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ABSTRACT: The effect of the compatibilizer on the crystallization, rheological, and ten-
sile properties of low-density polyethylene (LDPE)/ethylene vinyl alcohol (EVOH) (70/
30) blends was investigated. Maleic anhydride-grafted linear low-density polyethylene
(LLD-g-MAH) was used as the compatibilizer in various concentrations (from 1 to 12
phr). The interesting effect of compatibilization on the crystallization kinetics of the
blends was noted, and the correlation between the morphology and the rheological and
tensile properties was also discussed. Morphological analysis showed that the blends
exhibited a regular and finer dispersion of the EVOH phase when LLD-g-MAH was
added. Nonisothermal crystallization exotherms of the compatibilized LDPE/EVOH
blends showed the retarded crystallization of the dispersed EVOH phase, which proba-
bly resulted from the constraint effect of the grafted EVOH (EVOH-g-LLD) as well as
the size reduction of the EVOH domains. The blends exhibited increased melt viscosity
and storage modulus and also enhanced tensile properties with the addition of LLD-
g-MAH, which seemed to be attributable to both dispersed particle-size reduction and
improved interfacial adhesion. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1245–
1256, 1998

Key words: low-density polyethylene (LDPE); ethylene vinyl alcohol copolymer
(EVOH); maleic anhydride-grafted linear low-density polyethylene (LLD-g-MAH); re-
tarded crystallization; constraint effect; interfacial adhesion

INTRODUCTION ity against moisture. Therefore, LDPE/EVOH
blends could be ideal for packaging applications.
However, the blending of the two polymers usu-In recent years, plastic containers with high bar-

rier properties have been produced with a ally leads to immiscibility, and the desired proper-
ties cannot be achieved without use of the compat-multilayer structure using a coextrusion technol-

ogy. One alternative to the multilayer extrusion ibilizer. Blends based on polyolefins have often
been compatibilized by reactive extrusion, wherecould be based on the use of a polymer blend sys-

tem having dispersed lamellae of impermeable functionalized polyolefins are used to form copoly-
mers at the interface to improve the compatibilitypolymers.1–7 The ethylene vinyl alcohol (EVOH)/

low-density polyethylene (LDPE) system is one between the components. Copolymers that are
formed in situ during the compounding processexample that may be cited.6,7 EVOH has excellent

gas barrier properties but is weak against mois- may reduce the interfacial tension and, hence, in-
crease the adhesion between the phases, allowingture. On the other hand, LDPE has good durabil-
a finer dispersion and a more stable morphology
to be created.8–19

Correspondence to: S. C. Kim.
Polymer blends containing one component with
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1246 LEE AND KIM

dispersed droplet suspension sometimes exhibit served with a scanning electron microscope
(SEM), Phillips 535M. The specimens were pre-retarded crystallization.15–19 Such retarded crys-

tallization phenomena have been studied in the pared by cryogenically fracturing a sample and
the fracture surface was covered with a thin layeruncompatibilized blend systems,15 where the dis-

persed droplet sizes were controlled by altering of gold.
the mixing conditions. These observations are not
completely explained, and where explained, the

Thermal Measurementsexplanations are, in part, not satisfying or contra-
dictory. In general, the practical blends always Thermal analysis was carried out under a nitro-
contain compatibilizers which are added to control gen atmosphere by a DuPont thermal analyzer
the morphology. 2000 Model differential scanning calorimeter to

In this study, the effects of the concentration study the influence of the LLD-g-MAH added to
of the compatibilizer, LLD-g-MAH, on the crystal- the blends on the crystallinity, melting, and non-
lization and melting behavior, especially the re- isothermal crystallization of the LDPE/EVOH
tarded crystallization of the dispersed EVOH blends. The temperature was increased from 30
phase, of LDPE/EVOH blends are discussed, and to 2307C at a rate of 107C/min and held in the
the morphological, rheological, and tensile proper- molten state for 5 min to erase the thermal his-
ties of the blends were also investigated. tory. The nonisothermal crystallization thermo-

grams were obtained by cooling the samples at
programmed rates. The selected cooling ratesEXPERIMENTAL were 2, 4, 8, 12, and 167C/min. The melting ther-
mograms were obtained from the second heatingMaterials
with a heating rate of 107C/min.

LDPE [M.I. (g/10 min, 1907C, 2160 g) Å 0.3] and
EVOH [ethylene content (mol %) Å 32] were ob-

Rheological Measurementstained from LG Chemical Ltd. (Taejon, South Ko-
rea) and the Kuraray Co. (Kurashiki, Japan), re- The rheological properties of the blends were mea-
spectively, in pellet form. Maleic anhydride-grafted sured with a rotational rheometer (Physica Rheo-
LLDPE (LLD-g-MAH, wt % of MAH Å 0.1) used Lab MC120) using a cone-and-plate arrangement
as the compatibilizer was obtained from Mitsui Pet- with a plate radius of 25 mm and a cone angle of
rochemical Industries, Ltd. (Tokyo, Japan). 17. In all cases, the sample gap was 50 mm and

the strain was maintained at 15%. The tests were
Blend Preparation carried out by varying the frequency from 0.1 to

100 rad/s at 2407C. All tests were conducted un-In all blends, the weight ratio of LDPE/EVOH
der a nitrogen atmosphere to prevent oxidation.was 70/30, and the concentration of the compati-

bilizer (LLD-g-MAH) was 1, 3, 5, 7, 9, and 12 phr
(parts per hundred concentration of the resin). Tensile Tests
An uncompatibilized LDPE/EVOH blend with the

The tensile properties of the compression-moldedsame weight ratio as the compatibilized blend was
sample were measured with a tensile tester (In-also prepared for comparison. The blends were
stron Model 4202) at room temperature, followingprepared using a counterrotating twin-screw ex-
the procedure described in ASTM D638. A cross-truder (C. W. Brabender compounder DSK 42/7)
head speed of 10 mm/min was used in all mea-operating at a constant rotating speed of 40 rpm
surements.and the temperature profile of 200, 220, 240, and

2407C. All components were premixed by tum-
bling and simultaneously fed into the twin-screw
extruder. Because of the hygroscopic behavior, RESULTS AND DISCUSSION
EVOH was carefully dried in a vacuum oven for
24 h at 607C before blending. Morphological Characterization

The effect of the concentration of LLD-g-MAH on
Morphological Analysis the morphology of the LDPE/EVOH (70/30)

blends is shown in Figure 1. The uncompatibilizedMorphological changes in the LDPE/EVOH
blends with the addition of LLD-g-MAH were ob- blend [Fig. 1(a)] shows large and coarse domains.
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COMPATIBILIZER EFFECT ON LDPE/EVOH PROPERTIES 1247

Figure 1 SEM photomicrographs of LDPE/EVOH (70/30) blends having various
amounts of LLD-g-MAH: (a) without LLD-g-MAH; (b) 1 phr of LLD-g-MAH; (c) 3 phr
of LLD-g-MAH; (d) 5 phr of LLD-g-MAH; (e) 9 phr of LLD-g-MAH; (f ) 12 phr of LLD-
g-MAH.

When LLD-g-MAH was added to the LDPE/ (70/30) blends having different amounts of LLD-
g-MAH. The exothermic peak temperature ofEVOH (70/30) binary blend, the dimensions of

the EVOH domains decreased about five to six LDPE does not change significantly with the addi-
tion of LLD-g-MAH and stays at almost a con-times with increasing the amount of LLD-g-MAH

up to 12 phr based on LDPE/EVOH. It is also stant temperature of about 98–997C. However,
in the EVOH phase, the addition of LLD-g-MAHevident that the presence of LLD-g-MAH im-

proved the adhesion between the two phases, causes a steady decrease of the exothermic peak
temperature of the EVOH phase from 1627C forsince the fractured EVOH domain changed from

a spherical to an irregular shape as the amount the uncompatibilized blend to 1537C for 12 phr
of the LLD-g-MAH compatibilized blend. As theof LLD-g-MAH was increased.
concentration of the LLD-g-MAH in the blend in-

Crystallization and Melting Behavior creases, more EVOH-grafted LLDPE (EVOH-g-
LLD) may be formed in situ and the amount ofFigure 2 shows the cooling thermograms obtained

at a cooling rate of 27C/min of the LDPE/EVOH EVOH-g-LLD in the EVOH-rich phase may in-
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1248 LEE AND KIM

same twin-screw extruder mentioned in the Ex-
perimental section. Figure 3(a) shows that the
crystallization temperatures of LDPE and LLD-
g-MAH are not affected in the binary blend. How-
ever, Figure 3(b) shows that the crystallization

Figure 2 DSC cooling thermograms and crystalliza-
tion peak temperatures (Tc ) of LDPE/EVOH (70/30)
blends having various amounts of LLD-g-MAH (cooling
rate Å 27C/min): (a) DSC cooling thermograms; (b)
crystallization peak temperature (Tc ) versus LLD-g-
MAH content.

crease. The EVOH-g-LLD present in the EVOH-
rich phase may act as a polymeric diluent to re-
tard the crystallization rate of EVOH and de-
crease the crystallization temperature of EVOH.
Moon et al.18 observed that in the compatibilized
polypropylene (PP)/nylon 6 blends the crystalli-
zation temperature of the dispersed nylon 6 phase
decreased as the concentration of the compatibi-
lizer (PP-g-MAH) increased, whereas that of PP
stayed at roughly a constant temperature. Figure 3 DSC cooling thermograms of binary blends

To evaluate the relative miscibility of the com- (L: LDPE, E: EVOH, C: LLD-g-MAH, cooling rate
patibilizer, binary blends of LDPE/LLD-g-MAH Å 27C/min): (a) LDPE/LLD-g-MAH; (b) EVOH/LLD-

g-MAH.and EVOH/LLD-g-MAH were made using the
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COMPATIBILIZER EFFECT ON LDPE/EVOH PROPERTIES 1249

the affinity difference of LLD-g-MAH for LDPE
and EVOH on the morphology and oxygen barrier
properties of LDPE/EVOH blends by changing
the blending sequence. They observed the high
affinity of LLD-g-MAH for EVOH, evidenced by
the difference in morphology and oxygen perme-
ability of the blends.

DSC heating thermograms and melting peak
temperatures of the compatibilized LDPE/EVOH
blends are shown in Figure 5. The melting tem-
perature of LDPE is not changed much with the
addition of LLD-g-MAH. However, for EVOH, in-
creasing the amount of LLD-g-MAH decreases

Figure 4 Half-width (W1/2 ) of crystallization exo-
therms versus LLD-g-MAH content for both LDPE and
EVOH in LDPE/EVOH (70/30) blends (cooling rate
Å 27C/min).

peak temperature of EVOH in the EVOH/LLD-
g-MAH blends decreases with increasing concen-
tration of LLD-g-MAH. This indicates that there
exist stronger interactions in the EVOH/LLD-g-
MAH blends than in the LDPE/LLD-g-MAH
blends and thus the retarded crystallization of
EVOH is probably caused by the constraint effect
of the grafted EVOH (EVOH-g-LLD). Willis et
al.14 reported similar results in PP/ionomer and
nylon 6/ionomer binary blends. The retarded
crystallization of nylon 6 and the positive devia-
tion from the simple additivity rule in the viscos-
ity/composition curve observed in the nylon 6/
ionomer blends also indicated that stronger inter-
actions existed between the ionomer and nylon 6.

The width of the crystallization exotherms
measured at half-height, half-width (W1/2 ) , of the
LDPE/EVOH (70/30) blends is given in Figure 4
as a function of the concentration of LLD-g-MAH.
The half-width is a measure of the crystallite size
distribution.20 For LDPE, the W1/2 value does not
change much with the LLD-g-MAH concentra-
tion. For EVOH, a more pronounced increase in
the W1/2 with the LLD-g-MAH concentration was Figure 5 DSC second heating thermograms and
observed. This result would be expected if LLD- melting peak temperatures (Tm ) of LDPE/EVOH (70/
g-MAH is interfering with the crystallization of 30) blends having various amounts of LLD-g-MAH
EVOH. Thus, a much wider distribution of EVOH (heating rate Å 107C/min): (a) DSC second heating
crystallites occurs as a result of blending with thermograms; (b) melting peak temperature (Tm ) ver-

sus LLD-g-MAH content.LLD-g-MAH. Lee and Kim7 studied the effect of
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the melting temperature of EVOH. This is similar
to the trend observed for the crystallization tem-
peratures of the compatibilized LDPE/EVOH
blends. The depressed melting temperature of
EVOH in the compatibilized LDPE/EVOH blend
may be due to the constraint effect of the grafted
EVOH in the dispersed EVOH phase, indicating
that the crystalline regions of EVOH are smaller
and less perfect. These results are also evidenced
by the heating thermograms of binary LDPE/
LLD-g-MAH and EVOH/LLD-g-MAH blends
(Fig. 6). Similar to the previous results, the melt-
ing temperature of LDPE in LDPE/LLD-g-MAH
blends is not changed with increasing LLD-
g-MAH, whereas that of EVOH in the EVOH/
LLD-g-MAH blends decreases by the addition of
LLD-g-MAH.

The plot of the heat of fusion for the compatibi-
lized LDPE/EVOH blends is shown in Figure 7.
The crystallinity of LDPE stays constant, while
the crystallinity of EVOH in the blend decreases
with the addition of the compatibilizer.

The crystallization and melting behavior of the
compatibilized LDPE/EVOH blends are some-
what different from the PP/nylon 6 blends.17,18 In
the compatibilized PP/nylon 6 blends, the dis-
persed nylon 6 seemed to crystallize coinciden-
tally with PP. It was probably due to the reduced
particle size of nylon 6, since they found no melt-
ing temperature depression of nylon 6 and no
change of crystallization and melting behavior of
nylon 6 in the binary nylon 6/PP-g-MAH blends.
However, in this study, besides the reduced do-
main size of EVOH, we observed the melting tem-
perature depression of EVOH in the compatibi-
lized LDPE/EVOH blends and also measured the
changes of the crystallization and melting behav-
ior of EVOH in the binary EVOH/LLD-g-MAH
blends, which may indicate that the retarded crys-
tallization of the dispersed EVOH phase in the
compatibilized LDPE/EVOH blends resulted
from the constraint effect of the grafted EVOH
(EVOH-g-LLD) as well as the size reduction of
the EVOH domains.

Figure 6 DSC second heating thermograms of binary
blends (L: LDPE, E: EVOH, C: LLD-g-MAH, heating
rate Å 107C/min): (a) LDPE/LLD-g-MAH; (b) EVOH/Nonisothermal Crystallization Kinetics of the
LLD-g-MAH.Compatibilized LDPE/EVOH Blends

The crystallization temperature upon cooling eral attempts reported in the literature to de-
from the molten state is a characteristic value of a scribe nonisothermal crystallization kinetics. Zia-
semicrystalline polymer. In programmed cooling, bicki21,22 suggested that the maximum value of
the crystallization temperature reflects the over- the rate constant corresponding to the crystalliza-
all crystallization rate due to the combined effects tion peak temperature, Kmax, can be calculated by
of nucleation and crystal growth. There are sev- the following equation:
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X (T )
X`

Å *
T

T0
S dH

dT D dTY*
T`

T0
S dH

dT D dT (2)

where T0 and T` , respectively, denote the onset
and end temperatures of the crystallization of
EVOH. Figure 9 shows that as the cooling rate
increases the peak temperature decreases and the
peak area also increases. The retarded crystalliza-
tion of EVOH with 9 phr of the compatibilizer
was obtained from the decreased crystallization
temperature and broader crystallization exoth-
erms of EVOH.

Khanna23 and Zhang et al.24 each introduced
new parameters for characterizing the crystalliza-
tion rate. Khanna proposed the crystallization
rate coefficient (CRC), defined as ÉDb /DTCÉ (b

Figure 7 Heat of fusion (DHm ) versus LLD-g-MAH is the cooling rate), which can be obtained from
content for both LDPE and EVOH in LDPE/EVOH (70/ the slope of the cooling rate versus Tc . As indi-
30) blends (heating rate Å 107C/min). cated by Khanna, the higher the value of CRC, the

higher the crystallization rate. The crystallization
rate parameter (CRP) proposed by Zhang et al.
is defined as ÉD(1/t1/2 ) /DbÉ [t1/2 Å (Tin 0 T1/2 ) /Kmax Å

CK

tmax
(1)

b; t1/2 is the half-crystallization time, Tin is the
onset temperature of crystallization, and T1/2 is
the half-crystallization temperature]. CRP can bewhere tmax is the time from the start of crystalliza-
obtained from the slope of the reciprocal of t1/2tion to reach the maximum rate of crystallization
and the cooling rate plot. The faster the crystalli-and CK is the ratio of crystallinity before and after
zation, the higher the slope. Figure 10 shows thetmax. A large value of Kmax indicates that polymer
reduction of the crystallization temperature withcrystallizes more rapidly. Nonisothermal crystal-
an increasing amount of the compatibilizer in thelization exotherms observed in the DSC curve in

the cooling runs (cooling rate Å 27C/min) were
analyzed by Ziabicki’s theory. The Kmax values of
LDPE and EVOH in the compatibilized LDPE/
EVOH blends are plotted against the LLD-g-
MAH content in Figure 8. It is seen that the crys-
tallization rate of LDPE is not much affected by
the presence of LLD-g-MAH. However, in con-
trast to what was observed for LDPE, the crystal-
lization rate of EVOH decreases dramatically.
This indicates that the crystallization process
may be impeded by the constraint effect of EVOH-
g-LLD in the EVOH phase as previously men-
tioned.

Considering these results, it is worth seeing the
effect of LLD-g-MAH on the crystallization rate
of the dispersed EVOH phase in the blends in
more detail. The crystallization exotherms and
relative crystallinity of EVOH in the uncompatibi-
lized and compatibilized (9 phr of LLD-g-MAH)
LDPE/EVOH blends at various cooling rates (2,
8, and 167C/min) are presented in Figure 9. The Figure 8 Maximum crystallization rate (Kmax) versus
relative crystallinity was calculated as a function LLD-g-MAH content for both LDPE and EVOH in

LDPE/EVOH (70/30) blends (cooling rate Å 27C/min).of temperature using the relation
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1252 LEE AND KIM

tration of LLD-g-MAH [Fig. 11(b)] . From the re-
sults, we can find that the CRC value of EVOH
decreases as the concentration of LLD-g-MAH in-
creases, implying a lower crystallization rate of
EVOH. Also, according to the method proposed by
Zhang et al., CRP is obtained from the reciprocal
of the t1/2 of EVOH plotted against the cooling rate
as shown in Figure 12(a). From Figure 12(b), we
can find that the lower CRP value of EVOH at a
higher concentration of LLD-g-MAH also indi-
cates a lower crystallization rate of EVOH. In the
compatibilized LDPE/EVOH blends, the varia-
tion of the CRC and CRP values of the dispersed
EVOH phase represented quantitatively the re-
tarded crystallization rate of EVOH.

Rheological Properties

The effect of the concentration of LLD-g-MAH on
the complex viscosity of the LDPE/EVOH (70/30)
blends is shown in Figure 13. In spite of the low
viscosity of LLD-g-MAH, the blends show an in-
crease in the viscosity with the addition of LLD-
g-MAH. This is probably due to the grafting reac-
tion of LLD-g-MAH and EVOH. In other words,
when LLD-g-MAH is added to the blends, the in-
terfacial adhesion between the dispersed EVOH
and LDPE matrix phases increases as indicated
by the SEM photomicrographs. The storage modu-
lus (G * ) of the compatibilized LDPE/EVOH

Figure 9 DSC cooling thermograms and relative
crystallinity for EVOH in LDPE/EVOH (70/30) blends
having no LLD-g-MAH and 9 phr of LLD-g-MAH at
different cooling rates (cooling rates Å 2, 8, 167C/min):
(a) DSC cooling thermograms; (b) relative crystallinity
as a function of temperature.

compatibilized LDPE/EVOH blend. According to
the treatment proposed by Khanna,23 the cooling
rate is plotted against the Tc of EVOH as shown Figure 10 Crystallization peak temperature (Tc ) of
in Figure 11(a), and the slope of the line, the EVOH in LDPE/EVOH (70/30) blends versus compati-

bilizer (LLD-g-MAH) content at different cooling rates.CRC, can also be given as a function of the concen-
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blend. This is due to the increased interaction be-
tween the two phases by the presence of the com-
patibilizer.8,9,25,26

Tensile Properties

The effect of LLD-g-MAH on the tensile proper-
ties of the LDPE/EVOH (70/30) blends is
shown in Figure 15. The addition of a compatibi-
lizer has been shown to be a method of improv-

Figure 11 Effect of compatibilization on Tc and CRC
for EVOH in LDPE/EVOH (70/30) blends: (a) cooling
rate versus Tc ; (b) CRC versus LLD-g-MAH content.

blends is plotted against the frequency in Figure
14. In this figure, the compatibilized blends show
a higher storage modulus than that of the uncom-
patibilized blend over the entire frequencies. As
shown in the above figures, the compatibilizer
(LLD-g-MAH) can cause a great difference in Figure 12 Effect of compatibilization on t1/2 and CRP
rheological properties (complex viscosity and stor- for EVOH in LDPE/EVOH (70/30) blends: (a) t1/2 ver-

sus cooling rate; (b) CRP versus LLD-g-MAH content.age modulus) compared to the uncompatibilized
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matrix. The increase of tensile properties in the
compatibilized blends is probably related to the
presence of LLD-g-MAH. This acts as an effective
compatibilizer between the dispersed EVOH and
LDPE matrix. It is likely that the addition of LLD-
g-MAH yields a finer dispersity of the dispersed
EVOH phase and stronger adhesion between the

Figure 13 Effect of compatibilization on complex vis-
cosity (h*) of LDPE/EVOH (70/30) blends: (a) complex
viscosity (h*) versus frequency (v ) ; (b) complex viscos-
ity (h* at v Å 1 and 100 rad/s) versus LLD-g-MAH
content.

ing the mechanical properties of the immiscible
blends.13–16,25,26 In Figure 15, it is seen that the
tensile strength and elongation of the compatibi-
lized blends are improved considerably relative to Figure 14 Effect of compatibilization on storage mod-
those of the uncompatibilized blend. The low ulus (G * ) of LDPE/EVOH (70/30) blends: (a) storage
value of elongation observed for the uncompatibi- modulus (G * ) versus frequency (v ) ; (b) storage modu-
lized blend can be attributed to the presence of a lus (G * at v Å 1 and 100 rad/s) versus LLD-g-MAH

content.large EVOH domain with poor adhesion to the
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COMPATIBILIZER EFFECT ON LDPE/EVOH PROPERTIES 1255

erties of immiscible LDPE/EVOH (70/30) blends.
The results led to the following conclusions:

1. When the compatibilizer (LLD-g-MAH) was
added to the LDPE/EVOH binary blend, the
dimensions of the EVOH domains decreased
by about five to six times with increasing the
amount of LLD-g-MAH up to 12 phr.

2. The crystallization and melting behavior
were significantly affected by the presence of
LLD-g-MAH. The crystallization tempera-
ture of EVOH showed a trend of a steady de-
crease as the concentration of LLD-g-MAH
increased, whereas that of LDPE stayed at a
roughly constant temperature. The wider
half-width (W1/2 ) of the crystallization exo-
therms of EVOH than that of LDPE was mea-
sured. The melting temperature depression
of EVOH in the compatibilized LDPE/EVOH
blends and changes of the crystallization
and melting behavior of EVOH in the binary
EVOH/LLD-g-MAH blends may indicate that
the retarded crystallization of the dispersed
EVOH phase in the compatibilized LDPE/
EVOH blends resulted from the constraint
effect of the grafted EVOH (EVOH-g-LLD)
as well as the size reduction of the EVOH
domains.

3. The nonisothermal crystallization kinetics of
the compatibilized LDPE/EVOH blends was
studied. The lower Kmax, CRC, and CRP val-
ues of EVOH at a higher concentration of
LLD-g-MAH indicated the retarded crystalli-
zation rate of the dispersed EVOH phase.

4. The addition of LLD-g-MAH into LDPE/
EVOH blends resulted in an increase in the
melt viscosity and storage modulus of the
blend, which was due to the increased inter-
action between the LDPE and EVOH phases
by the presence of the compatibilizer.Figure 15 Effect of compatibilization on tensile prop-

5. Both a dispersed domain size reduction anderties of LDPE/EVOH (70/30) blends: (a) tensile
an enhanced interfacial adhesion effectstrength; (b) elongation at break.
seemed to contribute to the improvement of
the tensile properties in the compatibilized
LDPE/EVOH blends.EVOH and LDPE phases, contributing to the im-

provement of the tensile properties of the compati-
bilized blends.
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