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ABSTRACT Single crystal mata of ultrahigh molecular weight polyethylene (UHMW-PE) have been uniaxially 
drawn by three techniques: solid-state coextrusion, tensile drawing, and the combination of the two. The 
drawability and the resultant structure and properties of superdrawn films were found to be sensitive to drawing 
technique. Tensile drawing was markedly influenced by the coherency of the mats and the draw temperature 
and rate. Draw ratios (DR) over 200 at 390 O C  under controlled rates have been achieved for coherent mats. 
Effective draw was not possible for less coherent mats and for all drawn at 660 "C. These conventionally 
drawn films had a single crystal-like texture; those prepared by solid-state extrusion or by two-stage draw 
showed uniaxial orientation. The mats could be effectively drawn even at 50 "C up to a DR of 35. The most 
efficient and highest draw has been achieved by first solid-state coextrusion of mats to a low DR of 6, followed 
by tensile drawing at elevated temperatures. The tensile modulus and strength of such two-stage drawn films 
increase rapidly with DR in the lower DR range of C150 and approach a constant value of 210-220 and 4.0 
GPa, respectively, at higher a DR of 2200-250. With a density of one, these polyethylenes have among the 
highest and perhaps the highest known specific moduli and strengths, respectively. Such superdrawn, ultrahigh 
modulus films of UHMW-PE exhibit extremes of chain extension and orientation. The morphological perfection 
has been assessed by wide- and small-angle X-ray diffraction, density, DSC heat of fusion, etc. The similarities 
and differences in the structure and drawing of single crystal mats versus gels of UHMW-PE are also discussed. 

Introduction 
During the past decade, remarkable progress has been 

made in the development of high modulus and strength 
morphologies by uniaxial drawing of flexible chain poly- 
m e r ~ . ~ - ~  Several techniques for ultradrawing of semi- 
crystalline polymers have been developed, including sol- 
id-state extrusion5-' and tensile Techniques 
have generally been applied to the drawing of melt-crys- 
tallized forms of normal molecular weight (MW) polymers. 
The most extensively studied has been high density 
polyethylene (HDPE). Here it has been established that 
the tensile properties of effectively drawn HDPF increase 
steadily with draw ratio (DR).M The maximum achievable 
DR for melt-crystallized morphologies of higher MW 
HDPE has been limited by a decreasing ductility with 
increasing MW. The tensile strength a t  a given DR is 
enhanced, nonetheless, on increasing sample MW.l0 There 
is thus a continuing effort to achieve the highest possible 
mechanical properties and hence the highest possible DR. 

Pennings et al.'Jl have produced ultrahigh modulus and 
strength polyethylene fibers by flow-indicated crystalli- 
zation from solutions and post-drawing of ultrahigh MW 
polyethylene (UHMW-PE). Smith et  al.12J3 have shown 
that UHMW-PE gels prepared by quenching semidilute 
solutions can be highly drawn, up to a DR of 130, de- 
pending on the initial polymer concentration. These highly 
drawn films exhibited tensile moduli and strength up to 
150 and 3 GPa, re~pective1y.l~ Even the highest modulus 
achieved, however, is still well below the broad range of 
theoretical moduli reported for a perfect polyethylene 
crystal, 220-324 GPa.14-16 

Porter with his  collaborator^^^^^^^^^ have extensively 
studied the effect of extrusion variables including initial 
morphology on solid-state extrusion of HDPE. In an ex- 
tension of these studies, Kanamoto et al.IS found that single 
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crystal mats and powders, grown from dilute solutions, 
could be extrusion drawn up to a DR over that for melt- 
crystallized spherulitic morphologies (DR 45 versus 30 at 
110 "C). The DR achieved by the solid-state extrusion was 
significantly higher than that reported by the tensile draw 
of HDPE morphologies, including single crystal  mat^.'^,^^ 
On the basis of this, we have examined the drawability of 
UHMW-PE single crystal mats,21,22 grown from dilute 
solutions. It was found that mats could be drawn up to 
a DR 250, by utilizing two-stage drawing, i.e., solid-state 
c o e x t r u ~ i o n ~ ~  followed by tensile drawing at controlled 
temperatures and rates. Such superdrawn films exhibit 
ambient tensile moduli of S222 GPa,21 approaching the 
lowest reported theoretical modulus for polyethylene 
crystals.14-16 Subsequently, Miyasaka et al.25 and Matsuo 
et al.l6P reported similarly high DR and moduli on drawing 
UHMW-PE single crystal mats and gels, respectively, both 
prepared from dilute solutions. A continuing study for the 
improvement of drawing conditions has resulted in su- 
perdrawn films of UHMW-PE, of DR 350 and over, with 
the corresponding tensile moduli and strength up to 220 
and 6.5 GPa, respectively, for the highest molecular 
weight.27 It has been also shown that superdrawn films 
of UHMW-polypropylene, exhibiting tensile moduli (S33 
GPa) and approaching the crystal lattice modulus (34-42 
GPa14), could be prepared by drawing solution-grown 
crystal (SGC) mats.24 The objective of this paper is to 
report the significant effects of drawing technique on the 
uniaxial drawing of UHMW-PE SGC mats and discuss the 
resultant tensile properties and limiting morphology of 
superdrawn films. The remarkable effect of polyethylene 
MW on the drawing behavior and tensile properties and 
on changes in morphology and physical properties are to 
be reported in companion papers. 

Experimental Section 
Samples. The UHMW-PE used was Mitsui Hizex Million 240 

M having a viscosity average molecular weight (M,) of 1.6 X lo6, 
unless otherwise noted. In a few experiments, Hercules Hifax 
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1900 with an M ,  of 2.1 X lo6 was used. Solution-grown crystals 
(SGC) of UHMW-PE were isothermally precipitated from dilute 
solutions (0.05 and 0.2 wt %) in xylene kept at 85 "C. Several 
precautions were taken for solution crystallization. The polymer 
solutions were stabilized with 0.1 wt % (based on the solvent) 
of an antioxidant, 2,6-di-tert-butyl-p-cresol. A mixture of the 
requisite amount of UHMW-PE and antioxidant plus 350 mL 
of xylene in a 500-mL conical flask was heated with slow stirring 
under an N2 gas flow, up to the boiling point and held there for 
15 min. The solution was then quenched in tap water to assess 
the complete dissolution of the polymer. The gel-like suspension, 
thus obtained, was again heated, without stirring, under an Nz 
gas flow and kept at 135 "C for 15 min to obtain a homogeneous 
solution. The flask containing the hot solution was transferred 
to a silicone oil bath at 85 "C and kept over 20 h to consolidate 
crystallization. Sedimented mats of SGC were obtained by slowly 
filtering the crystal suspension at room temperature followed by 
drying in vacuo at 50 "C. 

Drawing. Three techniques have been utilized for drawing 
SGC mats: i.e., solid-state coextrusion,23 conventional tensile 
drawing, and two-stage drawing (their sequential combination). 
For solid-state coextrusion, one or more mats (9 X 0.3 X 70 mm) 
were placed between two longitudinally split billet halves of HDPE 
and the assembly coextruded at constant temperatures of 20-135 
"C through conical brass dies having nominal extrusion draw ratios 
(EDR) of 3-25. Coextrusion was conducted at constant pressures 
of 20-230 MPa. The drawability of the mats were limited by the 
lower deformability of the substrate HDPE. Coextrusion was thus 
repeated two or three times to achieve the desired EDR. The 
total EDR after coextrusion was determined from the separation 
of ink marks preimprinted on the surface of a mat or extrudate. 

For straight tensile drawing, a mat with 2 mm wide and 0.3 
mm thick was drawn in an air oven equipped with a Tensilon 
tensile tester UTM-100 at constant extension cross-head speeds 
(CHS) of 1-100 mm/min and at constant temperatures over 
60-130 O C .  For two-stage drawing, SGC mats were first drawn 
by solid-state coextrusion up to an EDR of 6-25 at 110 "C, and 
these extrudates were further drawn at a constant CHS and at 
20-130 "C. The total draw ratio (DR,) was defined by EDR X 
DR. 

Measurements. The tensile modulus and strength on the fiber 
axis for drawn films were measured at room temperature and at 
strain rates of 1 x IOF3 and 1 x s-l, respectively. The modulus 
was determined from the tangent to the stress-strain curve at 
a low strain (<O. l%) .  The cross-sectional area of a sample 
( 10-1-10-3 mm2) was calculated from the sample weight, length, 
and measured density. Density was measured at 30 "C in a density 
gradient column consisting of the mixtures of methylcarbitol and 
butylcellosolve. 

Wide- (WAXD) and small-angle X-ray scattering (SAXS) 
patterns were recorded on a flat plate camera and a JEOL 
small-angle vacuum camera, respectively. Ni-filtered Cu Ka 
radiation was used. 

The molecular weight and distribution, before and after su- 
perdrawing of SGC mats, were measured with a Waters Associates, 
Inc, GPC Model 150C at 140 "C using o-dichlorobenzene solvent 
containing 0.1 % of antioxidant. Molecular weight calibration was 
made with narrow distribution polystyrene standards. The GPC 
flow rate was -0.5 mL/min. The polymer concentration was 
0.02%. 
Results and Discussion 

Drawing of SGC Mats and Gels. The SGC mats of 
UHMW-PE formed from a 0.05 wt % solution in xylene 
were usually translucent and uniform. However, the mats 
from more concentrated solution, 0.2 wt %, were less 
uniform and often opaque, suggesting a poor coherency of 
crystal lamellae in the mats. Independent of appearance, 
the WAXD and SAXS patterns showed lamellae of - 140 
A thickness that were well oriented with the fold surface 
parallel to the mat surface and with the molecular chains 
perpendicular to the surface. The mat density was 
0.971-0.974 g/cm3, corresponding to a crystallinity of 83-84 
wt %. These features of UHMW-PE SGC mats are similar 
to the well-known single crystal mats of HDPE.2s How- 
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Figure 1. Nominal stress versus strain curves for tensile drawing 
of UHMW-PE SGC mats at a constant CHS of 1 cm/min and 
at 60-130 O C .  The draw stress for a melt-crystallized (MGC) at 
130 O C  is also included. 

ever, the mats of UHMW-PE were ductile under some 
conditions, as opposed to those of HDPE which are usually 
brittle. 

The similarities and differences between single crystal 
aggregates and gels of UHMW-PE should first be sum- 
marized. The gel is usually prepared by quenching sem- 
idilute solutions (31  wt %) giving a macroscopically co- 
herent structure due to the formation of crystalline junc- 
tions and chain entanglements, depending on the con- 
centration of solution from which gel is generated. This 
coherence of gels is a major difference in the structure from 
single crystals precipitated from dilute solutions, where 
each crystal is isolated in the crystal suspension. 

Smith et  al.13 reported that the orientation of lamellar 
crystals in a dried gel depends on the method of solvent 
removal. When the solvent was extracted from a gel by 
a low boiling solvent and subsequently dried, a highly 
porous and opaque material is obtained, in which lamellae 
are oriented randomly. However, when a gel is dried slowly 
at  ambient conditions, a coherent gel film is obtained, in 
which lamellae are well oriented as commonly observed 
in polyethylene SGC mats. Importantly, they found no 
difference in the tensile drawing behavior between dried 
gels prepared by either of the two methods. Thus the 
importance of the chain entanglement density is empha- 
sized, which depends on the initial polymer concentra- 
tion.12 Such differences in gel structure cause significant 
differences in drawing between gels and single crystal 
aggregates, as discussed below. Although both the SGC 
mats and the dried gels consist of well-developed lamellar 
crystals,12126 further differences in the structure are likely. 
The former crystals are slightly thicker (140 versus 110 A) 
and thermally more stable and may have a more perfect 
structure than the latter reflecting their higher tempera- 
ture and the lower solution concentration for crystallization 
from solution. 

Tensile Drawing of SGC Mats. Tensile drawing of 
SGC mats is significantly affected by the sample prepa- 
ration, which includes the coherency of lamellae in the 
mats. Mats formed from 0.05 wt % solution exhibited a 
good reproducibility in drawing, whereas those from 0.2 
wt % solutions showed poor reproducibility, likely due to 
the less coherent lamellar packing. Thus tensile drawing 
was performed only on the mats formed from 0.05 wt % 
solutions. 

Figure 1 shows nominal stress versus strain curves for 
tensile drawing of UHMW-PE SGC mats recorded at  
constant temperatures over the 60-130 "C range. Mats 
of l-mm gauge length were drawn at a CHS of 10 mm/min. 
At temperatures 660 "C the draw was found to be unstable 
with no effective draw possible for tensile drawing of the 
mats. However, a t  390 "C, mats showed excellent draw- 
ability. The draw stress initially increased rapidly, fol- 
lowed by a sharp drop after yielding with a sharp neck 
formation, and then stayed at  an almost constant value, 
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Figure 2. Maximum achievable DR as a function of CHS for 
tensile drawing of UHMW-PE SGC mats at 9C-130 "C. The initial 
sample length was 1 mm. 

depending on the drawing temperature and rate. The 
stress decreased with increasing the drawing temperature 
or decreasing the drawing rate. The strain hardening 
phenomenon, usually observed for drawing melt-crystal- 
lized polymers, was absent in both the tensile drawing of 
SGC mats and in the post drawing of the extruded SGC 
mats, as detailed later. Furthermore, the draw stress was 
remarkably low, compared to that for draw of a melt- 
crystallized UHMW-PE. These features are related to the 
characteristic morphology of solution-grown crystals pre- 
cipitated from dilute solution. They also explain the 
dramatic improvement in deformability of UHMW-PE. 

The drawability of mats by tensile force was studied as 
a function of drawing rate a t  constant temperatures of 
90-130 "C, as shown in Figure 2. The maximum 
achievable DR at  90-110 "C increased steadily with de- 
creasing draw rate. This tendency is greatest at a lower 
temperature of 90 OC. On lowering draw temperature, the 
draw stress increases, as shown in Figure 1. Thus, a slower 
deformation, which produces lower draw stress, allows a 
higher DR to be achieved (Figure 2). At 130 OC, the 
drawability with draw rate is complex. The DR increase 
with increasing draw rate from 150 at a CHS of 1 mm/min 
to a maximum of 240 at  40 mm/min. I t  then decreased 
with increasing test rate. This behavior indicates that two 
opposing factors may control the drawability of mats. As 
the draw temperature was increased, chain mobility is 
increased promoting deformability, and structural reorg- 
anization due to annealing becomes significant. I t  was 
noted that when a SGC mat was heated up to 130 "C in 
an air, the mat became transparent and wrinkled due to 
the partial melting of the thin crystals. The DSC ther- 
mogram of the mat also showed an onset of melting below 
130 OC. Thus, on heating the mat to draw temperature, 
a structural reorganization occurs, resulting in a reduction 
in drawability. This reorganization was most extensive at 
135 OC, and it was difficult to draw the mat over a DR off 
100. Furthermore, the annealing during deformation is 
also important, as suggested by the marked effect of draw 
rates on the maximum attainable DR. This may be par- 
tially suppressed by increasing the drawing rate. However, 
when the rate is increased, the draw stress increases up 
to the tensile strength of the sample, resulting in fracture. 
The maximum DR achieved by tensile drawing alone of 
the coherent mats was -240. 

Figure 3 shows the tensile modulus as a function of DR 
for tensile drawn mats of UHMW-PE SGC. Irrespective 
of the draw temperature, 90-130 O C ,  and rate, the moduli 
fall on a single curve within experimental error. The 
modulus increases rapidly with DR at the lower DR range 
(<EO) and then more slowly at higher DR. The maximum 
modulus achieved by tensile drawing of mats was 160 GPa 
at  DR 240. I t  has been reported that the modulus at a 
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Figure 3. Tensile modulus versus DR for tensile drawing of 
UHMW-PE SGC mats. 
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Figure 4. Maximum achievable EDR versus temperature for 
solid-state coextrusion of UHMW-PE SGC mats. 

given DR for HDPE extrudates is higher for extrusion at 
lower temperatures,lY6 indicating a higher draw efficiency 
at  lower temperatures. However, the efficiency of draw 
for UHMW-PE SGC mats was found not to be affected 
by the temperature as well as the rate, at least below 130 
"C. This difference between HDPE and UHMW-PE may 
be related to the markedly longer relaxation time for the 
latter which may significantly suppress the relaxation of 
molecular orientation achieved during deformation. 

Solid-state Coextrusion. Figure 4 shows the maxi- 
mum EDR achieved for UHMW-PE SGC mats by solid- 
state coextrusion at several temperatures. This EDR in- 
creased from 35 at 50 OC to -200 at 130 "C. The mat 
initially coextruded to an EDR 6 was followed by suc- 
cessive coextrusions to reach the maximum. For coex- 
trusion at 130 OC, the solution-grown crystals were unst- 
able. The mats were thus initially coextruded at  110 "C, 
followed by coextrusion at  130 "C. The total EDR 
achieved did not vary systematically with the EDR used 
for the second- or third-stage coextrusions. 

The pressure of 50-240 MPa applied for extrusion sig- 
nificantly suppressed chain mobility and hence the de- 
formability a t  a given t e m p e r a t ~ r e . ~ ~  This should be 
considered on comparing drawability by solid-state coex- 
trusion and by tensile drawing (Figures 2 and 4). A re- 
markable difference in drawing behavior between the two 
techniques was found at low temperatures. As stated, the 
tensile drawing of mats at G60 "C was unstable. In con- 
trast, solid-state coextrusion allowed effective draw at 50 
"C up to an EDR 35, as shown in Figure 4. Furthermore, 
the mats could be effectively drawn, even at room tem- 
perature, up to 27-45 by solid-state coext ru~ion~~ and by 
two-stage drawing.21 These facts indicate that the co- 
herency of crystalline lamellae is an important influence 
on the drawability, as well as the efficiency of draw, as has 
also been observed on the solid-state extrusion of HDPE 
single crystalsls and on the ultradrawing of UHMW-PE 
reactor powder.31 It  is thus concluded that the coherent 
mats exhibit an excellent drawability for both tensile 
drawing and solid-state coextrusion. However, the effi- 
ciency of draw is higher for coextrusion than for tensile 
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Figure 5. Tensile modulus versus EDR for solid-state coextrusion. 
51 1 

Figure 6. Stress versus strain curves for the ambient tensile 
testing of solid-state coextruded fiis. The initial strain rate w a ~  
1 X s-l. Note the markedly large strain at break for an EDR 
6 extrudate. 

drawing if the coherency of mats is poor or on draw at  
lower temperatures. 

Figure 5 shows tensile moduli as a function of EDR for 
solid-state coextrusion of SGC mats performed at  90-130 
"C. The modulus increases rapidly with EDR up to 
105-120 GPa a t  an EDR 100. At  an EDR 2 110, the 
modulus change is complex; it increases slightly with EDR 
for extrusion at  110 "C but decreases for extrusion at  130 
"C. This could be partly due to the annealing at  the high 
temperature, which depends on the extrusion pressure (and 
hence the die EDR) and also the time required to achieve 
the temperature equilibrium (-10 min) before the pres- 
sure is applied for extrusion draw. The other factor that 
may affect the tensile properties is the formation of flaws 
in superdrawn samples revealed by an optical microscopy. 
The flaws were not observed at  low EDR but appeared 
most remarkably on superdrawn films, probably due to the 
complex deformation flow fields.32 

Two-Stage Drawing. An unusual stress-strain be- 
havior was found during the measurements of the tensile 
properties of solid-state coextruded SGC mats. Figure 6 
shows the stress-strain curves for samples of 6-108 EDR, 
measured a t  room temperature. The strain a t  break in- 
creased slightly with decreasing EDR in the EDR range 
of 108-37. However, it  increased abruptly from 4.3% at  
an EDR 37 to 610% a t E D R  6. Thus, SGC mats were 
initially coextruded to low EDRs of 6, 12, and 25 and 
subsequently drawn by tensile force at elevated tempera- 
tures to examine the effect of initial EDR on the second- 
stage tensile drawability. As the mats formed from 0.2 wt 
% solutions also exhibited an excellent drawability like 
those from 0.05 wt % solutions, the former mats were used 
for two-stage drawing. 

Figures 7 and 8 show the nominal draw stress versus 
strain recorded a t  a constant CHS of 10 mm/min and 
temperatures from 60 to 130 "C for extrudates of an initial 
EDR 6 and 25, respectively. At constant CHS, the strain 
rate decreased gradually as the samples were elongated. 
Thus, the initial sample lengths were adjusted so as to give 
the same elongation rate for the extrudates having dif- 
ferent initial EDR, as each sample passed through any DF&. 
Thus, the initial sample lengths were 5,10, and 20 mm for 

Fwre 7. Nominal stress versus strain c w e s  for the second-stage 
tensile drawing of an EDR 6 extrudate at 60-130 "C. 
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Figure 8. Nominal stress versus strain for the second-stage tensile 
drawing-of an EDR 25 extrudate recorded at 60-130 "C. 

I N I T I A L  EDR 

Figure 9. Maximum achievable DR, as a function of initial EDR 
for the second-stage tensile drawing of SGC mats observed at a 
constant CHS of 1 cm/min and at 60-130 "C. The initial sample 
length for different EDR extrudates was adjusted to give the same 
extension rate when each sample passed through a given D%. 

extrudates of EDR 6, 12, and 25 respectively. Each ex- 
trudate exhibited a yield point in the stress-strain curves. 
However, apparently uniform deformation occurred, in 
contrast to the obvious neck deformation on tensile 
drawing of SGC mats. After yielding, the nominal draw 
stress stayed almost constant and showed no strain hard- 
ening, as was observed on tensile drawing of mats (Figures 
1, 7, and 8). 

Figure 9 shows the maximum achieved DR, initial EDR 
for draw at  temperatures from 60 to 130 "C under con- 
ditions described above. The data for EDR = 1 (original 
SGC mat) were taken from Figure 2, where the mats were 
formed from 0.05 wt % solutions. Drawability increased 
markedly between 60 and 90 "C, due to the crystal sof- 
tening associated with the a-dispersion of SGC mats.32 At 
temperatures between 90 and 130 "C, each extrudate ex- 
hibited a high drawability, slightly dependent on the 
combination of drawing temperature and rate. In general, 
however, extrudate with an initial EDR of 6 was most 
deformable and over a wide range of drawing temperatures 
and rates. 

Figure 10 shows the effect of extrusion temperature to 
an EDR of 6 on the maximum DR, achieved in the sec- 
ond-stage tensile drawing. The SGC mats formed from 
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Figure 10. Effect of extrusion temperature on the subsequent 
tensile drawability at 125 "C for EDR 6 extrudates. 

Figure 11. WAXD (top) and SAXS (bottom) patterns of EDR 
6 (A), 12 (B), and 25 (C) extrudates. 

UHMW-PE with an Mv of 2.1 X lo6 was used. The ex- 
trudates were 5-mm gauge length were drawn at  125 "C 
and a constant CHS of 10 mm/min. The averaged max- 
imum DR was -62 (DR, of 6 X 62 = 372) and not affected 
by the first-stage extrusion temperatures d 110 "C. 
Further, a DRt > 300 was always achieved even with 
scatter of data. For extrusion at  2130 "C, the drawability 
dropped precipitously, likely due to annealing. 

The marked improvement in drawability for UHMW- 
PE SGC mats by solid-state coextrusion at low EDR, 6-25, 
is ascribed to the enhancement of the coherency of crys- 
talline lamellae or fibrils, as cited above. The reason why 
an EDR 6 extrudate exhibits a higher drawability over 
those with EDR 2 12 is not clear. The true draw stress 
increased with DR and approached constant values de- 
pending on the draw temperatures. This value is calcu- 
lated by dividing the nominal stress in Figures 7 and 8 by 
the cross-sectional area of the deforming sample. No 
systematic effect of initial EDR on the stress was detected 
within draw temperature variations (-3 "C). Figure 11 
shows WAXD and SAXS patterns of EDR 6,12, and 25 
extrudates. The WAXD patterns show that the crystalline 
chains are well oriented along the fiber axis for EDR b 12 
yet are remarkably poorer for an EDR of 6. The SAXS 
patterns also show a less perfect fibrillar structure for an 
EDR 6 sample compared to the fibrillar morphology for 
the higher EDR samples (EDR b 12). Scanning electron 
micrographs also revealed morphological features con- 
sistent with X-ray diffracti'on patterns. These facts show 
that at EDR 6, most of the initial lamellae are inclined and 
partially broken into smaller crystal blocks of less perfect 
orientation and fibrillar structure than for fibrils of EDR 
2 12. As discussed by Peterlin,lJ macroscopic deformation 
proceeds through interfibrillar slippage that unravel the 
successive chain folds of the crystal blocks within micro- 
fibrils. It is noted that a higher pressure was applied for 
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Figure 12. Tensile modulus versus DR, for doubly drawn films 
prepared from an initial EDR of 6,12, and 25. The moduli for 
tensile drawn mats are also shown by the dotted line. 
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Figure 13. Tensile strength versus DR, for doubly drawn films. 

extrusion at  higher EDR, consistent with higher interfi- 
brillar coherency and adhesion for higher EDR extrudates. 
Thus, one possible explanation of the effect of initial EDR 
on the final-stage tensile drawability may be that an in- 
termediate adhesion between fibrils allows an effective and 
smooth draw which proceeds by the interfibrillar sliding. 
A more detailed mechanism is not yet clear. However, a 
similar effect of initial EDR on the second-stage tensile 
drawability has been observed for drawing SGC mats of 
other polymers including p~ lypropy lene~~  and poly- 
(ethylene terephthalate) .34 

Figure 12 shows tensile modulus as a function of DR, 
for doubly drawn films prepared from an initial EDR of 
6,12, and 25. The data for tensile drawing of the mats are 
also shown by the dotted line for comparison. Independent 
of the initial EDR and draw temperatures (d130 "C), the 
moduli for two-stage draw fall on a single curve. The 
modulus increased rapidly with DR, below a value of 150 
and approached a constant of 210-220 GPa at a DR, b 250. 
This maximum is close to the lowest theoretical modulus 
reported for a perfect polyethylene crystal (220-324 
GPal4-l6). The efficiency of draw, as evaluated by tensile 
modulus, is remarkably higher for two-stage drawing than 
for tensile drawing of SGC mats. Miyasaka et al.25 also 
have studied tensile drawing of SGC mats of UHMW-PE. 
Although they compressed the mats before drawing to 
improve the coherency, they observed a similar relation 
between dynamic modulus and DR as here. As discussed 
above, the lower modulus for tensile drawing is likely 
ascribable to the poorer coherency of the initial lamellae 
in the mats and also of the resultant fibrils formed by the 
destruction of the lamellae. The poor coherency may re- 
duce the efficiency of molecular deformation. Figure 13 
shows the tensile strength (force at  break) as a function 
of DR, for the two-stage process. The strength is sensitive 
to the method of measurement. In the initial report,21 the 
superdrawn films always fractured at the edge of the cramp 
and at  a low strain (d l%) ,  resulting in the apparently 
lower tensile strength of 0.9-2.0 GPa. In this work, the 
sample ends were sandwiched with ample epoxy resin 
between two brass plates. During extension in the tensile 
tester, the samples ruptured randomly. The highly drawn 
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Table I 
Molecular Weights Evaluated by GPC and by Solution 

Viscosity for a SGC Mat of UHME-PE and for the 
Resultant Superdrawn Filmu 

viscosity GPC 
[?I 1 0 4 ~ ~  1 0 4 ~ ~  1 0 4 ~ ~  1 0 4 ~ ~  

SGC mat 15.3 188 18 140 410 
drawnfilm (DR, = 250) 15.3 188 20 150 430 

"The GPC calibration with standard polystyrene is the likely 
origin of M, > M,. 

films exhibited extensive fibrillation on tensile fracture. 
The tensile strength, like modulus, increased rapidly at  

the lower DR, and approached a constant value of 4.0 GPa 
at DR, > 200. Films drawn to DR, > -300 often exhibited 
a lower strength, due to the formation of flaws revealed 
by the band structures in optical microscopy. The sample 
density also decreased at  such high DR,, as discussed later. 
The theoretical maximum tensile strength of polyethylene 
has been estimated to be 3.6' and 19 GPa,35 by assuming 
the chain slippage and the chain rupture, respectively, for 
the mechanism of tensile fracture. Pennings et al.% found 
that the tensile strength of fully drawn polyethylene fibers 
increases with decreasing the fiber diameter. They esti- 
mate, based on a Griffice-type of relationship between the 
fiber diameter and the strength, that the theoretical 
maximum tensile strength is 26 GPa. The maximum 
strength of our films was 4.0 GPa, significantly lower than 
theory. The ultimate strength has been predicted to de- 
pend on the sample MW.27937 With sample MW a factor 
in determining the tensile properties, the extent of chain 
degradation during superdrawing of UHMW-PE SGC 
mats has been examined. Tests were made by solution 
viscosity and GPC. Table I shows this characterization 
of SGC mats and superdrawn films of DR, 250. Within 
a fairly large experimental error, the GPC and intrinsic 
viscosity data show that no significant chain rupture oc- 
curred during superdrawing of SGC mats. It has been 
reported3* that a significant chain rupture occurred on 
tensile drawing of melt-crystallized semicrystalline poly- 
mers, depending on the drawing conditions. The f a d  that 
no significant chain rupture occurs for superdrawing of 
UHMW-PE SGC mats is primarily ascribed to the lower 
draw stress and the absence of the strain hardening during 
draw (Figures 1,7, and 8). Such deformation behavior is 
related to the specific morphology of the crystals iso- 
thermally precipitated from dilute solutions, i.e., the small 
number of entanglements and the well-developed lamellar 
crystals. 

Effect of Drawing Technique. A significant influence 
of the technique for drawing SGC mats of UHMW-PE has 
been observed. The drawability, the efficiency of draw, 
as evaluated by tensile modulus versus DR, and hence the 
maximum achievable tensile properties. Among the 
techniques used, two-stage drawing, i.e., solid-state coex- 
trusion of a mat to a low EDR of -6 followed by tensile 
drawing at  elevated temperatures, gave the most efficient 
and high draw, and hence the highest tensile properties, 
as cited above. Another remarkable effect of the drawing 
technique is found in the mode of unit cell orientation. 
Figure 14 shows sets of WAXD and SAXS patterns ob- 
tained with the incident beam parallel (left; A, C, and E) 
and perpendicular (right; B, D, and F) to the wide surface 
of the initial mat (A and B) for a DR 25 film tensile drawn 
(C and D) and an EDR 25 sample prepared by solid-state 
coextrusion both at  120 "C (E and F). The DR 25 corre- 
sponds to the natural draw for a SGC mat, where the neck 
propagated throughout the mat. The WAXD patterns of 

Figure 14. WAXD (left) and SAXS (right) patterns of an as 
formed mat (A and B), a DR 25 film prepared by tensile drawing 
of a mat at 120 "C (C and D), and an EDR 25 film drawn by 
solid-state coextrusion at 120 "C (E and F). The patterns were 
recorded with the incident beam parallel (left row) and perpen- 
dicular (right row) to the wide surface of the films. 

all drawn samples show a weak reflection from the 
monoclinic cell, just inside the strong (110) orthorhombic 
reflections. The crystalline chain orientation at  low DR 
was generally higher for solid-state coextrusion (parts E 
and F of Figure 14) than for tensile drawing (parts C and 
D of Figure 14). Further, when the incident beam was 
directed parallel to the surface of a tensile drawn film 
(Figure 14C), the (200) reflection became stronger than the 
(110) reflection and the (020) almost merged into the 
background. In contrast, when the beam was oriented 
perpendicular to the film surface (Figure 14D), the (110) 
reflection was strongest and the (020) became markedly 
stronger. These features indicate that the unit-cell a axis 
preferentially orients perpendicular to the film surface and 
the b axis parallel to the film surface, with both axes 
perpendicular to the fiber axis. The SAXS patterns of the 
tensile drawn film also revealed an anisotropic structure. 
The pattern obtained with the X-ray parallel to the film 
surface (Figure 14C) shows a meridional long period 
scattering much elongated perpendicular to the fiber axis 
compared to that for the beam perpendicular to the surface 
(Figure 14D). These SAXS features show that the lateral 
dimension of the microfibrils is significantly smaller in the 
film thickness (unit cell a axis) than through the film width 
( b  axis) in tensile drawn films. In contrast, the WAXD 
and SAXS patterns of so€id-state extrudate show a typical 
uniaxial fiber symmetry, independent of the incident X-ray 
beam direction (Figure 5 and parts E and F of Figure 14). 

During tensile drawing of a mat, the thickness reduced 
markedly and the width only slightly, whereas on solid- 
state coextrusion each of the dimensions decreased by the 
same extent. This difference in macroscopic deformation 
likely explains the resultant difference in the unit-cell 
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Figure 15. Density as a function of DR, for doubly drawn films 
prepared from SGC mats of UHMW-PE. 

orientation and the shape of microfibrils within the drawn 
samples. The selective reduction in the thickness on 
tensile drawing of the SGC mat indicates that crystal 
slippage proceeds preferentially within the plane parallel 
to the mat surface. During tensile deformation, the la- 
mellae, initially oriented nearly parallel to the mat surface, 
are rotated and inclined to the draw direction. When the 
(200) plane comes to the highest shear position (-45" to 
the draw axis), neck deformation occurs through the crystal 
slippage in the (200) plane along the chain axis. Such a 
mechanism for tensile deformation explains well the for- 
mation of the single crystal-like texture as well as the 
lateral shape of microfibrils within the sample. For sol- 
id-state coextrusion no anisotropy in the cross-section is 
introduced. A similar effect has been observed on drawing 
melt-crystallized films of nylon 6.40 

Morphology of Superdrawn Films. Figure 15 shows 
sample density as a function of DR, for doubly drawn f h .  
The density initially increased rapidly with DR, and then 
approached a constant value of 0.988-0.990 g/cm3 in the 
DR, range of 150-270. At  a DR, of 300, the density 
dropped, indicating extensive void formation. Densities 
reported here by the floatation in a liquid correspond to 
a minimum value, as the strong equatorial SAXS shows 
that the highly drawn films are highly fibrillated. A simple 
crystalamorphous two-phase model may not be applicable 
to these ultraoriented, highly crystalline samples. Nev- 
ertheless, the crystallinity computed from such a model 
provides a measure for the morphological perfection of high 
modulus polyethylenes. Assuming the normal densities 
for amorphous (pa = 0.854 g/cm3) and crystal (p, = 1.00 
g/cm3), the crystallinity increased from 83 wt % for the 
initial mat to -94 w t  % at a DR, of 250. However, Adams 
et al.39 found that the pa of HDPE increases on solid-state 
extrusion up to 0.889 g/cm3 at  an EDR of 36. With use 
of this amorphous density and the corresponding drawn 
crystal density of pc = 0.995 g/cm3, the crystallinity of the 
superdrawn film (DR, 250) is -96 w t  %. Despite ambi- 
guities, it may be noted that the heats of fusion measured 
by DSC are 64-67 cal/g, corresponding to 93-97 wt % 
crystallinity, in agreement with the estimates from density. 
The birefringence of the superdrawn film, observed under 
an optical microscope, survived up to -180 "C, indicating 
a chain orientation still remaining above the DSC melting 
point of 146 "C (3 "C/min). This suggests that the crys- 
tallinity from the heat of fusion is a minimum. 

Figure 16 shows WAXD and SAXS patterns of a su- 
perdrawn film of DR, 250. The WAXD pattern was re- 
corded with a Single film. Independent of both initial EDR 
and orientation of the incident beam, highly drawn films 
prepared by two-stage drawing show an uniaxial and ex- 
tremely high chain orientation as revealed by the circular 
spots. This indicates that the characteristic orientation 
of the a and b axes observed for tensile drawn films is 
primarily determined when the initial lamellae transform 

Figure 16. WAXD (left) and SAXS (right) patterns of a su- 
perdrawn UHMW-PE film with DR, 250. 

Table I1 
Structural Parameters of Superdrawn Ultrahigh 

Molecular Weight Polyethylene 
perfect 

DR = 250 crystal 
Pcalcd (g/cm3) 0.995 1.00 

x w  (%I" 94-96 100 

x w  (%I0 93-97 100 

P o w  (g/cm3) 0.986-0.990 

Hf (cal/g) 64-67 69 

~ 2 0 0  (A) 190-260 
Dl10 (A) 280-400 

SAXS no long period 
expansion coeff, 1 0 ~ 0 ~ ~  (l/"C) 

Do01 (A) 710G-1490' " 

-60 to -30 "C -1.16 - 1 . w  
30-60 "C -1.46 -1.31b 

-1 1 
fc I 

" Minimum estimate for the crystallinity. Kobayashi, Y.; Kel- 
ler, A. Polymer 1960, 11, 114. Davis, G. T. Eby, R. K.; Colson, J. 
P. J. Appl. Phys. 1970,41,4316. "G and C: Gaussian and Cauchy 
value, respectively. 

to the fibrillar structure. Further deformation by tensile 
forces has no major effect on unit cell orientation. The 
WAXD pattern in Figure 16 shows a weak reflection from 
the monoclinic modification inside the orthorhombic (110) 
reflection. The appearance of the monoclinic cell was also 
confirmed by the pattern recorded with Cu Ka radiation 
monochromatized by a graphite monochrometer. The 
presence of such a metastable phase in superdrawn films, 
prepared even at  130 "C, suggests the existence of the local 
constraints in the samples. 

The SAXS pattern in Figure 16 shows a very strong 
scattering on the equator and a less strong scattering 
around the direct beam. However, the long period scat- 
tering ascribed to the folded-chain crystals has disap- 
peared. The intensity of this scattering generally decreases 
with increasing DR,39941 due to (1) the increase in the 
amorphous density, (2) the decrease in the crystal density, 
and (3) amount of chain folds. The quantitative evaluation 
of the changes in SAXS intensity has been reported by 
Adams et for HDPE extrudates from EDR d 36. The 
extremely high chain orientation and the disappearance 
of the long period scattering, revealed by X-ray, indicate 
that most of the chain folds have been unravelled with the 
chains extended and oriented along the fiber axis after 
superdraw. Some additional structural parameters are also 
summarized in Table 11. 

Conclusions 
Sedimented mats of UHMW-PE single crystals, grown 

from dilute solutions in xylene, have been uniaxially drawn 
by the three techniques of solid-state coextrusion, con- 
ventional tensile drawing, and the sequential combination 

I 
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of the two (two-stage drawing). The mats exhibited a high 
extensibility and could be drawn to over a DR of 200 by 
these techniques under controlled conditions. However, 
the drawing behavior and the resultant structure and 
tensile properties are markedly affected by the technique. 
The coherency of the initial mats also had a major effect 
on the drawability and efficiency of tensile draw, whereas 
no such effects were present in solid-state coextrusion and 
for two-stage draw. Two-stage draw, i.e., solid-state 
coextrusion to a low EDR of -6 followed by tensile 
drawing at elevated temperatures, gave the most efficient 
and high draw. The tensile modulus and strength of such 
doubly drawn films increase rapidly with DR in the low 
range (DR, C 150) and approach a constant value of 
210-220 and 4.0 GPa, respectively, a t  high a DRt of 
2200-250, for a polyethylene MW of 1.6 X lo6. Tensile 
drawing produces a single crystal-like texture, whereas the 
other two techniques produce a typical uniaxial orienta- 
tion. WAXD, SAXS, density, heat of fusion, and linear 
expansivity reveal the extremely high chain extension, 
orientation and morphological perfection of the super- 
drawn, ultrahigh modulus and strength films of UHMW- 
PE prepared from SGC-mats. 
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