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Summary 

D i f f e r e n t i a l  scanning ca lo r imet ry  (DSC) of  cold-drawn samples of  a 
blend of  l i nea r  (LPE) and branched polyethy lene (BPE) shows that  
the mel t ing po in t  of  the high temperature peak decreases monoton- 
i c a l ] y  w i th  increasing draw r a t i o .  This is in apparent cont rad ic -  
t i on  to the data obtained fo r  pure LPE, for  which qu i te  unanimous- 
ly the mel t ing po in t  has been shown to increase wi th increasing 
draw r a t i o .  An exp lanat ion  o f  th is  dev ia t i on  in behaviour between 
the blend of  LPE and BPE and the pure LPE is proposed based on the 
idea that  the t ransformat ion of the lame l la r  s t ruc ture  to a f i b -  
r i l l a r  s t ruc ture  involves several kinds of  rearrangement inc luding 
a mixing on a supermolecular level  of the o r i g i n a l l y  segregated 
LPE and BPE components. The crysta]  rearrangements occurr ing on 
heat ing ( in the DSC) in or ien ted pure LPE that  are responsible for  
the high mel t ing po in t  of  th is  system are thereby hindered. 

In t roduct ion  

I t  is wellknown that  cold-drawing (PETERLIN 1965, MEINEL 1968, 
ILLERS 1970, SUMITA 1970, CLEMENTS 1979, GEDDE 1980) and s o l i d -  
s tate ex t rus ion (MEAD 1979) of  i so t rop i c  l i nea r  po lyethy lene (LPE) 
resu l ts  in the format ion of  a f ib rous mater ia l  wi th  a higher me]- 
t ing  point  than the o r i g i na ]  ma te r i a l .  In these studies the mel- 
t ing point  (genera l l y  def ined as the temperature of  the mel t ing 
peak as recorded by d i f f e r e n t i a l  scanning ca lo r imet ry  (DSC)) has 
been shown to increase monoton ica l ly  wi th  the draw r a t i o ,  p a r t i -  
c u l a r l y  at draw ra t ios  less than 10. GLENZ ET AL (1971) showed fo r  
drawn LPE that  no r e l a t i o n  ex is ts  between the mel t ing po in t  and 
the c r y s t a l l i n e  s t ruc tu re  as studied by small angle X-ray sca t te r -  
ing (SAXS) or wide angle X-ray sca t te r ing  (WAXS). In fac t ,  the 
f ib rous LPE samples that  had a higher mel t ing po in t  than the o r i -  
gina] i so t rop i c  samples were at  the same time f requent ly  composed 
of  th inner  c rys ta ls  (GLENZ 1971). This seemed to con t rad ic t  the 
Thomson-Gibbs equat ion.  However, i f  the amorphous chains were 
crossl inked using y rad ia t i on  so that  rearrangements of  the crys- 
ta ls  during the DSC scan were i n h i b i t e d ,  an exce ] len t  co r re ]a t i on  
was obtained between the c rys ta l  thicknesses determined from these 
mel t ing point  data using the Thomson-Gibbs equat ion and those 
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determined from SAXS and WAXS data (GLENZ 1971). These indications 
that rearrangements of the structure during heating are responsib- 
le for the increase in melting point observed was further substan- 
tiated by SAKURAI (1974): During the heating (at a rate of 18 
K/min) of a LPE sample drawn 5x the SAXS long spacing was found to 
increase from 180 to 510 A before the final melting occurred. 

ILLERS (1970) showed that the orientation of the intercrystallite 
tie chains in the fibrous LPE increases the melting point. Samples 
that were prevented from shrinking exhibited a higher melting 
point than those that were allowed to shrink during melting. A 
possible explanation of this is that the melting point is increas- 
ed as a result of the decrease in entropy of the oriented melted 
fraction which exists at a higher concentration in the samples 
that are prevented from shrinking. 

In this paper, DSC data relating to cold-drawn samples of a blend 
of linear and branched polyethylene (LPE/BPE) are presented show- 
ing a decrease in melting point (defined as the melting point of 
the high temperature peak corresponding to the melting of the LPE 
component) with increasing draw ratio. This apparently contradicts 
the data obtained for pure LPE. 

Experimental details and analysis of data 

A sheet of a mechanical blend of 50 % (by weight) LPE (M12=0.7 and 
density=960 kg/m s) and 50 % BPE(MIo=0.7 and density=920 kg/mSi was 
compression moulded at 455 K and c~oled to room temperature at a 
rate of 0.5 K/min'w~ile still kept in the mould.The molecular 
weight of the blend was determined by gel permeation chromatogra- 
phy to be: M =12.4xi0 s and M =166xi0 s. The density of the original 

n 
nonoriented material (blend)Wis 944.3 kg/m 3. From the 3 mm sheet 
dumb-bell shaped specimens were machined and the faces were ground 
so that a 0.1-0.2 mm thick surface layer was removed from each 
surface. 

Uniaxial drawing at an elongation rate of 5 mm/min (middle part of 
the specimens used were 60 mm) at 298 K were carried out in an 
Instron Tensile Testing Machine so that varying draw ratios rang- 
ing from I to 9 were obtained. The draw ratio is defined as the 
ratio between a length dimension parallel to the direction of draw 
ing after drawing and the corresponding length before drawing. Th'e 
draw ratios were determined by measuring the displacements a con- 
siderable time after unloading (>10 hours) of ink spots that were 
applied to the specimens before drawing. 

From the drawn specimens, 5• mg samples with dimensions 4x4x 
0.25 mm were cut and enclosed in Perkin-Elmer DSC aluminium pans 
according to standard procedures. The oriented samples enclosed 
were found to shrink during the heating. Melting endotherms were 
recorded in a Perkin-Elmer DSC-2 at three different rates: 1.25, 
10 and 80 K/min scanning from 250 to 450 K. The DSC instrument was 
calibrated at 10 K/min by recording the melting of indium and tin. 
The calibration points of the temperature scale were obtained by 
extrapolation of the low temperature part of the melting endotherm 
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down to the base line. For the other scan rates the temperature 
scale was adjusted according to a formula given in the Perk:in- 
Elmer manual. 

The definitions of the melting temperatures (T l and T ) and the 
procedure for crystallinity determination are s~own in hp Fig.1. 

The linearity of the base line 
is established on specific heat 
data by WUNDERLICH (1970). 

Results and discussion 

The melting endotherms obtained 
at 10 K/min are shown in Fig.2. 

With increasing draw ratio,the 
following effects are observed: 

�9 v~T~ decreases. This is obser-  
a t  a l l  the scan ra tes  used, 

see F ig .3 .  

�9 T, increases. This is also 
e~dent at 1.25 K/min (scan 
rate) whereas T l is almost 
independent of P draw ratio 
at 80 K/min, see Fig.4. 

�9 The valley between the peaks 
becomes less deep. This is 

Fig.1. Melting endotherm of a 
typical LPE/BPE sample. Defini- 
tion of temperatures of low 
temperature peak (T,) and high 
temperature peak (T~P). Crystal 
linity is determine~Pon the ba~ 
is of the shaded area. 

further Shown in Fig.5 and can be attributed to a broadening of 
the high temperature peak towards lower temperatures. 

�9 The low temperature part of the low temperature peak (T<Tlp) 
seems to be independent of draw ratio. 

The increase in T b with scan rate is higher for higher values of 
T, . This is consn~tent with the behaviour of crystals showing so 
c~led superheating. The change in T l with scan rate decreases 
with increasing T l . The higher value~ of T, observed at 80 K/min 
are partly due to ~he fact that the samplesI~ere not in thermal 
equilibrium at this scan rate, mainly due to the poor contact bet- 
ween the sample and the sample pan. This is further substantiated 
by the fact that the T, data show a large amount of scatter at 

J 
80 K/min. Thermal non-e~uilibrium within the polymer sample is of 
minor importance. The data of WUNDERLICH (1971) indicates that the 
temperature variation within the particular sample used is less 
than 0.5 K at 80 K/min (scan rate). A comparison of the melting 
endotherms recorded shows that the melted fraction at T, is signi 
ficantly higher at 80 K/min than at the other scan rate~Pused, -- 
possibly due to a dominance of a broadening towards lower tempera- 
tures of the high temperature peak at 80 K/min scan rate. Without 
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Fig.2. Melting endotherms of 
LPE/BPE samples of different 
draw ratios (~). The scan rate 
is I0 K/min. A:~=I,B:~=I.2,C: 
~=2,D:~=2.8,E:~=3.6,F:~=5.6, 
G:~=6.8,H:~=8.6 

Fig.3. Temperature of high tempera- 
ture peak (T~) as a function of draw 
ratio (4). np A: scan rate=1.25 K/min 
( �9 ),B: scan rate=t0 K/min ( �9 ), 
C: scan rate=80 K/min ( ~ ). A minimum 
curve (broken) is shown for the data 
at 80 K/min (scan rate). I 5)~ 7 
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change of the melting characteris- 
tics of the crystals responsible for 
the low temperature peak (at 1.25 
and 10 K/min), an increase of T l 
will be the result of the broadening 
Of the high temperature peak.Thus, 
the crystals corresponding to T l 
(at 1.25 and 10 K/min) seem to s~ow 
neither superheating nor crystal re- 
arrangement. 
The high temperature melting peak 
seems to be less affected than the 
low temperature peak by the thermal 
non-equilibrium at 80 K/min (scan 
rate), perhaps due to the fact that 
the contact between the sample and 
the sample pan is improved by the 
low temperature melting. Neverthe- 
less, taking this non-equilibrium 
into consideration, a minimum curve 
of the data of 80 K/min scan rate 
(see Fig.3) seems to represent the 
real situation better than an aver- 
age curve. The conclusions drawn 
based on the average curves that the 
crystals melting at T. show super- 
heating is not altere~Pby this. 

The crystallinity increases only 
slightly on drawing, from about 
50 % at draw ratio=1 to about 54 % 
at draw ratio=8.6. This is in prin- 
cipal agreement with earlier re- 
ported data on drawn LPE samples 
(e.g. MEINEL 1968). 

The decrease in melting point of 
the LPE component of the LPE/BPE 
blend with increasing draw ratio 
indicates a reduced apparent crystal 
thickness in the oriented systems. 
This is in sharp contrast to the 

Fig.4. Temperature of low 
temperature melting peak (Tip) 
as a function of draw ratio 
(~). A: scan rate=1.25 K/min 
( �9 ), B: scan rate=t0 K/min 
( v ), C: scan rate=80 K/min 
(*). 

~ri 

"l~p, K 

392 ~ 

3 5 7 9 



722 

0.0 

- 0 . 5  

- 0 . 7  

m 

/ 
3 8 0  

/ 
X 

1.0 
~ 5.6 

6.8 
-===-===" 8.6 

390  T, K 400  410 

Fig.5. The logarithm of the fraction (originally crystal- 
line) that is melted at temperature T (log W ) as a func- 

�9 m 
tion of temperature T of samples of different draw ratios 
(X) as shown in the figure. The scan rate is 10 K/min. 

melting behaviour of drawn pure LPE, in which a rapid rearrange- 
ment of the crystals occurring during the heating in the DSC is 
responsible for the increase in melting point on orientation (see 
the introduction). These rearrangements are in some way inhibited 
in the drawn LPE/BPE systems. If LPE existed as an isolated sepa- 
rate phase in the drawn systems, the behaviour of drawn pure LPE 
would be preserved in the LPE/BPE system. However, the fact that 
it is not indicates the presence and the influence of the BPE 
component on the drawn LPE phase. A possible explanation is that 
the transformation of the original lamellar structure to a fibril- 
lar structure which occurs as a consequence of drawing involves 
large-scale rearrangements of the structure by several mechanisms 
including chain slip, crystallite disintegration, unfolding of 
coiled chains (PETERLIN 1971) and, particularly important in this 
case, a kind of mixing (on a supermolecular level) of the origina ! 
ly mostly segregated LPE and BPE components effectuated by the 
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mechanisms mentioned. Thus, we suggest that two interpenetrating 
fine-scale networks,one of drawn LPE crystals and the other of 
drawn BPE crystals, are formed. The rearrangements responsible for 
the melting point increase in drawn LPE by the growth of the ori- 
ginally small oriented LPE crystals into larger crystals, which 
occurs during the DSC scan, is hindered by the presence of the pen e 
trating BPE crystal network. The minor amount of mixed LPE/BPE cry~ 
tals formedby initial cocrystalIization may also be influencial. 

Furthermore, the lowering of the melting point of the oriented LPE 
crystals in the blend is accountable for the broadening of the high 
temperature peak towards lower temperatures and thus the dimini- 
shing of the valley between T. and T h as the draw ratio is in- 
creased. Also the shift of th~Plow temBerature peak maximum can be 
attributed to this. 
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