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Evolution of morphology in high molecular 
weight polyethylene during die drawing 
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Deformed high molecular weight polyethylene (HMWPE) rod, formed by die drawing at 
1 1 5 ~ was cleaved longitudinally at liquid nitrogen temperature and the cleaved surface was 
etched by the permanganic etching technique. A series of etched surfaces of HMWPE 
sections of variable draw ratio (1-13) was analysed by scanning electron microscopy (SEM). 
The evolution of crystalline structure in HMWPE during die drawing was observed directly. 
In undrawn HMWPE, the spherulites were made up of sheaf-like lamellae and scattered 
within an amorphous phase. During die drawing, first, microscopically inhomogeneous 
deformation occurred and the spherulites aligned along the drawing direction; then at a draw 
ratio of about 7, local melting occurred, the spherulites disintegrated and the sheaf-like 
lamellae oriented, followed by strain-induced recrystallization and the growth of the lamellae; 
finally, at a draw ratio of about 1 2, plastic deformation of the lamellae occurred and 
microfibrils were formed by drawing the lamellae. 

1. Introduction 
SemicrystaUine polymers can be processed below their 
melting points and oriented preferentially, thus im- 
proving their strength and moduli in the orientation 
direction drastically [1-3]. Although this character- 
istic response of semicrystalline polymers is well 
known, and indeed is often exploited in solid-phase 
polymeric processing such as tensile drawing [4, 5], 
solid-state extrusion [6], and die drawing I-7-9], it is 
not yet well understood. The strain-hardening re- 
sponse of semicrystalline polymers is usually accom- 
panied by the transformation of initially isotropic 
melt-crystallized semicrystalline polymers into a fib- 
rous structure [10, 11]. It is generally recognized that 
isotropic semicrystalline polymers become fibrous 
when they are drawn to yielding, but the process of the 
transformation during drawing is still not very clear. 
In the most commonly quoted model suggested by 
Peterlin [12-14], the process has been described on 
the basis of rotation of the lamellae, phase-trans- 
formation twinning, chain-tilting, slip and final dis- 
integration of the lamellae into small chain-folded 
blocks built into a "shish-kebab" structure of micro- 
fibrils. This model implies that the long period in the 
fibrous structure should be close to that in the un- 
drawn materials. However, the fact is that for drawn 
polyethylene the long period is dependent on draw 
temperature [15, 16] and, in some cases, the small- 
angle X-ray scattering long-period peak intensity 
decreases and even disappears, and this can be inter- 
preted in several ways [17, 18]. Hendra et al. sug- 
gested there was some sort of local melting and 
recrystallization to enrich Peterlin's model [19]. How- 

ever, these hypotheses have not been verified directly, 
the process of the transformation from spherulite to 
microfibril has not been observed directly for bulk 
specimens. The major bar to the resolution of this 
problem is the absence of a suitable method by which 
a qualified specimen can be prepared from the bulk 
semicrystalline polymers for direct observation of the 
detailed morphology. 

In the past, transmission electron microscopy of 
thin films has been necessary for the direct observa- 
tion of morphological change [20, 21]. Thin films, 
however, are generally subject to a different stress 
regime and might deform differently from the bulk. 
Additionally, because thermal conductivity of the 
polymers is poor, the bulk might suffer from "heat 
build-up" due to its inability to disperse effectively the 
heat during processing. For melt-crystallized poly- 
ethylene sheets, local melting has been probed by the 
neutron scattering technique [22, 23]. Therefore, it is 
believed that the mechanism of deformation in bulk 
specimens is different from that in thin films. 

The development of the permanganic etching tech- 
nique by OUey et al. [24] permits the direct observa- 
tion of the fine details of the lamellar morphology in 
various polyethylene [24-31] and polypropylene 
[24, 31, 32] bulk specimens, in contrast to the exten- 
sive earlier studies on thin films. However, direct 
observation of the evolution of crystalline structure in 
semicrystalline polymers during deformation has not 
been reported. 

This paper reports the results of direct observation 
of the crystalline structure for the drawn high molecu- 
lar weight polyethylene (HMWPE) specimen prepared 
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by the permanganic acid etching technique, and shows 
the details of the transformation of crystalline struc- 
ture from spherular to microfibrillar for H M W P E  
during die drawing up to a draw ratio of 13. 

run to avoid any damage to the morphology of the 
fine lamellae caused by coating. A sequence of sections 
on the treated surfaces in the remnant billet and the 
drawn products was observed in a Cambridge $250 
scanning electron microscope. 

2. E x p e r i m e n t a l  procedure 
2.1. Mater ia ls  
The material investigated in this study was high mo- 
lecular weight polyethylene supplied in bar stock form 
produced by melt extrusion. It was known from the 
local supplier that the average molecular weight was 
about 50 x 104. The density, melting point and melt 
flow index were measured to be 0 .948gcm -3, 
132-134 ~ and 0.20 g/10 min, respectively. 

2.2. Die d r a w i n g  
Die drawing was performed on an Instron 4301 Ma- 
terials Testing Machine following the procedure de- 
scribed by Ward and Coates [7]. The billet with a 
diameter of 25 mm was drawn through a conical die 
with 7.2 mm die exit at 25 mmmin  -1 draw speed. 
During drawing the temperature of the die, the billet 
and the a luminum block was maintained at 115 ~ 
When about 100 mm length of billet had been drawn 
through the die, the drawing process was terminated 
and the billet was permitted to cool under tension. 
After the billet temperature had dropped to below 
50 ~ the tension was relieved and the billet was taken 
out. The undeformed, deformed and drawn portions 
of the billet were used for morphological observation. 
In order to observe the changes of morphology in bulk 
H M W P E  during die drawing, the remnants of the 
billet and the drawn product were cleaved longitud- 
inally at liquid nitrogen teNperature and the cleaved 
surfaces were treated with permanganic etchant and 
observed with a scanning electron microscope (SEM). 

2.3. Surface etching 
The permanganic acid etching technique adopted in 
this work was similar to that described by Naylor and 
Phillips [30] but with some modifications. The etch- 
ant used was a solution of 0.5 % (wt/wt) potassium 
permanganate in 95 % sulphuric acid, the etching and 
washing processes were performed under an ultra- 
sonic bath. First, the cleaved surface was etched at 
28-32~ for 120 min in a 50 ml beaker containing 
30 ml etchant and the etched specimen was washed 
with 30 % sulphuric acid, 30 % hydrogen peroxide, 
distilled water and finally acetone, as described by 
Olley et al. [24]. Then the etched specimen was im- 
mersed in 30 % hydrogen peroxide at 4~ for 4 h. 
Finally the etched surface was re-etched twice at about 
4 ~ and was re-washed. 

2.4. S c a n n i n g  e l ec t ron  m i c r o s c o p y  
The etched surface of the specimen was coated with a 
gold layer in a Polaron SEM Autocoating Unit 
E5200. Altogether nine runs were used to coat the gold 
layer, a coating period of 20 s was employed in each 

3. Results 
3.1. Morphology of the undrawn billet 
Fig. 1 shows electron micrographs of the lightly 
etched surface in the undrawn billet, i.e. it was etched 
at 20 ~ for 2 h only. The undrawn billet has a typical 
spherulite structure [33] as can be seen in Fig. la. The 
average sizes of the spherulites are about 40 gm, with a 
maximum size of about 60 gm and a minimum of 
about 15 gm. The spherulites are scattered randomly. 
In some cases when the cleaving plane had just passed 
through the core of a spherulite, the sheaf-like 
[25, 26, 32, 33] structure of the spherulite can be seen, 
as shown in Fig. lb. The lamellae in the sheaf have a 
thickness of about 120 nm and a length of 2-3 gm 
(Fig. lc, d). The appearance of the lamellae presents in 
S-shape and the main axes of the sheaf-like lamellae 
seem to orient randomly. Fig. lc also reveals the 
boundary areas between the spherulites in the un- 
drawn billet. In these areas, the lamellae are relatively 
rare and much shorter than those in the sheaf-like 
structure, the core of spherulites, having a length of 
about 0.2-0.7 gin, but still maintain a thickness of 
about 120 nm. However, in the core of the spherulite, 
the lamellae are stacked fairly compactly as shown in 
Fig. ld. 

3.2. Morphology of the deformed billet 
This study addresses the evolution of crystalline phase 
morphology in H M W P E  during die drawing. In order 
to expose the change to the spherulites and the lamel- 
lae at the same time, the cleaved surface of the de- 
formed billet was etched first at room temperature and 
then immersed in 30 % hydrogen peroxide and finally 
was re-etched at low temperature. Fig. 2 indicates the 
locations of a series of portions observed on the 
treated surface along the drawing direction. Portion A 
is the region at which the deformation of the billet has 
just begun; at Portion B, the billet has been drawn to a 
draw ratio of 2; and at Portion C, the billet has 
reached the draw ratio of about 4, and the billet begins 
to become transparent. At Portion D, the draw ratio 
of the billet is about 7; Portion E is at the exit of the 
die and the draw ratio is about 12.6. 

Fig. 3 shows an electron micrograph taken in Por- 
tion A. The morphology of the spherulite in this 
portion resembles that in the undrawn billet in size 
and distribution (refer to Fig. la) except that the 
boundary between the spherulites has been preferen- 
tially etched away. The spherulites with a diameter 
ranging from 15-60 gm are also scattered randomly. 
In fact, the deformation of the billet in this portion was 
slight, hence the morphology of the spherulite should 
be similar to that in the undrawn billet. 

Fig. 4 shows electron micrographs taken in Portion 
B, at which the billet had been drawn to a draw ratio 

6497 



Figurel Electron micrographs of the undrawn HMWPE billet. (a) a view of the spherulites in the undrawn billet, (b, c) the sheaf-like lamellae 
in the spherulite, (d) the core of the spherulite. 

Portion E 

Portion D 

Portion C 

Portion B 

Portion A 

Figure 2 Location of the series of portions to be observed on the 
remnant of the billet. 

of about 2. In this portion the diameters of the spher- 
ulites still range from 15-60 lam, but the spherulites 
seem to have aligned along the drawing direction and 
have not deformed distinctly as shown in Fig. 4a. 
Fig. 4b shows an electron micrograph of the boundary 
areas between the spherulites. Compared to that in the 
undrawn billet (Fig. lc), the lamellae between the 
spherulites seem to have increased in dimension and in 
quantity, and in addition the lamellae have some small 
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Figure 3 Electron micrograph of Portion A which was deeply 
etched. The drawing direction is downwards. 

"spherulites" emerging, which have a size of about 
0.7 ~tm. This may be the result of local melting during 
die drawing and then recrystallization during cooling. 
Although the spherulites in this portion begin to align, 
the lamellae between the spherulites still orient 
randomly. 

Fig. 5 shows electron micrographs taken in Portion 
C, at which the billet has been drawn to a draw ratio of 
about 4. In this portion the spherulites have arranged 



Figure 4 Electron micrographs of deformed HMWPE billet at a 
draw ratio of 2. The drawing direction is downwards. (a) The 
arrangement of the spherulites in the deformed billet, (b) a view of 
the boundary area between the spherulites. 

in rows along the drawing direction (Fig. 5a, b), The 
average dimension of the spherulites seems to decrease 
distinctly, i.e. the number  of spherulites with smaller 
diameters has increased. F ig .  5c shows an enlarged 
view of the texture between the spherulites: the texture 
is rather different from that in Portion B (Fig. 4b). In 
this portion the lamellae became thicker and longer, 
and the S-shaped lamellae began orientation although 
there are some smaller unoriented lamellae that re-_ 
semble those in Portion B (Fig. 4b). This might be due 
to the disintegration of some small spherulites.and the 
strain-induced crystallization during die drawing. 

The morphology in Port ion D is shown in Fig. 6. 
Portion D was situated near the neck of the die, at 
which the billet had been drawn to a draw ratio of 
about 7 and had become fairly transparent. In this 
portion the structure of the crystal has changed sub- 
stantially. Complete spherulites are now almost ab- 
sent, the spherulites arranged in rows become vague 
and begin to disappear. There are clear tracks of melt 
flow along the drawing direction (Fig. 6a). Further 
drawing results in complete disappearance of the 
spherulites (Fig. 6b). Fig. 6c shows enlarged detail of 
the morphology in Fig. 6b. When the billet has been 
drawn to this stage, the spherulites have completely 
disintegrated, leaving the S-shaped lamellae. Some of 

Figure 5 Electron micrographs of deformed HMWPE billet at a 
draw ratio of 4. The draw direction is indicated by the arrow. (a, b) 
The arrangement in rows of the spherulites in the deformed billet, 
(c) a view of the boundary area between the rows. 

the lamellae coalesce laterally and form sheaf- 
lamellae, which are oriented in the drawing direction. 
Although the majority of the lamellae are oriented 
preferentially, there are some short lamellae lying 
randomly as shown on the right-hand side of Fig. 6d. 
Compared to that in the undrawn H M W P E ,  the 
lamellae become longer, thicker and more compact; 
the lamellae can be as long as 5 ~tm. In general, the 
longer lamellae tend to orient in the drawn direction. 
It is believed that this is the result of local melting and 
strain-induced crystallization. 

Fig. 7 shows the electron micrographs taken in 
Portion E, at which the billet had been just drawn out 
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Figure 6 Electron micrographs of deformed HMWPE billet at a draw ratio of about 7. The draw direction is downwards. (a) The melt flow 
and disintegration of the spherulites in the deformed billet at a draw ratio of 6, (b) the disintegration of the spherulites in the billet at a draw 
ratio of 7.5, (c) an enlarged view of (b) showing the oriented sheaf-like lamellae, (d) details of the lamellae. 

Figure 7 Electron micrographs of a drawn portion at the exit of the die with a draw ratio of about 12.5, showing the micella microfibrils, the 
embryo of the microfibril. The drawing direction is downwards. 

of  the exit of  the die and the d r aw  ra t io  was approx i -  
mate ly  12.6. In  this po r t i on  the m o r p h o l o g y  has de- 
ve loped further.  In  add i t i on  to more  or iented  lamellae,  
a new ca tegory  of  s t ructure  emerges,  which can be 
te rmed "micel la  microfibri ls" ,  or  " embryo"  of  the 
microfibri ls .  These microf ibr i ls  are a b o u t  200 nm in 
width,  assume sheaves and  still re ta in  some degree of 
S-shaping.  I t  is clear tha t  they were formed by  d rawing  
the or iented  lamel lae  in the sheaf-like structure.  

3.3. Morphology of the drawn products 
Fig. 8 is an e lect ron mic rog raph  of  the d r a w n  produc t ,  
which has a d raw ra t io  of  a b o u t  12.6 and  is loca ted  at 
a d is tance of a b o u t  100 m m  from the exit of the die. 
C o m p a r e d  to tha t  at the exit of the die (Por t ion  E, 
Fig. 7) the m o r p h o l o g y  has undergone  a dras t ic  
change. The  S-shaped  lamel lae  have vanished com- 
pletely and  the overal l  m o r p h o l o g y  is fibrous; how- 
ever, a few vestiges of  S-shaped  lamel lae  still remain;  
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Figure8 Electron micrographs of a drawn portion with a draw 
ratio of about  12.6 located at a distance of about  100 m m  from the 
exit of the die. The drawing direction is downwards. 

Figure 9 Electron micrographs of a drawn portion with a draw 
ratio of about 12.6 located at a distance of about  200 m m  from the 
exit of the die. The drawing direction is doWnwards. 

the microfibril exhibits slight meandering. The dia- 
meters of the microfibrils have been drawn to about 
130 nm from 200 nm, as mentioned in the previous 
paragraph (refer to Fig. 7). 

Fig. 9 shows electron micrographs of the final prod- 
uct, which has a three-point bend modulus of about 
16 GPa and is located at a distance of about 200 mm 
from the exit of the die. The morphology of the final 
product appears to be very fibrous. The microfibrils 
have been drawn to a diameter of about 70 nm, and 
extend straight along the drawing direction; they coal- 
esce laterally and a few amorphous materials are 
embedded between them, whereas individual micro- 
fibrils appears to be structurally similar to needle-like 
crystals. 

4. D i s c u s s i o n  
The sequence of micrographs presented has delineated 
the crystalline structure of H M W P E  and its evolution 
from spherulite to microfibril during die drawing. 

In the undrawn HMWPE billet, the lamellae are the 
basic element which stack compactly in the manner of 
sheaf-like structures, as described by Bassett [32, 33] 
and constitute the spherulites (Fig. 1), The organized 
spherulites are scattered among the disorganized 
amorphous materials; so the inter-spherulitic mat- 
erials can be preferentially etched away leaving behind 
the organized spherulites when the specimen has been 
etched deeply (Fig. 3). Although the inter-spherulite 
materials are less organized, they contain a few short 
lamellae, which are embedded in amorphous mat- 
erials, but the quantity is relatively small (Fig. lb, c). 

When the draw stress acted on the billet, microscop- 
ically inhomogeneous deformation occurred in the 
billet; the inter-spherulite materials produced a larger 
strain because the major inter-spherulite materials are 
amorphous and have a lower modulus than the spher- 
ulites. In addition, die drawing was performed at 
elevated temperature; owing to the thermomechanical 
effect, the short lamellae on the boundary of the 
spherulites partially melt, thus the draw stress could 
rearrange the spherulites into rows. This is a response 

to the decrease in spherulite size at the time of ali- 
gnment of the spherulites (Fig. 5b). 

When the billet was drawn to a draw ratio of about 
4, the alignment of the spherulites was completed; 
further drawing resulted in the disintegration of spher- 
ulites and the transformation of spherulite to fibril 
(Figs 6-8). This transformation began at a draw ratio 
of about 7. Because of this transformation, the dimen- 
sion of the crystal phase decreased from 40 gm (spher- 
ulites) to 200 nm (lamellae), which is shorter than the 
wavelength of visible light waves, so that the billet 
became fairly transparent when the billet was drawn 
to this draw ratio. 

The transformation had undergone a process of 
local melting, strain-induced crystallization, plastic 
deformation of lamellae, and finally formation of 
microfibrils. At a draw ratio of about 7 the spherulites 
were broken up completely and left the sheaf-like 
lamellae oriented along the drawing direction 
(Fig. 6c). Under the effect of strain-induced crystalliza- 
tion, the lamellae grew in length (Fig. 6c, d). Fur- 
ther drawing made the lamellae extend, straighten, 
lengthen and thin gradually (Figs 7-9). At a draw 
ratio of about 12, the S-shaped lamellae were drawn 
into micella microfibrils (Fig. 7), and then the micetla 
microfibrils became longer and thinner on drawing, 
and finally transformed into microfibrils (Figs 8 
and 9). 

The process of deformation observed in this work is 
slightly different from that described by Peterlin. In 
Peterlin's model, the process of deformation is divided 
into three stages: the plastic deformation of spherul- 
ites, the transformation from spherulite to fibril, and 
plastic deformation of fibril. The transformation is 
envisaged as the breaking away of small blocks of 
crystals from lamellar stacks in unoriented materials, 
and subsequent reorientation and restacking to form 
microfibrils of oriented materials. However, in the 
present study, the plastic deformation of spherulites 
has not been identified, only the alignment of the 
spherulites at the low draw ratio, and local melting 
and strain-induced recrystallization at a draw ratio of 
about 7 have been observed. 
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The crystalline structure in the final product is the 
laterally coalesced microfibrils, between which some 
non-crystalline amorphous materials are embedded. 
The "shish-kebab" structure, alternating amorphous 
and crystalline layers, which is considered to be the 
characteristic structure of the microfibril [18, 33], has 
not been observed. This may be due to the limitation 
of amplification for the direct observation of speci- 
mens by SEM, or the fact that the microfibril is a 
continuous crystalline phase which was formed by a 
strain-induced recrystallization. The latter may be 
true, because for the drawn PE, the SAXS long-period 
intensity decreases and even disappears when the 
draw ratio exceeds 10 [17, 18], which corresponds to 
the process of the formation of microfibrils observed 
in this study (Figs 6 and 7). Detailed elucidation of the 
structure of the microfibrils and the structural changes 
outlined here will require further investi- 
gation. 

5. Conclusion 
The crystalline structure of the undrawn HMWPE 
billet is a typical spherulitic structure which is made 
up of sheaf-like lamellae scattered among the amorph- 
ous material. During die drawing, the crystalline 
structure evolves as follows: 

1. plastic deformation of inter-spherulite materials 
and alignment of spherulites; 

2. local melting, disintegration of spherulites and 
orientation of sheaf-like lamellae; 

3. strain-induced crystallization and growth of lam- 
ellae; 

4. plastic deformation of S-shaped lamellae and 
formation of microfibrils by drawing the lamellae. 

The crystalline structure of the final drawn products 
consists of laterally coalesced microfibrils, between 
which some amorphous materials are embedded. 
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