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Viscosity difference as distributing factor in
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whiskers in immiscible polymer blends

Anders L. Persson and Hans Bertilsson*

Department of Polymeric Materials, Chalmers University of Technology,
S-412 96 Goéteborg, Sweden

(Received 15 May 1997, revised 27 October 1997; accepted 8 January 1998)

The distribution of aluminium borate whiskers in blends of polyethylene/polyisobutylene (PE/PIB) was studied
with respect to viscosities of the components. Both polymers are non-polar with slightly higher surface energy for
the PE, i.e. weak filler—polymer interactions of about equal strength. The significance of the polymers’ viscosity
disparity can thus be studied in isolation. Two PEs and two PIBs with clearly separated flow qupyesfpig; >

Npe2>> Npis2) Were used. The whiskers were found in the high viscosity phase except when they promoted coherency
of the low viscosity minority phase. However, the PE’s slightly higher surface energy ruled the absorption although
PIB was slightly more viscous showing the relative weakness of this rheological phenomenon. Furthermore, the
viscosity distributing factor was found to be less important than polar interactions. A rheological explanation is
presented that supports the observed selective absor@tid®98 Published by Elsevier Science Ltd. All rights
reserved.

(Keywords: filled polyolefin blends; co-continuity; rheology)

INTRODUCTION properties include the impact strength, the tear strength,
barrier properties, the flexibility and the stress cracking
resistance. However, the tensile strength and stiffness are
inferior to the pure polyolefin. Addition of filler may
balance these shortcomings.

Concerning the composite formulations, two main
aspects had to be considered. Firstly, to reduce the influence
of the filler itself whisker contents were chosen sufficiently
low to avoid filler particle percolation in any of the phases,

Filled polymer blends constitute a group of materials that is
gaining interest, both from technical and academic con-
sideration$™". Phase morphology can be controlled by
introducing a solid into a polymer blend, however, there are
several inherent difficulties that need to be mastered to
achieve an attractive property profile. Among them are the
polymers’ mutual interactions and the strength of their

individual interactions with the solid surface. Furthermore, even considering that the minority phase might absorb all

the parameters that control the morphology of unfilled . : 4 9 .
blends set the starting constraints for the three—componentthe whiskers. According to Chmutiet al.” the percolation

0 .
systems. Most important are the volume and viscosity ratios IS:rr]c())rlljwl?hoeC\(/:v%rrl?to%;iv %lg;nstri/g t(evr/ O)etzgﬂigﬁaﬁrcetgéﬁg? docfa2n7.
of the polymers and their elasticities. g P

Our previous reporfs’ have concerned polymers with be found, at 7 v/o. We used 5 v/o maximum whisker loading

strong interactions with filler surfaces. During injection to avoid percolation. S?@E’PdT'y' we have foEnd t?fe Whﬁkers
moulding the morphologies created during compounding ™ lpromotel co—c;)ntmw : Od minimize :] Is efiect 1 Ie
were ruinefi. Also the beneficial selective adsorption in POlYmer volume fractions#; and¢) were chosen pnme]rl{(y
electrically conducting blends that only provided marginal 26c0rding to the expression by Jordhamo and co-workers
improvement have stressed the need for this investigation. (equatlon (1)).’ since thls_expre_ssu_)n has been shown to
In contrast to previous wofk’ the current project was Predict the point of phase inversion in several cageand
concerned with how the rheology of the polymer compo- "2 denote the viscosities of the two polymers.
nents influences the whisker distribution in blends with N1 b2
marginal polymer—solid interactions. Thus two grades of —'¢—=1
polyethylene (PE) and two grades of polyisobutylene (PIB) 2 91
were chosen. According to Wihe surface tensions of PE  For an already co-continuous blend the whiskers move from
and PIB at 186C are 26.5 and 23.4 mN, respectively, one continuous phase to the other. In this way the morpho-
which should ensure a very low interfacial tension that logical influence of the whiskers is minimized.
could be important considering the energetic step required Master batches of whisker filled single plastic composites
for a filler particle to move across the interface. were prepared and the complementary plastic was added in
This blend is not purely of academic interest. According a second step. Thus any effect of the origin matrix on
to the PIB manufacturers, the properties of polyolefins (PE, whisker distribution could be studied.
PP) are improved by small additions of PIB. These The polymers were rheologically characterised in a
plate—plate rotational rheometer run in harmonic mode.
*To whom correspondence should be addressed (fax: +46-31-7721313; e-The interfacial tension between PE and PIB ',n the mon?”
mail: hansb@polymm.chalmers.se) state was measured by the imbedded disc retraction

1)
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Table 1 Characteristics of used materials Borealis and two polyisobutylenes from Scientific Polymer
Material M, M, M, MEI Products, (PIB1) and (PIB2). Their molecular mass
(kgmol™)  (kgmol™)  (kgmol™) (g per 10 min) distributions were determined by size exclusion chromato-
PE1 24 300 2, 19T, graphy with polyethylene and polystyrene standards in

21.6 kg 1,2,4-trichlorobenzene and tetrahydrofurane for PE and
PE2 17 54 15, 19€, PIB, respectively. A poly-caprolactam), (PA6), Ultramid

2.16 kg B3 and a poly(styrene-co-acrylonitrile), (SAN), Luran 388S
PIB1 38 384 400 with 35% acrylonitrile content were provided together with
PIB2 12 101 85 o ;
SAN 0.3, 200C, the Lupolen by BASF. Alumlnlur_n borate whlskgrs

5 kp? (Al,05)¢(B,0O3),, Alborex G, are single crystals with
PAG 18 diameters of 0.5—4m, lengths of 10—-3@m, a density of
*Provided by the supplier. 2.93 g cm® and a specific surface area of 2.5g1%. The

whiskers have excellent mechanical properties as well as

thermal and chemical stability. They were provided by
method?. All blends and composites were compounded in a Shikoku Chemicals Corp. The densities at %7@re 0.774,
batch mixer and their morphologies were studied by scanning0.717 and 2.92 g cit for PE, PIB and whiskers, respec-
electron microscopy. The rheology of the composites and tively. The characteristics of the materials used can be found
blends was studied in a rotational rheometer with cone—platein Table 1
to assure uniform shear rate throughout the sample. Compounding of the polyolefin blends and composites
was done in a 50 chBrabender AEV 330 plasticorder at
17C¢C and 50 rpm for about 5 min. Identical conditions
EXPERIMENTAL were used for the SAN/PA6-W composites except that the
The materials used were two high density grade poly- temperature was 236. The high viscosity polymer was
ethylenes, Lupolen 5261 (PE1) and DMDS 7015 (PE2) from first put into the compounding chamber and was completely

Table 2 Compounded blends and composites. The volume fractions in column three refer to the molten stét@, & ¢.707 consists of 11.4 v/o PIB1 and
0.5 v/o whiskers precompounded into the PIB and 88.1 v/o PE1

Ingredients (volivol) Meg (9) Meig+w (9) Mee (9) Meew (9) My (9)
B1 PIB1/PE1 53.6/46.4 20.72 19.35
B2 PIB1/PE1 27.7172.3 10.36 29.02
B3 PIB1/PE2 53.6/46.4 20.72 19.35
B4 PIBL/PE2 73.0/27.0 20.02 11.61
B5 PIB2/PE2 53.6/46.4 20.72 19.35
B6 PIB2/PE2 38.4/61.6 14.51 25.15
B7 PE1/PE2 2.5/97.5 0.97/37.73
B8 PIBL/PIB2 15.0/85.0 6.22/35.23
c1 PIB1-W 95.6-4.4 39.38 7.32
c2 PIB2-W 95.6-4.4 39.38 7.32
c3 PE1-W 95.0-5.0 36.76 7.32
c4 PE2-W 95.0-5.0 36.76 7.32
c5 C1/PE1 52.6(2.3)/45.1 23.95 18.85
c6 C1/PE1 27.6(1.2)/71.2 12.13 28.64
c7 C1/PE1 11.4(0.5)/88.1 4.89 34.65
cs8 PIB1/C3 52.2/45.5(2.3) 20.19 22.61
c9 PIB1/C3 26.7/69.8(3.5) 10.23 34.36
C10 C1/PE2 52.6(2.3)/45.1 23.95 18.85
c11 C1/PE2 70.8(3.1)/26.1 33.19 11.20
c12 C1/PE2 32.8(1.4)/65.8 18.08 33.21
c13 C1/PE2 11.4(0.5)/88.1 4.89 34.65
cl4 PIB1/C4 32.8/65.8(1.4) 15.24 36.04
c15 PIB1/C4 52.2/45.5(2.3) 20.19 22.61
c16 PIB1/C4 67.6/30.9(1.5) 27.98 16.40
c17 C2/PE2 52.6(2.3)/45.1 23.95 11.20
c18 C2/PE2 37.9(1.7)/60.5 16.90 24.70
c19 PIB2/PE2-W 66.9/30-3.1 22.98 11.61 453
c20 PIB2/C4 52.2/45.5(2.3) 20.19 22.61
c21 PIB2/C4 37.0/60.0(3.0) 14.03 29.17
c22 B7/B8-W 45.3/52.3-2.4 20.19 18.86 3.75
c23 SAN/PA6-W 24.38 24.36 3.75

#Mass of PA6.
®Mass of SAN.
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le+6 cyclohexane followed by gold-sputtering of the residue.
O PEI Unless otherwise stated, all micrographs originate from
%0g e PIBI Brabender compounded samples.
T o455 QQQ o PE2 Pyrolysis of the polymer content was done at D@n
™ coey. 20, . gfﬁ samples that had been PIB-extracted and centrifuged.
> *%e %0 v PA6
% lerd L aaa .'.f%)@ RESULTS AND DISCUSSION
2 ““AAA’Q S The viscosities of the pure polymers are presentdtduore
3 ‘A’g © 1. The flow curves of the polyolefins are clearly separated
g- le+3 - ae for the current shear rates. Accordingly, the blends and
S E%’EE’EEEEEEEEEDDD ®e composites in Table 2 are comprised of viscously
"",":,’.D_ ®e distinguishablg phases during their compounding.
le+2 4 "u, The interfacial tension between PIB-W and PE-W needed
I [ ] . - to be quantified to isolate the influence of the viscous

distributing factor. However, they are not easily accessible.
Determination of the polymers’ interfacial tensiofys,
Frequency [Hz] shows if they have different surface tensiopsandvy, that
determine their individual interfacial tension with the

Figure 1 Rheological behaviour from rotational rheometer runs of the \yhiskers and The whi i inh-
plastics utilized. The rheometer was run in harmonic mode at 170 and 1 V12 V13 sker surface is a hlgh

100C (curve shifted to 17) for the PIBs and 170 and 12D (curve | €N€rgy surfactwhich attracts the polymer of the highest
shifted to 176C) for the PEs. SAN and PA6 were run at 285 specific surface energy in order to minimize the total
interfacial energy of the three-component system. The
polymer’s interfacial tension can be directly measured using
molten before the second polymer was added. The whiskerthe imbedded disc retraction metHéd It can also be
fraction of the filled blends were added from the calculated using the harmonic mean equdtiorhich is
precompounded single-polymer composites (C1-C4) thatvalid for low-energy materials such as our polyolefins. A
carried up to 5 v/o whisker loading. For example, C11 in comprehensive discussion on arguments for the harmonic
Table 2was prepared by compounding 33.19 g of C1 with mean equation in favour of the geometric mean approxima-
11.20 g of PE2. However, among the composites and blendstion is presented in Wu's textboBk For our non-polar
in this work C19, C22 and C23 are exceptions to this rule. polymers the harmonic mean approach gives:

.01 .1 1 10 100 1000

For these composites the whiskers were added to molten dyoys
blends as indicated ifiable 2 Y23=v2+7v3— 2)
Rheological characterisation of the polymers and single Y2173

polymer composites was performed in a Rheometrics RDA Wu? also provides experimental data on the surface tensions
Il with parallel plates of 25 mm diameter in dynamic mode. of linear PE §pg) and PIB §pig) and the widely recognized
A cone and plate geometry was utilised for steady shear expressions on how they relate to temperature

experiments. The PIBs were run at 170 and°@and PE at T\ 1o
170 and 14€C; all other runs were performed at £ The Y=70 (1 — —) 3)
samples were heated at T@for 4 min and then deformed Tc
to the required circular shape. After this they were left at rest and molecular mass
for 10 min before any shearing took place. ke
Interfacial tension between PE and PIB was measured by V=Ve~ y2E (4)
n

the imbedded disc retraction method on the PE2—-PIB2 at
150°C and at 178C for PE2—B8. The discs were prepared wherey, is the surface tension at zero Kelvin afgis the

from compression moulded PE2-films of 50— thick- critical temperaturey.. is the surface tension for a sample of
ness. All samples were conditioned at I2Gor more than infinite molecular mass arikl, is a material specific empiri-
90 min before the run. For a comprehensive description of cal constantTable 3presents, ;3 for the plastics used in this
the experimental procedure see Rundqeisal 2. study calculated according to equation (2). The calculated

Scanning electron microscopy (SEM) was done on a vy;andyzfrom equation (4) of our grades are valid at 20 and
Zeiss DSM 940A. Samples were prepared by cryofracturing 24°C for PE and PIB, respectively. To get the desired inter-
the compounds. Extraction of the PIB phase was accom-facial tension at 17, the constantgy and T¢ in equation
plished by several consecutive immersions of the sample in(3) have to be modified. If we first assume thatdoes not

Table 3 Interfacial tension of utilized polyolefin pairs according to equation42).in column 2 is based of, andvy; from equation (3) withy, andT

¢ from Wu's literature data. Columns 3 and 4 show the surface tensions that are based on thd acalads calculated for room temperature and using the
recalculated equation (3) with eitheg or T¢ from the literatur8. Data from imbedded disc retraction measurements are shown in column 5 with the standard
deviation specified

Materials Y23 YPIB=YPE Y23 YPIBYPE Y23 YPIB=YPE Y23 Meas. Temp.
(mMN'm™ (MmN m™) ylit. (MmN m™) Tt (mMN'm™ C)
PIB1-PE1 0.181, 24.02-27.06 0.124, 26.78-29.42 0.153, 25.43-28.30 170
PIB1-PE2 0.181, 24.02-27.06 0.109, 26.78-29.25 0.144, 25.43-28.21 170
PIB2—-PE2 0.161, 25.26—-28.19 0.147, 27.38-30.29 0.156, 26.44—-29.39 @R 150
B8-PE2 0.181, 24.02-27.06 0.490.04 170
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Figure 2 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of B1 (PIB1/PE1, 53.6/46.4)

change then a neW is calculated. Then in a second step it
was assumed that. is constant, which gives a neyy. Two
approximations of the interfacial tension may now be cal-
culated for the modified constants. They are given in
columns three and four dfable 3 All of these calculated
interfacial tensions are very low. To get a direct measure-
ment of y,3 we utilized the imbedded disc retraction
method? The low viscosities of PE2—PIB2 lead to too
rapid retraction of the PE disc at 10 Instead, the experi-
ment was run at 15C and the 15/85 homologous blend of
PIB1/PIB2 (B8) was better suited as a matrix at 470
These interfacial tensions are much higher than the cal-
culated values, but they are still low compared to other
polymer pairs. For example, the interfacial tension of PS/
PMMA2was found to be 1.1 mN ftat 210C and Luciani
et al’® found PS/LDPE and LDPE/PA6 to be 6.4 and
8.9 mN m%, respectively. The discrepancy between mea- Ly :
sured and calculateghb; may be caused by inherent errorsin - rigure 3 SEM micrographs of residues of PIB-extracted cryofracture
the experimental procedure used to determine the surfacesurfaces of PIB1/PE2 blends in (a) 53.6/46.4 (B3) and (b) 73.0/27.0 (B4)
tensions of the polymers. A further and more fundamental ratios
criticism concerns the fact that the harmonic mean approx-
imation (equation (2)) is purely empirical. Results from the
imbedded disc retraction method may also suffer from  For the extracted composite C5, seerfrigure 53 there
errors, for instance degradation of the PIB by monomer are many whiskers in the residual high viscosity PE1 phase.
unzipping may have plasticized the polymers leading to The same applies t&igure 5b where composite C8 is
an increased retraction rate of the PE disc giving too high shown. The difference between them is that the whiskers
v23 values. originated in the PIB1 phase for C5 and in the PE1 phase for
The three blends that are close to a volume ratio of unity C8. The whiskers are almost entirely covered by PE1. C5
are displayed ifFigures 2—4together with B4 inFigure 3b has a somewhat coarser phase structure, which may be
that was designed according to equation (1). The coarsenesgxplained by the surprising fact that the viscosity of the
of B1, B3 and B5 increases with decreasing viscosity of one PIB1 phase was slightly but significantly reduced during
or both components since the micro shear stresses argpreparation of the master-batch C1, giving C5 a somewhat
determined by the macro shear rate that balances thehigher viscosity ratio than C8. Only C1 of the master-
interfacial tension. Such a local increase reduces thebatches C1-C4 showed this indication of degradation.
viscosity of the extremely shear thinning PE1 and PIB1. When the PIB phase is the high viscosity one, d&igure
Furthermore, B5 ifFigure 4shows two sub-phases, one PE- 6, the whiskers seem to have been absorbed exclusively by
enriched and one PE-poor. B2 has an even finer morphologythe PIB1 phase considering all the free and uncovered
than B1 while B4 inFigure 3blost most of its structural ~ whiskers. At the higher PIB content, Figure 7, there are
strength upon extraction of the PIB phase, which indicates ano whiskers to be seen, they have all been absorbed by the
non-perfect co-continuous structure. B6 has similar sub- low viscosity PE2 phasé&igure 3bshows that the dispersed
phases to B5 but the PE-poor phase is not as poor. PE2 phase is on the very edge of co-continuity since the
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Figure 4 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of B5 (PIB2/PE2, 53.6/46.4)

remaining structure is coherent even after the PIB extrac-
tion. Pyrolysis of the extracted residue reveals that the PE2
constitutes a continuous phase together with the whiskers.
The reasons for this formation are discussed in the
rheological section.

When the PE phase again becomes highly viscous, as in 4
composite C17, the whiskers are found in the PE-rich phase. |
This can be seen iRigure 8bwhich is a close-up of the PE-
rich phase inFigure 8a No whiskers can be found in the
close-up of the PE-poor phase displayedrigure 8c

All the hitherto discussed blends and composites had a
volume ratio close to one or in agreement with equation (1),
i.e. they have all had or been close to co-continuity. For all |
but the two complementary C11 and C16, the whiskers have §
been absorbed by the high viscosity phase. To check if this
whisker distribution phenomenon was limited to the
constraint of co-continuity or if it was of a more general ;
nature, C12 and C14 were compounded to achieve arigure 5 SEM micrographs of residues of PIB-extracted cryofracture
dispersed high viscosity phadeigure 9clearly shows that  surfaces of (a) C5 (PIB1(W)/PE1, 52.6(2.3)/45.1) and the complimentary
the whiskers have been located in the high viscosity PIB1- (b) C8 (PIB1/PEL(W), 52.2/45.5(2.3))
phase. To sum up, the high viscosity phase always absorbs
the whiskers for all the composites C5-C21 that are not
explicitly discussed here, except for the two complementary polymers. According to Withe surface energy of linear PE
C11 and C16 plus the C7 and C13 that are very difficult to is somewhat higher than for PIB. The interfacial tension
judge. measurements show a difference in surface tension between

For a polymer pair with intersecting flow curves, fillers the components. The rather small interaction strength
should change environment simply by altering the shear ratedifference is obviously stronger than the viscous distribution
provided that the viscous effect is the sole distributing force. effect, which is suppressed.

Blends of the two PIBs and the PEs produced such To get another measure of the strength of this rheological
intersecting flow curves as seen kigure 10 C22 was effect an earlier studied compo$iwas utilised. From that
prepared from these homologous blends and was sheared imvork we learned that PA6 absorbs the whiskers in blends
steady rotational shear with cone and plate at 0.1 andwith SAN. Here we chose a SAN with the same acrylonitrile
100 s*. The whisker distributions of these samples were content but with a higher molecular weight to give a
studied by SEMFigure 11clearly shows that the whiskers  viscosity ratio of 30 for the 0.1°8 shear rate. Despite this
are found in the PE phase at both shear rates. The onlylarge viscosity difference all the whiskers were once again
previous experience of PIB as the high viscosity phase wasabsorbed by the PA6 phase, which constitutes the matrix in
from the PIB1/PE2 blends and composites, which had large Figure 12 The dispersed SAN phase was identified by
viscosity differences, as seen kigure 1 At the current ethylacetate extraction. The anomaly of composite C22
shear rates (0.1 and 100%0f C22 the viscosity ratios were  together with C23 shows the relative weakness of this
moderately 1.7. Here we define the viscosity ratio as the viscous distribution effect. If there are differences in
guotient of the viscosities of the high and low viscosity interaction strength they dominate the filler distribution.
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Figure 6 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of C10 (PIB1(W)/PE2, 52.6(2.3)/45.1)

Figure 7 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of C16 (PIB1/PE2(W), 67.6/30.9(1.5))

RHEOLOGICAL INTERPRETATION

To understand why a filler is preferentially absorbed by the
high viscosity phase in a blend we need a model for the
behaviour of the blends. Postulating that the blend/
composite configures itself to minimise its dissipative
energy (viscosity) during shear sets the fundamental
constraint for such models. Much work has been done in
the field of rheology of polymer blent® 2% Deviation of

the viscosity from the rule of mixtures is the general pattern.
Many experimental studies have been carried out in
capillary rheometers'**"*% These are relevant for flow ‘ &
in channels but suffer from the fact that the low viscosity #.¥ . el

phase tends to encapSUIate the hlgh viscosity phase to CreatEigure 8 SEM micrographs of a residue of a PIB-extracted cryofracture

a core-shell morphology. For such a morphology the surface of C17 (PIB2(W)/PE2, 52.6(2.3)/45.1) where (b) and (c) are close-
anticipated velocity profile is incorrect and its interpretation ups of the PE-rich and PE-poor phases seen in (a)
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Figure 9 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of C12 (PIB1(W)/PE2, 32.8(1.4)/65.8)

1000 -

Complex viscosity [Pa s]

PIB1/PIB2, 15/85
PE1/PE2, 2.5/97.5

o o

100 -

.01 .1 1 10 100
Frequency [Hz]

1000

Figure 10 Rheological behaviour from rotational rheometer runs of the

homologous blends B7 and B8. The rheometer was run in harmonic mode a

170 and 108C (curve shifted to 17) for B8 and 170 and 14Q (curve
shifted to 176C) for B7

is very precarious. Steady shear with cone and plate offers a
more attractive shear mode with a uniform shear rate
throughout the sample. This method has been utilized in

Persson and H. Bertilsson

Figure 11 SEM micrographs of cryofracture surfaces of C22 (B8/B7-W,
52.3/45.3-2.4) which have been sheared for (a) 3.1 rad shear angle and

{0-1s ' rate and (b) 790 rad at 100following PIB extraction

volume ratios of the polymersj; and ¢,, equation (5) is
modified to give:

n1n2

= 6

! $1m2 + (L—d1)n1 ©)

investigations of the rheology of these blends and If the two fluids are Newtonian this sets the lower limit for
composites. Most present models dee_ll with polymer the viscosity of the blend. However, as polymers tend to be
blends where one polymer is suspended in the other. Theyshear thinning the lower limit can be further reduced espe-

work neither for co-continuous morphologies nor for
compositions in the vicinity of phase inversion. A phase
morphology fairly close to a co-continuous structure is the
lamellar one which was rheologically characterized by
Carriereet al?%. They showed the applicability of equation

®)

2

n1+1m2

for a two polymer ply with viscositieg; andz, of two or
more layers with volume ratio one. If we consider other

(®)

cially if the low viscosity component is strongly shear thin-
ning, e.g. blends with a thermotropic liquid crystalline
polymer (LCP) phase. The theoretical lower limit is valid
when all the deformation takes place in the low viscosity
phase, which is given by the viscosity divided by the volume
fraction of the low viscosity polymer, i.e; = 51(y/¢4). In
our study of morphologies that are close to co-continuity
both phases have to deform.

Figure 13 shows the rheokinetical response to steady
shear of blend B3. The compounded blend was heated for
approximately 14 min during application and thermal
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Figure 12 SEM micrograph of a fracture surface of C23 (SAN/PAG-W,

4500 r 14000
4000 I~ 12000
@' 3500 10000
£
2 3000 - 8000
‘Z
o)
2
52500 L 6000
2000 - - 4000
1500 T T T T T =~ 2000
0 1000 2000 3000 4000
Time (s]

Figure 14 Rheokinetical changes of B3 (PIB1/PE2, 53.6/46.4) first
sheared at 18 steady shear for 63 second®)( sampled every 31,
followed by 1 h of harmonic oscillation at 1 Hz and 0.5% strain amplitude
where® symbolises the storage alliithe loss modulus. The sample was
then once again sheared at T but now only for 52 s. The temperature was

46.4/46.4-7.2 % by weight). The sample comes from a disc that was shearedl70C

3.1rad at 0.1 and 235C

le+4
O 0.15! shear rate
© 105! shear rate
Iz o
B %
®
@
2 ® ©
z e g™ 0%
2 LY
>
Se°
le+3 T L ALY | T
10 100 1000 10000
Time [s]

Figure 13 Rheokinetics of blend B3 (PIB1/PE2, 53.6/46.4)

conditioning before the shearing started. After approxi-
mately 90 s at 1S shear rate the viscosity goes through a
minimum and is followed by a build-up to a plateau. The
behaviour is similar at the lower shear rate but with a
different time scale. We interpret this minimum as rupture
of the high viscosity PIB1 phase in the co-continuous
structure shown ifrigure 3a The discrete PIB-domains are

le+5 o

le+4

Viscosity [Pa s]

le+3 o

Volume fraction PIB

Figure 15 Viscosity of B3—B4, C1, C4 and C10—C16 at I'shear rate

and 170C. Triangles represent the plateau viscosities and circles the
minima. Filled symbols are for the composites and they have been shifted
10 times upward to facilitate interpretation. The upper and lower limiting
lines represent the rule of mixtures and equation (6), respectively

the growth was neither caused nor promoted by the
oscillation. The viscosities at steady shear for all combina-
tions of PIB1/PE2 fall very close to the lower limit
postulated in equation (6). This is especially true for the
compositesFigure 15shows data obtained from runs such
as the one described Figure 13

steadily divided until the equilibrium size distribution is A guantitative assessment of the selective absorption is
reached. Smaller particles tend also to be more spherical,obtained from the following simple model. Einstein’s
which corresponds to a higher viscosity. This explains the equation for spherical particles of low volume contents
viscosity rise onto the plateau regime. The subsequentcombined with equation (6) and the following assumptions
stiffening that takes place during harmonic shear at low provide the tool. Assuming that the filler is absorbed by the
amplitude inFigure 14indicates recovery of the ruptured low viscosity phaser(;), one has
co-continuous structure. Note the high initial shear viscosity n1na(1+ 2.56,)
of 4400 Pa s after 1 h of oscillation. It is higher than the n=

initial viscosities seen irFigure 13 indicating a more 112+ (1= $1)n1(1+2.50w)
perfect co-continuous structure. The pattern was the same iflf the whiskers are absorbed by the high viscosity phaske (
the sample was left at rest for 1 h instead of oscillating, i.e. equation (7b) is appropriate.

(7a)
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Figure 16 SEM micrograph of a residue of a PIB-extracted cryofracture
surface of C19 (PIB2/PE2-W, 66.9/30-3.1)

n= n1m2(1 +2.5¢,,)
$112(1+2.5¢,) + (1 — ¢1)n
The larger denominator in equation (7b) gives the lower

total viscosity of the two.
A similar discussion applies for composites with

(7b)

dispersed high viscosity phases, i.e. C12, C14 and C19.

Among the composites with a low viscosity minor phase
(Cs6, C7, C9, C11, C16, C18 and C21) C6 and C9 seem to
create co-continuous structure without any whisker support.
C7, C18 and C21 give dispersed low viscosity phases
whereas C11 (PIB1(W)/PE2, 70.8(3.1)/26.1) and C16
(PIB1/PE2(W), 67.6/30.9(1.5)) give co-continuous struc-
tures. They both fulfill equation (1) fairly well with high
viscosity ratios that provide an inherently large potential for
viscosity reduction if the PE2 phase serves as a lubricant.
The viscosity is minimized for the morphology that
maximizes the interfacial area. Hence a disc shaped or
fibrillated low viscosity phase explains the synergistic
viscosity effect visualized ifigure 15 When the PE phases
cover the whiskers their domains become more elongated
compared to the domain sizes of the pure blend, which
clarifies why the filled polymer blends are closer to equation
(6) in Figure 15 Such elongation of the lubricating phase
reduces the viscosity of the composite. The selective
absorption by the low viscosity PE phase was confirmed
by quantitative weight loss upon PIB extraction of C11 and
C16. Furthermore, the slightly higher surface energy of PE
contributes to the achieved morphology.

CONCLUSIONS

This work shows that fillers such as aluminium borate
whiskers are absorbed by the phase that minimizes the
viscosity of PIB/PE blends. The filler is consequently
absorbed by the high viscosity phase except when a
minority low viscosity phase can become continuous with
support from the whiskers. Such a change gives a substantial

Such a dispersion of discrete spheres was first theoreticallyviscosity reduction of the composite. In blends with
treated by Taylor (equation (4.18) in Ref. 14) who extended Polymers interacting about equally strongly with the filler

Einsteirs equation to account for two Newtonian fluids
5k+2
1="m (1 + 55

formulated as
2k+2 ¢d>

Herek s the viscosity ratio of the dispersed (d) to the matrix
phase (m). Results for composite C12, displaye#igure

10, can serve as an example for the simplified model above.
If we calculate the viscosities for the cases where the
whiskers are absorbed by either of the PIB1- and PE2-

(8)

rheologically induced selective absorption should be the
general behaviour. This phenomenon must be considered
especially for large viscosity ratios, whereas unequal
surface interactions govern the filler distribution. These
morphological changes may be studiaditu as rheokine-
tical changes during deformation.
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