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Fig. 1 Stress-temperature phase diagram for ultra-high molecular
weight polyethylene (UHMW-PE) film. The solid arrow
represents the melt-drawing process, and the broken arrow
represents the heating process for an oriented sample.
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Fig. 2 Comparison of stress profiles recorded during melt-drawing
at 155°C for the films prepared by blending with higher-/
lower-MW component ratios (wt%) of 100/0, 75/25 and 50
/50 for UHMW-PEs with a viscosity average MW of 1.07 X
107 (higher) and 1.73 x 105 (lower).
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Fig. 3 Stress profile recorded at 155°C with corresponding change
of in-situ wide-angle X-ray diffraction (WAXD) patterns for
100/0 film. The draw direction for the WAXD patterns is
horizontal. Subscripts ‘‘0’” and ‘‘h”’ designate the ortho-
rhombic and hexagonal phases, respectively. Enlarged im-
ages of the crystalline reflection regions are indicated on the
upper side. The drawing time in seconds is specified for each
pattern.
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Fig. 4 Stress profile recorded at 155°C with corresponding change
of in-situ WAXD patterns for 50/50 film.
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Fig. 5 3-D plot of WAXD line profiles extracted along the equators
of the series of in-situ WAXD patterns recorded during melt-
drawing of 100/0 film at 155°C.
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Fig. 6 3-D plot of WAXD line profiles extracted along the equators
of the series of in-situ WAXD patterns recorded during melt-
drawing of 50/50 film at 155°C.
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Fig. 7 Comparison of changes in integral intensities of the hex-
agonal (100) reflection peaks estimated from the series of
equatorial line profiles shown in Figs. 5 and 6.
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Fig. 8 Stress profile recorded at 160°C with corresponding change

of in-situ WAXD patterns for metallocene-catalyzed
UHMW-PE film with a narrower MW distribution (MWD).
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Fig. 9 Stress profile recorded at 160°C with corresponding change
of in-situ WAXD patterns for Ziegler-catalyzed UHMW-PE
film with a broader MWD.
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Fig. 10 Changes in integral intensities of the amorphous scattering
(filled circle), hexagonal (100) (filled square) and ortho-
rhombic (110) (filled triangle) reflection peaks evaluated
from the equatorial line profiles extracted from the series of
in-situ WAXD patterns depicted in Figs. 8 and 9. Changes
of the meridional amorphous scattering (open circle) are
also plotted for comparison. The shaded areas indicate the
plateau stress region estimated from the stress profiles in
Figs. 8 and 9: (a) Metallocene-catalyzed UHMW-PE film,
(b) Ziegler-catalyzed UHMW-PE film.
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Fig. 11 Stress profile recorded at 160°C and the higher-speed draw-
ing (48 mm/min) with corresponding change of in-situ
WAXD patterns for metallocene-catalyzed UHMW-PE
film.
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Fig. 2 Changes in integral intensities of the amorphous scattering
(filled circle), hexagonal (100) (filled square) and ortho-
rhombic (110) (filled triangle) reflection peaks evaluated
from the equatorial line profiles extracted from the series of
in-situ WAXD patterns depicted in Fig. 11. Changes of the
meridional amorphous scattering (open circle) are also
plotted for comparison. The shaded area indicates the
plateau stress region estimated from the stress profile in Fig.
11.
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In-Situ Synchrotron X-ray Measurements for
Transient Crystallization during Drawing from
Ultra-High Molecular Weight Polyethylene Melts

Masaki KAKIAGE Research Fellow of the Japan Society for the Promotion of Science
Graduate School of Engineering, Gunma University, Kiryu, Gunma 376-8515,
Japan

Hiroki UEHARA Graduate School of Engineering, Gunma University, Kiryu, Gunma 376-8515,
Japan

Abstract The relationship between entanglement characteristics and transient crystallization during draw-
ing from ultra-high molecular weight polyethylene (UHMW-PE) melts is discussed, based on a combination of
in-situ X-ray measurement and stress profile analysis. Films having different entanglement characteristics
were prepared in order to evaluate the effect of different entangled state. Crystallization into a transient hex-
agonal phase occurred, and then it rapidly transformed into an orthorhombic phase for the film exhibiting
higher plateau stress. In contrast, the film exhibiting lower plateau stress exhibited a gentle transformation
and a resurgence of the hexagonal phase in the later stage of drawing. These results demonstrate that ““entan-
glement phase separation’’ proceeds during melt-drawing of UHMW-PE. Moreover, the effects of MW distri-
bution (MWD) and processing conditions are discussed. The orientation of amorphous chains was a substan-
tial difference in the subsequent crystallization into the hexagonal phase, reflecting the MWD of each sample
film. Rapid crystallization into the hexagonal phase occurred for metallocene-catalyzed UHMW-PE film. In
contrast, gradual crystallization occurred for the Ziegler-catalyzed one, suggesting an ease of chain slippage
during drawing. These results demonstrate that the difference in the MWD due to the polymerization catalyst
system dominates the phase development mechanism during melt-drawing. The effect of the processing con-
ditions, i.e., the strain rate and drawing temperature, is also discussed. The obtained results indicate that the
traditional temperature-strain rate relationship is still effective for transient crystallization into the hexagonal
phase during melt-drawing.
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