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Abstract

Immiscible blends of isotactic polypropylene (PP) with a miscible amorphous phase containing varying concentrations of polystyrene (PS)
and poly (2,6-dimethyl-1,4-phenylene ether) (PPE) were prepared in the melt, to study the influence of the blend composition and the melt—
viscosity ratio,p, on the phase morphology. This model blend system offers the unique opportunity to vary the composition of the miscible
amorphous PS/PPE phase, without affecting the global interfacial tension, a crucial parameter with respect to phase morphology develop-
ment. All immiscible PP/(PS/PPE) blends were prepared in a co-rotating twin-screw mini-extruder under constant processing conditions. The
location of the phase inversion region was strongly related to the viscosity ratio. A composite-like morphology was observed in this region.
To be able to separate the effects of droplet break-up and coalescence with respect to particle size, blends containing only 1 wt.% dispersed
phase were investigated over a viscosity ratio range from 0.05 to 20. The results showed a clear dependence of the blend phase morphology
on the viscosity ratio; highly viscous matricgs « 1) enhance droplet break-up due to their efficient shear stress transfer towards the
dispersed phase and the higher dispersive forces acting on it; low viscous matrieel§ pften act as a lubricant for the dispersed phase
reducing droplet break-up. The influence of the viscosity ratio on droplet break-up is reflected in the particle diameter in blends with a
concentration of the dispersed phase up to 20 wt.%. In the latter case, blends with a low viscospy<dt)m(fer the best approach towards
a fine and stable phase morphology, unlike suggestions in the literature. Blends containing higher concentrations of the minor phase
(>20 wt.%) exhibit strong coalescence during melt-mixing; the influence of the viscosity ratio on the final blend phase morphology becomes
less obvious, and the finest dispersion was observee-at. Only blends of a lower viscous matrix in which a highly viscous phase has to be
dispersed, do not follow the previous tendency as a result of the strong impact of a changing overall melt-viscosity. A quiescent thermal
treatment of the blends showed that the concentration of the dispersed phase is the most important factor determining phase coarsening in
blends having nearly equal melt-viscosities. Blending a highly viscous component with a low viscous component seems to counteract
quiescent phase coarsenir®@1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction contradictory results are reported in the literature and the

formulation of some general rules relating all the previously

Most properties of blends of immiscible polymers depend mentioned parameters with the final blend phase morphol-

on the fineness of the phase morphology [1]. For this reason,ogy is not yet possible [2]. As the industrial importance of
it is very important to study the relationship between immiscible polymer blends is increasing, still further, it is of
material characteristics (interfacial tension, melt-viscosity crucial importance to understand in detail the fundamental
and melt-elasticity, molecular weight), processing con- parameters controlling the blend phase morphology during
ditions (time of mixing, temperature of mixing, screw and after melt-processing.
speed, mixer type), blend composition and the final blend The main mechanism governing phase morphology
phase morphology. Development of the blend phase development in immiscible polymer blends is believed to
morphology during melt-mixing of immiscible polymers be the result of both droplet break-up and coalescence
has been studied in many articles [2—25]. However, still [3—5]. Dispersed domains under shear flow vbiteak-up

as long as the shear forces applied by the flow field can

overcome the interfacial forces. The minimum obtainable
* Corresponding author. droplet diameter in immiscible blend systems can be
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estimated from the critical capillary number (Eq. 1), considered as the rate-determining step for coalescence
[5,11,50], and has been related to interface mobility and

yr
m? D size of the droplets. The third step concernsrilygture of

(Cagic =

T12 the remainder of the matrix film, at the thinnest spot, usually
wheren, represents the matrix viscosity (Pag)the shear by the formation of a hole. Finally, the coalescing drops
rate (1), r the average droplet radius (m) and, the merge to form again one single droplet.
interfacial tension (N/m). If the capillary number (Ca) is In general, coalescence during melt-mixing will be

larger than the critical capillary number (Ga) droplets governed by the interfacial mobility, which is quite high
can further deform and break-up. Taylor [6] derived a func- for polymer melts [15]. As a result, a relatively high coales-
tion for the value of (Ca); in the case of Newtonian systems cence rate is encountered in polymer blends. However, the

under simple shear flow (Eq. 2) latter can be reduced if the matrix becomes highly viscous
116p+ 16 [9,16]. Moreover, it is reported that the contact time
(Ca)grit = 21+ 16 (2 required for coalescence increases when the droplet

diameter increases, or the density difference between
where p is the viscosity rationg/nm, with n4 being the droplets and matrix increases [9]. Forteley al. [2,17]
viscosity of the dispersed phase (Pas). As coalescence igproposed an equation taking into account both droplet
not accounted for in this equation, it is often used as a lower break-up and coalescence to predict the final blend
limit for the minimum obtainable particle size (Taylor- morphology equation (Eg. 4)
limit). Experiments showed that this equation is only a
good approximation in a limited range of viscosity ratios I = i + (—f >¢> (4)
[7],i.e., 0.1< p < 1. An elongational flow field has proved fim "1
to be more effective in deforming particles than a shear flow wherer; represents the critical droplet radius as calculated
field [7]. from (Ca).i; « is the probability that droplets will coalesce
Several authors have investigated the influence of the after collision;f; is the slope of a function describing the
viscosity ratio on the final phase morphology of non- frequency of droplet break-up at (Ga)and is the volume
Newtonian melt-mixed blend systems. Based on the experi-fraction of the dispersed phase. This relationship still
mental data of PA/rubber blends with varying viscosity contains several parameters which cannot easily be
ratios and interfacial tensions. Wu [8] has established an quantified for the blending of viscoelastic polymers.

O &

empirical equation fitting the capillary master curve: In practice reported investigations on the influence of
.5 o viscosity ratio and blend composition on the phase morphol-
2Ca= % = 4(1)—) +0.84 3 ogy development in immiscible polymer blends are often
12 m

contradictory. Hietaoja et al. [18] found a linear increase in
In this equation, the exponent is positive for> 1 and the particle size with increasing viscosity ratio for PA-66/PP
negative forp < 1; D, represents the number average par- blends with PA-66 as the dispersed phase, while no correla-
ticle diameter. However, the blends investigated contained tion was found when PP formed the dispersed phase. In
15 wt.% of the dispersed phase, leading to an overestima-contrary, Favis and Chalifoux [19,20] studied PP/PC blends
tion of the critical capillary number, (Cg). In practice, it and observed for viscosity ratios below 1, with PP as matrix,
was shown that a dispersed phase concentration of 0.5 toa minimum particle size at a viscosity rafio= 0.15. Favis
1 wt.% can already give rise to flow induced coalescence and Therrien [21] showed that phase structure formation is
[9,10]. closely related to viscosity ratio, blend composition, and the
Coalescencés thus an important factor influencing the type of mixing device. Blends prepared in an internal mixer
dispersed phase morphology. The course of coalescence in ghowed to be always coarser than in a twin-screw extruder,
guiescent molten polymer blend is often described as a four-and this phenomenon was most pronounced at high vis-
step process [4,11]. The first step concernsaghgroachof cosity ratios. According to Plochocki et al. [22], the patrticle
the droplets as a result of the flow field or, in a quiescent size as a function of mixing energy goes through a mini-
melt, as the result of Brownian motions [12,13]; the higher mum, caused by the different influences of mixing condi-
the concentration of the dispersed phase, the closer thetions and the process of dispersion and coalescence. Vainio
droplets and the higher the probability of collision. In prac- and Sepplé [23] stated that the shear stress would be a more
tice, it is assumed that the first step is only important in important factor in controlling the phase morphology than
systems with a volume fractior), of the dispersed phase the shear-rate dependent viscosity ratio. It was suggested
lower than 10%; for higher concentrations, many droplets that a high energy input can lead to more coalescence in
practically touch each other because a system of spheres hathe blend as collision forces would be much higher.
its percolation threshold at = 15.6 vol.% [14]. A second  However, Ghodgaonkar and Sundararaj [24] recently
step required for coalescence is theformationof droplets suggested that droplet elasticity could be responsible for
during collision along with the removal of the matrix filmin  this behaviour. Elastic droplets would resist deformation
between the dropletsf{fm drainagé). This step is often more easily at higher shear rates because droplet elasticity
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Table 1

Basic material characteristics

Material MFI (g/20 min) M, (GPC) My (GPC) Polydispersity Density (g/cin
PP12 12 (23(C) 46 406 260 006 5.6 0.91

PP40 40 (23@) 50 206 215 006 4.3 0.91

PS — 81 908 190 000 2.6 1.055

PPE 13 (30EC) 19 300 54 300 2.8 1.065

#Measured in TCB at 14C; molecular weights are based on polyethylene standards and multiplied with a factor 1.55 (calculated from the Mark-Houwink
constants for PP and PEJCf. Scholte et al., J Appl Polym Sci 1984;29).
P Measured in THF at 2&; molecular weights are based on polystyrene standards.

tends to have a stabilizing effect during deformation, caus- The location of the phase inversion region before and
ing the minimum attainable droplet diameter being larger after a quiescent thermal treatment as a function of the
when the medium is elastic. These authors proposed a newviscosity ratio has been compared to some existing model
equation for the estimation of the droplet diameter in visco- predictions from the literature. A qualitative understanding
elastic blends by balancing the droplet deforming forces of the driving forces behind the formation of sometimes
(shear force and matrix elasticity) and deformation resisting complex phase morphologies in the phase inversion region
forces (interfacial forces and droplet elasticity). Namhata will be given. The impact of the viscosity ratio on droplet
et al. [25] developed a model to predict blend morphology break-up processes could be investigated in 1 wt.% blends,
development during melt-flow based on the fact that when and a new model relating the capillary number for droplet
two phases of different viscosities are subjected to a stresshreak-up with the melt viscosity ratio is proposed.
field, each phase will have a different velocity resultingina  Finally, the contribution of droplet coalescence to the
difference in volumetric flow rate. These authors stated that final blend phase morphology and coarsening rates upon a
the viscosity ratio should be determined at the same shearguiescent thermal treatment will be evaluated as a function
stress instead of using a viscosity ratio criterion based on of the viscosity ratio.
viscosities measured at the same shear rate.

The aim of the present article is to investigate in detail the _
blend phase morphology and the coalescence rate during a? Experimental
guiescent thermal treatment as a function of viscosity ratio,
melt elasticity and blend composition [26] in immiscible
PP/(PS/PPE) blends. This model blend system offers the
unique advantage that a variation in the miscible PS/PPE
composition allows to vary the viscosity ratio and melt-
elasticity of the phases, without affecting the interfacial
tension, a crucial parameter with respect to phase morphol-
ogy development [27,28]. Until now, most of the investiga-
tions with respect to the influence of the viscosity ratio have
been performed by varying the molecular weight of one or

both components, without taking into account that the latter > > preparation of the miscible amorphous PS/PPE phases
can have an influence on the interfacial tension in the blend

2.1. Materials

The characteristics of the basic materials used in this
study are listed in Table 1. Polypropylene (PP) is a commer-
cial grade isotactic PP (Elf-Atochem); its melting point is
161°C. Atactic polystyrene (PS) is a commercial grade
Styron® E680 supplied by Dow Benelux N.V. Poly (2,6-
dimethyl-1,4-phenylene ether) (PPE) is a PPE-800 grade
supplied by General Electric.

system. The amorphous phases were prepared by melt-blending
PS (Ty = 102C) with PPE Ty = 215°C); both components
Table 2 are perfectly miscible over the whole composition range
Miscible amorphous PS/PPE phases [29,30]. As a consequence it is possible to vary both the
Blend composition  Code name T,(DSC) ¢C)  Tyrange (C) melt-viscosity and the glass-transition temperat(ig,of
the amorphous phase without altering the interfacial tension
PS/PPE 100/0 Ha1 102 96-106 between PP and these miscible amorphous components
PS/PPE 90/10 Ha3 109 105-114 [31]. Blending has been performed on a Haake Rheocord
PSIPPE 75/25 Ha5 122.5 114-129 : : ) )
PS/PPE 60/40 Ha6 1345 126-143 90 twin screw extruder after dr_yl_ng the m_a_terlals overnight
PS/PPE 50/50 Ha7 144 134155 at 40C under vacuum. The mixing conditions were set as

N : : —  follows: screw speed: 120rpm; intake section: ZD0melt-
In (_)rder to estimate the (_iegree of degradation caused_ by this mixing ing section: 306C; sections 3 to 5: 28E: throughput: 10to
operation, the molecular weight of Hal has been determined both from 15 a/min. At the di it strand led i ter bath
GPC and viscosimetry. A value fd, of 70 000 and\,, of 170 000 was g/min. . € die exit, stran _S were cooled In awater ba
found, which implies a decrease of the molecular weight of PS by 10% as a 2nd pelletized. The homogeneity of each blend was checked

result of thermal degradation. by DSC measurements. Table 2 presents a list of the
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Blending conditions were chosen carefully by variation
of rotor speed, blending temperature and mixing time. The
optimal blending conditions resulting in an equilibrium
phase morphology for both low viscous and high viscous
materials, were a mixing temperature of 260during
10 min at a screw speed of 50 rpm. After blending, the
melt was immediately quenched at the die exit in an
isopropanol/solid C@mixture.

PP/(PS/PPE) blends were prepared for PP12/Hal,
PP12/Ha3 and PP12/Ha7 over the whole composition
range. Blend compositions (in wt.%) were 99/1, 90/10,
80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90 and
Fig. 1. Thermal program applied to the PP/(PS/PPE) samples, simulating a1/99. Moreover, for the analysis of the critical capillary
conventional DSC cooling run. number as a function of viscosity ratio, 1 wt.% dispersions

were prepared under the same conditions for PP12/PS,
prepared miscible amorphous phases and the correspondingP12/Ha5, PP40/Ha5, PP40/Ha6 and PP40/Ha7.

Temperature (°C)

SEM SEM

Ty's. In order to evaluate the rate of phase coarsening as a
o . function of blend composition and viscosity ratio, p, a typi-
2.3. Characterization of the materials cal thermal program as commonly used during dynamic

crystallization measurements in DSC has been applied to
all samples (Fig. 1). Extruded strands were therefore ther-
mally treated in a Mettler hot-stage with FP-90 central
processor, and the newly obtained blend morphology was
analyzed in the same way as the as-extruded blends.

The melt-viscosity of all materials under processing
conditions was measured using a high pressure capillary
rheometer Rheograph 2002 {@ert) with a capillary die
of 1. mm and L/D ratio of 30. Measurements were performed
at 260C over a shear rate rangg,between 10 and 500 &
Measurements for a Bagley correction have been performed
with capillary dies having an L/D ratio of 20/1 and 10/1. For
the shear rate used to calculate the viscosity ratios-
50s 1), the Rabinowitch correction factor was negligible
for the lower viscous materials, i.e. PS, Hal and Ha3, and
became more important for the more viscous materials; the
Bagley correction turned out not to be necessary.

The melt-elasticity of the pure materials has been deter-
mined with a RDA-II rheometer (Rheometric Scientific) in
plate-plate configuration. Samples with a diameter of
25 mm and a thickness of 2 mm were dried at@@inder
vacuum. Measurements were performed at°@60nder
nitrogen atmosphere at a constant strain of 10% from 1 to
100 rad/s. It was assumed that the Cox—Merz rytéw) =
(s, is valid.

The interfacial tensiong,, of the PP/(PS/PPE) blends

was determined both via the breaking-thread method and . ; .
endant-drop analysis in order to estimate the influence of An image analysis apparatus (Pericolor 1500) was used to
b quantify the size of the dispersed phase. For statistical

the PPE concentration in the miscible PS/PPE phase on the

. reasons, at least six SEM micrographs spread well over
value ofo1,. The detailed results of these measurements are . .
the sample core region were analyzed, each containing on
presented elsewhere [31].

average 100 to 200 dispersed domains. As such, a relevant
2.4. Compounding of the PP/(PS/PPE) blends number-average diameter,D,, and weight-average
diameter D,,, were obtained together with the particle size
Prior to the melt-blending operations, all materials were distribution in each blend system. Further, the perimeter and
dried under vacuum at 80 overnight. The materials were planar area of each structure in the micrographs were
then melt-blended in a mini-extruder (DSM Research, The quantified.
Netherlands), which is a conical co-rotating fully intermesh-  Because SEM micrographs only provide information on
ing twin-screw extruder, with a capacity of about 4% the sample morphology perpendicular to the extrusion
recirculation channel allows varying of the blending time. direction, additional solubility experiments were performed
All blends were prepared under nitrogen atmosphere toto assess the region of phase inversion. Samples were
prevent oxidative degradation. immersed for two hours in chloroform, a solvent for

2.5. Morphological analysis

A Scanning Electron Microscope, SEM, (Phillips XL20),
operated at an accelerating voltage of 20kV, was used to
examine the size and distribution of the dispersed phase.
Fracture surfaces perpendicular to the extrusion direction
were obtained by brittle fracture in liquid nitrogen. In the
case of samples with a dispersed PS/PPE phase, etching of
the minor phase was performed by stirring the samples for
48 h in chloroform at room temperature. In the case PP
formed the dispersed phase, etching was impossible,
because PP only dissolves at elevated temperatures, causing
partial melting of the PS/PPE matrix and morphological
changes. All samples were dried and subsequently coated
with a conductive gold layer.
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Fig. 2. Melt-viscosity of the materials, measured at*5@s a function of shear rate.

PS/PPE. Only in the case the PP phase forms a cocontinuousf all components as a function of shear rate is presented in
network structure, the sample will retain its original shape. Fig. 2.

The viscosity ratios were determined at 26@&nd 50 s*
(Table 3). By varying the concentration of the PP12 phase,
and the amount of PPE in the miscible amorphous PS/PPE
phase, it becomes possible to obtain viscosity ratios in the

3. Results and discussion

3.1. Melt-viscosity and melt-elasticity of the blend range from 0.14 up to 7. Blends of PP12 with Ha3 (PS/PPE

components 90/10) approach most closely the condition of equal melt-
viscosities p = 1).

In order to calculate the viscosity ratip, of the blend To allow a more complete interpretation of the results on

components for the applied processing conditions, capillary blend phase morphology development, the melt-elasticity of
rheometry measurements were performed at the blendingall components was determined under the same processing
temperature of 26. Because the melt-mixing in the conditions (26€C, 50 s ) with a plate-plate rheometer. The
mini-extruder has been performed at a constant screwresults are listed in Table 4. The melt-elasticity ratios turned
speed of 50 rpm, the rheological behaviour of each compo- out to be comparable to the melt-viscosity ratios listed in
nent is best reflected by its melt-viscosity measured at a Table 3.

constant shear rate. As it is difficult to determine the exact

shear rate in the mini-extruder during the blending process, 3 2 Blend phase morphology of melt-mixed and thermally
a shear rate of roughly 50§ calculated by the method of treated PP12/(PS/PPE) blends

Heidemeyer [32] and Wu [8], was used. In general, shear

rates for conventional large scale extrusion equipment are The blend phase morphology of a low viscous/low
situated in the range of 50—500'433]. The melt-viscosity ~ viscous as-extruded blend series (PP12/Hal) and a low

Table 3
Viscosity ratio for two different blends, PP12/(PS/PPE) and PP40/(PS/PPE),°& 28 shear rate of 508

PP12/(PS/PPE)

Material 1 (Pas) (266C, 50 s %) PP12 matrix 4 = 297 Pa s) PP12 disperseql € 297 Pa s)
PS E680 252 0.85 1.2

Hal 120 0.5 2.0

Ha3 204 0.7 15

Ha5 588 2.0 0.5

Ha7 2068 6.9 0.14

PP40/(PS/PPE)

Material n(Pas) (266C, 50 s %) PP40 matrix 4 = 110 Pa s) PPA40 disperseql € 110 Pa s)
Ha5 588 5.4 0.19

Ha6 1303 11.8 0.08

Ha7 2068 18.8 0.05
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Table 4

Melt-elasticity and elasticity ratio of the raw materials at Z6@or a shear rate of 50°$

Material G’ (Pa) (260C, 50 s %) Melt-elast. (Pa s) %Elastic Elast. ratio PP12 matrix Elast. Ratio PP12 dispersed
PP12 6981 140 47 — —

PP40 1431 29 26 — —

PS E680 3889 78 12 0.56 1.79

PS/PPE 100/0 2215 44 37 0.32 31

PS/PPE 90/10 4141 83 41 0.59 1.69

PS/PPE 75/25 10 198 204 35 1.46 0.68

PS/PPE 50/50 38 316 766 37 5.49 0.18

viscous/high viscous as-extruded blend series (PP12/Ha7)been found by Sundararaj et al. [37,38]. These authors
and their corresponding thermally treated blends is repre-assigned this phenomenon to a difference in softening
sented in Fig. 3(a) and (b) respectively. The blend phasetemperature of both components. The lower melting
morphology of PP12/Ha3 blends is not displayed, but component will always first encapsulate the higher melting
behaves quite similar to that observed in the PP12/Halcomponent to form the matrix phase; only if a substantial
blends. amount of the higher melting component has softened,

Itis clearly illustrated that a change in thiscosity ratio gradual phase inversion can proceed, causing this complex
for the same blend composition has a significant effect on composite-like phase morphology.
the blend phase morphology and on the phase inversion
region. A detailed discussion on this topic is presented in 3.3. Region of phase inversion
the next section. ] ) ) )

Further, blends of PP12 with Ha7 (PS/PPE 50/50) show a S ¢an be observed from Fig. 3, a change in the viscosity
complexcomposite-likhase morphology, which becomes ratio he_ls a pr_onounced_effect on the !ocat|on of the region of
even more pronounced after a thermal treatment of the phase_ inversion. Blending a highly viscous and low viscous
blends. Even at the low concentration of 20 wt.% Pp12, Material, as in PP12/Ha7 blends, causes the region of
the highly viscous PS/PPE 50/50 phase forms a dispersed-c0-continuity to shift towards lower contents of the low
like phase of large domains which contain a considerable viscous phase._S|m|Iar observations have been reported by
amount of PP12 subinclusions. This peculiar phase Favis and Chalifoux [20] and Elemans [39].
morphology can be observed over a broad composition Jordhamo gt al..[40] dgveloped an empirical modgl based
range, from 20 wt.% PP till even 60 wt.% PP in the as- ON the melt-viscosity rathgd(nm, and the vqlume _fract|or_13, _
extruded blends. The formation of a similar composite- @ Of ach phase for predicting the phase inversion region in
like blend morphology has been reported for PP/PC blends/Mmiscible polymer blends. According to this model, phase
near the phase inversion region (50/50 vol.%) by Favis et al. INversion should occur when the following equation holds:
[34]. This type of phase structure is similar to some rubber- 4, ¢,
modified thermoplastics such as high impact polystyrene P
(HIPS), although the mode of preparation is completely
different. Berger et al. [35] assumed that the formation of ~Jordhamo’s model however is limited to low shear rates,
subinclusions in PET/PA-6 blends was related to an elasti- and does not take into account the effect of variations in the
city difference between both phases. In one particular case, dhterfacial tension between the phases. From the experimen-
h|gh Viscosity ratio was assigned as the cause for the forma_tal I’esu|tS, shown in F|g 4, itis clear that although all blends
tion of a composite-like morphology. were prepared at relative low shear rate conditions (3P s

In the case of PP/Ha7 blends, subinclusion formation and at comparable values of the interfacial tension, Eq. (5)
occurs only as long as the PP phase forms the continuousdoes not always predict the region of phase inversion
and/or cocontinuous phase. Hence, it is rather unlikely that correctly, especially when blending materials with a large
the formation Of a Composite_“ke phase morph0|0gy must diﬁerence in melt-ViSCOSity. A Similar Observation ha.S been
be understood on the basis of differences in melt-elasticity. reported by Chen and Su [41]; these authors ascribed this
It seems that the phase inversion in these blend systems igliscrepancy to the fact that Eq. (5) overestimates the volume
most likely retarded by the presence of the highly viscous fraction of the high viscosity phase, and proposed an
(slowly softening) PS/PPE 50/50 (Ha7) phase. Partial phasealternative equation (Eq. 6)
inversion is gradually proceeding until the viscous Ha7 b 03

. ; .. hv Ty

phase becomes the matrix. During melt-mixing, the low —— = 12(—) (6
viscous PP phase acts as a lubricant to minimize the energy i v
of mixing, and hence retards the liquefaction process of the where the subscripts “hv” and “Iv’ denote the high and the
higher softening PS/PPE 50/50 [36]. Similar results have low viscosity phase, respectively.

=1. 5
1 )
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Chen and Su [41] explained the asymmetric equation as aparticle diameter in PP12/(PS/PPE) blends as a function of
result of post-mixing coarsening, which depends more heavily blend composition for the three main blend series under
on the matrix viscosity, and this effect will be more investigation. The corresponding width of the particle size
pronounced at compositions rich in the low viscous phase. distribution curve is presented in Fig. 6(b).

A comparison of the experimental results of PP12/(PS/PPE) As expected, most blends show an increase in the average
blends with Eq. (6) shows a quite good correlation, even for particle diameter, along with a broadening of the particle
blends of components with extreme differences in melt-visc- diameter distribution, as the amount of dispersed phase
osity, as in PP/Ha7 blends. An even better description of theincreases. This is typically related to droplet coalescence
region of phase inversion in PP12/(PS/PPE) blends is givenduring melt-mixing, which is known to be a random
when removing the factor 1.2 from Eq. (6), as show in Fig. 4. process, hence broadening the particle size distribution.

It is however remarkable thatquiescent thermal treat-  Several authors have observed a similar behaviour
mentdoes not really seem to alter thecation of the region previously [20,21,43]. It has to be noticed that, depending
of phase inversion significantly. In the experimental results on the viscosity ratio of the components during melt-
presented in this article, a thermal treatment after mixing mixing, the amount of coalescence differs. Moreover, for
caused mainly a pronounced phase coarsening of the cothe same blend system, an asymmetric influence of phase
continuous structures in the low viscous blends, with only coarsening is observed. Because the interfacial tension in all
a slight shift of the phase inversion region towards higher blends is nearly the same, it is possible to evaluate solely the
concentrations of the PP phase in the blend. For the blendsinfluence of the viscosity ratio on droplet break-up and
in which a highly viscous phase (Ha7) was mixed with the coalescence rate. This will be discussed in more detail in
much lower viscous PP12 phase, the thermal treatment waghe following two sections.

not long enough to really influence the quite immobile, In the case of low viscous PP/Hal and PP/Ha3 blends, the
highly viscous blend phase morphology and provoke a influence of the viscosity ratio on the degree of phase coar-
phase inversion. sening during melt-mixing at higher blend compositions,

A more surprising result of the thermal treatment on the can be qualitatively explained based on coalescence theories
phase morphologyn the region of phase inversion was [4,5,11]. In blends with a dispersed PP phase (varigfle
observed for the low viscous PP/Hal and PP/Ha3 blendsa lower viscosity ratio results in a less pronounced phase
(Fig. 5). A thermal treatment not only causes the co-contin- coarsening, especially for higher contents of the PP phase.
uous structures to coarsen with at least a factor 5, it also This can be understood from the fact that if the matrix phase
induces the formation of a composite-like equilibrium phase is more viscous, both higher flow forces and hence decreas-
morphology, in which both phases contain subinclusions of ing collision times, along with a more difficult matrix inter-
the other phase. As such, a completely different phaselayer film drainage between the colliding droplets, reduce
morphology, which can affect the blend properties, is the coalescence probability. In blends with PP as the matrix
formed. It is not really clear yet what are the driving forces phase 4, = cte), the influence of the viscosity ratio on the
behind this mechanism. Both blend systems consist of two degree of coalescence during melt-mixing is less
phases with a nearly equal melt-viscosity and melt-elasti- pronounced. The slightly higher coalescence observed in
city. The hypothesis formulated by Berger et al. [35], that blends with a lower viscosity ratio (lowefq) is more
composite-like morphologies would be formed as a result of complex to interpret.
elasticity differences between both phases, does not agree It should be mentioned that the phase morphology of
with our experimental findings. Quintens et al. [42] demon- blends of a lower viscous PP with the highly viscous Ha7
strated that post-mixing coarsening can result in changesbehaves somewhat different. First of all, subinclusions of
from a dual-phase continuity to a typical droplet-in-matrix the continuous PP phase within the dispersed Ha7 domains
morphology and vice-versa, depending on the blend compo-tend to be only the result of a droplet break-up process, as
sition. Hence, it can be understood that a dynamic equili- their average sizes and size distributions are independent of
brium in the phase inversion region during the coarsening blend composition and comparable with the particle size
process is responsible for the observed composite-like phasdound in PP/Ha7 1/99 blends. As it can be assumed that
morphology in thermally treated low viscous/low viscous coalescence phenomena in 1wt.% blends are generally
blend systems. negligible, the latter is a good measure for the minimum

The phase morphology in the region of phase inversion in obtainable droplet diameter in a blend system during melt-
a low viscous/high viscous blend system, as in PP/Ha7, did mixing. This would indicate that the composite-like
neither show strong phase coarsening, nor a change in themorphology is typically formed in slowly developing

type of composite-like structures. phase morphologies. The formed subinclusions are subse-
qguently immobilized by the surrounding highly viscous

3.4. Influence of the blend composition on the phase domains and coalescence becomes rather difficult [37,38].

morphology of as-extruded PP/(PS/PPE) blends Another remarkable observation is that the minimum

obtainable droplet diameter, as observed in blends contain-
Fig. 6(a) shows the evolution of the weight average ing only 1 wt.% of the dispersed phase, in blends with Ha7
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(a) 10 [21] have observed preferential fibril formation for a more
elastic dispersed phase at higher viscosity ratios. The latter
authors [21] ascribed this to the sensitivity of the morphol-
) .7~ PPl ogy of the minor phase to die-effects. More recently, new
e . O investigations on PC/PP blends confirmed indeed that the
_:é: 1L ™ PPiHa3 size of a highly viscous dispersed phase in a low viscous
g matrix is much smaller than that of the complementary
3 blend [47]. This was ascribed to the fact that deformation
g PPIHa7 in an elongational flow field is not sensitive to the viscosity
L, e e . ratio, as calculated with values of melt-viscosity obtained in
0.1 L . shear flow. Because in the mini-extruder used for the
0 20 80 100 preparation of the immiscible PP12/(PS/PPE) blends, the
Wit% PP in the blend time of mixing can be varied by recirculating the melt

from the end of the screws back to the feeding zone by a
) quite narrow recirculation channel, elongational flow could
(b) 10 : have played a role in the development of the phase morphol-

ogy. Careful examination of the SEM micrographs of these
PP/Ha7 blends however shows a clear droplet-like phase
® " PPMHat morphology. Hence, there must be another reason for the
T o .
E c - O observed behaviour.
S 1l ™~ ppiHa3 Another explanation that can fit these results is based on
® the different amount of total mixing energy supplied to the
-‘g blend system during its preparation. All blends were
& prepared under the same processing conditions, i.e. not
> PPt only a constant mixing temperature and time, but also a
P T constant mixing speed of 50 rpm (or shear rate of about
0 20 80 100 50s ). In the case both phases have nearly equal melt-
Wt% PP in the blend viscosities, as in PP/Hal and PP/Ha3 blends, the total

energy input remains fairly constant. Also in the case

Fig. 4. Influence of the melt-viscosity ratip, on the phase inversion regipn where the matrix Viscosity is much higher than the dispersed
in PP12/(PS/PPE) blends for (a) as-extruded blends and (b) after a quiescent h . ity th dditi f mi t fal
thermal treatment simulating a conventional DSC run. Blends where PP is phase viscosity, the addiion of minor amounts of a low

the dispersed phas#l), with a cocontinuous phase morpholod®)( and viscous component will not significantly alter the total
where PP is the continuous matrix pha®g.(The region of phase inversion ~ energy input in the blend systems, hence allowing the
is fitted according to Eq. (5) of Jordhamo et al. (dashed line), Eq. (6) of dispersed phase to undergo normal coalescence. In the
Enhee)n and Su (dotted line), and the modified Eq. (6) without factor 1.2 (full peculiar case when a highly viscous, slowly softening,

' Ha7 phase is added to a low viscous PP matrix, the blend

viscosity is expected to suddenly increase by the presence of

dispersed in a lower viscous PP matrix, seems to be muchthese relatively rigid droplets; a higher energy input is thus
higher than the particle diameter observed in PP/Ha7 blendsrequired to attain the preset requirement of 50 rpm during
with a higher content of the dispersed phase. This tendencymelt-mixing. It is expected that this will cause higher
does not obey any existing theory on coalescence. No satis-dispersive forces, along with a lower coalescence prob-
fying explanation for this phenomenon could be found in ability (shorter collision times). Hence, upon addition of
literature. This behaviour seems to be observed typically higher amounts of a highly viscous component (Ha7), a
in immiscible polymer blends having a low viscous matrix finer phase morphology will be formed.
in which minor amounts of an extremely high viscous phase,

e.g. PS/PPE 50/50 (Ha7), has to be dispersed. A similarg 5 |nfluence of the viscosity ratio on the droplet break-up

result has been found in blends of a low viscous PA-6 matrix process in PP/(PS/PPE) blends-comparison with existing
(M, = 18 000) with a highly viscous SAN/SMA 96/4  theories

dispersed phase [44].

Afirst hypothesis is that the size of the dispersed phase, as The influence of the viscosity ratip, on droplet break-up
measured on fracture surfaces perpendicular to the extrusiorcan be evaluated from the curve obtained for 1 wt.% disper-
direction, decreases with increasing amount of the highly sions, for which it can be assumed that coalescence is fairly
viscous and highly elastic Ha7 phase, as a consequence ofegligible. Besides the experimental data available from the
the formation of slender fibrils instead of the normal blends prepared for the main part of this research, some
droplet-in-matrix phase structure. Berger et al. [45], additional 1wt.% blends containing a lower molecular
Lyngaae-Jgrgensen et al. [46], and Favis and Therrienweight polypropylene (PP40) were prepared to evaluate a
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Fig. 5. Influence of a quiescent thermal treatment simulating a conventional DSC run, on the blend phase morphology in the phase inversion regin for a P
Hal 50/50 blend. Note the difference in magnification of the displayed micrographs. (a) as-extruded blend, global overview; (b) DSC-treatibalend, g
overview; (c) composite-like phase morphology of PP subinclusions in the co-continuous Hal phase; (d) composite-like morphology of Halssimtthesi
co-continuous PP phase.

broader viscosity ratio range. As such, the evaluation of the which do not show break-up aboye= 4. Several authors
influence of the viscosity ratio could be extended to a vis- already reported similar observations for viscoelastic
cosity ratio range from 0.05 to 20. The results are presentedsystems at high viscosity ratios [8,19,47]; this can be
in Fig. 7. ascribed to the existence of elongational stresses in the
Itis clear that the viscosity ratio plays a crucial role in the twin-screw mini-extruder, which have been shown to be
droplet break-up process; higher viscosity ratios hamper much more effective in droplet break-up [6,7].
the droplet break-up process. In this case, the flow field of The experimentally observed average particle diameters
the low viscous matrix is not able to sufficiently transfer the were compared with the existirtheoriesof droplet break-
applied shear stresses to the highly viscous dispersed phaseip. The Taylor-diameter was calculated using Eq. (2), and
Additionally, the standard deviation also increases with the number average particle diameter, as predicted by Wu,
increasing particle size; this can indicate both a retarded was calculated according to Eq. (3). For the interfacial
break-up process, or a facilitated coalescence as a consetension in PP12/(PS/PPE) and PP40/(PS/PPE), values of
guence of the high mobility of dispersed domains in a low 5.5 mN/m and 4.5 mN/m respectively, have been used.
viscous matrix along with a higher coalescence probability These values were determined experimentally both from
[48]. the breaking-thread method and pendant drop analysis
Contrary to what is often claimed and accepted in the method; more details can be found elsewhere [31]. For all
literature, at a viscosity ratio of 1.0 the minimum obtainable points, the calculations were performed on the basis of the
particle diameter does not show a minimum [8]. A similar real situation, i.e. a variable matrix viscosity depending on
observation has been reported by Favis and Chalifoux [19] the blend system under investigation. Because the values
for melt-mixed PP/PC blends, in which a low concentration used forn, were those experimentally determined via capil-
(7wt.%) of a low viscous PP phase was dispersed in a morelary rheometry, some scatter can be observed in the calcu-
viscous PC matrix. It is important to note that even at a lated values for the Taylor- and Wu-diameter. However, the
viscosity ratio of 18.8, significant particle disruption has tendencies of both predictions as a function of viscosity
occurred unlike Newtonian systems in a shear flow field ratio are obvious. The experimentally observed data are
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found to be located in between the theoretically minimum
obtainable particle diameter as predicted by Taylor (Eq. 2)
and the empirically particle diameter as proposed by Wu
(Eq. (3)).

For low viscosity ratios § < 0.5), the experimentally
observed particle diameters agree fairly well with the

15
:]Ig r = number avg. diam. A
. 12; e weight avg. diam.
g_ 1ML v Taylorlimit
= 10F 4 Wu-diameter
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Fig. 7. Influence of the viscosity ratip, on the droplet break-up process in

PP/(PS/PPE) blends (both PP12 and PP40) with 1 wt.% dispersed phase.
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extrapolated values for the Taylor diameter. In this region,
changes in the viscosity ratio do not have a pronounced
effect on droplet break-up processes; this observation agrees
with the findings of Grace [7]. At low viscosity ratios, shear
stresses are very effectively transferred by the highly
viscous matrix, and the obtained droplets are the result of
an equilibrium between shear forces and interfacial forces
only, as accepted for Newtonian systems.

For blend systems with a high viscosity ratp= 2), the
prediction of Taylor clearly underestimates the experimen-
tally observed particle diameters. In such blend systems, the
low viscous matrix is not very efficient in transferring shear
stresses to the highly viscous dispersed domains, and acts
more as a lubricating film around these domains.

The empirical equation proposed by Wu (Eq. (3)) results
in an overestimation of the average particle diameter over
the whole viscosity ratio range. However, this equation was
deduced from experimental data on blends containing
15 wt.% of the dispersed phase. Assuming that this equation
form still remains applicable, our experimental data could
be fitted fairly well according to the following equation

(a) 100

= experimental data

- 2Ca=1.2(p)t045
S ol -
E | =
=1 L] -
[ 1
§ ...... N
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o
*
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(b) 10
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Fig. 8. Influence of the viscosity ratio on the critical capillary number,
(Ca),i;, for droplet break-up in PP12/(PS/PPE) and PP40/(PS/PPE) blends.
(a) Global fitting of the experimental data according to Eq. (7); (b) selective
fitting of the experimental data for blends with PP as the dispersed phase
and blends with PP as the matrix phase separately.
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(Eqg. 7). The results of this fitting is graphically represented where the sign of the exponent is positive foe> 1 and

in Fig. 8(a), negative ifp < 1. It is interesting to note that the factor 4,
proposed by Wu, can be removed from Eg. (3) with much
2Ca Nm¥Dn _ oM +0.45 e better fitting results; at low viscosity ratios, a better fitting of
012 “\ 9m the experimental data and a quite good correlation with the
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thermal treatment simulating a conventional DSC run.
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Taylor diameter were found. The value of the exponent, viscosity ratio of 1. This can indicate that the estimation

which decreases from 0.84 to 0.45, is probably very char- of Ca,; from Eq. (7) remains predominantly valid, but

acteristic for each equipment used and reflects possibly theshould be further refined somewhat. This observation can

amount of shear versus elongational forces active in thebe supported by the experimental results published by

twin-screw mini-extruder. Oshinski et al. [49] on the phase morphology in a 20/
It should be mentioned that the critical capillary number 80 wt.% blend of SEBS-g-MA with PA-6. All blends were

for droplet break-up still tends to show a minimum at a prepared under identical conditions, as was done in this

viscosity ratio around 1. However, it has been demonstratedwork. The authors found a strong dependence of the

in Fig. 7, that a minimum in the critical capillary number is dispersed phase droplet diameter on the melt-viscosity

not directly related to the smallest obtainable droplet ratio, but no minimum could be observed at a viscosity

diameter in the case of a varying matrix viscosity. ratio of unity, as suggested by Wu [8], even for the non-
It was observed that, especially in the viscosity ratio maleated rubbers.

range around 1, different values for Gawere found,

depending on whether the PP phase formed the matrix org g |nfluence of the viscosity ratio on the phase morphology

the dispersed phase. A separate fitting of our experimentalyf 55-extruded PP/(PS/PPE) blends

data points seemed to be much more consistent (Fig. 8(b)),

although both curves still show a cross-over point at a The evolution of the weight average particle diameter of
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the dispersed phase in PP12/(PS/PPE) blends as a functioblends with nearly equal melt-viscosities. A more direct
of the viscosity ratio is represented in Fig. 9. comparison of the blend phase morphology in PP12/(PS/
The influence of the viscosity ratio is obvious, both on the PPE) blends before and after a quiescent thermal treatment
droplet break-up process and on the coalescence rate. Agaifis presented in Fig. 11.
it should be noticed that equal melt-viscosities do not It can be observed that coarsening is most pronounced for
always guarantee a fine phase morphology. Blends contain-blends containing higher concentrations of the minor phase
ing only up to 20 wt.% of the dispersed phase show a finer and/or blends having a viscosity ratio close to 1. Only
blend phase morphology with decreasing viscosity ratio. blends with a very highly viscous component, either being
This can be attributed to the fact that for lower concentra- the dispersed phase or the matrix phase, do not follow the
tions of the dispersed phase, the droplet break-up procesgeneral tendency. In the case where the highly viscous Ha7
still dominates over coalescence. Hence, it becomes cleamphase is the matrixy< 1), this can be ascribed to the low
that blends with a low viscosity ratio and not too high mobility of the dispersed droplets, the shorter collision
concentrations of the dispersed phase offer the unique possitimes, and to their high deformability on collision causing
bility to generate a very fine blend phase morphology, a large area of matrix film to be removed during interlayer
owing to the combination of an enhanced droplet break-up drainage [48,52]. This type of blends hence offers the best
and a somewhat reduced coalescence during melt-mixing.alternative towards a finend extremely slowly coarsening
This reduced coalescence probability is directly related to phase morphology.
the increase of the matrix viscosity at low viscosity ratios, = From our experimental observations, it becomes clear
leading to higher collision forces and hence shorter collision that equal melt-viscosities do not guarantee a fine phase
times, more difficult matrix drainage, and highly deformed morphology, as often accepted in literature, nor are they
droplets requiring more interlayer film drainage. stable when subjected to a thermal treatment. This is espe-
The situation changes when higher amounts of a phasecially the case for blends containing higher concentrations
(i.e. > 20 wt.%) are dispersed in the blend system. Droplet of the minor phase.
break-up becomes now dominated by coalescence
processes. The optimal conditions to obtain the finest
phase morphology are now observed at a viscosity ratio of 4. Conclusions
unity. A similar behaviour has been reported by Favis and
Chalifoux [19] for melt-mixed PP/PC blends with 23 wt.% Blending of PP with miscible PS/PPE mixtures offers a
dispersion. However, these authors found a minimum in the model system with the unique opportunity to evaluate the
particle diameter at a viscosity ratio pf= 0.15, which is influence of the viscosity ratio on the final blend phase
lower than for our experimental results. morphology, without affecting the interfacial tension in
The different behaviour of the phase morphology of the blends. The region of phase inversion was found to be
blends in which a highly viscous phase is dispersed in a shifted with changing viscosity ratios in a way depending
low viscous matrix material is attributed to the change in more heavily on the matrix viscosity. The formation of
total mixing energy input as a consequence of a higher blendcomposite-like morphologies in this range is observed
viscosity, as has been discussed previously. essentially in PP/(PS/PPE 50/50) blends, and was attributed
to the large difference in softening point (and melt-

3.7. Coarsening of the phase morphology of PP12/(PS/PPE) Viscosity) of the phases, leading to a slowly developing

blends upon a thermal treatment phase morphology [37,38].
An evaluation of the dependence of the droplet break-up

The influence of a thermal treatment (Fig. 1) on the blend process on the viscosity ratio was performed with blends
phase morphology can be clearly seen from Fig. 3(a) and containing only 1 wt.% of the dispersed phase, in a viscosity
(b). It can be observed that even a quiescent thermal treat-ratio range varying from 0.05 to 20. The results show a clear
ment can result in considerable blend phase coarseningdependence on the viscosity ratio. Highly viscous matrices
especially in blends with high concentrations of the (p < 1) enhance droplet break-up owing to their efficient
dispersed phase and/or lower viscous matrices, and in theshear stress transfer towards the dispersed phase [23], while
region of phase inversion. Growth in the size of droplets low viscous matricega(>> 1) often act as a lubricant for the
dispersed in a matrix was already reported for molten poly- dispersed phase reducing the droplet break-up [36].
mer blends kept at a constant temperature at rest [16,50,51]Comparison of the experimental results with the classical

The result of a thermal treatment on the phase morphol- equations proposed by Taylor [6] and Wu [8] reveal that the
ogy of PP12/(PS/PPE) blends, both as a function of viscosity Taylor limit agrees well with the experimental data at low
ratio and blend composition, is presented in Fig. 10(a) and viscosity ratios < 1). A modified relationship between the
(b), respectively. viscosity ratio and the critical capillary number, based on

Compared to Figs. 9 and 6(a) (as-extruded blends), thethe model proposed by Wu (Eg. (3)), could fit our experi-
most important changes have occurred clearly in blends mental results quite reasonably. A minimum value fog{a
with a high concentration of the dispersed phase, and/orwas observed around a viscosity ratio of 1. It was however
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clearly illustrated that a minimum in Ggis not directly [11] Fortelriul, ZivnG A. Polymer 1995;36:4113.
]
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