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ABSTRACT

Interfacial tension measurements of polyamidefpalyylene (PAG6/PP)
interfaces are reported at high temperature, usingpinning drop tensiometer,
especially adapted to the study of the effectoopblymers.

Copolymers in different amounts are included ie tAP drop, and their
migration towards the interface is inferred frone tbvolution of the drop diameter
during the experiment. The importance of the coibpier is studied; small amounts
of copolymer give rise to a significant decreas¢hefinterfacial tension. This is due to
effective migration of the copolymer, as deducednfrdiffusion coefficients. Above a
critical concentration, the interfacial tensionrig&ses again. This phenomenon has not
been observed before for such systems and iswtdiio the presence of micelles in

the bulk which prevent the copolymer migration tigb the creation of yield stresses.
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INTRODUCTION

The influence of copolymers at interfaces has Istadied intensively during the past
decade, they are shown to be very effective in avipg the mechanical properties of
blends of immiscible polymefd] as well as the adhesion between two such palyme
[2]. A very small amount of copolymer added to biend can produce drastic changes
[1]. However, it is still common in the industry tmmpatibilize blends with large
amounts of copolymers.

When dealing with molten polymers, the additiortopolymers has an effect on
the morphology of the blend. Desired mechanicaperiies[1] (yield stress, elongation
at break) may be obtained corresponding to difteremorphologies. These
morphologies are very dependent on the additiodileiock or triblock copolymers.
Well-dispersed small phases (domains) are geneda§jred when manufacturing a
polymer blend3]. The effect of concentration of the copolymertbe morphology has
been discussed by many authors. The influenceeotyihe of copolymer seems to be
well understood, as well as the rble of entanglémpt], chain length[5-6], areal
density [5], [7-8], and architecturd9-11]. Diblock copolymers seem to be more
effective in changing the blend properties, becalieg locate easily on one or the other
side of the interface, whereas a triblock copolyims to lie across the interface and is
therefore less efficient. Molecular theories haeerbdevelopefll2-14], to take these
parameters into account. Furthermore, the addiiosurfactant can be done in two
ways: it can be mixed with the polymer beforehantholuded so that the copolymer is
formed by chemical reactidn situ. The last method is therefore more efficient beeau
it permits one to locate the copolymer where negésgecially at the interfa¢&5-16].

In immiscible melts, the interfacial tension is emportant parameter which
changes non-linearly due to the presence of cotmpagrs. Several studies have shown
that small quantities of compatibilizer reduce ifgeial tension of polymeric systems
by sometimes up to 80947-22]. In a strict analogy to water-surfactanstsyns the

critical micelle concentration (cmc) is a relevaatrametef23]; the cmc is a typical



concentration above which micelles are presenthen dystem. Interfacial tension is
sometimes found to decrease linearly or logarithityantil the cmc is reached, then it
levels off; however measured results for higherceoitrations at high temperatures are
not available.

The measurement of interfacial tension betweentengbolymers is difficult
[18-19,23-28]. The difficulties are associated witigh viscosities and small density
differences which make it difficult to reach edoilum, impurities present in the
sample and the high temperatures required. Therefomethods like drop volume,
pendant drop and breaking threads, which rely oallstniving forces which cannot be
controlled, like gravity or capillarity, are lesslinble than the spinning drop for which
centripetal gravity is controlled and can be drit@high levels.

In this paper, the influence of the addition ot@polymer on the interfacial
tension between two molten polymers is investigatBdlypropylene-polyamide
(PP/PAG) systems are used, and the copolymer osngaolypropylene (PP) and
polyacrylamide (PA6), the major part being PA6. Timterials are described in the first
part.

A spinning drop tensiometer[29-30] (US. Patent # 4,644,782,
www.SDTensiometer.com) and its recent improvemg8itfare used to determine the
interfacial tension between these polymer melte &pparatus is briefly described in
section two, as well as an original device for mgltpolymers in order to manufacture
the samples to be used in the tensiometer.

The next section is devoted to the study of ffects of adding copolymer to a
drop (PP) in a PA6 matrix. The influence of inchuglicopolymer to both the drop (PP)
and matrix (PA6) is also investigated. The mainalde for these studies is the volume
concentration of the copolymer.

In the last section of this paper, the influentehe speed of diffusion of the

copolymer towards the interface is estimated ugingplet diameter versus time



diagrams with the aim of determining the effectmérface covering by copolymers, as

well as the efficiency of the copolymer.

EXPERIMENTAL SECTION
Materials: PP, PA6 and copolymer

The polymers used are commercial ones, and thegepties are listed in table
1. The compatibilizer used in this study is a cgp@r which contains parts of
polyamide and parts of polypropylene. The major gonent is polyamide.

The morphology of similar PP/PA6 systems includagopolymer has been
investigated previously using ultrasodB@]- In this case, PPmal-g-PA11 was used, and
good emulsification was obtained. Such copolymeesrsto be good candidates for
reducing domain sizes (micron size). The morpholoigi A6-PP blends modified with
maleated rubbers can also be changed drastif2®84]. The effect of bonding
temperature and time during situ formation of block copolymers in such systems is
also importan{16], for it allows the mobility of the copolymefhe viscosity ratio
between polypropylene and nylon 6 has been showitorize significant for predicting
phase inversion in such blends, but it leads tfewint particle sizeg5]. Finally, the
effect of the mixing procedurg¢36] shows that improved phase morphology is obtained
when using single-step blending. Therefore, suchtesys are expected to show a
significant interfacial tension change, when addingh copolymers.

The copolymer has been mixed with PP or PA6 dusegarate extrusion
processes in a twin-screw extruder. The volume eatnation of copolymer in each
sample varies up to 30% (1%-5%-10%-20%-30%). Thes RAd copolymer-PA6
systems are still transparent at the operating ¢eatpres, and will allow visualization
of the drop, as explained in the next section. Meee no data on higher copolymer
concentrations is yet available in the literature.

Density measurements are given in table 2. Theigewas determined using a

capillary rheometer (Géttfert 2001). By imposinganstant velocity for the piston, the



flow rate Q (n¥#/s) can be found. Then the mass rate M (kg/s) tailoed from an
automated precision balance, therefore the ratiQ bives the density for the different
polymers and blends.

There is considerable data for usual polymeritesys [37-44], but few for the
PP-PAG6 systems. The same order of magnitude ferfautial tension (10-15 mJA&n
has been found for PP-PAG6 [2dhd EP-PA6 systems (ethylene-propylene copolymer
and polyamide-6) [25] .

The spinning drop tensiometer

The spinning drop tensiometer is widely used f@asuring interfacial tension
and considered to be one of the best methods fasuneg small values of tensi{8v-
38]. Further details may be found in previous wdrkshe authors [29-31]. If the speed
range of the motor is wide and the testing tubengsrthe formation of a large bubble,
the spinning drop tensiometer can be used to madwate measurements of both small
and large tensions. Unlike other methods, it cauded to measure tension in fluids
with high viscosity and/or small density differencavith an adequate oven
measurements can be taken in a wide range of temtupes. The spinning drop
tensiometer which was developed (see figure 1)aliabese desirable features, is one
of the most versatile instruments presently avélabd measure interfacial tension and
is particularly adapted to measurements requirechidted polymers.

Most of the so-called shape methods rely on grdeitdeform a drop in order to
measure interfacial tension; long times are requioe reaching equilibrium due to high
viscosities but these polymeric systems undergks ridf polymer degradation. The
spinning drop tensiometer uses centripetal acdederdo control shape; the time to
equilibrium can be controlled by over and undenspig[45].

A spinning polymer drop (small density) is rotatedide another immiscible
polymer (high density). The balance of inertial amderfacial forces leads to

Vonnegut’s formuld37] for the interfacial tension (J/n?)



v=(p2_p§—)2w2d3 1)
wherep; (kg/md) is the density of the drogmy (kg/m3) is the density of the heavier
fluid, w (rad/s) is the angular velocity of rotation andhji{s the diameter of the drop.
Equation (1) is valid under the assumption thatdtep is in equilibrium and its length
is larger than four times its diameter.

Images of the drop are captured from the cameth aiframe grabber in a
Pentium Il computer. Pictures may be collected ygecond and played in real time,
stored in the computer for later processing usiedichted NT MicrosofM software.
The software measuring system is calibrated usingost with known diameters
embedded in the heavier fluid. This allows the raaag of the drop diameter without
corrections of index of refraction.

In the design of the tensiometer, special care e taken to insure good
temperature control, absence of vibrations at kiglbcities, and data acquisition done
on the computerf31]. Also, measurements of diameter versus timewalthe
determination of relaxational and extensional proge of polymeric system80] as

well as characteristic times (migration of a coniphiter is an example).

Manufacturing solid samples

Most polymers are solid at room temperature aedagailable commercially in
the form of beads, flakes, powders or chunks. i&tarwith these raw materials,
samples to be used in the tensiometer have begarpce by melting and forming the
polymers in an oven. This special oven was builttfes purpose and a method was
developed to form different samples. This methodasy reliable, inexpensive and
produces samples under vacuum, free of contammatia no oxidation. With this
method rods of very brittle polymers (polystyremedh a molecular weight of 50,000

g/mole can be formed.



The forming-oven is shown in figure 2. It consistsan aluminum cylinder with
a central chamber. The cylinder contains heatirgnehts (2kW). The polymer is
molten in a glass tube (12 mm diameter), whichastered inside the cylinder and
positioned vertically using two guides. The topeplhas a small hole (0.5 mm in
diameter) through its center that can be conndctedvacuum pump. The lower guide
is spring loaded to accommodate for different glage lengths. It also has a through
hole where a rod pushes the sliding-plug with st the bottom, when the polymer
is molten. The sliding-plug at the bottom sealsglass tube.

A sample consists of three parts (figure 3). Raftlenser polymer) is the lower
one, which has the calibration post. Part B (depsgmer) is the upper part; it contains
the drop of lighter polymer (Part C). The copolyman be included in the drop (C) or
in both other parts (A and B). Usually it will beciuded in the drop.

The polymer beads (flakes or powder, about 8 graresloaded into the glass
tube (figure 2) and the other end is sealed wighttip-plug. First a vacuum is achieved.
Heating the system takes about 15 minutes andngpalout one houtn general, the
target temperature should be a value 10 to 20°@ebite melting temperature of the
polymer. When melting the polymer, the spring lahgeshing rod (bottom) moves up
so that the polymer is compressed. When coolirgyptishing rod also moves down to
compensate for volume change.

Figure 2 shows a situation where a sliding-pluthvigost has been used at the
bottom, therefore part B is obtained after meltthg beads. For making part A, the
same procedure is used, except that the slidingpith post is replaced in figure 2 by
a sliding-plug with the calibration post. Finalthe last part C is made using a special
Teflon™ cylindrical die to form a rod of lighter polymer.

The whole process takes about two hours and agraliucing a good sample in
about 80 % of the trials. After putting the diffatepieces together in the glass tube
(Figure 3) which is then set on the tensiometecyuan is achieved and the experiment

can start.



INFLUENCE OF THE LOCATION OF THE COMPATIBILIZER

In studying the effects of copolymers it has fitstbe decided whether the
copolymer should be inside or outside the drofpadh.

The first set of experiments were carried out vt copolymer inside the PP
drop (1%). The interfacial tension was found tolBe4 mJ/m + 1 mJ/n? (see label 1
on figure 4 or table 3), a clear reduction compdcethe value of 15.8 mJAwbtained
without any compatibilizer.

In a new set of experiments, the copolymer wastéxt both in the PP drop
(1%) and in the PA6 matrix (1%). These experimesitew that interfacial tension
equals roughly 9.0 mJAnt 1 mJ/n? and is reduced even more, as expected because
there is more copolymer present at the interfatesé& experimental points are also
shown in figure 4 (label 1+). This labeling is usmtause the copolymer concentration
in the PP drop is still 1%. Nevertheless, theracisially more copolymer because of the
extra polymer chains situated in the outer fluid.

This result is important and shows that coverifithe interface is not achieved
completely with 1% copolymer included inside PP} bptimal reduction may be
expected when going to higher concentrations. $edtction of the interfacial tension
is a usual result at low concentrations, when ayadte compatibilizer is used. It is
explained by the fact that the A-B copolymer losaten each side of the interface
between A and B, therefore giving rise to a moedblst interface (thermodynamically
speaking) and a smaller interfacial tension.

In the next part, the copolymer will be locatedide the PP drop only, in order

to study the effect of copolymer concentration.

INTERFACIAL TENSION VS. COPOLYMER CONCENTRATION
Interfacial tension data as a function of copolym@ncentration is collected in
table 3 at a temperature of 260°C. At low concéiuna (below 5%), the experiments

were carried out twice, as indicated in the sanitdetaThe concentration of the



copolymer is expressed as a fraction of the todddme of the PP drop. The graph of
interfacial tension vs. concentration is depictefigure 4.

A rapid decrease of the tension with copolymercenitration is observed first.
This result was expected from the literature [24d a&alidates our method further. The
copolymer covers part of the interface when itscemtration is small. It should cover
the whole interface for a certain concentrationespmably the critical micelle
concentration (cmc), and the interfacial tensioousth reach a minimum.

The next part of the curve (concentration of 5% ahove) shows a surprising
rise of the tension as the concentration increal@s. increase is not predicted by any
theories known to us. In many surfactant systemglwhre better understood, the
surface tension levels off after the cmc. Howewageous surfactant systems giving
rise to a fall in tension with concentrations belthe cmc followed by an increase for
concentrations larger than the cmc have been epfib]. In the present case, the
interfacial tension starts at a value of around 16J/n%, decreases to at least 8 m3/m
then increases again to about 14-15 mJon the 20% case. Values of the same order
have been obtained by Jannerfeldt et al. [24] diffarent temperature (225°C). It is
conceivable that micelles give rise to a yield sdrat the higher concentrations (> 5%)
or because of other reasons which we do not uradetsTThis will be discussed in the
next section. The last data point (30%) drawn engitaph may be too high; the system
may not have reached equilibrium.

It is probable that as in the case of aqueousasiaiits the copolymers
preferentially occupy the interface: after the ifgee is saturated the copolymers
associate with each other in micellar aggregatesugh the data here is not sufficient
to establish which of several theories gives advalescription of the action of
copolymers, we may conclude that in the systemietiudere, the optimal concentration
for tension reduction lies between 1% and 5%. @fse, when using industrial systems
where a large number of drops coexist, it may biebé¢o use higher amounts of

copolymer to cover larger surfaces.



DIFFUSION OF THE COPOLYMER. MIGRATION TIMES

Diffusion of the copolymer towards the interfasevery important in terms of
efficiency of one copolymer or another. The morficieint the copolymer, the faster it
diffuses to the interface. Depending on the locatd the copolymer, different results
may be obtained. As seen receil§], the way a compatibilizer goes to the integfa
crucial: using a conical die in coextrusion fortarge helps to place the compatibilizer
closer to the interface; reaching equilibrium itenfiacial tension measurements with
such systems is faster. In the present experintaatthe centripetal acceleration which
brings the copolymer to the interface, becausddissity lies in between densities of the
two other polymers, but diffusion also needs todomsidered. There is effective
migration of the copolymer because a decreaseeointierfacial tension by about 50%
IS observed, at least for the low concentrations.

To investigate these effects better, diagramsngidrop diameter d(t) versus
time t may be reportef29-30]. One can reduce the diameter data with fihal
diameter d and plot d/d-1. An adequate dimensionless parameter, as shovRef.
[31] is ty/(u1tp2)d (u1 and o are the viscosities of PP and PA6 respectiveliljs T
representation has the advantage to show how Hastliameter reaches its final size
d . In the initial stages where diffusion prevails, theange in d(t) will tell how fast the
copolymer diffuses to the interface.

The variations of d/d1 vs. ¥/(u1tu2)d for four previous experiments are
depicted in figure 5. The significant decrease &ozensures that equilibrium is
obtained. Variations with 1% interfacial agent ef4d (see definition above) are slower
and similar to each other and the reaching of dayium is probably mainly concerned
with the migration of the copolymer on each sidetls# interface. Migration of the
copolymer is slow, therefore longer migration timesay be needed to reach
equilibrium. Note that there is no migration whlere is no copolymer.

Gaines et al. [47] proposed a diffusion law tocaet for the migration of the

additive to the interface. This model is derivednir Fick's law with a diffusion

-10 -



coefficient D independent of concentration; it ases that the molecules arriving at the
interface are adsorbed rapidly. The interfaciasitgmy is shown to decrease as:
Dt )1/2

T

Y=vo - 2RT o 2)

whereyy is the interfacial tension at time @, is the bulk concentration of the additive,
R is the gas constant, T is temperature and Deiglitfusion coefficient. By looking at
the curve corresponding &0 in figure 5, it can be deduced that reachingligum
corresponds to a transient motion with a typicatrease of the diameter at higher
reduced times. This variation has been observedqugy [30] and is attributed to
combined relaxational properties of both polymé@&ise curves obtained fe=1 and 1+
are different because the copolymer starts to nagia the interface, then relaxation
occurs, as seen by the similar curves at longeedsimt small times, following Ref.
[47], one may try to determine the diffusion coa#nt by using Eq. (2). This is
represented by the curve fits in figure 6.

The theory fits the data reasonably well, and beysed to provide a diffusion
coefficient of the copolymer in these two casearfd 1+), since this is where effective
diffusion happens. Two diffusion coefficients B 2.85 16 cn?s! and D+ = 4.38
108 cm?s ! are obtained; these values are of the order ohitate expected for such
systems (see for example Refs.[47-48]), where dpolgmer is found to be efficient.
The higher coefficient D in the second case maydsociated to faster diffusion, as
expected because of the greater amount of polymaved, which moves to the
interface from both sides. The method used hetieeisefore interesting for comparing
the efficiency of copolymers in terms of their deeénts of diffusion.

On the other hand, it seems from figure 5 thatrdeehing of equilibrium is
faster for the 5% case. Actually, the system seenwstop rapidly at its final position
(d ). An explanation of this can be based on physlenatcal principles.
Polypropylene (PP), which involves mainly dispeesiinteractions does not have

affinities with the Polyamide (PA6), which likes tea and develops polar interactions.
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Copolymers located in the drop bulk migrate rapiiyards the interface in the low
concentration cases (1 and 1+), because they dikedbeing associated with PP. As
soon as the concentration has reached the critidgllar concentration (cmc), the
interface is completely saturated with copolymars] there is no more space for them
to go: therefore they will stay inside the drop dadn micelles. This tends to create
shear yield stresses, which eventually stop theatian, therefore, reaching ds rather
fast. This may explain that the values obtainedtli@ interfacial tension is changed
because of such effects. The order of magnitudsuoh shear yield stresses has not
been measured to our knowledge but could be inrdhge of a few thousands Pa
(similarly to gels [49]), due to the weak interacis between micelles. Inside the drop,
shear stresses are presumably smaller than this,\thlerefore they are not high enough

to create any further motions of the copolymer hai

CONCLUSION

The evolution of interfacial tension as a functadrcompatibilizer concentration
has been studied for PP/PA6 systems using a spirdrop tensiometer. The system
also allows one to determine interfacial tensi@mfrmeasurement of the drop diameter.
The time needed to obtain an equilibrium diameterelated to the migration time of
the copolymer to the interface.

Copolymers have been included in the drop of &glpblymer (PP). It is shown
that, as in other systems, the presence of a cogolyeduces first the interfacial
tension, and this can occur at very low concemnati In such cases, estimates of
diffusion coefficients have been made. Above aapertoncentration, the presence of
micelles prevents diffusion of the copolymer.

The method of studying compatibilizers used i flaper seems very promising
for predicting the influence of the effects of nml&ar weight, architecture and

randomness of copolymers.
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Figurel

Figure2

Figure3

Figure4

Figure5

Figure 6

FIGURE CAPTIONS

General view of the tensiometer.

Oven to form polymer rods. A glass tube with sigliplug and post

has been included. In this case, part B is méderaelting and cooling.

Solid sample assembled in the glass tube and remdgading in the
tensiometer. Part A: dense polymer with caliloragpost. Part B:

dense polymer with hole for the drop. Part Cpdwsblight polymer

Interfacial tension vs. concentration of copolynrerPP drop. Label 1
corresponds to a 1% concentration in the dropelLa+ corresponds to
1% both in the drop and the outer polymer. Thigedidine is a guide for

the eye.

Typical reduced diameter vs. reduced time diagaadifferent

compatibilizer concentrations
Reduced diameter vs. reduced time. Comparisondagtwheory [47]

and experiment. Best fits obtained for ©2.85 18 cnm?s! and D+ =

4.38 168 cmés’L (equation (2))
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TABLE CAPTIONS

Tablel Polymer properties.

Table2 Densities of polymers at different concentratiohsopolymer at 260 °C.

Table 3 Data corresponding to interfacial tension vs. cap@r concentration (fig. 4)
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Tablel

Viscosityu at 260°C
Polymer Type (Pa.s)
PAG Ultramid B3 673
PP Finasphere 1030S 1703
copolymer - -
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Table?2

Concentration (% vol) 0 1 5 10 20 30
p1 (kg/m3) 730 731 730 733 743 749
p2 (kg/m3) 980 980 980 980 980 980

(* except for experiment where copolymer is alsoidat®,=975 kg/n¥)
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Table3

Volume

T

Final diameter () %
concentration (°C) d (mm) (rpm) (mJ/n?)

(%)

0 260 2.236 4004 154

0 260 1.733 6040 16.3

1 260 2.139 4007 13.4

1 260 1.804 5168 13.4
1+ 260 2.208 3009 8.1
1+ 260 1.864 4220 9.6

5 260 2.001 4006 11.0

5 260 1.744 5117 11.9
10 260 2.126 4208 14.4
20 260 2.330 4298 19.0
30 260 2.268 5508 28.0
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