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sensitivity of their microstructure which is intimately 
correlated to branches and entanglement of PE chains. 

2. Experimental 

2.1. Materials 

Three kinds of PEs, that is, HDPE, LLDPE and 
LDPE, were used. HDPE has a smal1 number of short- 
chain branches, and LLDPE has a large number of 
short-chain branches induced by copolymerizing with 
1-butene, 1-hexene or 1-octene. LDPE has many 
short-chain and long-chain branches. They were sup- 
plied by Iguchi Polyethylene Inc. and used as received. 

Blending procedures for homogeneous ones are as 
follows: two kinds of PE pellets were added to xylene 
(approximate 0.1% w/w), and the mixture was heated 
at 135°C by stirring until they were dissolved com- 
pletely. The solution was poured into excess methanol. 
The precipitate was filtered and dried under reduced 
pressure at room temperature for one day. Inhomoge- 
neous blends were prepared by melt mixing. Two 
powdered PE samples were weighed in a DSC pan, 
held at 200°C for 20 min and then recrystallized at 
room temperature. 

2.2. Measurement 

The thermal analysis was performed using MAC 
Science Inc. model DSC 3 110 differential scanning 
calorimeter. The calibration of temperature was car- 
ried out using indium. A scanning rate of lO”C/min 
was used in the range of 50-200°C. Al1 samples 
(6.3 f 0.5 mg) were sealed tightly in aluminum pans 
(5 mm i.d.). Microscopic examination was canied out 
by Nikon optica1 polarization microscope Model 
OPTI-PHOTOZPOL. Sample cutting was performed 
using the Leica Inc. model RM2155 rotary microtome. 

3. Resuks and discnssion 

In highly crystalline polymerie materials, the melt- 
ing temperature almost agrees with the endothermic 
peak temperatures on the DSC curves. However, when 
multiple melting temperature appears, it is difficult to 
obtain the melting temperature of the polymer sample, 
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Fig. 1. The DSC fust-heating curves of homogeneous blends: (a) 
HDPE and LDPE, (b) HDPE and LLDPE, and (c) LDPE and 
LLDPE. 

because it has a gradually changing or unresolved 
peak. In this study, we therefore used the endothermic 
peak temperatures in the DSC curves for a constant 
sample mass to examine the thermal behavior of 
PEs. 

Fig. l(a-c) show the endothermic DSC curves for 
the first heating of homogeneous blends of(a) HDPE: 
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Fig. 2. The DSC second heating curves of homogeneous blends: 
ra) HDPE and LDPE , (b) HDPE and LLDPE, and (c) LDPE and 
LLDPE. 

LDPE, (b) HDPE: LLDPE, and (c) LDPE:LLDPE 
with the ratio 1 : 3 to 3 : 1, and Fig. 2(a-c) show 
the DSC curves for the second heating of the same 
blends. When HDPE content was 50% and more in a 

series of the blend of HDPE and LDPE or LLDPE 
(Fig. l(a) and (b)), the peak temperatures of the first 
heating agreed wel1 with that of the HDPE (130°C). 
The peaks in the first heating were almost unchanged 
and unresolved in the second heating (Fig. 2(a) and 
(b)). On the other hand, when HDPE content was less 
than 50% in the blends of HDPE and LDPE, the peaks 
in the first heating (Fig. l(a)) appeared at a lower 
temperature and had a shoulder. As shown in Fig. 2(a), 
these peaks were separated into two peaks in the 
second heating. Although, in the blends of HDPE 
and LLDPE, these peaks in the first heating (Fig. 1 (b)) 
were lower in temperature, the shoulder was not 
obviously seen in the peaks and they were sharpened 
and not separated in the second heating (Fig. 2(b)). 

In the first-heating curves for a series of the blend of 
LDPE and LLDPE (Fig. l(c)), al1 the peaks had a 
shoulder irrespective of the blend ratio, and their peak 
temperatures were raised with increasing LLDPE 
content. The peaks of the first heating were separated 
into two peaks in the second heating (Fig. 2(c)), and 
the separated peaks became broader with the increase 
in LLDPE content. 

Successively, measurements with a series of LDPE 
and LLDPE blends were carried out to distinguish 
inhomogeneous blends from homogeneous ones. The 
typical endothermic DSC curves in the first and sec- 
ond heatings of the inhomogeneous 1 : 1 blend are 
shown in Fig. 3. There appeared two peaks on each 
curve. The higher and lower peaks agreed with that of 
LDPE (113°C) and LLDPE (123”C), respectively. 
Similar DSC curves were obtained for other blends 
from LDPE and LLDPE. 

The peak temperatures of each of the blend samples 
are plotted against blend ratio in Fig. 4. It is obvious 
from Fig. 4(a,b) that an abrupt lowering of the peak 
temperature occurs between the blend ratios 1 : 1 and 
1 : 2. This suggests that the contribution of LDPE or 
LLDPE to the melting behavior is hidden in the blends 
with a HDPE whose content is higher than 50%. On 
the contrary, the peak temperature in the first heating 
of the blend of LDPE and LLDPE (Fig. 4(c)) 
increased monotonously with increasing LDPE con- 
tent. The higher temperature peak of the second 
heating was also raised, but the lower temperature 
peak was slightly decreased. Furthermore, the peak 
temperatures in the first heating always appear 
between the two peaks in the second heating. 
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Fig. 3. The DSC first and second heating curves of inhomogeneous 
blends (1 : 1) of LDPE and LLDPE. 

These phenomena suggest that the homogeneous 
blend of PEs may exist in the intermediate state 
caused by co-crystallization which is pronounced 
in the blend of LDPE and LLDPE. This inter- 
mediate state should be a metastable one, because it 
was converted toward inherent states in respective 
PE components by heating, but it was not completely 
segregated. In addition, these results indicate that the 
molecular chains composed of PE blends are wel1 
entangled with each other in the homogeneous blends 
as reported for ultra-high molecular weight PE blends 
[9] and the entangled chains may not be loosened 
entirely by the first heating. These entangled states 
may also be reflected by the microstructures in the 
various homogeneously blended polymers. However, 
the inhomogeneous blends of LDPE and LLDPE, such 
phenomena as the homogeneous blends could not be 
observed. The inhomogeneous blend seems unlikely 
to contain an intermediate state even partly, since the 
melt-mixing cannot mix two PEs homogeneously and 
cause co-crystallization in the following cooling 
process. 

Finally, the sliced samples were observed with a 
polarization microscope. The typical photomicro- 
graphs of LLDPE and the inhomogeneous blend of 
HDPE and LLDPE (1 : 3) are shown in Fig. 5(a,b) 
respectively. In these pictures, the crystalline region is 
easily distinguishable from the amorphous one and 
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Fig. 4. Change of peak temperature with blend ratio homogeneous 
blends of(a) HDPE and LDPE, (b) HDPE and LLDPE , (c) LDPE 
and LLDPE blends: (m) first heating, (0.A) second heating. 

one can see the differente in the size and dispersion of 
the crystalline region. This microscopic observation 
supports the DSC data described above; that is, the 
crystalline state has been changed by the blend, even 
though a further detailed study should be made on the 
correlation of thermal behavior with microscopic 
observation. 
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Fig. 5. Typical optica1 polarization photomicrographs for LLDPE 100% (a), and after DSC measurement of the inhomogeneous t 
HDI ‘E:LLDPE =l : 3 (b). 

)lend of 
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4. Conclusion 

The homogeneous blends of two types of PEs from 
HDPE, LDPE and LLDPE exhibit the intermediate 
thermal behavior of the original PEs. The metastable 
intermediate state of a series of blends containing 
HDPE revert to those inherent for the component 
PEs by heating. On the other hand, the blends of 
LDPE and LLDPE do not revert to the thermal beha- 
vior of LDPE and LLDPE by heating. It seems that the 
molecular chains of LDPE and LLDPE are entangled 
and the entanglement cannot be loosened by heating. 

Different crystalline states were observed for the 
blends with different blend ratios with a polarization 
microscope. It suggests that there is a relation between 
crystalline state of blended PEs and thermal behavior 
measured by DSC. 
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