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ABSTRACT: Polymer blends incorporating poly(ethylene terephthalate) (PET), poly-
amide-6 (PA-6), and a reactive compatibilizer (low molecular weight bisphenol-A epoxy
resin—E-44) were prepared with the following E-44 weight percent concentrations: 0,
0.3, 0.6, 1, 3, 5, and 10. The samples was studied by a scanning electron microscope
(SEM), a polarizing microscope (PLM), dynamic mechanical thermal analysis
(DMTA), wide-angle X-ray diffraction (WAXD), a differential scanning calorimeter
(DSC), infrared spectroscopy (IR), and mechanical testing. SEM and PLM showed
noticeable changes in both the amorphous region and the crystalline region of the
blends. The changes indicated better compatibility between the dispersed phase (PA-
6) and the matrix (PET), which was further confirmed by the DMTA test. The WAXD
showed that PET and PA-6 crystallized separately and no cocrystallite was found. The
melting and crystallization data, obtained by DSC, suggested that the crystallization
of the blend was blocked, although the hindered mechanism for the effect of E-44 on
PET was different from that on PA-6. The notched impact strength and flexural strength
of the PET/PA-6 blends were significantly improved when the content of E-44 was 5
wt % (improved about 500 and 400%, respectively). IR was used to study the reaction
among E-44, PET, and PA-6. The result indicated that the grafting reaction and the
crosslinking reaction occurred during melt blending. The obvious increase of mechanical
properties and the reinforcing and toughening effect were attributed to the formation
of the crosslinking net in the blend. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69:
1505–1515, 1998
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INTRODUCTION extensive application of PET as an engineering
plastic. One of the most effective modifications of
its drawbacks is to blend it with other polymers,Poly(ethylene terephthalate) (PET) is widely used

as a thermoplastic material for the fabrication of that is, by polymer–polymer alloying techniques.
The importance of the interface in multiphasemolded objects and films. As an engineering plas-

tic, it is injection-molded for various automotive polymer systems has been long recognized. Physi-
cal and chemical interactions across the phaseindustries and other applications. PET has good

comprehensive properties, such as thermal resis- boundaries are known to control the overall per-
formance of immiscible polymer blends. Strong in-tance, chemical resistance, and electronic proper-

ties. However, its poor impact strength limits the teractions result in good adhesion and efficient
stress transferring from the continuous phase to
the dispersed phase in the blends. As a result of

Correspondence to: Y. Liu.
the recent interest in the melt processing of reac-
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/081505-11 tive systems (reactive extrusion, reactive injection
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molding), emphasis will be placed on the com- Measurement of Mechanical Properties
pound used in conjunction with such processes.

The PET/PA-6 blend will be a promising blend The notched charpy impact strength tests were
if it combines the rigidity of PET with the tough- carried out on a VEB Werkstoffriifmchimer Leipz-
ness of PA-6. Since PET/PA-6 blends without add- ing Biegnoinent (made in Germany) pendulum
ing any compatibilizer has worse properties than impact tester. Samples for notched charpy strength
those of neat PET or PA-6, considerable efforts testing were prepared by mold pressing at 2957C
are directed to the improvement of the compatibil- under 25 MPa for 5 min and then cooled to ambi-
ity or to the suppression of incompatibility. One ent temperature. A sample size of (55 { 1) 1 (6
main interest has been focused on polyesteram- { 0.2) 1 (4 { 0.2) mm3 with a notch depth of one-
ides obtained by the polycondensation of mono- third of the thickness and a notch width of 0.8
meric hydroxyamido acids or amino alcohols with mm was made. Before measurement, the samples
diacid cholorides.1,2 Searches3,4 have shown that were equilibrated under ambient conditions for at
the blending of PET and PA in the melt produces least 24 h. The reported data were the average
polyester–polyamide block copolymers, which values of five to seven measurements. The flexural
could improve the compatibility of the blends. Un- strength, measured on a Instron universal tester
fortunately, most studies seldom improved the Model 1211 using three-point bending, was 7 cm.
mechanical properties of the blends. It was re- Five samples were tested in each case, and the
ported5,6 that the microfibrillar-reinforced com- average value was reported. All the tests were
posites of PET and PA-6 had good mechanical performed at ambient temperature.
properties. But they are difficult to use in industry Scanning electron micrographs of freezing frac-
because of their long annealing process. ture surfaces, which were etched by 507C formic

In this article, we used E-44 as a reactive com- acid to remove the PA-6 phase, and impact frac-
patibilizer to improve the compatibility of PET/ ture surfaces were studied on a Hitachi S-570
PA-6 blends and to study its effect on the morphol- scanning electron microscope. In preparation for
ogy and properties of PET/PA-6 blends. Also, we the etched samples, a small rectangular strip of
discuss the mechanism that can greatly improve each sample was frozen in liquid nitrogen for 10
the mechanical properties of the blends. min. Prior to examination, all the fracture sur-

faces were made conductive by the deposition of
a layer of gold in a vacuum chamber.

Polarizing micrographs were recorded by an
EXPERIMENTAL Olympus BH-2-type polarizing microscope. The

samples were isothermally crystallized at 1507C
for 2 h.

Materials and Preparation of Blends
Thermal analysis was done with a differential

scanning calorimetry (DSC) instrument (Pekin–The materials used in this study included PET,
Elmer, DSC-7). All samples were melted at 2957CPA-6, and epoxy resin E-44. All were commercial
for 3 min and then quenched on an ice face. Thegrades of PET (S082C; intrinsic viscosity: 0.82
samples were heated from 25 to 3007C at a rate{ 0.02 dL/g; density: 1.40 { 0.01 g/m3; melting
of 107C/min in a nitrogen atmosphere to obtainpoint: 248 { 3.07C; acetaldehyde: õ1 ppm). PET
the heating curves and were held at 3007C for 2was supplied by the POLYPET Factory (Indone-
min and subsequently cooled at the same rate tosia); PA-6, by Ube Industries Ltd. (Japan); and
257C to obtain the cooling curves.epoxy resin E-44 (low molecular weight), by the

Dynamic mechanical thermal analysis was car-Shanghai Chemical Reagent Plant (China).
ried out using a Rheovibron-DDV-II-EA-type vis-Before compounding, PET was dried at 1207C
coelasticimeter with temperature ranging fromfor 8 h in a vacuum oven; PA-6, at 807C for 12 h
0150 to 2007C at a frequency of 110 Hz and heat-in a vacuum oven; and epoxy resin E-44, at 1207C
ing rate of 37C/min. Wide-angle X-ray diffractionfor 5 h. All the melt compounding of the blends
(WAXD) was recorded using a Rigaku D/max-was carried out in a roller mixer of the Brabender
3A-type X-ray diffractometer with nickel-filteredplasticorder Model XSS-300 (temperature range
CuKa radiation. Prior to measurement, the sam-of 295 { 2.07C, roller speed at 32 rpm, time for 5

min). ples were melted and crystallized isothermally at
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Figure 1 SEM micrographs of freezing fracture surfaces of PET/PA-6/E-44 blends.
E-44 content (wt %): (a) 0; (b) 0.6; (c) 1; (d) 3; (e) 5; (f ) 10.

1507C for 2 h. The infrared (IR) spectra were re- were etched by 507C formic acid to remove the
PA-6 phase. The addition of a small quantity ofcorded on a Nicolet Model 205 spectrophotometer.
E-44 to the PET/PA-6 blends resulted in remark-
able changes in the morphology of the blends.

RESULTS AND DISCUSSION Two-phase morphology is observed on the etched
surface of the PET/PA-6 blend without E-44. PA-6

PET/PA-6 Blends Morphology and Compatibility disperses in a spherical shape in the continuous
phase of PET. There is no evidence of adhesionThe morphology and compatibility of PET/PA-6
between the minor phase and the matrix, sinceblends with or without epoxy resin E-44 were
the cavities of the PA-6 particles are perfectlystudied by scanning electron microscopy (SEM),
clear and smooth. This shows that PET and PA-6polarizing microscopy (PLM), and dynamic me-
are incompatible by simply blending. When 0.3chanical thermal analysis (DMTA).
wt % E-44 was added, substantial morphological
changes occurred. It can be seen that the dimen-

SEM sions of the dispersed PA-6 domains have de-
Figure 1 shows the SEM micrographs of the freez- creased obviously and the PA-6 phase has a more

uniform distribution.ing fracture surfaces of PET/PA-6 blends, which
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Figure 2 SEM micrographs of impact fracture surfaces of PET/PA-6/E-44 blends.
E-44 content (wt %): (a) 0; (b) 1; (c) 5; (d) 10.

Figure 2 shows SEM micrographs of the impact rating between the two crystalline phases when
the content of E-44 reached 1 wt %. The size of thefracture of the blends, which indicates the same

change as above. When the content of E-44 crystalline phase decreases and the distribution
becomes more uniform. These phenomena showreached 5 wt %, a ductile type of fracture is ob-

served on the surface of the blends, which sug- that the compatibility or interfacial adhesion be-
tween the crystalline phase of PET and that ofgests a good interfacial adhesion and predicts a

better impact strength. PA-6 are enhanced on addition of E-44.

DMTAPLM

Polarizing micrographs are used to study the DMTA is used to determine the miscibility of the
blends by investigating the variation of the glassmorphology of the crystalline phase. PET and

PA-6 are semicrystallizing polymers. Figure 3 transition temperature (Tg ) of the blend compo-
nents. Figure 4 shows the dynamic modulus–tem-shows that the morphology of the crystalline

phase varied tremendously on adding even a perature curves of the PET/PA-6 blend and the
PET/PA-6 blends containing epoxy resin E-44. Allsmall quantity of E-44. There is no obvious sepa-
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Figure 3 PLM micrographs of PET/PA-6/E-44 blends. E-44 content (wt %): (a) 0;
(b) 0.3; (c) 0.6; (d) 1.0.

Figure 4 Dynamic modulus–temperature curves of PET/PA-6/E-44 blends: (- - - - -)
PET/PA-6; ( ) PET/PA-6/E-44 (1 wt %); (-r-r- ) PET/PA-6/E-44 (5 wt %).
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Table I Angular Positions of the Reflections for PET and PA-6 (Refs. 8 and 9)

Sample 2u (7)

PET 16.2 17.2 21.7 22.7 26.0 32.4
PA-6 19.8 23.5

three tan d–T curves show two obvious glass tran- be considered. The interface will affect the over-
all crystallization growth by affecting two basicsition peaks, which confirm the presence of two

phases. The peak at about 1107C is the glass tran- factors: the nucleation rate and crystal growth
rate. The DSC data of the PET/PA-6 system aresition peak of PET, while the glass transition peak

of PA-6 is at 50–607C. It is evident that the a-peak summarized in Table II. The results are dis-
cussed in terms of the following quantities: (1 )of PA-6 moves toward high temperature while the

a-peak of PET moves to low temperature with The higher the Tc ( crystallization temperature) ,
the easier is the polymer component crystal-increasing content of E-44. It indicates that the

compatibility of the two phases (PET and PA-6) lized; (2 ) the smaller the DTc ( the degree of su-
percooling, defined as the difference betweenis improved. On the other hand, the broadening

on the high-temperature side of the a-peak of the the melting peak temperature and the crystalli-
zation temperature) , the easier is the polymerPET reflects that the PET amorphous region is

more bound due to the presence of epoxy resin component crystallized; (3 ) according to the de-
gree of crystallinity, Xc Å DHm / (F 1 DH 0 )E-44. This phenomenon suggests that there is a

stronger interfacial adhesion in the system con- (where DHm is the heat of the melting peak; F ,
the weight fraction of each component in thetaining E-44. Also, the E *–T curves exhibit that

the storage modulus E * has a relatively high value blend; DH 0 , the ideal heat of melting of the poly-
in the blends with E-44, which indicates that the
rigidity of the blends increases. The result is at-
tributed to the decrease in the segmental mobility
of the chains or increase in the intermolecular
friction, which would result from the fine disper-
sion and some chemical, rather than physical,
changes that we will discuss below.7

Crystallizing Properties of PET/PA-6 Blends

WAXD

Table I gives WAXD characteristic peaks of PET
and PA-6. Figure 5 displays the WAXD crystalline
peaks for PET, PA-6, and the PET/PA-6 blend
without and with E-44. No new peak can be found,
which proves that PET and PA-6 crystallize sepa-
rately and there is no cocrystallite in the blends
under our experimental condition. The observed
drop in the intensities of the PET and PA-6 could
be attributed to the decrease in the perfection and
crystallinity.

DSC

To understand the effect of E-44 on the crystalli- Figure 5 WAXD crystalline peaks for PET/PA-6/
zation in immiscible PET/PA-6 blends, the in- E-44 blends: (1) PET; (2) PA-6; (3) PET/PA-6; (4)

PET/PA-6/E-44 (10 wt %).terface between the polymer components must
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Table II DSC Data of PET/PA-6-E-44 Blends

Sample

Material 1 2 3 4 5 6 7

E-44 (wt %) 0 0.3 0.6 1.0 3.0 5.0 10.0

PET Tm (7C) 250.6 250.3 249.8 248.5 248.5 248.1 248.2
Tc (7C) 199.5 199.0 198.6 197.5 196.8 196.2 195.6
DTc (7C) 51.1 51.4 51.2 51.0 54.5 54.8 54.9
DHm (J/g) 29.0 28.4 26.9 25.5 24.9 24.3 21.5
tmax (s) 43.3 43.0 42.5 42.1 40.1 43.5 48.6

PA-6 Tm (7C) 219.8 218.0 216.2 215.9 212.3 213.2 213.0
Tc (7C) 183.7 178.3 175.2 172.1 169.7 169.1 168.3
DTc (7C) 36.1 39.8 41.0 43.8 47.6 48.0 48.7
DHm (J/g) 10.5 8.3 7.8 7.3 7.1 6.8 6.3
tmax (s) 21.6 21.7 22.2 24.2 25.1 27.2 29.3

mer component; in present case, F 1 DH 0 is Such variations indicate that the crystallization
of PET and PA-6 are inhibited by the presenceconstant) , the smaller the DHm , the smaller is

the Xc ; and (4) the smaller the value of tmax of E-44, attributed to them having many small
and imperfect crystallites. Also, Figure 6 clearly( fastest crystallization time, tmax Å [Tonset 0 Tc ] /

c , where Tonset is the temperature at which the demonstrates the broadening of the crystalliza-
tion temperature range. However, there is a lit-thermogram initially departed from the base-

line, and c , the cooling rate) , the faster is the tle difference between the effect of E-44 on PET
and on PA-6.nucleation rate of the polymer component. As

shown in Table II, the Tc and DHm of PET and
PA-6 decrease and the DTc of both increase.

Figure 6 DSC cooling curves of PET/PA-6/E-44 Figure 7 Mechanical properties of PET/PA-6/E-44
blends.blends. E-44 content (wt %): shown in Table II.
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First, as shown in Table II, the TcPA-6 and decreased. However, both rates of PA-6 de-
DTcPA-6 change more than do those of PET, which creased.
indicates that the reaction force between PA-6
and E-44 is greater than is the force between

Mechanical PropertiesPET and E-44. It is well known that PA-6 is a
high melting polymer because of the hydrogen The mechanical properties of polymer blends are
bonding between the molecular chains. Since greatly influenced by their miscibility. Table III
the reaction between E-44 and PA-6 can de- shows the notched charpy impact strengths and
crease the amount of hydrogen bonding between flexural strengths at various epoxy resin E-44 con-
the molecular chains of PA-6 and the crystallin- tents for the PET/PA-6 blends. Because of poor com-
ity of PA-6, TmPA-6 decreases obviously, although patibility of the two components, the mechanical
the reaction can improve the chain stiffness. properties of the blends are less desirable. After
Second, the high-temperature side of the melt- adding a small amount of the epoxy resin E-44,
ing crystalline peaks of PET narrowed but the the mechanical properties of the blends increased
low-temperature side widened. However, both obviously, especially when the E-44 content reaches
sides of the PA-6 melting crystalline peaks 5 wt %, as shown in Figure 7. The maximum flex-
broadened. In nonisothermal crystallization ki- ural strength and notched impact strength are 400
netics, the nucleation rate controls the shape of and 500% of the simple blends, respectively.
the high-temperature side and the crystal
growth rate controls the low-temperature side.

Reaction in PET/PA-6/E-44 SystemMoreover, the tmax of PET becomes smaller, but
the tmax of PA-6 becomes larger. So, with the It was reported10 that the epoxy groups could re-
increasing content of E-44, the nucleation rate act with polyamide without any catalyst at 1777C

as follows:of PET increased but the crystal growth rate

C©NH ©©©R©©©1

O
>177ƒC

O O

O
C©N

(1)

CH¤©CH©R©©©

O

1 C©NH

CH¤©CH©R©CH©CH¤

OH OH

OH
O

C©N

O

N©C

O

This reaction was proved by the gelatin phenome- (®30 wt %), and E-44 (®20 wt %).
non that resulted from blending of PET, PA-6 The epoxy–carboxyl reaction,

©©©R©©© 1
O O

PET©C©O©CH¤©CH©R©CH©CH¤©O©C©PETHOOC©PET (2)

OH OH

O O

has been used not only to build the polymer chain, to prepare monomers and as a curing agent. In prin-
but also to modify the side or end groups of chains ciple, at least three side reactions are possible11:
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(3)
©©OOC©

OH
©©OOC© +H¤O

O©C©

O

1 HOOC©

1 H¤O (4)©©©©© ©©©©©
O

OHOH

1 (5)©©©©© ©©©©© ©©©©©

©©©©©

OOC OOC©
O

OOH

OH

The probability of reactions (3) and (4) were action of epoxy groups with PA-6 and the reaction
small in that no bubble could be found in the sam- of epoxy groups with PET. The probable reaction
ples even after blending 20 min. Since E-44 is on the interface between PET and PA-6 during
selective, there is an equilibrium between the re- melt mixing is

©©©R©©© C©NHPET©C©OH

PET©C©O©CH¤©CH©R©CH©CH¤©N©C

1 1
O O

(6)

OO

O

OH OH

O

It was reported12 that the grafting of carboxyl- plished by using an epoxy resin as follows (usually
in the temperature range of 190–2307C):terminated polybutadiene to nylon was accom-

©©©R©©© PBd O
OH

PBd©COOH 1
O O

©©©
OR

(7)

H¤N©nylon nylon©COOH

O

PBd NH©nylonO
OH OH

R
O

PBd O
R

OH
O

O
OH

Onylon
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Table III Mechanical Properties of PET/PA-6/E-44 Blends at Varying Epoxy Resin E-44 Content

Sample

Mechanical Properties 1 2 3 4 5 6 7

E-44 content (wt %) 0 0.3 0.6 1.0 3.0 5.0 10.0
Flexural strength (MPa) 26.8 42.2 46.5 49.5 54.2 93.4 89.6
Notched impact strength (kJ/m2) 1.2 2.3 2.9 3.1 3.8 6.5 6.6

Since our experimental temperature was about PA-6 shifts from 1560 to 1544 cm01 . These results
indicate that there is a reaction between PA-6 and2957C, all the reactions except (3) and (4) proba-

bly occurred. E-44. Moreover, the specific peak of PET at 1730,
1104, and 730 cm01 shows up in the IR spectra,
which indicates the formation of a grafting copoly-

IR mer. This copolymer acts as an interfacial agent,
leading to improving the compatibility of theIR spectroscopy was used to detect the PA-6 com-

ponent which was extracted by formic acid. Figure blends. All these indicate that the chemical reac-
tion during the melt blending involved a grafting8 shows that the samples with E-44 have particu-

larly strong peaks at 830, 1020, and 1510 cm01 , reaction and a crosslinking reaction. When the
content of E-44 was low, the grafting reaction waswhich are the characteristic absorption frequen-

cies for the epoxy group. On the other hand, the the main reaction in favor of improving the com-
patibility of the blends. The properties of theband of C|O stretching of PA-6 shifts from 1662

to 1642 cm01 and the band of N{H bending of blends were improved greatly when the crosslink-
ing net was formed in the blends.

CONCLUSION

1. There are noticeable morphological changes
in both the amorphous region and the crystal-
line region of the blends. The dimension of
the dispersed PA-6 domains decreases greatly
and the PA-6 phase has a more uniform dis-
tribution.

2. PET and PA-6 separately crystallize in the
blends. E-44 blocks the crystallization of PET
and PA-6. When the E-44 weight percent is
over 5%, the hindered effect was dramatized.

3. The grafting reaction in the blends results in
good compatibility between PET and PA-6;
the crosslinking reaction results in a great
increase of the mechanical properties of the
blends.

4. The mechanical properties of PET/PA-6
blends can be substantially improved on add-
ing epoxy resin E-44. When the E-44 weight
percent reaches 5%, the notched impact
strength and the flexural strength of the
blends were improved about 500 and 400%,Figure 8 IR spectra of PA-6 component in the blends:

(- - - -) PET/PA-6; ( ) PET/PA-6/E-44. respectively.
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