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ABSTRACT: Compatible polymer blends of polypropylene (PP) with an amorphous polyamide (aPA) were obtained through reactive
compatibilization by adding 20% maleic anhydride-modified copolymer (PP-g-MA) to the blends. The blends were made up of a pure
PP phase and an aPA-rich phase where very small amounts of PP were detected. The dispersed phase particle size decreased considerably
indicating that compatibilization occurred. Young’s modulus of the compatibilized blends increased with respect to that of the uncom-
patibilized ones. The compatibilized blends were highly ductile, and the impact strength also improved, proving that compatibilization

occurred under a broad range of experimental conditions. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

It is commonly accepted that, given the generally immiscible na-
ture of polymer blends,! compatibilization is a fundamental
question.” Many compatibilization techniques have been used in
the past and are still currently being used to bring about inter-
facial adhesion in order to obtain the finely dispersed minor
phase necessary to produce the desired mechanical properties.’
Among the compatibilization techniques used are the chemical
modification of one of the blend components,*™ the promotion
of reactions in the melt state,”® the addition of a third compo-
nent,”'® and even the optimization of processing
conditions.'"'?

It is known that while polypropylene (PP) is a low-cost, easy-
to-process polymer that presents good mechanical and moisture
barrier properties, its high permeability to oxygen and many or-
ganic solvents limits its potential use. On the other hand, polya-
mides (PA) exhibit excellent mechanical and thermal properties,
but have some limitations for end uses, such as poor dimen-
sional stability and poor barrier properties. Therefore, it is clear
that PP and PA complement each other’s properties.

PP/PAs blends, unfortunately, are immiscible and incompatible
through the whole composition range due to their polar/non-
polar character, giving rise to unviable materials for practical
use. For this reason, reactive compatibilization, for instance, has
been widely used in these blends, where compatibilizing agents
such as maleic anhydride (MA),>®'®"2" acrylic acid
(AA),2*293173% or glycidyl methacrylate (GMA) ****77 linked
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to the PP have been used. These groups are able to react with
the terminal amine groups in the PA, producing a graft copoly-
mer which locates at the interface. This improves interfacial
compatibility resulting from the interaction of the different seg-
ments with their respective components,'””” leading to
improved dispersion of the minor phase and enhancing the ad-
hesion between the two blend components. As these compatibil-
izers do not selectively locate at the interfaces, but they are fully
miscibilized in the matrix, their amount is usually high, i.e.,
around 20%.>'>*°

Amorphous polyamides (aPAs) are relatively new thermoplastics
with irregular chemical structures that hinder crystallization.
They present attractive properties such as good dimensional sta-
bility, good dielectric and barrier properties, and reduced water
sorption when compared with crystalline PA*® but, at the same
time, their melt viscosity is higher. PP, on the other hand, has
low melt viscosity and none of the aforementioned limitations
of the PA; consequently, it is an ideal candidate for blending
with aPA. There are, however, few articles on the compatibiliza-
tion of PP/aPAs blends. PP-g-MA has been used in PP blends
with aPA based on (i) isophthalic acid, 12-aminododecanoic
acid, and bis(4-amino-3-methyl cyclohexyl) methane,®° (i) 1,3-
benzenedicarboxylic acid, 1,4-benzenedicarboxylic acid, 1,6-hex-
anediamine, and 4,4’-methylenebis[2-methylcyclohexanamine],*®
and also on (iii) 1,3-benzenedicarboxylic acid, 1,4-benzenedicar-
boxylic acid, and 1,6-hexanediamine.'” However, to our knowl-
edge no article exists that researches the effects of compatibiliza-
tion on the mechanical properties of PP/aPAs blends.
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Figure 1. Chemical structure of the commercial aPA used in this work.

In this work, a PP-g-MA copolymer was used to analyze its
effects on the compatibility of PP-rich blends with an aPA based
on isophthalic acid, 12-aminododecanoic acid, and bis(4-
amino-3-methyl cyclohexyl) methane. The blends were charac-
terized by dynamic-mechanical analysis (DMA) and differential
scanning calorimetry (DSC), and their compatibility was tested
by means of observing the changes in their morphology and
mechanical properties.

EXPERIMENTAL

The isotactic PP used was ISPLEN PP070 G2M (Repsol YPE,
melt flow index (MFI): 12 at 230°C and 2.16 kg load). The aPA
was GRILAMID TR55, a random copolymer of isophthalic acid,
12-aminododecanoic acid, and bis(4-amino-3-methylcyclohexyl)
methane (EMS Grivory, MFI: 16.0 at 275°C and 5 kg load). Its
chemical structure is given in Figure 1. The compatibilizer (PP-
¢-MA) was FUSABOND PMZ203D, a maleated PP with an av-
erage content of 0.74% MA (DuPont, MFIL: 102 at 190°C and
2.16 kg load). Drying before processing was performed at 50°C
in an air circulation oven for 4 h for PP-g-MA, and at 100°C in
a vacuum oven for 24 h in the case of aPA.

Mixing of PP and PP-g-MA to obtain gPP was performed in a
Collin ZK25 co-rotating twin screw extruder-kneader. The screw
diameter and the L/D ratio were 25 mm and 30, respectively. A
melt temperature of 200°C and a screw rotation rate of 200
rpm were used. The extrudates were cooled in a water bath and
pelletized. Then, both the blends of gPP or PP with aPA were
obtained separately by direct mixing/injection molding in a Bat-
tenfeld BA-230E reciprocating screw injection molding machine
to obtain tensile (ASTM D638, type IV, thickness 1.84 mm) and
impact (ASTM D256, thickness 3.1 mm) specimens of the pure
polymers and the uncompatibilized and compatibilized PP/aPA
blends. The screw of the plasticization unit was a standard screw
with a diameter of 18 mm, L/D ratio of 17.8 and a compression
ratio of 4. The melt temperature was 265°C and the mold
temperature was 15°C. The injection speed and pressure were
10.2 cm’/s and 2750 bar, respectively. The specimens were left
for 24 h in a dessicator before testing.

Dynamic mechanical analysis of the blends was carried out in a
TA Instruments DMA Q800 apparatus at a constant heating rate
of 4 °C/min and at a frequency of 1 Hz. The melting behavior of
PP was studied by DSC using a Perkin-Elmer DSC-7 calorimeter
at 20 °C/min. The melting temperature (7,,) and enthalpy
(AH,,) of PP were determined from the heating scans using the
temperature of the maximum and the peak area, respectively.
However, these values were not used to analyze the crystallinity
of PP in the blends because the melting of PP and the glass tran-
sition of aPA (T, = 168 and T, = 155°C, respectively) partially
overlapped. The crystallization temperature (7,) and the crystalli-
zation enthalpy (AH,) of PP were determined from the cooling
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scans using the temperature of the minimum and the peak area,
respectively. The crystallinity was calculated assuming a crystalli-
zation enthalpy of 137.9 J/g*® for 100% crystalline PP.

Cryogenically broken surfaces of the tensile specimens of the
blends were observed by scanning electron microscopy (SEM)
using a Hitachi S-2700 electron microscope that operated at 15 kV.

The melt viscosity of the pure components has been studied by
means of torque viscosity in a DSM MICRO 5cc mini-extruder.
A melt temperature of 265°C and a screw rotation rate of
50 rpm were used.

The infrared analysis was carried out in a Nicolet 6700 spectro-
photometer. The samples were obtained by hot pressing at
180°C with a Collin P 200E press after aPA phase extraction
with benzyl alcohol.

Tensile testing was carried out using an Instron 4301 machine at
a cross-head speed of 10 mm/min and at (23 = 2)°C and (50 =
5)% relative humidity. Young’s modulus was determined using
an extensometer at a cross-head speed of 1 mm/min. A mini-
mum of five tensile specimens were tested for each reported
value. Taking into account the ability of PP and its derivatives to
cold draw, ductility was measured as the reduction of area at
break. Izod impact tests (ASTM D-256) of unnotched specimens
were carried out using a CEAST 6548/000 pendulum on a mini-
mum of eight specimens for each reported value.

RESULTS AND DISCUSSION

Optimization of the Compatibilizer Content

A prospective study was carried out to test whether compatibili-
zation occurred, and to choose the optimum compatibilizer
(PP-g-MA) content. This study focuses on ductility behavior
because it is known that ductility is probably the best polymer
blend property” to consider when assessing compatibilization.

Figure 2 shows the ductility of the 75/25 blends, measured as
the area reduction at break, against the PP-g-MA content. The
plot of the elongation at break showed the same characteristics.
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Figure 2. Ductility of 75/25 PP/aPA composition blend as a function of
PP-g-MA content.
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Table I. Glass Transition Temperatures of gPP/aPA Blends

Sample Tg (PP) (°C) Ty (aPA) (°C)
gPP 6.5 (9.0) =

gPP/aPA 85/15 5.5(8.5) 151.5 (154.0)
gPP/aPA 75/25 7.0 (8.5) 151.5 (154.0)
gPP/aPA 60/40 7.0 (9.5) 152.0 (154.0)
gPP/aPA 50/50 6.0 (8.5) 154.0 (155.0)
aPA - 157.0

The values for the PP/aPA blends are in parentheses. The average stand-
ard deviation is 0.5°C.

As can be seen, the ductility of the 0% PP-g-MA blend (vertical
axis) was only 5%. This value is very different from that of the
pure PP (>80%) and led to a brittle fracture. Some of the
blends with 10% PP-g-MA appeared ductile while others did
not. However, at 20% PP-g-MA, ductility attained a maximum
value (60%) which was roughly 12-fold that of the uncompati-
bilized blend, and close to that of the pure PP. At higher PP-g¢-
MA contents, ductility persisted. The leveling off or decrease in
mechanical properties above a critical compatibilizer content is
common in polymer blends.'>***" It is believed that below the
optimum level, the interface is not saturated with compatibil-
izer. Above the optimum level, the compatibilizer saturates the
interface,'® and some compatibilizer stays outside the interface;
this is not its function, and may lead to lower homogeneity of
the whole blend.*' Consequently, a 20% PP-g-MA content was
selected as the optimum compatibilizer content to be used in
the blends for this study.

Phase Behavior

The phase characteristics of the blends were studied by both
DSC and DMA. The melting temperature of PP by DSC
(168°C) remained constant in the blends, as expected.m’n’42
The crystallization temperature of PP during cooling (105°C)
increased slightly both in the blends and in the presence of
compatibilizer; this indicates a slight nucleating effect of both
the aPA and the PP-g-MA. The nucleating effect of PA on the
crystallization process of PP has often been reported in litera-
ture.*>** The crystallinity of PP was unaffected by either the
aPA content or the presence of PP-g-MA, and remained steady
roughly 65% in the blends with a gPP matrix. It decreased
slightly to approximately 50% in the 50/50 composition, which
is attributed to the hindered mobility of the PP in the presence
of the solid aPA particles during crystallization. This change in
the crystalline content is not significant enough to affect the
mechanical properties of the blends.

The Tgs of the blends studied by DMA are summarized in Table
I and the representative curves of the 75/25 PP/aPA and gPP/
aPA blends, as well as those of the neat aPA and gPP, are shown
in Figure 3. It can be observed that gPP shows a single T, as
was expected because of the known® full miscibility between
pure PP and pure PP-g-MA. As can be seen, the low tempera-
ture T, was always similar to that of the pure PP indicating the
presence of an almost pure amorphous PP phase in the blends.
The high temperature T, decreased marginally at increasing gPP
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contents, as can be observed in Figure 3 for the 75/25 gPP/aPA
blend. As the decrease is too great to be due to interface inter-
action induced by the compatibilizer,”” it is attributed to the
presence of some PP, probably of low molecular weight, within
the aPA phase. The presence of PP in the aPA-rich phase is,
however, minimal (roughly 2.4% when estimated using the Fox
equation).

Phase Morphology

The morphology of the dispersed particles was observed by
SEM of the cryofractured surfaces. Figure 4 shows the morphol-
ogy of the 85/15 and 60/40 blends with a PP matrix both with-
out [Figure 4(a, b)] and with compatibilizer [Figure 4(c, d)].
The 75/25 blends showed intermediate morphologies.

As can be seen in Figure 4, the blends with PP show long
(some of them close to 0.5 mm), thick (typically 1.5 um diame-
ter) and irregularly shaped dispersed particles with a fiber-like
morphology. The particle surfaces are smooth and clear. These
aspects are clear evidence of poor adhesion and incompatibility,
as seen in polyamide-66/polypropylene (PA66/PP)*® or polypro-
pylene/polyamide-6 (PP/PA6)*” blends. As can also be seen,
some PP particles are occluded within the aPA dispersed
domains. If we bear in mind the fundamental incompatibility of
the blend, this would suggest that the blending procedure was
acceptable.

In the gPP/aPA blends, however, a drastic reduction of the par-
ticle size was observed. This indicates the suitability of the used
compatibilizer content even in the case of the 40% aPA blend.
The fracture surface is rough, and the presence of observable
dispersed particles is only limited to small areas of the blends.
One of these areas is that shown in Figure 4(d), where very
small dispersed particles (~0.2 pm) can be seen. Adhesion
clearly improved as most aPA particles were visibly integrated in
the matrix and debonding was not observed. Roeder et al.*®
also observed a decrease in the diameter of the PA6 phase
domains and greater interfacial adhesion between the domains
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Figure 3. Loss modulus curves of the neat aPA, gPP, and the 75/25 PP/
aPA and gPP/aPA blends.
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Figure 4. SEM micrographs of (a) 85/15 PP/aPA, (b) 60/40 PP/aPA, (c) 85/15 gPP/aPA, and (d) 60/40 gPP/aPA blends.

and matrix upon addition of PP-¢-MA compatibilizer to a
70/30 PP/PA6 blend.

It is known that the melt rheology of the blends has a signifi-
cant effect on the particle size. This is shown with the Taylor
equation which defines the relationship between the critical cap-
illary number and the viscosity ratio. Therefore the torque of
the two components of the blends was analyzed, as an indirect
measurement of viscosity. That of the pure aPA was 3400 N.m
and that of the gPP was 450 N.m. As can be seen in the blends
of this study, the viscosity of the gPP matrix is much lower
than that of the dispersed aPA phase. This, in theory, should
lead to a large particle size. However, just the opposite is seen
in Figure 4(c, d), which is additional experimental evidence of
the considerable compatibilizing effect of the PP-g-MA present
in the blends.

The chemical nature of the compatibilized blends was studied
by extraction of the aPA phase and FTIR spectroscopy. As seen
in Figure 5, although the aPA phase could not be completely
extracted from the PP/aPA blends (the 1640 cm ' band of the
amide carbonyl groups was observable in the spectra of the
insoluble fraction), the intensity of the peak corresponding to
the amide carbonyl groups in the insoluble PP fraction of the
gPP/aPA blends is higher. To quantify the remaining aPA con-
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tent in the insoluble fraction of the blends, normalization of the
1640 cm ™" peak area was carried out with respect to a PP char-
acteristic band (900 cm™'). As can be observed in Table II, the
remaining aPA content for compatibilized 75/25 and 50/50 gPP/
aPA blends was roughly 3-fold that of uncompatibilized blends.
This indicates the presence of additional reacted aPA, most
probably in the form of PP-g-aPA copolymer which is not solu-
ble in benzyl alcohol. The formation of PP-g-PA6 grafted
copolymers by in situ reaction of the anhydride groups of the
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Figure 5. FTIR spectra of (a) 75/25 PP/aPA, (b) 75/25 gPP/aPA, (c) 50/50
PP/aPA, and (d) 50/50 gPP/aPA blends.
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Table II. Remaining aPA Content in 75/25 and 50/50 PP/aPA and gPP/
aPA Blends After Partial aPA Extraction

ARTICLE -

Table III. Mechanical Properties of the gPP/aPA Blends as a Function of
the Blend Composition

Aapa App
Sample (1650 cm™ %) (900 cm™?) A
PP/aPA 75/25 12.499 1.794 6.967
gPP/aPA 75/25 21.713 1.279 16.976
PP/aPA 50/50 13.980 3.389 4125
gPP/aPA 50/50 22.094 1.850 11.943

PP-g-MA with the amine end groups of PA6 has been seen in
gPP/PAG blends.'”” These copolymers obviously locate at the
interface and consequently decrease interfacial tension'” and the
equilibrium particle size. A smaller particle size leads to an
increase in contact area which, in turn, means adhesion is
enhanced.

Mechanical Properties

Young’s moduli of both the compatibilized and uncompatibi-
lized blends are plotted in Figure 6 as a function of the aPA
content. All the mechanical properties of the gPP/aPA blends
are summarized in Table III. The plot of the yield stress was
very similar to that of Young’s modulus, with a yield stress
increase of nearly 30% from the pure PP (29 MPa) to that of
the compatibilized 40% aPA blend (39 MPa). As can be
observed, the moduli of the compatibilized blends were higher
than those of the uncompatibilized blends, and moreover coin-
cided with the linear extrapolation between those of the two
pure components. When the cause of the increase in the modu-
lus is examined, the PP crystallinity (phase behavior section)
can be ruled out as it was the same in the PP, gPP, and in their
blends. We can also rule out the specific volume of the blends
because their plot against composition was linear. The orienta-
tion was estimated by means of birefringence measurements
and the results obtained are shown in Table IV. As can be seen,
orientation of the compatibilized blends was higher, which
explains the resulting higher modulus. However, the orientation
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Figure 6. Young’s modulus of the compatibilized gPP/aPA ([cirf]) and
uncompatibilized PP/aPA ([ciro]) blends as a function of the aPA content.
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Young's  Yield Unnotched

modulus  strength impact

(MPa) (MPa) Ductility  strength
Sample (=50) (+=0.5) (%) (=4)  (J/m) (=50)
gPP 1550 29 No break 1000
gPP/aPA 85/15 1650 33 70 1000
gPP/aPA 75/25 1750 35 60 1000
gPP/aPA 60/40 1800 39 35 1300
gPP/aPA 50/50 1950 42 5 900
aPA 2300 76 45 No break

The average standard deviations are given inside parentheses.

Table IV. Birefringence Values of gPP/aPA Blends

Birefringence

9.4 x10%+15x%x 103
(48 x10°%+69 x 104

85x10°%+95x%x10*
6.8 x10°%+7.4x 109

88x102%+91x10*
61 x10°2%=1.0x 1079

88x10°%+1.0x10°
6.9%x10°%=1.8x 1079

77 x102%+13x 102
(58 x 102 =20 x 1079

Sample
gPP

gPP/aPA 85/15
gPP/aPA 75/25
gPP/aPA 60/40

gPP/aPA 50/50

The values for the PP/aPA blends are in parentheses.

was independent of the aPA content; therefore, it does not
influence the modulus of the blends, which depends only on
the modulus of the two pure components.
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Figure 7. Ductility of the compatibilized gPP/aPA ([cirf]) and uncompa-
tibilized PP/aPA ([ciro]) blends as a function of the aPA content.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38090



- ARTICLE

Table V. Unnotched Impact Strength of gPP/aPA Blends

Unnotched impact strength (J/m)

976 + 46 (894 + 23)
1024 + 146 (434 = 36)
979 * 49 (338 = 45)
1309 + 52 (293 + 21)
890 + 64 (277 = 40)
No break

Sample

gPP
gPP/aPA 85/15
gPP/aPA 75/25
gPP/aPA 60/40
gPP/aPA 50/50
aPA

The values for the PP/aPA blends are in parentheses.

The ductility of the blends is shown in Figure 7. The plot of the
elongation at break was similar for all the blends, but showed
greater decreases because the ability to cold draw is highly sensi-
tive to changes in ductility. The ductility value (the specimens
did not break in the tensile test) (not shown in Figure 7) for
both gPP and PP was 80% area reduction (elongation at break:
400%). The compatibilized blends were ductile, i.e., they fully
yielded, and in addition, as can be seen in Figure 7, the increase
in ductility upon compatibilization was spectacular. This is the
best evidence of compatibilization. The ductile nature of the
blends together with significant interfacial adhesion'® is the
result of the compatibilizing activity of PP-g-aPA copolymers.'®

The effect of the addition of two PP-g-MA, containing different
MA contents, on the ductility of PP/PA66 75/25 blends has
been analyzed.”” The best results were observed with 20% PP-g-
MA containing low-anhydride content and with 2.5% PP-¢g-MA
containing high-anhydride content. The highest elongation at
break values were 56% and 19%, respectively. The authors
attributed these improvements to the reduction in particle size
and improved adhesion resulting from the formation of the
graft copolymers. This effect is similar to that seen in this paper
and serves as further proof of the significant compatibilizing
process of the blends in this study.

It is known that both PP and aPA are very notch-sensitive and
low-impact strength materials. In order to find out whether the
biphasic nature of the blends is a factor which has a negative
effect on toughness, the unnotched impact strength of the
blends is shown in Table V as a function of the aPA content. As
can be seen, the fragilization typical of multicomponent materi-
als does not occur in these compatibilized gPP-rich blends,
because the impact strength of the blends containing gPP
(unlike those containing PP) is very similar to that of the single
matrix. Moreover, the impact strength of the blends with gPP is
clearly greater (3- to 4-fold) than that of the blends with PP.
This shows, on the one hand, that the level of adhesion was
good enough for the impact tests, which are not usually very
demanding in this regard and, on the other, it shows that com-
patibilization also affected the result of the impact tests, where
the stress conditions are much more complex and the test speed
at least one magnitude order larger.

CONCLUSIONS

Compatible PP/aPA blends rich in PP were obtained by melt
processing, using 20% PP-g-MA as the compatibilizer. The com-
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patibilized blends were made up of two almost pure amorphous
gPP and aPA phases. Very low PP contents (roughly 2.4%),
most likely of low molecular weight, are present in the aPA
phase. The crystallinity of both the gPP and the PP was unaf-
fected by the aPA content.

The addition of the compatibilizer to the blends led to both a
significant decrease in the dispersed phase particle size (roughly
from 1-2 to 0.2 um) and an improvement in interfacial adhe-
sion. This was attributed to the formation of PP-g-aPA grafted
copolymers by an in situ reaction of the anhydride groups of
the PP-g-MA with the amine end groups of aPA as well as to
their location at the interface.

The modulus of the blends increased upon compatibilization,
but the most relevant result was the spectacular improvement in
ductility which yielded blends with unusually positive values for
both area reduction and elongation at break. Compatibilization
also extended to impact strength since it also occurred at fast
test speeds and complex stress conditions.
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