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Abstract

Reactive blending of dissimilar polymers involves in situ reactions of functionalized components to form a block or graft copolymer at the
interface between phases. The copolymer is believed to play a role of the emulsifier to prevent particle coalescence and to improve interfacial
adhesion. A mixture of non-reactive polysulfone (PSU) and small amount of reactive PSU, phthalic anhydride-terminated PSU (PSU—
PhAH), was melt-blended with polyamide (PA) at 65/35 (PSU/PA) wt ratio using a miniature mixer. When the molecular weight of PSU—
PhAH was high (comparable with non-reactive PSU), PA particles were dispersed in PSU matrix and the particle size was much smaller than
non-reactive system, suggesting the typical emulsifying effect caused by the in situ formed block copolymer. On the other hand, when the
molecular weight of PSU-PhAH was much smaller than the non-reactive PSU, phase inversion took place; i.e. at early stages of mixing, PA
particles were dispersed in PSU matrix; however, at later stages the PSU particles were dispersed in PA matrix. TEM observation showed a
micelle formation in PSU particles. The phase inversion mechanism was discussed in terms of the increase in viscosity of PSU phase caused
by the pull-out of the in situ formed block copolyme®.2000 Elsevier Science Ltd. All rights reserved.

Keywords Reactive blending; Block copolymer; Emulsifier

1. Introduction may depend on several factors such as molecular architec-
ture of in situ formed copolymer (graft or block), coupling

Reactive blending of dissimilar polymers is attracting reaction kinetics, and processing conditions.

great attention to produce high-performance materials [1]. In this paper, a different interfacial behavior of in situ

The reactive blending is a process that involves in situ reac-formed block copolymers and the effects on morphology

tion of functionalized components to form a block or graft development is demonstrated in contrast with the emulsifier

copolymer at the interface between the phases [2—9]. Theactivities. A mixture of non-reactive polysulfone (PSU) and

copolymer formation is known to be effective for morphol- small amount (1-10 wt%) of reactive PSU, phthalic anhy-

ogy control and for mechanical property improvement. dride-terminated PSU (PSU-PhAH), was melt-blended
Theoretical works [10-15] have shown that block with polyamide (PA) at 65/35 (PSU/PA) wt ratio using a

copolymers prefer to locate at the interface and reduce theminiature mixer. Morphology development and stability

interfacial tension. The copolymers at interface are expectedwere investigated by light scattering (LS) and transmission

to stabilize morphology against coalescence [16]. In other electron microscopy (TEM).

words, the copolymer is believed to play a role of an emul-

sifier. However, recent studies [17-19] have shown that

behavior of the copolymer during melt processing are 2 Experimental section

more intricate and rather versatile. For example, the in

situ formed block copolymer chains are easily pulled out  The PSU and PA used were commercial polymers of

from the interface region by external shear forces during BASF-AG, Ultrason S1010 and Ultramid T, respectively.

melt blending, whereas the in situ formed graft copolymer psy is a condensation product of Bisphenol-A and-4,4

chain are hardly pUIIEd out [18] Their interfacial activities dich|0r0dipheny| sulfone. PA is a par“a”y aromatic po|y_

amide consisting of units derived from caprolactam,
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Fig. 1. Chemical structures of polymers used.

molecular weightl(1,,) were determined by gel permeation 20 wt%. During the mixing, a small amount of mixed melt
chromatography (GPC) at 25. Carrier solvent/standard (40 mg) was picked up by pincette at appropriate intervals
sample used for GPC were tetrahydrofuran/polystyrene for and was quickly quenched in ice-water to freeze the two-
PSU and hexafluoropropylalcohol/poly(methyl methacry- phase structure in the melt. Thus, we prepared a series of
late) for PA. Two phthalic anhydride terminated-PSUs mixed-and-quenched specimen with various mixing times.
(PSU-PhAH) with different molecular weights were used These specimens were analyzed by light scattering (LS),
as the reactive PSU. They are codedSU-PhAH and transmission electron microscope (TEM). The blends and
IPSU-PhAH. hPSU-PhAH has comparable molecular given codes are summarized in Table 2.
weight with non-reactive PSU an&®SU-PhAH has much The quenched specimen was placed between two cover
lower molecular weight than non-reactive PSU. Both PSU— glasses and melt-pressed to a thin film (capb®thick) at
PhAHs were prepared by addition of 4-fluorophthalic anhy- 31C°C on a hot stage set on light scattering apparatus. After
dride to the as-polymerized solution of polysulfone. The melt pressing, the time-resolved measurement of scattering
amount of anhydride end-groups was determined by FT- profiles (angular dependence of scattered light intensity)
IR. Details of preparation procedure are shown elsewherewith a time slice of 1/30 s started. The scattering apparatus
[20—22]. Chemical structures of polymers used are shown in consisted of a highly sensitive CCD camera with %76
Fig.1 and their characteristics are summarized in Table 1. 382 pixels a He—Ne laser of 632.8-nm wavelength and
To remove absorbed moisture, PA pellets were dried (parallel polarization) optical alignment [24]. Since the two-
under vacuum (10 mm Hg) at 80C overnight before phase structure in the melt is at a non-equilibrium state, it
blending. Non-reactive PSU, PSU-PhAH, and PA were may coarsen with time after the re-melt. A scattering profile
melt-blended at 65/35 (total PSU/PA) wt ratio using a just after the re-melt provides information on the two-phase
miniature one gram-scale mixer (Mini—-Max Molder, CS- structure in the mixed-and-quenched blend. In addition, by
183 MM, Custom Scientific Instruments Inc.) [23] at time variation of light scattering profiles, one can discuss the
31C0°C. The amount of PSU-PhAH was varied from 0 to structure coarsening during isothermal annealing, which
may be suppressed by the in situ formed PSU-PA block

Table 1 copolymer.
Characteristics of polymers used For TEM observation, the quenched specimen was
Code M,? M, 2 n'® Functionality
Table 2
PA 13 000 35000 1500 Blend compositions
PSU 12 000 30 000 1700 0
hPSU—PhAH 9100 26 000 700 22 Code N1 RH1 R2 RH3 RH4 RL1 RL2 RL3 RL4
IPsu—PhAH 5500 20 000 150 2.3
PA 35 35 35 35 35 35 35 35 35
2By GPC measurement (g/mol). Elfgu PhAH 65 622 62 ig 3(5) 63 61 57 49
b - : _ ) - - . — — — —
Complex melt viscosity at 32C, frequency range 10-50 rad/s (Pa-s). IPSU_PhAH - - - 5 4 8 16

¢ Content of functional group (wt%).
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3.2 —— T AH" is the enthalpy of fusion per gram of the blend and
] ; AHZ, is the enthalpy of fusion per gram of 100% crystalline
- . PA [ =40 J/g] [25].

24 | N1, 0%

3. Results and discussion

I | 3.1. In situ formed block copolymer as emulsifier
" For all the re-melted blend specimens, the intensity of
scattered light monotonically decreased with increasing
I ] scattering angle. The mean diameter of the dispersed par-
08 L RH1,2.5% | ticle Dgeat Was obtained by Debye—Bueche plot [26,27].
I RH2,5% | More details of data analysis have been given elsewhere
RH3, 10% [6,9,17]. Fig. 2 shows the mean PA particle size by light
I * | scattering as a function of mixing (reaction) time. One can
o b vy see systematic size reduction process and the effect of reac-
0 4 8 12 tive component fPSU-PhAH) on the particle size. TEM
Mixing time t,/ min micrographs after 8 min mixing are shown in Fig. 3. In these
micrographs, the darker phase is PSU, stained more deeply
Fig. 2. Time variations of average PA particle diamedeg,,during melt by RuQ, TEM results agree well with those from light
mixing at 310C. scattering analysis. From Figs. 2 and 3, one can see that
all reactive systems (RH1, RH2, and RH3) yielded smaller
particles than the non-reactive system. Since the reactive

Ejrﬁt/omwirﬁlt.ome.d _?:1_63:9 by tl_JItrarTcrotcgrge (I?tﬁ[ctert system is known to generate the PSU—PA block copolymer,
racut-Nissei). The thin section of ca 60 nm thickness which would play a role of emulsifier to provide entropic

was mofuntfhd on 20:)-tme§(;1 cogpe:c grlzdoanpl eﬁ:osted to therepulsion between neighboring particles and hence prevent
vapor of ruthenium tetroxide (Rupfor min. the two- particle coalescence during melt mixing. The effect of
phase morphology was observed by transm|SS|_on elf'mtronloaded amount ohPSU-PhAH on the dispersed patrticle
n}lclrggclf\;/)e,ﬁEE'\T-lpocx (‘]EOL(}’ a_tt.andaccgleratlng voltage size could be also demonstrated in Fig. 4. The higher
?EPSON G'T 8500F))|C't|'uhr: ;’::;’ ofl?::jzi\?iduljlggrtia scir;ner amount ofhPSU-PhAH leads to the smaller particle size,

: cewas trating clearly th Isifying effect of the in sit
directly determined using a software (NIH Image Analysis demonstrating clearly the emulsifying effect of the in situ

. : : formed block copolymer.
System). The diameter of dispersed partidigsvas calcu- The ti o . . .
. . t t D d tat I t
lated byD; = 2(a;/m)Y?, assuming the shape of particle to € time vanations 0lsea dUrNg static anneaiing a

: . 310°C are shown in Fig. 5. One sees that in the non-reactive
be circular. The average was obtained by system (N1),Ds. increases with annealing time,. It
N N suggests that structure coarsening took place during anneal-
Drem = ZD?/Z D? D ing. By contrast,Dg Of the reactive system containing
i=1 =1 large amount ofhPSU-PhAH &5%) remains constant,

. . suggesting that the in situ formed PSU—-PA block copoly-
whereNwas 100300 in a TEM picture. The average by Eq. mer prevents coalescence. Such morphology stabilization

(1) may be appropriate for comparison with that by light mechanism is already set up in short mixing tirfle=
scattering, because the particle size by light scattering i515 min)

baseg otn ttrr:e SL:.rfacfe alrea per unit vgl'ume,t which Co”te' As a measure of coalescence rate, we estimated a alope
sponds to the ratio of volume-average diameter (numera Of ot Dgcatt VErsust, plot in Fig. 5. The slopex is plotted as a

in Eq. (1)) and surface-average diameter (denominator infunction of mixing time in Fig. 6. It can be seen that, even in

Eq. (1)), o _ alowhPSU—-PhAH content system (RH1®—, 2.5 wt%), a
The complex d_ynam|c viscosity)” was measured at nice stabilization mechanism is established after mixing for

310C by Dyngmlc Stress Rheometer at parallel-plate 8 min (t, = 8 min), suggesting sufficient coverage of the

mode (plate radius 12.5 mm, gap 1.0 mm). interface by the in situ formed block copolymers. When

In a differential scanning calorimeter (DSC), Seiko . - i
the hPSU-PhAH content is higher, the stabilization
EXSTRARG00, neat polymer or blend specimen packed in I 9 Hizatl

aluminum pan was heated at a heating ratéCl@in* mechanism is set up in shorter time.

under nitrogen atmosphere. The melting temperature andgz 2. |n situ formed block copolymer as phase-inversion-aid
enthalpy of fusion were obtained from the maximum and

the area of the endothermic peak, respectively. The relative When thd PSU-PhAH, having smaller molecular weight
crystallinity X, was calculated byX, = AH*/AH2,, where than the non-reactive PSU, was introduced to the blends,

Dscatt / am
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Fig. 3. TEM micrographs of blends melt-mixed at 3CGor 8 min: (a) N1
(non-reactive system); (b) RH1; (c) RH2 and (d) RH3.

phase inversion took place. The phase inversion process is

shown in Fig. 7. At early stagé, = 1.5 min), the major
component (PSU) is the matrix (dark phase). At a later stage
(t, = 8 min), the minor component (PA) is the matrix (bright

phase). The phases are clearly inverted from PA particles/PSU

matrix to PSU particles/PA matrix. Fig. 1b = 3 min) may
correspond to a transient point. In Fig. 7c, PSU particles
occlude tiny PA particles. The occlusion of PA particles
should be caused by the phase inversion. Much finer PA
domains 40 nm) are also occluded (see Appendix A).
They should be formed by the micelle formation caused by
pull-out of in situ formed block copolymers from the interface
[18]. Micelle-rich particles are shown by a higher magnifica-
tion TEM in Fig. 8. Taking account of the micelle formation,
the phase inversion could be interpreted as follows.
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Fig. 4. Average particle size diametBrey as a function of the loaded
amount ofhPSU—PhAH.

In non-reactive blends of dissimilar polymers, major
component (1) usually tends to be the matrix, while minor
one (2) the dispersed phase. In a symmetrical blend (50/50),
the lower viscosity component tends to be the matrix. The
situation is empirically described using the paramater

m b2 _

= 2
N Py @

i.e. the component 2 likes to be the matrix for 1, where
mi is the viscosity of componemntnd ¢; its volume fraction
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Fig. 5. Time variation of average PA particle diamefgg,, during static
annealing at 31 after melt mixing for 1.5 min. Slope may be the
coalescence rate (symbols are the same as in Fig. 2).
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Fig. 6. Coalescence rateversus residence time in mixg(symbols are the
same as in Fig. 5).

[28—30]. Let us define phase 1 is PSU and phase 2 is PA.

The complex melt viscosity at a frequency range of 10—
50rad/s at 31W was 1700 Pa-s for PSUn{ and
1500 Pa-s for PA13). Then, thex value for non-reactive
system is 0.63 (assuminpy = 0.65 and¢, = 0.35), hence
PSU (major component) should be the matrix. In the reac-
tive system, however, the micelle formation takes place so
that the melt viscosity of PSU phase@4j increases with
time of mixing (see below). Themy becomes larger than

unity and the phase inversion can take place. This process is

schematically shown in Fig. 9.
To confirm the increase of melt viscosity by micelle

formation, we separately prepared a model blend (PSU/
IPSU-PhAH/PA: 82/6/12) and measured the viscosity as a

function of mixing time. Note that the small amount of PA
apparently would be stoichiometrically enough for coupling
reaction withlPSU-PhAH but it would not be enough for
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Fig. 7. TEM micrographs of 4/61/3B°°SU-PhAH/PSU/PA (RL2) blend
melt-mixed at 318C for (a) 1 min; (b) 3 min and (c) 8 min showing phase
inversion.

containing higher amount dPSU-PhAH (RL3 and RL4).
TEM micrographs similar to Fig. 7 were also observed.

phase inversion. The results are shown by a broken line in  Another point to be discussed is why phase inversion

Fig. 10. Employing this time variation as an alternative of
then(t,) in real systemj vs. mixing time curve was gener-
ated, as shown by a solid line in Fig. 20crosses over 1 at
t. = 3 min. Thus, the phase inversion can be interpreted in
terms of the increase in viscosity of PSU phase by the pull-
out of the in situ formed block copolymers and the conse-
quent micelle formatior.

The phase inversion from PA particles/PSU matrix to
PSU particles/PA matrix was also found in other blends

! The cross-over at, = 3 min agrees very well with the experimental
result. However, it would be just a coincidence. The calculated cross-
over point could slightly deviate from the observed one, if one could use
the realn(t;) and take account of a slight change in compositiér/ ¢,)
with the micelle formation.

could take place whelPSU—PhAH was employed but not
in the case ohPSU—-PhAH system. In other words, why the
pull-out of in situ formed PA—PSU block copolymers did
not take place in RH1, RH2 and even RH3 systems.

The theory of block copolymer suggests that a symmetric
AB block copolymer (A block length= B block length)
prefers to locate at interface but a very asymmetric block
copolymer (of long A block and short B block) is unstable at
interface and tends to stay in A homopolymer phase as
micelles [13]. However, inPSU-PhAH/PA system which
would generate a rather asymmetric block copolymer, the
micelles were formed in PSU phase (in B phase, not in A).
Then we need another explanation.

In the previous study [19], we have shown that the dense
accumulation of in situ formed copolymer chains at the
interface appears to be a prerequisite for the pull-out process
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where N is the degree of polymerization. Thus, one may
expect much smallek in hPSU-PhAH system than in
IPSU-PhAH system. Hence, the in situ formed block
copolymers inhPSU—-PhAH system may prefer to stay at
the interface and play a typical role of emulsifier.

4. Conclusion

Thus, two examples of different interfacial behavior of in
situ formed block copolymers were demonstrated. When the
in situ formed block copolymers stay at the interface, they
Fig. 8. High magnification TEM micrograph of RL2 blend (after 8min  act as a typical emulsifier to render faster size reduction

mixed at 316C), showing the occluded PSU—PA micelles in PSU particles. process, finer particle size and better morphology stability,
compared with non-reactive system. However, when the in

by external shear forces. It implies that when the amount of Situ formed block copolymers are pulled out from the

in situ formed block copolymers is relatively high, they are interface to form micelle in bulk, they behave as a phase-
subjected to a spatial entropy penalty caused by chaininversion-aid.

stretching perpendicular to the interface. By contrast, in
the case of low accumulation, the copolymers are free
from the penalty so that they can stay at the interface with
stability and they are hardly pulled out. The population of

the in situ formed copolymer during reactive blending

depends on the kinetics of coupling reaction. Recent theo-
retical studies [31,32] of polymer—polymer reaction kinetics

at an interface separating two immiscible polymers have
shown that the reaction kinetics in entangled melt system Appendix A
is diffusion-controlled and the rate const&rdan be written

Acknowledgements

The authors gratefully acknowledge German Govern-
ment, BMBF, for providing them a research fund (project
03N30283).

as: From the high magnification TEM micrograph in Fig. 8,
one can clearly see the dark spots, which should be assigned
K ~ 1 3) to PA cores of PSU-PA micelles. If it is so, why were the
NInN PA cores stained more deeply by Ruthan PSU? It has
PSU(my)
65 % " & e

of

p—

65+ a

mn=mn2 N >>mn

Fig. 9. Schematic representation of the phase inversion induced by the pull-out of in situ formed block copolymers.
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Fig. 10.A andn; vs. mixing time plot, indicating the phase inversion point.

been shown that amorphous regions of semi-crystalline dispersed in a gray PSU matrix. Thus, PA phase can be
polymers, such as PA, polyethylene, polypropylene, and stained by Ru@more deeply than PSU when PA crystal-
poly(butylene terephthalate) can preferentially be stained lization is suppressed.

by RuQ, [33,34]. Then one can expect that the crystalliza-
tion in PA cores was suppressed (probably due to the spatial
constraint) and the cores are highly amorphous. Actually the
degree of crystallization by DSC results iﬁS,U_PhAH [1] Utracki LA. Commercial polymer blends, London: Chapman and
system was much lowetX{ = 15%) than that inhPSU— Hall, 1998,

PhAH system. X, =~ 21%). Consequently, the core part [2] Ide F, Hasegawa A. J Appl Polym Sci 1974;18:963.

could be stained more deeply than PSU. To confirm it, we [3] Baker WE, Saleen M. Polym Engng Sci 1987;27:1634.

prepared a 80/20PSU—PhAH/PA blend, in which a lot of [4] Angola JC, Fujita Y, Sakai T, Inoue T. J Polym Sci: Polym Phys Ed

{ o 1988;26:807.
micelles of in situ formed block copolymers should be ., a3 ceskkula H, Paul DR. Polymer 1992:33:268.

generated and consequently highly amorphous PA cores [g] okamoto M, Inoue T. Polym Engng Sci 1993;33:175.

are expected to be formed in a quenched specimen. Note [7] Majumdar B, Keskkula H, Paul DR. Polymer 1994;35:1386.

that melt processing and TEM sample preparation condi- [8] Scott EC, Macosko CW. Polymer 1995;36:461.

tions were similar as to other blends, given in Section 2. [® Li H., Chiba T, Higashida N, Yang Y, Inoue T. Polymer

) : 1997;38:3921.
Fig. 11 shows TEM micrograph of the 80/8BSU—PhAH/ [10] Leibler L. Macromolecules 1982:15:1283.

PA blend after 7 min of mixing. As expected, one can see [11] Noolandi J, Hong KM. Macromolecules 1982;15:482.

dark spots of PA cores with diameter of around 30 nm [12] Noolandi J, Hong KM. Macromolecules 1984;17:1531.
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