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ABSTRACT: Both uncompatibilized and compatibilized
blends based on polyamide 12 (PA12) and isotactic polypro-
pylene (PP) were prepared in a Brabender Plastograph®.
The compatibiliser used was maleic anhydride functional-
ized polypropylene (PP-g-MA). Phase morphology of the
blends was inspected in scanning electron microscope (SEM)
on cryogenically fractured etched surfaces of the specimens.
PA12/PP blends possessed a nonuniform and unstable mor-
phology owing to the incompatibility between their constit-
uents. Addition of compatibiliser improved the interfacial
characteristics of the blends by retarding the rate of coales-
cence. So, the phase morphology became more fine, uniform,
and stable. Tensile properties of both uncompatibilized and
compatibilized blends were measured as a function of blend
composition and compatibiliser concentration. Uncompati-

bilized blends displayed inferior mechanical properties to
compatibilized ones; especially for those containing 40–60
wt % of PP. Reactive compatibilisation of blends was found
to be efficient and improved the tensile strength of the
blends considerably. Addition of PP-g-MA improved the
interfacial adhesion, decreased the interfacial tension, and
thereby, enhanced the tensile strength by 85%. Finally, var-
ious models were adopted to describe the tensile strength of
the blends. The experimental data exhibited a reasonably
good fit with Nielsen’s first power law model. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 99: 2640–2660, 2006
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INTRODUCTION

Polyamide 12 (PA12) belongs to the family of engi-
neering thermoplastic showing excellent mechanical
and thermal properties. It is the least water absorbing
polyamide. Isotactic polypropylene (PP) is one of the
cheapest and lightest commodity thermoplastics, with
good strength and solvent resistance but poor impact
properties. Blending, which is a simple and efficient
method to combine the superior properties of these
two polymers, would lead to a new polymeric mate-
rial having good mechanical and thermal properties
coupled with excellent solvent resistance. However,
the performance of polymer blends depends not only
on the nature and composition of the components, but
also on the phase morphology and interface charac-
teristics. Unfavorable molecular or segmental level in-
teractions between the components at the interface
owing to high interfacial tension result in poor inter-
facial adhesion between the phases. This leads to an
unstable morphology with inferior mechanical prop-
erties.

Compatibilisation of immiscible polymer blends
through the regulation of interfacial properties and
stabilization of phase morphology against coalescence
is the most general and efficient strategy to convert
poor multiphase blend systems into high performance
alloys. Morphology generation in multiphase systems
involves a competition between break-up and coales-
cence of the minor phase. Thus, the main challenge of
the compatibiliser is to minimize the rate of coales-
cence and to generate a stable and optimum morphol-
ogy with maximum product performance.

Several researchers have extensively reviewed the
role of compatibilisers in multiphase blend systems.1–5

It has been reported that compatibiliser locates at the
interface and suppresses coalescence by stabilizing the
interface.6 Compatibilisation is generally accom-
plished by adding presynthesized copolymers7–12 or
through reactive processing. In the former case, it is
important that the copolymer stays at the interface,
without dissolving in either of the two polymers or
forming mesophase of micelle structure. The principle
role of premade block copolymers in controlling mor-
phology appears to be in preventing coalescence.7 Lee
et al.8 have investigated the compatibilising perfor-
mance of random copolymer in the melt state and
found that the copolymer forms an encapsulating
layer at the interface between the polymers during
melt mixing. However, this encapsulating layer did
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not provide stability against static coalescence.
Mekhilef et al.9 have shown that addition of copoly-
mer reduced the interfacial tension and, thereby, sta-
bilized the morphology. Oshishi et al.11 studied the
phase morphology and mechanical properties of poly-
mer blends the in presence of a block copolymer as
compatibiliser and found that the copolymer success-
fully compatibilized the blends. It has been suggested
that the compatibilising efficiency of block copolymer
is influenced by several factors such as chemical com-
position, number of blocks, and the related molecular
characteristics.10 Harrats et al.12 reported that tapered
block copolymer is the most efficient emulsifier among
different block copolymers.

Reactive compatibilisation is a rapid and heteroge-
neous reaction that takes place across the phase
boundary, and in that case, the compatibiliser is gen-
erated in situ (i.e., during blending) through grafting
or exchange reactions. Effect of reactive compatibilisa-
tion on the morphology,13–20 mechanical,21–26 crystal-
lization,27 rheological,28–30 dynamic mechanical,31 and
barrier32,33 properties were reported extensively in lit-
erature. George et al.13 have reported that maleic an-
hydride (MA) containing compatibiliser improved the
‘interfacial condition’ and, thereby, reduced the dis-
persed phase size and provided more uniform particle
size distribution. Sathe and coworkers21 studied the
effect of concentration of polypropylene (PP) grafted
with butyl acrylate compatibiliser on the thermal,
morphological, and mechanical properties of PP/PA6
blends and observed that compatibilized blends ex-
hibited superior properties. Marco et al.27 have re-
ported that presence of a compatibilising agent leads
to a decrease in the crystallinity of the polyamide and
in its rate of crystallization in PA/PP blends, because
of the diluent effect of the molten PP. George et al.30

have reported on the effect of reactive compatibilisa-
tion on the morphology and rheological behavior of
thermoplastic elastomers derived from polyethylene/
nitrile rubber blends and observed that compatibilis-
ers (a) decreased interfacial tension values, (b) in-
creased the blend viscosity, and (c) made narrow the
particle distribution curves.

A particularly interesting feature of polyamides for
reactive coupling to other polymers is their inherent
chemical functionality, i.e., amine or carboxyl groups
and even the amide (peptide) linkage itself. MA-con-
taining interfacial agents can improve the compatibil-
ity of the blends through interfacial chemical reac-
tions. The mechanism of the interfacial chemical reac-
tion is based on (a) the amine-anhydride reaction that
involves an acid/amide intermediate which cyclices to
produce an imide group and a water molecule [Fig.
1(a)], or (b) an amide-anhydride mechanism that in-
volves an acid/imide intermediate which cyclices,
leading to a cyclic imide and an acid chain end [Fig.
1(b)].34

The important objective of the present study is to
monitor the effect of compatibiliser on the phase mor-
phology and mechanical properties of PA12/PP
blends. Both compatibilized and uncompatibilized
blends were prepared. PP-g-MA was used as compati-
biliser. Phase morphology of the blends was evaluated
from SEM micrographs. Mechanical properties of the
blends were determined as a function of blend ratio
and compatibiliser concentration. Attempts were
made to correlate the phase morphology changes in
presence and absence of compatibiliser with mechan-
ical properties. Finally, various theoretical models
were applied to evaluate and compare the experimen-
tal values of tensile strength.

EXPERIMENTAL

Materials

Isotactic polypropylene (Koylene 3060) having a melt
flow index (MFI) of 3 dg/min (at 230°C/2.16 kg) and
a density of 0.90 g/cm3 was kindly supplied by Indian
Petro Chemicals Limited, Baroda, Gujarat, India.
PA12, (Vestamid, L1670) having a melt volume-flow
rate (MVR) of 60 cm3/10 min (at 250°C/2.16 kg) and a
density of 1.01 g/cm3 was kindly supplied by De-
gussa, High Performance Polymers, Marl, Germany.

PP-g-MA (Polybond 3200) having MFI 110 dg/min
and MA content 1.0 wt % was obtained by the cour-
tesy of Crompton Corp., Middlebury.

Preparation of uncompatibilized and
compatibilized PA12/iPP blends

Both uncompatibilized and compatibilized blends
were prepared by melt mixing process in a Brabender
Plastograph�. Appropriate amounts of PA12 and PP
were mixed at 185°C and 60 rpm for 6 min to obtain
blends of different compositions (PA12/PP � 90/10,
80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and
10/90). These blends are represented as N90, N80 and
so on, where subscripts represent the wt % of PA12.
Blend containing 30 wt % of PP (N70) was selected for
compatibilisation. The compositions of the compatibi-
lized blends are represented in Table I. Compatibi-
lized blends were obtained in two-step mixing pro-
cess. In the first step the compatibiliser was premixed
with PP for 2 min at 185°C and 60 rpm and in the
second step PA12 was added to this mixture and
mixing was continued for further 5 min. The amount
of compatibiliser was varied from 1 to 10 wt % to
determine the optimum compatibiliser concentration.
Both uncompatibilized and compatibilized blends
were compression molded to obtain sheets of 2 mm
thickness for mechanical testing.
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Phase morphology of blends

The specimens for phase morphology studies were
cryogenically fractured in liquid nitrogen. The frac-
tured surface was etched in formic acid at ambient
temperature for 48 h and in boiling xylene for 72 h to
extract the PA12 and PP phases, respectively. The
etched surface was sputter coated by gold for 150 s. A
minimum of five photographs were taken for each
sample, using a scanning electron microscope (SEM;
Jeol 5400, Tokyo, Japan).

Figure 1 (a) Amine–anhride mechanism.(b) Amide–anhyciride mechanism.

TABLE I
PA12/PP Compatibilized Blends

Designation

Composition

PA12 PP PP-g-MA

C1 70 29 1
C3 70 27 3
C5 70 25 5
C10 70 20 10
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About 400 particles were considered to determine
the droplet diameter of the dispersed phase. The num-
ber (Dn), weight (Dw), and volume (Dv) average diam-
eters were determined using the following equations;
The number average diameter

Dn �
¥NiDi

¥Ni (1)

The weight average diameter

Dw �
¥NiDi2

¥NiDi (2)

The volume average diameter

Dv �
¥NiDi3

¥NiDi2 (3)

Mechanical properties of blends

Tensile specimens were punched out from the com-
pression-molded sheets. Tensile tests were performed
in accordance with ASTM D412–80 test method using
dumb-bell shaped test pieces at a crosshead speed of
50 mm/min, using a Zwick universal testing machine
(Ulm, Germany).

RESULTS AND DISCUSSION

Phase morphology of blends

It is unequivocally established that the ultimate prop-
erties of polymer blends are influenced by the mor-
phology (i.e., the size, shape, and distribution of the
phases in the blends) and the phase interaction. The
final blend morphology is determined by factors re-
lated to the material parameters (blend composition,
viscosity ratio, elasticity ratio, and interfacial tension)
and processing conditions35–40 (temperature, resi-
dence time and intensity of mixing, and nature of
flow). Based on these facts, several investigations were
undertaken to develop empirical rules for the predic-
tion of the phase structure in immiscible blends. How-
ever, no reliable theory or empirical rule explaining
the dependence of phase structure on these parame-
ters of a system has been derived so far.

The relative importance of the applied viscous
forces and the interfacial forces can be expressed in
terms of a dimensionless number called capillary
number, which is given as:

Ca �
�m�̇R

�
(4)

where �m is the viscosity of the matrix, � is the shear
rate, R is the droplet radius and � is the interfacial
tension.

When the Ca exceeds a critical value, the droplet
will deform and subsequently break up under the
influence of the interfacial tension. However, one
should note that the critical Ca value (Cacrit) for break
up of the droplet strongly depends on the viscosity
ratio, P (P � �dispersed/�matrix measured under identi-
cal conditions). The pioneering work to propose a
relationship between Ca and P has been done by
Taylor41 who derived an expression for the Cacrit in
the simple shear flow from a Newtonian fluid as:

Cacrit �
1
2 �16P � 16

19P � 16� (5)

Using, Ca � Cacrit, one can calculate the droplet
diameter D as:

D �
2Cacrit�

�̇�m
(6)

However, Wu42 demonstrated that for extruded
polymer blends, this equation may be modified as:

D �
4�P�0.84

�̇�m
(7)

The exponent is positive for P � 1 and negative for
P � 1. The elastic contribution to the effective interfa-
cial tension under dynamic conditions has been esti-
mated from the relation proposed by Van Oene,43

�eff � � �
d
12 ��N2�d � �N2�m� (8)

where �eff is the effective interfacial tension under
dynamic conditions, � is the static interfacial tension,
d is the droplet diameter, �N2�d and �N2�m are the sec-
ond normal stress functions for the dispersed phase
and for the matrix, respectively.

The phase morphology of cryogenically fractured,
etched surfaces of uncompatibilized PA12/PP
blends can be evaluated making use of the SEM
micrographs presented in Figure 2. All the micro-
graphs clearly reveal two-phase morphology of typ-
ical uncompatibilized blends. Two types of mor-
phologies can be distinguished for the blends from
the figure: (a) particle-droplet type morphology in
blends with 10 – 40 wt % PP and with 10 –30 wt % of
PA12 [Fig. 2(a– c) and Fig. 2 (e,f), respectively], and
(b) cocontinuous morphology in blends with 50 to
60 wt % PP [Fig. 2(d)].

Table II presents the morphological parameters de-
rived from SEM analysis of cryogenically fractured
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etched surfaces of the blends. It is evident from this
table and Figure 3, which present the variation of
average domain size as a function of blend composi-

tion, that the average domain size of the dispersed PP
phase increases monotonically up to 40 wt % of PP
concentration. This is clearly due to coalescence pro-

Figure 2 Scanning electron micrographs of PA12/PP suncompatibilised blends.
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cess that may arise from several types of interactions
such as:

1. van der Waals forces between neighboring particles
2. capillary forces
3. buoyancy resulting from the different gravities of

the two components
4. friction resulting from viscous flow.

Blends with dispersed PA phase in continuous PP
matrix also show similar behavior due to the same
reason. This behavior can be explained by considering
Tokita’s equation44 which explains the dependence of
concentration of the dispersed phase on the coales-
cence rate.

de � 24 Pr�/	�12	
d � �4 PrEdk/	�12)
d
2
 (9)

where de is the particle size at equilibrium, �12 is the
shear stress, � is the interfacial tension, Edk is the bulk
breaking energy, 
d is the volume fraction of the dis-
persed phase and Pr is the probability that a collision
to resulting coalescence. From this equation it is clear
that as the volume fraction of the dispersed phase
increases, de increases.

It should be noted that for a given dispersed phase
concentration, PA particles are smaller than corre-
sponding PP particles. The plausible explanation for
this observation mainly depends on the viscosity ratio
of the components in the blend. When the lower vis-
cosity component forms the dispersed phase, because
of the restricted diffusion of the dispersed particles in
more viscous medium, rate of coalescence decreases.
The critical coalescence time tc is given as:

tc � �3�mR/2�� ln�R/2hc� (10)

where �m is the matrix viscosity, R is the radius of
particle, and hc is the critical separation distance be-
tween the particles. However, it is interesting to note
that size of dispersed PP particles in N70 blends is
smaller than corresponding PA particles in N30 blend.
An explanation for this contradictory observation may
be given on the basis of less unfavorable interaction

between the PP domains or relatively high van der
Waals forces between PA particles at high concentra-
tion.

The distribution of dispersed particles in continuous
matrix can be evaluated from the polydispersity, Dw/
Dn, presented in Table II. It is seen that for low con-
centration of the dispersed phase (10 wt %), the dis-
tribution of particles is narrow for both PP and PA
dispersed phases. However, N20 blend shows the
broadest particle distribution. For all other blends, the
particle distribution was found to be intermediate.

The interfacial area per unit volume has been esti-
mated using the relationship;

Ai � 3
/R (11)

where 
 is the volume fraction of the dispersed phase
and R is the average radius of dispersed particles in a
given blend. The values are presented in Table II. It
has been observed that the interfacial area increases as
the wt % of dispersed PP phase in the PA matrix
increases. However, one can see that interfacial area
has lower value for N60 and N70 blends. It is also
obvious from Table II that interfacial area increased
marginally as the concentration of PA increased from
10 to 20 wt %. However, N30 has lower value than N20.
It should be noted that the drop in interfacial area is
observed for those compositions (N60 and N30) that
show maximum increase in domain size. Since inter-
facial area is a measure of interfacial thickness, which
in turn is a measure of compatibility of the blends, all
the blends, especially N60 and N30, are highly incom-
patible and are characterized by very narrow inter-
face, which may fail to transfer stress between the
phases.

The critical inter particle distance (IPDC) has been
calculated from Wu’s equation45:

IPDC � D��	/6
� � 1�1/3 (12)

where D is the average domain diameter of the dis-
persed phase of volume fraction 
. High values of
IPDC indicate brittle behavior of the blends. The IPDC

TABLE II
Morphological Parameters of PA12/PP Uncompatibilized Blends from SEM Analysis

Designation
Composition
of PA12/PP Dn (�m) Dw (�m) Dv (�m) Dw/Dn Ai (�m)2/(�m)3 IPDC (�m)

N90 90/10 7.4 7.8 8.2 1.05 0.08 5.44
N80 80/20 11.1 13.9 14.9 1.25 0.11 4.20
N70 70/30 13.9 16.4 16.8 1.18 0.13 2.82
N60 60/40 38.0 46.0 54.1 1.21 0.06 3.56
N30 30/70 21.0 27.4 31.9 1.30 0.09 4.27
N20 20/80 8.5 12.9 13.5 1.59 0.14 3.20
N10 10/90 5.0 5.3 5.7 1.05 0.12 3.68
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decreases as the concentration of dispersed PP
phase increases, reaches a minimum value at 30 wt
% of PP, and increases beyond that. Similarly, the
IPDC of PA dispersed particles decreased first (from
N10 to N20) and thereafter increased. N70 possessed
maximum value of IPDC. Based on the relatively
high values of IPDC, one can claim that all the
blends will break in a brittle manner. The morpho-
logical parameters of N50 and N40 blends have not
been estimated since these blends exhibited typical
cocontinuous morphology.

The phase morphology of cryogenically fractured
surfaces of 70/30 compatibilized blends has been

evaluated from SEM micrographs presented in Fig-
ure 4. Table III summarizes the morphological pa-
rameters of PA12/PP 70/30 (N70) compatibilized
blends. From this table as well as from Figure 5,
which demonstrates the variation of average do-
main diameter as a function of compatibiliser con-
centration, one can see that the average particle size
decreases in presence of compatibiliser. Attention
should be paid to the fact that beyond 5 wt %
addition of the compatibiliser, there is no apprecia-
ble decrease in particle size. This is an indication of
the fact that 5 wt % compatibiliser is sufficient to
saturate the interface. The reduction in particle size

Figure 3 Variation of average domain size of dispersed phase in PA12/PP blends as a function of wt % of PP.
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is due to the decrease in the rate of coalescence in
presence of compatibiliser. Lepers et al.14 investi-
gated the relative role of coalescence and interfacial
tension in controlling the dispersed phase size re-
duction during compatibilisation of polyethylene
terephthalate/PP (PET/PP) blends. They observed a
direct relationship between the drop in the interfa-
cial tension and the dispersed phase reduction of
the blend in the presence of interfacial modifier.

It has been established that one can divide coales-
cence process into four stages as follows46:

The first step is the approach of particles with radii
R1 and R2 and formation of the parallel films between
the particles with thickness h0.

h0 � 9C2Rmin/8�2�	6�2�� � 1�/9C2�3� � 2�
1/2 � 1�2

(13)

Figure 4 Effect of compatibilisation on the phase morphology of PA12/PP 70/30 blends.

TABLE III
Morphological Parameters of PA12/PP 70/30 Compatibilized Blend (N70) from SEM Analysis

Designation Dn (�m) Dw (�m) Dv (�m) Dw/Dn Ai (�m)2/(�m)3 IPDC (�m)

N70 13.9 16.4 16.8 1.18 0.130 2.82
C1 13.2 14.5 14.9 1.10 0.138 2.68
C3 12.5 13.5 12.6 1.08 0.144 2.54
C5 9.4 10.1 11.4 1.07 0.192 1.91
C10 9.2 9.7 10.7 1.05 0.196 1.87
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where � is the ratio of the viscosities of the dispersed
phase to that of the matrix phase, C � 0.40 is a nu-
merical constant and Rmin is the smaller particle radius
between two particles. From this equation, it is clear
that as � increases h0 increases. On the other hand,
when the viscosity of the dispersed phase is greater
than that of the matrix, the rate of coalescence will
increase. This was found to hold for the present sys-
tem also when PP dispersed particles were found to be
larger than PA dispersed particles in the related
blends, as mentioned earlier. It is obvious from Equa-
tion 13 that although the compatibiliser has noticeable

effect, it is the viscosity ratio that plays the main role
as far as this step is concerned.

The second stage of coalescence process is the drain-
age of the matrix trapped between the particles until
the film thickness reaches its critical value, hc.

hc � �AR/8	��1/3 (14)

where A is the Hamaker constant, which represents
the van der Waals interactions between neighboring
particles. Compatibilisers have profound impact on

Figure 5 Effect of PP-g-MA concentration on the average domain size of dispersed PP phase in PAI2/PP 70/30 blends.
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this step of coalescence process. Usually, a compati-
biliser locates at the interface between the particles.
Increase in the interfacial thickness with simultaneous
increase in the value of hc consequently mean favor-
able interactions between the dispersed particles. The
ultimate effect is a reduction in particle size. Thus, the
presence of compatibiliser, formed by the chemical
reactions displayed in Figure 1, decreases the average
domain size of the dispersed PP phase in PA matrix.
However, it is worth mentioning that at a particular
concentration of the compatibiliser, the interface be-
comes saturated as mentioned earlier and the com-
patibiliser seems to be unable to decrease the rate of
coalescence further. This is the reason why there is no
significant reduction in particle size beyond 5 wt %
addition of the compatibiliser. Third stage of coales-
cence is the rupture of film due to interfacial instability
and the final step is the merging of the particles. These
two steps mainly depend on the second step and,
therefore, compatibilisers have indirect effect on these
two steps.

It is obvious from Table III that the polydispersity of
dispersed particles reduces from 1.18 to 1.05. This is a
clear indication of action of compatibiliser, which
makes the phase morphology more uniform and sta-
ble by diminishing the chances of agglomeration of
dispersed particles. A similar observation is obtained
from Figure 6, which presents the influence of addi-
tion of PP-g-MA on the domain size distribution of
PA12/PP � 70/30 blends. It can be seen that the
domain size distribution becomes narrower by in-
creasing concentration of PP-g-MA. The interfacial
area per unit volume, on the other hand, increases
monotonically in the presence of compatibiliser. As
aforementioned, the interfacial chemical reaction be-
tween PP-g-MA and PA phase broadens the interface
between PP and PA. Finally, it is evident from the
table that IPDC comes down from 2.82 to 1.91 �m in
presence of 5 wt % compatibiliser. Further, it is not
significantly affected even by doubling the compati-
biliser concentration.

In short, in terms of all morphological parameters
summarized in Table III, it is clear that compatibiliser
makes the phase morphology more fine, uniform, and
stable, and it is important to note that beyond 5 wt %
concentration of the compatibiliser, there is no notable
change in any morphological parameters. Thus, for
70/30 PA12/PP blends, 5 wt % addition of PP-g-MA
compatibiliser is sufficient for interfacial saturation.

Leibler47 examined the emulsifying effect of an A-B
copolymer in immiscible blend of polymers A and B
and predicted a reduction of interfacial tension caused
by equilibrium adsorption of the copolymer at the
interface. He suggested that at equilibrium, the drop-
lets’ size distribution is controlled by rigidity and
spontaneous curvature of radius of the interphase,
both dependent on the copolymer’s molecular consti-

tution. According to the author, the interfacial tension
reduction is given by the relation:

�� � � �kT/a2��3/4�1/3�/�2��5/3

 �ZCAZA
�2/3 � ZCBZB

2/3� (15)

where ZCA and ZCB are the number of A and B units in
the copolymer, respectively, ZA and ZB are the degree
of polymerization of A and B, respectively, a is the
monomer’s unit length,  is the interfacial area per
copolymer. According to Noolandi,48 the effect of co-
polymer on surface tension between the two phases is
mainly influenced by the contributions from a series of
factors such as lowering of interaction energy between
the immiscible homopolymers, the broadening of the
interface between the homopolymers, the entropy re-
duction in the system, a decrease in energy of interac-
tion of the two blocks with each other, and a large
decrease in the interaction energy of the oriented
blocks with homopolymers. However, it should be
noted that the localization of copolymer at the inter-
face and the separation of blocks into corresponding
homopolymer phases and the simultaneous reduction
in interfacial tension between the phases depend on
various factors such as mixing conditions, interaction
of the compatibiliser with the dispersed phase, molec-
ular weight and composition of the compatibiliser, the
rate of absorption, and orientation of the compati-
biliser at the interface. Based on these facts and by
neglecting the loss of conformational entropy, Noo-
landi49 derived an equation for the interfacial tension
reduction as:

�� � d�c�1/2� � 1/Zc � 1/Zc exp�Zc�/2�� (16)

where d is the width at half height of the copolymer
profile reduced by the Kuhn statistical segment length,
�c the bulk copolymer volume fraction of the copoly-
mer in the system, Zc is the degree of polymerization
of the copolymer, and � is the Flory–Huggins interac-
tion parameter between A and B segments. As the
interfacial tension reduction is directly proportional to
the particle size reduction, Wu42 argued that

�D � Kd�c�1/2� � 1/Zc exp�Zc�/2�� (17)

where K is proportionality constant.
Figure 7 presents a plot of domain size reduction

(�D) as a function of the volume fraction of PP-g-MA
for 70/30 PA12/PP blends. This figure reveals that
below a critical micelle concentration (CMC) �D de-
creases almost linearly with increasing concentration
of PP-g-MA, whereas beyond CMC, a leveling off is
observed, in agreement with the predictions of Noo-
landi and Hong.49,50
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Tensile properties of PA12/PP blends

Tensile properties of the blends are depicted in Table
IV. All the blends showed negative deviation because
of the highly immiscible and incompatible nature of
the components as evident from the morphological
studies. Maximum tensile strength is shown by neat
PA12. Addition of PP decreased the tensile strength of
the blends and the minimum tensile strength is found
for N60, N50, and N40 blends. This may be due to the
maximum unfavorable cross correlation due to highly
immiscible and incompatible nature of these blends,
as revealed from the morphological parameters.

Tensile strength at break (TSb) and elongation at
break (Eb) showed no regular trend. Addition of PP
decreased the elongation at break of blends up to 50
wt % of PP. The blend that possessed maximum elon-
gation at break was N10. Regarding the Young’s mod-
ulus, all the blends except N60, N50, and N40 exhibited
almost constant values. Since measured at low strain
levels, Young’s modulus does not depend consider-
ably on the incompatibility between the components.
However, a very high immiscibility may affect the
Young’s modulus of the blends. Further, the Young’s
modulus depends on the crystallinity changes during

Figure 6 Effect of compatibilisation on the domain distribution of dispersed PP phase in PA12/PP 70/30 blends.
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blending. So, presence of PP in PA12 and PA12 in PP
matrices may not have much effect on the Young’s
modulus of the blends in terms of incompatibility. For
N60, N50, and N40 blends, both the incompatibility
factor and crystallinity changes may be adversely af-
fected and, therefore, these blends exhibited minimum
values. Owing to the maximum incompatibility, the
blends N60, N50, and N40 suffered maximum deteri-
oration in tensile properties. This is in good agreement
with the phase morphological observations.

Effect of compatibilisation on the tensile proper-
ties of the blends is summarized in Table V. Figure

8 displays the variation of tensile strength of 70/30
blends as a function PP-g-MA. It is noteworthy that
the compatibiliser acts as interfacial emulsifying
agent. Regarding the tensile strength, addition of
PP-g-MA increased the tensile strength consider-
ably, and the maximum value for tensile strength
was found for the blend containing 10 wt % com-
patibiliser. Here, an 85% increase of tensile strength
was noticed. The reason for the increase in tensile
strength by the addition of compatibiliser is clear.
As mentioned earlier, the nature of interface has a
crucial role in determining the bulk properties of

Figure 7 Effect of volume fraction of PP-g-MA on the domain size reduction of PA12/PP 70/30 blends.
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multiphase systems. Compatibiliser formed as a re-
sult of interfacial chemical reaction, locates at the
interface between the polymers in the blend and
diminishes unfavorable interactions between the
components and enhances favorable interactions at
the interfaces and thereby: (a) improves the interfa-
cial adhesion between the components in the
blends, (b) reduces the interfacial tension, (c) regu-
lates the rate of coalescence, and (d) stabilizes the
phase morphology of the blends.

These were already evident from morphological stud-
ies which revealed that presence of compatibiliser de-
creased the particle size and made the phase morphol-
ogy more fine, uniform, and stable. The morphological
parameters derived inform us that compatibiliser im-
proved the interfacial properties (such as interface thick-
ness, strength, and surface area). However, it is interest-
ing to note that based on morphological parameters it is
found that 5 wt % compatibiliser is sufficient to saturate
the interface, and evaluation of tensile strength showed
that maximum tensile strength was observed at 10 wt %
concentration of compatibiliser. These results offer an
apparent conflict with the phase morphological results.
However, this may be due to some reinforcing effect of
excess compatibiliser after saturating the interface. There
is, however, still some uncertainty and a detailed inves-
tigation is needed.

The tensile strength at break values are found to be
increased on compatibilisation, even though elonga-

tion at break did not change as a function of compati-
biliser concentration. It is also interesting to notice that
the Young’s moduli were not appreciably affected.
This also reveals that compatibility has no consider-
able effect on the stiffness properties, which are deter-
mined at relatively low strain levels.

Theoretical modeling

Theoretical analysis of tensile strength

To understand the level of interaction between the
component polymers in PA12/PP blends, predictive
models were used to tensile strength data. These mod-
els include:

i. Nielsen’s first power law model51

�b

�p
� �1 � 
1�S (18)

ii. Nielsen’s two-third power law model51

�b

�p
� �1 � 
1

2/3�S� (19)

iii. Nicolais–Narkis model52

TABLE IV
Tensile Properties of PA12/PP Uncompatibilised Blends

Designation
Composition of

PA12/PP
Maximum tensile

strength (MPa)
Tensile strength
at break (MPa)

Elongation at
break (%)

Young’s
modulus (MPa)

N100 100/0 47.0 � 1.4 29.0 � 0.9 75 � 4 1550 � 40
N90 90/10 40.3 � 1.1 16.8 � 0.7 23 � 2 1530 � 50
N80 80/20 31.7 � 0.9 29.1 � 0.8 20 � 2 1410 � 30
N70 70/30 23.9 � 0.7 23.5 � 0.7 18 � 2 1540 � 60
N60 60/40 17.7 � 0.6 17.6 � 0.5 14 � 1 955 � 40
N50 50/50 16.1 � 0.5 15.9 � 0.6 15 � 1 1310 � 40
N40 40/60 18.7 � 0.6 15.9 � 0.7 16 � 1 1070 � 40
N30 30/70 20.1 � 0.7 18.9 � 0.7 23 � 2 1740 � 70
N20 20/80 25.4 � 0.8 19.7 � 0.6 20 � 2 1660 � 50
N10 10/90 31.3 � 0.9 20.0 � 0.5 47 � 3 1740 � 60
N0 0/100 35.0 � 1.1 27.0 � 0.8 27 � 2 1660 � 60

TABLE V
Effect of Compatibilisation on the Tensile Properties of PA12/PP Blends

Designation
Maximum tensile

strength (MPa)
Tensile strength
at break (MPa)

Elongation at
break (%)

Young’s modulus
(MPa)

N70 23.9 � 0.7 23.5 � 0.7 18 � 2 1540 � 60
C1 26.2 � 0.8 24.4 � 0.6 22 � 2 1460 � 50
C3 36.0 � 1.0 34.0 � 0.8 18 � 2 1560 � 50
C5 38.6 � 1.2 37.0 � 0.8 18 � 2 1540 � 40
C10 44.2 � 1.3 44.2 � 0.9 16 � 2 1690 � 60
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�b

�p
� �1 � Kb
1

2/3� (20)

where �b and �p represent the tensile strength of the
blend and the major component of the blend respec-
tively, 
1 is the volume fraction of the minor phase,
S and S� are Nielsen’s parameters in the first and
two-third power law models, respectively, and Kb is
an adhesion parameter. S and S� account for the
weakness in the structure brought about by the
discontinuity in stress transfer and generation of the
stress concentration at the interfaces in the case of

blends. The value of S and S� are unity in the case of
no stress concentration effect. The value of Kb is 1.21
for spherical inclusions of the minor phase having
no adhesions. The values of relative tensile strength
(�b/�p), S, S�, and Kb are listed in Table VI. Plots of
relative tensile strength versus volume fraction of
the blends predicted using the three models are
presented in Figures 9–14.

A plot of relative tensile strength values predicted
from Nielsen’s first power law model with S � 1, S �
0.80 and experimental results plotted against the vol-
ume fraction of PP phase is given in Figure 9. The line

Figure 8 Effect of concentration of PP-g-MA on the tensile strength of PA12/PP 70/30 Blends.
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with S � 1 represents perfect adhesion. It has been
found that the experimental results are closer to this
line only in the beginning, i.e., blend containing only
10 wt % of PP. Beyond 10 wt % PP, the experimental
results are more close to the line with S � 0.8 up to 30
wt % and there after moves away from the line for 40
wt % PP and toward the end (50 wt % of PP) it again
comes closer to the line with S � 0.80. This is in close
agreement with the morphological parameters. As the
concentration of dispersed PP phase increases, the
incompatibility increases as a result of the fact that the

TABLE VI
Values of Stress Concentration Parameters in PA12/PP

Blends with PP Dispersed Phase

Designation �b/�p S S� Kb

N90 0.895 0.995 1.140 0.488
N80 0.704 0.880 1.070 0.870
N70 0.530 0.757 0.958 1.050
N60 0.393 0.655 0.860 1.170
N50 0.358 0.716 0.967 1.020
Mean 0.576 0.801 0.999 0.919

Figure 9 Plot of relative tensile strength versus volume fraction of dispersed PP phase, using Nielsen’s first power law
model.
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morphology becomes unstable. This means that be-
yond 10 wt % of PP, the blend is converted from a
no-stress concentration system to a structure with
significant stress concentration around PP. In other
words, this behavior shows that beyond 10 wt % of
PP concentration, the blends fail to take excessive
stress because of poor interfacial adhesion. Plot of
relative tensile strength predicted from Nielsen’s
first power law model with S � 1, S � 0.90, and
experimental results plotted against the volume
fraction of PA12 dispersed phase is presented in
Figure 10. It is obvious from the figure that blend

with 10 wt % dispersed PA12 in PP is in perfect
agreement with the theoretical line indicating per-
fect adhesion. However, beyond this, the experi-
mental results deviate from the theoretically pre-
dicted line. However, it should be noted that for 40
wt % and 50 wt % concentration of PA, the experi-
mental results are in agreement with line with S �
0.90. Here also, it can be concluded that because of
decrease in interfacial adhesion, beyond 10 wt % of
PA12, the blend fails to take excessive stress. These
facts are in perfect agreement with the morpholog-
ical parameters as well as tensile properties.

Figure 10 Plot of relative tensile strength versus volume fraction of dispersed PA12 phase, using Nielsen’s first power law
model.
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Figure 11, presents the relative tensile strength
values predicted from Nielsen’s two-third power
law model with S� � 1 and S� � 0.99 and experi-
mental results as a function of volume fraction of
PP. It should be noted that all the blends except N70
and N50 deviate from the theoretical values. How-
ever, note that the behavior obtained from this
model is not in accordance with the experimental
results of tensile strength. In Figure 12, the relative
tensile strength values predicted from two-third
power law model with S� � 1, S� � 1.14 and exper-

imental results are plotted versus volume fraction of
dispersed PA12 phase. It is observed that experi-
mental results are in agreement with the theoretical
results only for blend containing 30 wt % of PA12.
However, this is not true as far as the tensile
strength values are concerned. In short, Nielsen’s
two-third power law model is not best suited for the
present system.

As mentioned earlier, the factor Kb, which is an
adhesion parameter in Nicolais–Narkis model, has
maximum value 1.21 if there is no adhesion. In

Figure 11 Plot of relative tensile strength versus volume fraction of dispersed PP phase, using Nielsen’s two-third power
law model.
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Figure 13, the relative tensile strength values pre-
dicted with Kb � 1.21 and Kb � 0.92 and experimen-
tal results are plotted against the volume fraction of
PP. The experimental values are away from those
predicted from theory and even though small, the
only blend that exhibits agreement with theory is
N60. However, the most important fact is that the
experimental values lie above the theoretical curve.
This means that there is no adhesion between the
phases in the blend. Similarly, Figure 14, which is a
plot of relative tensile strength values predicted

from the same model with Kb � 1.21, Kb � 0.80 and
experimental results versus volume fraction of
PA12, also indicates the fact that the blends are
incompatible and there is only very poor interfacial
adhesion between the phases in the blend. In short,
among the various predictive models that were used
to analyze the tensile strength data of PA12/PP
blends to assess the level of interfacial adhesion,
Nielsen’s first power law model was found to be
best suited in terms of tensile properties as well as
morphological parameters.

Figure 12 Plot of relative tensile strength versus volume fraction of dispersed PA12 phase, using Nielsen’s two-third power
law model.
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CONCLUSIONS

From the present study, which is devoted to investi-
gate the effect of reactive compatibilisation on the
phase morphology and mechanical properties of
PA12/PP blends, the following conclusions can be
drawn:

1. Phase morphology of uncompatibilized blends
and the morphological parameters such as aver-
age domain size, poly dispersity (Dw/Dn), inter-
facial area (Ai), and critical inter particle distance

(IPDC) revealed that PA12/PP blends exhibit an
unstable and nonuniform phase morphology ow-
ing to the incompatible nature of the blend.

2. Presence of compatibiliser made the phase mor-
phology more fine, uniform, and stable by dimin-
ishing the coalescence process and thereby im-
proving the interfacial properties, and 5 wt %
compatibiliser is sufficient to saturate the inter-
face.

3. Tensile properties of uncompatibilized blends
showed negative deviation due to the incompat-

Figure 13 Plot of relative tensile strength versus volume fraction of dispersed PP phase, using Nicolais–Narkis model.

2658 JOSE ET AL.



ible nature of the blends and because of the max-
imum incompatibility N40, N50, and N60 blends
exhibited maximum deterioration in tensile
strength.

4. Presence of compatibiliser improved the tensile
strength considerably. In contrary to the morpho-
logical observations, blends with 10 wt % com-
patibiliser exhibited maximum improvement in
tensile strength.

5. Among the three models (Nielsen’s first power
law model, Nielsen’s two-third power law model
and Nicolais–Narkis model) applied to analyze
the tensile strength data of the blends to assess

the level of interfacial interaction, Nielsen’s first
power law model was found to be the best suited
with the experimental data.
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