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 Pickering foams, aqueous foams stabilized by solid particles, can be used as a 

precursor to fabricate solid porous polymers, ceramics, and composite materials. The 

fabrication process usually comprises of two subsequent steps of drying and solidification 

(e.g. sintering) after foam is prepared. Drying (or aging) in aqueous Pickering foams is a 

complex transport process which involves evaporation and drainage (induced by gravity) 

of the excess liquid along with deformation of the foam and possible formation of cracks 

caused by capillary-induced stresses. Crack formation is therefore depended on the 

drying conditions and the mechanical properties of sample. A comprehensive 

understanding of the drying process can provide us with predictive tools to select 

efficient process parameters (e.g. required drying time prior to sintering) as well as 

providing input prameters for developing numerical models. 

In this thesis, we first provide experimental data (end of drying time, average 

moisture content, and effective moisture diffusivity) on drying of Pickering foams 

stabilized by polymer particles under controlled conditions (i.e. relative humidity and 
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temperature). Drying curves are presented for samples of various initial thicknesses and 

shapes on substrates of different hydrophobicity and temperatures. Moisture transport is 

represented via calculating the effective moisture diffusivity coefficients using method of 

slope. Also, we investigate drying for a bi-component Pickering foam prepared using 

Multi-walled Carbon Nanotubes (MWCNTs) and polymer particles. We show that the 

effective moisture diffusivity increases as the average moisture content decreases for all 

trials and that all data can be collapsed on a master curve. Also, effective moisture 

diffusivity increased as initial sample thickness as well as substrate temperature increase. 

On the other hand, effective moisture diffusivity does not depend strongly on the sample 

shape and MWCNTs concentration. 

In next part, we explore the effect of initial sample thickness and shape, substrate 

temperature and wettability, as well as MWCNTs concentration on the crack formations 

in the samples. We demonstrate that substrate wettability, initial sample thickness, and 

MWCNTs concentration have a strong influence on the formation and propagation of 

cracks. We found that decreasing the wettability of the substrate reduces crack formation. 

Also, increasing the initial sample thickness reduces crack formation. On the contrary, 

increasing the MWCNTs concentration increases crack formation for all types of 

substrates. We demonstrate that substrate temperature and sample shape do not seem to 

influence crack formation but these parameters influence the crack patterns. Such 

information can be beneficial in using these foams as a precursor to fabricate porous 

composite porous materials. 
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Chapter 1  

Introduction 
 

 

 

 

1.1 Overview 

 

1.1.1 Pickering Foams 

Fine solid particles with proper size and hydrophobicity are known to irreversibly 

adsorb at liquid/fluid interfaces (i.e. being surface active) [1-10]. Similar to surfactants 

(or surface active agents) molecules, such solid particles can stabilize interfaces forming 

particle-stabilized (aka Pickering) liquid/gas foams or liquid/liquid emulsions as shown in 

Figure 1. 1. 

When adsorbed, the required energy needed to remove a particle (or molecule) 

from the interface, known as the detachment energy, is significantly higher than the 

thermal energy ―kT‖ which explains their irreversible adsorption unlike the fast 

adsorption/desorption dynamics of surfactant molecules of similar size. The detachment 

energy of surfactant can be 1-3 kT, while for solid particle the detachment energy can be 

10
3
-10

5
 kT, where k is the Boltzmann constant (k = 1.38064852×10

−23 
J/K) and T is the 

temperature (K), [1, 8, 11].  
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(a) 

 

 

(b) 

 

 

(c) 

Figure 1. 1 (a) Surfactants (molecule contains hydrophilic head (polar) and hydrophobic 

tail (non-polar)) at a liquid-gas interface, (b) colloidal particles at a liquid-gas interface 

with 0 <   < 90) (Pickering foams), and (c) colloidal particles at a liquid-gas interface 

with 90 <   < 180 (Liquid marbles). These figures are not drawn to scale. 
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The detachment energy for a spherical particle at flat liquid/fluid interface can be 

calculated as [12]: 

 

                  (      ) (1. 1) 

where;   

 
     

       

   
 (1. 2) 

 

here            is the detachment energy required to remove a particle from the interface, 

r is the radius of particle,     is the interfacial tension between the gas and liquid,     is 

the interfacial tension between the solid and gas,     is the interfacial tension between the 

solid and liquid, and  is the particle three phase contact angle at the solid-liquid-gas 

interface (see Figure 1. 1). 

The detachment energy is scaled with square of the particle radius, bigger particle 

provide higher detachment energy, while smaller particles provide foams with stronger 

stability, more nanoparticles adsorbe at the liquid/fluid interface [2, 7, 13]. To get higher 

value of detachment energy, the contact angle of solid particle should be near 90, see 

equation (1. 1). The contact angle of colloidal particles at a liquid/gas interface is too 

important to create a Pickering foams system. If contact angle is greater than 90 then the 

air will be around the liquid (i.e. Liquid marbles), the particles encapsulated the liquid. 

On the contrary, if contact angle is less than 90, then the liquid will be around the gas 

(i.e. Pickering foams), the particles encapsulated the air (see Figure 1. 1).  
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Based on the previous information, to prepare Pickering foams system, the contact 

angle of colloidal particles should be between 0 and 90, hydrophilic powder (or 

colloidal particles) [14-17]. 

Owing to the high detachment energy, particles can decorate bubble interfaces in 

foams (or droplets in emulsions) and slow down the mechanisms that make Pickering 

systems unstable such as gravity-induced liquid drainage and bubble-bubble coalescence 

and disproportionation (Ostwald ripening) [18-20]. A stable Pickering foams system (see 

Figure 1. 2) can be then further processed, by a combination of drying and solidification, 

to make solid porous structures (or solid composite porous structure) with tunable 

morphology and properties. Of interest in this regard is then to develop a comprehensive 

understanding on how particle-stabilized foams undergo drying. 
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(a) 

 

(b) 

Figure 1. 2 Pickering foams stabilized by polymer particles (a) without Multi-walled 

Carbon Nanotubes and (b) with  Multi-walled Carbon Nanotubes. These figures are not 

drawn to scale. 
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 1.1.2 Drying Dynamics 

Drying is a complex and dynamic transport process, where the liquid inside the wet 

foam leaves through a combination of surface evaporation (induced by diffusion) and 

drainage (induced by gravity), causing the foam to undergo dimensional reduction (i.e. 

shrinkage) as shown in Figure 1. 3. Also, liquid evaporation leads to morphology change 

(i.e. porosity) due to the capillary stress that occurs between the particles [3, 6, 9, 21-23]. 

One of the common transport properties used to describe the drying process in wet 

porous materials (e.g. Pickering foams) is effective moisture diffusivity. The effective 

moisture diffusivity includes moisture gradient (caused by evaporation and drainage), 

temperature gradient (change in sample temperature during drying), and porosity gradient 

(change in sample volume) [24-33]. 

 

 

 

  

(a) (b) 

Figure 1. 3 (a) An as-prepared wet foams and (b) crack-free dried foams. Scale bar is 10 

mm. 
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The moisture transport can be described by the Fick’s second law equation of 

unsteady state diffusion, which for the case of drying relates the spatial and temporal 

changes of the moisture content X (kg liquid/ kg dry solid) via moisture-dependent 

diffusivity Deff (m
2
/s) [34]. The diffusivity can be estimated by analysis of the drying data 

and applying the method of slope [35-39]. This method is described in more details in 

chapter three and we utilize it in this thesis to calculate the effective moisture diffusivity 

(Deff) of the drying Pickering foams. As mentioned, change in sample volume due to 

shrinkage influences moisture diffusivity and should be included in calculation of 

effective moisture diffusivity. However, this may be neglected for certain conditions [40-

46]. In this study, we first neglected and then included effect of samples shrinkage when 

calculating the effective moisture diffusivity and evaluate the appropriateness of each 

approach in certain situations. 

Theoretical prediction of moisture diffusivity in such a complex system is not straight 

forward thus arising need for experimental measurements including the analysis of the 

drying data (i.e. moisture vs. time), and X-ray computed tomography to determine the 

sorption kinetics [47, 48]. In this thesis, we investigate the drying dynamics of Pickering 

foams and report the influence of several control parameters such as substrate wettability 

(i.e. contact angle), substrate temperature (i.e. drying rate), initial foams thickness, foams 

shape, and Multi-walled Carbon Nanotubes concentration (CMWCNTs) in the foams on end 

of drying, change in dimensions, average moisture content, and effective moisture 

diffusivity of the samples. 
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1.1.3 Crack Formation 

Pickering foams whose intrinsic phase properties are affected by the formation of 

cracks, cracked foam has a much different set to regular un-cracked foam. Because 

fractures compromise the integrity of porous materials, the cracking phenomenon can 

invite failure of devices or products (see Figure 1. 4). 

 

  

(a) (b) 

Figure 1. 4 Crack formation in Pickering foams during the drying processes (a) dried 

PVDF foams and (b) dried PVDF/MWCNTs composite foams. Scale bar is 10 mm. 

 

 

Accordingly, several trials and investigations have been conducted by researchers in the 

past to gather more information about crack formation on Pickering foams but very 

limited studies try to solve this challenging problem [6, 49, 50]. Moreover, the shrinkage 

maybe accompanied by cracks (or defects) formation which may render the structure 

unusable. Therefore, developing strategies to predict and control the drying as well as 

preventing crack formation and propagation seems to be necessary for successful 

fabrication of solid porous structures (or composite solid porous structure) using particle-
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stabilized foams as precursor. It is worth noting that drying (i.e. aging) and crack 

formation are also relevant in other system such as in drying of particulate suspensions, 

gel, building materials (e.g. porous bricks and wood), pharmaceutical manufacturing (e.g. 

foam drying of vaccines), and in drying of food products and significant efforts have 

been placed to study such systems [51-59]. 

Common approaches proposed to obtain dry, crack-free structures in such systems 

include slow drying under controlled conditions (e.g. relative humidity, air velocity, 

pressure, and temperature), unidirectional drying, freezing drying, drying by chemical 

additives, and drying on superhydrophobic as well as flexible substrates [60-70]. 

In this thesis, we elimenated crack formation in Pickering foams by using low-

adhesion substrates with high contact angles (i.e. superhydrophobic substrate), as well as 

large initial sample thickness both of which have been found to reduce the formation of 

cracks. Also, for samples located on glass substrate, we found that the probability of 

samples cracking depends strongly on the drying rate or substrate temperature (it 

decreases as substrate temperature increases, but the crack still occurs). On the contrary, 

this does not deppen for samples on PDMS substrates. In addition, as MWCNTs 

concentration in the composite Pickering foams increases the formation of cracks 

increases for the all types of substrates. 
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1.2 Scope of the Present Work 

Overall, the aims of this work can be stated as follows: 

(1) Determining the drying curves and the change in sample dimensions of Pickering 

foams under different drying conditions such as varying substrate wettability (i.e. 

contact angle) and temperature, sample shape and initial thickness, as well as 

concentration of MWCNTs. Three different substrates were used: hydrophilic 

glass with a contact angle (measured through DI-water) of θ  30, hydrophobic 

poly(dimethylsiloxane) (PDMS) with θ  95, and superhydrophobic modified 

glass with θ  160. Also, five different temperatures were selected T = 24, 30, 

40, 50, and 60 C. In addition, three shapes of samples were examined (circle, 

square, and equilateral triangle). For circular case, samples with initial thicknesses 

of Z0 = 2.5, 3.25, 5, 7.5, 10, and 12.5 mm and initial diameter of D0 = 34 and 52 

mm were considered. For square shape, samples with initial thicknesses of Z0 = 5 

mm and initial length of L0 = 30.13 mm is selected. For equilateral triangle case, 

samples with initial thicknesses of Z0 = 5 mm , initial height of H0 = 39.66 mm, 

and initial base of B0 = 45.79 mm is selected. The concentration of MWCNTs 

varied between 0 – 0.5 % v/v. 

(2) Estimating the change in Pickering foams characterization such as porosity, 

volume, and density (bulk density and relative density) during drying. 

(3) Calculting the effective moisture diffusivity of Pickering foams under all drying 

conditions by using the drying curves. Method of slope is employed to estimate 

the effective moisture diffusivity. Two approaches were used to determine the 
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effective moisture diffusivity. In the first approach, the effect of sample shrinkage 

is neglected while sample shrinkage is included in the second approach. 

(4) Investegating the influence of all drying conditions on the probability of crack 

formation and pattern of Pickering foams during the drying processe. 

 

1.3 Outline 

In what follows, in chapter two, we first describe the material and methods used 

to conduct the experiments. Then, drying curves and change in samples dimension as 

well as sample characterization under all drying conditions are presented. The theoretical 

description to calculate the effective diffusivity is discussed in chapter three. In chapter 

four, the effect of drying conditions such as substrate wettability and temperature, initial 

sample thickness, sample shape, as well as MWCNTs concentration on crack formation 

in samples is discussed in detailes. Finally, the conclusion of all results and the future 

work are presented in chapter five. 

 



12 

 

 

Chapter 2  

Drying Kinetics 
 

 

 

 

2.1 Introduction 

Drying of porous materials (or composite porous material) is an important subject 

both from engineering and fundamental point of views. One such system is foams 

stabilized by solid particles (i.e. Pickering foams). An understanding of drying process in 

Pickering foams will provide information on fabrication of solid porous materials (or 

composite solid porous material) using such foams as precursor. Several recent studies 

have been conducted on drying of Pickering foams. Lesov et al. studied the change in 

Pickering foams size during drying process. They clarified the mechanism of shrinkage 

of Pickering foams and he described the quantitatively the relation between the properties 

of foams suspension and the dry porous materials obtained from this suspensions [22]. In 

other work, Lesov et al. investigated the effect of foams porosity (air fraction) on the 

probability of cracking during drying processes [6]. Wong et al. investigate the effect of 

particles size, concentration, and wettability on the manufacture of Pickering foams. 

Where, macroporous materials with porosities between 33 and 95% and median pore 

sizes between 13 and 634 m were obtained [10]. Rezvantalab et. al. demonstrate the 

fabrication of composite solid porous materials based on foaming of aqueous desperation 

of suspension particles and Multi-walled Carbon Nanotubes with varies concentration. 

They study the mechanical, morphological, as well as thermal and electrical transport 
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properties of the fabric (i.e. PVDF/MWCNTs porous composite). They found that the 

concentration of Multi-walled Carbon Nanotubes results in changing in the 

characterization of the dry composite foams [71]. 

Here, we are investigating drying kinetics by focusing on parameters such as end of 

drying, drying rate, average moisture content, and effective moisture diffusivity. Also, the 

change in foams dimensions, density, and porosity during drying process is explained. 

In this work, natural convection was used to remove liquid via evaporation and 

drainage from wet Pickering foams. The drying process involves the application of heat 

to materials; the heat is transferred from the surroundings to the surface of the sample or 

it can transfer from substrate to the samples (e.g. heating from below). As a result of the 

applied heat, liquid leaves the sample to the surroundings via evaporation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fundamental Questions 

(1) What is the effect of substrate wettability and temperature on the drying 

kinetices? 

(2) What is the influence of sample shape and thickness as well as MWCNTs 

concentration on the drying kinetics? 

 (3) How is foam characterization change during drying under different drying 

conditions? 
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2.2 Materials and Methods 

 In this section, the materials used in this work are presented. Also, the method of 

preparing the Pickering foams (or composite Pickering foams) as well as the description 

of the experimental setup is explained with details. 

 

2.2.1 Materials 

We use commercially available poly(vinylidene fluoride) (PVDF) nanoparticles 

(Polysciences Inc.) with the primary particle size of D50 = 250 ± 30 nm and a contact 

angle of ~ 90°, density of 1.76 g/cm
3
 , and melting point of ~ 160 °C. The contact angle 

of the PVDF is close to the value that gives maximum detachment energy to the particles 

adsorbing at liquid/gas interfaces (i.e.   90), see equation (1. 1). Also, we used Multi-

walled Carbon Nanotubes (Sigma-Aldrich) as nanofillers. The average outer diameter of 

the MWCNTs is around 10 - 20 nm and length of 5-9 m.  

Ethanol was added to lower the surface tension and facilitate foaming and 

adsorption of particles at liquid/gas (bubble) interfaces. Previous studies have 

demonstrated that 9 v/v % aqueous ethanol solutions maybe used to produce stable PVDF 

foams, on the one hand and to reduce the three-phase contact angle of the solid particle to 

around 70°, on the other hand [10, 23]. 
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2.2.2 Methods 

Beforehand, mold and substrate were hand cleaned by using DI-water then 

ethanol after that compressed nitrogen was applied to dry them. Details of the foam 

production process is described elsewhere [71]. Briefly, aqueous foams are prepared 

through direct foaming of PVDF and liquid (Deionized water and ethanol) suspensions. 

A specified mass of PVDF (4 v/v %) is added to a test tube along with adequate amount 

of ethanol (9 v/v %) and DI water (Millipore) and the mixture is sonicated for one minute 

with a probe sonicator (Qsonica, Q500) to uniformly disperse the particles in the 

suspension. The test tube was then capped and vigorously hand shaken for five minutes to 

foam the suspension. The resulting aqueous foam was then scooped into molds and the 

top surface was shaved with a blade to ensure constant volume across all trials. 

In the case of composite foams (i.e. MWCNTs/PVDF), composite foams are 

prepared through direct foaming of PVDF and suspension of MWCNTs (Deionized 

water, MWCNTs and ethanol). A specified mass of MWCNTs with different 

concentrations (CMWCNTs = 0, 0.1, 0.3, and 0.5 v/v %) is added to a test tube along with DI 

water and the mixture is sonicated for two minutes with a probe sonicator to uniformly 

disperse the MWCNTs in the suspension. Then, a specific amount of ethanol (9 v/v %) is 

added to the suspension and the suspension is hand shaken for half minute. Next, a 

specified mass of PVDF (4 v/v %) is added to the suspension and the mixture is sonicated 

again for two minutes. The test tube was then capped and vigorously hand shaken for five 

minutes to foam the suspension. 
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Three molds with different shapes are used: 

(1) Circle. 

(2) Square. 

(3) Triangle (equilateral). 

In the case of circle shape, the molds are cut from poly(vinylchloride) (PVC) tubes, 

forming rings with two different inner diameter of 52 and 34varying thickness of 2.5, 

3.25, 5, 7.5, 10, and 12.5 mm. 

In the case of square shape, the molds are cut from plastic sheet (Acrylic) using laser 

cutter, forming molds with inner dimension length of 30.13 mm and thickness of 5 mm. 

In the case of triangle (equilateral) shape, the mold are cut also from plastic (Acrylic) 

sheet using laser cutter, forming molds with inner dimension of base of 45.79 mm, height 

of 39.66 mm, and thickness of 5 mm. 

Three substrates with different wettability are used: 

(1) Hydrophilic glass substrate with contact angle of θ  30; 

(2) Hydrophobic polydimethylsiloxane (PDMS) substrate with θ  95; 

(3) Superhydrophobic modified glass substrate with θ  160. 

The contact angles of all the substrates are measured using an in-house goniometer as 

shown in Figure 2. 1. 
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(a) 

 

(b) 

 

(c) 

Figure 2. 1 Contact angle () between droplet (DI-Water) and substrate at: (a) glass 

(hydrophilic with   30), (b) PDMS (hydrophobic with   95), and (c) modified glass 

(superhydrophobic with   160). 
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PDMS substrates (~ 2 mm thick) are prepared by thoroughly mixing a 10:1 ratio of 

silicone base (Sylgard 184, Dow Corning) to cross-linking agent and subsequent curing at 

60 C in an oven. Superhydrophobic substrates are prepared by spraying glass substrates 

with a thin non-stick coating agent (Rust-Oleum). We determined that the coated surface 

remains superhydrophobic for the duration of the experiments. To ensure use 

superhydrophobic substrate with high contact angle for each test, a new 

superhydrophobic substrate is used for each trial (i.e. used substrate is not reused for next 

trial)  

Immediately after scooping the foam into PVC molds, they are placed on one of 

the substrates and the combination is placed on a digital scale (Mettler Toledo, PB303-

SRS) that is confined in a transparent air-tight acrylic chamber with dimensions (depth = 

15 cm, width = 17 cm, and length = 18 cm). The scale is interfaced with a data logger 

(RS232, Eltima) to record sample mass over time. A digital thermometer and a digital 

hygrometer (Inkbird) are placed near the sample to continuously record the temperature 

and relative humidity of the chamber. 

We remove the PVC and plastic molds after short period to eliminate the effect of 

mold contact surface on sample shrinkage as well as crack formation. The following 

points shows the period for each case: 

1- One hour for samples dried at room temperature; 

2- Half hour for samples dried at heated substrate; 

3- Immediately for samples of different shapes and those with PVDF/MWCNTs 

(i.e. composite porous foams). 
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All trials are carried out at laboratory conditions (temperature, pressure, and relative 

humidity). 

To keep the relative humidity constant during drying, containers of silica gel are 

placed inside the chamber. To determine changes in dimension, top- and side-view 

images of samples are recorded at regular intervals using a digital camera (Infinity, 

Lumenera) as shown in Figure 2. 2. 

When samples are completely dried, an air convection oven (Tuttlingen/Germany) 

was used to sintering the dried samples. The samples were placed on an aluminum plate, 

and then they heated gradually. The initial temperature inside the oven was 65 C with 10 

C increments every 10 min, till 165 C. The samples were kept at this temperature 

(above polymers melting point) for 3 hours, after which consolidated porous structures 

were formed. To reuse the used silica gel with black color (i.e. fully wet silica) for next 

trial, they dried using the oven at temperature of T = 180 C for around t = 12 h. Later 

on, a dry silica gel with an orange color (i.e. fully dry silica) is ready to use for next 

trials. 
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Figure 2. 2 Experimental setup. 
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2.3 Aging of Pickering Foams 

 The change in sample mass and dimensions (i.e. shrinkage) as well as the effect of 

substrate temperature and wettability, sample thickness and shape, and the effect of 

MWCNTs concentration on the samples are presented and discussed with details in this 

section. 

 

2.3.1 Drying Curve 

The change in sample mass over time is shown in Figure 2. 3 (a) for an initial 

foam thickness of 5 mm and initial diameter of 52 mm as it dries out on three different 

substrates (  30, 95, and 160). As expected, the sample mass decreases as the liquid 

content leaves due to a combination of surface evaporation and gravity-induced drainage, 

eventually reaching a plateau which indicates the end of drying point (te) as highlighted 

in Figure 2. 3 (a), see appendix A to see the drying conditions over time. 

The end of drying point, defined as the point after which the change in sample 

mass is negligible, is plotted in Figure 2. 3 (b) for samples of various initial thickness 

undergoing drying on three different substrates, obviously thin samples dry faster as 

expected. Moreover, at a fixed initial thickness, the drying takes longer on 

superhydrophobic substrates. This is possible due to two factors: 

(1) As the substrate contact angle increases, drained liquid is forced to stay within 

the sample making the surface evaporation the only drying mechanism; 

 (2) Decreasing the wettability (i.e. increase the contact angle value) of the 

substrate results in crack-free dried samples. Formation of cracks on the other hand, 

maybe considered as added pathways for liquid evaporation, lack of which may 
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lengthening sample drying time. Crack formation is presented and discussed in chapter 

four. 

Using the presented data, MATLAB is used to find the relationship between the 

end of drying time and initial sample thickness (i.e. curve fitting) for un-cracked samples 

with initial thickness of Z = 2.5 – 12.5 and initial diameter of D0 = 52 mm as well as 

substrate with   160 (i.e. superhydrophobic substrate) as shown in equation (2. 1). The 

unit of the end of drying time (te) is hour and initial sample thickness (Z0) is mm. Clearly, 

the end of drying time is increased linearly as initial sample thickness increases. 

                (2. 1) 

 

By employing the following equation and by using the presented data in Figure 2. 3 (a), 

the drying rate (DR) for samples over time can be estimated [26, 28, 72], see Figure 2. 4. 

    
       

  
 

(2. 2) 

Where,    is the sample mass at any time (  ),      is the sample mass at      , and    is 

period of drying step. 

We can see from Figure 2. 4, during the drying process for foam samples, drying rate is 

not depended strongly on the drying conditions such substrate wettability. Also, drying 

rate under different drying conditions decreased continuously as drying time increases. 

We can report that falling rate period is the main stage in this system (i.e. Pickering 

foams), the constant rate period is absence during the drying process in this system which 

usual occurs at the beginning of drying in different system [57]. 

. 
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(a) 

 

(b) 

Figure 2. 3 (a) Mass change during drying for samples with initial thickness of Z0 = 5 

mm and initial diameter of D0 = 52 mm as well as substrates with   30, 95, and 160 
and (b) end of drying time for samples with initial thickness ranging between 2.5 and 

12.5 mm and initial diameter of D0 = 52 mm on three different types of substrates. 
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Figure 2. 4 Drying rate during drying for samples with initial thickness of  Z0 = 5 mm 

and initial diameter of D0 = 52 mm as well as  substrates with   30, 95, and 160. te is 

the end of drying time. 
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2.3.2 Dimensional Variation and Shrinkage  

As samples undergo drying and lose their moisture content, their dimension 

changes resulting in shrinkage in all directions (i.e. radial and vertical) as demonstrated in 

Figure 2. 5. Drying-induced shrinkage is caused by capillary-induced stresses and is a 

well-known phenomenon in drying of wet porous materials and thin coating of nano-

particle suspensions [73, 74]. We notice that diameter reduction (i.e. shrinkage) is larger 

for the sample on the superhydrophobic substrate. This is because of the low adhesion 

between the sample and the substrate as opposed to the hydrophilic and partially 

hydrophobic substrates. 

Assuming constant final volume for the samples, larger reduction in radial 

direction may translate into smaller reduction in sample thickness, see Figure 2. 5 (b), 

samples located on superhydrophobic substrate. This however seems not to be the case 

for the other two substrates which may be an indication of change in local sample 

porosity during aging. Shrinkage in diameter or thickness for all un-cracked samples 

follows two distinct slopes before reaching a constant plateau. However, two-linear 

slopes trend are less pronounced for the shrinkage in sample thickness. 

Obviously, as initial sample thickness increase, the change in sample dimensions 

is closer as shown in this figure. This is due to the free crack in foams samples. In other 

words, the difference in the change in sample dimension is dependent strongly on the 

probability of crack formation during drying process. 
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(a) 

 

  

(b) 

 

Figure 2. 5 Change in diameter and thickness during drying for samples with initial 

thickness of (a) Z0 = 5 mm and (b) Z0 = 12.5 mm, and initial diameter of D0 = 52 mm as 

well as  substrates with   30, 95, and 160. te is the end of drying time. 
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Figure 2. 6 shows the change in samples volume versus drying time, where V0 is the 

initial foam volume and te is the end of drying time. 

The behavior of sample in first step is discussed earlier in this section. In the next 

section, the increased in sample volume (i.e. swilling) over time is discussed in details. In 

the last step, the drying is stopped (i.e. fully dry sample) so there is no change in sample 

dimensions. 

 

Using the data in Figure 2. 5, we have calculated radial shrinkage ratio as 

demonstrated in Figure 2. 7 (a) [22] as: 

 
       (  

 

  
) 

(2. 3) 

 

Figure 2. 6 Change in volume during drying for un-cracked samples with initial 

thickness ranging between 2.5 and 12.5 mm on substrate with   160. The curves 

in the box show the expansion in foams volume through the end of drying. V0 and 

te is the initial foam volume and the end of drying time, respectively. 
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where,    is the shrinkage ratio in radial direction,   is sample diameter at any time, and 

   is the initial sample diameter. Also, the vertical shrinkage ratio using the following 

equation is demonstrated in Figure 2. 7 (b). 

 
       (  

 

  
) 

(2. 4) 

where,    is the shrinkage ratio in vertical direction,   is sample thickness at any time, 

and    is the initial sample thickness. 

The degree of sample shrinkage in both directions depended on the substrate type 

and initial sample thickness. Where for samples with initial thickness of Z0 = 5 mm and 

initial iameter of D0 = 52 mm on substrate with   160 as well as Z0 = 12.5 mm and 

initial iameter of D0 = 52 mm on substrate with   30 - 160, the vertical and horizontal 

shrinkage trend two slopes, the second slope is higher than the first slope. On the 

contrary, for sample with initial thickness of Z0 = 5 mm and initial iameter of D0 = 52 

mm on substrate with   95 and 30, the vertical and horizontal shrinkage trend one 

slope. The reason is the crack free in samples with Z0 = 5 mm and initial iameter of D0 = 

52 mm on substrate with   160 and Z0 = 12.5 mm and initial iameter of D0 = 52 mm on 

substrate with   30 - 160. During the second slope, the capillary pressure is higher 

than for the first period, more details about the crack and capillary pressure is discussed 

in chapter four. 

For all un-cracked samples, the shrinkage ratio in vertical and horizontal direction 

are seem equivalent. While for cracked samples, the shrinkage in vertical direction is 

higher than the shrinkage in vertical direction due to the crack formation. More details 

about the crack formation is discuused with detail in chapter four. 
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(a) 

 

(b) 

Figure 2. 7 Shrinkage ratio in diameter and thickness during drying for samples with 

initial thickness of (a) Z0 = 5 mm and (b) Z0 = 12.5 mm and initial diameter of D0 = 

52 mm as well as substrates with   30, 95, and 160. 
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To investigate the sample expansion during drying, we have measured the sample 

temperature and we plotted diameter, mass, and temperature over time for initial sample 

thickness (Z0 = 5 mm) and initial iameter (D0 = 52 mm) as well as superhydrophobic 

substrate (  160) as shown in Figure 2. 8. We note from this figure that the sample 

size (i.e. diameter) follow the change in mass and temperature of the sample. By focusing 

on the end of drying (see Figure 2. 8), we observe that as sample temperature increase, 

there seems to be an expansion in sample diameter. 

The temperature of the ambient is around 24 C (i.e. dry bulb temperature), while the 

sample temperature is around 20 C (i.e. wet bulb temperature) Other researchers have 

observed similar 

behavior in temperature 

although for different 

system [57]. We would 

like to point out that this 

behavior has not been 

observed or reported in 

other studies and we 

believe this is the first 

time that such expansion 

is reported. This behavior 

however requires further 

investigation. 

 

 

Figure 2. 8 Change in sample size, temperature, and mass 

during drying for sample with initial thickness of Z0 = 5 mm 

and initial diameter of D0 = 52 mm as well as substrate with 

  160. Sample diameter shows a slight expansion teward 

the end of drying. 
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2.3.3 Substrate Temperature 

The effect of substrate temperature on the samples drying curves is discussed in 

this section. As substrate temperature increased, the drying time decreased exponentially 

in all cases due to increase in the evaporation rate as shown in Figure 2. 9. For samples 

dried on superhydrophobic substrate, the end of drying time is around 21 h at laboratory 

conditions, while it is around 1.5 h for substrate at 60 C, 90 % reduction. Also, one can 

note from this figure that the end of drying of samples located on the superhydrophobic 

substrate is more than the sample located on hydrophobic and hydrophilic substrates due 

to the crack free of these samples (more detail is presented and discussed in chapter four). 

The result presented in Figure 2. 9 (b) are fitted to find the relationship between 

the end of drying and substrate temperature for un-cracked samples as shown in equation 

(2. 5). The unit of the end of drying time (te) is h and substrate temperature (T) is C. 

 

         (      )       (     ) (2. 5) 

 

We can assume a linear decreases in mass over time, for samples located over 

superhydrophobic substrate, the drying rate increased from around (-0.19 g/h) for 

substrate tuned at laboratory temperature (T = 24 C) to around (-2.07 g/h) for substrate 

tuned at higher temperature (T = 60). Clearly, the substrate temperature played a positive 

rule to increase the drying rate during drying. 

 



32 

 

 

 

 

 

(a) 

 

(b) 

Figure 2. 9 (a) Mass change during drying for sample with initial thickness of Z0 = 5 mm 

and initial diameter of D0 = 52 mm as well as substrates with   160 and (b) end of 

drying time for samples with initial thickness  Z0 = 5 mm and initial diameter of D0 = 52 

mm, substrate temperature of T = 24 - 60 C, as well as substrates with   30, 95, and 

160 . 
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2.3.4 Sample Shape 

The effect of sample shape on the drying curves is showed and discussed in this 

section. Three shapes with equal surface area are selected here in this work (circle, 

square, and triangle). The initial dimension of samples are: circle with diameter of D0 = 

34 mm, square with length of L0 = 30.13 mm, and triangle with base of B0 = 45.79 mm 

and height of H0 = 39.66 mm. As shown in Figure 2. 10, for samples with different 

shapes and initial thickness of Z0 = 5 mm on superhydrophobic substrate, the sample 

shape has no strong effect on the drying curve. 

The end of drying time for all shapes is ranged between 13 and 17 h due to the 

equal surface area of all samples. The end of drying time is estimated for all samples 

under different drying conditions as shown in Figure 2. 10 (b). All samples dried at 

laboratory conditions (T = 22 C and  = 25 ± 5 %). In conclusion, for samples with 

same surface area, the drying curves is not depend strongly on the samples shape. 

By using equation (2. 2) and by using the presented data in Figure 2. 10 (a), the drying 

rate (DR) for samples with different shapes over time can be estimated as shown in 

Figure 2. 11. Obeviosly, during the drying period time, there are only one drying period 

(i.e. falling rate period), same behavior is reported in the case of samples dried at 

different substrate, see Figure 2. 4. For samples with different shapes and same surface 

area, the drying rate is seems similar during drying process. If we assumed linear 

decreases in sample mass during drying process, the drying rate (DR) for samples located 

over superhydrophobic substrate with different shapes is around (-0.12 g/h). 
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(a) 

 

(b) 

Figure 2. 10 (a) Mass change during drying for sample with three different shapes of 

samples and initial thickness of Z0 = 5 mm and substrate with   160 and (b) end of 

drying time for samples with three different shapes and initial thickness of Z0 = 5 mm on 

three different types of substrate. The surface area of all samples is equal. The initial 

dimension of samples are: circle with diameter of D0 = 34 mm, square with length of L0 

= 30.13 mm, and triangle with base of B0 = 45.79 mm and height of H0 = 39.66 mm. 
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Figure 2. 11 Drying rate during drying for samples with three different shapes and initial 

thickness of  Z0 = 5 mm as well as substrates with   160. te is the end of drying time. 
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2.3.5 Composite PVDF/MWCNTs Foam 

The effect of MWCNTs concentration (CMWCNTs) loaded in foams on the drying 

curves is discussed in this section. For a fixed PVDF volume fraction, we note the drying 

time needed to remove the liquid from the sample (i.e. end of drying time) increases 

linearly as the concentration of MWCNTs increases for all cases (i.e. three different 

substrates). The reasons for this increase maybe due to the change in sample morphology 

(i.e bubble size) as well as the increases in the initial mass of the sample as shown in 

Figure 2. 12(a), more details about the sample morphology is shown and discussed in 

next section. For samples dried on superhydrophobic substrate, the end of drying time is 

increased from 16 h for sample with 0 % v/v concentration to 30 h for sample with 0.5 % 

v/v concentration, which show a two-fold increase. In this section, all samples are dried at 

laboratory conditions, T = 22 ± 1 C and  = 25 ± 5 %. 

By employing equation (2. 2) and by using the presented data in Figure 2. 12 (a), the 

drying rate (DR) for samples over time can be estimated, see Figure 2. 13. 

We can see from this figure , in the case of CMWCNTs = 0.1 and 0.3 v/v % and during the 

drying period time, there are two drying period. In the first period, drying rate is 

increased. While, drying rate is decreased in the second period (i.e. falling rate period). 

In the case of CMWCNTs = 0 and 5 v/v %, during the drying period time, there are just one 

drying period (i.e. falling rate period), same behavior is reported in the case of samples 

dried at different substrate, see Figure 2. 4. 

We can report, for composite PVDF/MWCNTs foams, there is no constatnt rate period 

which usual appear in another sustem [57]. 
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(a) 

 

(b) 

Figure 2. 12 (a) Mass change during drying for sample with initial thickness of Z0 = 5 

mm and initial diameter of D0 = 52 mm as well as substrate with   160 and (b) end of 

drying time for samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 

52 mm, multi walled carbon nanotubes concentration of CMWCNTs = 0 - 0.5 % v/v, and 

substrates with   30, 95, and 160. All samples dried at laboratory conditions. 
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Figure 2. 13 Drying rate during drying for samples with initial thickness of  Z0 = 5 mm 

and initial diameter of D0 = 52 mm, multi-walled carbon nanotubes concentration of 

CMWCNTs = 0 - 0.5 % v/v as well as  substrates with   160. All samples dried at 

laboratory conditions. te is the end of drying. 
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2.4 Characterization of Pickering Foams  

In this section, the change in foams characterization such as volume reduction, 

porosity, and density (bulk density and relative density) during drying is studied in 

details. The effect of the drying conditions (initial sample thickness as well as substarte 

wettability and temperature) on foams characterization is investigated. 

As mentioned before, the composition of Pickering foams can be divided into 

three phases: 

(1) Solid (PVDF or PVDF/MWCNTs); 

(2) Liquid (DI-water and ethanol); 

(3) Gas (occurs during foaming process). 

Solid mass (or volume) stays constant during drying process, while liquid and air mass 

(or volume) are continue to change. For the liquid phase, the whole liquid inside sample 

is vanished due to drainage and evaporation. On the contrary, the air volume is increased 

due to the the fact that the evaporated liquid is replaced partially by air, if we assume 

there is change in sample size (i.e. shrinkage). 

 

2.4.1 Volume reduction 

The volume of foam changes during drying due to shrinkage induced by capillary 

stresses. The ratio of volume change is depends on the volume of liquid that leaves the 

sample by evaporation and drainage. In this study, the entire liquid is totally evaporated 

and drainaged. If the volume of evaporated and draianged liquid are replaced by air, 

collapse or shrinkage does not occur during drying and the size of foam remains constant. 
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However, if the volume of the evaporated and drainaged liquid are partially replaced 

partially by the air, the foam under go shrinkage (i.e. shrink).  

To show the change in sample characterization during drying process, the sample 

dimensions are collected in real time using a digital camera. Utilizing the collected data 

(e.g. diameter and thickness), sample volume is calculated, assuming a cylindrical shapes. 

Figure 2. 14 shows the change in foam volume for un-cracked sample under 

different drying conditions, the foams dimension change (i.e. shrink) over time. We can 

see the foam volume reduces over drying time. The decrease in foam volume is not 

depends on the drying condition (i.e. initial sample thickness as well as substrate 

temperature and wettability), see Figure 2. 14 (a) and Figure 2. 14 (b). The final volume 

(Ve) of all un-cracked samples is around 0.37 of the initial sample volume (V0). 

Generally, for Pickering foams system, the reduction in foams volume toward the 

end of drying is linear with two slopes. The second slope is higher than the first slope due 

to the increases in capillary pressure over time. More details about the evoluation of 

capillary pressure in Pickering foams during drying process is discussed in chapter four. 
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(a) 

 

(b) 

Figure 2. 14 Volume change during drying for (a) samples with initial thickness of Z0 = 

12.5 mm initial diameter of D0 = 52 mm and substrates with   160, 95,and 30 and 

(b) samples with initial thickness of Z0 = 5 mm and substrates with   160 and 

temperature of T = 24 to 60 C. V0 and te is the initial sample volume and the end of 

drying time, respectively. 
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2.4.2 Porosity 

Porosity (or void fraction) has important effect on mass and heat transfer during 

drying. In addition, it has a significant affect on the mechanical properties and quality of 

solid foam products. Porosity ( ) is the ratio of gas (or air) volume (  ) inside the sample 

to the whole sample volume ( ). By studying the change in porosity over time, we may 

inter some information about the moisture migration behavior duting drying. 

Scanning electron micrograph (SEM) images are taken to examine the 

microstructure for the sintered un-cracked solid foams as shown in Figure 2. 15. These 

images showe the morphology of the dried foams (distribution of pores or bubbles) and 

the high porosity of the solid samples. 

Sample porosity during drying is calculated using the following equation [75, 76]: 

 

 
  

  
 

 
(2. 6) 

 

The sample volume over time (V) is measured experimentally, see Figure 2. 14. 

We use equation (2. 7) to calculate the air volume over time: 

 

      (     ) (2. 7) 

 

here    is the volume of solid matrix (or solid particles used to prepare sample). We 

calculate    from the mass of fully dried foam sample (with neglecting the mass of air). 
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Figure 2. 15 Scanning electron micrograph (SEM) images of the sintered un-cracked 

solid foams produced after drying the aqueous foams precursor for 24 h and then sintered 

at 165 C. 

 



44 

 

 

To calculate the volume of solid matrix inside the sample, we use: 

 

          (2. 8) 

 

where    is the mass of the sample at the end of drying (i.e. fully dried) and    is the 

density of solid material (e.g. PVDF particles, 1.76 g/cm
3
). 

Furthermore,    is the volume of liquid (DI-Water and ethanol) used to prepare aqueos 

foams. By measuring total sample mass over time, the liquid volume is calculated as: 

 

          (2. 9) 

 

here    is the mass and    is the density of the liquid (DI-water and ethanol). Note that 

the liquid mass over time is: 

 

         (2. 10) 

 

As mentioned before,   is the sample mass in real time which measured experimentally. 

The sample porosity is increased over time due to the evaporation and drainage of 

liquid as shown in Figure 2. 16. For example, the porosity of sample located over 

superhydrophobic substrate is changed from 43 % at the begging (i.e. wet sample) to 79 

% at the end (i.e. dry sample). For all un-cracked samples, the final porosity for dry 
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sample is around two times the initial porosity under different drying conditions, see 

Figure 2. 16.(a) and Figure 2. 16. (b). 

Generally, for all uncracked samples, the sample porosity depends on two parameters; 

(1) The amount of air that is replaced by the liquid inside the sample (induced due 

to the liquid evaporation). 

(2) Ratio of sample shrinkage during drying induced by capillary stresses. 

There are four periods marked on Figure 2. 16 (a). In the first period shows linear 

increase in sample porosity that means the change in air volume inside the sample is 

equivalent to the change in sample size (i.e. shrinkage). In the second period, the sample 

porosity stays constant due to the domination of sample shrinkage (i.e. change in sample 

size in this period is greater than the change in air volume). In the third period, the 

porosity is increased sharply due to the expansion phenomenon that occurs in this period 

(i.e. the sample is swelling during this period). Lastly, the porosity stays constant due to 

the end of drying (i.e. fully dry sample during this period). 

Generally, the change in sample porosity over time is not depends on the drying 

conditions (i.e. initial sample thickness as well as substrate wettability and temperature) 

as shown in Figure 2. 16 (a) and Figure 2. 16 (b). The results presented in these figures 

show the high porosity of the dry foams that fabricated using foaming method. For all un-

cracked samples, the final porosity is around 0.83, which show a two-fold increase. 
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(a) 

 

(b) 

Figure 2. 16 Porosity change during drying for (a) samples with initial thickness of Z0 = 

12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   160, 95, and 

30 and (b) samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 

mm as well as substrates with   160 and temperature of T = 24 to 60 C. te is the end 

of drying time. 
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2.4.3 Density 

In this section, both bulk density and relative density are defined and studied in 

details. The bulk density (  ) or apparent density is defined as the ratio of sample mass 

to the sample volume and it can calculate as: 

 

    
 

 
 

(2. 11) 

where; 

            (2. 12) 

            (2. 13) 

 

The air mass can be neglectedin compared to the solid and liquid fractions 

(    ). The bulk density is then: 

 

 
   

     

        
 

(2. 14) 

 

The relative density (  ) is the ratio of the foam density/bulk density (  ) to that 

of the solid matrix (  ), it is calculated as [71]: 

 

    
  

  
 

(2. 15) 
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This parameter provides information about the air content of porous structures. 

The bulk density and relative density for sample located over superhydrophobic 

substrate are changed from 1.47 g/cm
3
 and 0.82 for wet Pickering foams to 0.1 g/cm

3
 and 

0.07 , respectively for fully dry Pickering foams as shown in Figure 2. 17 (a). Moreover, 

for the un-cracked sample, the final bulk density and relative density are around 0.1 g/cm
3 

and 0.07, respectively as shown in Figure 2. 17 and Figure 2. 18.  

We can report from these figures that neither the sample size (i.e. sample 

thickness) nor the substrate temperature and wettability influance the final density (i.e. 

bulk density and relative density) of dry Pickering foams samples. 
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(a) 

 

(b) 

Figure 2. 17 Bulk density change during drying for (a) samples with initial thickness of 

Z0 = 12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   160, 

95, and 30 and (b) samples with initial thickness of Z0 = 5 mm and initial diameter of 

D0 = 52 mm as well as substrates with   160 and temperature of T = 24 to 60 C. te is 

the end of drying time. 
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(a) 

 

(b) 

Figure 2. 18 Relative density change during drying for (a) samples with initial thickness 

of Z0 = 12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   160, 

95, and 30 and (b) samples with initial thickness of Z0 = 5 mm and initial diameter of 

D0 = 52 mm as well as substrates with   160 and temperature of T = 24 to 60 C. te is 

the end of drying time. 
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2.5 Piezoelectric Coefficient 

 One of the most important properties of the Poly(vinylidene fluoride) porous 

material is the piezoelectric properties [77-79]. Poly(vinylidene fluoride) (PVDF) is a 

type of polymer that has wide applications in biomedical, chemical, electronic industries 

due to the great properties of this polymer. PVDF has low density, high elasticity, fine 

thermal stability and chemical resistance, on one hand as well as it is commercially 

available with low cost. Furthermore, It is semi crystalline thermoplastic and 

electroactive polymer and exists in the five different phases (, , , , , and β) [80]. 

PVDF in β phase has fined piezoelectric and dielectric constant due to its 

biocompatibility and high flexibility makes it an interesting material [77-79]. 

Based on these properties, PVDF has more technical important; used as smart 

materials (i.e. convert the mechanical energy to mechanical energy and vice versa) such 

as actuator, transducers and sensors [79, 81, 82]. There are many methods used to form 

PVDF in β phase, one method is formed by adding nanofillers such as multi-walled 

carbon nanotubes (MWCNTs) and the other method is by mechanical stretching [80, 83, 

84]. 

In this section, the piezoelectric coefficients of the sintered un-cracked samples 

are measured and discussed. 

The sintered un-cracked samples with different thickness are tested in this work. 

A layer of 0.025 mm thick stainless steel foil tape was applied to each side to prevent 

short circuits through the sample. A high electrical poling field is applied to the samples 

by using a high voltage generator. The value of the voltage depends on the sample 

thickness. The voltage is varied between 11 kV for the thinner sample to 18.5 kV for the 
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thicker sample. Samples are polled under the following conditions: substrate temperature 

of (Tsb = 80 C), Frequency of (Freq = 110 Hz), dynamic force of (Fdy = 0.25 N), and 

pooling time of (tp = 30 min). 

Figure 2. 19 shows the Piezoelectric coefficients of samples before and after 

poling, longitudinal piezoelectric coefficient (d33) and transverse piezoelectric coefficient 

(d31). The piezoelectric coefficient of theun-poled sampes are seem similar. While, the 

piezoelectric coefficient of the poled samples can be significantly higher than of the un-

poled samples. Also, we can see the the piezoelectric coefficient is dependent on the 

pooling voltage. 

For the longitudinal piezoelectric coefficient (d33), the increase in the 

piezoelectric coefficient for lower pooling voltage is higher than the higher pooling 

voltage. While, for the transverse piezoelectric coefficient (d31), the increase in the 

piezoelectric coefficient for higher pooling voltage is higher than the lower pooling 

voltage. The difference in the piezoelectric coefficients may due to the difference in the 

voltage applied that used to pole the samples. Lastly, for all samples, the piezoelectric 

coefficients for poled samples are increased if we compare with unpoled samples. 
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(a) 

 

(b) 

Figure 2. 19 Piezoelectric coefficients before and after poling for sintered un-cracked 

samples with thickness of Z = 1.5 - 3 mm (a) longitudinal piezoelectric coefficient (d33) 

and (b) transverse piezoelectric coefficient (d31). Poling voltage (11 kV for sample 

thickness of Z = 1.5 mm, 13 kV for sample thickness of Z = 2.5 mm, 14.5 kV for sample 

thickness of Z = 3 mm). 
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2.6 Summary 

In summary, drying curves and change in dimensions of Pickering foams (or 

composite foams) under different drying conditions are measured in this chapter. For all 

cases, drying curves were performed in the falling rate period. The end of drying time is 

found for all samples, where thicker samples as well as composite foams take longer time 

to dry. On the contrary, by increasing the substrate temperature, the end of drying time is 

decreased exponentially. Also, the wettability of substrate has not a strong effect on the 

end of drying time. For all samples (Z0 = 2.5 – 12.5 mm) located on superhydrophobic 

substrate, the change in sample dimension (i.e. diameter and thickness) are seem  to 

happen in a similar rate. While, in the case of samples located on PDMS and glass 

substrates, the change in sample thickness is dominated. As the initial sample thickness 

increases it seems that change in sample dimensions have similar trends. We reported that 

the characterization of dry samples (e.g. density and porosity) do not depend on the initial 

sample size and drying conditions. We calculated the change in volume, porosity, as well 

as density (i.e. relative density and bulk density) of samples during aging based on 

different drying conditions. We find that sample volume and density decrease over time, 

while porosity increase during drying. Finally, the piezoelectric coefficient of all sintered 

un-cracked samples are increased after poling. 
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Chapter 3  

Effective Moisture Diffusivity 
 

 

 

 

3.1 Introduction 

To describe the drying process, we calculate the effective moisture diffusivity 

(Deff) based on the collected drying data. For this, we use the method of the slope that is 

derived based on the solution to the Fick’s second law of diffusion. 

The assumption can be made that mass transfer resistance at the edges of the disk 

is negligible and that moisture transfer is one dimensional in the Z-direction, see Figure 

3. 1. 

 

Figure 3. 1 Sample shape (not drawn to scale). 

We use the data that we have collected beyond the first hour mark (when the mold is 

removed) and thus assume that the moisture transfer is one-dimensional across the 

sample thickness (Z-direction). The unsteady state Fick’s second law in cylindrical 

coordinates is [34]: 

    

  
      

    

   
 

(3. 1) 
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Where    is the moisture concentration (kg/m
3
),    is the mass (kg) of liquid used to 

prepare the sample over the sample volume (m
3
), t is time (h), Deff is the effective 

diffusivity (m
2
/h), a function of moisture concentration, and Z is the coordinate along the 

sample thickness. 

We can multiply both sides of equation (3. 1) by (1/Cs), where Cs is the solid 

concentration (kg/m
3
): 

  (
  

  
)

  
      

    

  

   
 

(3. 2) 

substituting: 

 
  

  

  
 (3. 3) 

equation (3. 1) becomes: 

   

  
      

   

   
 

(3. 4) 

where X is the average moisture content (g liq./g dry solid). The average moisture content 

is related to the measured sample mass during drying and can be calculated as 

   
  

  
 

 

  
    (3. 5) 

where    is liquid mass,    is solid mass, and   is the sample mass at any given time. 

As mentioned before, two approaches were taken to estimate the Deff of Pickering 

foams. In the first approach, the influence of sample shrinkage is neglected, while it is 

included in the second one. In the next sections both approaches are presented in details. 
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3.2 Neglecteing Shrinkage  

In this section, the effect of sample shrinkage on the effective diffusivity 

calculation is neglected. The details of mathematical simplification of the governing 

equation and the approach used to estimate the effective moisture diffusivity is presented 

in the next steps. 

 

3.2.1 Mathematical Simplification 

Applying the initial and boundary conditions, equations (3. 6) – (3. 8), the 

solution to equation (3. 4), assuming constant Deff and ignoring sample shrinkage, is 

given by equation (3. 9) [34] (see Figure 3. 1, initial thickness is Z0) 

 

                                       (3. 6) 

Fundamental Questions 

(1) What is the effect of substrate wettability and temperature on the effective 

moisture diffusivity during drying process? 

(2) What is the effect of initial sample thickness and shape on the effective 

diffusivity? 

(3) Do MWCNTs concentration in composite foams (i.e. PVDF/MWCNTs) affect 

the diffusivity over time. 
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    (3. 7) 

                                            (3. 8) 

 
  

 

  
∑

 

(    ) 
     

(    )        

   
  

 

   

 (3. 9) 

where,   

 
  

    

     
 (3. 10) 

 

here, W is the fractional average moisture content or dimensionless moisture content, X is 

the average moisture content at any time, see equation (3. 5), Xe is the final average 

moisture content and Xo is the initial average moisture content, both described as: 

 

    
    

  
 

  

  
   (3. 11) 

    
    

  
 

  

  
   

(3. 12) 

 

In equation (3. 11)      is the final mass of liquid and    is the mass of solid used to 

prepare the sample (this quantity stays constant during aging). In equation (3. 12)      is 

the initial mass of liquid, the liquid used to prepare the sample. 
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In this work,     ,    is equal to    (we assumed that all liquid is evaporated during 

drying process) for dry sample, and      . 

For long drying times, equation (3. 9) can be simplified by taking n = 0 to give: 

   
 

       
       

   
    (3. 13) 

 

Taking the logarithm and subsequently the time derivative on both sides of equation (3. 

13), we arrive at: 

 

      

  
  

      

   
    (3. 14) 

By plotting      versus time, we then calculate the effective diffusivity, Deff, as: 

 

 

3.2.2 Moisture Transport 

For un-cracked samples dried under different drying conditions (substrate 

wettability, initial sample thiacknes, and substrate temperature), the change in the average 

moisture content, equation.(3. 5), and fractional average moisture content, equation (3. 

10), are plotted over time in Figure 3. 2 and Figure 3. 3. For all investigated drying, 

fractional moisture content is normalized by the change in the sample moisture content 

and varies between one and zero (for fully dried sample with no bound water). 

       (
   

 

  )  (             )  (3. 15) 
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(a) 

 

(b) 

Figure 3. 2 (a) Average moisture content and (b) fractional average moisture content for 

samples with initial thickness of Z0 = 12.5 mm and initial diameter of D0 = 52 mm as well 

as substrates with   30, 95, and 160. 
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(a) 

 

(b) 

Figure 3. 3 (a) Average moisture content and (b) fractional average moisture content for 

samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as  

substrate with   160 and temperature of T = 24 to 60 C. 
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3.2.3 Effective Moisture Diffusivity 

We employ method of slope to calculate the effective moisture diffusivities of the 

drying samples. As expected, we note that the effective moisture diffusivity vary with the 

average moisture content of the samples as shown in Figure 3. 4. 

The effective moisture diffusivity increases with a decrease in average moisture 

content for all the experimental cases. This maybe due to changes in the sample 

morphology and structure during drying. For instance, the sample permeability at the 

beginning is close to zero but increases with time as the excess liquid leaves the sample. 

The increase in permeability may cause to increase in the effective moisture diffusivity 

during aging. Previous studies with different systems (e.g. some type of food) focused on 

the effective moisture diffusivity behavior during drying also found similar behaviors of 

results [30, 85-88]. 

As substrate temperature increased, the drying time decreased exponentially due 

to higher evaporation rate. As shown in Figure 3. 4 (b), the substrate temperature playes a 

role to increase the values of effective moisture diffusivity (or modified effective 

moisture diffusivity) due to the increase in evaporation rate during drying process. See 

appendix B for diffusivity curves. 
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(a) 

 

(b) 

Figure 3. 4 Effective moisture diffusivity for (a) samples with initial thickness of Z0 = 

5.0 to 12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   30, 95, 

and 160 and (b) samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 

52 mm as well as substrates with   160 and temperature of T = 24 to 60 C. The first 

number in the parenthesis is initial sample thickness in mm and the second number is 

substrate contact angle in degree. 
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3.3 Including Shrinkage  

 In this section, consider the effect of samples shrinkage on the effective moisture 

diffusivity during drying processe. In this approach we include the sample volume in real 

time when estimate effective moisture diffusivity of Pickering foams. The new effective 

moisture diffusivity is called modified effective moisture diffusivity. We compare between 

the values of effective moisture diffusivity (i.e. shrinkage neglected) and modified 

effective moisture diffusivity (i.e. shrinkage included) in the next section. 

 

3.3.1 Mathematical Simplification 

To include the effect of sample shrinkage during drying on effective moisture 

diffusivity, both sides of equation (3. 4) are multiplied by the density of the dry solid (  ) 

[40-46]: 

 

  (   )

  
         (   ) 

(3. 16) 

 

where Deff,m is the modified effective moisture diffusivity. For constant mass of dry solid, 

   is replaced by: 

 

    
   

 
 

(3. 17) 
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so equation (3. 16) becomes 

  (     ) 

  
         ((     ) ) 

(3. 18) 

 

In this equation,     is the mass of solid material used to prepare the sample and it is 

constant during the drying process. Eliminate     from both sides of equation (3. 18): 

 

  (   )

  
         (   ) 

(3. 19) 

 

We show that the change in sample volume ( ) is linear over time, see Figure 3. 5, so we 

can assume: 

 

       (3. 20) 

 

so equation (3. 19) becomes: 

 

 

We defined the following parameters: 

   

  
       (   ) 

(3. 21) 
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 (3. 22) 

 
   

  

  
 (3. 23) 

 

here, Y is the modified average moisture content (g liquid / g dry solid .m
3
) at any time, 

Ye is the final average modified moisture content (in this study Ye = 0), Y0 is the initial 

modified moisture content, V is the volume of the sample (m
3
) at any time, and Ve and V0 

are the final and initial sample volume respectively.  

Solve this along with the modified initial and boundary conditions, equations (3. 24) - (3. 

26), we get equation (3. 27): 

 

                                           (3. 24) 

 
                                             

  

  
   

(3. 25) 

                                                   (3. 26) 
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(    ) 
     

(    )          

   
  

 

   

 (3. 27) 

where;   

 
  

    

     
 (3. 28) 
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here, M is the modified fractional average moisture content or dimensionless modified 

average moisture content that varies as 0 ≤ M ≤ 1. 

To simplify equation (3. 28), for long drying times we can set n = 0 and get: 

 

   
 

       
         

   
    (3. 29) 

 

By taking the logarithm for the both sides of equation (3. 29), arrive at equation (3. 30) 

 
        

 

  
 

         

   
  (3. 30) 

 

By taking the time derivative of both sides of equation (3. 30), one finally obtains to 

equation (3. 31) 

 

      

  
  

        

   
   (3. 31) 

 

Once again, by plotting      versus drying time and by using the method of slope 

       is calculated as 

 

         (
   

 

  )  (             )  (3. 32) 
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3.3.2 Modified Moisture Transport 

Figure 3. 5 shows the relation between the foam volume and average moisture 

content during drying process. As mentioned in chapter two, there are two linear slopes, 

during the falling rate period, the second linear slope is higher than the first linear slope 

due to the increase in the capillary stress. This figure shows the validity of the assumption 

between the foam volume and average moisture content, see equation (3. 20). 

By using equation (3. 20) and equation (3. 28), the modified average moisture 

content and modified fractional average moisture content values are calculated and 

plotted against the drying time as shown in Figure 3. 6 and Figure 3. 7. 

We can see from these figures that both the modified average moisture content 

and modified fractional average moisture content are decreased linearly under all drying 

conditions (i.e initial sample thickness, substrate wettability, and substrate temperature).. 
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(a) 

 

(b) 

Figure 3. 5 Volume change versus average moisture content during drying for (a) 

samples with initial thickness of Z0 = 12.5 mm and initial diameter of D0 = 52 mm as well 

as substrates with   160, 95, and 30 and (b) samples with initial thickness of Z0 = 5 

mm and initial diameter of D0 = 52 mm as well as substrates with   160 and 

temperature of T = 24 to 60 C. 
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(a) 

 

(b) 

Figure 3. 6 (a) Modified average moisture content and (b) modified fractional average 

moisture content for samples with initial thickness of Z0 = 12.5 mm and initial diameter 

of D0 = 52 mm as well as substrates with   30, 95, and 160. 
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(a) 

 

(b) 

Figure 3. 7 (a) Modified average moisture content and (b) modified fractional average 

moisture content for samples with initial thickness of Z0 = 5 mm and initial diameter of 

D0 = 52 mm as well as substrates with   160 and temperature of T = 24 - 60 C. 
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3.3.3 Modified Effective Moisture Diffusivity 

As illuminated in Figure 3. 8, for samples with initial sample thickness of Z0 = 5 -

12.5, substrate wettability of   30 to 160 , and substarte temperature of T = 24 – 60 

C, the modified effective moisture diffusivity increases with a decrease in the  average 

moisture content. The change in mofified effective diffusivity is seems similar to the 

change in effective moisture diffusivity during drying process. In the next section. We 

calculate the difference between these values over time so we can study the effect of 

including on neglecting the foam shrinkage on the effective diffusivity during the drying 

process. See appendix B for diffusivity curves. 

3.4 Effective Moisture Diffusivity Behavior 

In this section, the effect of sample shrinkage, initial sample thickness as well as 

substrate wettability and temperature on the effective moisture diffusivity over time are 

presented in details. Also, the non-dimensional parameters are found and plotted for 

different cases of drying. 

 

3.4.1 Shrinkage Influence 

To study the effect of sample shrinkage on the effective moisture diffusivity 

during drying, the difference between the effective moisture diffusivity (Deff) and 

modified effective moisture diffusivity (Deff,m) is calculated as shown in Figure 3. 9. At 

the first period of drying, the difference between Deff and Deff,m is negligible, but increases 

at the second period. The reason for this increase is the higher shrinkage in sample 

volume during this period, see Figure 2. 14 (a). Based on this plot, shrinkage should be 

considered towards the end of drying curve. 
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(a) 

 

(b) 

Figure 3. 8 Modified effective moisture diffusivity for (a) samples with initial thickness 

of Z0 = 5.0 to 12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   

30, 95, and 160 and (b) samples with initial thickness of  Z0 = 5 mm and initial 

diameter of D0 = 52 mm as well as substrates with   160 and temperature of T = 24 – 

60 C. The first number in the parenthesis is initial sample thickness in mm and the 

second number is substrate contact angle in degree. 
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Figure 3. 9 The difference between effective moisture diffusivity and modified 

effective moisture diffusivity during drying for samples with initial thickness of Z0 

= 12.5 mm and initial diameter of D0 = 52 mm as well as substrates with   30, 

95, and 160. te is the end of drying time. 
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3.4.2 Sample Thickness as well as Substrate Wettability and Temperature 

From equation (3. 15), we can note that effective moisture diffusivity is depended 

on two parameters:  

(1) The size of sample (i.e. thickness); 

(2) Slope of drying curve (i.e. drying conditions). 

To show the effect of substrate wettability on the effective moisture diffusivity 

values, the average effective moisture diffusivity (Deff)avg is calculated by taking the 

mathematical mean of Deff. As shown in Figure 3. 10 (a), for different wettability of 

substrates, the difference between the average effective moisture diffusivity values is not 

clear. For low initial sample thickness, average effective moisture diffusivity for all cases 

are close. While for higher initial thickness, there is some difference between the values 

of the average effective moisture diffusivities. 

Generally, we can conclude from this figure that the value of average effective moisture 

diffusivity for Pickering foams system do not depend strongly on the substrate 

wettability, especially for smaller sample size (i.e. Z0 = 5 mm). 

Figure 3. 10 (b) showed that (Deff)avg  increases linearly as substrate temperature 

increases. 

 

 

 

 

 

 



76 

 

 

 

 

 

(a) 

 

(b) 

Figure 3. 10 Average effective moisture diffusivity (a) for samples with initial thickness 

of Z0 = 5.0 to 12.5 mm and initial diameter of D0 = 52 mm as well as  substrates with  

 30, 95, and 160 and (b) for samples with initial thickness of Z0 = 5 mm and initial 

diameter of D0 = 52 mm as well as substrates with   160 and temperature of T = 24 - 

60 C. 
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3.4.3 Non Dimensional Form 

We non-dimensionalized the effective moisture diffusivities for all samples under 

different drying conditions by noting the available groups in equations (3. 10) and (3. 28). 

We define the Fourier number of diffusion ( ) and modified Fourier number of diffusion 

(  ) as [89, 90]: 

 

 
  

     

  
 

(3. 33) 

 
   

       

  
 

(3. 34) 

 

here Z is sample thickness at any time. As demonstrated in Figure 3.11and Figure 3.12, 

for all the trial under different drying conditions, we see that the diffusivity curves 

collapse on a master curve. Also, we note from these figures that the value of Fourier 

number of diffusion is increased as fractional average moisture content/modified 

fractional average moisture content decrease. See appendix B for more cases of non-

dimensional diffusivities. 
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(a) 

 

(b) 

Figure 3.11 Non-dimensionalized form for liquid diffusion in Pickering foam for 

samples with initial thickness of Z0 = 5.0 - 12.5 mm and initial diameter of D0 = 52 mm 

as well as substrates with   30, 95, and 160 (a) Fourier number of diffusion vs. 

fractional average moisture content and (b) Modified Fourier number of diffusion vs. 

modified fractional average moisture content. The first number in the parenthesis is initial 

sample thickness in mm and the second number is substrate contact angle in degree. 
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(a) 

 

(b) 

Figure 3.12 Non-dimensionalized form for liquid diffusion in Pickering foam for 

samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

substrates with   160 and temperature of T = 24 – 60 C (a) Fourier number of 

diffusion vs. fractional average moisture content and (b) Modified Fourier number of 

diffusion vs. modified fractional average moisture content. 

 



80 

 

 

3.5 Summary 

In conclusions, using the drying curves and by employing the method of slope, the 

effective moisture diffusivity and modified effective moisture diffusivity are estimated as 

a function of average moisture content. The difference between these diffusivities is 

calculated then discussed in this chapter. We recommend to include the effect of sample 

shrinkage on the effective moisture diffusivity calculation of Pickering foams during the 

drying process under all drying conditions. The value of effective moisture diffusivity is 

decreased as average moisture content increase due to the change in sample morphology 

(porosity). Both initial sample thickness and substrate temperature influence the values of 

average effective moisture diffusivity. As initial sample thickness and substrate 

temperature increase, the effective moisture diffusivity and modified effective moisture 

diffusivity are increased too. In other hand, neither sample shape nor MWCNTs 

concentration are not effected strongly on the effective moisture diffusivity or modified 

effective moisture diffusivity. Finally, we non-dimensionalized the diffusivities and 

showed that diffusivities collapsed on a master curve under all drying conditions. 
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Chapter 4  

Crack Formation 
 

 

 

 

4.1 Introduction 

Pickering foams, as well as most of multiphase porous materials, are likely to 

deform (or shrink) during drying process. This phenomenon sometime leads to samples 

crack (or fragment) over time. The probability of crack formation depends on the drying 

conditions (i.e. drying rate), substrate wettability, and on the mechanical properties of 

sample. In Pickering foams system, the change in sample volume during drying is 

depended on the values of adhesive force and cohesive force, which force is dominate. 

These forces can be viewed in more detail. 

Adhesive force is an interface characteristic between external substrate and 

sample particles [61]. This force prevents samples shrinkage through drying processes 

(resist capillary stress). The value of adhesive force is depended on the contact area 

between sample and substrate. Lower substrate wettability value (higher contact area 

between sample and substrate) leads to higher adhesion force value and vice versa. 

However, cohesive force is an interior characteristic between sample particles. This force 

causes sample shrinkage during drying processes. To get dry sample with no crack, the 

adhesive force should be less than the cohesive force as shown in Figure 4. 1. 
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Wenzel State Cassie State 

(a) (b) 

Figure 4. 1 Schematic illustration of Pickering foam aging at (a) high adhesive force 

hydrophilic substrate (glass), in this case the value of adhesive force is greater than the 

cohesive force and (b) low adhesive force super hydrophobic substrate (modified glass), 

in this case the adhesive force is less than the cohesive force. 
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As shown in Figure 4. 1 (a), the liquid-solid-gas triple contact line is pinned so 

the adhesive force between sample and substrate, which is glass in this case, is higher 

than the cohesive force. As aresults, the crack is appeared on the upper surface. 

Obviously, it is noted that sample edge is hold/stacked with the substrate over time. On 

the contrary, the liquid-solid-gas triple contact line is receding, see Figure 4. 1 (b), so the 

adhesive force between sample and substrate (which is modified glass in this case) is less 

than the cohesive force. As a result, no crack occurs on the upper surface of sample. We 

can note how the edge is hold/stacked and substrate (which is modified glass in this case) 

is less than the cohesive force. This case called Cassie state [91]. As a result, no crack is 

occurs on the upper surface of sample. Obviously, we can note how the edge of sample is 

moves freely over time. The value of cohesive force depends on the capillary pressure 

between the particles inside the sample. One can calculate the magnitude of capillary 

pressure between any two particles by using the following equation [66, 92, 93]: 

 
      

     

  
 (4. 1) 

 

In equation (4. 1)      is the capillary pressure     is the surface tension between the 

liquid and gas, and rm is the radius of nanomenisci curvature between solid particles. We 

can calculate the minimum radius of nanomenisci through drying from the following 

equation [94]: 

            (4. 2) 
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In above equation    is the radius of particle. By using the previous equations, we can 

calculate the maximum value of capillary pressure to be around -77 atm., particle 

diameter of 250 nm. The negative sign means the direction of capillary pressure is 

inward, this causing shrinkage. 

Figure 4. 2 shows the nanomenisci radius evolution during drying, where it 

decreases as drying time increases. At the beginning, the nanomenisci shape looks flat, 

low capillary pressure, but after short period it starts to deform due to evaporation, 

capillary stress starts increase due to the decrease in the radius of menisci. Furthermore, 

the of initial sample thickness influences the volume change of aqueous foam. Capillary 

force depends on the sample thickness (cross section area) [64, 95, 96] so thicker samples 

give higher capillary forces. 

 

 

 

 

 

 

 

 

 

 

 

 

Fundamental Questions 

(1) What is the effect of substrate wettability and temperature on the crack 

formation in samples during drying process? 

(2) What is the effect of initial sample thickness and shape on crack pattern? 

(3) Do MWCNTs prevent crack formation in composite foams (i.e. 

PVDF/MWCNTs). 
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(a) 

 

(b) 

 

(c) 

Figure 4. 2 The evolution in nanomenisci shape during drying of Pickering foam: (a) 

fully wet, (b) partially wet, and (c) almost dry. 
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4.2 Crack Formation 

 The effects of initial sample thickness and shape, substrate wettability and 

temperature, and MWCNTs concentration on crack formation is presented in this section. 

 

4.2.1 Substrate Wettability 

Figure 4. 3 demonstrates the sequence of drying for an initial sample thickness of 

5 mm on three different substrates. As drying proceeds, cracks began to appear in some 

samples and spread outward to the edge. We note that as substrate wettability decreases, 

crack formation is prohibited. This means that samples drying on superhydrophobic 

substrates remain crack-free; an important feature from a manufacturing point of view. A 

superhydrophobic substrate has low surface energy (i.e. weak adhesive interactions) and 

as such can relax the capillary-induced stresses as they form during the drying. On the 

contrary, a hydrophilic substrate facilitates adhesion between the sample and the 

substrate; the resulting capillary-induced stresses therefore cannot get relaxed. When 

such stresses overcome the mechanical integrity of the samples, cracks are formed and 

propagate. 
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t = 0 h 

   
t = 1 h 

   
t = 13 h 

   
t = 16 h 

   
t = 24 h 

   
(a) (b) (c) 

Figure 4. 3 The effect of substrate wettability on the crack formation behavior of sample with 

initial thickness of  Z0 = 5 mm and initial diameter of D0 = 52 mm as well as substrates with: (a) 

  30, (b)   95, and (c)   160. Each point contains a portion of the side-view (left) and 

top-view (right) of the sample. Scale bar is 10 mm. 
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4.2.2 Substrate Temperature 

To examine the effect of drying rate on the probability of cracking during drying 

process, five different temperatures were tested in this study as shown in Figure 4. 4, see 

appendix B. Increasing the substrate temperature reduces crack density as well as the 

required time for samples to reach the end of drying. 

Figure 4. 5 (a) shows the final crack pattern for 5 mm initial thick sample and 52 

mm initial diameter for five different temperaturs. Coresponding drying curves are shown 

in Figure 4. 5 (b). An interesting observation is that the point where cracks occurs begin 

to form happens at the same value of fractional average moisture content for all cases 

irresptive of substrate temperature. 
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t = 0 h  

   

t = 0.5 h 

   

t = 16:30 h     t = 2:40 h      t = 1:20 h 

   

t = 17 h    t = 2:50 h      t = 1:25 h 

   

t = 20 h     t = 4:30 h      t = 2 h 

   

(a) (b) (c) 

Figure 4. 4 The effect of substrate temperature on the crack formation behavior of sample 

with initial thickness of  Z0 = 5 mm and initial diameter of D0 = 52 mm as well as substrate 

with   30 and temperature of: (a) T = 24 C, (b) T = 40 C, and (c) T = 60 C. Each 

picture contains a portion of the side-view (left) and top-view (right) of the sample. Scale 

bar is 10 mm. 
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T = 24 C 

 

T = 30 C 

 

T = 40C 

 

T = 50 C 

 

T = 60 C 

 

(a) 

 

(b) 

Figure 4. 5 (a) Final crack patterns for sample with initial thickness of Z0 = 5 mm and 

initial diameter of D0 = 52 mm as well as substrate with   95 (i.e. PDMS) and 

temperature of T = 24 – 60 C and (b) drying curves for samples on five different 

temperaures. As shown, crack begins at same fractional averge moisture content. 
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4.2.3 Sample Thickness 

For three substrates types and six initial sample thicknesses, crack formation 

depends on the substrate wettability and the initial sample thickness as demonstrated in 

Figure 4. 6. Under the given drying conditions (chamber temperature of 22 ± 1C and 

relative humidity of 46 ± 5 %), there seems to be an initial sample thickness after which 

visible cracks are not formed.  In addition, like those shown in Figure 4. 7, cracked 

samples become fragmented on hydrophilic and partially hydrophobic substrates, 

resulting in faster drying times. 

We also note that there exists a deposition of unbounded particles on some 

substrates (see Figure 4. 3 θ  30) due to gravity-induced drainage. Simply put, not all 

the particles may find the opportunity to adsorb at the liquid-gas interfaces during the 

foaming process. The un-adsorbed particles remain suspended in the liquid film between 

neighboring bubbles and in Plateau borders and get deposited on the substrate as they 

leave the foam along with the excess drained liquid. Such particle deposited residue is 

absent for the superhydrophobic substrate, since drained liquid is forced to remain 

contained inside the sample. 

As a predictive tool, we have determined the time when the initial crack begins to 

appear as a function of sample thickness as shown in Figure 4. 7. The data shows a linear 

trend for the hydrophilic and partially hydrophobic substrates, which may suggest (given 

possible measurement errors) that the crack initiation time is independent of the substrate 

type. 
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(Z0 = 2.5 mm &   30)

 

(2.5 mm, 95)

 

(2.5 mm, 160)

 

(3.25 mm, 30)

 

(3.25 mm, 95)

 

(3.25 mm, 160)

 

(5 mm, 30)

 

(5 mm, 95)

 

(5 mm, 160)

 

(7.5 mm, 30)

 

(7.5 mm, 95)

 

(7.5 mm, 160)

 

(10 mm, 30)

 

(10 mm, 95)

 

(10 mm, 160)

 

(12.5mm, 30)

 

(12.5 mm, 95)

 

(12.5 mm, 160)

 

Figure 4. 6 The effect of contact angle and initial sample thickness on the crack 

behavior of samples at the end of drying. Each picture contains a portion of the side-

view (left) and top-view (right) of the sample. Scale bar is 10 mm. 
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Figure 4. 7 Initial crack formation time versus initial sample thickness of Z0 = 2.5 - 10 

mm and initial diameter of D0 = 52 mm as well as substrates with   30 and 95. 
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4.2.4 Sample Shape 

To examine the effect of sample shape on crack formation during drying process, 

three different shapes were examined in this study as shown in Figure 4. 8. The surface 

area of all samples is equal. The dimension of samples are: circle with thickness of Z0 = 5 

mm and diameter of D0 = 34 mm, square with thickness of Z0 = 5 mm and length of L0 = 

30.13 mm, and triangle with thickness of Z0 = 5 mm and base of B0 = 45.79 mm and 

height of H0 = 39.66 mm. all samples are dried at laborotary conditions. 

Our observations show that cracks in square and triangle extend to the sides. This 

is surprising as sharp corners are usually the source of stress concentrations. We also note 

that cracks in square sample begin sooner than other shapes. 

Two points of interest are marked in Figure 4. 9. The first point shows where the 

crack begins for samples with different shapes. The second point of interest shows that 

crack starts around at the same value of fractional average moisture content for all tests. 

That means the probability of sample cracking does not depend on the sample shape. See 

Appendix C for more cases of drying conditions. 
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      t = 0 h   

   

      t = 0.5 h   

   

      t = 5 h    

   

      t = 9 h   

   

      t = 23 h    

   

(a) (b) (c) 

Figure 4. 8 The effect of sample shapes on the crack formation behavior of sample with 

initial thickness of Z0 = 5.0 mm and substrates with   30 and temperature of: (a) 

square, (b) triangle, and (c) circle. Each picture contains a portion of the side-view 

(right) and top-view (lift) of the sample. The surface area of all samples is equal. The 

initial dimension of samples are: circle with diameter of D0 = 34 mm, square with length 

of L0 = 30.13 mm, and triangle with base of B0 = 45.79 mm and height of H0 = 39.66 mm. 

Scale bar is 10 mm. 
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Square Triangle Circle 

  
 

(a) 

 

(b) 

Figure 4. 9 (a) Final crack patterns in sample of initial thickness Z0 = 5 mm with different 

shape located over PDMS substrate (i.e.   95 ) and (b) drying curves for three different 

shapes. Note that cracks initiaton happens at the same fractional average moisture content 

for all three shapes. 
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4.2.5 Composite PVDF/MWCNTs Foams 

To examine the effect of multi-walled carbon nanotubes concentration (CMWCNTs) 

on the probability of crack density (or pattern) during drying process, three different 

concentrations of MWCNTs are selected in this study. As shown in Figure 4. 10, the 

crack density is increased as MWCMTs concentration increase. The increase in crack 

density maybe due to the increase in the viscosity of the suspension. The increase in the 

suspension viscosity results in increase of the adhesion between the sample and substrate 

so the probability of the crack is increased. That means the probability of sample 

cracking depends strongly on the concentration of the MWCNTs. Also, a previous studies 

found that increasing the concentration of MWCNTs decreases the mechanical strength 

of the sample due to the lack of adequate PVDF-MWCNTs bonding [71]. 

Two points of interest are marked in Figure 4. 11. The first point shows where 

crack begins for samples with different concentration of multi walled carbon nano tubes. 

The second point shows as MWCNTs concentration increase the crack initiate early 

during drying process. The crack begins at fractional average moisture content around 0.1 

in the case of lower concentration (i.e. CMWCNTs = 0 % v/v), while the crack begins at 

fractional average moisture content around 0.2 in the case of higher concentration (i.e. 

CMWCNTs = 0.5 % v/v). See Appendix C for more experiments. 
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t = 0 h 

    

t = 0 h 

    

t = 10:00 h 

    

t = 17 h 

    

t = 30 h 

    

(a) (b) (c) (d) 

 

Figure 4. 10 The effect of MWCNTs concentration on the crack formation behavior of 

sample with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

substrates with   160 at: (a) CMWCNTs = 0 % v/v, (b) CMWCNTs = 0.1 % v/v, (c) CMWCNTs 

= 0.3 % v/v, and (d) CMWCNTs = 0.5 % v/v. Each picture contains a portion of the side-

view (right) and top-view (left) of the sample. Scale bar is 10 mm. 
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CMWCNTs = 0 % v/v CMWCNTs = 0.1 % v/v CMWCNTs = 0.3 % v/v CMWCNTs = 0.5 % v/v 

    

(a) 

 

(b) 

Figure 4. 11 (a) Final crack patterns in sample with initial thickness of Z0 = 5 mm and 

initial diameter of D0 = 52 mm as well as substrate with   95 (i.e. PDMS) and various 

MWCNTs concentration of CMWCNTs = 0 – 0.5 % (b) drying curves for four different 

concentration of MWCNTs. Note that cracks initiaton happens at the different fractional 

average moisture content.  
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Scanning electron microgarph (SEM) images for PVDF foams and 

PVDF/MWCNTs composite foams are shown in Figure 4. 12. The effect of MWCNTs on 

the morphology of the sample is evident. Firstly, adding MWCNTs cause defects on the 

walls of the bubbles. Secondly, they result in change in bubble size. Average bubble 

diameter goes from around 80 m for samples with no MWCNTs (i.e. PVDF foams)to 

around 40 m for those with MWCNTs (i.e. PVDF/MWCNTs composite foams). 

 

  

(a) (b) 

Figure 4. 12 Scanning electron micrograph (SEM) images taken of the sintered (a) un-

cracked solid foams and (b) cracked solid composite foams with MWCNTs (CMWCNTs = 

0.3 % v/v). These samples are dried over superhydrophobic substrate (i.e.   160). 
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4.3 Summary 

Dry porous PVDF particle stabilized foams with no cracks (or defect) have been 

produced by tuning the hydrophobicity of substrate, initial sample thickness, and 

controlling drying conditions (or drying rate). By keeping the cohesion force of Pickering 

foam samples greater than the adhesion force, the creation of crack (or defects) in 

samples are decrease. In this work also, we have been reported that dry samples with no 

crack can produce by using low-adhesive superhydrophobic substrate (i.e. modified 

glass). The critical cracking thickness (CCT) for samples located on both PDMS and 

glass substrates have been found (CCT = 12.5 mm). Loading MWCNTs with different 

concentration increase the crack formation for all types of substrates. Where, the crack 

formation increases as MWCNTs concentrations increase, as well. Finally both sample 

shape and substrate temperature have not prevented crack formation during drying 

drocess but they influence crack pattern. 
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Chapter 5  

Conclusions 
 

 

 

5.1 Conclusions 

 

The drying curves as well as the required drying time (i.e. end of drying point) are 

determined for Pickering foams samples under all drying conditions. In addition, the 

evaluation in Pickering foams size during drying is investigated. Generally, the Pickering 

foams have three steps during drying: reduction, expansion, and no change. By utilizing 

from the drying curves and sample volume, the effective moisture diffusivity and 

modified effective moisture diffusivity were estimated as a function of average moisture 

content (method of slope is used in this work). Where, the values of effective moisture 

diffusivity and modified effective moisture diffusivity are increased as average moisture 

content decrease due to the change in sample morphology such as porosity. Both initial 

sample thickness and substrate temperature result to increase the values of effective 

moisture diffusivity. While sample shape and multi-walled carbon nanotubes have not 

srong effect on the effective moisture diffusivity. We have been recommended include 

the sample shrinkage effect on the effective moisture diffusivity calculation during drying 

for Pickering foams system under all drying conditions. In conclusions, highly porous 

(i.e. low weight) PVDF particle stabilized foams with no crack (or defects) have been 

produced by tuning the hydrophobicity of substrate (i.e. contact angle), on one hand and 

controlling drying rates (i.e. substrate temperature) and adding MWCNTs have not 
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prevented this problem, on the other hand. By keeping the strength of Pickering foam 

samples less than the drying stress, the creation of crack in samples is decreased. Finally, 

we have been reported that dry samples with no crack can be manufacturing by using 

low-adhesive superhydrophobic substrate. 

The research presented in this thesis is unique in that for the first time, to 

the best of our knowledge, effective moisture diffusivity is reported for drying 

of particle-stabilized foams. Such data can be used to numerically model this 

process which is currently unavailable in the literature. Combination of 

predictive models along with experimental values will enable design and 

fabrication of low-density/high-porosity porous materials using Pickering foam 

as precursor. This manufacturing approach is environmentally friendly, cost-

effective, and does not require complex equipment and trained personnel. 

Crack formation is a by-product of drying in many systems including the one 

we have investigated here, and they are detrimental to the integrity of the final 

product. In this thesis, we have presented a detailed investigation to understand 

and prevent crack-formation in dried Pickering foams. We show that substrate 

wettability plays an important role in relaxing the capillary-induced stresses 

that are responsible for crack formation. A superhydrophobic substrate prevents 

crack formation for a wide range of of initial foam thickness but causes the 

samples to undergo largest radial shrinkage. Other investigated parameters, 

such as substrate temperature and including nanofillers, influenced crack 
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pattern (density) but could not prohibit their formation.This dissertation shed 

some light on the complex transport phenomena during drying of Pickering 

foams. We hope that our findings ignite an interest in the scientific community 

to continue investigating the fascinating physics of drying and aging in relevant 

systems. 

 

 5.2 Future Work 

 Exploring the influence of initial sample porosity on drying kinetics as well as 

crack formation behavior. 

 Studying the effect of introducing functional multi-walled carbon nanotubes 

(FMWCNTs) on the drying kinetics and crack formation in Pickering foams. 

 Predict numerically the concentration of moisture content inside the foams 

during the drying process by utilizing from the exist results (e.g. effective 

moisture diffusivity, average moisture content.  
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Appendix A 

Drying Conditions 

 

(a) 

 

(b) 

Figure A. 1 The drying conditions for samples with initial thickness of Z0 = 5 mm and 

initial diameter of D0 = 52 mm as well as substrates with   160, 95, and 30 (a) 

temperature (T) and (b) relative humidity (). 
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Appendix B 

Diffusivity Curves 

1. Average Moisture Content and Fractional Average Moisture Content 

 

(a) 

 

(b) 

Figure B. 1 (a) Average moisture content and (b) fractional average moisture content for 

sample with three different shapes of samples and initial thickness of Z0 = 5 mm and 

substrate with   160. 
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(a) 

 

(b) 

Figure B. 2 (a) Average moisture content and (b) fractional average moisture content for 

samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

MWCNTs concentration of CMWCNTs = 0 – 0.5 % v/v on substrates with   160. 
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2. Effective Moisture Diffusivity 

 

(a) 

 

(b) 

Figure B. 3 (a) Effective moisture diffusivity and (b) modified effective moisture 

diffusivity for samples with initial thickness of Z0 = 5.0 mm and three different shapes 

and substrates with   160. 
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(a) 

 

(b) 

Figure B. 4 (a) Effective moisture diffusivity and (b) modified effective moisture 

diffusivity for samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 

mm as well as different MWCNTs concentration of CMWCNTs = 0.0 – 0.5 % v/v and 

substrates with   160. 
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3. Non-Dimensional Curves 

 

(a) 

 

(b) 

Figure B. 5 Non-dimensionalized form for liquid diffusion in Pickering foam for samples 

with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as three 

shapes and substrates with   160,. (a) Fourier number of diffusion vs. modified 

fractional average moisture content and (b) Modified Fourier number of diffusion vs. 

modified fractional average moisture content. The surface area of all sample are equal. 

The initial dimension of samples are: circle with diameter of D0 = 34 mm, square with 

length of L0 = 30.13 mm, and triangle with base of B0 = 45.79 mm and height of H0 = 

39.66 mm. 
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N nn(a) 

 

(b) 

Figure B. 6 Non-dimensionalized form for liquid diffusion in Pickering foam for samples 

with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

MWCNTs concentration of CMWCNTs = 0 – 0.5 % v/v and substrates with   160,. (a) 

Fourier number of diffusion vs. fractional average moisture content and (b) Modified 

Fourier number of diffusion vs. modified fractional average moisture content.  
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Appendix C 

Crack Formation 

1. Initial Sample Thickness 

 

          t = 0 h 

   
          t = 1 h 

   
          t = 17 h 

   
          t = 18 h 

   
          t = 28 h 

   
(a)               (b)              (c) 

Figure C. 1 The effect of substrate wettability on the crack formation behavior of samples with 

initial thickness of Z0 = 7.5 mm and substrate of: (a)   30, (b)   95, and (c)   160. Each 

picture contains a portion of the side-view (left) and top-view (right) of the sample. Scale bar is 

10 mm. 
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       t = 0 h 

   
       t = 1 h 

   
       t = 19 h 

   
       t = 20 h 

   

       t = 30 h 

   
(a) (b) (c) 

Figure C. 2 The effect of substrate wettability on the crack formation behavior of samples with 

initial thickness of  Z0 = 10 mm and initial diameter of D0 = 52 mm as well as substrate of: (a)  

 30, (b)   95, and (c)   160. Each picture contains a portion of the side-view (left) and 

top-view (right) of the sample. Scale bar is 10 mm. 

       t = 0 h 
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2. Substrate Temperature 

 

   
       t = 1 h 

   
       t = 25 h 

   
       t = 30 h 

   
       t = 39 h 

   
(a) (b) (c) 

Figure C. 3 The effect of substrate wettability on the crack formation behavior of samples with 

initial thickness of Z0 = 12.5 mm and initial diameter of D0 = 52 mm as well as substrate of: (a) 

  30, (b)   95, and (c)   160. Each picture contains a portion of the side-view (left) and 

top-view (right) of the sample. Scale bar is 10 mm. 
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3. Sample Shape 

Square Triangle Circle 

T = 24 C T = 30 C T = 40 C T = 50 C T = 60 C 

     

(a) 

 

 

(b) 

 

Figure C. 4 (a) Final crack patterns in samples of initial thickness of  Z0 = 5 mm 

and initial diameter of D0 = 52 mm as well as substrate with   30 and 

temperature of T = 24 - 60 C and. (b) crack begins at same fractional moisture 

content value with different temperature of substrate. 
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(a) 

 

(b) 

Figure C. 5 (a) Final crack patterns in samples with initial thickness of Z = 5 mm and 

different shapes and substrate with   30 and (b) crack begins at different fractional 

average moisture content value for samples with different shapes. The surface area of all 

samples is equal. The initial dimension of samples are: circle with diameter of D0 = 34 

mm, square with length of L0 = 30.13 mm, and triangle with base of B0 = 45.79 mm and 

height of H0 = 39.66 mm. 

4. Composite PVDF/MWCNTs Foam 

 

CMWCNTs = 0 % v/v CMWCNTs = 0.1 % v/v CMWCNTs = 0.3 % v/v CMWCNTs = 0.5 % v/v 
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(a) 

 

(b) 

Figure C. 6 (a) Final crack patterns in samples with initial thickness of Z0 = 5 mm and 

initial diameter of D0 = 52 mm as well as different concentration of MWCNTs of 

CMWCNTs = 0.0 – 0.5 % v/v and substrates with   30 and (b) crack begins at different 

fractional average moisture content value in samples with initial thickness of Z0 = 5 mm 

and initial diameter of D0 = 52 mm as well as different concentration of MWCNTs of 

CMWCNTs = 0.0 – 0.5 % v/v and substrates with   30. 
 

t = 0 h 
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t = 0.5 h  

   
t = 17  h      t = 7:00 h        t = 3:10 h 

   

t = 18  h      t = 7:30 h        t = 3:30 h 

   
t = 21 h       t = 9:30 h        t = 5 h 

   
(a) (b) (c) 

Figure C. 7 The effect of substrate temperature on the crack formation behavior of 

samples with initial thickness of  Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

substrate with   95 and temperature of: (a) T = 24 C, (b) T = 30 C, and (c) T = 40 C. 

Each picture contains a portion of the side-view (left) and top-view (right) of the sample. 

Scale bar is 10 mm. 
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                t = 0 h 

  

                t = 0.5 h  

  

                t = 2:20 h                t = 1:35 h 

  

                t = 2:30 h                 t = 1:40 h 

  

                t = 3:30 h                  t = 2:30 h 

 
 

(a) (b) 

Figure C. 8 The effect of substrate temperature on the crack formation behavior of sample 

with initial thickness of  Z0 = 5 mm and initial diameter of D0 = 52 mm as well as substrate 

with   95 and temperature of: (a) T = 50 C and (b) T = 60 C. Each picture contains a 

portion of the side-view (left) and top-view (right) of the sample. Scale bar is 10 mm. 
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t = 0 h  

   

t = 0.5 h 

   

t = 16:30 h     t = 5 h      t = 2:40 h 

   

t = 17 h    t = 5:10 h      t = 2:50 h 

   

t = 20 h     t = 6:30 h      t = 4:30  h 

   

(a) (b) (c) 

 

Figure C. 9  The effect of substrate temperature on the crack formation behavior of sample 

with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as substrate 

with   30 and temperature of: (a) T = 24 C, (b) T = 30 C, and (c) T = 40 C. Each 

picture contains a portion of the side-view (left) and top-view (right) of the sample. Scale 

bar is 10 mm. 
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                t = 0 h  

  

                t = 0.5 h 

  

                t = 2 h                 t = 1:20 h 

  

                t = 2:10 h                  t = 1:25 h 

  

                t = 3 h                    t = 2 h 

  

(a) (b) 

Figure C. 10 The effect of substrate wettability on the crack formation behavior of sample 

with initial thickness of  Z0 = 5 mm and initial diameter of D0 = 52 mm as well as substrate 

with   30 and temperature of: (a) T = 50 C and (b) T = 60 C. Each picture contains a 

portion of the side-view (left) and top-view (right) of the sample. Scale bar is 10 mm. 

t = 0 h  
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t = 0 h 

   
t = 11 h    

   

t = 12 h   

   
t = 16 h    

   
(a) (b) (c) 

Figure C. 11 The effect of sample shape on the crack formation behavior of samples with 

initial thickness of Z0 = 5 mm as well as substrate with   95: (a) square, (b) triangle, and 

(c) circle. Each picture contains a portion of the side-view (right) and top-view (left) of the 

sample. The surface area of all samples is equal. The initial dimension of samples are: 

circle with diameter of D0 = 34 mm, square with length of L0 = 30.13 mm, and triangle 

with base of B0 = 45.79 mm and height of H0 = 39.66 mm. Scale bar is 10 mm. 
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t = 0 h    

    

t = 0 h    

    

t = 15 h    

    

t = 20 h    

    

t = 23 h t = 28 h t = 30 h t = 32 h 

    

(a) (b) (c) (d) 

Figure C. 12 The effect of MWCNTs concentration on the crack formation behavior of 

samples with initial thickness of Z0 = 5 mm and initial diameter of D0 = 52 mm as well as 

substrate with   95 at: (a) CMWCNTs = 0 % v/v, (b) CMWCNTs = 0.1 % v/v, (c) CMWCNTs = 

0.3 % v/v, and (d) CMWCNTs = 0.5 % v/v. Each picture contains a portion of the side-view 

(right) and top-view (left) of the sample. Scale bar is 10 mm. 
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