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Abstract

Interfacial tension measurements of polyamide/polypropylene (PA6/PP) interfaces are reported at high temperature, using a spi
tensiometer, especially adapted to the study of the effects of copolymers.

Copolymers in different amounts are included in the PP drop, and their migration towards the interface is inferred from the evoluti
drop diameter during the experiment. The importance of the compatibilizer is studied; small amounts of copolymer give rise to a si
decrease of the interfacial tension. This is due to effective migration of the copolymer, as deduced from diffusion coefficients.
critical concentration, the interfacial tension increases again. This phenomenon has not been observed before for such syste
attributed to the presence of micelles in the bulk which prevent the copolymer migration through the creation of yield €ir238@s.
Elsevier Science Ltd. All rights reserved.
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1. Introduction role of entanglements [4], chain length [5,6], areal dens
[5,7,8], and architecture [9—11]. Diblock copolymers se

The influence of copolymers at interfaces has beento be more effective in changing the blend properti
studied intensively during the past decade, they are shownbecause they locate easily on one or the other side of
to be very effective in improving the mechanical properties interface, whereas a triblock copolymer has to lie across
of blends of immiscible polymers [1] as well as the adhesion interface and is therefore less efficient. Molecular theori
between two such polymers [2]. A very small amount of have been developed [12-14], to take these parameters
copolymer added to the blend can produce drastic changesaccount. Further, the addition of surfactant can be don
[1]. However, it is still common in the industry to com- two ways: it can be mixed with the polymer beforehand
patibilize blends with large amounts of copolymers. included so that the copolymer is formed by chemical re

When dealing with molten polymers, the addition of tion in situ. The last method is therefore more efficie
copolymers has an effect on the morphology of the blend. because it permits one to locate the copolymer wh
Desired mechanical properties [1] (yield stress, elongation needed, especially at the interface [15,16].
at break) may be obtained corresponding to different In immiscible melts, the interfacial tension is an impo
morphologies. These morphologies are very dependent ontant parameter which changes non-linearly due to
the addition of diblock or triblock copolymers. Well- presence of compatibilizers. Several studies have sh
dispersed small phases (domains) are generally desiredhat small quantities of compatibilizer reduce interfaci
when manufacturing a polymer blend [3]. The effect of tension of polymeric systems by sometimes up to 8
concentration of the copolymer on the morphology has [17-22]. In a strict analogy to water—surfactant syste
been discussed by many authors. The influence of the typethe critical micelle concentration (cmc) is a relevant pa
of copolymer seems to be well understood, as well as the meter [23]; the cmc is a typical concentration above whi

micelles are present in the system. Interfacial tension
_— sometimes found to decrease linearly or logarithmica
i (éo”e.SpO”d'”g author. Faxi- 33-4-76-82-51-64. . until the cmc is reached, then it levels off; howeve
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Table 1 Table 2

Polymer properties Densities of polymers at different concentrations of copolymer at@60
Polymer Type Viscosityx at 260C (Pa s) Concentration (% vol) 0 1 5 10 20 30
PAG Ultramid B3 673 p1 (kgim®) 730 731 730 733 743 749
PP Finasphere 1030S 1703 02 (kg/m®) 980 98¢ 980 980 980 980
Copolymer - -

@ Except for the experiment where copolymer is also outsjge=
975 kgm?®.

The measurement of interfacial tension between molten
polymers is difficult [18,19,23—28]. The difficulties are
associated with high viscosities and small density differ- to be good candidates for reducing domain sizes (micron
ences which make it difficult to reach equilibrium, impuri- size). The morphology of PA6—PP blends modified with
ties present in the sample and the high temperaturesmaleated rubbers can also be changed drastically [33,34].
required. Therefore, methods like drop volume, pendant The effect of bonding temperature and time during in situ
drop and breaking threads, which rely on small driving formation of block copolymers in such systems is also
forces which cannot be controlled, like gravity or capillar- important [16], for it allows the mobility of the copolymer.
ity, are less reliable than the spinning drop for which centri- The viscosity ratio between polypropylene and nylon 6 has
petal gravity is controlled and can be driven to high levels. been shown not to be significant for predicting phase inver-

In this paper, the influence of the addition of a copolymer sion in such blends, but it leads to different particle sizes
on the interfacial tension between two molten polymers is [35]. Finally, the effect of the mixing procedures [36] shows
investigated. Polypropylene—polyamide (PP/PAG6) systemsthat improved phase morphology is obtained when using
are used, and the copolymer contains polypropylene (PP)single-step blending. Therefore, such systems are expected
and polyacrylamide (PA6), the major part being PA6. The to show a significant interfacial tension change, when
materials are described in the first part. adding such copolymers.

A spinning drop tensiometer [29,30] (US Patent #  The copolymer has been mixed with PP or PA6 during
4,644,782, www.SDTensiometer.com) and its recent separate extrusion processes in a twin-screw extruder. The
improvements [31] are used to determine the interfacial volume concentration of copolymer in each sample varies
tension between these polymer melts. The apparatus isup to 30% (1-5-10-2030%). The PA6 and copolymer—
briefly described in Section 2, as well as an original device PA6 systems are still transparent at the operating tempera-
for melting polymers in order to manufacture the samples to tures, and will allow visualization of the drop, as explained
be used in the tensiometer. in the next section. Moreover no data on higher copolymer

Sections 3 and 4 are devoted to the study of the effects of concentrations is yet available in the literature.
adding copolymer to a drop (PP) in a PA6 matrix. The  Density measurements are given in Table 2. The density
influence of including copolymer to both the drop (PP) was determined using a capillary rheometertf@ot 2001).
and matrix (PA6) is also investigated. The main variable By imposing a constant velocity for the piston, the flow rate
for these studies is the volume concentration of the copoly- Q (m%s) can be found. Then the mass rate(kg/s) is
mer. obtained from an automated precision balance, therefore

In Section 5 of this paper, the influence of the speed of the ratioM/Q gives the density for the different polymers
diffusion of the copolymer towards the interface is estimated and blends.
using droplet diameter vs. time diagrams with the aim of  There is considerable data for the usual polymeric
determining the effect of interface covering by copolymers, systems [37-44], but only few for the PP—PAG6 systems.
as well as the efficiency of the copolymer. The same order of magnitude for interfacial tension (10—
15 mJ/nf) has been found for PP—PAG [24] and EP—PA6
systems (ethylene—propylene copolymer and polyamide-6)

2. Experimental section [25].

2.1. Materials: PP, PA6 and copolymer 2.2. The spinning drop tensiometer

The polymers used are commercial ones, and their prop- The spinning drop tensiometer is widely used for measur-
erties are listed in Table 1. The compatibilizer used in this ing interfacial tension and considered to be one of the best
study is a copolymer, which contains parts of polyamide and methods for measuring small values of tension [37,38].
parts of polypropylene. The major component is polyamide. Further details may be found in previous works by the

The morphology of similar PP/PA6 systems including a authors [29-31]. If the speed range of the motor is wide
copolymer has been investigated previously using ultra- and the testing tube permits the formation of a large bubble,
sound [32]. In this case, PPmglPAll was used, and the spinning drop tensiometer can be used to make accurate
good emulsification was obtained. Such copolymers seemmeasurements of both small and large tensions. Unlike other
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Fig. 1. General view of the tensiometer.

methods, it can be used to measure tension in fluids with time allow the determination of relaxational and extensio
high viscosity and/or small density difference; with an properties of polymeric systems [30] as well as charact
adequate oven measurements can be taken in a wide rangistic times (migration of a compatibilizer is an example).
of temperatures. The spinning drop tensiometer which was
developed (see Fig. 1) has all these desirable features, is 0N 3 Manufacturing solid samples
of the most versatile instruments presently available to
measure interfacial tension and is particularly adapted to Most polymers are solid at room temperature and
measurements required for melted polymers. available commercially in the form of beads, flake
Most of the so-called shape methods rely on gravity to powders or chunks. Starting with these raw materi
deform a drop in order to measure interfacial tension; long samples to be used in the tensiometer have been prep
times are required for reaching equilibrium due to high by melting and forming the polymers in an oven. Th
viscosities but these polymeric systems undergo risks of special oven was built for this purpose and a method
polymer degradation. The spinning drop tensiometer usesdeveloped to form different samples. This method is v
centripetal acceleration to control shape; the time to equilib- reliable, inexpensive and produces samples under vacu
rium can be controlled by over and under spinning [45].  free of contamination and no oxidation. With this meth
A spinning polymer drop (small density) is rotated inside rods of very brittle polymers (polystyrene) with a molecul
another immiscible polymer (high density). The balance of weight of 50,000 g/mol can be formed.
inertial and interfacial forces leads to Vonnegut's formula  The forming-oven is shown in Fig. 2. It consists of
[37] for the interfacial tensiory (J/n") aluminum cylinder with a central chamber. The cylind
240 contains heating elements (2 kW). The polymer is molt
y= (p2 — pywd” (1) in a glass tube (12 mm diameter), which is centered ins
32 the cylinder and positioned vertically using two guides. T
wherep; (kg/m®) is the density of the drop, (kg/m°) is the top-plug has a small hole (0.5 mm in diameter) through
density of the heavier fluidy (rad/s) is the angular velocity  center that can be connected to a vacuum pump. The lo
of rotation andd (m) is the diameter of the drop. Eq. (1) is guide is spring loaded to accommodate for different gl
valid under the assumption that the drop is in equilibrium tube lengths. It also has a through hole where a rod pus
and its length is larger than four times its diameter. the sliding-plug with post from the bottom, when the pol
Images of the drop are captured from the camera with a mer is molten. The sliding-plug at the bottom seals the gl
frame grabber in a Pentium Il computer. Pictures may be tube.
collected every second and played in real time, stored inthe A sample consists of three parts (Fig. 3). Part A (den
computer for later processing using dedicated NT Micro- polymer) is the lower one, which has the calibration po
soft” software. The software measuring system is calibrated Part B (denser polymer) is the upper part; it contains t
using a post with known diameters embedded in the heavierdrop of lighter polymer (Part C). The copolymer can
fluid. This allows the measuring of the drop diameter with- included in the drop (C) or in both other parts (A and B
out corrections of index of refraction. Usually it will be included in the drop.
In the design of the tensiometer, special care has been The polymer beads (flakes or powder, about 8 g)
taken to ensure good temperature control, absence ofloaded into the glass tube (Fig. 2) and the other end is se
vibrations at high velocities, and data acquisition are done with the top-plug. First a vacuum is achieved. Heating t
on the computer [31]. Also, measurements of diameter vs. system takes about 15 min and cooling about 1 h. In gene
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Fig. 2. Oven to form polymer rods. A glass tube with sliding plug and post
has been included. In this case, part B is made after melting and cooling.

the target temperature should be a value 10€2bove the
melting temperature of the polymer. When melting the poly-

mer, the spring loaded pushing rod (bottom) moves up so
that the polymer is compressed. When cooling, the pushing.

rod also moves down to compensate for volume change.
Fig. 2 shows a situation where a sliding-plug with post
has been used at the bottom, therefore part B is obtaine

after melting the beads. For making part A, the same pro-

cedure is used, except that the sliding-plug with post is
replaced in Fig. 2 by a sliding-plug with the calibration
post. Finally, the last part C is made using a special Téflon
cylindrical die to form a rod of lighter polymer.
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The whole process takes about two hours and a half,
producing a good sample in about 80% of the trials. After
putting the different pieces together in the glass tube (Fig. 3)
which is then set on the tensiometer, vacuum is achieved
and the experiment can start.

3. Influence of the location of the compatibilizer

In studying the effects of copolymers it has first to be
decided whether the copolymer should be inside or outside
the drop, or both.

The first set of experiments were carried out with the
copolymer inside the PP drop (1%). The interfacial tension
was found to be 12 + 1 mJm? (see label 1 on Fig. 4 or
Table 3), a clear reduction compared to the value of
15.8 mJ/nf obtained without any compatibilizer.

In a new set of experiments, the copolymer was located
both in the PP drop (1%) and in the PA6 matrix (1%). These
experiments show that the interfacial tension equals roughly
9.0+ 1mJm? and is reduced even more, as expected
because there is more copolymer present at the interface.
These experimental points are also shown in Fig. 4 (label
1 +). This labeling is used because the copolymer concen-
tration in the PP drop is still 1%. Nevertheless, there is
actually more copolymer because of the extra polymer
chains situated in the outer fluid.

This result is important and shows that covering of the
interface is not achieved completely with 1% copolymer
included inside PP, but optimal reduction may be expected
when going to higher concentrations. Such reduction of the
interfacial tension is a usual result at low concentrations,
when an adequate compatibilizer is used. It is explained by
the fact that the A—B copolymer locates on each side of the
interface between A and B, therefore giving rise to a more
stable interface (thermodynamically speaking) and a
smaller interfacial tension.

In the next part, the copolymer will be located inside the
PP drop only, in order to study the effect of copolymer
concentration.

30
25+
20

15,
t,
R

0
0

Y (mJ/mz)

10 15 20 25 30
€ (%)

5

Fig. 4. Interfacial tension vs. concentration of copolymer in PP drop. Label

Fig. 3. Solid sample assembled in the glass tube and ready for loading in thel corresponds to a 1% concentration in the drop, Label torresponds
tensiometer. Part A: dense polymer with calibration post. Part B: dense t01% both in the drop and the outer polymer. The dotted line is a guide for
polymer with hole for the drop. Part C: drop of light polymer. the eye.
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Table 3 other in micellar aggregates. Though the data here is
Data corresponding to interfacial tension vs. copolymer concentration g\ fficient to establish which of the several theories gives

(Fig. 4) valid description of the action of copolymers, we ma

Concentration T (°C)  Final diameter w (rpm) 7y (mJ/n?) conclude that in the system studied here, the optin

(vol.%) dw (Mm) concentration for tension reduction lies between 1 a
0 L .

0 260 2236 4004 154 5%. Of course, when using !ndustnal systems whe.re

0 260 1733 6040 163 large number of drops coexist, it may be better to use higl
amounts of copolymer to cover larger surfaces.

1 260 2.139 4007 13.4

1 260 1.804 5168 13.4

1+ 260 2.208 3009 8.1 5. Diffusion of the copolymer. Migration times

1+ 260 1.864 4220 9.6

5 260 2001 4006 110 . D|fqu|on. of the copolym(.ar. towards the interface is ver

5 260 1744 5117 119 important in terms of efficiency of one copolymer o

10 260 2126 4208 14.4 another. The more efficient the copolymer, the faster

20 260 2.330 4298 19.0 diffuses to the interface. Depending on the location of t

30 260 2.268 5508 28.0 copolymer, different results may be obtained. As se

recently [46], the way a compatibilizer goes to the interfa
is crucial: using a conical die in coextrusion for instanc
helps to place the compatibilizer closer to the interfac
reaching equilibrium in interfacial tension measuremer
with such systems is faster. In the present experiment, i
the centripetal acceleration, which brings the copolymer
the interface, because its density lies in between densitie!
the two other polymers, but diffusion also needs to |
considered. There is effective migration of the copolym
because a decrease of the interfacial tension by about 50¢
observed, at least for the low concentrations.

To investigate these effects better, diagrams giving dr
diameterd(t) vs. timet may be reported [29,30]. One car

4. Interfacial tension vs. copolymer concentration

Interfacial tension data as a function of copolymer
concentration is collected in Table 3 at a temperature of
260°C. At low concentrations (below 5%), the experiments
were carried out twice, as indicated in the same table. The
concentration of the copolymer is expressed as a fraction of
the total volume of the PP drop. The graph of interfacial
tension vs. concentration is depicted in Fig. 4.

A rapid decrease of the tension with copolymer concen-
tration is observed first. This result was expected from the

literature [24] and vahdate_s our method further. The 0" reduce the diameter data with the final diameteand plot
polymer covers part of the interface when its concentration . .
d/d, — 1. An adequate dimensionless parameter, as sho

is small. It should cover the whole interface for a certain . : ) -
. ) . in Ref. [31] isty/(uq + )y (1 @andu, are the viscosities
concentration, presumably the cmc, and the interfacial : . . _
. 7 of PP and PAG, respectively). This representation has
tension should reach a minimum. advantage to show how fast the diameter reaches its fi
The next part of the curve (concentration of 5% and 9

above) shows a surprising rise of the tension as the concen>2€ d In the initial stages where diffusion prevails, th

tration increases. This increase is not predicted by any of theg:':‘?razr:cg(: will tell how fast the copolymer diffuses to
theories known to us. In many surfactant systems, which are L
. The variations ofd/d,, vs. ty/(u; + pp)d, for four
better understood the surface tension levels off after the . . . o o |
. . previous experiments are depicted in Fig. 5. The significe
cmc. However, aqueous surfactant systems giving rise to a o )
. ) . : decrease to zero ensures that equilibrium is obtained. Vi
fall in tension with concentrations below the cmc followed : . ; -
: . ations with 1% interfacial agent or 4 % (see definition
by an increase for concentrations larger than the cmc have .
: ._above) are slower and similar to each other and the reach
been reported [15]. In the present case, the interfacial

tension starts at a value of around 15.8 nfj/decreases Of. eqL_uhbrlum is probably mainly co_ncerned V.V'th thy
) . migration of the copolymer on each side of the interfac
to at least 8 mJ/M then increases again to about 14— .9 :
Migration of the copolymer is slow, therefore longe
15 mJ/ni for the 20% case. Values of the same order migration times may be needed to reach equilibrium. N¢
have been obtained by Jannerfeldt et al. [24] at a different 9 y q '

: ; . L that there is no migration when there is no copolymer.
temperature (22%). Itis conceivable that micelles give rise Gaines et al. [47] proposed a diffusion law to account f
to a yield stress at the higher concentrations5%) or ' brop

because of other reasons which we do not understandthe migration of the additive to the interface. This model

This will be discussed in the next section. The last data Qer|ved from Fick's law with a diffusion coefficienD

point (30%) drawn on the graph may be too high: the system |nd'e'pendent qf concentration; it assumes that the'moleCL
S arriving at the interface are adsorbed rapidly. The interfac
may not have reached equilibrium. tensionw is shown to decrease as:
Itis probable that as in the case of aqueous surfactants the Y ‘
copolymers preferentially occupy the interface: after the ORT t\ Y2 5
interface is saturated the copolymers associate with each? — Y0 G T &



6688

C. Verdier et al. / Polymer 41 (2000) 6683—6689

10

d/d -1

e=()
e=1
e=l+

=5

| L |

to provide a diffusion coefficient of the copolymer in these
two cases (1 and & ), since this is where effective diffusion
happens. Two diffusion coefficients D; = 2.85%X

10 ®cm?/s and D, = 4.38x 10 8 cm?/s are obtained:;
these values are of the order of magnitude expected for
such systems (see for example Refs. [47,48]), where the
copolymer is found to be efficient. The higher coefficient
D in the second case may be associated to faster diffusion, as
expected because of the greater amount of polymer
involved, which moves to the interface from both sides.
The method used here is therefore interesting for comparing
the efficiency of copolymers in terms of their coefficients of

0.01 . - diffusion.

10 10° 10° 10* On the contrary, it seems from Fig. 5 that the reaching of

ty/ (lllﬂlz)dw equilibrium is faster for the 5% case. Actually, the system

seems to stop rapidly at its final positioth.§. An explan-

Fig. 5. Typical reduced diameter vs. reduced time diagram at different ation of this can be based on physico-chemical principles.
compatibilizer concentrations. Polypropylene (PP), which involves mainly dispersive inter-
actions, does not have affinities with the Polyamide (PA6),
which likes water and develops polar interactions. Copoly-
mers located in the drop bulk migrate rapidly towards the

where vy, is the interfacial tension at time @, the bulk
concentration of the additive, R the gas constanthe
temperature an® the diffusion coefficient. By looking at  interface in the low concentration cases (1 and ),
the curve corresponding to= 0 in Fig. 5, it can be deduced because they do not like being associated with PP. As
that reaching equilibrium corresponds to a transient motion soon as the concentration has reached the cmc, the interface
with a typical decrease of the diameter at higher reducedis completely saturated with copolymers, and there is no
times. This variation has been observed previously [30] and more space for them to go: therefore they will stay inside
is attributed to combined relaxational properties of both the drop and form micelles. This tends to create shear yield
polymers. The curves obtained for= 1 and 1+ are differ- stresses, which eventually stop the migration, therefore,
ent because the copolymer starts to migrate to the interface reachingd., is rather fast. This may explain that the values
then relaxation occurs, as seen by the similar curves atobtained for the interfacial tension is changed because of
longer times. At small times, following Ref. [47], one such effects. The order of magnitude of such shear yield
may try to determine the diffusion coefficient by using Eq. stresses has not been measured to our knowledge but
(2). This is represented by the curve fits in Fig. 6. could be in the range of a few thousand Pascals (similarly
The theory fits the data reasonably well, and may be usedto gels [49]), due to the weak interactions between micelles.
Inside the drop, shear stresses are presumably smaller than
this value, therefore they are not high enough to create any
further motions of the copolymer chains.

———c=1 6. Conclusion

——c=1+

] The evolution of interfacial tension as a function of
compatibilizer concentration has been studied for PP/PA6
systems using a spinning drop tensiometer. The system also
allows one to determine interfacial tension from measure-
~ ] ment of the drop diameter. The time needed to obtain an
equilibrium diameter is related to the migration time of the
2 ] copolymer to the interface.
| Copolymers have been included in the drop of lighter
polymer (PP). It is shown that, as in other systems, the
presence of a copolymer reduces first the interfacial tension,
and this can occur at very low concentrations. In such cases,
estimates of diffusion coefficients have been made. Above a
certain concentration, the presence of micelles prevents
diffusion of the copolymer.

The method of studying compatibilizers used in this paper

d/d -1

410° 6 10° 8 10° 110*
LY L)

Fig. 6. Reduced diameter vs. reduced time. Comparison between theory
[47] and experiment. Best fits obtained B = 2.85x 10" 8 cm?/s and
Dy = 4.38x 10 8 cné/s (Eq. (2)).
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seems very promising for predicting the influence of the
effects of molecular weight, architecture and randomness
of copolymers.
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