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Abstract 

The multiple melting peaks observed on differential scanning calorimetry @SC) of ultra- 

high molar-mass polyethylene fibers (UHMMPE) are analyzed as a function of sample mass. Using 

modern DSC capable of recognizing single fibers of microgram size, it is shown that the multiple 

peaks are in part or completely due to sample packing. Loosely packed fibers fill the entire volume 

of the pan with rather large thermal resistance to heat flow. On melting, the fibers contract and flow 

to collect ultimately at the bottom of the pan. This process seems to be able to cause an artifact of 

multistage melting dependent on the properties of the fibers. A method is proposed to greatly 

reduce, or even eliminate, errors of this type. The crucial elements of the analysis of melting 

behavior and melting temperature are decreasing the sample size and packing the individual fibers 

in a proper geometry, or to introduce inert media to enhance heat transport. 
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Introduction 

The interpretation of differential scanning calorimetry @SC) on melting of ultra high molar 

mass polyethylene (UHMMPE) fibers has been the focus of much research [l-111. Multiple 

melting peaks were described for such fibers in many of the cited papers. The multitude of different 

polyethylenes has led to the publication of many different, often conflicting reports on the shape and 

position of one or more melting peaks. Equilibrium crystals have an extended-chain macro- 

conformation and show only a single, sharp melting point when measured without superheating (Le. 

under equilibrium conditions) [12]. For the understanding of materials properties and the correlation 

of DSC with other experimental methods, it is important to clar@ the true nature of the transition 

for any given sample. The experimental verification of a single, sharp melting peak of melting of 

polyethylene under equilibrium conditions indicates that multiple melting peaks must be due to 

irreversible effects. Irreversible processes may have their origin within the sample or be an 

instrumental effect, caused by the dynamic nature of DSC. 

Double melting peaks in polyethylene can have several causes. Two peaks have been 

observed when there is an initial transition fiom the low-temperature, orthorhombic phase to the 

high-temperature, hexagonal phase before ultimate isotropization. If monoclinic and orthorombic 

polymorphs of polyethylene were present in a sample, they may also give rise to two melting peaks. 

Alternatively, the lower endotherm can be due to the melting of thin, lamellar crystals, while the 

higher melting component may be thicker lamellae or even extended chain crystals. A combination 

of endothermic and exothermic events occurring simultaneously in the melting region, as in melting 

followed by recrystallization to more stable crystals, can also produce double peaks in a DSC 

experiment. These double melting peaks are non-equilibrium processes. They are common in 
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polyethylene as well as in other polymeric samples [ 121. It will be shown, however, that all these 

possible effects play a minor role in the isotropization of gel-spun and ultra-drawn UHMMPE fibers. 

Previously we studied the same fibers by a combination of techniques. Small angle X-ray 

diffraction and full-pattern wide-angle X-ray deaction for structure analysis, solid state NMR 

spectroscopy for a check of large-amplitude motion, optical microscopy to qualitatively visualize 

the shrinkage behavior, and DSC experiments to see the progress of melting [13]. It was shown that 

the crystals of the fibers were orthorhombic with only small amounts of the monoclinic polymorph. 

Only a very small fraction contributed to small-angle X-ray diflEiaction peaks that could be 

interpreted as lamellae of unique thicknesses. In addition to the crystals, an intermediate phase 

could be identified. The intermediate phase is highly oriented and intermediate in mobility between 

crystalline and amorphous polyethylene. Finally, a small amount of random amorphous material 

was detected. 

To understand the mechanical properties, it was important to know the structure and degree 

of orientation of the intermediate phase. Since the intermediate phase cannot be realized 

independent of the crystals, it was concluded that the intermediate phase is constrained by the 

crystals. We observed double melting peaks characteristic of the processing conditions of the fibers, 

as were reported before for similar samples [2,7,9]. Since no significant amounts of monoclinic or 

hexagonal crystals were found, polymorphism could not be at the root of the double peak. Since no 

lamellae were present, this could also not be a reason for the double peak. Finally, since the melting 

peak areas did not change with heating rate, and it was possible to separate the melting peaks by 

partial melting, no dynamic recrystallization could be the cause for the double peak. We assigned, 

thus, the two melting peaks to orthorhombic crystals with different degrees of restraint to the 
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surrounding intermediate, oriented phase [13]. This solution is not filly satisfying since no clear 

evidence of a bimodal distribution of crystal sizes could be found fiom the wide- and small-angle 

X-ray data. It will be shown in this paper that a much simpler interpretation is possible. The double 

melting peak is an instrumental effect and can be made to disappear by changing the experimental 
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conditions. 

Multiple peaks as an effect of instrumental conditions have been studied earlier [14] using 

a Perkin-Elmer power-compensation DSC. It was shown that the alignment of small indium pieces 

along the diameter of the sample pan could produce multiple melting peaks. The one-dimensional 

non-uniform distribution of the sample inside the pan in such an experiment may well correspond 

to the three-dimensional, non-uniformity of fibrous samples. The effects of such non-uniform 

sample arrangement with respect to the DSC sensors has to be considered in special cases. They can 

be minimized with different instrumental designs. Both a multiple thermocouple design (Mettler- 

Toledo) or a sensor larger than the sample pan (TA Instruments) are self-averaging and lessen the 

effects of the horizontal non-uniformity. In this paper it will be shown, that in addition to the 

positioning of the sample, one also needs to analyze the change in packing when dealing with the 

melting behavior of fibrous UHMMPE. Some of the findings of earlier studies are possibly in need 

of reevaluation in the light of the presented research. 

Experimental Details 

A commercially available Mettler-Toledo DSC820 module, equipped with a ceramic sensor 

and sample changer was used in the research. Dry nitrogen gas with a flow rate of 10 mL/min was 

purged through the cell. The gas flow rate was monitored and adjusted with a gas controller. All 



mass determinations were carried out on a Cahn C-33 electrobalance with a sensitivity of 1 pg and 

an overall accuracy of hO.OOl% of the overall load (sample and pan of ca. 50 mg). 

The samples for the temperature calibration were: indium (429.7 K), naphthalene ( 353.42 

K), n-octane (116.4 K), acetone (177.9 K), cyclohexane s/s (186.09 K), cyclohexane SA (297.7 K), 

cycloheptane (265.1 K), tin (505.05 K). The onset of melting was determined by extrapolation of 

the melting peak to the baseline, the end of the melting peak by extrapolation of the high- 

temperature side of the peak to the baseline. 

Four highly drawn PE fiber samples were included in this study. These were gel-spun 

UHMMPE fibers [l5- 171 and were provided by Allied-Signal Inc. AU samples had similar molar 

masses (M, > lo6). One of them (PE-I) is a research sample. The samples PE-11 and PE-III are 

identical to the commercially available Spectra 1000 and 900 fibers. Different processing (drawing 

and annealing) make these fibers have different properties. A fourth sample, PE-IVY is the same gel- 

spun fiber as PE-I, but without m h e r  processing. The same fibers, together with other samples 

were also included in the earlier study [13]. 

i 

The fibers were either encapsulated in a 40 pL, standard aluminum crucible without a center 

pin and with the cover lid cold welded, or the fibers were placed in an open pan for ease of visual 

observation of the appearance after melting. In separate experiments, fiber samples were embedded 

in anhydrous aluminum oxide for enhanced thermal conductivity. Sample masses varied fiom 24 

pg to 4 mg. The reference pan was identical for all measurements. In the optimal arrangement each 

fiber is in direct contact with the bottom of the pan, which requires sample preparation under the 

microscope and leads to masses that range from of 0.02 to 0.10 mg. 
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Results 

Figure 1 shows the melting of UHMMPE fibers measured with parameters such as those 

commonly used in the literature [ 1,7,8,11], namely 3 to 5 mg mass and a heating rate of 10 Wmin 

in crimped aluminum pans. These data were measured with a standard TA Instruments 912 DSC 

as described in Ref [ 131. The melting shows clear double peaks and the temperature range is rather 

broad. The difference between onset of melting and the end of the peak is of the order of 10-25 K. 

The new results of DSC experiments on PE-III in uncrimped pans as a function of sample mass is 

shown in Fig. 2. The peak shape at the lowest mass of 24 micrograms has no double melting peak. 

The increase in mass gradually introduces two effects, first a broadening of the melting peak, then 

the development of shoulders and secondary peaks. At masses over 3 mg the shapes shown in Fig. 

1 are reached. A graphic representation of the temperatures of onset, peak, and end of the peak is 

shown in Figs. 3A and B for the first melting and on second and third heatings after cooling from 

the melt at about 40 Wmin. It is clearly visible that in the first heating runs the onset temperature 

varies only within the experimental repeatability. The peak temperature and the end of the peak are, 

however, much smaller for the 24 microgram sample, as can also be seen from Fig. 2. Its melting 

range is only about 3 K. The second and third runs, in contrast, show a much lower onset of melting 

and little change in melting range with sample size, an indication of inherent broadness of melting. 

The melting peak areas are shown in Figs. 3C and D. They indicate a trend to smaller values 

for smaller masses. The 100% value was taken from the heat of fusion of completely crystalline 

polyethylene (293 J/g) [ls]. At the smaller masses weighing errors start to be significant. 

Therefore, the absolute values for the transition enthalpies are less accurate for the smaller samples 

and only the peak shapes should be used to discuss the melting kinetics. 
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In order to determine whether the differences between the smaller and larger sample are 

caused by insufficient heat conduction, a test was performed in which a sample of approximately 

1 rng of PE IV fiber was packed into the sample pan with layers of powdered, anhydrous aluminum 

oxide. By utilizing this method, the thermal conduction to the top of the fiber sample is assured. 

Figure 4 is the result. Only one single peak is observed on both, first and second heating. As for 

the small sample of PE III in Fig. 2, the melting peak on first heating is much narrower than in Fig. 1 , 

and the second run corresponds to Fig. 3B. 

Discussion 

The analysis of the melting behavior of UHMMPE fiber samples in Figs. 1 to 4 shows that 

sample preparation is crucial. Both, the placement of single layers of fibers at the bottom of the pan 

or the filling of the spaces between the fibers with powdered alumina makes the double melting 

peaks disappear. This is a strong suggestion that the double melting peaks for UHMMPE gel-spun 

fibers are artefacts. The rather poor contact of the thin fibers with the pan, their unique contraction 

on melting, and their slow flow seem to provide not only the reason for an interrupted melting and 

broader melting peak, but also the reproducible differences for the different types of fibers. 

Further differences can be introduced by restraining the fibers. The differences between the 

melting curves in Figs. 1 and 2 for about equal masses are probably due to compression and partial 

fixing of the fibers after crimping of the pans in the runs shown in Fig. 1. Most examples in the 

literature were similarly crimped. It is well known that melting of fibers held at constant length have 

considerably sharper melting peaks [12]. 
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The single, rather sharp melting peak of the fibers is much more in line with the 

structure picture developed earlier [ 131. The nanophase-separated, intermediate phase keeps its 

orientation because of its connection to the crystals by tie molecules. In turn, the tie molecules 

cause also the superheating of the crystals. In the beginning of melting they hinder the molten 

molecules to reach a random-coil macroconformations-and thus gain a lesser amount of entropy, 

which in turn, causes the higher, local melting temperature. As soon as the network of crystals 

collapses, however, the local melting temperature drops and the melting accelerates, i.e. the peak 

sharpens. 
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Legends to the Figures: 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Melting of four PE fiber samples of 3-5 mg in crimped pans, heated at 10 

Wmin using a TA Instruments 912 DSC [13]. 

Melting behavior of PE III (Spectra 900) as a fbnction of mass in cold- 

welded pans as a fbnction of sample mass. 

Graphic representation of the variation of the onset, peak and end-of-peak 

temperatures for PE-III as a fbnction of mass in the first run (A) and con- 

secutive second and third runs @). Peak areas as a percentage of a 100% 

crystalline PE sample in the first and consecutive runs are shown in (C) and 

@). 
Melting behavior of PE IV heated immersed in anhydrous aluminum oxide 

powder to facilitate thermal conduction. 
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