N
N

N

HAL

open science

On the miscibility of PVDF/PMMA polymer blends:
Thermodynamics, experimental and numerical

investigations
Sara Aid, Anissa Eddhahak, Sofiane Khelladi, Zaida Ortega, Sana Chaabani,
Abbas Tcharkhtchi

» To cite this version:

Sara Aid, Anissa Eddhahak, Sofiane Khelladi, Zaida Ortega, Sana Chaabani, et al.. On the miscibil-
ity of PVDF/PMMA polymer blends: Thermodynamics, experimental and numerical investigations.

Polymer Testing, 2019, 73, pp.222-231. 10.1016/j.polymertesting.2018.11.036 . hal-02466281

HAL Id: hal-02466281
https://hal.science/hal-02466281

Submitted on 11 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02466281
https://hal.archives-ouvertes.fr

On the miscibility of PVDF/PMMA polymer blends: Thermodynamics,

experimental and numerical investigations

Sara Aid®, Anissa Eddhahak™, Sofiane Khelladi®, Zaida Ortega®, Sana Chaabani®,

Abbas Tcharkhtchi®

@ PIMM Laboratory, CNRS UMR 8006, Arts et Métiers ParisTech, 151 bd de I'Hopital, 75013 Paris, France

bDyn.F'luid Laboratory, Arts et Métiers ParisTech, 151 bd de I'Hopital, 75013, Paris, France
¢ ULPGC, Calle Juan de Quesada, 35001, Las Palmas de Gran Canaria, Las Palmas, Spain

ABSTRACT

Keywords:

Polymer blend
PVDF/PMMA
Miscibility
Thermodynamics
Experimental
Numerical simulation

In this paper the miscibility of PVDF/PMMA blends was studied using different approaches: experimental tests,
thermodynamics and numerical simulation. The first part of this study is devoted to the experimental work and
aims to investigate the miscibility of blends by different experimental techniques. First, blends of PVDF/PMMA
at different ratios were compounded and characterized using physico-chemical and rheological methods. The
effect of PMMA content on the crystallization behavior of PVDF in the blend was experimentally investigated. At
a second stage, the thermodynamic interaction parameter of Flory-Huggins was evaluated as a function of the

PMMA proportion in the blends based on the experimental data related to the PVDF melting point and enthalpy.
Besides, a numerical method has been developed using Fluent Ansys software to describe the coalescence
phenomenon under different scenarios of viscosity ratios and grain sizes of polymers. The confrontation of the
code simulation results with the experimental and thermodynamic approaches has shown a good agreement for
reproducing the behavior of miscible polymers as well as their aptitude to form a homogeneous blend.

1. Introduction

The present study is involved in the framework of a great research
project dealing with the WEEE (Waste Electrical and Electronic
Equipment) recycling and the development of new blends derived from
plastic wastes [1]. In this context, several studies of binary polymer
mixtures containing crystalline polymers have been undertaken and
have increasingly attracted significant attention of scientific and in-
dustrial communities [2]. Fluoropolymers, for example, are known for
their excellent protective properties and are widely used as protective
films and/or coating materials [3]. Poly(vinylidene fluoride) (PVDF)
has good properties in terms of thermal stability, good chemical, oxi-
dation and UV resistance as well as good mechanical properties, also
offering a brilliant appearance. On the other hand, PVDF is one of the
few semi-crystalline polymers to have five crystalline phases named a,
B, v, 6 and ¢ [2,4-8], being a and [ the most frequently observed ones
[4]. It is nevertheless very expensive and is often used mixed with other
materials to deal with this disadvantage [3,9,10]. In order to lower its
cost, on the one hand and/or to improve its adhesion properties, on the
other one, it is often blended with poly(methyl methacrylate) (PMMA)

* Corresponding author. Tel.: +33 6 99 24 76 66 / +33 1 71 93 65 69.

polymer [11-14]. The latter has also many advantages, such as its good
optical and insulating properties, for instance. Besides, PMMA is widely
used in various industrial applications [6] due to its high rigidity and
transparency, and can be distinguished by its low molecular weight,
high transmittance and good chemical resistance [15]. The miscibility
of PVDF and PMMA has been studied by several authors and their
compatibility has been evaluated by different assays, such as the
transparency of the blend, the solubility parameters, the Flory—-Huggins
interaction parameter, the transition and melting temperatures of the
blend, etc. In particular, the decrease in the melting point in the crys-
tallizable blends and the negative value of the interaction parameter
were considered as proof of compatibility. From a thermodynamic point
of view, Flory-Huggins parameter for two polymers 1 and 2, generally
denoted yx;,, is assumed to be an indicator of the affinity between two
polymers in a mixture. Low interactions result in an increase of x,,
while a low ), indicates that both polymers exhibit preferential in-
teractions favoring miscibility. In the case of mixtures with one of the
components being semi-crystalline, the analysis of the melting behavior
of mixtures is an important mean for assessing the miscibility of the
polymers. Thermodynamic considerations predict that the chemical
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potential of a polymer is decreased by adding a miscible diluent. If the
polymer is crystallizable, this decrease in the chemical potential will
lead to a reduction of the melting point at equilibrium. The extent of the
melting point drop in such systems provides a measure of the interac-
tion parameter that is described according to the Flory-Huggins theory.

However, the thermodynamic parameters used for the miscibility
determination, apart from being approximate in view of the different
hypothesis it is based on, has been shown to be sometimes time con-
suming since it requires experimental data and thereby a long labora-
tory work.

In this context, the originality of the present work consists in de-
veloping a numerical simulation code in order to reproduce the mis-
cibility of two grains of different polymers to form a homogeneous
mixture. This numerical method can serve as an easy and fast predictive
tool to investigate the miscibility behavior of different polymers under
various conditions. The choice of PVDF/PMMA was potentially con-
sidered in this study as a “school case” for a good miscible blend. It shall
be noted that in a previous work of the authors [25], the miscibility of
these polymers was highlighted by the coalescence phenomenon ob-
served between PVDF and PMMA grains in a hot stage plate under
optical microscopy. The coalescence of molten polymer grains during
which the interface between grains “matures” and evolves progressively
to form an interphase [16,17] and finally a single particle is a good
indicator of the affinity level and the high interaction between the
considered polymers. The simulation results were confronted here to
the experimental data and the thermodynamic findings, arriving to a
general agreement of simulations and experimental data.

2. Materials and methods
2.1. Materials description

The materials used in the experiments were commercial polymers;
the PolyVinyliDene Fluoride (PVDF) SOLEF 6008, a semi-crystalline
thermoplastic polymer supplied by SOLVAY and the PolyMethyl
Methacrylate (PMMA) VT825, an amorphous polymer, from ARKEMA.
Table 1 summarizes some characteristics (glass transition temperature,
T,, melting temperature, T,,, and density) of the studied polymers, ob-
tained from products datasheets.

2.2. Blend preparation

Before compounding, all the materials were dried in an oven in
order to remove the absorbed water. Drying was performed at 80 °C for
48 h for both polymers.

The blending of PVDF/PMMA was carried out using a classical
screw extruder. Different blends of PMMA/PVDF were produced, con-
taining 10%, 30%, 70% and 90% of PVDF (by weight). Processing was
carried out at the temperature range 200 °C-220 °C and a screw speed
of 600 rpm. The extrudates were pelletized, dried at 80 °C during 24 h
and hot pressed at 200 °C.

2.3. Physico-chemical characterization

2.3.1. Differential scanning calorimetry measurements (DSC)

DSC measurements were carried out in a DSC Q10 V9.0 Build 278
from TA Instruments. The scans were performed under nitrogen at-
mosphere from —80°C to 200°C at a heating rate of 5°C/min. The

Table 1
Characteristics of the studied polymers.

Materials T;(°C) T,,,(°C) Density (g/cm®)
PVDF - 40 172 1.75-1.80
PMMA 105 - 1.19

sample mass was about 15 mg, using standard aluminum capsules.
The degree of mass crystallinity X.(%) of the different blends was

then calculated using the following relation:

_ AH,

+ X 100(%)

X
T aHx €8]

Where AH;; is the melting heat per unit mass of the PVDF assumed to be
100% crystalline, and it is estimated at 104.7 J/g [12], and AH,, is the
heating enthalpy of the blends.

2.3.2. Fourier transform infrared spectrometry (FTIR)

FTIR spectra were obtained from a Perkin Elmer FTIR Spectrometry
Frontier equipment on the different films of PVDF/PMMA blends ob-
tained by hot press. The test of FTIR-MIR was carried out using trans-
mission mode, 16 scans for each sample with a resolution of 4cm™?,

from 4000 to 400 cm ™ L.

2.3.3. Wide-angle X-ray scattering (WAXS)

The measurements were performed using a PANalytical X'Pert MRD
device, powered by a Philips PW3040/60 X-ray generator and equipped
with an X'Celerator detector. The diffraction data are acquired by ex-
posing X-ray source powder samples of Cu-Ka source, which has a
characteristic wavelength (\) of 1.5406 A. X-rays were generated from
a Cu anode fed with 40kV and a current of 40 mA. The data were
collected over a range of 10-50 with a 26 pitch of 0.02°.

2.3.4. Rheological tests

The rheological measurements were carried out with an Anton Paar
MCR 502 rheometer, at different temperatures from 200 °C to 240 °C, in
plate — plate configuration, in order to evaluate the miscibility of the
PVDF/PMMA blends. The Cole-Cole method was used by evaluating the
viscous and elastic responses of the complex shear modulus. The mea-
surements were carried out at the temperature of 220 °C with a fre-
quency ranging from 0.1 Hz to 100 Hz and an imposed strain of 0.1%.

2.4. Thermodynamic approach

In what follows, the crystalline component (PVDF) is denoted by
polymer “2” which melts in the amorphous component (PMMA), de-
noted polymer “1“. The chemical potential u}, per mole of a crystal-
lizable polymer unit in the mixture relative to its chemical potential u3,
in the pure liquid is given by the standard approximation:

V5(Ing 1 1
1 _ 0 _pr 2, _ 1- + 1— o)
M2y — Hau _V1 —mz —mz —ml ( ®) + x5 ( %)

(2

Where V; and m; are the molar volume and the degree of poly-
merization, respectively, of the polymer i and y, is the polymer/
polymer interaction parameter.Whereas ¢; and ¢ represent the vo-
lume fraction of polymer 1 and 2, respectively. R is the gas constant and
T is the absolute temperature.

On the other hand, the difference in the chemical potentials be-
tween a crystalline polymer unit 4§, and the same unit in the pure li-
quid state u9, can be written as:

WSy — WYy = —(AHy, — TASy,) = —AH,, (1 — T,/ T, 3)

where AH,, and 4S,, are respectively the enthalpy and entropy of
fusion per mole of repeat unit and AH,,/AS,, is assumed to be in-
dependent of temperature and equal to the equilibrium melting tem-
perature T.

At the melting point, the chemical potential of the crystalline
component in the crystalline and liquid phases should be identical.
From equations (2) and (3) one obtains:
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For m,, m; > > 1 the combinatorial term in equation (4) can be
neglected and the equation is reduced to:

1 1 RV,
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In this expression, T3, and To(¢p,) represent the melting tempera-
tures of an infinite crystal in equilibrium with the pure melt and with a
mixture of concentration ¢,, respectively [18].

2.5. Numerical simulation

This section is dedicated to the simulation of the coalescence phe-
nomenon of a two-phase flow system; PVDF and PMMA polymers using
a Fluent Ansys Software which is a CFD (Computational Fluid
Dynamics) tool. CFD is a numerical tool applied to fluid mechanics that
allows the study of fluid flows to improve the design of structures such
as aircraft wings and automobile parts. In the field of fluid simulation,
the physical aspects of flow are governed by three fundamental prin-
ciples of mass, momentum and energy conservation. These principles
are expressed as a function of partial differential equations. CFD soft-
ware allows solving these equations in a simple and accurate way.
Indeed, the first task of this technique consists in creating the geometry
to study [19]. Then, this needs to be discretized into small elementary
volumes called “Control Volumes”, where the partial differential
equations are solved, this step is called “Meshing”. Then the model to
use needs to be chosen; CFD tools provides several models with dif-
ferent levels of representativity depending on the reliability of each
specific software. Then, the boundary conditions must be put in place
judiciously to ensure that the problem is well posed, and finally, the
equations are solved.

The retained model for this purpose, is a two-phase flow model
based on Euler equations supplemented by a pressure law describing
the behavior of the mixture of the two phases [20]. This homogenous
numerical model called “Mixture model” can be appropriate to re-
present a miscible multiphase blend of polymers. This approach is
based on a multiphasic model where the properties of the phases are
derived from the individual phases properties by a mixture law, as
follows [21-25]:

n
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Where p, u and a denote the density, the viscosity and the volume
fraction, respectively.
The mass fraction noted w is defined as follows

Pr
o ©

Generally, the mass fraction is used where mass diffusion is con-
sidered in the system. In this case study, mass transfer phenomenon
between phases are not introduced to simplify the problem.

For the simulation, an isothermal flow was considered and conse-
quently the classical energy equation is neglected. Thus, the system of
equations to solve is given by the mass conservation equation is ex-
pressed as:

Wi =

% ViiVo =0
o T Ve = 10)

and the momentum conservation equation as:
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being I_/,:, the average velocity.

3. Results and discussion
3.1. Effect of the PMMA on PVDF crystallization

3.1.1. Thermal results

DSC thermograms for heating and cooling cycles are depicted in
Figs. 1 and 2, respectively. As shown in Fig. 1, pure PVDF exhibits a
single melting peak at 173 °C which could be attributed to the presence
of a phase crystals. This figure also shows that the melting temperature
of PVDF/PMMA blends decreases with the increasing PMMA content in
the blend. For instance, the T,, of PVDF/PMMA blend is 170 °C for 30%
PMMA blends.

Fig. 2 shows that the blend with 30% of PMMA exhibits two crys-
tallizations peaks. This phenomenon is explained in the literature by the
melting of two distinct populations of crystals. In fact, the [ crystals
melt at a higher temperature than a crystals [5,26].

The degree of crystallinity of the different PVDF/PMMA blends can
be determined by measuring the area under the crystalline melting
endothermic peaks and then by using the afore mentioned equation (1).
The different results are listed in Table 2, where it is observed that the
crystallinity and the melting temperatures for the blends are reduced
when increasing the PMMA content. The important decrease in the
crystallinity and the melting point is indicative of the good affinity and
miscibility between PVDF and PMMA polymers; besides, it is well-
known that the PMMA is largely amorphous and does not contribute to
the heat of fusion. In fact, the decrease of T,, in the different blends with
the addition of PMMA is explained by the thermodynamic effect which

PVDF/PMMA

ENDO

T T T
-50 0 50 100 150
T(°C)

Fig. 1. DSC thermograms of PVDF/PMMA blends (case of the heating cycle).
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Fig. 2. DSC thermograms of PVDF/PMMA blends (case of the cooling cycle).

Table 2
The DSC parameters for PVDF/PMMA blends.

PVDF/PMMA (%) 100/0 90/10 70/30 30/70 10/90 0/100

T (°C) 173 172 169 163 - -
AHy, (J/g) 43 39 31 2 - -
T.(°C) 142 140 132 - - -
141
AH(J/g) 51 46 1 - -
0.98
T;(°C) - 40 - 40 65 83 108 114
X, (%) 41 42 41 5 - -

occurs in a crystalline polymer-diluent mixture, valid in the case of
crystalline polymer-amorphous polymer system, so an increase of the
diluent (PMMA) reduces the melting point of the polymer crystals
(PVDF). However, one can see that 10% of PMMA in the blend increase
the crystallinity of the PVDF/PMMA blend. This observation will be
discussed in next section, together with further characterization results.

3.1.2. FTIR and WAWS analysis

Fig. 3 contains the infrared spectra of the different PVDF/PMMA
mixtures. The characteristic peaks of the B phase (840cm™' and
1279 cm ™! essentially) appear in the PVDF/PMMA mixtures for a
proportion up to 30% PMMA. Beyond this proportion, the re-
presentative peaks of the B phase disappear, whereas the bands corre-
sponding to the a phase decrease in intensity or disappear (614 cm ™!,
766 cm ™Y, 795cm ™}, 855cm ! and 976 cm™Y). It is then clear that
PMMA impacts the crystallization of PVDF.

From Fig. 4, it can be seen that the elongation frequency at
1721 ecm ™!, which corresponds to the carbonyl group (C = O) of
PMMA, is shifted to higher wavelengths (1724 cm™!) in the PVDEF/
PMMA mixtures. This shift is due to the specific interactions between
the carbonyl group of PMMA, on the one hand, and the CH, group of
PVDF, on the other one. This finding is indicative of the formation of a
mixture [8].

In addition, the relationship proposed by Martin et al. [7] can be
used to determine the amount of § phase in the pure PVDF:

?&Aa + Ag (14)

Where F (p) represents the content of the (3 phase, Ag and A, are re-
spectively the absorbances at 766 cm ™! and 840 cm ™!, kg and k, the

absorption coefficients corresponding to the respective wave numbers
6.1.10* and 7.7 x 10 cm 2/mol.

Consequently, from Equation (14), F(3) = 44.88%. By analogy, the
B-phase content in the PVDF/PMMA mixtures with major contents in
PVDF (10% and 30% of PMMA) can be calculated, and results are
shown in Fig. 5.

It is clearly observed that the B content decreases for contents in
PMMA over 10%, while this small amount of PMMA increases the
crystallinity in the blend. This finding is in a good agreement with the
previous DSC thermal results in connection with the total dis-
appearance of the crystallization and melting peaks at 70% of PMMA.
However, further blends of PVDF/PMMA with PMMA proportions
ranging from 10% to 30% are needed to identify more accurately the
amount of PMMA at which the crystallization of the blend decreases.

In order to confirm the impact of the addition of PMMA in the
crystalline phase of PVDF, it was useful to perform a wide-angle X-ray
diffraction analysis (WAXS) on the different PVDF/PMMA blends.

Fig. 6 shows WAXS spectra of pure PVDF, pure PMMA and the
different mixtures of PVDF/PMMA. From the spectrum of the pure
PVDF, the following diffraction peaks can be distinguished: 18.18°,
26.98°, and 46.43° which correspond to the diffractions in the (0 2 0),
(0 2 1) (2 2 0) plans respectively, all characteristics of the a phase of
PVDF. There is also a peak at 20.11° corresponding to the plane (1 1 0)
characteristic of the 3 phase. The pure PMMA has an amorphous phase
which is characterized by two amorphous waves: the first is the largest
one and centered at 20 = 13° and the second is the smallest bump at
26 = 30°.

From the analysis of the different spectra as a function of the PMMA
content, it has been found that the peak at 46.43°, characteristic of the
a phase, disappears when the PMMA proportion reaches 30%. The peak
at 20.10° with reference to the diffractions in the (1 1 0) plane, char-
acteristic of the [} phase, shows a progressive decrease (without dis-
appearance) of the relative intensity of the incipient peak. This shows
that the mixtures always present crystals of the 3 phase of PVDF up to a
PMMA content of 30%. Beyond this, characteristic peaks of the a and 3
crystalline phases are no longer found in the spectrum and the amor-
phous curvature becomes more and more obvious as the proportion of
PMMA increases. This observation illustrates the high level of interac-
tions between the two polymers and the PVDF crystallization behavior
with the addition of PMMA and indicates the involvement of PMMA
molecules in the crystallization process of PVDF. Furthermore, the de-
crease in the PVDF crystallization with the addition of PMMA can also
be explained by the fact that the diffusion of PVDF towards the crys-
talline surface, would have been hampered by the interactions with
PMMA [2,4-6,27,28].

3.1.3. Rheological behavior/Cole-Cole method

It's known that materials exhibit a linear viscoelastic (LVE) behavior
in the small strain region, i.e, the elastic modulus (G’) and loss modulus
(G') are independent of the applied strain [29,30].

Fig. 7 shows the evolution of G’ as a function of the applied de-
formation (from 0.1 to 100%) at 220 °C and at a frequency f = 100 Hz,
for the various PVDF/PMMA blends (0%, 30%, 70% and 100% of
PMMA). The presence of a flat area in the curves corresponding to the
LVE behavior of the materials can be observed. When the applied de-
formation exceeds the critical value, the shear modulus drops sharply.
From Fig. 7, it can be determined that PVDF/PMMA mixtures show a
linear behavior up to a maximum deformation of 10%. Thus, in order to
ensure that the blend exhibit LVE behavior, all the measurements will
be performed at a constant small deformation of 0.1% using a frequency
sweep mode.

The method developed by Cole-Cole representing the relationship
between the real and the imaginary parts of the complex viscosity, re-
spectively (n', ") allows the validation of the polymer blends compat-
ibility by observing the shape of the obtained curves. It is commonly
admitted that when a blend is readily miscible and homogeneous, the
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Fig. 3. FTIR transmission spectra of PVDF/PMMA blends compared to pure PVDF spectrum.

curves 1" = f (') are quite smooth and have the shape of a semicircle.
However, the occurrence of deviations or disordered points on the
curve can reflect a poor homogeneity of the blends components [31].
Fig. 8 presents plots of n’’ versus 5’ for the different PVDF/PMMA
blends. As seen in this figure, all the curves of the blend present a shape
of a semicircle which is synonym of a good homogeneity of these blends
and as well as of a good miscibility between its components. This
finding supports the afore mentioned results about the good miscibility
of PVDF and PMMA polymers.
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3.2. Thermodynamics interaction parameter

In this section, the interaction parameter according to the expres-
sion proposed by Nishi and Wang [22] is calculated. Indeed, the authors
analyzed the melting temperature of a crystalline polymer (component
2) in the presence of a polymeric diluent (component 1) using Scott's
expression [23] for the chemical potentials in a mixture of binary
polymers. The resulting equation for the melting temperature decrease

1 RV, , 1
T, AHW T T (15)
— PMMA
10% PMMA
30% PMMA
—70% PMMA
—90% PMMA

-0,01 T
1700

T T
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Fig. 4. FTIR transmission spectra of PVDF/PMMA blends compared to pure PMMA spectrum.
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Where:

W, is the molar volume of the repeating units in PMMA (82, 83.3
and 84 cm?®/mol for isotactic, atactic et syndiotactic PMMA, re-
spectively) [32].

V3, is the molar volume of the repeating units PVDF and equal to
36.4 cm>/mol.

R is the universal gas constant = 1.99 cal/mol K.

AHjy, is the molar heat fusion of the repeating units in PVDF and
equal to 1.60 kcal/mol T,, is the melting point of PVDF crystal in the
mixture (K).

T? is the melting point of pure PVDF and equal to 445.95K (mea-
sured by DSC).

X, is the interaction parameter.

1, is the volume fraction of PMMA.

In this study the used polymer is a commercial atactic PMMA.
Equation (15) can be then used to obtain the interaction parameter for
PVDF/PMMA mixtures at 10%, 30% and 90% of PMMA (Table 3).
Results of de y;, calculations for 0.1 < v»; < 0.7 show a negative value
for the whole interval. A negative interaction parameter indicates that
the PVDF/PMMA blend is thermodynamically stable in the molten
state. This allows stating that both components are miscible. Indeed,
this is explained by the fact that, in this case, the adhesive forces be-
tween the two polymers 1 and 2 are greater than the cohesive forces
between polymer 1/polymer 1 and polymer 2/polymer 2 [24].
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Fig. 7. Identification of the LVE region by rheological test (imaginary shear
modulus versus shear deformation) for PVDF/PMMA blends.

3.3. Numerical simulation

The solver used in this study to reproduce the coalescence phe-
nomenon between PVDF and PMMA droplets has the following char-
acteristics [33]: mixture diphase solver, unsteady, incompressible and
laminar flow model, first order implicit time solver, second order space
scheme. Concerning the computational domain, a grid made of struc-
tured quadrilateral cells (performed by Gambit), is used.

3.3.1. Viscosity ratio effect

A first series of several simulations has been launched to study the
effect of the viscosity ratio "/;, on the coalescence between a grain of
PVDF and PMMA. Table 4 summarizes different values of the viscosity
ratios used during the tests carried out (the real ratio between the study
case is 3). The grains are supposed to have the same initial size (radius
a()).

Fig. 9 presents the simulation result in the case of the highest
viscosity ratio (Test 1). As expected, although both polymers exhibit a

Intensité (a.u)

PVDF/PMMA

26 (°)

Fig. 6. WAXS patterns of PVDF/PMMA blends.
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Table 3
Evolution of the interaction parameter as a function of the PMMA content in the
PVDF/PMMA mixtures.

V1 0.08 0.25 0.59
v? 0.007 0.06 0.34
T (K) 445 442 436
X2 -0.56 —0.54 -0.26
Table 4
Different study cases for the numerical
simulation.
Tests n
m
Test 01 10
Test 02 3
Test 03 1.2

certain degree of interaction and miscibility, a high difference of visc-
osities between the two materials does not promote their coalescence.
The grain whose viscosity is higher keeps its initial state (solid) and the
second grain collapses very quickly.

By contrast, considering the results shown in Fig. 10, (a), when the
viscosity ratio is lower (present case of PVDF and PMMA polymers), the
two polymers droplets melt and collapse to form an important interface.
The reduction of the viscosity ratio "/,, between the two materials is a
favorable parameter which dictates the simulation of the coalescence
phenomenon. One can also measure the thickness of the formed inter-
phase in this case using the Fluent post-processing software. The result
is shown in Fig. 10, (b).

In this case of a lower viscosity ratio taken equal to 1.2, (Test 3), the
result shows that the two grains merge and the formed interface is
larger with the presence of a small air bubble that remains trapped
between the grains. This phenomenon is very realistic since it re-
produces what could happen during the sintering phenomenon of
polymer grains for which the formation and imprisonment of air bub-
bles can be observed (Fig. 11 a). However, the formation of a sharp
peak at the top of grains arises during the simulation, while this is not
reproducible in lab tests. Indeed, the formation of the peak is more

Fig. 9. Numerical simulation of the coalescence phenomenon as function of the density, (Test 1: Viscosity ratio equal to 10).



Fig. 10. Numerical simulation of the coalescence as function of the density, (Test 1: Viscosity ratio equal to 10). (a) Interface formation, (b) Measurement of the

interphase thickness.

likely to be due to the numerical model used here, “Mixture”, which
assumes that all the phases involved in the system are miscible and
therefore considers that the air is also a miscible phase with the two
polymers. To better highlight the interdiffusion between the two grains
in contact, Fig. 11 b shows a zoom of the interface, as function of the
density. As expected, one can see that the interface is a mixture zone of
the two phases involved with different proportions illustrated by the
color gradient. The measurement of this interface shows a variation in
the thickness of the latter (0.043 cm) compared to the previous case
(0.01 cm). This increase can be explained by the fact that the decrease
in the viscosity ratio between both polymers promotes their inter-
diffusion and thus the formation of a larger interface.

3.3.2. Size grain influence

In a previous work of the authors [25], it was highlighted through
the experimental investigation of the coalescence test performed on
PVDF/PMMA pair, that the initial size of the grain is an influent
parameter which impacts the coalescence kinetic [34]. In fact, in the
case of grains of the same polymer, smaller grain size induces faster
kinetics of coalescence [35,36]. In this paper, which deals with grains
of two different polymers, it has been observed that the smaller size of
the more viscous polymer (here, PMMA) promotes the coalescence
mechanism. Thus, by analogy to the experimental tests, the effect of the
particle size is investigated by numerical simulation during the coa-
lescence of miscible polymers. From now, two cases were considered for
study; the first one corresponds to a reduced initial radius of polymer 1
and the second case deals with the reduction of the size of polymer 2.

The ratio viscosity considered for both cases was taken equal to 3,
which corresponds to the real ratio used in lab assays. Simulation re-
sults are presented in Figs. 12 and 13.

The reduction of the grain size allows in both cases a better collapse
of the two grains as well as a faster coalescence phenomenon, as ob-
served from numerical simulation results. It was also found that in the
case 2 (smaller size of the more viscous polymer P2), the coalescence
process is faster, which correlates very well with the experimental
findings [25].

4. Conclusion

The PMMA polymer induces a decrease of the chemical potential of
the PVDF in the blends, which results in a reduction of the melting
point at the equilibrium.

The interaction parameter was found to be negative for the different
mixtures of PVDF/PMMA, which is a thermodynamic indication of the
stability of the blend and thereby the miscibility of its components.

Numerical simulations have been undertaken to investigate the
viscosity and grain size ratios effect on the coalescence process. It has
been demonstrated that PVDF and PMMA merge progressively to form a
single particle due to the interdiffusion of the two initial droplets.

The proposed numerical approach has demonstrated good agree-
ment with lab work in describing the formation and the evolution of the
interface between the two particles during the coalescence process.
Developed numerical method has been shown useful to save time and
long experimental laboratory work to investigate the miscibility of two
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Fig. 11. Numerical simulation of the coalescence as function of the density: (a) with a viscosity ratio equal to 1.2. (b) Thickness interface measurement.
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Fig. 12. Numerical simulation results (Case 1: PMMA radius is reduced).

different polymers. new molded product, such as in rotational molding. The achievement of
Further work is currently taking place to produce a generalized such challenge could help minimizing the molding time and optimize
numerical method to enable the simulation of the sintering phenom- the polymer processing.

enon during densification of grains of different polymers. This scenario
is representative of the industrial molding process for which powder
containing particles of different polymers are put together to obtain a



Fig. 13. Numerical simulation results (Case 2: PVDF radius is reduced).
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