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Synopsis 

The extent of recrystallization of nascent UHMWPE powder is easily measured by calorimetry. 
Melting and recrystallization of nascent UHMWPE at 140°C can be suppressed by compression 
molding. Crystals of UHMWPE prepared from dilute solution show a peak melting temperature 
of 140°C and exhibit crystallinity up to  75.5% depending on crystallization temperature. Large 
changes in crystallinity result from drawing single crystal mats or compression-molded films. 

INTRODUCTION 

Reports on the calorimetric melting behavior of ultrahigh molecular weight 
polyethylene (UHMWPE)'-3 have shown that nascent crystallized powder 
has a higher melting point and crystallinity than material recrystallized from 
the melt. Moreover, the melting peak temperature and crystallinity of the 
powder were increased to 147°C and almost 80%, respectively, following 
prolonged annealing at 134°C.4 It was suggested5 that the nascent powder 
was composed of extended chain crystals, while melt-crystallized polyethylene 
had the usual folded chain morphology. Heating above 134"C, produced a 
conversion from nascent to melt crystallized morphology. For example, heat- 
ing at 140°C precipitated a rapid and continual recrystallization of nascent 
polyethylene to folded crystals. This conversion was observed to be reproduc- 
ible and was easily detected by subsequent calorimetric ana ly~is .~ .~  Recently, 
we have observed that the melting behavior of UHMWPE is very sensitive to 
experimental variables during processing. In this paper, we examine the effects 
of compression molding, crystallization from dilute solution, and drawing. 

EXPERIMENTAL 

Materials 

Commercial-grade ultrahigh molecular weight polyethylene (UHMWPE) 
was obtained from Hercules (Hercules 1900) as a fine white powder which had 
been recovered directly from a slurry process with a hydrocarbon diluent.6 
Reagent xylene, "Baker analyzed" from J. T. Baker Chemical Co., was used 
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without further purification. Antioxidant, 2,6-di-t-butyl-p-cresol was 99 + %, 
Gold Label, from Aldrich Chemical Co. 

Calorimetry 

Samples were weighed with either a Mettler balance (Model # H78AR) or a 
Cahn electrobalance (Model #7500). Melting and recrystallization were 
studied in a differential scanning calorimeter (Perkin-Elmer DSC-4) calibrated 
with an Indium standard. Samples were heated from 50°C at a heating rate of 
lO"C/min to 170°C and cooled at  a rate of lO"C/min to 50°C. In order to 
normalize the melting behavior, samples were always subjected to repeated 
melting and cooling cycles, and the areas of melting peaks normalized for 
remelted samples. The areas of melting and recrystallization peaks were either 
measured with a planimeter (LASICO, Model L-30) or measured and printed 
out directly using an on-line computer (IBM PC). 

Compression Molding 

Samples were prepared by placing 5 g of UHMWPE powder on the bottom 
platen of a press (Duke Hydraulic Hot Press) which had been preheated to 
130°C and applying a specific force up to 1.33 X lo6 N. The sample was kept 
under pressure for 4 h at  140"C, whereupon the heater was turned off and the 
sample cooled in place gradually to room temperature. Then, the pressure was 
released, the film removed, and its dimensions determined. Film thickness was 
measured with a micrometer. 

Crystallization from Dilute Solution 

Solutions of 0.05 and 2 wt% UHMWPE powder were prepared by heating in 
boiling xylene containing 2 wt% (based on the polymer) antioxidant for 24 h. 
The hot solution was then transferred to a cylindrical filter thermostated at  
specified temperatures in a water bath. Within 0.5 h, clouds of polymer 
crystals appeared in the solutions. Suspensions were filtered directly in the 
bath at  elevated temperature to produce single crystal mats. These were 
removed from the filter and dried in a vacuum oven. 

Drawing 

Compression-molded films and single crystal mats were cut into samples 50 
mm long and 10 mm wide and drawn in a Instron (Model #1122) in an 
environmental chamber set at  140°C at a crosshead speed of 2 mm/min to 
various draw ratios. The length of the sample subject to drawing approxi- 
mated 15 mm. Some samples were drawn two or three times in order to 
achieve the higher draw ratios. The draw ratio was calculated from the ratio 
of weight per unit length for undrawn and drawn samples? 

Scanning Electron Microscopy (SEM) 

Dried suspensions and filtered mats of UHMWPE crystallized from dilute 
solution, drawn mats, and drawn compression-molded films were mounted on 
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a base plate and the surface made conductive by the deposition of a layer of 
gold and palladium in a vacuum chamber. Scanning electron micrographs 
were taken at several magnifications up to 20,000 x with a Cambridge 
Stereoscan microscope (Model ,534-10). 
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RESULTS 

Compression Molding 

Compression-molded films of UHMWPE varied in thickness from 1.702 to 
0.635 111111, in the center of each film, corresponding to pressures of 1.01 X lo5 
to 1.72 x lo' Pa, respectively. Also, each film varied in thickness from center 
to edge, with the edge being slightly less than 50% as thick as the center. 
Following compression molding at  140"C, resultant films produced varied 
amounts of low and high melting peaks that depended on pressure and sample 
location. For all samples, regardless of external molding pressure from 0 to 
1.72 X lo' Pa, and except for a 10 mm rim around the edge of each film, a 
single high temperature melting peak at  about 145°C was observed with a 
crystallinity of about 77% [Fig. l(a)]. Calorimetric measurements of samples 
taken from the edges of compre&ion-molded films showed two peaks at  130 
and 141°C [Fig. l(b)]. The relative areas of the two peaks depended reproduc- 
ibly on molding pressure. However, occasional variability was observed, which 
seemed to correlate with distance from the film edge. In general, the amount 
of low melting material from such samples increased with external molding 
pressure and the crystallinity decreased. 

Crystallization from Dilute Solution 

Single crystal mats, prepared by filtering suspensions of UHMWPE pre- 
cipitated from dilute xylene solution, showed single high melting calorimetric 
endotherms at 140°C with crystallinity dependent on crystallization tempera- 
ture. For crystallization at 9O"C, the calorimetric crystallinity was 75.5% (Fig. 
2); at 80"C, 74.1% and at  70"C, 71.8%, respectively. If the solutions were 
cooled to room temperature, the crystals collected showed a crystallinity of 
72.7%. Studies of these crystals in the scanning electron microscope revealed 
their lamellar nature. 

Fig. 1. Melting of UHMWPE film compression-molded from powder at 14OOC and 5.04 X lo6 
Pa for 4 h: (a) center of film, (b) edge of film. 
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Drawh@ 

The melting behavior of compression-molded UHMWPE was examined 
following drawing at several temperatures. The most extensive studies in- 
volved samples compression molded at 140°C at  1.72 X lo7 Pa and at 1.21 X 
lo7 Pa which were drawn to draw ratios up to 24 at  140°C. Before drawing, a 
single melting peak was shown at 145°C corresponding to a crystallinity of 
approximately 77%. Following drawing, a more complex, multiple, melting 
pattern was often shown (Fig. 3), and the crystallinity varied with draw ratio. 
At a draw ratio of 4.65, the crystallinity had dropped to 58%, but increased 
fairly uniformly to 78% at  a draw ratio of 24. On drawing, films develop a 
fibrous appearance in the scanning electron microscope. 

Following drawing at  140°C of a single crystal mat crystallized at W"C, the 
calorimetric recrystallization exotherm was extremely sharp (Fig. 4). At a low 
draw ratio (3.4), a multiple melting peak resulted, and the crystallinity was 
reduced to 37%. This increased to about 45% on increasing the draw ratio up 
to 7 for this sample or up to 23, for a sample prepared from more concentrated 
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Fig. 3. Melting (a), recrystallization (b), and remelting (c) of UHMWPE film which had been 
molded at 140°C and 1.72 X lo' Pa for 4 h and then drawn at 140OC to a draw ratio of 24. 
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Fig. 4. Melting (a), recrystallization (b), and remelting (c) of UHMWPE single crystal mat 

crystallized from 0.05% solution in xylene at 90°C for 0.5 h and then drawn at 140°C to a draw 
ratio of 4.53. 

solution. After drawing, single crystal mats appear fibrous in scanning electron 
micrographs. 

DISCUSSION 

It should be emphasized that the term “nascent” refers only to the 
“as-received” powdered polyethylene from the polymerization reactor, imply- 
ing a unique morphology, resulting from the near simultaneity of polymeriza- 
tion and crystallization. The effect of pressure during compression molding on 
the recrystallization of nascent crystals of UHMWPE is shown by the ap- 
pearance of the calorimetric trace on subsequent melting in DSC. Since 
samples compression molded a t  140°C while constrained between heated 
platens show a single high melting peak, independent of external applied 
pressure, we concluded that the partial melting of nascent crystals was 
suppressed in the mold. It has been reported’ that the recrystallization of 
molten linear polyethylene was suppressed in constrained environments. The 
conversion of nascent crystals of 80% crystallinity to folded crystals of 50% 
crystallinity is accompanied by a large decrease in density. The density of the 
perfect crystal is loo0 kg/m3, and the density of amorphous polyethylene is 
865 kg/m3.’ Therefore, preventing free expansion while heating to 140°C 
could suppress melting. Even when no external molding pressure was applied, 
considerable pressure was developed by constraining the powder between 
heated platens. 

However, a surprising observation is the apparent increase in the amount of 
melting of nascent crystals in the film edge by increasing the external 
pressure. It is possible that the edge of the film is increasingly dist~rted by 
increasing platen p r v  and expands into the region between the platens, 
producing a thin film a t  reduced local pressure. Moreover, with increased 
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platen pressure and contact, improved heat transfer facilitates the thermally 
induced transition. 

Crystals of UHMWPE crystallized from hot xylene solutions and filtered at  
specific crystallization temperatures showed a lamellar habit and the expected 
dependence of crystallinity on temperature. With increasing crystallization 
temperpature, thicker crystals were producedl0 and the percentage of polymer 
in chain folds decreases. As a result, the overall density and crystallinity 
increase with crystallization temperature. Solutions allowed to cool to room 
temperature or to 7OoC, crystallize during cooling at  a range of temperatures 
above 70°C and so exhibit similar crystallinities. I t  was observed that follow- 
ing crystallization from dilute xylene solution of either dissolved UHMWPE 
powder or molded films, resultant mats show the same melting behavior. 
However, the peak melting points of crystalline mats are lower (140°C) than 
for nascent powder (145°C).'34 As pointed crystals prepared from dilute 
solution contain folded molecules, unlike the extended chain packing of 
nascent polymers. Also, during crystallization from solution, extensive molecu- 
lar fractionation O C C U I S , ~ ~ ~  l2 as the most perfect molecules crystallize first. For 
crystallization at 90°C for 0.5 h and hot filtration, resultant crystal mats 
consist of the most linear molecules of very high molecular weight. As a result 
of such fractionation, the recrystallization exotherm of the molten mat [Fig. 
2(b)] is much sharper than usual for nascent crystals. 

The drawing of compression-molded UHMWPE at  140°C induced consider- 
able damage to the crystalline texture, producing very large decreases in 
crystallinity and local variations in ~tructure. '~ However, at increasing draw 
ratios, the extended chain morphology was enhanced and the crystallinity 
increased from 58 to 78%. The variations in structure induced by drawing 
produce the complex melting pattern (Fig. 3). Indeed, the most highly ori- 
ented and perfect material showed a melting peak at  149°C. 

Similarly, drawing single crystal mats a t  140°C induced fibrillation and 
caused substantial damage. The generation of extended chain regions provided 
nuclei for rapid and sharp recrystallization exotherms. Since the crystal mats 
had already undergone molecular fractionation during high temperature 
crystallization and hot filtration from dilute solution, the subsequent recrys- 
tallization exotherm [Fig. 4(b)] is extremely sharp. However, the extensive 
damage produced variable morphologies often shown by multiple melting 
peaks and reduced crystallinity?, l4 It was reported that drawing to very high 
draw ratios (up to 200) considerably enhanced the crystallinity, and i t  was 
concluded that the crystalline/amorphous two-phase texture was destroyed 
and reorganized into a single phase, highly oriented crjrstalline morphol~gy.'~ 

CONCLUSIONS 

Films of UHMWPE powder, compression-molded at 140"C, retain the 
calorimetric behavior characteristic of the nascent state to a degree dependent 
on molding pressure and sample location, as the recrystallization of nascent 
crystals can be suppressed in the mold. Crystals of UHMWPE prepared from 
dilute xylene solutions produced a single melting endotherm peaking at  140°C 
and increase in calorimetric crystallinity from 71.8 to 75.5% depending on 
crystallization temperature. Molecular weight fractionation during crystalliza- 
tion from solution at  90°C produces sharp recrystallization exotherms. 
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Drawing of compression-molded or single crystal mats of UHMWPE pro- 
duced large changes in crystallinity. For compression-molded UHMWPE, the 
crystallinity decreased at  low draw ratios but increased on further drawing to 
78% at a draw ratio of 24, as the extended chain morphology was probably 
enhanced. Variations in structure resulting from drawing yielded an endo- 
therm showing multiple melting, with a high temperature peak at 149OC. 
Drawing single crystal mats a t  140°C induced fibrillation with extended chain 
regions, providing nuclei for recrystallization over an extremely narrow tem- 
perature range. 
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