropy S of the fundamental thermodynamic
equation

G=H-TS §))

where G and T are, respectively, Gibbs free energy and
temperature are assumed to be constants for each phase
in the considered temperature range. Consequently, the
relationship between G and T is linear, so that G—T line
of each phase can be drawn. Three solid lines denoted
by o, h, and m express orthorhombic, hexagonal, and
melt phases under the constrained state, respectively. On
the other hand, broken line m’ does a melt phase under
the unconstrained state, which is the same as that the
unconstrained sample takes after its melting. On account
of increasing molecular motion, the hexagonal phase (h)
is more disorder than the orthorhombic phase (0), and
the two melt phases are further disorder. Between the
constrained (m) and unconstrained (m’) melt phases,
the latter is most likely to more disorder because its
degree of molecular orientation is reasonably smaller
than the former. Therefore, there is the following in-
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Figure 11. Schematic free energy diagram representing the melting
process of the constrained UHMW-PE fiber. Three solid lines o, h,
and m express orthorhombic, hexagonal, and melt phases under the
constrained state, respectively, while broken line m’ does a melt phase
under the unconstrained state. In the melting process, the state of the
constrained fiber proceeds along the path represented by the thick
arrows.

equality among the entropies of these phases
So<Sp<Spm<Si )]

where S, is entropy of orthorhombic, S, hexagonal, S,
constrained melt, and S, unconstrained melt phase.
Slopes of the four G-T lines in the diagram, of course,
increase in this order of the entropies, i.e., left to right
in the inequality. In the melting process, the state of the
constrained sample proceeds along the path represented
by the thick arrows in Figure 11. In the first place, the
sample does along orthorhombic line o. In this process,
the thermal-contractile force arises in the sample itself
above T, the intersection of two lines o and m', be-
cause the free energy G of the former is larger than that
of the latter in this temperature range. This force actually
arises, so that the sample contracts if the constraining
force that must be equal to the contractile one disappears
or is eliminated. As shown in the figure, the constrained
sample then transfers to hexagonal line h at T, the
intersection of lines o and h. At this point, the crystal
structure changes orthorhombic to hexagonal. Owing to
the transition, the following enthalpy change occurs, and
an equal amount of heat quantity is consequently ab-
sorbed into the sample.

AHoh:Hh_Ho=Toh (Sh_So) 3)

where H, and H, are enthalpies of the orthorhombic
and hexagonal phases, respectively. Peak 2 of the DSC
curves in Figures 3 and 4 corresponds to this endothermic
phenomenon. After the transfer at T, the constrained
sample proceeds along line h, and then reaches T, the
intersection of lines h and m. At this point, the sample
taking the hexagonal structure melts and changes to
constrained, i.e., molecularly highly-oriented melt phase
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Table III. Peak temperatures of constrained
UHMW-PE samples

d
Sample Peak 1 Peak 2 Peak 3 Method of HR
oC oC °C measurement K min -

Sample-1? 143 155 159 DSC 5.0
Sample-2* 142 153 155 DSC 5.0
Sample-3* 143 154 157 DSC 5.0
Sample-4* 143 153 158 DSC 5.0
Sample-5° 144 153 164 DSC 5.0
Sample-6°¢ 153 176 DSC 10.0

* These data were obtained by the authors for samples wound round
copper ring. ®A. J. Pennings and A. Zwijnenburg, J. Polym. Sci.,
Polym. Phys. Ed., 17, 1011 (1979). *N. A. J. M. van Aerle and P. J.
Lemstra, Polym. J., 20, 131 (1988). HR represents heating rate.

(line m). Because of the melting, the tensile strength
of the sample decreases considerably, so that its break
and rapid contraction take place. Through this change,
the sample downward transfers from line m to m’ of
unconstrained melt phase at T}, in the diagram. The
melting of the hexagonal phase and the subsequent ir-
reversible phenomena cause in total an enthalpy change

A11}1m':]_1m’_I_Ih=I-Im'—I_Im'+'Thm (Sm_Sh) (4)

where H,, and H,, are enthalpies of the constrained and
unconstrained melt phases, respectively. A heat quantity
to supply the required enthalpy change is absorbed into
the sample and is responsible for peak 3 of DSC curves
in Figures 3 and 4. After the characteristic transfer at
Tym» the sample that is no longer constrained proceeds
along line m'.

The melting process described on the basis of the
proposed free energy diagram can explain the obtained
experimental results successfully. For example, it ex-
plains that the hexagonal phase appears only under the
constrained state competing with the thermal-contractile
force. Furthermore, it does that the transition (peak 2)
and melting (peak 3) of the constrained sample occur at
respective constant temperatures as pointed out in Tables
I and II because the intersection points of the diagram
are constant under the identical condition for each
sample. The break and rapid contraction succeeding the
melting of the hexagonal phase are also explained. On
the other hand, it should be noted that the melting
process described on the basis of the diagram is an ideal
one. In fact, there are unconstrained or insufficiently
constrained portions that do not follow this process.
These portions melt and transfer to line m’ of the un-
constrained melt phase in the course of this ideal process.

Table III is a list of the peak temperatures measured
by DSC for the constrained samples. The data of sam-
ples-1 to 4 were measured by the authors, and those of
samples-5 and -6 were referred from the literatures.”-®
Samples-3 and -4 were prepared by drawing dry gel films
made from as-polymerized UHMW-PE powder resins,
“Hizex Million 340M” (Mitsui Petrochemical Industries
Co., M,=ca. 2.7 x 10°) and a sample supplied by Showa
Denko Co. (M,=2.5x10°), respectively. They had an
appearance of tape. The authors will mention the detailed
preparation method in the following paper (Part II). As
shown in the table, the temperature of peak 1 is almost
constant, i.e., 142—144°C, that is to say, the melting
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point of the unconstrained orthorhombic phase is not
affected by the differences in the kinds of samples. The
temperature of peak 2, the transition point, is also within
a very narrow temperature range, i.e., 153—155°C. Be-
sides these DSC data, there are X-ray data about this
transition point. Based on them, the authors gave 155
and 153°C to constrained samples-1 and -2, respectively,
and Pennings et al. gave ca. 150°C to their sample-5.
These data are roughly close to those in the table. It
should be noted that the DSC data of sample-6 in Table
IIT and the X-ray data were obtained with respect to the
samples constrained by embedding them in the epoxy
resin, while the other DSC data were done for the sam-
ples constrained by winding them round the copper ring
or wire. The fact that the transition points of the various
samples constrained by the different methods are close
to one another indicates that the temperature is hardly
influenced by the differences in the kinds of samples and
the constraining methods. Therefore, it is not expected
to raise the transition point appreciably by changing the
sample or constraining method in some degree. To raise
it and improve the heat resistance of the constrained
sample, it is probably necessary to change the sample
state drastically by special methods such as the chemical
cross-linkings.'!'1? On the other hand, the temperature
of peak 3 assigned to the melting of the hexagonal phase
differs considerably according to the samples. Pennings
et al. reported that constrained sample-5 used in their
X-ray measurement took the hexagonal phase even above
180°C. As shown by these data, this temperature depends
on the kind of sample and the constraining method
remarkably. The crystals in the constrained fiber undergo
the constraining stress that is equal to the thermal-
contractile one at elevated temperatures. Because of the
differences in molecular weight, preparation method, or
constraining one, the stresses to the crystals in the
different samples are expected to differ from one another.
The state of the constrained melt phase is considerably
influenced by the difference in the constraining stress, so
that the energy line m in Figure 11 also shifts by it. Such
a factor may cause the differences in this peak tem-
perature, i.e., the intersection point Thm, among the
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samples in the table. To clarify the well-defined origin,
it is required to obtain more detailed information as
to the melting process under the constrained state by
studying about the effects of the constraining stress
quantitatively.
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