
March 2001

Ž .Materials Letters 48 2001 81–88
www.elsevier.comrlocatermatlet

The interfacial tension and morphology of reactive
polymer blends

Li Zhaohui a, Xiaomin Zhang b,), Shigeru Tasaka b, Norihiro Inagaki b

a Changchun Institute of Optics and Fine Mechanics, Chinese Academy of Science, Changchun 130021, People’s Republic of China
b Satellite Venture Business Lab., Shizuoka UniÕersity, 3-5-1 Jouoku, Hamamatsu 432-8561, Japan

Received 24 July 2000; accepted 2 August 2000

Abstract

Ž . Ž .Interfacial tension and morphology of polyamide6 PA6 and polypropylene PP blends containing polypropylene
Ž .grafted with maleic anhydride PPMAH as reactive compatibilizer were studied by Neumann Triangle method, Scanning

Electron Microscopy and Transmission Electron Microscopy. It was observed that there was a significant reduction of
interfacial tension due to the in situ formed copolymer at the interface acting as an emulsifier, and there was a limiting value

Ž .of the interfacial tension under a saturation concentration of compatibilizer C at which the interface was saturatedsaturation
Ž .by the in situ formed copolymer. For the morphology, there was also a critical concentration of the compatibilizer C .critical

For decreasing the size of the dispersed phase, there was no further decrease in the dispersed particle size above C . Thecritical
Ž .areal density of the in situ formed copolymer S was estimated, and it was concluded that to emulsify the PA6rPPcritical

blend, 100% coverage of the interface by the in situ formed copolymer was not required; up to 63.7% coverage of the
interface is sufficient. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most polymer pairs are immiscible due to the
positive enthalpy change of mixing and a negligible
entropic contribution to free energy of mixing, the
resulting high interfacial tension and poor adhesion
often leading to poor mechanical properties. There-
fore, the compatibilization is necessary for the im-
miscible polymer blends. The compatibilizers are
block or graft copolymers that may be premade or
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formed in situ during the melt process through the
use of appropriate reactive functionalities.

Recently, reactive compatibilization has received
much attention for the development of polymer
blends. The reaction kinetics, the in situ formed
copolymer structure and content, are the key factors
to govern the properties of the reactive blending
systems. A judicious selection of a compatibilizer
can reduce interfacial tension between blend compo-
nents, suppress the dispersed phase coalescence, and
improve the mechanical properties effectively. What
are the critical amounts of the compatibilizers to
emulsify blends? How large is the interfacial area
occupied by the copolymer needed to obtain the
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lowest interfacial tension and to prevent the particle
coalescence to the smallest degree? Is the copolymer
concentration for the saturation of the interfacial
tension equal to that for suppressing the coales-
cence? To obtain the best dispersion of the dispersed
phase, is it necessary to saturate all interface by the
in situ copolymer? These questions are very impor-
tant to clarify the compatibilization mechanisms of
reactive blending systems and understand the perfor-
mance of a compatibilized blend. There are numer-

w xous studies 1–9 in the literature about the compati-
w xbilization of polymer blends, but very few 1,2,10

contained data about the interfacial tension and exact
amounts of the in situ formed copolymer; thus, the
above questions still remain unclear. The purpose of
this work is to study the relationship of the compati-
bilizer concentration with the interfacial tension and
morphology, and correlate them with the amounts of
the in situ formed copolymer in the reactive blends.

2. Experimental

2.1. Material and blending

Polypropylene with a number average molecular
weight M s50,000 and polydispersity index 3.8n

was purchased from Aldrich; its melt flow index
based on ASTM D1283 is 35 gr10 min. Melting
temperature and density are 1658C and 0.90, respec-
tively. Polyamide-6 with M s17,000 and polydis-n

persity index 2 was from BASF; it has an average of
one NH end per chain. Polypropylene grafted with2

Ž .maleic anhydride PPMAH with M s23,000 wasn

prepared by melt grafting, using the preparation and
characterization method reported in the previous

w xpublication 8 . A specially designed Brabender-like
apparatus was used to prepare PPMAH; the composi-
tion of the reaction mixture was 97 wt.% PP, 2.95%

Ž .MAH, and 0.05 wt.% dicumyl peroxide DCP , reac-
tion temperature is 1708C. MAH was grafted onto PP
chains randomly, and the amount of MAH deter-
mined by chemical titration was 0.44 wt.%, about
1.02 MAH per PPMAH based on the M . Then

blends were prepared using a Brabender-like mixer
at 2408C. Blends of PA6 and PP were mixed with
different amounts of PPMAH, using the PA6 fraction
80 wt.% and a total weight fraction of PPqPPMAH

of 20 wt.%. The materials were dried at 808C in a
vacuum oven for 12 h before blending.

2.2. Measurements of interfacial tensions

Ž . w xThe Neumann Triangle NT concept 11–13 has
been successfully used for the interfacial tension
determination of reactive blends in the previous pub-

w xlication of one of the authors of this paper 10 . Two
Ž .polymer plates PS, PA6 with 1 mm thickness were

prepared by a compression molder. Small pieces of
Ž .PP or a mixture of PPqPPMAH 0.4=0.4 mm

were sandwiched between two other polymer plates
Ž .PS and PA6 . The sandwiched sample was first
heated to 1808C, and kept at that temperature for 10
min. Then, the sample was increased to 2408C within
1 min and annealed at 2408C for 30 min under
vacuum. After annealing, it was quenched by putting
it in ice water. The cross-section of the sample was
observed by an optical microscope under transmis-
sion mode.

To obtain the in situ formed copolymer amounts
in process of the interfacial tension measurement, we
imitate the process of NU measurements to prepare

Ž .the PA6 plates 1 mm in thickness and plates with
0.4 mm thickness of the mixtures of PPqPPMAH,
and then put PA6rPPqPPMAH sheets together
between two glass covers. After annealing the lami-

Žnated PA6rPPqPPMAH for the same period 30
.min as the interfacial tension measurements in vac-

uum, the unreacted PA6 was dissolved by formic
acid. XPS was used to evaluate the interface. Assum-
ing the N came exclusively from PA6, from the1s

overall atomic concentration ratio of N to C, we can
determine the amounts of PA6 coupled to PPMAH.
The elemental measurements were carried out by
ESCA CAB MK-II electron spectrometer.

2.3. The extraction experiments and estimation of the
areal density of the in situ formed copolymer

The PA6rPP blends containing 25% PPMAH
Ž .based on dispersed phase were pressed into thin
films by a compression molder. 2.0 g of thin films
was extracted in 140 ml xylene for 48 h to remove
the unreacted PPMAH. The resulting residue was
washed with water and dried in vacuum oven at
808C for a week, and weighted. The weight of the
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residue was found to be 1.6251 g. By assuming that
the remaining PP and the PPMAH reacted with PA6,
from the extraction experiment it is evident that 25%
of the added PPMAH in the blending process reacted
with PA to form the in situ copolymer.

Since there is approximately an average of 1.02
MAH per PPMAH chain, it is reasonable to assume
that one PA6 reacted with one PPMAH, and the
number of in situ formed copolymer should be iden-
tical to the number of reacted PPMAH. In the ex-
tracted experiments, it was shown that 25% of the
added PPMAH reacted with PA6 in the melt blend-
ing process; thus the areal density of the copolymer
chainsrnm2 can be calculated based on the assump-
tion that all the formed copolymer is in the interface:

Ss in situ formed copolymer chainsrvolŽ .
r interfacial arearvolŽ .

sN WrS M sRN Wr3f M 1Ž .a sp n a d n

where S is the interfacial area per unit volume, Rsp

the average radius of the dispersed phase, N Avo-a

gadro’s number, W the weight of the reacted PPMAH
per unit volume of the blend, f the volume fractiond

of the dispersed phase, and M the number averagen

molecular weight of PPMAH.

2.4. Morphology analysis

The blending test specimens were cryofractured
by liquid nitrogen and the fracture surface was exam-
ined by a JSM-T300 scanning electron microscope.
The cross-sectional area of each particle on the
micrograph was measured by an image analyzer,
then converted to the diameter of a particle. The
average size of dispersed phase was obtained by
measuring 200–300 particles. The stability of mor-
phology and particle coarsening in quiescent melt
was determined by annealing the samples in a com-
pression molder at 2408C. The specimens were
quenched in ice water after annealing in order to
freeze the morphology. Jeol 1200EX transmission
electron microscope was also used to observe the
morphology stability. The samples were cut from the
welded sheet. The cubic sample was pretrimmed
with a glass knife and then microtomed with 35
Diatome diamond knife using a Reichert Ultracut S

microtom. Sections were stained with phospho-
tungstic acid that can selectively stain PA6.

3. Results and discussion

3.1. Interfacial tension

The interfacial tensions for PA6rPP with differ-
ent amounts of the compatibilizer are given in Fig. 1.
It is clear that the addition of PPMAH led to a
decrease in the interfacial tension between PA6 and
PP due to the formation of PA6-graft-PP copolymer;
the copolymer plays the role of a surfactant between
PA6 and PP. It should be noted that there is a
saturated concentration of the compatibilizer, beyond
which no further decrease of interfacial tension is
observable. In this study, the limiting value of the
interfacial tension between PA6rPP upon addition
of PPMAH is 4.16 dynrcm. The critical concentra-
tion of the compatibilizer for obtaining the equilib-
rium of the interfacial tension is estimated to be 0.3
wt.% from Fig. 1. The interfacial tension is depen-
dent on the compositions at the interface; the level-
ing off is an indication of interfacial saturation. It
seems to mean that all the interface has been covered
by the in situ formed copolymer at the saturation

Ž .concentration of the compatibilizer 0.3 wt.% ; fur-
ther increase in PPMAH does not change the inter-
face compositions. To confirm this, XPS obtained
from the laminated PA6rPP sample with 0.3 wt.%
PPMAH after removing unreacted PA6 is shown in
Fig. 2. The CrN atomic ratio is 6.114r1, it is very
close to the neat PA6, indicating that the interface
has been saturated by the in situ formed copolymer.

Since only the NH end group in PA6 reacted2

with the MAH in PPMAH, one PA6 chain contained
exactly one NH end group. The saturation surface2

concentration of the copolymer S can besaturation

estimated by assuming a dense monolayer at the
w xinterface 14 :

S sN rdrM 2Ž .saturation a n

where d is the thickness of the PA6 layer; it is
w xobtained by 14 :

NrC r NrC s1yexp drL 3Ž . Ž . Ž . Ž .`
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Ž .Fig. 1. The interfacial tension as a function of the compatibilizer PPMAH concentration. Each datum was the average value of five
measurements, and the experimental error is within 15%.

Ž . Ž .NrC and NrC are the normalized N counts` 1s

for studied samples and pure PA6, respectively. L is
the escape length of N electrons including the1s

takeoff angle of the instrument and was estimated to

Fig. 2. The XPS spectra of the interface of laminated PA6rPP containing 0.3 wt.% PPMAH in PP phase; unreacted PA6 has been removed
by extraction in formic acid.
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w xbe 19 A in the literature 15 . N is the Avogadro’sa

number, r is the mass density of PA6 and M is then

number average molecular weight of PA6. The num-
ber of in situ formed copolymer per unit interfacial

Ž . 2area S is calculated to be 0.308 chainsrnm ,saturation

i.e. 0.308 PP-graft-PA6 copolymer chains per unit
interfacial area is the critical concentration for satu-
rating the interface, and the area occupied per
molecule of copolymer is 3.24 nmy2 .

3.2. Morphologies of PA6rPP blends

The influence of the reactive compatibilizer on
the phase morphology of polymer blends is depen-
dent on the ability of the in situ formed copolymer to
reduce the interfacial tension between the dispersed
phase and matrix and to suppress the particle coales-
cence. The efficiency of this process is related to the
mixing condition, the amounts, structure and location
of the in situ formed copolymer. Fig. 3 shows sev-
eral SEM pictures with different amounts of compat-

ibilizer, and Fig. 4 shows the plot of the dimension
of the dispersed phase as a function of the amounts
of the compatibilizer. There is a sharp decrease in
the dispersed phase with the addition of small
amounts of compatibilizer, followed by a leveling off
as the compatibilizer content is increased above the
critical saturation concentration, C s25 wt.%critical
Ž .based on the dispersed phase . It should be stressed
that the term ‘saturation’ used does not mean that all
the interface are covered by the in situ formed
copolymer, it only refers to the point where the
dispersed particle size is no longer dependent on the
amounts of the interfacial agent.

It is found that the critical concentration, Ccritical

s25 wt.%, is much larger than the critical concen-
Ž .tration 0.3 wt.% for the interfacial saturation from

the interfacial tension measurements. We should
stress that the morphology was obtained in the dy-
namic blending, while the interfacial tension mea-
surements were carried out in a static condition; the
interfacial geometry is different for two cases. There-
fore, in order to make a fair comparison, the molecu-
lar chains per unit interfacial area of the in situ

Ž .Fig. 3. The dependence of morphology on the compatibilizer concentration in mixing process: PA6rPPs80r20 upper left ;
Ž . Ž . Ž .PA6rPPrPPMAHs80r18r2 upper right ; PA6rPPrPPMAHs80r16r4 bottom left ; PA6rPPrPPMAHs80r15r5 bottom right .
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Fig. 4. The dependence of the particle size on the concentration of compatibilizer based on the concentration of the dispersed phase.

formed copolymer should be used instead of the
concentration of the compatibilizer.

3.3. Areal density of the in situ formed copolymer

At C s25 wt.%, the content of in situ formedcritical

copolymer S is 0.1963 chainrnm2 using ex-critical
Ž .traction experiments and Eq. 1 , and the area occu-

pied per molecule of copolymer is 5.09 nmy2 . The
area occupied per molecule was calculated to be 5
nm2 per molecule for the PA6rPPrSurlyn blends
w x 2 w x16 , 2.6 nm for LDPErPSrSEBS system 17 ,

2 w x8–10 nm for the PPrPETrSEBS-g-MA blends 18 .
It is seen that our estimated value is comparable with
those in the literature.

It should be noticed that the estimated Scritical
Ž .0.1963 was based on the assumption that all of the
non-extracted PPs are the reacted PPMAH, and all
the in situ formed copolymer located at the interface,

Ž .so S 0.1963 is the maximum limiting value. Itcritical
Ž .is important to observe that S 0.1963 iscritical

Ž .smaller than the S 0.308 . It implied that thesaturation

Ž .interface of PA6rPP 80r20 blend with 25 wt.%
compatibilizer is not saturated by the in situ formed
copolymer in the blending process, and the interfa-
cial tension should continue to decrease with increas-
ing S. Assuming that all copolymer is located at the
interface in the blending process, we can obtain the
fractional coverage of the interface by the in situ
formed copolymer S rS . To obtain a lim-critical saturation

iting dispersed phase size, interfacial coverage is
about 63.7%. It means that 63.7% coverage of the
interface with the formed copolymer is enough to
emulsify the blend. However, the limiting value of
the interfacial tension is not reached at the coverage
of 63.7%; thus, interfacial tension should continue to
decrease with the increase of the interfacial coverage
until all interface is saturated by the copolymer. The
present result indicated that the particle sizes are not
dependent on the amounts of the copolymer at the
interface once the critical coverage is reached
Ž .63.7% ; further increase of the interfacial coverage,
in other words, further decrease in the interfacial
tension, has little influence on the dispersed particle
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size. The result seems to indicate that the reduction
of the particle size mainly results from the contribu-
tion of suppressing the coalescence, and the contribu-
tion of interfacial tension reduction is small. This is

w xsomewhat same with Sundararaji’s conclusion 1 ,
which reported that the only advantage of the com-
patibilizer or the main contribution from the compat-
ibilization by a copolymer is steric stabilization, not
reduction of the interfacial tension, since they found
the limiting particle size is identical to that of un-
compatibilized blends at low concentration of dis-

Žpersed phase, and very little reaction even 1 wt.%
.reactive component is sufficient to stabilize the

morphology during mixing.
In the present study, a relatively high dispersed

phase is employed; the emulsification of the blend is
assumed to be mainly from suppressing the coales-
cence. Although there is a reduction in interfacial
tension, this reduction is not nearly as important as
the elimination of coalescence through the interfacial

w xstabilization, as reported in our previous paper 19 .

3.4. The morphology stability upon static annealing

From the above results, 25 wt.% compatibilizer
based on the dispersed phase is sufficient to prevent
the coalescence at dynamic mixing condition. We
now check the case of static. Fig. 5 shows the TEM
pictures measured under static after 2 min of melt
mixing as a function of annealing time. The micro-
graphs are typical pictures of polymer melt blends.
The morphology for the blend without a compatibi-
lizer is rather unstable, and it is clear that particle
diameter increases with annealing. The particle

Žcoarsening results from Ostward ripening evapora-
. w xtion–condensation or particle coalescence 20–24 .

It is difficult to determine which mechanism domi-
nates, since some parameters in the present study are

Žunknown for the calculation of K and K KC OR C

and K are the coarsening constant for coalescenceOR
.and Ostwald ripening mechanism, respectively . It

seems that from Fig. 5 some particles coalesce with
each other because of their moving freely with re-

Ž .Fig. 5. TEM coarsening pictures of PA6rPP blends compatibilized with and without PPMAH: 1 upper left: without PPMAH, immediately
Ž . Ž .after 2 min of mixing at 2408C; 2 upper right: without PPMAH, after 20 min annealing at 2408C; 3 lower left: with 25 wt.% PPMAH,

Ž .immediately after 2 min of mixing at 2408C; 4 lower right: with 25 wt.% PPMAH, after 20 min annealing at 2408C.
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w xspect to the matrix, i.e. the mobile interface 5 . With
25 wt.% compatibilizer, it was shown that a stable
morphology, i.e. the average domain size, did not
change with the annealing time.

The coarsening constant of Ostward ripening KOR
w xis expressed as follows 20 :

31r2K s 8 Dn gC r9kT 1q0.74V 4Ž . Ž .Ž .OR m e particle

where D is the diffusion coefficient, n the molecu-m

lar volume of diffusing species, g the interfacial
tension, C the equilibrium mole faction of blende

components in the matrix, thermal energy kT. If
Ostward ripening operates at the annealing process,
an increase in particle size with a reduced growth
rate due to the reduction of the interfacial tension for
the reactive blends should be observed. The constant
particle size of the compatibilized blend implied that
the coalescence dominated instead of Ostward ripen-
ing. From K s2kTV rphg, where V isC particle particle

the volume fraction of dispersed phase and h the
w xmatrix viscosity 18 , it is reasonable that the coales-

Ž .cence rate is large since the matrix viscosity PA6 at
the investigated temperature is low. The chemical
reaction can lower the movement of the dispersed
phase and decrease the particle collision chance sig-
nificantly. Even though particles contact each other,
the in situ formed copolymer at the interface acted as
a wall to eliminate the combination of the dispersed
phase, if there are enough copolymer at the interface.
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