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Abstract

The melting and crystallization of gel-spun, ultrahigh molar mass polyethylene (UHMM-PE) fiber is analyzed with both, standard differential
scanning calorimetry (DSC) and temperature-modulated DSC (TMDSC) to identify the differences to extended-chain crystals of polyethylene.
The analyzed samples were studied before with respect to their molecular mobility, morphology, and crystal and phase structure. The
UHMM-PE contains a mobile, oriented mesophase and only few folded chains. The truly amorphous fraction is about 3%. Reversing melting
and crystallization is observed for these fibers. It increases in amount on recrystallization after melting. Difficulties in measuring the original
fibers arose from the shrinkage of the fibers and a resulting deformation of the sample pan. The new data are compared to literature information
on other polyethylenes and linked to reversible melting of decoupled segments of the polymer chains contained in small, nanometer-size
phases within the crystalline phase and the oriented-intermediate fractions.
© 2004 Elsevier B.V. All rights reserved.

Keywords: TMDSC; Melting; Crystallization; UHMM-PE; Fiber; Instrument lag; Decoupling

1. Introduction tionary responsf2—4], and, as found with the present sam-
ples, due to a shift in baseline, caused by excessive defor-
A large number of studies by temperature-modulated dif- mation of the sample pan on fiber shrinkage during melting.
ferential scanning calorimetry, TMDSC, of reversing and The termreversible, in contrast, is applied in the thermo-
reversible melting of different oligomer and polymer sam- dynamic sense to results which have either been corrected
ples have been reviewed recenfli]. In this discussion or measured under conditions that are free of the indicated
of the degree of reversibility, the termeversing is used, limitations. To measure reversible melting effects, it is usu-
as before, to characterize the response to the temperaturally necessary to apply quasi-isothermal analysis methods
modulation as given by the first harmonic of the heat-flow by modulation about a constant temperature for extended
rate due to the modulation of the sample temperature. A periods of time to eliminate slow time effe¢&4], although
time-dependence of the response to the modulation may bdt must be kept in mind that reversible processes also may
caused by slow, irreversible melting, crystallization, or an- be slower than the instrument response to the modulation
nealing. A frequency-dependent response of the sample isand must then be analyzed at slower frequencies of modula-
also linked to thermal resistances causing alternating tem-tion. The modulation response should be checked in the time
perature gradients within the calorimeter. Finally, errors in domain for symmetry of melting and crystallization, and to
the reversing signal may be due to a nonlinear and/or nonsta{rove that there are no instrument or analysis efffjts
The sample of UHMM-PE analyzed in this paper is
a part of the series of UHMM-PE fibers which were
* The submitted manuscript has been authored by a contractor of the UsStudied by differential scanning calorimetry (DS@],
Government under the contract no. DOE-AC05-000R22725. Accordingly, temperature-modulated differential scanning calorimetry
the US Government re_tains a nonexclu§ive, royalty-free license to publish, (TMDSC) based on linear heating and cooling segmgfits
or reproduce the published form of this contribution, or allow others to atomic force microscopy (AFMJ7], optical microscopy
do so, for US Government purposes. . . ’
* Corresponding author. [8,9], full-pattern X-ray diffraction[8], small angle X-ray
E-mail address: wunderlich@chartertn.net (B. Wunderlich). scattering (SAX)[8], wide-angle X-ray scattering (WAX)
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[10], solid staté'3C nuclear magnetic resonandéq NMR) frigerated cooling system (RCS, cooling capacity to 220 K).
[11-13], and thermomechanical analysis (TMA). In the Temperature modulation is controlled at the sample temper-
previous research it was revealed that these fibers consisgiture sensing position, underneath the sample calorimeter
at room temperature of three phases: crystalline, amor-[3]-
phous, and oriented-intermediate. The crystalline phase The sample temperature was calibrated in the standard
was about 64% of the fibers and was mainly orthorhom- DSC mode. The onset-temperature of the transition peak of
bic, with a small amounts of monoclinic crystdB]. The indium (429.75K), extrapolated to the baseline, was used
oriented-intermediate phase could be estimated to be 33%/for this calibration, using rates of heating of 10 K min
It is highly strained, with an intermediate mobility between The heat-flow rate was calibrated approximately with the
the crystalline and amorphous PE and a heat of fusion of heat of fusion of In (28.62 J¢) [18]. The indium was of
about 43% of that of the orthorhombic crystdl0—15]. the usual, high purity (>99.99%). A single-crystal disk of
The solid staté3C NMR could identify about 3% of truly ~ Sapphire (22.5mg) was the calibrant for the heat-flow rate.
amorphous polymef10]. The sample masses were varied from 2.8 down to 0.5 mg,
There had been a controversy about multiple melting weighed on a Cahn C-33 electro-balance to an accuracy
peaks of UHMM-PE fibers which are frequently observed 0f +0.001mg. For all series of experiments the reference
on DSC analysis. It could be shown, however, that the mul- pan remained the same. Its mass was slightly smaller than
tiple melting peaks are due to external, longitudinal, or lat- that of the sample pans to allow for easy evaluation of
eral constraint§10]. As soon as the constraints are removed, the asymmetry of the calorimeter in TMD3(9]. Because
the high-temperature melting peaks disappear. Bastiaanse®f the small sample masses, final values of the amplitude
and Lemstrg16] reported only one melting peak at 415K were adjusted by shifts parallel to the ordinate to the known
for unconstrained UHMM-PE fibers and Pennings and Zwi- heat capacities of the solid fibers below about 359K 0]
jnenburg[17] described three or more melting peaks for or of the melt, both known form the ATHAS Data Bank
the same fiber when constrained. Multiple melting peaks of [20].
constrained UHMM-PE fibers are also observed by TMDSC  The samples discussed in this paper are gel-spun fibers of
with an underlying heating ra{é]. ultrahigh molar mass polyethylene (UHMM-PE). The fibers
The losses in mechanical properties of UHMM-PE fibers were provided by Allied-Signal Inc. and had a molar mass of
were studied by thermal analysis and atomic force mi- Mw > 10° Da. They were of the commercial Spectra 980
croscopy after annealing at 373K, below the temperature type, and are identical to the PE-Ill fibers, analyzed in Refs.
of major restructuring of the fibef7]. The molecules of  [7—10]. Density, crystallinity, and mechanical properties are
the oriented-intermediate phase, located between the microSummarized infable 1.
and macro-fibrils seem to slacken on such low-temperature  The fibers were cut before placement into the sample pan.
annealing. Its strands were untwisted and placed between a doubly
In this paper we will discuss the reversing melting and folded weighing paper. The weighing paper was next taped
crystallization of the crystalline and metastable crystalline to a board and cut with a single-edged razor into about 3mm
phases of the gel-spun UHMM-PE fibers, using sinusoidally Wide strips. The fibers were then transferred to the DSC pan
modulated, quasi-isothermal TMDSC. Before this analysis With the help of the weighting paper. This procedure had the
for such samples is possible, it will be shown that a special benefit of leaving the fibers largely parallel. The sample was
instrument effect observed on the initial melting of the fibers sealed in standard Al pans of g volume, and laterally

needs to be identified and eliminated. compressed with the lid of the pan.
The apparent heat capacities are calculated, as usual, us-

ing the results of three runs (a run of an empty pan versus an
empty pan to eliminate asymmetry, a second run of an empty

2. Experimental pan versus a sapphire-filled pan for the calibration, and fi-
nally, the third run of an empty pan versus the sample-filled
The Thermal Analyst 2920 SystéM from TA In- pan for measurement).

struments, Inc. was used for all TMDSC measurements.

Quasi-isothermal TMDSC was done at successive base

temperatures;Tg, with sinusoidal modulation. Each run  Taple 1

lasted for 20 min with a temperature amplitude of 0.5K Properties of the UHMM-PE fiber Il

and a period of 60s. The data of the last 10 min were Sample Moduld  Tensile Density Crystallinity
taken as the result at the investigated temperaileand (GPa) strength (GPa) (Mgm~3) (%)
plotted as a single point for each measurement. The de-pg.; 125 2.7 0.974 86

tails of experimentation and mathematical treatment of the —; Data supplied by Allied-Signal Inc

quaSI'ISOthermal TMDSC are given in the |Iteratlﬁ334]. b Data from density, heat capacity and solid state NMR divide the
Dry N gas with a flow rate of 25 mLmin* was purged phase structure inte-3% amorphous:¥34% oriented-intermediate phase
through the DSC cell. Cooling was accomplished with a re- (with a reduced heat of fusion), ares3% crystallinity, see Ref§10,11].
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Fig. ,1_' Apparent, reversing heat capacities of UHMM-PE fibers by Fig. 2. Uncorrected data on TMDSC of UHMM-PE fiber samples of
quasi-isothermal TMDSC of sample masses of 2.777 and 0.51mg. Both e reng masses, taken outside the major melting range on first heating.

curves are fitted to the known heat capacity of the liquid state. The filled o sample of 2.777 and 0.51mg are identicaFig. 1. The dashed and

circles illustrate the fit on an additional, paralle! shift of the data of the continuous lines are taken from the ATHAS Data Bank for the liquid
2'77_7 mg sample between 300 and 415K, as indicated. The dOtt?d _andheat capacity and vibrational heat capacity of the solid, respectively.
continuous lines are taken from the ATHAS Data Bank for the liquid

heat capacity and vibrational heat capacity of the solid, respectively.

Additional measurements were made to investigate this
3. Results high apparent heat capacity of the original fibers below
the melting peak. Samples of similar mass were prepared
The experiments were run with rather low sample massesin different manners, for example, by not cutting fibers,
since it was found earlier that larger masses lead to ex-winding them around a small rod, or packing them into a
cessive reorganization to the hexagonal phase due to thepan with aluminum oxide powder to improve the thermal
lateral constraint of the fibers when closing the jéh conductivity throughout the DSC pan. All showed various
On melting, the gel-spun fibers shrink longitudinally and levels of excessively high heat capacities before melting
expand laterally causing the multiple melting peaks which when fitted to what was thought to be the heat capacity
accompany the development and ultimate melting of the of the equilibrium melt. Standard DSC runs of the same
hexagonal phas§l0]. In addition, the rather thin fibers samples showed the expected, larger melting peak, ac-
were thought to introduce rather high thermal resistancescounting for the additional nonreversing melting. Melting
inside the sample parFig. 1 represents the TMDSC re- peaks of about 400 J# mol~! are seen, but have reached
sults for 2.777 and 0.51 mg of UHMM-PE gel-spun fibers, for a small, unrestrained mass of 24 a very narrow
measured stepwise, quasi-isothermally, starting from room peak of over 1000JK!mol~1 [6,9]. It was furthermore
temperature and going up through the melting region into noted, that up to the beginning of melting all higher data
the pure melt. Both runs were matched to the known heatin the initial quasi-isothermal runs could be corrected by
capacity of the liquid from the ATHAS Data BarjR0] by a parallel shift as indicated ifrig. 1 for the 2.777 mg
a shift parallel to the ordinate. The magnitude of the cor- sample.
rection can be seen from the raw data, displayeBign 2. To gain more information, a systematic check of dif-
A crystallinity of 87% was determined from the heat of ferent masses was made at temperatures before melting
fusion measured by standard DSC at 10 Kniising the and in the subsequently reached mélig. 2 shows the
orthorhombic heat of fusion, in agreement with the dilato- results of five of these series, but before any fitting of
metric density listed iMable 1. The mole in the dimension the data by shifts parallel to the ordinate. As expected,
of the apparent heat capacities refers to a repeating unit ofthere is a reasonable scatter of the heat capacities be-
one Ch-group, i.e., a mass of 14.03 g. The dotted line rep- cause of the rather low masses analyzed. All data in the
resents the heat capacity of a 100% amorphous sample exfow-temperature region could be brought to coincidence
trapolated from the melt to lower temperature, and the solid by parallel shifting at the low-temperature to the expected
line is for the vibrational heat capacity of a 100%-crystalline heat capacity of an 87%-crystalline sample, but then the
sample, as given in the ATHAS Data Baf®0]. The ap- liquid heat capacities would be incorrect, as can be seen
parent heat capacity of the 2.777mg sample below the for one of the samples ifig. 5. Similarly, by shifting of
melting peak appears to be higher than expected by abouthe heat capacity data parallel to the ordinate of the melt
18 JK 1 mol~1. The low-mass sample gives a more reason- to the expected values, the data at low temperature are
able answer. The end of melting is seen at 426 K, consider-unacceptable.
ably above the equilibrium melting temperature of 414.6 K Fig. 3indicates that at low temperature, the quasi-isother-
[21]. mal data of the 0.51 mg sample compare reasonably well
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Fig. 4. Apparent, reversing heat capacites of UHMM-PE by
quasi-isothermal TMDSC of sample mass 2.777 mg fféigr 1 measured
after melting on cooling and on subsequent second heating. Both curves
are fitted to the known heat capacity of the liquid state. The dotted and
continuous lines are taken from the ATHAS Data Bank for the liquid
heat capacity and vibrational heat capacity of the solid, respectively.

Fig. 3. Apparent, reversing heat capacities of 0.51mg UHMM-PE by
guasi-isothermal TMDSC (thin line with pluses, this research). Compar-
ison to previous data of Ref10] which reach up to 390K (solid line,
see alsoFig. 7) and Ref[7] (dashed line, see aldéig. 8). The dotted
and continuous lines are taken from the ATHAS Data Bank for the liquid
heat capacity and vibrational heat capacity of the solid, respectively.

4. Discussions

to the prior precision measurements by modified stan-
dard DSC on 30-60 times heavier samples of the same The first result to be discussed is the excess apparent re-
batch of fiberd10]. These latter experiments were done in versing heat capacity seenhig. 1from room temperature
small, 20K steps, interrupted with isotherms to reestablish to the beginning of the melting peak which varied irre-
the baseline. The heating sequences were stopped beforgroducibly with sample masses as seerfig. 2 and also
major melting occurred and followed by analogous mea- with sample preparation. The excess reversing heat capac-
surements on cooling and repeated. The overall accuracyity of the 2.777 mg sample could not be caused by thermal
was estimated to be about 1.0%, the heat-flux calorimeterlags or sluggish latent heat processes within the sample
was of the Mettler DSC820 type (see alBm. 7). It was since both of these would retard the heat-flow and yield
found later, that another reason for the good precision of a lower heat capacity than expected. The quasi-isothermal
these data was that the measurements were made in thenethod of TMDSC was developed to study and eliminate
much bigger, more sturdy pans supplied by Mettler-Toledo slow, time-dependent processes within the sanjpléd].
(=50 mg). A further comparison, again from the same batch The time-dependent processes that have been studied in
of fibers, is shown by the broken line kig. 3 [7] (see also this fashion are the glass transitions, where the cooperative,
the data represented by + + in Fig. 8). This curve was  conformational motion of macromolecules reaches the time
obtained from a saw-tooth-modulated run with sufficiently scale of the modulatiofi23], and the latent heat effects
long periods, so that each heating cycle could be ana-which are involved in phase transitions such as melting,
lyzed as a standard DSC segment in steady §22fe The crystallization, annealing and recrystallizatiagh The glass
calorimeter was of the power-compensation type (Perkin transition of the analyzed fibers is known to be completed
Elmer, Pyris-1). Below 395K all three measurements at about 300K]9,10] (see alsdrig. 7). Irreversible latent
agree. heat effects could not cause the excess heat capacity in

After the initial melting, shown inFig. 1, the analysis  Fig. 1 either, since no significant decrease with time was
of the 2.777 mg sample was continued without interruption observed in the quasi-isothermal measurements. Truly re-
as documented ifrig. 4. First, measurements were done versible phase transitions are also not possible since they
quasi-isothermally on cooling from the melt, showing the would also have to show in the total heat capacity of the
effect of crystallization and, then, after reaching low tem- standard DSC irfrig. 3, which they do not.
peratures, continued on reheating to melt the crystals grown In Fig. 5, a comparison of the raw data is given for the
during the cooling run. The results iRig. 4 were fitted 2.777 mg, initial melting run, together with the attempt to
to the ATHAS Data Bank in the initial temperature re- first, match the raw data at low temperature to the expected
gion of the melt. In these later stages of the run, the datavibrational heat capacity, and then, match, as also done for
are reproducible and as expected from prior experimenta-Fig. 1, in the melt to the ATHAS Data Bank. Clearly, if both
tion. Another series of quasi-isothermal runs on cooling af- matches to the known results are to hold, something must
ter the second heating was performed, but is not depicted,have happened at the reversing melting peak, as marked in
since it was identical to the cooling sequence shown in the figure at 415 K for the three data sets. The solution to the
Fig. 4. problem was found when inspecting the sample pans before
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Fig. 5. Apparent, reversing heat capacities of UHMM-PE fibers by of successive 20K steps over the indicated temperature range, interrupted
guasi-isothermal TMDSC of sample masses of 2.777mg aBidgn 1. with 1.0 min isotherms, followed by an analogous cooling run and repeat
Uncorrected data and attempted fittings to the known heat capacity of measurements (Mettler-Toledo DSC 820, 16—-30 mg of sample). The top
the low-temperature solid state and the high-temperature liquid state. Thegraph contains the averaged experimental data, compared to data-bank
dotted and continuous lines are taken from the ATHAS Data Bank for the information [20]. The bottom graph is a plot of the difference between
liquid heat capacity and vibrational heat capacity of the solid, respectively. the C, of the fibers andC, of 100%-crystalline PE20], shown with an
expanded ordinate. The figure is redrawn from R#&@], to correspond
to the present sample.
and after the run. As shown on the left ig. 6, the pan

bottom is flat for the unused pan. The 0.51 mg sample un-
derwent some deformation on melting, the 2.777 mg sample : . L7 : .
conclusion that this excess heat capacity is reversible is

.ShOWS the "?rgeSt deformation on melting dge tg th(_e shrink- based on the equality of the three measuring methods. Mea-
ing of the f|bers.and the resulting expansion |n.d|ameter. surements on heating and cooling are identical and equal
These cha_nges n th? pan shapes cause shifts in th? bas% the standard DSC measurements. Furthermore, extended
line, negating calibrations at the low temperature for higher runs in the quasi-isothermal mode do not show noticeable
temperatures and vice versa. This shift of baseline due toChan es with timeFia. 7 shows the analvsis of the data
pan deformation will be discussed elsewhere in more detail, usinggthe interpretati%.n given if10]. At abB(/)ut 300K. the
ba;ed on frequency-depend.ent TMDE@]' I.t is not only glass transition of the fibers is complete, and up to about
of importance to the analysis of fibers which undergo ex-

i 360K the heat capacity stays about 2.63knol~1 above
treme shrinkage, but can also be observed for polymer meltsthat of the experimental. 100%-crvstalline polvethviene
which wet the Al surface and dislocate the sample into the P ’ y polyethy '

. . as expected for a semicrystalline sample. The increase
closure seam and then, on cooling to the solid state, can de, o . :

. from the vibrational heat capacity to the experimental,
form soft aluminum pans.

. 100%-crystalline heat capacity is due to the well-known
Only after the problem of deformation of the sample . .
) . . . trans-gauche interchanges in the crystHl0]. Above 360K,
pan during melting could be resolved, was it possible to , e : )
. : . ) the difference of the heat capacities of the fibers relative to
tackle the discussion of the reversible and reversing heat

. i : : the 100%-crystalline polyethylene starts to increase.
capacities of the UHMM-PE gel-spun fibers in the various Fig. 3shows that above 360 K t1@, by quasi-isothermal
temperature ranges. Up to about 390K, the heat capacities, . © i eases less rapidly than TMDSC with
of Fig. 3 by standard DSG10], TMDSC with an underly- y pidly Gyevy

) . - an underlying heating rate. The difference between the two
ing heating rat¢7], and the new quasi-isotherm@}, agree, . — ; :

) ; > experiments indicates the irreversible latent heat effect con-
but show a reversible excess heat capacity relative to the

sisting of a slow reorganization of the crystal structure. The
difference between the quasi-isothern@al and the vibra-
tional Cp, or better the experiment&l, of 100%-crystalline

known vibrational heat capacity of polyethylef®0]. The

2-;;’,,3;29 polyethylene corrected for the amorphous and mesophase
N material is a measure of the reversible latent heat contribu-
) 'Q "p tion. Quasi-isothermal TMDSC was earlier performed with
\ : = g \"i_aj saw-tooth modulatiofi7] which can be analyzed using only
% data after each heating or cooling step has reached steady
”;::‘;"gt}’:rﬂ g:;“;‘;'g state [22]. Both quasi-isothermal measurements yielded

comparable results, as can be seen by compdfigg. 3
and 8. The peak heights of both first run experiments
were close to 60JKmol~! at a temperature of about
410K.

Fig. 6. Photograph of the bottoms of a new aluminum DSC pan (left) and
the 0.51 and 2.777 mg samples after completion of the runsigs. 1
and 4.
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Fig. 9. Thermal analysis results on 0.7 mg of nascent UHMM-PE, redrawn
after data from27].

{JHMM-PE of different crystallization histories and other
polyethyleneq1]. The TMDSC with an underlying heat-
ing rate on nascent UHMM-PE reveals a similar excess
heat capacity before the first meltifig5,26]. The nascent

On recrystallization by cooling from the melt, the peak UHMM-PE is crystallized shortly after polymerization and
in Fig. 4 reaches only 45J® mol~1, but increases to its may not have reached the structure of the random melt be-
previous level on the second run at 10K below the peak fore crystallization. In this case the crystal structure may
of the first run. The TMDSC with an underlying heat- be also fibrillar, as discussed in more detail, for example in
ing rate in Fig. 8 show much higher reversing melting Ref.[27]. The conditions of these measurements and the re-
peaks. The double-peak on first melting indicates reor- sults are redrawn ifig. 9to match the units of this discus-
ganization to the hexagonal, metastable crystal structuresion. The excess heat capacity beyond that of the values by
based on the residual strain in the fibers, discussed instandard DSC at about 360K is similar to the UHMM-PE
detail in Refs.[7,10]. The quasi-isothermal TMDSC in gel-spun fibers irFig. 1. Despite some similarity, this ma-
Fig. 3reveals only a weak high-temperature shoulder which terial behaves differently. On increasing the modulation fre-
may be an indication of some orthorhombic-to-hexagonal quency, the excess in heat capacity below 300 K decreases to
crystal transition in the lower temperature of the melting the level of the standard DSC. The nascent UHMM-PE has,
range. thus, in this low-temperature region an irreversible change

The end of melting depends also strongly on the mea- in structure, as suggested [B6], which is not seen in the
suring method. The equilibrium melting temperature of gel-spun fibers. On cooling and second heating, furthermore,
high-molar-mass polyethylene is 414.6[R1]. The stan- the crystallization and melting peaks are shifted to lower
dard DSC of the UHMM-PE fibers at a heating rate of temperature, butthe decrease in the low-temperature, revers-
0.1Kmin~! leads to a melt end of about 428 K, which on ing heat capacity does not reach the level set by the standard
raising the heating rate to 10 K mih moves to 438 K8], DSC trace seen ifrig. 1. At higher temperatures, qualita-
a clear sign of superheating. Both TMDSC runsFig. 3 tively similar reversing and reversible processes have been
show melting ends of about 426 K. Only on the second observed with the nascent UHMM-PE, but with somewhat
melting in Fig. 4 is the melting end at 412 K, which is be- smaller superheating. Model calculation of the frequency
low the equilibrium melting temperature, and possibly free dependence of the reversiy allowed speculations about
of superheating. The onset of crystallization of 408K is different irreversible and reversible processes in this tem-
somewhat lower in temperature than the usual supercoolingperature rangg5,26].
of polyethylene of about 6—10KL]. Since the crystals of On gel-crystallization from solution, the sample of the
the gel-spun fibers are known to be snj8l, superheating  UHMM-PE of Fig. 5 was observed to have a lamellar,
is not an effect of the crystal size, but of remaining strain folded-chain crystal morphology with 13 nm thick crystals.
in the melt attached to the crystal. This strain can cause Again, the reversing heat capacity exceeded the total heat
melt orientation and a reduction of the entropy of melt- capacity and its reversing heat-flow rate was a substantial
ing which temporarily increases the melting temperature part of the total heat-flow ratf28]. In the region of the
until the strain dissipates with the melting of the crystals large reversing heat-flow rate, the fold-length was observed
(T = AH; /ASy). to increase by a factor of two, so that melting and recrys-

The final part of the discussion contains a comparison tallization may contribute to the reversing effect. Stretching
of the thermal analysis of the gel-spun UHMM-PE with the gel-crystallize sample below the melting temperature
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leads to similar changes as observed here and shown earlieGrant No. DMR-0312233 and the Division of Materials Sci-

also in Ref.[28].

5. Conclusions

The resolution of the change of baseline on melting of
polymers due to deformation of the sample pan was a prob-
lem that delayed the discussion of the TMDSC data on
gel-spun fibers for about 2 years. It is an effect that should
be checked for whenever samples expand during measure

calorimeter geometry defined by pan and sample. Further
work on this topic of importance to the quantitative DSC is
in progresq24].

The reversible heat capacity in the melting range of
the gel-spun UHMM-PE is contrasting the behavior of
extended-chain crystals of polyethylene which have practi-
cally no reversible heat capacity contributions in the melting
range[29]. Linear polyethylene with average molar mass
and mainly chain-folded structure also exhibits less re-

versible melting. Comparison of several analyses suggests a

peak of about 40 J K mol~1 [1]. This reversible melting is
caused by melting and crystallization on the lateral crystal
surfaces by decoupled chain segments of the polyjB@r

and also linked to the earlier observed reversible changes in

crystal thickness of chain-folded polyethylef&l]. They
also are not comparable to the gel-spun UHMM-PE fibers
because of their different crystal morphology. This spec-
trum of data shows that thermal analysis is the most useful
technique of identifying various polymer morphologies.
Since the gel-spun fibers have little regular chain folds, one
must suggest that the local, reversible melting observed
by the quasi-isothermal TMDSC originates from melting
and crystallization of ordered, decoupled chain segments of
orthorhombic or mesophase regions. Similar indication of
reversible melting of such local, fringed micellar-like struc-
tures are seen in low-molar-mass polyethylef28532] and
linear-low-density polyethyleng33].

Although the earlier data on gel-spun polyethylene are
only qualitative[28], they allow a link of the thermal anal-
ysis from the first, nascent structure to the gel-crystallized
lamellae, and furthermore to the gel-spun fibers, and ulti-
mately to the second runs of the melt-crystallized, bulk ma-
terials. Further links to lower molar mass polyethylenes, its
copolymers, and oligomers are given in Rdfl and make
polyethylene one of the best studied polymer and point to the

conclusion that more quantitative thermal analyses, coupled

with phase-structure and mobility studies allow a detailed
description of such multi-phase polymers.
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