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ABSTRACT: Mechanical and rheological properties of poly(ethylene adipate) (PEA)/
low-density polyethylene (LDPE) blends were investigated. DSC results showed that
there is no miscibility between PEA and LDPE. Tensile strength decreases with increas-
ing PEA content, while the modulus increases. Elongation at break decreases with
increasing PEA content. A rheological constitutive equation was used for describing
and predicting the steady-state shear viscosity of PEA/LDPE blend. The suggested
equation was successfully able to describe and predict viscosity of the blend as functions
of shear rate and temperature. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1745—

1750, 1997
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INTRODUCTION

Conventional plastics are not easily degraded in
the environment, due to their high molecular
weight and hydrophobic character. In fact, scien-
tists have traditionally sought ways to make them
more resistant to heat, light, water, chemical at-
tack, etc. Disposal of plastics, then, has become a
major environmental concern, resulting in pro-
grams to reuse, incinerate, or convert these
wastes.!

Unlike plastic beverage bottles, certain dispos-
ables are not suitable for collecting and recycling;
contaminated food packaging films and the like
are not expected to have a long service life. Uncol-
lectable litter such as merchandise bags are un-
sightly and pose a serious threat to wildlife. To
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overcome these problems, plastics are being devel-
oped that degrade in the environment. There are
two approaches to degradable plastics. One is to
modify conventional materials by adding a degra-
dability trait. The other is to synthesize items
with resins that are inherently degradable. How-
ever, there is disagreement among scientists on
weather traditional plastics such as polyethylene
can ever completely biodegrade, even when
blended with degradable additives. In spite of
that, there has been an increase in the applica-
tions for biodegradable plastic products. Not only
has there been a growth in the market segments
for these materials, but some of these segments
are growing into significant markets.

Although much work has been reported for
properties of biodegradable polymers, the litera-
ture has given less attention to fundamental stud-
ies on those polymers. We cannot give a complete
literature review here, but mention only a few
relatively recent publications.
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Bastiol, Bellotti, and Rallis? reported physical
properties and melt processing results of starch-
based polymer under steady-state shearing. They
studied a peculiar microstructure involving a
strong pseudoplastic behavior at high shear rates
as well as yield stress at lower ones. Their pro-
posed model explained fairly well the characteris-
tics and viscoelastic behavior of this material
based on hydrophilic and hydrophobic interac-
tions between starch and vinyl—alcohol copoly-
mers.

Chapman?® reported new applications and prod-
uct improvements for biodegradable materials.
Montaudo and co-workers* studied the micro-
structure of the copolyesters formed in the ex-
change reactions which occur during the melt
mixing of poly(ethylene adipate ) (PEA) and poly-
(ethylene terephthalate) (PET). They observed
that the copolyester initially formed in the ex-
change reaction is a block copolymer containing
an excess of adipic units, as it should be expected
if the reaction would proceed through the attack
of PEA oligomers on the macromolecular PET
chains.

In this article, thermal and tensile properties
of PEA/low-density polyethylene (LDPE) blends
was investigated. A unified simple rheological
equation of state for the steady-state shear viscos-
ity was used for describing and predicting the
steady-state shear viscosity of PEA/LDPE blend.

EXPERIMENTAL

LDPE was obtained from Yugong Co. and used
as received. Its melting point was reported to be
~ 118°C. PEA was synthesized and its molecular
weight, polydispersity, and melting point were
39,310, 1.59, and 44°C, respectively.

PEA and LDPE were manually mixed with
PEA/LDPE compositions of 10 : 90, 25 : 75, and
30 : 70 by weight, and then blended in a two-roll
mixer at 120°C for 5 min.

Thermal properties of blends were measured
using DSC (SHIMADZU, DSC-50). The heating
rate was 10°C/min, and the sample weight was
~ 5 mg.

Phase structures of blends were observed by us-
ing a scanning electron microscope (SEM, HI-
TACHI S-2400) after etching a section of the blend
sample with tetrahydrofuran to remove PEA.

Specimens for tensile test were compression
molded at 145°C, 1500 psi for 5 min; dimensions
of sample specimens used in this study were the
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Figure1l Melting temperatures of PEA/LDPE blends
at the composition of PEA 10%, 25%, and 30%.

same as the type II specimens of ASTM D638.
Tensile tests were performed by a UTM (Toyo
Baldwin Co., UTM-4-100) using a crosshead
speed of 20 mm/min. Steady-state shear viscosit-
ies of molten polymer blends were measured by
using a capillary rheometer (Instron Co., Model
3211). Test temperatures were 160, 180, and
200°C.

RESULTS AND DISCUSSION

Thermal and Mechanical Properties

Figure 1 shows thermograms for PEA/LDPE
blends. Because both melting endotherms are
clearly resolved at various PEA compositions as
shown in Figure 1, we conclude there is no com-
patibility between PEA and LDPE.

Figure 2 shows SEM micrographs of etched
PEA/LDPE blends surface with various composi-
tions. SEM micrographs of PEA/LDPE blends
with 20% and 30% PEA composition show that
PEA phases are evenly distributed in the matrix
on the order of 2—3 um in diameter. However,
in the corresponding SEM micrograph of PEA/
LDPE blend with 40% PEA composition, PEA
phases are agglomerated in the matrix and un-
evenly distributed on the order of 5-15 ym in
diameter.

In Figure 3, tensile strength is plotted
against PEA composition. The tensile strength
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Figure 2 SEM photographs of PEA/LDPE blend taken after removing PEA by THF
etching. The PEA composition is (a) 20%, (b) 30%, and (c¢) 40%.

of pure PEA is much lower than that of LDPE.
Tensile strength of PEA/LDPE blend decreases
with increasing PEA composition. This result
is due to the incompatibility between PEA and
LDPE, which can be estimated from results of
DSC thermograms in Figure 1 and SEM photo-
graphs in Figure 2. Above 40% PEA composition
by weight, tensile strength of the blend could
not be measured due to the experimental diffi-
culty.

The modulus of blend is plotted against PEA
composition in Figure 4. The modulus of PEA is
much higher than that of LDPE. In contrast to
tensile strength, the modulus of blend remark-
ably increases with addition of small contents
of PEA and it reaches a maximum value at ~
25% PEA by weight. It is interesting that the

modulus of blend somewhat reflects positive
synergism.”

Figure 5 shows the elongation at break with
various PEA compositions. Elongation at break
of LDPE is much higher than that of PEA and
elongation decreases with increasing of PEA com-
position.

Rheological Equation of State for PEA/LDPE Blends

In the previous article,® a unified rheological
equation of state for the steady-state shear viscos-
ity was derived based on thermodynamic princi-
ples. This constitutive equation for steady-state
shear flow can be expressed in the form shown
below.
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Figure 3 Variation of tensile strength with composi-
tion for PEA/LDPE blends.

- o Q
1 =InK - DI — 1
nn=InK+ (n )ny—i—RT (1)

In the above equations, K is the material constant,
n is the power-law index, @ is the activation en-
ergy for the given flow, R is a gas constant, and
n — 1 is a function of temperature and is given

by

n—lza—i-g1 (2)

where « and 3 are constants.

Since eq. (1) is a thermodynamic equation of
state, it follows that the thermodynamic criterion
shown below is true.

0%In n 0%In 7

J = -
o(1/T)0Iny 0lnyo(1/T)

=D (3)

To prove eq. (1) is a state function experimentally,
one needs to show the relationship in eq. (3) from
experimental data.

It has been reported that the above rheological
constitutive equation can be successfully de-
scribed and predict the steady-state shear viscos-
ity of polymer melts.® In the following sections,
the above rheological constitutive equation was
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Figure 4 Variation of modulus with composition for
PEA/LDPE blends.

used for describing and predicting the steady-
state shear viscosity of PEA/LDPE blend.

As shown in Figure 6, steady-state shear vis-
cosities of the PEA/LDPE (25% PEA composition)
were plotted against temperature at various
shear rates. Then, the value of /R + S 1n ¥ can
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Figure 5 Variation of elongation at break with com-
position for PEA/LDPE blends.
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Figure 6 Variation of melt viscosity with tempera-
ture at fixed shear rate: (M) 16.2s'; (@) 34.1s';(A)
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be determined from the slopes of the plot in Figure
6. The values of /R + 8 In ¥ at various logarith-
mic shear rates were determined and plotted
against In ¥ in Figure 7.

From eq. (3), the value of ¢/ for the PEA/LDPE
blend can be determined from the slope of the plot
in Figure 7, and calculated value was —540.

Figure 8 shows that the steady-state shear vis-
cosity was plotted against logarithmic shear rate
at various temperatures. The values of o + G/T
can be determined from the slopes of the plot in
Figure 8. The values of n — 1 at various tempera-
tures were determined and plotted against 1/7 in
Figure 9.

From eq. (3), D can be determined from the
slope of the plot in Figure 9 and the value of D
is —530.

The difference between J and D is negligible,
so eq. (3) satisfies the thermodynamic criterion.
It shows that the rheological equation of state is
a state function and that the steady-state shear
viscosity of PEA/LDPE blend can be described by
the rheological equation of state expressed in eq.
(1).

When £ is chosen by the mean value (—535) of
J and D, the values of @/R and « can be calcu-
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Figure 7 Q/R + [ In y versus In 5.

lated based on results shown in Figure 7 and Fig-
ure 9, respectively.
Since the values of @/R and material constant
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Figure 8 Variation of melt viscosity with shear rate:
(M) 160°C; (@) 180°C; (A) 200°C.
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a are 9527 + 219 K and 0.90 *+ 0.01, respectively,
the value of In K can be calculated from eq. (1)
and the value of In K is —16.34 = 0.03.

From the previous results, eq. (1) can be re-
written as shown below.

Inn=-16.34 + (0.90 - %)m

9527 K
4+ —

T (4)

To compare measured viscosities with calculated
viscosities from eq. (4), measured and calculated
viscosities were plotted as functions of shear rate
in Figure 10. As shown in Figure 10, steady-state
shear viscosities calculated from the proposed
rheological equation of state in this study agree
very well with measured viscosities.

CONCLUSIONS

Our experimental results lead to the following
conclusions: (1) tensile strength of blend de-
creases with increasing PEA content because of
incompatibility between PEA and LDPE, while
the modulus increases. Elongation at break de-
creases with increasing PEA content. (2) This
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Figure 9 n — 1 versus 1/T.
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Figure 10 Melt viscosity as functions of shear rate
at various temperatures: symbols, measured; lines, cal-
culated using eq. (4).

proposed constitutive rheological equation suc-
cessfully describes and predicts the effects of tem-
perature and shear rate on the steady-state shear
viscosity of PEA/LDPE blend.

This research was supported by the Engineering Re-
search Center for Functional Polymer Materials.

REFERENCES

1. T. S. Stevens, Mat. Eng., July, 27 (1991).

2. C. Bastiol, V. Bellotti, and A. Rallis, Rheol. Acta,
33, 307 (1994).

3. G. M. Chapman, International Environmental Con-
ference and Exhibition on the Role of Biodegradable
Materials in Waste Management, Tokyo, Japan,
June 1995.

4. G. Montaudo, M. S. Montaudo, E. Scamporrino,
and D. Vitalini, Macromolecules, 25, 5099 (1992).

5. O. F. Noel and J. F. Carley, Polym. Eng. Sci., 15,
117 (1975).

6. S. Han, T. J. Moon, K. D. Suh, S. T. Noh, and Y. C.
Bae, J. Appl. Polym. Sci., 61, 1985 (1995).



