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Abstract 

Poly(vinylidene fluoride), PVDF, films and membranes were prepared by 
solvent casting from dimethylformamide, DMF, by systematically varying 
polymer/solvent ratio and solvent evaporation temperature. The effect of the 
processing conditions on the morphology, degree of porosity, mechanical and 
thermal properties and crystalline phase of the polymer was evaluated. The 



obtained microstructure is explained by the Flory-Huggins theory. For the 
binary system, the porous membrane formation is attributed to a spinodal 
decomposition of the liquid-liquid phase separation. The morphological 
features were simulated through the correlation between the Gibbs total free 
energy and the Flory-Huggins theory. This correlation allowed the calculation 
of the PVDF/DMF phase diagram and the evolution of the microstructure in 
different regions of the phase diagram. Varying preparation conditions allow 
tailoring polymer microstructure while maintaining a high degree of 
crystallinity and a large 𝛽 crystalline phase content. Further, the membranes 

show adequate mechanical properties for applications in filtration or battery 
separator membranes. 

Introduction 

Membrane technology is widely used in biomedical [1], chemical [2], filtration [3] and 
energy storage [4] applications, among others. Each application imposes specific 
membrane characteristics such as porosity, pore size distribution, roughness and 
permeability, among others [5,6]. 

Fluoropolymers are particularly interesting for the preparation of porous membranes for 
different applications and, in particular, poly(vinylidene fluoride), PVDF, and its 
copolymers are appealing due to their suitable mechanical properties, high dielectric 
response, high thermal stability, chemical inertness and hydrophobic properties [7-10]. 

The hydrophobic characteristic of PVDF is essential for membrane distillation 
applications, for example. PVDF is soluble in most aprotic solvents such as N,N-
dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone 
(NMP), dimethylsulfoxide (DMSO) and triethylphosphate (TEP) [5,11]. 

PVDF membranes can be prepared by phase inversion processes such as thermal 
evaporation, immersion precipitation, non-solvent separation and electrospinning [12-
16]. The membrane formation is influenced by the polymer concentration, solvent 
temperature evaporation, solvent type, non-solvent content in the solution and 
coagulation bath [17,18]. 

A wide variety of porous morphologies can be obtained through the combination of these 
processing parameters [5]. The selection of the solvent is critical in order to tailor the 
porous structure, as it controls the pore growth kinetics and the crystallization behavior 
of the polymer. 

The morphologies of the membranes can be predicted by analyzing the phase diagram of 
the system. The phase diagram for a two or three component system (polymer, solvent and 
non-solvent) shows the regions of miscibility and the regions where the phase separation 
occurs [19]. The formation of pores - cellular or finger-like - in the membrane can be 
obtained in the liquid-liquid event (binodal line in the phase diagram) whereas interlinked 
crystalline phase prevails in solid-liquid phase [11]. In particular, the mechanical 
properties of the membranes are strongly dependent on porosity and pore size and 
polymer membranes with high degree of porosity and large pores often does not show 
adequate properties to be used in demanding membrane applications. 

Large values of porosity are obtained with a high level of miscibility between solvent and 
non-solvent, which will influence the demixing rate and therefore the final microstructure 



[6]. Another critical parameter is the polymer concentration as it affects the solution 
thermodynamic properties such as the binodal line. Most often the polymer concentration 
when a sample is prepared by solvent casting is between 15 and 25wt. %. Increasing 
polymer concentration in the solution results in membranes with lower porosity and 
higher interface between polymer and nonsolvent [20]. Finally, temperature also strongly 
affects membrane 
formation. The viscosity of the solution and the exchange rate of solvent and non-solvent 
during phase inversion can be controlled through temperature [21,22]. Through 
temperature variations it is also possible to determine the cloud-point that represents an 
approximate boundary when liquid-liquid demixing occurs. 

Microporous membranes of PVDF have been prepared by precipitation from 1-
octanol/DMF/PVDF and water/DMF/PVDF systems. It was verified that as the 
temperature increases, the gelation region contracts significantly more than the liquid-
liquid demixing region. Cellular asymmetric morphologies were obtained at high 
temperatures [21]. 

PVDF membranes were also produced from DMA/water and DMA/ C1-C8 alcohols 
solvent/non-solvent pairs, concluding that high casting solution temperatures play an 
important role in membrane formation due to the effect of increasing liquid-liquid 
demixing rate on the crystallization [17]. 

Polymer membranes were also achieved from PVDF/DMSO/water [23] and 
PVDF/DMAc/water systems [18]. Membranes show low degree of crystallinity and the 
presence of both 𝛼 - and 𝛽-phases in the surface layers when precipitated at high 
temperatures. 

The microstructure of PVDF can be also modified by crystallizing from binary systems, 
such as PVDF/DMF at different temperatures, the solvent evaporation playing a critical 
role for obtaining porous membranes based on PVDF [14]. 

In this sense, PVDF membranes with TEP as a solvent have been prepared for micro- and 
ultra-filtration, showing that symmetric and asymmetric structures with bi-continuous 
inter-connected pores can be effectively controlled by tuning PVDF concentration [11]. 

Computer simulation of the polymer structure ("mesoscale structure") is very important 
for predicting and understanding the microstructure formation at different points of the 
phase diagram in binary or ternary systems [24]. The morphology is obtained through 
mesoscale modeling of the polymer/solvent interaction [25]. 

Despite the aforementioned efforts in modifying PVDF microstructure, a systematic 
approach along binary phase diagrams is still needed, being nevertheless the simplest way 
to obtain specific microstructure in a systematic and reproducible way. In the present 
work, PVDF membranes were prepared by solvent casting from a binary system with N , 
N dimethylformamide (DMF) as a solvent varying polymer/solvent relative content and 
evaporation temperature. 

The effects of polymer concentration and solvent evaporation temperature were thus 
systematically studied and the phase diagram of the polymer solution was analyzed 
according to the Flory-Huggins theory. The microstructure of the PVDF/DMF binary 
system in different points of the phase diagram was simulated through mesoscopic 



models. Membranes with different microstructures, degree of crystallinity, crystalline 
phase content, porosity and mechanical properties have been obtained. 

Experimental 

Materials 

PVDF (Solef 1010 with Mw = 352,000 g/mol ) was supplied by Solvay. The solvent N,N-
dimethylformamide (DMF, 99.5%) was purchased from Merck. 

Membrane preparation 

The PVDF concentration in solution ranged between 5wt. % and 20wt. %. The polymer 
was dissolved in DMF at room temperature using a magnetic stirrer until a homogeneous 
solution was obtained. After total dissolution of the polymer, flexible films of ∼ 50𝜇 m 
were obtained by spreading the solution on a clean glass substrate followed by isothermal 
evaporation in a temperature range between room temperature and 80∘C within an air 
oven of Binder during the maximum 15 days. The samples produced were called ( 𝑥 PVDF 
𝑦 ) where 𝑥 
represents the polymer concentration and 𝑦 represents the evaporation solvent 
temperature. 

Sample characterization 

The porosity of the samples ( ∅ ) was measured with a pycnometer by the following 
procedure: the weight of the pycnometer filled with ethanol was measured and labeled as 
( W1 ); the mass of the sample was measured (Ws) and immersed in ethanol. After the 
sample was soaked in ethanol, additional ethanol was added to complete the volume of 
the pycnometer. Then, the pycnometer was weighted and labeled as ( W2 ) and the sample 
filled with ethanol was taken out of the pycnometer. The residual weight of the ethanol 
and the pycnometer was labeled (W3). The porosity of the membrane was calculated 
according to [26]: 

𝜙 =
𝑊2−𝑊3−𝑊𝑠

𝑊1−𝑊3
. 

The mean porosity of each membrane was obtained as the average of the values 
determined in three samples and the error is given as the standard deviation of the values. 

The morphology of the PVDF membranes was analyzed by scanning electron microscopy 
(SEM) (Cambridge, Leica) with an accelerating voltage of 15 kV . Previously the samples 
were coated with a thin gold layer using a sputter coating (Polaron, model SC502 sputter 
coater). 

The polymer phase within the porous membranes was determined by Fourier 
Transformed Infrared Spectroscopy (FTIR) performed at room temperature with a 
Perkin-Elmer Spectrum 100 apparatus in ATR mode from 4000 to 650 cm−1. FTIR 
spectra were collected after 32 scans with a resolution of 4 cm−1. 

The thermal behavior and degree of crystallinity of the PVDF membranes were analyzed 
by differential scanning calorimetry (DSC) measurements with a Mettler DSC 821 
(Mettler-Toledo) apparatus. The samples were cut into small pieces, placed into 50𝜇l 



aluminum pans and heated between room temperature and 200∘C at a heating rate of 
10∘C/min. All experiments were performed under a nitrogen purge. The temperature 
accuracy of the thermal analyzer is ±0.1∘C. 

Mechanical tests were carried out at room temperature through stress-strain 
measurements in the tensile mode of a TST350 setup from Linkam Scientific Instruments 
and a strain rate of 15𝜇 m/s. The tensile force range of the instrument ranges from 0.01 N 
to 20 N with a force resolution of 0.001 N . 

The estimated error in the FTIR, DSC and mechanical tests was calculated taking into 
account the precision of the equipment and the least squares method. 

Mesoscale simulation method 

The phase separation phenomena in the polymer mixture were described by 
phenomenological mesoscopic models based on dynamic density functional. 

The concept behind the mesoscale model is the Gibbs free energy, F, described as a 
functional: 

𝐹 = 𝐹𝑖𝑑 + 𝐹𝑚𝑓 (2) 

where 𝐹𝑖𝑑 is the ideal free energy function and 𝐹𝑚𝑑 is the mean field free energy. 

The dynamic density functional model consists on representing the total functional free 
energy in order of time. This model is represented by the diffusion equation of the time-
dependent Ginzburg-Landau model [27]: 

𝜕𝑐(𝑟, 𝑡)

𝜕𝑡
=

𝑀∇2𝛿𝐹

𝛿𝑐(𝑟, 𝑡)
+ 𝜂(𝑟, 𝑡) (3) 

where 𝑐 is the volume fraction of the polymer, 𝑀 is the kinetic coefficient and 𝜂(𝑟, 𝑡) is a 
Gaussian random force. 

The simulation was performed through the MesoDyn Model of Materials Studio software 
v6.0.0. The size of the box was 200 × 200 × 32 nm with a number of simulation steps of 
2000. For the morphology simulation, polymer mixture was defined through creation of 
the amorphous cell before submitting the cell to temperature variation. Finally, the 
variation of the degree of porosity (phase-separation) was studied as a function of the 
volume fraction of the polymer within the solution and the solvent evaporation 
temperature independently of the size of the box. [24]. 

Results 

Fig. 1 shows SEM images of the cross section morphologies for the membranes prepared 
by solvent casting with 20wt. % of PVDF in DMF at room temperature (Fig. 1a), 40∘C (Fig. 
1b) and 80∘C (Fig. 1c).The membranes show different morphologies, ranging from a 
porous (Fig. 1a) to a dense microstructure (Fig. 1b and c). Fig. 1a shows a 
three dimensional fibriform network suggesting a precipitation situation dominated by 
liquid-liquid demixing in the phase diagram [28]. For the higher crystallization 



temperature above 40∘C, the membranes (Fig. 1b and c) exhibit a more dense morphology 
due to the larger spherulite diameter (surface microstructure not reported). At higher 
temperatures, the polymer chains have enough mobility to occupy the free space left by 
the solvent during evaporation, leading to a more compact structure. These phenomena 
can be observed in Fig. 1c and d for the same evaporation temperature ( T = 80∘C ) and 
different polymer concentrations, 20wt. % and 5wt. %, respectively. The porosity observed 
in Fig. 1d is the result of the free space between spherulites with high diameter. These 
microstructural variations are fully ascribed to the different solvent evaporation rates and 
polymer chain mobility during crystallization and can be observed along the cross-section 
of all samples (Fig. 1a, b and c), indicating a homogeneous solvent evaporation. 

The effect of PVDF concentration for a given evaporation temperature ( 40∘C and 80∘C ) 
on membrane morphology is also presented in Fig. 1. While Fig. 1c and 𝑑 represents 
samples prepared with 5wt. % 
 



 

Fig. 1. Cross-section images of the PVDF membranes prepared from a PVDF/DMF 
solution with 20wt% of PVDF at: room temperature (a), 40∘C (b) and 80∘C (c). With 5wt. % 
of PVDF at 80∘C (d) and at 40∘C in the PVDF/DMF solution with 5wt. % of PVDF (e) and 
15wt. % of PVDF (f). Inset of panels d and f represents the surface of the samples. 



Table 1 
Degree of porosity of the membranes as a function of the preparation conditions. In the 
sample identification, the first number corresponds to the polymer weight content and the 
second to the solvent evaporation temperature. 

Sample Porosity /±5% 

20 PVDF 25 70 

20 PVDF 80 9 

5 PVDF 80 17 

5 PVDF 40 0 

15 PVDF 40 79 

 

and 20wt. % contents of PVDF in PVDF/DMF and solvent evaporation at 80 ∘C, Fig. 1e and 
f shows the cross-section images for 5wt. % and 15wt. % contents of PVDF in PVDF/DMF 
at an evaporation temperature of 40∘C. Independently of the solvent evaporation 
temperature, the influence of polymer concentration in sample morphology is relatively 
large (Fig. 1). At low polymer concentration (5 wt.%) and at 40 ∘C (Fig. 1e) a compact 
microstructure is observed that evolves to a particulate morphology with macrovoids or 
finger-like pores for samples prepared from 15wt. % polymer concentration (Fig. 1f). 
Concerning the effect of PVDF concentration on solvent evaporation at higher 
temperatures ( 80∘C ), a particular morphology is observed with globular particles 
distributed uniformly in the membrane prepared with 5wt. % of PVDF. It has a denser 
microstructure than the membrane prepared with 20wt. % PVDF. This behavior is 
attributed to the initial position of the solution in the phase diagram of the PVDF/DMF 
system (see later). As shown in Fig. 1, the evaporation temperature of the solvent strongly 
affects the effect of PVDF concentration on membrane morphology. The porosity of the 
above presented membranes is summarized in Table 1. 

As evidenced in Table 1 and supported by Fig. 1, for high content of the PVDF 
concentration in the PVDF/DMF system, the porosity decreases as the evaporation 
temperature increases. For the lower crystallization temperatures, the polymer chains 
show a reduced mobility, hindering the polymer to occupy the free space left by the 
evaporated solvent. The obtained microstructure is therefore characterized by an elevated 
porosity and polymer crystallized with a small spherulitic radius. Polymer diffusion and 
spherulite growth are favored with increasing temperatures [14] leading to a more 
compact microstructure. 

For a given solvent evaporation temperature, the polymer concentration has relevant role 
in morphology and degree of porosity of the PVDF membranes, leading to a larger degree 
of porosity as the polymer concentrations increases. These effects will be later discussed 
taking into account the phase diagram of the binary system. 

Together with the membrane morphology, it is relevant to consider the resulting 
crystalline phase of the polymer after polymer crystallization; as it can show polar and 
non-polar phases, which is relevant for 
different applications. The FTIR-ATR spectra of the PVDF membranes prepared by 
solvent evaporation at different temperatures and different relative polymer contents at a 



given temperature are shown in Fig. 2a, together with the identification of the specific 
band characteristics of the 𝛼-phase ( 765,796 and 976 cm−1 ) [10] and 𝛽-phase ( 840 cm−1 
) [10] of the polymer. No other polymer phase can crystallize under the present 
preparation conditions [29]. 

The 𝛼 and 𝛽 phase contents were quantified using the bands at 766 cm−1 and 840 cm−1, 
that have been identified as representative of the 𝛼 - and 𝛽-phases, respectively, and the 
method presented in [10, 30,31]. Shortly, the phase content was calculated from the FTIR 
spectra by applying [10,32]. 

𝐹(𝛽) =
𝑋𝛽

𝑋𝛼 + 𝑋𝛽
=

𝐴𝛽

(𝐾𝛽/𝐾𝛼)𝐴𝛼 + 𝐴𝛽

(4) 

where, 𝐹(𝛽) represents the 𝛽-phase content; 𝐴𝛼 and 𝐴𝛽 are the absorbencies at 766 and 

840 cm−1, corresponding to the 𝛼 and 𝛽 phases, respectively ; 𝐾𝛼(6.1 × 104 cm2/mol) and 
𝐾𝛽(7.7 × 104 cm2/mol) are the absorption coefficients at the respective wave number and 

𝑋𝛼 and 𝑋𝛽 are the degree of crystallinity of each phase. 

The degree of crystallinity of each sample was calculated through the weight fraction of 
the 𝛼 - and 𝛽-phases considered in the FTIR measurements and the melting enthalpy of 
the samples obtained from DSC (Fig. 2b) and the melting enthalpy of pure crystalline 𝛼 - 
and 𝛽-phase PVDF which is reported to be 93.04 J/g and 103.4 J/g respectively [33] 
through the following equation: 

𝜒𝐶 =
Δ𝐻𝑓

𝑥Δ𝐻𝛼 + 𝑦Δ𝐻𝛽
(5) 

where 𝑥 and 𝑦 are the weight fractions of the 𝛼 and 𝛽 phases as determined from the FTIR 
measurements (Fig. 2a), Δ𝐻𝛼 is the melting enthalpy of pure crystalline 𝛼-PVDF and Δ𝐻𝛽 

is the melting enthalpy of pure crystalline 𝛽-PVDF. 

The 𝛽-phase fraction, melting temperature and degree of crystallinity of the obtained 
membranes are summarized in Table 2. 

Table 2 shows that a high 𝛽-phase crystalline fraction is obtained in the samples 
independently of the preparation conditions of the PVDF membranes in the PVDF/DMF 
system. 

Thus, independently of the initial polymer concentration and for solvent evaporation 
temperatures up to 80∘C, the nucleation of the 𝛽 phase is promoted [10]. Significant chain 
entanglements lead to an oriented packing of CH2 − CF2 dipoles favoring the formation of 
the 𝛽-phase crystals [23]. The evaporation rate is essential in determining the obtained 
crystalline phase [10,30,34,35]. 
 



 

Fig. 2. a) FTIR-ATR spectra and b) DSC thermograms for the PVDF membranes prepared 
under the different conditions. In the sample identification, the first number corresponds 
to the polymer weight content and the second to the solvent evaporation temperature. 

The DSC thermograms of the different samples are shown in Fig. 2b. The melting behavior 
of the membranes is similar and characterized by a broad melting peak at 171 ∘C − 175∘C, 
as presented in Table 2. The samples crystallized from a 20wt. % PVDF content at different 
temperatures, and the larger melting peak width of the PVDF membrane crystallized at 
room temperature indicates a more defective crystalline structure and a larger distribution 
of crystallite sizes when compared to the samples prepared after evaporation at higher 
temperatures [36,37]. The degree of crystallinity is also nearly independent of the 
processing temperature, just the sample prepared from 5wt. % of PVDF and evaporated at 
40∘C showing a lower degree of crystallinity (Table 2). Fig. 2b and Table 2 demonstrate 
that, within experimental error, the melting temperature of PVDF membranes is not 
affected by the evaporation temperature of the solvent and the polymer concentration. 

For certain applications, such as, filtration and battery separators the mechanical 
properties that are related to integrity and safety of the materials are a critical factor, being 
these strongly affected by the porous microstructure [38]. In the stress-strain curves (Fig. 
3) the most relevant parameters are the elastic modulus (slope of stress-strain in the 
elastic region at a deformation of 5%) and the yielding stress (limiting the elastic and 
plastic regions) [39]. 

The stress-strain curves for the PVDF membranes are represented in Fig. 3 and the 
resulting mechanical parameters are summarized in Table 3. Independently of the 
processing conditions and the resulting microstructure, the stress-strain curves (Fig. 3) 
show the two well defined regions indicative of an elastic and plastic deformation regimes. 

The morphological differences (Fig. 1) are nevertheless reflected in the mechanical 
properties of the PVDF membranes, the elastic modulus of the PVDF membranes 
increasing from 0.3 GPa to 1.5 GPa with increasing evaporation temperature. 
Furthermore, the yielding stress of 20wt. % of PVDF at a solvent evaporation temperature 
of 80∘C is 51 MPa , this is similar to the values obtained for PVDF films due to the low 
degree of porosity [40]. 

The increase of polymer concentration in the initial PVDF/DMF solution affects 
membrane porosity and degree of crystallinity (Tables 1 and 2), which is reflected in the 
mechanical properties (Table 3). For a given degree of crystallinity (55%) for samples 



prepared from 20wt. % PVDF solutions at different solvent evaporation temperatures 
(room temperature and 80∘C ), it is observed that the Young modulus and yielding stress 
increase with decreasing degree of porosity. Thus, the Young modulus and yielding stress 
for samples prepared from 5wt. % of PVDF in the initial solution are 2.6 GPa and 40 MPa 
, which are higher than 1.4 GPa and 19 MPa of the samples prepared from 15wt. % PVDF 
content, which is related to the differences in porosity and microstructure. 

Discussion 

The microstructure of the polymer obtained by processing the samples at different PVDF 
initial solution concentrations and solvent evaporation temperatures is shown in Fig. 1. 
The different microstructures are due to the phase separation, solvent evaporation and 
polymer crystallization during membrane preparation as it is illustrated in the phase 
diagram of Fig. 4b. Independently of the PVDF initial concentration and solvent 
evaporation temperature, the membranes show high 

Table 2 

𝛽-Phase fraction, melting temperature ( Tm ) and degree of crystallinity ( 𝜒 ) of the 
membranes as a function of the preparation conditions. In the sample identification, the 
first number corresponds to the polymer weight content and the second to the solvent 
evaporation temperature. 

Sample 𝛽-Phase /±2%  Tm/±1 ∘C 𝜒/±5% 

20 PVDF 25 65 173 55 

20 PVDF 80 77 175 55 

5 PVDF 80 75 174 59 

5 PVDF 40 70 172 40 

15 PVDF 40 80 171 60 

 



 

Fig. 3. Stress-strain behavior for the different PVDF membranes. In the sample 
identification, the first number corresponds to the polymer weight content and the second 
to the solvent evaporation temperature. 
content of the 𝛽-phase fraction above 65% (Fig. 1a), which is fully related to the low solvent 
evaporation temperature [10]. Small differences observed in the degree of crystallinity, as 
determined by the DSC (Fig. 2b) and the mechanical properties mainly depend on the 
evaporation temperature as they are mainly affected by the porosity. 

The isothermal evaporation process can be described by the FloryHuggins theory [41]. The 
phase diagram is obtained from the derivation of the free energy and the phase behavior 
of the polymer-solution at the upper critical solution temperature (UCST). The UCST is 
the critical temperature above which the components of a mixture are miscible in all 
proportions. 

The phase diagram (Fig. 4b) shows the regions of stability, metastability and instability of 
the polymer solution. The energy fluctuations are described by [42]: 

Δ𝐺𝑚

𝑅𝑇
∑  

𝜙𝑖

𝑁𝑖
ln 𝜙𝑖 + ∑  𝜒𝑖𝑗𝜙𝑖𝜙𝑗 (6) 

where 𝜙𝑖𝑗 is the volume fraction of the components, 𝜒𝑖𝑗 is the Flory-Huggins interaction 

parameters and 𝑁𝑖 is the degree of polymerization. 



For a polymer/solvent binary system Eq. (6) is rewritten as [43]: 
Δ𝐺

𝑅𝑇
=

𝜙1

𝑛
ln 𝜙1 + 𝜙2ln 𝜙2 + 𝜒12𝜙1𝜙2. 

Assuming that 

𝜙′ = 𝜙1, 𝜙2 = 1 − 𝜙′ (8) 

the free energy variation of the binary mixture as a function of the polymer volume fraction 
can be expressed as 

Δ𝐺

𝑅𝑇
=

𝜙′

𝑛
ln 𝜙′ + (1 − 𝜙′)ln (1 − 𝜙′) + 𝜒12𝜙′(1 − 𝜙′) (9) 

Table 3 
Mechanical properties of the different PVDF membranes. In the sample identification, the 
first number corresponds to the polymer weight content and the second to the solvent 
evaporation temperature. 

Sample Young modulus/GPa ±2% Yielding stress/MPa ±2% 

20 PVDF 25 0.3 14 

20 PVDF 80 1.5 51 

5 PVDF 80 1.4 24 

5 PVDF 40 2.6 40 

15 PVDF40 1.4 19 

 

 

Fig. 4. a) Variation of the Gibbs free energy and b) variation of the spinodal and binodal 
temperatures as a function of volume fraction 𝜑 = 𝜑PVDF  for the PVDF/DMF system. 
where 𝑛 is the degree of polymerization, 𝜙′ is the polymer volume fraction and 𝜒12 is the 
Flory-Huggins parameter for a binary mixture. 

By derivation of the free energy in order to 𝜙′, the chemical potential 𝜇′ is obtained: 
𝜕

𝐺

𝑅𝑇

𝜕𝜙′ = 𝜇′ =
ln 𝜙′+1

𝑛
− (1 + ln (1 − 𝜙′) + 𝜒12𝜙′(1 − 𝜙′)). 



Defining the phase boundary by the calculation of the common tangent of the free energy 
corresponding to ( 𝜇1 = 𝜇2 ) and solving numerically this equation in order to 𝜒12, the 
binodal line is obtained [44]. 

The Flory-Huggins parameter 𝜒12 in order to temperature is expressed as: 

𝜒12 =
𝑣0

𝑅𝑇
𝛿2 (11) 

where 𝑅 is the gas constant, 𝑣0 is the molar volume of the solvent, 𝑇 is the temperature, 
and 𝛿 is the solubility parameter. 

Based on the Flory Huggins theory (Eqs. (6)-(11)) and its application to the PVDF/DMF 
system, the Gibbs free energy density (Δ𝐺) and the phase diagram have been constructed, 
as shown in Fig. 4a, using 𝑣0 = 77.4 cm3 ⋅  mol−1 (DMF volume molar), 𝑁 = 5.5 (Solvay 
datasheet) and the solubility parameters ( 𝛿 = 𝛿PVDF − 𝛿DMF = 7.4 ) [45]. 
 

 

Fig. 5. Representation of the PVDF microstructure in the PVDF/DMF system at 25∘C for 
a) 5% of PVDF and b) 20% of PVDF and at 80 ∘C for c) 5% of PVDF and d) 20% of PVDF 
in the initial solution. The color-code represents the variation of the density on the system 
(polymer/solvent) in which red represents a higher density and blue a lower density. 



Fig. 4a shows the variation of free energy of mixing (Δ𝐺) as a function of polymer content 
in the PVDF/DMF system. It can be noticed that for miscibility to occur, Δ𝐺 must be 
smaller than 0 and that its behavior is strongly dependent on temperature [44], the 
miscibility of the system increasing with increasing temperature. 

The phase separation can be thus controlled through the polymer/ solvent ratio, the 
solvent evaporation temperature and the thermal diving force as shown in the phase 
diagram of Fig. 4b, characterized by the binodal and spinodal lines. 

The binodal line (black line in Fig. 4b) corresponds to generalized phase separation and 
the spinodal line (red line in Fig. 4b) relates to the onset of density fluctuations leading to 
phase separation. The metastable region between the spinodal and binodal lines is 
referred to the nucleation and growth region [46]. The phase separation occurs either by 
spinodal decomposition or by nucleation and growth (metastable region). The initial 
sample preparation conditions (polymer concentration and solvent evaporation 
temperature) are represented by the symbols in the phase diagram of Fig. 5. 

For a polymer/solvent ratio at solvent temperatures of 20∘C and 80∘C the system is in the 
metastable region where it undergoes growth and nucleation of the diluted polymer phase. 
The solvent evaporation at 80∘C is at the limit for the presence of the porosity in the 
PVDF/DMF system. For temperatures at or above 80∘C the one-phase region is verified 
(homogeneous microstructure) and a non-porous microstructure is observed (Fig. 1). 

At solvent evaporation at 40∘C for the different polymer/solvent ratios, the microstructure 
formation is governed by a competition between the phase separation dynamics and the 
solvent evaporation rate. When the polymer concentration is increased in the PVDF/DMF 
solution, the system transits from the unstable ( 5wt. % of PVDF) to the metastable region 
( 15wt. % of PVDF) in which the process is dominated by spinodal decomposition. For this 
reason, the microstructure of the PVDF membrane changes from a homogeneous to a 
heterogeneous microstructure (Fig. 1). 

The phase separation process and the morphology formation were simulated in different 
regions of the PVDF/DMF phase diagram, as shown in Fig. 5. The surface image is divided 
between two phases and the color-code represents the variation of the density on the 
system (polymer/solvent) in which red represents a higher density and blue a lower 
density. 

Fig. 5a and b shows the morphology obtained at room temperature in the zone between 
the binodal and spinodal lines, where phase separation occurs. 

By comparison of Figs. 5 and 1, a correlation is observed between the experimental results 
and obtained microstructure in the simulations. Fig. 5 shows the phase separation when 
the solvent is evaporated at room temperature and that the phase separation depends on 
the dilution of the solution. The microphase separation (Fig. 5a) is lower in the more 
diluted solution and increases with increasing PVDF content (Fig. 5a and b). At high 
evaporation temperature ( T = 80∘C ), but different polymer concentration (Fig. 5c, 5wt. % 
of PVDF and Fig. 5d, 20wt. % of PVDF), these points are located outside of the binodal line 
and no liq-uid-liquid phase separation is observed. 

Finally, the factor that affects more the phase separation, as observed in Fig. 5, is the 
solvent evaporation temperature when compared to polymer concentration. 



Conclusions 

Poly(vinylidene fluoride), PVDF, membranes were prepared by solvent casting varying 
processing parameters such as polymer/solvent ratio and solvent evaporation 
temperature. PVDF membranes with different morphologies were produced by changing 
those parameters. The phase diagrams for the binary system are obtained by the 
FloryHuggins theory and the obtained microstructure is correlated with the experimental 
results. The porous microstructure is attributed to 
spinodal decomposition of the liquid-liquid phase separation. The results show that the 
PVDF membranes show degrees of crystallinity around 50% and a large 𝛽-phase content. 
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