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Preface

Dynamical changes and modulations in surface wetting and surface tension-related 
processes across solid/liquid interfaces can have a significant impact on overall 
reaction kinetics and have been the focus of extensive research in physical, chemi-
cal, biological, agricultural, and environmental sciences. Some of the key applica-
tions include studies on groundwater flows, oil spills, water management, disease
transmission, chemical leaching, nanotechnology, etc. This book presents a wide
spectrum of studies in the fields of nanomaterials, oil recovery in the petroleum
industry, metal processing, surface tension and viscosity of fluids, and superhydro-
phobic behaviour in a variety of natural phenomena.

The book has an introductory chapter and seven full chapters with contribut-
ing authors from Australia, the People’s Republic of China, Japan, Brazil, Egypt, 
Canada, Hong Kong, and Romania. Global authorship in this book reflects multi-
faceted interest and activity in this field worldwide with breakthroughs occurring 
in several research areas.

The table of contents is organized considering novel applications of wettability and 
interfacial phenomena to different fields, including practical treatments to enhance
system behaviour. These include nanoscale wettability, interactions of oil with
metals and reservoir rocks for applications in the petroleum industry, the role of
coatings, particle morphology, surface roughness and viscosity in metal processing, 
and industrial applications of superhydrophobic behaviour.

The introductory chapter presents an overview of factors influencing the wettabil-
ity of nanomaterials, a key and emerging area of wettability research. Nanoscale
surface interactions between graphene, carbon nanotubes, and other materials
with water, aqueous solutions, and polymers can play a significant role in water
filtration, desalination, and polymer dispersion applications. Key factors that
could be used to modify and control nanoscale wetting behaviour are discussed
along with novel wetting investigations on nanochannels, membranes, and
nanostructures.

The second chapter reports on the wetting behaviour of oil-impregnated sintered 
bearings and friction reduction for applications in automobile parts, office automa-
tion equipment, motor vehicles, etc. Shaft surface oil wettability was investigated 
for PTFE-coated shaft-impregnated sintered bearings and compared to noncoated 
shafts as an effective means of reducing friction. With oil from the porous bearing 
body lubricating the shaft and bearing surfaces, the low oil-wettable shaft was
found to retain a larger amount of oil in the bearing clearances and indicated lower
friction than a highly wettable shaft. 

The third chapter reports on determining a complete wettability profile based on
zeta potential measurements on reservoir rocks, one of the primary factors that
control location, saturation, distribution, and flow behaviour of reservoir fluids. 
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Factors such as temperature, pressure, and pH can have an effect on reservoir rock 
wettability, which in turn influences several petrophysical properties such as capil-
lary pressure, relative permeability, waterflood behaviour, electrical properties, and 
enhanced oil recovery. Detailed wettability studies are reported on limestone rock 
in contact with crude oil and asphaltenic solutions of varying concentrations in 
limestone/water suspension. 

The fourth chapter reports wetting investigations on the coating of steel and tita-
nium alloys with two aluminium alloys aimed at enhancing anti-corrosion, service 
time, and working temperatures for hot dipping, coating, casting, and brazing or 
soldering processes. The wettability of Al/steel and Al/Ti systems was found to 
improve with the formation of intermetallics at the liquid/solid interface, and the 
reduction of precursor oxide film. Thermodynamics of solute segregation was also 
discussed toward developing relevant wetting theories. 

The fifth chapter reports on the influence of alumina surface processing on the 
surface morphology and wetting behaviour of molded steel as determined with 
3D profilometer and scanning electron microscopy. Processing time was found to 
play a critical role in surface roughness decreasing with increasing time but with 
the wettability of the processed surface changing from hydrophilic to hydrophobic. 
Wettability was found to reverse to hydrophilic with further increases in processing 
times. 

The sixth chapter presents a report on the effect of fluid dynamics based on the 
morphology and sizes of barium sulfate particles in a Taylor-Couette flow reactor. 
Various changes in particle morphology were found to depend on the hydrodynam-
ics, the onset of turbulent flow, supersaturation, feeding rates, and the rotational 
speed of the inner cylinder of the reactor. While micro-mixing due to fluid shear 
had a strong influence on size dispersion and morphology, supersaturation played a 
key role in crystallization and particle agglomeration. 

The seventh chapter reports a theoretical investigation on calculating the viscosity 
of aluminium alloys based on surface tension/viscosity relation equations for pure 
metals and derives a unified solution for viscosity of multicomponent alloys. The 
derived solution for surface tension was computed as a function of temperature for 
ternary Al–Cu–Si and Al–Cu–Si–Mg alloys. With increasing alloy Si content, the 
surface tension of Al-based alloys was found to decrease in good agreement with the 
casting practice of aluminium-based alloys. 

The eighth chapter presents an interdisciplinary approach on extreme wettabil-
ity with specific attention to superhydrophobic natural and artificial surfaces 
and to liquid marbles. Studies reveal a “non-wetting” contact with solid supports 
and many unexpected properties, such as versatility in choice of cores and shells, 
recoverable deformability, ability to float on water, low evaporation rate, etc. The 
super-hydrophobicity concept is finding application in anti-bacterial or self-clean-
ing fabrics, cell culturing/screening/isolation, and anti-icing, anti-reflective, and 
anti-corrosion materials/coatings, which are gaining attention in the transportation 
and optical devices fields. 

This book covers extensive areas of interest in wetting and wettability, interfacial 
reactions, applications to several practical problems, and recent developments 
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in the field. The book has a global perspective and wide coverage of topics for 
academics, professionals, and regional and international organizations. 

Rita Khanna 
Associate Professor, 

School of Materials Science and Engineering (Retd.), 
The University of New South Wales, 

Sydney, Australia 
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Chapter 1

Introductory Chapter: Factors
Influencing the Wettability of
Nanomaterials
Rita Khanna

1. Introduction

Surface wetting, capillarity, adhesion, and surface tension-related processes
across solid-liquid interfaces have been the focus of extensive theoretical and 
experimental research in fields such as natural sciences, agriculture, geophys-
ics, technology, water management, biological, and environmental sciences. 
Intermolecular interactions play a key role in the ability of a liquid to maintain
contact with a solid surface, and a balance between cohesive and adhesive forces
determines the overall wetting behavior of the system. Some of the wettability
applications include superhydrophobic surfaces, dynamics of oil spills, ground 
water flows, disease transmission, chemical leaching, nanotechnology, and several 
other real-life applications [1, 2].

The wetting behavior of nanomaterials such as carbon nanotubes (CNT), gra-
phene, graphyne, nanoparticles, and nanoengineered surfaces is an area of intense
experimental and theoretical research activity [3–5]. Intermolecular interactions
are of crucial importance for controlling nanoscale material behavior in various
aspects of nanotechnology, nanodevices, and their applications. Other areas of
research include the flow of liquids inside nanochannels, tuning of nanotube forests
and arrays for modifying wetting characteristics, development of nanogrippers for
manipulating carbon nanotubes for electro-mechanical devices, nanoscale surface
treatments for producing hydrophilic or superhydrophobic surfaces [6].

Several advanced optical or microscopic experimental techniques are being 
used for nanoscale wetting investigations. While the macroscopic contact angle at
the solid-liquid interface can be measured using conventional optical techniques, 
advanced microscopic or indirect techniques are required for micro and nanoscale
investigations. It is also a common practice to determine an “effective contact angle” 
at nanoscale distances due to limited/poor contact at the liquid meniscus, confine-
ment issues, and the influence of long-range forces [7].

A brief overview of measurement techniques is provided next. Surface forces
technique determines the influence of separation distance on forces (±10 nN) 
between two surfaces with the help of capacitive sensors or springs; distances can
be controlled down to 0.1 nm with help of piezoelectric positioners. Wilhelmy
method measures the force exerted during contact of liquid with a solid specimen
for an indirect determination of contact angle [8]. This technique has been used to
determine the wetting behavior of nanowires (500 nm dia.) and nanoneedle probes. 
Widely used sessile drop technique determines contact angle directly from the
profile of a liquid drop atop a solid substrate with help of video cameras or tele-
scopic arrangements. This technique can be used to continuously monitor dynamic
changes in contact angles as a function of various system variables [9].

 
  

  

 
  

  

 
 

 
  

 
 

 
 

  

 
 

 

  
  

 
 

       
 

  
 

  



 
  

  

 
  

  

 
 

 
  

 
 

 
 

  

 
 

 

  
  

 
 

       
 

  
 

  

Chapter 1 

Introductory Chapter: Factors 
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Nanomaterials 
Rita Khanna 

1. Introduction 
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ics, technology, water management, biological, and environmental sciences. 
Intermolecular interactions play a key role in the ability of a liquid to maintain 
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The wetting behavior of nanomaterials such as carbon nanotubes (CNT), gra-
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are of crucial importance for controlling nanoscale material behavior in various 
aspects of nanotechnology, nanodevices, and their applications. Other areas of 
research include the flow of liquids inside nanochannels, tuning of nanotube forests 
and arrays for modifying wetting characteristics, development of nanogrippers for 
manipulating carbon nanotubes for electro-mechanical devices, nanoscale surface 
treatments for producing hydrophilic or superhydrophobic surfaces [6]. 

Several advanced optical or microscopic experimental techniques are being 
used for nanoscale wetting investigations. While the macroscopic contact angle at 
the solid-liquid interface can be measured using conventional optical techniques, 
advanced microscopic or indirect techniques are required for micro and nanoscale 
investigations. It is also a common practice to determine an “effective contact angle” 
at nanoscale distances due to limited/poor contact at the liquid meniscus, confine-
ment issues, and the influence of long-range forces [7]. 

A brief overview of measurement techniques is provided next. Surface forces 
technique determines the influence of separation distance on forces (±10 nN) 
between two surfaces with the help of capacitive sensors or springs; distances can 
be controlled down to 0.1 nm with help of piezoelectric positioners. Wilhelmy 
method measures the force exerted during contact of liquid with a solid specimen 
for an indirect determination of contact angle [8]. This technique has been used to 
determine the wetting behavior of nanowires (500 nm dia.) and nanoneedle probes. 
Widely used sessile drop technique determines contact angle directly from the 
profile of a liquid drop atop a solid substrate with help of video cameras or tele-
scopic arrangements. This technique can be used to continuously monitor dynamic 
changes in contact angles as a function of various system variables [9]. 
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Interference microscopy technique computes contact angles (15–30°) from the 
3D contours and profiles of liquid droplets by using interference fringe patterns 
formed at the solid/liquid and liquid/vapor interfacial region [10]. Atomic force 
microscopy scans the sample surface with a sharp tip to monitor surface topology 
while maintaining a constant interaction force through feedback loops; a modified 
nanodispenser tip is used for micro- and nanodroplets [11]. Scanning Polarization 
Force Microscopy uses electric polarization forces for mapping topography contours 
for distances in the range 10–20 nm, thereby minimizing the risk of surface contact 
by probing tip, an aspect especially valuable for soft and liquid specimens [12]. 

Extensive theoretical research is also being carried out using theoretical model-
ing, analysis, Monte Carlo, and molecular dynamics computer simulation on a 
variety of relevant issues. Some of the problems being investigated include the 
influence of nanoscale confinement on surface tensions, wetting behavior inside 
small capillaries and nanochannels, effect of line tension, liquid adsorption on 
capillary walls, and precursor films, the role of nanoscale surface roughness on 
confinement and wetting among others [13, 14]. 

In this chapter, a brief overview on the nanoscale wetting behavior of graphene 
and carbon nanotubes is presented along with factors influencing the wetting 
phenomena and basic system characteristics of nanomaterials. 

2. Graphene 

Remarkable technical developments, based on carbon’s ability to bind to itself 
in a variety of hybridized states, have seen the emergence of synthetic carbons with 
exotic and exceptional properties, e.g., fullerenes, nanotubes, graphene, graphyne, 
nanorings, etc. Graphene, the ultimate thin material, is composed of a single sheet 
of graphite, and is currently one of the most investigated 2D carbon allotrope [15]. 
Its existence was considered to be purely theoretical for a long time. Single gra-
phene layers were prepared in 2004 by a simple mechanical exfoliation of graphite 
using a Scotch tape. Graphene is finding extensive applications in nanotechnology, 
optoelectronics, water desalination, dispersion in polymers, etc. Several of these 
applications, such as capacitive energy storage and heat transfer coefficient, depend 
strongly on graphene’s wettability and its surface-based interactions with various 
liquids [16]. 

With all its carbon atoms exposed to high levels of surface activity, graphene is 
a material of choice for interfacial carbon materials, especially for carbon-aqueous 
liquid interactions. Poor wettability of graphene with water and its hydrophobic 
nature can limit device contamination during fabrication; however, there are 
concerns regarding the hydrophilic or hydrophobic nature of graphene and its 
dependence on operating parameters. The contact angle of graphene with water and 
aqueous solutions has been found to vary depending upon various conditions, e.g., 
surface wrinkle morphology, extent of tensile strain, vibrational strain, etc. Other 
variables include the influence of doping, presence of defects, temperature, and 
electric field, among others. Graphene monolayer also finds application as an ideal 
coating material due its wetting transparency [17]. 

Vertical graphene sheets for applications, such as high-performance super 
capacitors, are presently being produced using plasma-enhanced chemical vapor 
deposition technique. During sputtering and deposition process, a number of 
defects get invariably incorporated in graphene sheets. The density of defects can be 
controlled through sputtering time. Graphene with low density of defects showed 
a hydrophobic behavior and poor wettability; significant improvements in the 
wetting were, however, observed for high defect concentrations [18]. Laser-induced 
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graphene is produced by irradiating polyimide film with CO2 laser to burn away all 
elements except carbon. Operating conditions during their production can impact 
the chemical composition of the graphene surface affecting its wettability with 
water; the presence of H2 gas in the chamber along with limited O and CO contents 
led to hydrophobic graphene [19]. 

Graphene, typically a zero-band-gap semiconductor, can be doped as n-type 
or p-type using sub-surface polyelectrolyte or metals, electrical voltage chemicals, 
etc., and its wetting properties can be modified with significant changes in con-
tact angles [20]. Doping can modify and regulate the surface electron density of 
graphene and its interaction with external molecules in the contact region. It may 
also help to develop a feasible route for tuning the surface wettability of graphene, 
especially for coating applications. Studies have also been reported on the conver-
sion of its surface wettability from hydrophobic to hydrophilic and vice versa with 
help of external stimuli [21]. Extensive research is being carried out in this field on 
several aspects of the wetting behavior of graphene with focus on controlled and 
reversible tuning. 

3. Carbon nanotubes (CNTs) 

Carbon nanotubes, seamless rolled-up graphite sheets, are tubular networks of 
sp2-hybridized carbon atoms; these 2D structures are considered to be one-dimen-
sional due to their high aspect ratio (1–2 nm dia., length in mm) [22]. Produced 
using techniques such as chemical vapor deposition, graphite evaporation, etc., 
these can either be single- or multi-walled depending on the production route [23]. 
Due to several unusual characteristics including nanoscale diameters, non-polar 
surfaces, CNTs are being investigated for nanoscale water desalination and selec-
tive transport in nanochannels. The wetting behavior of CNTs, nanotube forests 
and arrays, effects of nanoscale confinement, and tunability are areas of intense 
research [24, 25]. 

The effect of various conditions on the wetting behavior of CNTs with water has 
been investigated by several researchers. Key factors were found to be the structure 
of CNTs, tube’s size, the strength of van der Waals interaction between water and 
carbon, spontaneous imbibition of water in CNTs, surface energies, and tempera-
ture [26, 27]. MD simulations on SWCNTs in the temperature range 270–370 K 
showed an increase in capillary filling and water uptake with increasing tempera-
ture. This was attributed to increased wettability and reduced viscosity of water 
with temperature along with small increases in water imbibition [28]. 

The wetting behavior inside small capillaries or nanochannels can be very 
complex depending on intermolecular interactions between the solid and the 
liquid, van der Waals attraction, surface tension, line tensions along the radius of 
the nanotubes, tube diameter, etc. [29]. The adsorption of liquid atoms as mono/ 
multilayers on capillary/CNT walls can distort the meniscus profile during the fill-
ing of nanochannels and may affect the wetting behavior due to disjoining pressure 
induced by molecular interactions. Surface roughness can also play an important 
role during nanoscale confinement, especially when the characteristic variations in 
surface roughness become comparable to the channel diameters. Surface chemistry 
is another key factor affecting wettability and flow through nanochannels [30]. 

A number of investigations have been reported on “nanopumping” to pump 
liquids through nanotubes based on electrical or mechanical properties of CNTs 
including studies on the flow of viscous fluids, activation of fluid flow, friction 
with nanowalls, etc. [31]. The wetting behavior of CNTs has been investigated 
with a number of polymers, e.g., polyvinylidene fluoride, maleic acid anhydride, 
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polycaprolactone, polyurethane acrylate, etc. Chemical surface treatments were 
used to modify the wettability of nanochannels [32]. The wetting of nanotube for-
ests and arrays has been investigated with several liquids including water, glycerol, 
ethylene glycol, propylene carbonate, olive oil, dimethyl sulfoxide, and nitrometh-
ane with contact angles ranging between 60 and 157° [33]. CNT forests have been 
used to grow hematite nanochain arrays, as filters to capture micro/nanocontami-
nants in water, and as gas diffusion arrays with contact angles up to 150° [34]. 

4. Concluding remarks 

A number of factors may be used to affect, control, and tune the wettability 
of nanomaterials. There is immense potential for creating materials with designer 
characteristics tailored to specific applications. The influence of wetting charac-
teristics, including contact angles, chemical composition of nanosurfaces, and 
surface roughness on the flow behavior of water, aqueous solutions, and polymers, 
is being investigated for water filtration, desalination, dispersion in polymers, etc. 
The contact angle of graphene with water has been found to depend upon doping, 
concentration of defects, temperature, electric field, surface wrinkle morphol-
ogy, tensile, and vibrational strains. Nanoscale wetting investigations on materials, 
e.g., CNTs, graphene, nanochannels, membranes, and nanostructures represent an 
area of intense theoretical as well as experimental research activity. 
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Chapter 2 

On the Friction of 
Oil-Impregnated Sintered Bearings 
Naofumi Hiraoka 

Abstract 

Oil-impregnated sintered bearings are widely used in various products. Friction 
reduction in them is still a large target for the related industries. In those bearings, 
lubricating oil exudes from the porous bearing body and lubricates the shaft and 
bearing surfaces. However, the amount of oil in those sliding areas is often insuf-
ficient leading to an unsatisfactory friction. Oil wettability of the shaft surfaces was 
found to have a large effect on the friction of those bearings. Low oil-wettable shaft 
could retain a larger amount of oil in the bearing clearances and indicated lower 
friction than highly wettable shaft. This is because a large contact-angle hysteresis 
between the oil and the low-wettable shaft surface allows the retention of large oil 
droplets in the bearing clearances. The control of oil-wettability of the shaft surface 
could be an effective means of reducing friction for oil-impregnated sintered 
bearings. 

Keywords: friction, lubrication, wettability, surface tension, contact angle, 
surface treatment 

1. Introduction 

Oil-impregnated sintered bearings are widely used in various products, espe-
cially in motor vehicles and office automation (OA) equipment [1, 2]. For example, 
they are used in more than 30 parts of automobiles [3]. In these bearings, lubricat-
ing oil exuding from the porous bearing body to the sliding surface lubricates the 
shaft and the bearing. The exudation occurs due to thermal expansion of the oil 
volume by frictional heat, the “pumping effect” caused by negative pressure in 
the lubricating oil film [2, 4], and capillary force. Due to such mechanisms, these 
bearings are expected to have a long service life and relatively low friction without 
an external oil supply. 

Generally, friction of oil-impregnated sintered bearings is larger than fully lubri-
cated bearings, because they are often under boundary lubrication condition. These 
bearings are often used in relatively small parts, and their friction loss is a serious 
issue because of small power consumptions allowed for such parts. Frictional noise 
is also a problem, especially for OA equipment, which is related to lubrication 
conditions. To improve the lubrication conditions and reduce the friction of these 
bearings has been the challenge for many researchers and is still a major problem 
today. 
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In this chapter, lubrication conditions of oil-impregnated sintered bearings are 
roughly explained, and the effects of oil wettability of the shaft surface on improv-
ing the lubrication conditions are discussed [5]. 

2. Lubrication conditions 

Figure 1 shows the optical microscopic image of the oil-impregnated sintered 
bearing surface. Many pores and gaps among the grains could be found in sintered 
metal body. Lubricating oil is impregnated in these pores and gaps usually using 
vacuum condition. As described above, lubricating oil exudes from the porous 
body to the sliding surface in some ways during sliding and lubricates the shaft and 
bearing surface. The schematic view of the shaft and bearing is shown in Figure 2. 
As can be considered from these oil supply mechanisms, oil amount in the bearing 
gap is usually smaller than fully lubricated bearings and sometimes insufficient for 
good lubrication. 

In addition to oil supply problem, there are some features that make low fric-
tion difficult to realize. Some exuded oil returns into the pores of the bearing body 
by capillary force and also leading to insufficient oil on the sliding surface [4, 6]. 
The porous surface of the bearing means a reduction in the load area, which lowers 
the loading capacity of the bearing. Although fluid lubrication was reported to be 
possible for oil-impregnated sintered bearings especially under large sliding speed 
conditions [7], the sliding area of the bearing is often under a boundary or mixed 

Figure 1. 
Optical microscopic image of oil-impregnated sintered bearing surface. Arrows indicate the example of a grain 
and a pore. 

Figure 2. 
Schematic view of shaft and bearing. 
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lubrication condition [6] due to the reasons mentioned above, resulting in large 
bearing friction. 

To improve the bearing friction under such lubrication conditions, solid 
lubricants are sometimes added to the bearing materials, or an oiliness agent 
(e.g., stearic acid) is added to the impregnated oil [2, 4, 8]. However, the fric-
tion of oil-impregnated sintered bearings is generally higher than that of fully 
lubricated bearings [6]. 

3. Oil wettability of shaft surfaces 

Metal surfaces generally show good wettability with oils. Lubricating oil could 
spread easily into sliding area and stay there stably due to this property. This realizes 
good lubrication condition for machines. 

There is a report that a low oil-wettable surface showed low friction due to the 
slip between the oil and the surface especially under fluid lubrication condition 
[9]. Some processing, coating, doping, etc., on the surface is usually necessary to 
provide low oil wettability to metal surfaces and needs additional cost. Recently, a 
novel grinding method was reported to give processed surface hydrophilicity [10], 
which probably could give low oil wettability to the surface at low cost. Though 
such techniques will possibly generalize low oil-wettable shafts, it seems that 
providing low oil wettability to the metal surfaces is not widely practiced so far 
to reduce the friction considering the benefits of good wettability to the lubricity 
described above and cost-effectiveness. 

However, as will be shown below, imparting the low oil wettability to the shaft 
can be a relatively simple way to basically improve the lubrication condition for 
oil-impregnated sintered bearings. 

4. Friction of oil-impregnated sintered bearings 

4.1 Friction measurement for shafts with different wettability 

Friction coefficients of oil-impregnated sintered bearings with stainless steel 
shafts were measured. Specimens used are described in Table 1. The oil-
impregnated sintered bearing used is commercially available mainly for OA equip-
ment, and the size was relatively small. 

Bearing Fe-Cu-based commercial oil-impregnated sintered bearing 
Oil content: 20.4~20.8% 
Bore: 4.009 mm. Width: 3 mm 

Impregnated oil Synthetic oil 
Kinematic viscosity: 42.9 mm2/s@40°C 
Surface tension: 25 mN/m@20°C 

Noncoated shaft Material: JIS SUS420J2 hardened stainless steel 
Diameter: 3.996~3.997 mm 
Surface roughness: Ra 0.022~0.028 μm 

PTFE-coated shaft Material: JIS SUS420J2 hardened stainless steel + PTFE transfer coating 
Diameter: 3.996~3.997 mm 
Surface roughness: Ra 0.024~0.028 μm 

Table 1. 
Specimen descriptions. 
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A simple test rig shown in Figure 3 was used to measure the frictional torque 
of the bearings. The bearing was inserted and fixed in a ring-shaped weight. The 
frictional torque T was measured and converted to the friction coefficient μ by 

μ = T/(RW) (1) 

where R is a radius of the bearing bore, and W is the weight load. 
Tests were conducted under a weight load of 6.7 N and at a shaft rotation speed 

of 100–800 rpm. Average frictional torque values were measured every 10 s for each 
100-rpm increase in speed. Note that bearing frictional torque is usually different 
from that of the shaft. 

Two types of the shafts: noncoated and PTFE coated stainless steel shafts in 
Table 1, were evaluated. The noncoated stainless steel shafts were used for oil 
wettability shaft. For the low wettability shaft, PTFE (polytetrafluoroethylene) 
transfer film coated stainless steel shafts were used. The PTFE block was lightly 
pressed against the rotating shaft surface and then gently wiped with a nonwoven 
fabric to make a PTFE transfer coating. As PTFE is known for its low surface energy 
and ability to make a transfer film on the counter surface by sliding [11], the shaft 
surface made by this method was expected to have low oil wettability. 

Surface roughness was not much different between the stainless steel shaft and 
the PTFE coated shaft surface as shown in Table 1. The shaft diameter measure-
ment by a micrometer before and after application of the coating indicated the 
PTFE coating thickness was less than 1 μm, though exact thickness was unknown. 
The past literatures have showed the PTFE transfer film thickness was in the order 
of several nm [12–14]. 

Oil droplets on the shafts about 10 s after being deposited there were shown 
in Figure 4. Colors of the droplets appeared a little different between the shafts, 
but it was due to the oil droplet thickness. Contact angle for noncoated shaft was 
much lower than that of the PTFE-coated shaft. The oil droplet on the noncoated 
shaft subsequently spread to cover the wide range of the shaft surface, while that 
on the PTFE-coated shaft retained its original droplet shape. This clearly indi-
cates the lower oil wettability of the PTFE-coated shaft surface, as compared to 
that of the noncoated shaft surface. 

Figure 3. 
Schematic view of bearing friction test rig. 
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Figure 4. 
Oil droplets on the shafts. 

Figure 5. 
Friction coefficients of the bearings. Error bars indicate the standard error of the mean. 

Figure 5 shows the friction coefficients of the bearings calculated by Eq. (1) 
with PTFE-coated and noncoated shafts. Error bars indicate the standard error of 
the means of five time test data for each shaft. The PTFE-coated shaft indicated 
a friction coefficient 20–50% lower than that of the noncoated shaft on average. 
Lubrication condition was presumed to be boundary lubrication, because friction 
coefficients are not largely dependent on shaft rotation speed. 

Figure 6 shows metallurgical microscopic (Olympus BHMJ, Japan) images of 
typical shaft and bearing surfaces before and after the tests. As compared to the 
intact shaft surface which could be estimated from the nonsliding area, wear marks 
were found on the sliding areas of shafts and bearings of both non- and PTFE-
coated shaft tests. Comparing these surfaces, those for the PTFE-coated shaft test 
showed comparatively milder wear appearance. 

4.2 Oil amount in the bearing clearance and the shaft wettability 

As was described, one of the big problems for the lubricity of oil-impregnated 
sintered bearings is poor oil supply to the sliding surfaces. We focused on the oil 
amount on the shaft and in the bearing clearance first as a cause of the friction 
reduction of the PTFE-coated shaft. 

Figure 7 shows oil deposition on the shafts pulled out from the bearings. Before 
the shafts were pulled out and the photos were taken, the shafts were rotated 
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Figure 6. 
Shaft and bearing surfaces before and after the tests. Upper: shaft surfaces. Lower: bearing surfaces. 

Figure 7. 
Oil deposition on the shafts. 

several times by hand in the bearings. There were many oil droplets on the PTFE-
coated shaft surface, while only interference patterns of a thin film of oil were 
found on the noncoated shaft surface, which suggested the richer oil amount for 
the PTFE-coated shaft and bearing pair. However, very thin oil film on the non-
coated shaft might not have suggested the less oil amount directly, because it could 
be due to rapid oil spreading on the shaft before the photos were taken. Next, the oil 
in the bearing clearances was observed directly to clarify. 

The projections of the bearing clearances with fixed shafts were taken with a 
profile projector (Mitsutoyo PJ-3000F, Japan) and were shown in Figure 8(a-1) and 
(b-1). The configuration of the projector and the tested bearing is shown in 
Figure 9. 

The shafts were rotated by hand several times prior to the observation. Then the 
shafts were rotated about 45 degrees for several seconds from the initial positions. 
Figure 8(a-2) and (b-2) shows the photos at that time. Though clear individual 
figures of oil droplets were lacking, because they were deposited not only in the 
plane direction but also in the depth direction, there were many and large oil drop-
lets indicated by arrows in the clearance between the PTFE-coated shaft and the 
bearing, while only a few and small droplets on the noncoated shaft. The difference 
between (a) and (b) in Figure 7 must have been caused by this. 
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Figure 8. 
Bearing clearance projections. Arrows indicate the position of the droplets. 

In addition to the large amount of the oil droplets, droplets on the PTFE-coated 
shaft were observed to move together with shaft rotation, which leads to oil circula-
tion in the clearance, from the moving images taken during the 45° shaft rotation. 

Figure 9. 
Configuration of the projector and the tested bearing. 
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New droplets were observed to emerge from the edge of the clearance and move in 
the same manner, that is, oil exudation in the clearance for the PTFE-coated shaft 
was clearly observed. No conspicuous motion of the oil droplets was observed in the 
clearance for the noncoated shaft during shaft rotation. 

To summarize, much larger amount of oil was retained in the bearing clear-
ance for the PTFE-coated shaft (i.e., low wettable shaft) than that for the 
noncoated shaft (i.e., highly wettable shaft), and oil circulation in the bearing 
clearance (along with shaft rotation) was observed for the PTFE-coated shaft. 
This means the oil-rich and secure oil exuding condition for the sliding area of 
the PTFE-coated shaft and relatively oil-poor condition for the noncoated shaft. 
Smaller friction of the PTFE-coated shaft was probably attributable to this oil-
rich condition. 

The past literature has showed that the oil-poor condition increases the fric-
tion of sintered bearings [15]. More frequent solid–solid contact could occur for a 
less amount of oil condition in the sliding area, and thus was naturally one of the 
reasons for larger friction of the noncoated shaft. The oil-richer condition leads to 
the lower friction of the PTFE-coated shaft. 

4.3 Other effects to cause the difference in friction 

In this section, possible mechanisms other than those mentioned in the previous 
section that caused the difference in friction are discussed. 

One of the effects to be noticed especially for poor oil condition is capillary 
force. Less amount of oil supply to the sliding area would pose synergistic effect of 
poor lubricity and capillary force on friction increase to the bearing. 

Figure 10 shows the diagram of the oil meniscuses in the bearing clearance. 
Capillary force (F) is generated by negative Laplace pressure in the oil film. Assume 
that the oil filled the clearance plane symmetrically. Ignoring the effects of hydro-
dynamic force, the bearing end effect and oil droplets in the rest of the bearing 
clearance, and approximating zero contact angles between the oil and bearing/shaft 

Figure 10. 
Diagram of oil meniscuses in bearing clearance. 
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Figure 11. 
Calculated capillary force. 

surface (the curvature of the meniscus to be −h/2), the capillary force could be 
estimated as follows: 

F = 2LBΔp = −2LBγ/(h/2) (2) 

h ≈ c(1 − εcosθ) (3) 

L = Rsinθ (4) 

where, B is the bearing width, Δp is the Laplace pressure, γ is the surface tension 
of the oil, c is the bearing radial clearance, ε is the eccentricity ratio, and R is the 
shaft radius. 

Figure 11 shows the calculated capillary force along with ε = 1 (which denotes 
the contact of the shaft and the bearing), c = 6.5 μm, and the tested bearing dimen-
sions. |F| increases with a decrease in θ continuously and increases rapidly at an 
angle of 10° or less. Figure 11 indicates that smaller the oil amount is, larger the 
capillary force becomes and consequently friction becomes larger. 

To estimate the effect of the capillary force on the bearing friction, assume 
the oil filled by θ = ±30° for the noncoated shaft and θ = ±80° for the PTFE-
coated shaft in the bearing clearance, respectively. Using Eqs. (2)–(4), F is 
−0.34 N for θ = ±30° and −0.11 N for θ = ±80°. Thus, the sum of the loads by 
weight (6.7 N) and capillary force, the actual load, for the PTFE-coated shaft, 
is 3% less than that of the noncoated shaft. Considering that friction reduction 
rate was 20–50%, this load difference would not be negligible. In considering 
a smaller θ, |F| increases rapidly and the actual load for a noncoated bearing 
becomes large. Hence, the capillary force due to less oil could be the part of the 
larger friction. 

Another possible mechanism of lower friction for the PTFE-coated shaft was 
slippage between the oil film and the shaft surface. A hydrophobic surface may 
cause boundary slip—a measure of relative fluid velocity at the solid-fluid interface 
[9, 16, 17] that leads to low friction under boundary lubrication. This effect was 
examined by the following friction tests. 

The tests were conducted by using a ball-on-plate reciprocating friction tester 
for PTFE-coated and noncoated plates in the same oil as impregnated oil. Table 2 
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Ball Material: JIS SUS304 stainless steel 
Diameter: 10 mm 

Plate Material: JIS SUS304 stainless steel 
Surface roughness: Ra 0.2 μm 

Load 1.6 N 

Stroke 30 mm 

Sliding speed 30 mm/s 

Table 2. 
Test conditions and materials for ball-on-plate tests. 

indicates the test materials and conditions. JIS SUS 304 stainless steel was used for 
the test material instead of JIS SUS 420J2 stainless steel (the shaft material) due 
to its easy preparation. JIS SUS 304 stainless steel was verified in advance to have 
as large oil wettability as JIS SUS 420J2 stainless steel by measuring the contact 
angles of the oil. The smallest load (1.6 N) the tester used could make was chosen to 
prevent the solid-solid contact as much as possible. 

Figure 12 shows the time evolution of the friction coefficient of the initial 
four reciprocations for the PTFE-coated and noncoated plates. A negative friction 
coefficient denotes the reverse sliding direction. Both shafts showed the friction 
coefficient of about 0.08 which were comparable to that of noncoated shaft shown 
in Figure 5. This means that the lubrication condition of the ball-on-plate tests was 
probably about the same as that of the bearing test of the noncoated shaft and the 
PTFE-coating showed no particular effect like oil-surface slippage on friction under 
such lubrication condition. 

For testing the solid-lubricity of the PTFE-coated shaft under dry condition, 
“dried” bearing was made by ultrasonic cleaning of oil-impregnated sintered 
bearing in acetone for more than 10 minutes and tested by the test rig of Figure 3. 
Both noncoated and PTFE-coated shaft indicated the friction coefficient of 0.2–0.3 
which means PTFE-coating had little effect on friction reduction under dry condi-
tion. From these results, the lubricity of the PTFE coating was presumed not to 
contribute to the friction reduction in the bearing test. 

4.4 Mechanism to retain the oil droplets in the bearing clearance 

In this section, the mechanism that caused the difference in oil amount in the 
bearing clearance will be discussed. Oil droplets in the bearing clearance will be 
modeled as micro-liquid bridges between slightly tilted plates. This modeling is 
appropriate because the angle between the shaft and bearing surfaces is usually 
very small. 

Figure 12. 
Friction coefficient of ball-on-plate tests. 
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Figure 13. 
Liquid bridge between tilted plates. 

Figure 13 illustrates the drum-formed liquid bridge between tilted plates. The 
meniscus radius r in Figure 13 is expressed by Eq. (5) when the radius of the drum 
(liquid bridge thickness) is much larger than that of the meniscus and the effect of 
gravity is ignorable [18]. 

r ≈ −γ/Δp = const.in the meniscus (5) 

r is constant for a certain liquid bridge and the following relation holds 
geometrically: 

H/h = {cosϕ1 + cos(ϕ2 + α) }/{cosψ1 + cos(ψ2 − α) } = 1 + x tanα (6) 

where x is the aspect ratio of the liquid bridge (thickness/height) assuming α is 
small. To satisfy this relation, contact angles have to vary according to the tilt angle 
and liquid bridge thickness. 

The stability of liquid bridges between plates has been studied by several 
researchers [19–21]. According to these studies, the liquid bridge between paral-
lel plates with a fixed contact angle between the liquid and the surface becomes 
unstable (which means a significant change of the liquid bridge in configuration 
and position) when one of the plates was tilted, even by a small amount [21]. This is 
because it is impossible to satisfy above relationship for the liquid-bridge with fixed 
contact angle. 

Usually, contact angles could vary between receding and advancing contact 
angles, which is called contact angle hysteresis [22, 23], and the variable range 
depends on the liquid and surface material. According to the measuring method 
described in [22], the advancing angles were measured to be about 15 and 45°, and 
the receding angles were about 12 and 12.5° for noncoated and PTFE-coated plates, 
respectively. These results mean that contact angles could be in the following range: 
12.5° ≦ φ1, φ2, ψ1, ψ2 ≦ 45° for the PTFE-coated plate. 

Assume that these contact angles could be applied to the liquid bridges. x = 3, 
φ1 = φ2 = 12°, and ψ1 = ψ2 = 15° for the noncoated plate combination according to the 
above measured values, then α ≈ 0.22° from Eq. (6). In the same way, for the PTFE-
coated plate combination, x = 3, φ1 = φ2 = 12.5°, and ψ1 = ψ2 = 45°, then α ≈ 5.7°. For 
larger α, liquid bridges become unstable. To verify this calculation, liquid bridge 
behavior was observed between plates with a 0.5-mm gap. A photo example of the 
test configuration and a schematic of the tester were shown in Figure 14. The bright 
line and blue two spots on the liquid bridge were the reflection of background and 
illumination lamp. The plates are initially set in parallel, and then rotated around 
the bottom center of the liquid bridge in steps of 0.5°. As shown in the figure, x 
could be read about 3. 
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Figure 14. 
Example photo of liquid bridge test configuration and schematic of tester. 

For the noncoated upper and lower plate combination, the liquid bridge flowed 
in the narrower gap direction as soon as the tilt started. This means that the liquid 
bridge became unstable at a tilting angle less than 0.5°. For the PTFE-coated upper 
and lower plate combination, the liquid bridge flowed at tilting angles of 4~6.5° in 
several attempts. These results indicate that Eq. (6) is applicable for these condi-
tions though Eq. (6) is not accurate, particularly when liquid bridge thickness is 
small, because the meniscus curve does not hold an arc shape but a more complex 
one (e.g., nodoid shape [20]). 

We then applied Eq. (6) to the bearing clearance to estimate the possible 
maximum size of the oil droplet for the position in the clearance. The lower 
and upper plates can be considered to be the shaft and the bearing, respec-
tively. The bearing surface has wettability similar to that of the noncoated 
shaft, which was roughly confirmed by oil droplet contact angle measurements. 
φ1 = φ2 = 12°, ψ1 = ψ2 = 15° for noncoated shaft and φ1 = 12°, φ2 = 12.5°, ψ1 = 15°, 
and ψ2 = 45° for PTFE-coated shaft, respectively, and tanα = dh/d(Rθ) were 
used for the calculation. Figure 15 shows the calculated critical oil bridge 
thickness (xh), that is, the largest possible size of oil droplets in the bearing 
clearance. 

From Figure 15, the PTFE-coated shaft indicated larger critical oil bridge thick-
nesses and could retain much larger oil droplets in the bearing clearance than those 

Figure 15. 
Critical oil bridge thickness xh. 
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for the noncoated shaft. This effect may yield the results shown in Figures 6 and 7 
and lead to an oil-rich condition for the PTFE-coated shaft. 

In addition to large oil droplets, clear movement of the oil droplets in the bearing 
clearance with shaft rotation was observed for the PTFE-coated shaft, as described 
in Section 4.2. This circulative movement in the clearance would induce the oil 
exudation from the bearing body probably contributing to large oil amount. 

To investigate the movement of the oil droplets, the dragging effect of the oil drop-
lets by the PTFE-coated shaft was examined by simple tests shown in Figure 16. An 
oil droplet was bridged between the parallel plates with 1-mm gap, and the upper plate 
was moved in parallel to the lower plate. The plates were SUS304 stainless steel and the 
upper plate of Figure 16(a-1) and (a-2) was PTFE-coated. The upper plates moved to 
the right by a distance of about 3 mm from the position of Figure 16(a-1) and (b-1) to 
the position of Figure 16(a-2) and (b-2), respectively. 

As can be seen from Figure 16, the PTFE-coated plate dragged the oil droplet 
firmly while the bare stainless plate did a little. 

Figure 17 indicates the relationships between the upper plate travel distance and 
that of oil droplet. The oil droplet appears to stick to the PTFE-coated plate and to 
slip on the bare plate. This property may have caused the oil droplet circulation in 
the bearing clearance for the PTFE-coated shaft. 

These phenomena would be a matter of energy but could also be explained by 
contact angle hysteresis. When the plate began to move, the oil droplet had to be 
deformed to retain the adhesion and the contact angle changed. As allowable con-
tact angle range for the bare plate was much smaller than that of the PTFE-coated 

Figure 16. 
Photos of oil droplet dragging test. (a-1) PTFE coated upper plate, original position. (a-2) 3 mm moved 
position. (b-1) Bare plate, original position. (b-2) 3 mm moved position. 
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Figure 17. 
Relationships between the upper plate travel distance and that of oil droplet. 

plate, the interface between the oil droplet and the bare plate became unstable 
faster and caused to slip. 

5. Conclusions 

The oil-impregnated sintered bearing with PTFE-coated shaft showed lower 
friction than that with the noncoated (bare metal) shaft. The PTFE-coated shaft 
was found to retain a larger amount of oil droplets in the bearing clearance than 
the noncoated shaft and make secure oil circulation in the clearance. These effects 
would yield the oil-rich and better lubrication condition leading to lower friction of 
the PTFE-coated shaft. 

The lower friction of the PTFE-coated shaft is attributed to the lower wettabil-
ity to the impregnated oil than that of the noncoated shaft. Large contact angle 
hysteresis concomitantly with the low wettability makes it possible to retain larger 
oil droplets in the bearing clearance. The low wettable surface drags the oil droplets 
firmer than the high wettable surface, which generates the secure oil circulation in 
the bearing clearance for the PTFE-coated shaft. 

Low wettability is often associated with a large contact angle hysteresis but 
probably it is not always the case. Therefore, note that probably the results of this 
study are not applicable to all kinds of low wettable shafts. The large contact angle 
hysteresis of the PTFE-coated shaft could also be caused by nonuniformity of the 
PTFE transfer film due to our rough production method [21]. 

However, generally speaking, using low wettable shafts must be one of the effective 
means to improve the lubrication condition and reduce the friction of oil-impregnated 
sintered bearings, though PTFE transfer film coating, which we used as low wettable 
coating in this study, is not wear-resistant and not a proper material for practical uses. 
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Chapter 3

Understanding Wettability
through Zeta Potential 
Measurements
Syed Taqvi and Ghada Bassioni

Abstract

Traditional wettability measurement practices, introduced as early as the late
1950s, are still perceived as reliable industrial methods for characterizing wet-
tability. These techniques, in contrast to the contact angle method, provide indices
that can quantitatively describe the degree of wetting state. Nevertheless, these
approaches can determine the current state of wettability, subject to limitations. By
employing the zeta potential measurements technique, a complete wettability pro-
file is derived. In this chapter, the theory behind this technique is discussed. A case
study is presented where the wettability of limestone rock is investigated, as crude
oil and asphaltenic solutions of varying concentration are added to the limestone-
water suspension. Findings of this study are discussed with the possible mechanism
in effect when wettability alteration is observed.

Keywords: zeta potential, water-wet, oil-wet interfaces, calcium carbonate,
asphaltene

1. Introduction

In the oil and gas industry, wettability studies are extensively carried out on
reservoir rocks as it is one of the primary factors that control location, saturation
distribution, and flow behavior of reservoir fluids [1]. Consequently, it influences
several petrophysical properties such as capillary pressure, relative permeability, 
waterflood behavior, electrical properties, and enhanced oil recovery (EOR) [1–3].

Traditional methods, devised by researchers over time, have classified wettabil-
ity of rocks into three main states: (i) oil-wet, (ii) water-wet, and (iii) neutral wet. 
Oil-wet refers to the state of the reservoir rock when oil, in presence of other fluids, 
preferentially covers the rock surface. As a consequence, oil forms a thin layer on
the surface of the rock, while other fluids remain in the center, as seen in Figure 1(a). 
For the water-wet scenario, water in the presence of other fluids (i.e., oil) prefer-
entially covers the rock surface. As a result, water forms a thin layer on the surface
of the rock, while oil remains in the center, as seen in Figure 1(b). In the case of
neutral wetting, the reservoir rock surface does not show any preferential covering 
for any fluid. It is not necessary that a reservoir rock strongly adheres to either one
of these phenomena; rather cases of heterogeneity may exist where many other
states of wettability may be defined, such as mixed wettability, fractional wettability,
“Dalmatian” wetting, and speckled wetting [3].
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Oil-wet refers to the state of the reservoir rock when oil, in presence of other fluids, 
preferentially covers the rock surface. As a consequence, oil forms a thin layer on 
the surface of the rock, while other fluids remain in the center, as seen in Figure 1(a). 
For the water-wet scenario, water in the presence of other fluids (i.e., oil) prefer-
entially covers the rock surface. As a result, water forms a thin layer on the surface 
of the rock, while oil remains in the center, as seen in Figure 1(b). In the case of 
neutral wetting, the reservoir rock surface does not show any preferential covering 
for any fluid. It is not necessary that a reservoir rock strongly adheres to either one 
of these phenomena; rather cases of heterogeneity may exist where many other 
states of wettability may be defined, such as mixed wettability, fractional wettability, 
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Figure 1. 
Schematic diagrams of (a) oil-wet and (b) water-wet states of wettability on a microscopic level. 

In the case of mixed wettability, some parts of the rock surface are water-wet, 
while others are oil-wet [4]. For the fractional wettability scenario, a fraction of the 
internal rock surface area is wetted by a fluid, either oil or water [5]. “Dalmatian” is 
a type of nonuniform wettability where oil-wet and water-wet regions, smaller than 

Wettability 
measurement 
technique 

Advantages Disadvantages 

Quantitative 1 Contact angle Accurate 
Simple 

Surface heterogeneity can 
affect reading 
Cannot provide information 
regarding organic coatings 
Impurities can affect reading 
Liquid drop can form many 
stable contact angles 

2 Amott/ 
Amott-Harvey 

Reliable Not very effective to measure 
neutral wettability 
No validity as an absolute 
measurement 

3 United States 
Bureau of Mines 
(USBM) 

Reliable No validity as an absolute 
measurement 

Qualitative 4 Imbibition rate Quick 
Simple 

Not very accurate 
Imbibition rate does not solely 
depend on wettability but also 
other factors 

5 Microscopic 
examination 

In situ wettability 
alteration can be 
observed 

Based on affinity with no 
degree of wettability measured 

6 Flotation Quick Sensitive to only strongly 
wetted systems 

7 Nuclear magnetic 
resonance (NMR) 

Ability to study 
fractional wettability 

Requires complex and 
expensive machinery 

8 Dye adsorption Quick 
Simple 
Cost effective 
Ability to study 
fractional wettability 

Not very accurate 

Table 1. 
Summary of wettability measurement techniques. 
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Index Oil-wet Neutral Water-wet 
wet 

Amott wettability index water ratio (IW) 0 0 >0 

Amott wettability index oil ratio (IO) >0 0 0 

Amott wettability index (WIA) −1.0 to −0.3 −0.3 to 0.3 0.3 to 1.0 

United States Bureau of Mines (USBM) −1 0 1 

Contact angle (θ) >90 ° 90 ° <90 ° 

Table 2. 
Index/measurement values depicting different wetting states for different quantitative techniques. 

the size of a pore, are mixed randomly [6]. Speckled wetting refers to the situation 
where oil tends to be trapped in pore throats rather than the pore bodies [7]. 

All the developed techniques, currently employed, express wettability either 
quantitatively or qualitatively. A common limitation of all these traditional methods 
is their inability of in situ measurement of the state of wettability while the wet-
tability alteration process takes place [8, 9]. Table 1 summarizes the other specific 
advantages and limitations of wettability measurement practices that are commonly 
used. For the quantitative wettability techniques, Table 2 shows the index/measure-
ment values for the corresponding wetting states. 

2. Zeta potential approach 

Zeta potential is defined as the difference in potential between the particle 
and its ionic atmosphere surrounding medium, measured in the plane of shear, as 
depicted in Figure 2 [10]. In the ideal case, the potential at the Stern layer, Ψd, is 
desired potential. However, due to the non-conductive nature of most minerals, 
it becomes challenging to measure it [11]. Thus, zeta potential measurements are 

Figure 2. 
Diagram illustrating the surface potential, stern potential, and zeta potential as a function of distance of a 
negatively charged particle in a dispersion medium. 
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considered that are slightly greater than the Stern potential [10]. Mechanistically 
speaking, when a solid particle is dissolved in water, the charge on its surface 
leads to the formation of counterions [12]. For example, in the case of a limestone 
slurry, the co- and counterions, Ca2+ and OH−, are formed. The charged particles 
then attract a layer of counterions from the aqueous phase, known as the Stern 
layer. 

Due to ionic radius considerations, the strongly adsorbed anions do not fully 
offset the surface charge, and hence, a second layer of more loosely held counter-
ions forms, known as the diffuse layer. This diffuse layer is made of free ions which 
are mobile under the influence of electric attraction and thermal motion. The two 
layers combined are known as the electric double layer (EDL). At a certain distance 
away from the charged particle, the surface charge will be fully balanced by the 
counterions, and beyond this point, a bulk suspension with a balance of positive 
and negative electrolyte exists [9, 12]. Particles, with a high surface charge, form a 
large double layer, which prevents particles from getting close to each other because 
of the electrostatic repulsion between them due to identical charges. However, this 
behavior aids in stabilizing suspensions [13]. 

Due to the presence of electric charges in an applied electric field, different 
phenomena occur in the system, which are collectively known as electrokinetic 
effects. The zeta potential can be measured based on different phenomena classified 
as electrokinetic or electroacoustic. Electroacoustic differs from electrokinetic as 
the former uses ultrasound waves to induce movement of particles in one direction. 
Unlike the latter, it does not utilize an electric field. However, they are both used to 
measure the surface charges of stable suspensions composed of small particles of 
sizes less than 10 μm. 

2.1 Electrokinetic measurement 

The electrokinetic phenomena are differentiated based on the induced motion 
of particles [14]. These techniques include: 

1. Electrophoresis 

2. Electroosmosis 

3. Streaming potential 

4. Sedimentation potential 

2.1.1 Electrophoresis 

Electrophoresis is considered to be the most widely used technique in elec-
trokinetics to measure the zeta potential. It considers the movement of a charged 
particle relative to its liquid medium under the influence of the electric field [14]. 
It occurs when an electric field is applied across the sample electrolyte and causes 
the suspended particles to move [14]. However, with an opposing viscous force, 
equilibrium is achieved. As a result, the particles move with constant velocity. This 
velocity, or electrophoretic mobility, depends on [14]: 

• The strength of the electric field 

• The dielectric constant of the liquid 
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• The medium’s viscosity 

• The zeta potential 

The electrophoretic mobility is measured in a microelectrophoresis system. This 
system consists of a cell with electrodes at both ends applying a potential across the 
sample. The suspended particles will move toward the opposite-charged electrode 
during which the velocity is measured. 

2.1.2 Electroosmosis 

Electroosmosis, on the other hand, is associated with the movement of the liquid 
medium relative to a stationary charged surface. The walls of the capillary cell carry 
a surface charge which causes the liquid adjacent to the wall to flow, once the electric 
field is applied. This electroosmotic flow superimposes the colloidal particles’ electro-
phoretic mobility [14]. In a closed system, this flow is countered by another reverse 
flow down the center of the capillary cell. Due to that, there exists a point, known as 
the stationary layer, in which the two flows cancel each other and result in a zero net 
electroosmotic flow [14]. At that point, the true electrophoretic velocity is measured 
[14]. The position of the stationary layer depends on the geometry of the cell. 

2.1.3 Streaming potential 

Streaming potential phenomenon is associated with the generation of an electric 
field when a liquid is forced to flow past a stationary charged surface [14]. The 
potential difference created is known as the streaming potential. This technique is 
used to measure the zeta potential for large particles in unstable suspensions. 

2.1.4 Sedimentation potential 

Sedimentation potential, lastly, deals with the generation of an electric field due 
to the movement of charged particles relative to a stationary medium, in gravita-
tional or sedimentation fields in centrifuges [15]. It is considered to be the opposite 
of electrophoresis. However, it is rarely used due to its difficulty in measuring the 
electrophoretic velocity [15]. 

2.2 Electroacoustic 

In electroacoustics, the motion is due to the different densities of particle and 
medium [16]. This motion disturbs the double layer around the particles and even-
tually forms a dipole moment. The summation of the dipoles results in an electric 
field, known as colloidal vibration current (CVI). A two-electrode sensor detects 
this current and uses it to compute the zeta potential. 

The measurement depends on several factors such as zeta potential, density 
difference between the medium and suspending particles, viscosity, dielectric 
permittivity of the liquid, and particles’ weight fraction. This technique has several 
advantages over the electrophoresis which are [16]: 

• Measurement of high solid content systems, up to 50% volume fraction, with no 
need for dilution 

• Less sensitive to contamination 
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• Higher precision (±0.1 mV) 

• Low surface charges (down to 0.1 mV) 

• Accurate for nonaqueous dispersions 

2.3 Significance to the wettability study 

Zeta potential measurements are used in nearly all industries that involve col-
loidal systems. In addition, measuring zeta potential is a reflection of characterizing 
the surface charge of a suspended particle [17]. Recently, zeta potential measure-
ments have been used extensively to study various biomaterials such as proteins, 
leukocytes, and DNA [18–20]. Moreover, they have been used to understand the 
behavior of nanoparticles with human cells, beneficial for applications in the field 
of medicine [21]. Adhesive properties of various polymers and biomaterial have 
been investigated using the zeta potential approach [20, 22]. In a study, conducted 
by Bassioni [23] on environment-friendly construction, zeta potential measure-
ments were used to identify the presence of anionic superplasticizers on cement 
particles. In addition, Bassioni and Ali [24] performed zeta potential measurements 
to identify effective dosage of additives to oil-well cement. 

In another study, conducted by Bassioni [25], CaCO3 showed potential to adsorb 
significant quantities of anions due to its positive surface charge. Moreover, zeta 
potential measurements were made to determine the surface charge of the calcium 
carbonate particles in the presence of varying dosages of the adsorbates [25]. Since 
wettability refers to the adsorption of a fluid, in presence of immiscible fluids, onto 
a rock surface, zeta potential measurements are a promising way to measure wet-
tability. As compared to all other wettability measurement techniques discussed, 
the zeta potential approach is significant as it can study the wettability alteration 
in situ [26]. Wettability studies can be carried out on the reservoir rock in order to 
determine its tolerance and its interaction with inhibitors, prior to any injections 
to the reservoir. Predictions can be made to study the effect of reservoir conditions 
onto the rock wettability. 

Several studies have been conducted where researchers have employed the 
concept of zeta potential for different applications. Elimelech et al. used zeta 
potential measurements to study reverse osmosis membranes [27]. In another study, 
zeta potential was used to determine the optimum dosage of additives to cement for 
hydration [28]. Bousse et al. conducted zeta potential measurements on metallic 
oxide thin films [29]. In addition, another study carried out zeta potential measure-
ments on some transition metal oxides at high temperature [30]. 

3. Case study 

3.1 Methodology 

Several experiments were conducted in order to study wettability on reservoir 
rocks using zeta potential measurements. These include the wettability study of: 

• Crude oil on calcium carbonate in limestone-water mixture 

• Water on calcium carbonate in limestone-oil mixture 

• Crude oil A on calcium carbonate in limestone-water mixture with inhibitors 
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• Asphaltenic solutions on calcium carbonate in limestone-water mixture 

• Maltenes on calcium carbonate in limestone-water mixture 

The experimental setup, as shown in Figure 3, mainly comprises of a zeta 
probe, an electronic stirrer and a mixing cell. Prior to the experiment, the particle 
size of the powdered reservoir rock (i.e., limestone) was determined using a WJL 
laser granulometer, as it was suspended in water. For each of the experiment, a 
colloidal mixture was prepared. For the first study, 200 g of limestone was poured 
into 200 g of water over a period of 1 minute. The mixture was allowed to sit for 
1 minute and then stirred vigorously for 2 minutes before transferring to the mix-
ing cell. In the mixing cells, the mixture is continuously stirred using an electronic 
stirrer at room conditions. All experiments conducted in this study were carried 
out using distilled water since wettability effects become very important when 
brine saturation is lowered [31].The zeta probe was placed and the zeta potential 
was measured. After the initial zeta potential value was recorded, the fluid of 
interest is added mL-wise to the mixture, and successive zeta potential measure-
ments were made. 

Model DT-1200 Electroacoustic Spectrometer (Dispersion Technology Inc., 
New York, USA) was used to measure the zeta potential values of the system. 
Moreover, the device has a zeta potential measurement accuracy of ± 0.1 mV + 0.5, 
as stated by the manufacturer. Densities of the liquid medium and the suspended 
solid medium and the suspended solid particle size were the parameter input to 
the system. The probe was placed in the external cell, and the zeta potential was 
measured, as illustrated in Figure 3. For the proposed zeta potential setup, the 
zeta probe takes measurements when immersed in a colloidal system. Moreover, 
the system of solid fluid needs to be smooth so a steady colloidal system exists 
throughout the analysis. The system works with small particles of sizes less than 
10 μm. If aggregation in the system or deposition on the probe occurs, it may result 
in inaccurate readings. 

Figure 3. 
Experimental setup [26]. 
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3.2 Results and discussion 

This section states the results obtained from each analysis and experiment. In 
addition, it discusses each observation in detail, with possible explanations for each 
of the finding. 

The D50 size of the limestone particle was found to be 7.06 ± 0.211 μm with 
a surface area of 8.628 m2/g and a density of 2.66 g/cm3. On the other hand, the 
PCD analysis showed that both inhibitors, SD and KT, carry a surface charge of 
−2097 and −1145 mV, respectively. Additionally, the moisture content in each 
inhibitor was found to be 96.2 and 71.3%, respectively. The ICP-MS analysis, 
carried out on the SD inhibitor samples, showed significant concentrations of 
Rb, Ca, and Mg, in descending order. On the other hand, Ni, Al, and Cr were 
found in significant concentrations in the KT inhibitor (from highest to lowest, 
respectively). 

Various wettability studies were carried out for different crude oil samples on 
limestone, in presence and absence of inhibitors, as well as of oil derivatives, such 
as maltene and asphaltenes. The following sections state the findings of each and 
discuss the results in detail. 

3.2.1 Wettability of calcium carbonate for crude oil in limestone-water mixture 

Figure 4 shows the results of the zeta potential measurements of the limestone-
water suspension as different crude oils are added to the system. 

Initially, the surface charge for aqueous limestone suspension was found to 
be about +30 mV. At this stage, the CaCO3 is completely wetted by water since no 
crude oil is added yet. Upon addition of crude oil, the zeta potential of the aque-
ous limestone suspension starts to decrease steadily until a certain limit beyond 
which a steep fall is observed. This limit differs for each type of oil, as seen from 
Figure 4. 

As oil comprises of negatively charged particles [3, 32], oil droplets tend to 
adsorb to the positively charged CaCO3 surface as a result of electrostatic interac-
tion, displacing the water particles to the bulk. Figure 5 depicts this competitive 
adsorption behavior. Once the entire surface is completely wet with the oil droplets, 
the wettability curve experiences a steep decrease in the zeta potential value, 
signifying a complete oil-wet surface. The curve flattens out to indicate the end of 
the adsorption process. 

Figure 4. 
Zeta potential measurements for aqueous limestone suspension with volume of crude oil added [26]. 
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Figure 5. 
Negatively charged crude oil particles adsorbing onto positively charged calcium carbonate surface [33]. 

It can be seen from Figure 4 that all crude oil samples experience a similar trend 
upon the addition of crude oil. However, crude oil C tends to have a slightly differ-
ent trend. This behavior will be explained in the section discussing the wettability 
alteration due to asphaltene. 

As seen from Figure 4, it is observed that there exists a general trend in the 
wettability curve for all crude oil samples. However, the curve appears to be shifted 
vertically. In accord with our own investigation [26], a previously reported study 
showed C7 asphaltene particles, in presence of resins, are negatively charged [34]. 
Therefore, the more the asphaltene content present, the lower the zeta potential 
decrease observed. Hence, the vertical shift is observed. 

3.2.2 Wettability of calcium carbonate for water in limestone-oil A mixture 

Figure 6 shows the zeta potential measurements of the limestone-crude oil 
mixture as water is added. 

The initial zeta potential of the limestone-oil suspension was found to be 
−15 mV. This signifies that oil carries components with high negative charge, as 
compared to limestone, lowering the zeta potential value of the limestone suspen-
sion to a negative value. Upon addition of water, the zeta potential fluctuates 
around the average value, as exhibited in Figure 6. 

Initially, the limestone surface is completely coated by oil (i.e., oil-wet), and the 
mixture is being stirred smoothly. When water is added to the system, it washes 

Figure 6. 
Zeta potential measurements for limestone-oil A suspension with volume of water added [26]. 
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away the negatively charged adsorbed oil droplets from the surface into the bulk. 
However, due to electrostatic interactions, these oil droplets tend to return to the 
limestone surface and adsorb onto it, with time. This continuous behavior results 
in fluctuations in the zeta potential values. Figure 7 shows the remainder of the 
limestone-oil water system when the experiment was halted. 

It can be seen in Figure 7 that deposition of heavy fractions of oil on the lime-
stone surface occurred, forming large chunks of solid matter. The formation of solid 
chunks became an obstacle for the stirrer in mixing, and the experiment was halted. 
This situation arose due the addition of water. Water tends to alter the composition 
of the system, destabilizing the limestone-oil suspension. Due to such disturbance, 
the heavy fractions aggregate and deposit onto the surface of limestone, as seen 
from Figure 7. 

3.2.3 Wettability of calcium carbonate for crude oil A in limestone-water mixture 
with inhibitors 

The wettability experiment was carried out on the aqueous limestone suspension 
in presence of inhibitors, and the data was compared to the wettability profile of 
crude oil A in absence of inhibitors, as seen in Figure 8. 

The initial zeta potential value for the limestone-water inhibitor system for 
both inhibitors, KT and SD, was 16 mV even though KT has a particle charge 
of −1145 mV, whereas SD has a particle charge of −2097 mV. The zeta potential 
decreases with the addition of crude oil to the system. Moreover, both inhibitors 
decrease the zeta potential of the system to a value of about 4 mV, after 80 mL 
of crude oil was added. Yet, inhibitor SD experiences an earlier decrease in zeta 
potential value relative to inhibitor KT. 

As compared to the wettability profile of calcium carbonate without inhibitor, 
it is observed that inhibitor SD decreases the system tolerance to the addition of 
crude oil, whereas inhibitor KT slightly increases it. In other words, the wettability 
alteration process, from water-wet to oil-wet, is accelerated by inhibitor SD, while 
inhibitor KT decreases it. This analysis shows that inhibitor SD is ineffective for 
crude oil A. 

Figure 9 shows an illustration, showing the possible mechanism that the inhibi-
tor particles follow, in the limestone-water inhibitor system, as crude oil is being 
added. 

Figure 7. 
Limestone-oil suspension upon addition of 53 mL of water [26]. 
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Figure 8. 
Zeta potential measurements of aqueous limestone suspension without inhibitor and with inhibitors, KT and 
SD [26]. 

In the limestone-water inhibitor system, the inhibitor gets attracted and 
adsorbed onto the limestone surface due to its high negative particle charge. Since 
the inhibitor possesses a higher negative charge than the crude oil, upon addition 
of crude oil, it remains adsorbed on the limestone surface and tends to resist the 
wettability alteration, keeping the oil particles in the bulk. 

The transition is resisted due to the negative charges present on both, crude oil 
and the inhibitor. These negative charges exert forces of repulsion, preventing the 
crude oil particles from coming in contact with the limestone surface and keeping 
them afloat in the oil. By extension, this prevents the deposition of heavy fractions 
of oil, maintaining the composition of the crude oil. However, it can be seen that 
in Figure 7, the zeta potential value of the suspension decreases to an even lower 
value upon addition of crude oil. Eventually, the inhibitor particles are forced to 
desorb due to the increasing concentration of crude oil. Hence, the wettability 
changes. 

Figure 9. 
Mechanism of inhibitor adsorbing on the limestone surface in the presence of crude oil [26]. 
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3.2.4 Wettability of asphaltenic solutions on calcium carbonate in limestone-water 
mixture 

Asphaltene was extracted from crude oil A, and different asphaltene-toluene 
solutions of varying concentrations were prepared. Figure 10 shows the wettability 
curve for each solution. 

Initially, the limestone surface in the limestone-water system is completely 
water-wet. Upon addition of asphaltenic solution, the zeta potential value decreases 
for all concentrations of asphaltene. This signifies the negative character of the 
asphaltene molecules in toluene as well as in oil, as supported by Bassioni and Taqvi 
[26]. As the concentration of the asphaltenic solution increases, the zeta potential 
tends to fall to a more negative value. All concentrations except 5 wt% follow a simi-
lar trend in the decrease of the zeta potential value, upon adding the asphaltenic 
solution. The reason behind the change in trend in case of 5 wt% asphaltenic 
solution will be explained in Section 3.3, discussing the wettability alteration due to 
asphaltene. 

Initially, the limestone surface in the limestone-water system is completely 
water-wet. Upon addition of the asphaltenic solution, asphaltene particles tend to 
adsorb onto the limestone surface and wet it. The wettability alteration is complete 
once the wettability curve flattens out, and the plateau, at the end of the wettability 
curve, marks a completely asphaltene-wet limestone surface. 

3.2.5 Wettability of maltenes on calcium carbonate in limestone-water mixture 

In addition to the asphaltenes, a wettability study was carried out on the 
maltenes extracted from crude oil. Figure 11 shows the wettability curve for 
maltenes, asphaltenes, and the crude oil. 

Initially, the limestone surface in the limestone-water system is completely 
water-wet. When maltene is added to the system, the zeta potential value decreases 
until the curve flattens out, as seen in Figure 11. Resins, in the maltenes, adsorb 
onto the surface, and the wettability curve flattens out when the limestone surface 
is completely maltene-wet. 

When compared to the wettability of limestone for crude oil A, the zeta poten-
tial values of the maltene wettability curve seem to coincide with it. Moreover, 
the maltene wettability curve attains a plateau at a zeta potential +20 mV, 

Figure 10. 
Wettability of aqueous limestone mixture for asphaltenic solutions of varying concentrations of crude oil A [26]. 
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Figure 11. 
Wettability profile of limestone for maltene, asphaltene, and crude oil [33]. 

corresponding to the wettability alteration in the wettability curve of limestone for 
crude oil. On the other hand, the plateau of the wettability curve for asphaltenic 
solution coincides with the plateau of the wettability curve for crude oil A. In addi-
tion, both wettability curves seem to coincide at a similar value of about +12 mV. 

The behavior can be explained such that when crude oil is added to limestone-
water mixture, the maltenes, in the crude oil, readily adsorb onto the surface of the 
limestone particle. After the surface is completely maltene-wet, asphaltenes start 
adsorbing onto the surface of calcium carbonate. The wettability curve approaches 
a plateau when the limestone surface is completely asphaltene-wet. 

3.2.6 Summary 

In contrast to the quantitative techniques discussed in Table 1, the zeta potential 
technique presents an entire wettability profile for the reservoir rock. Wettability 
measurements are unique for each system. Cases have been presented where different 
wetting states can be understood from the proposed zeta potential technique. As stated 
earlier, the quantitative measurement methodologies stated here cannot determine 
wettability in situ. Thus, if samples of the mixture are drawn at different wetting states, 
respective values would be observed, as shown in Table 2. For the study presented in 
Section 3.2.1, if a sample from the mixture was obtained anywhere from the beginning 
of the experiment until where the plateau’s first steep drop was observed in Figure 4 
(i.e., ~44 mL of crude oil for oil A), the contact angle method would yield θ values of 
less than 90°. However, if a sample is drawn from beyond the plateau, the contact angle 
value would result in greater than 90°. 

In all, from the results analyzed above, it was observed that calcium carbon-
ate, in water, is positively charged and has the potential to adsorb particles onto its 
surface. Oil, on the other hand, consists of negatively charged components which 
adsorb onto the calcium carbonate surface due to electrostatic interaction. 

In a strongly water-wetted calcium carbonate system, upon the addition of 
crude oil, the zeta potential is observed to decrease until oil particles adsorb onto 
the rock surface. Effective inhibitors in such systems have been able to increase the 
surface resistance to adsorb negatively charged oil particles. In a strongly oil-wetted 
system, the zeta potential fluctuates upon the addition of water and eventually leads 
to the formation of large chunks of calcium carbonate with asphaltene deposition. 
Inhibitors have been found to be ineffective in such systems. 
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As evident from the different wettability studies carried out, crude oil adsorbs 
onto the limestone surface, initially, with a steady decrease, followed by a steep 
decrease in the zeta potential value and a plateau. On the other hand, maltenes have 
been observed to adsorb onto the surface with a steady decrease in the zeta potential 
value, while asphaltene molecules have been observed to readily adsorb onto the 
limestone surface, resulting in a steep decrease in the zeta potential value, followed 
by a plateau. The superimposition of zeta potential values for the wettability profiles 
shows a strong relationship that will be explained, in detail, in the following section. 

3.3 Wettability alteration due to asphaltene 

All wettability studies, carried out, indicate the adsorption of oil particles when 
crude oil or its individual components are added to a limestone-water mixture. 
However, a detailed explanation is required for such a behavior and the role of 
asphaltene in the wettability alteration process. Figure 12 provides a mechanism 
that the oil components undergo through the wettability alteration process, at a 
microscopic level. 

Initially, the limestone surface in the limestone-water system is completely water-
wet. When crude oil is added, the resins, major oil component in the light fraction 
of oil (i.e., maltene), competitively adsorb onto the limestone surface. Resins are 
negatively charged in oil with a dipole moment of 2.4–3.2 D, while water has an aver-
age dipole moment of 1.85 D [32, 35]. Due to greater forces of electrostatic attraction 
between the positive limestone surface and negatively charged resins, the resins 
adsorb onto the limestone surface. At the end of the steady decrease, as indicated in 
Figure 12, a monolayer of resins is formed, pushing the water molecules to the bulk. 

Following the steady decrease of zeta potential, the limestone surface experi-
ences a steep decrease in zeta potential value. This is attributed to the competitive 
adsorption between the resins and the asphaltene molecules. Asphaltene molecules, 
as reported earlier, have a dipole moment over the range of 3.3–6.9 D [36]. This 
signifies the ability of asphaltene molecules to carry a greater charge than resins. 
Therefore, during the wettability alteration process, asphaltenes carry a greater 
negative charge than resins and competitively adsorb onto the limestone surface, 

Figure 12. 
Mechanism oil particles undergo during a wettability alteration process. 
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displacing the resin molecules to the bulk. The wettability curve flattens out when 
the asphaltene molecules form a monolayer on the limestone surface. Wettability 
studies of limestone for crude oils, A and B, tend to follow this behavior. Moreover, 
wettability of limestone for all asphaltenic solutions except 5 wt% is believed to 
follow this mechanism. According to a study conducted by Plank and Bassioni [37], 
CaCO3 was found to correspond to a Type II isotherm [38]. 

According to Gregg et al. [39], the Type II isotherm, observed in physical 
adsorption, indicates the formation of a monolayer of particles onto the surface 
near the inflection point in the isotherm. Moreover, it allows for multiple layers to 
be formed above that monolayer of particles. The additional phenomenon, indi-
cated in Figure 12, is believed to be observed in the wettability curve of limestone 
for crude oil C and is the reason behind the difference between the wettability of 
limestone for all asphaltenic solutions and 5 wt%. As the concentration of crude oil 
increases in the limestone-water crude oil system, another steep decrease in the zeta 
potential value is observed. The curve flattens out, and fluctuations are observed 
toward the end of the wettability curve. Discussing the mechanism following the 
monolayer formation of asphaltene molecules on limestone, it is believed that more 
asphaltene molecules approach the monolayer and adsorb onto it. This results in the 
formation of multilayers, leading to asphaltene deposition. This behavior can be 
attributed to the adsorption isotherm IV [38]. 

As described by Gregg et al. [39], the points of inflection in the adsorption 
isotherm type IV reflect the completion of monolayer as well as the onset of multi-
layer adsorption. Moreover, capillary condensation is associated with this isotherm 
where the adsorbate fills the small pores of the solid. In the case of the wettability 
alteration by crude oil, the pores can be assumed to be filled by asphaltenes which 
causes fluctuations. The wettability study, of limestone-oil system with water 
added, shows fluctuations at a significant level where oil is destabilized by water the 
system. Significant fluctuations, toward the end of the wettability profiles, are also 
evident in Figure 4, the wettability study of limestone for crude oil C, and evident 
in Figure 10, the wettability study of limestone for 5 wt% asphaltenic solution. 
When a concentrated liquid coats a porous solid, it tends to permeate through the 
solid rock and fill its pores. As observed from the wettability study of limestone-oil 
system with water added, water presence in such a system causes deposition of 
heavy fractions, leading to instability in the system. 

Commonly, physical adsorption gives rise to such an isotherm resulting in 
multilayer adsorption. Components, comprising of aromatic rings, in the crude oil 
adsorb onto the monolayer of oil particles adsorbed on the CaCO3 surface. As mul-
tilayers adsorb, the system experiences a steady decrease in the zeta potential value 
until a plateau is reached. Due to the multilayer adsorption, the thickness is believed 
to increase causing the CVI to measure a potential value at a distance beyond the 
electric double layer. 

4. Conclusion 

Complete wettability profiles of charged surfaces can be generated using zeta 
potential measurements. Unlike the commonly employed methods, the novel 
technique is able to study wettability in situ alteration. In the case of calcium carbon-
ate and crude oil, the tolerance of the reservoir rock surface was observed while 
transitioning from a water-wet to an oil-wet surface. In this chapter, a comprehensive 
insight for the mechanism of inhibition of asphaltenes by inhibitors was provided. 
Moreover, a detailed discussion is provided on the role of asphaltene in wettability 
alteration, by stating the mechanism it follows in order to form multilayer adsorption. 
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According to literature, factors such as temperature, pressure, and pH have an 
effect on reservoir rock wettability. Therefore, further research can be carried out 
in order to study the effect of these factors on the wettability alteration process. 
Moreover, as the wettability study using zeta potential measurements is a novel 
technique, various other studies, in which traditional wettability methods were 
used, can be carried out with this approach. Additionally, a similar analysis can be 
carried out with different types of reservoir rocks, and wettability profiles can be 
generated. 
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Chapter 4

Wetting of Al Alloys for Hot
Dipping Coating Process
Qiaoli Lin, Ran Sui and Weiyuan Yu

Abstract

Wetting phenomenon, as a basic physical process, also relates to the many
material processes, such as coating process, brazing or soldering process, casting,
preparation of MMCs, etc. In this chapter, the method of wetting characteriza-
tion at the high temperatures was presented (especially for the metallurgical
melts), also the wetting behavior and mechanism of Al alloys (4043 and 6061
alloys) on the different metallic substrates at isothermal dwelling process as well
as the characteristics and formation mechanism of precursor film were dis-
cussed. Thermodynamics of segregation of solute element were also discussed,
which can be predicted by the thermodynamic model. We believe the content of
this chapter would be a guidance for hot dipping process based on the wetting
theories.

Keywords: wettability, aluminizing, brazing, interfacial reaction, adsorption,
precursor film

1. Introduction

At high temperatures, wetting of a solid (metal or ceramic) by the molten metal-
lurgical melts is of great technological importance in a variety of metallurgical pro-
cesses, e.g, hot dipping coating process, brazing process, casting process and sintering
process. Each process has the different optimal wetting condition. For the hot dipping
coating process, the perfect wettability of base materials by liquid metal is demanded.
Two key issues for wetting at high temperatures include the spreading dynamics
(wetting behavior) and the final wettability (the degree of wettability). For the former
issue, it determined the technological parameters in process; for the latter issue, it
would be one of the critical evaluation bases for whether the process can be carried out
or not.

The description of wettability since from 1805 in Young’s work [1], has been well 
developed, as following,

cosθ = σsv − σsl______
σlv

(1)

where θ is contact angle for a liquid equilibrium with ideal solid at the point
of triple line, σlv, σsv and σsl are the tension between liquid-vapor, solid-vapor
and solid-liquid interfaces. The value of θ represents the degree of wettability,
i.e., the better wettability and the smaller θ, also cosθ stands for the energy in
a dimensionless form. The methods for obtaining θ are numerous, but for the
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wetting system of metallurgical melts at high temperatures, need to consider 
many other factors, not just the high temperatures, metallurgical process, atmo-
sphere, interfacial reaction, etc. Further, the characterization of wetting should 
pay attention to two points, one is the wetting under the quasi-ideal condition, 
another is the wetting in a real process which including the consideration of many 
other factors, such as nonequilibrium temperature field, heat input and output, 
physic-chemistry effect of flux on interface, etc. Due to the complexity, the 
method for the characterization of the wetting under the quasi-ideal condition 
would be elaborated in Section 2. 

The coating process by using a hot dipping method, although a traditional 
technology with relatively high energy consumption, is also a reliable technol-
ogy with high efficiency. The quality of coating directly depends on the wetting 
of base metal by the coating metal. The performance of coating as well as the 
technological parameters in the coating process is also affected by the trace 
addition in the alloys which may act on the solid/liquid interface and(or) the 
liquid/vapor interface. In this chapter, based on the effect of trace elements on the 
wetting behaviors and the interfacial structures, the wetting mechanism of base 
metals (steel, Ti6Al4V (TC4) alloy, pure Ti (TA2)) by Al alloys (4043 alloy and 
6061 alloy) as well as the formation of precursor film in these systems would be 
presented in Section 3. 

This chapter presents an overview of wetting parameters at high tempera-
tures, wetting mechanism in the isothermal spreading, the effect of trace ele-
ments on the formation of interface and the possibility of designed interfacial 
structures. 

2. Characterization of wetting behavior 

At high temperatures, one needs to be careful in the characterization of the wet-
ting of molten metal on the surface of materials (ceramics or metals) with relatively 
high melting pointing under the quasi-ideal condition. 

First, the basic condition is the homogeneous temperature field for wetting 
should be established. 

Second, the average roughness (Ra) of substrate should be obtained before 
wetting test. Usually, Ra for the metallic substrates after polishing and the mono-
crystal ceramic substrates are in the range of dozens of nanometers over a distance 
of 2 mm, Ra for the polycrystal ceramic substrates after polishing are in the range 
of hundreds of nanometers which depends on the relative density of the polycrystal 
ceramic substrates. 

Third, due to the high sensitivity of metal to oxygen, the oxygen partial pressure 
in the atmosphere should be controlled, usually in a vacuum of ~10−4 Pa or a 
dried-deoxidized Ar atmosphere, the oxygen partial pressure was estimated to be 
lower than 10−14 Pa [2] in such a high vacuum, and the oxygen partial pressure was 
estimated to be lower than 10−8 Pa [2] in a dried-deoxidized Ar atmosphere. 

Once the above conditions were confirmed, and then the various methods for 
the testing should be considered. 

Several methods for the testing at room temperatures, such as sessile drop 
method, wetting balance method, vertical rod method, tilted plate method, capil-
lary rise method, etc., but the sessile drop method based on the complicated calcu-
lation is usually adopted due to the good feasibility. One also should note that the 
sessile drop method used in more than 90% of wetting studies at high temperatures 
[3]. The size of drop for testing should refer to its capillary length (i.e., 2σlv/(ρg)1/2, 
where ρ is the density of liquid and g is the acceleration due to gravity), and thus 
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Figure 1. 
(a) Schematic diagram for wetting furnace and (b) the designed wetting furnace. 

a drop of volume ~5 μl with a spherical diameter of ~2 mm will be suitable for 
obtaining of the contact angle. Advancing contact angle is the parameter which 
the engineers mostly care about, and thus the study of wetting behavior used the 
advancing contact angle. 

To acquire wetting parameters under the quasi-ideal condition, a specific wet-
ting furnace is necessary, as be shown in Figure 1. The whole device mainly includes 
the controlled heat system, the vacuum system, the inertia gas flow system, the 
water-cooling system, and the image acquisition and data processing system. The 
details of this device were shown in Figure 1(a), W, Ta or Mo was used as a heater, 
and two typical drop transfer modes were used, the modified sessile drop method 
and the improved sessile drop method. 

Comparing to the traditional sessile drop method (substrate and metal were 
heated together), the mentioned two sessile drop methods have a distinct advantage 
in measurement of initial contact angle and spreading dynamics, particularly for 
the system with a chemical reaction at elevated temperatures. 

To acquire the wetting parameters accurately, a laser backlight source (650 nm 
in wavelength and 10 mW in power) together with the band-pass filter is necessary 
for an image acquisition and data processing system. To insure the reliability of 
obtained data, the drop profiles were captured in two axes, as shown in Figure 1(b). 
The typical side view of captured drop profile was shown in Figure 2. Before the 
calculation of contact angle, every pixel in the image was defined as a coordinate 
value (x and y coordinates), and then the program can seek the boundary between 
drop and backlight, and thus the pixel coordinate function of drop profile can be 

Figure 2. 
Typical captured drop profile. 
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Si Fe Cu Mn Mg Zn Ti Al 

Al 6061 0.60 0.90 — — 0.90 0.25 0.15 Bal. 

Al 4043 4.5–6.0 0.80 0.30 0.05 0.50 0.10 0.20 Bal. 

Table 1. 
Nominal chemical compositions of the used Al alloys (wt.%). 

Steel C Si Mn P S Fe 

Q235 0.12–0.2 ≤0.3 0.3–0.7 ≤0.045 ≤0.045 Bal. 

Ti alloy Ti Fe Si C Al V O 

TC4 Bal. 0.3 — 0.1 5.6–5.8 3.5–4.5 0.2 

Pure Ti Ti Fe Si C N H O 

TA2 Bal. 0.3 0.15 0.1 0.05 0.015 0.2 

Table 2. 
Nominal chemical compositions of the used substrates (wt.%). 

extracted. The function was further fitted by several models, i.e., Young-Laplace 
model, conic model, circle model. The choice of fitting model depends on the 
symmetry of captured drop profile or the contact angle. If the drop profile is almost 
axisymmetric, Young-Laplace model is the first choice. If the profile deviates 
axis symmetry, conic model is the first choice. If the contact angle is less than 5°, 
conic model or circle model is the first choice. Based on the results of calculation, 
the detailed wetting parameters can be obtained, i.e., the contact angle, the base 
diameter, the density, volume and surface tension of liquid. 

The chemical compositions of the used materials were shown in Tables 1 and 2. 
Based on the wetting characterization, to establish the relationship of wetting 

behavior and surface/interface evolution, further reveal the wetting mechanism, 
some necessary micro-analysis were also carried out. 

3. Reactive wetting of Al alloys on metallic substrates 

Trace elements in Al alloys, which may act on the surface of drop and/or the 
solid/liquid interface, and thus the industrial grade Al 4043 alloy and Al 6061 alloy 
were selected in this work which are of Si addition (~5 wt.%) and of Mg addition 
(~1 wt.%), respectively. The Si addition may both act on the surface of drop and 
solid/liquid interface, and the Mg addition may act on the surface of the drop mainly. 
The metallic substrates were selected as a reactive wetting system, i.e., Al/steel (low-
carbon steel), Al/TC4 (Ti6Al4V) and Al/TA2 (TA2 grade pure Ti) systems. 

The melting points of Al 4043 alloy and Al 6061 alloy were confirmed by DTA 
method (STA449-C, NETZSCH, and Germany), are 586 and 582°C, respectively, 
and thus the isothermal wetting experiments were carried out in a high vacuum 
(~10−4 Pa) by using improved sessile drop method at the range from 600 to 700°C. 

The variations in the contact angle and the normalized contact radius (Rd/R0, 
Rd is the dynamic contact radius and R0 is the initial contact radius) with time 
are critical parameters for fabricating a coating by hot dipping method, were 
shown in Figures 3 and 4. Figure 3 for Al/steel, Figure 4(a)–(d) for Al/TC4, 
Figure 4(e)–(h) for Al/TA2, all show the monotonic variation with time and 
the temperature depended final wettability. In variations of normalized contact 
radius with time, there are two types of variations, i.e., the linear spreading and 
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Figure 3. 
Variation in contact angle and normalized contact radius with time, (a) and (b) for 4043 Al/steel, (c) and (d) 
for 6061 Al/TC4, respectively. 

the nonlinear spreading. In Al/steel system, the variation of Al 4043 is in the 
nonlinear spreading, and the variation of Al 6061 is in the linear spreading; In 
Al/TC4 and Al/Ti systems, the variations of Rd/R0 show that nonlinear spreading 
firstly, and then linear spreading. The variations of the nonlinear spreading can 
be described by the exponential function (Rd/R0 = Rf/R0-aexp[−(t/τ)m], where a, 
τ and m are the fitting parameters, Rf represents the final contact radius). 

During spreading, the precursor film (diffusion bond or so called “wetting halo”) 
was formed at the latter stage of spreading in some specific samples. As shown in 
Figure 5(a)–(c) are the top-views for the samples after isothermal wetting at 650, 
700 and 750°C for Al 4043/steel, and the top-views of (a-1) to (c-1) for Al 6061/ 
steel samples after isothermal wetting at 600, 650 and 700°C. As a consensus, the 
formation of the precursor film always accompanies the good final wettability, and 
the larger width of the precursor and the better final wettability. Therefore, the final 
wettability of Al 6061/steel is better than Al 4043/steel at the same experimental 
temperature, although the latter has some precursor film at 650 and 700°C, the 
width of them is very limited (~500–1000 μm). Such a congruent relationship is also 
suitable for the wetting of metal/ceramic systems [4]. Also, in all Al/TC4 and Al/ 
TA2 (except for Al 6061/TA2 at 600°C which is nonwetting at the final state), the 
precursor film can be found at the final state after wetting, also can be seen in Hg/ 
Ag system [5] in the study by Be’er et al. However, the formation mechanism is so 
different from the evaporation-condensation mechanism (suggested by de Gennes 
[6]) and the surface diffusion mechanism (suggested by Li et al. [7]). Further, the 
precursor film, in a metal/ceramic system, especially for the melt contain some 
concentration of the active element, is an adsorbed film. The formation of the film 
should satisfy some specific conditions, as we reviewed before [4]. 

The sectional views of interfacial structures for Al 6061/steel and Al 4043/steel 
samples are obviously different after isothermal wetting at the same temperature 
(at 650°C), as shown in Figures 6(a) and 7(a). Although two types of Fe-Al 
intermetallics can be found in all the samples (bottom: the continuous Fe2Al5 layer, 
upper: discontinued FeAl3), the effect of trace elements on the interfacial structures 
is obvious. In Al 4043/steel, the addition of Si segregated at solid/liquid interface 
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Figure 4. 
Variation in contact angle and normalized contact radius with time, (a) and (b) for 4043 Al/TC4, (c) and 
(d) for 6061 Al/TC4, (e) and (f) for 4043 Al/TA2, (g) and (h) for 6061 Al/TA2, respectively. 

which enhanced the interfacial reaction, so that the barrier of interdiffusion was 
established. Both Si element distribution map (Figure 6(c)) and the elements line 
distributions for the corresponding position of Figure 6(b) show Si is incline to 
segregate at solid/liquid interface rather than surface of liquid. Also, the segrega-
tion of Si induced the brittleness of the compact Fe2Al5 layer [8], which induced 
some continuous and propagating cracks. Actually, some Si was dissolved into the 
Fe2Al5 phase as a solid solution due to the Si segregation, which can be rewritten as 
Fe2(Al1−xSix)5, where x is in the range of 0.0625–0.104, as reported by Gupta [9]. 
Comparing with Al 4043/steel, in the interface of Al 6061/steel, no Mg segregation 
(even no trace of Mg) can be found in the interface or the bulk of drop due to the 
high volatility of Mg under the vacuum condition, as shown in Figure 7(a)–(c). The 
Fe2Al5 reaction layer on steel side is irregular and stretches into the steel side, which 
is one of the main differences from Al 4043/steel interface. Without the barrier 
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Figure 5. 
Top-view of some typical sessile drop samples of Al/steel after the wetting experiments in vacuum: (a)–(c) for 
Al 4043 sample at 650, 700 and 750°C; (a-1)–(c-1) for Al 6061 sample at 600, 650 and 700°C. 

Figure 6. 
Cross-sectional views of interface structures (Al 4043/steel): (a) at the close of triple line, (b) the central 
position at interface, (c) Si element distribution map corresponding to the purple rectangle in (b). 

of interdiffusion, the grain boundary as a short-circuit diffused path, Al element 
prefers to diffuse into the grain boundary, and then reacted with Fe. The X-Ray 
micro-Diffraction (micro-XRD) pattern of the phases at the surface of the precursor 
film for Al 6061 sample after isothermal wetting at 700°C in Figure 7(d) shows the 
precursor film contains Fe2Al5, i.e., the extended reaction layer. 

Understanding the reasons caused the wetting, is the benefit of further control-
ling the manufactured process, which is the prime concern of engineering. In a 
metallic system, the first obstacle for wetting is the oxide film on the surface of 
substrate. Protsenko et al. [10] considered the effect of the formation of intermetallic 
compounds in the wetting with the metallic substrate covered by oxide film. By the 
formation of IMC by diffusion of reacting components through the thin oxide layer, 
the oxide film can be disrupted and then in situ a clean surface of intermetallic for 
wetting can be created. Also, as suggested by Durandet et al. [11], the precipitation 
of Fe-Al intermetallics is so fast even the contact time of liquid Al and steel as short 
as 20 ms. Further, the thickness of the IMC layer in this work is larger than the oxide 
film (in nanoscale), and thus the precipitation of IMC may be a factor for improving 
wettability. However, the time for spreading cannot correspond to the fast reaction. 

The dynamic of IMC precipitation should not be the limited factor for spread-
ing. Although the nonwettable Fe�O oxide film would block wetting, a reduction 
reaction 2yAl + 3FexOy = yAl2O3 + 3xFe can take place based on the thermodynamic 
consideration [12], and then Al melts can further react with the fresh surface of Fe. 
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Figure 7. 
Cross-sectional views of interface structures (Al 6061/steel): (a) at the close of triple line, (b) the central 
position at interface, (c) the typical energy spectrum for the position of yellow cross in (b) and (d) the XRD 
pattern for the surface of precursor film. 

As known, the whole process is limited by the slowest step, and thus the reduction 
step may be the limited factor for spreading. In Al 6061/steel, although no trace of 
Mg was observed, the volatilization of Mg cannot be neglected. As suggested by 
Miller and Pa [13], Mg vapor as a gas flux can reduce Al2O3 in the brazing process 
of Al alloys. Here, the Fe�O oxide film also can be reduced by Mg vapor due to the 
more positive formation of Gibbs free energy of Fe�O compounds [12] under the 
same thermodynamic condition. Based on the result of microstructures, although 
the precursor film for Al 4043/steel also can be found, it only appears at high 
experimental temperature with very limited width due to the slight volatility of 
Al. All the interfacial structures indicate that the formation of the precursor film 
is related to the volatility of the active element in the specific system. However, the 
formation mechanism is not the evaporation-condensation mechanism. When the 
base metal was covered by the thin oxide film, the molten metal would infiltrate 
under the covered oxide film and then trigger the moving of triple line, and thus 
the spreading in this stage is also called secondary spreading or wetting, i.e., the 
formation of precursor film satisfies the subcutaneous infiltration mechanism (as 
proposed by Zhuang and Lugscheider [14]). 

Based on the final wetting states, i.e., nonwetting and wetting states, the typical 
interfacial structures were selected, as shown in Figures 8–10. In Figure 8(a) and 
(b), the precursor with width of several millimeters as well as some Al-Ti interme-
tallics in the precursor film can be found. The obvious precursor film in Al/TC4 and 
Al/TA2 (except for the Al/TC4 and Al/TA2 at 600°C which are nonwetting) has 
the same formation mechanism i.e., so-called “subcutaneous infiltration”. The final 
wettability was less affected by the oxide film but was determined by the reaction 
products at the liquid/solid interface. As known, although some residual oxygen in 
the vacuum chamber could dissolve into Ti due to the high affinity of Ti to oxygen, 
and then inducing oxidation, however, the diffusion rate for oxygen into the inte-
rior of Ti is faster than the oxidation rate so that the oxide film would be thinned 
or even removed. In Al/TC4 and Al/TA2 systems, both the temperatures and the 
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Figure 8. 
(a) Top-view of the microstructures around the triple line for Al 6061/TC4 after isothermal wetting at 
600°C; (b) detail of the black rectangle area in (a); cross-sectional view of Al 6061/TC4 (c) near the triple 
line and (d) at central position of the interfacial microstructures with the elemental line distribution results; 
(e) and ( f) EDS results for the corresponding colored crosses in (d), respectively. 

alloying elements (Si and Mg) caused the different interfacial structures and 
are responsible for the different final wettability. In Figure 8(d)–(f ), the typical 
cross-sectional view of Al 6061/TC4 after isothermal wetting at 600°C shows the 
chemical compositions of the granular phase distributed above the reaction layer 
are closed to Al3Ti. The original concentration of Si in the bulk Al 6061 alloys is only 
0.6 at.%, but the concentration of Si in the continuous reaction layer is far beyond 
that value, as shown in Figure 8(e). The distinct segregation of Si in the reaction 
layer was formed during wetting. For the nonwetting sample of Al 4043/TC4 (after 
wetting at 600°C), as shown in Figure 9(a) and (b), the interfacial structures 
with the virgate phase but no granular phase near triple line and the virgate phase 
together with granular phase at the center position can be found. Si concentration 
in the virgate phase is extremely high comparing with the original concentration in 
bulk Al 4043 alloy, as shown in Figures 9(c)–(e). 

For the wetting sample of Al 4043/TC4 which is similar to the interfacial 
structures in Al 6061/TC4, a precursor film with width of several millimeters 
was formed. However, such a precursor film contains two layers, as be shown in 
Figure 10(a) and (b). From the cross-sectional view of the film (Figure 10(c)), 
the upper layer is the residual Al, which was attracted by the capillary force from 
the loose reaction layer. At the central position of the interface (Figure 10(d)), the 
loose continuous layer also can be found, but the virgate phase almost disappeared 
and only can be found sporadically above the loose layer. Based on the EDS results 
(Figure 10(e) and (f )), the loose layer may be a continuous Al3Ti layer dissolved 
with Si as a solid solution. For the sample of Al 4043/TC4 after isothermal wetting 
at 650°C, the solidified Al was removed by NaOH aqueous solution (1 mol/L), and 
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Figure 9. 
Cross-sectional views for Al 4043/TC4 after isothermal wetting at 600°C: (a) at the triple line; (b) at the 
center of the interface; (c)–(e) the EDS results for the corresponding cross, circle and triangle in (b). 

Figure 10. 
(a) Top-view of the microstructures at the triple line for Al 4043/TC4 after isothermal wetting at 650°C; (b) 
detail of the black rectangle area in (a); cross-sectional view of Al 4043/TC4 (c) at the triple line, and (d) at 
center of the interfacial microstructures with the elemental line distribution results; (e) and (f) EDS results for 
the corresponding colored crosses in (d), respectively. 

the macroscopical appearance of the sample and the details for the corresponding 
positions were shown in Figure 11. The granular phase in Figure 11(b) is corre-
sponding to the loose continuous reaction layer, and the lamellate phase is cor-
responding to virgate phase in the cross-sectional view of the interface. Further, as 
shown in Figure 12, the XRD of the phases at the corresponding surface confirmed 
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Figure 11. 
(a) Solidified Al for the sample of Al 4043/TC4 after isothermal wetting at 650°C was removed by NaOH 
aqueous solution (1 mol/L); (b) and (c) the microstructures for the corresponding positions in (a). 

Figure 12. 
XRD patterns of the phases at the precursor films: for (a) Al 6061 and (b) Al 4043 samples after isothermal 
wetting at 700°C; (c) the exposed interface of Al 4043/TC4 after isothermal wetting at 650°C through removing 
of the solidified Al drop using NaOH aqueous solution, and (d) the original surface of TC4. 

the granular phase (the loose continuous reaction layer) is Al3Ti, and the lamellate 
phase is Ti7Al5Si12 (τ1, a solid solution of Al in the TiSi2 phase [15]). 

The formed Ti7Al5Si12 is a metastable phase, once the temperature was above 
579°C, a decomposed reaction of Ti7Al5Si12 would take place, i.e., L + τ1 ↔ (Si) + (Al), 
at 579°C [15], where L is the liquid phase in composition (Al: 87.835, Si: 12.1, Ti: 
0.065 in at.%), (Al) is in (~98.5 at.% Al and ~1.5 at.% Si). Once the continuous com-
pact Ti7Al5Si12 layer was formed, the mass transfer at the triple line would be further 
slowed, and the wettability was improved to a very limited degree (i.e., at 600°C). 
At higher temperature, Ti7Al5Si12 was decomposed, and then the formation of Al3Ti 
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Figure 13. 
Al-Ti-Si partial isothermal section at 700°C for Al rich corner [15]. 

replaced it. Hence, two layers (upper layer is some residual Ti7Al5Si12, and under layer 
is Al3Ti) in the precursor film of Al 6061/TC4 is not surprising, due to lack of L (i.e., 
the liquid phase) for the decomposed reaction. Also, because of the loosened struc-
tures of Al3Ti, the reaction layer is no longer an obstruction (comparing to Ti7Al5Si12) 
and the mass transfer was intensified both at the interface and close of triple line, 
result in wettability was further improved. The interfacial structures of Al 6061/TA2 
is similar to that of Al/TC4, so that we do not repeat them here. In this highly reactive 
wetting system, although the final wettability can be obtained, the interfacial reaction 
would never stop until the liquid phase was exhausted. Also, the interfacial structures 
of TA2 and TC4 seems no different, but Al 4043/TC4 alloy system is more incline to 
obtain Al3Ti which is in a loosened structure (comparing to Ti7Al5Si12 layer). As seen 
in the Al-Ti-Si ternary phase diagram (Figure 13) for Al rich corner at 700°C, the path 
from AlSi5 (i.e., Al 4043) to TC4 alloy (the blue dashed line) is shorter than that from 
AlSi5 to Ti (red line) as well as the distance of the crossed τ1 + L region, which means 
Al 4043 (Al-5 wt.%Si) alloy contacted with TC4 alloy would induce the formation of 
Al3Ti easily. Further, the loosened structure of Al3Ti layer would cause the more mass 
transport and better wettability. 

Si addition in Al alloys, as known, is a surface-active agent which can decrease 
the surface tension of the liquid and increase the flowability. However, in Al-Si/ 
steel or Al-Si/Ti system, the interfacial microstructures confirm the affinity of Si to 
Fe (or Ti) is relatively higher than that of Si to the Al matrix. The Si segregation at 
the liquid/solid interface satisfies the thermodynamic condition. Such a thermody-
namic model also can be used for predicting the segregation of alloying element at 
the liquid/solid interface. The adsorption energy based on the affinities, which can 
be described as following [3], 

∞SL EM(B) = m1(λAM − λBM − λAB) (2) 

where EM 
∞

( 
SL
B) is adsorption energy, m1 is an interfacial structure factor (always has a 

positive value), λij is the mole exchange energy for i and j. Here, A, B and M stand 
for the solid metal, the liquid solvent metal and the solute metal, respectively. The 
more negative the value of EM 

∞
( 
SL
B), the solute element is more inclined to segregate 

at the liquid/solid interface. Further, the positive value of λij means two metals is 
repellent in thermodynamic or weak interaction, or vice versa. We assumed that the 
binary solution is an infinite dilution regular solution, and λij can be calculated from 
the following [3], 

λij = (̄ΔHi(j)
∞ + Δ̄Hj(i)

∞
)/2 (3) 
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where ̄ΔHi(j)
∞ and ̄ΔHj(i)

∞ represent the mixing enthalpy of i in j and j in i, based on 
Miedema’s model, Ref. [16]. The chemical adsorption is usually considered as a 
prerequisite for the reaction (or for the precipitation of the reaction product) when 
the concentration of the adsorbate is below the saturation adsorption concentra-
tion. Therefore, EM 

∞
( 
SL
B)/m1 can be used for the prediction of interfacial structure before 

experiment. 
The calculated EM 

∞
( 
SL
B)/m1 (−19.8 kJ/mol) has a negative value in Al-Si/Fe system 

which suggested that Si would segregate at liquid/solid interface and correspond-
ing to some Si segregation in Fe2Al5 layer, but the value of EM 

∞
( 
SL
B)/m1 for the Al-Mg/ 

Fe system is 158.9 kJ/mol. The calculated EM 
∞

( 
SL
B)/m1 (−73.4 kJ/mol) also has a negative 

value in the Al-Si/Ti system, but the value of EM 
∞

( 
SL
B)/m1 for the Al-Mg/Ti system is 

221.4 kJ/mol. All the calculated results indicated the segregation at the liquid/solid 
interface satisfied the thermodynamic model. The E/m1 for selected systems of 
the binary solution contacting with a metallic substrate were shown in Table 3, of 
which the segregation at interface or not were verified in our wetting experiments. 
The positive value of E/m1 indicates the solute metal would not segregate at solid/ 
liquid interface, and vice versa. 

All the variation in spreading of Al/steel and Al/Ti indicated the characteristics 
of reactive wetting, i.e., the typical linear spreading as well as the interfacial reac-
tion. Reaction-limited models of linear spreading and nonlinear spreading for the 
description of the wetting behavior, as proposed by Eustathopoulos group, were 
expressed as following, 

d Rd = k1 = Cexp(−∆ 
RT 

Ea
) for linear spreading (4) dt 

cosθe − cosθd = (cosθe − cosθ0) exp(−k2 t) for nonlinear spreading (5) 

where C is a constant which relates to the activity of a reactive solute, ΔEa is the 
activation energy for spreading caused by a reaction which may partially contain 
the activation Gibbs energy of the reaction, R is the gas constant, and T is the 
temperature in K. The left term dRd/dt, i.e., the spreading velocity, can be obtained 
by the linear fitting from Figure 3(d), (d) and (f ) (the slope after fitting, was 
denoted as k1). where the θ0, θd, and θe, respectively, represent the initial, dynamic, 
and equilibrium contact angles. k2 is a kinetic constant which contains the activa-
tion energy and can be deduced from the fitting results based on the variations of 
θ − t in Figures 3 and 4. The logarithms, both of constants k1 and k2, were plotted as 
a function of 1/T, i.e., the Arrhenius plots, were shown in Figure 14. The deduced 
activation energies from the slopes were shown in Table 4. 

In Al/steel system, two types of spreading mode, i.e., the linear spreading in Al 
4043/steel and nonlinear spreading in Al 6061/steel, can be found. The activation 
energy for Al 4043/steel can be deduced from the slopes, is 8 kJ/mol for Al 4043. 
Also, the activation energy for Al 6061 can be deduced from the fitting result of 
Eq. (5), is 86 kJ/mol. In the work of wetting and spreading of molten pure Al on the 
surface of mild steel, studied by Ishida [17], the linear kinetics were also observed, 
and the activation energy is 21.8 kJ/mol. Obviously, the trace elements in the systems 
influenced the spreading dynamics, and caused the different activation energies. In 
Al 4043/steel, the segregation of Si at liquid/solid interface enhanced the reactivity, 
and then might lead to relatively small activation energy. In Al 6061/steel, the liquid 
Mg in molten Al 6061 alloy does not react with Fe directly. The moving of the triple 
depends on the removing of oxide film on the surface of substrate. The reduction of 
Fe�O oxide film by the Mg in Al 6061 and the formation of Fe-Al intermetallics play 
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Figure 14. 
Arrhenius plot of the kinetic constants k1 and k2: (a) Al/steel, (b) Al/TC4 and (c) Al/TA2. 

Systems Al6061/ 
steel 

Al4043/ 
steel 

Al6061/ 
TC4* 

Al4043/ 
TC4 

Al6061/ 
TA2* 

Al4043/ 
TA2 

Ea (kJ/ 
mol) 

86 8 50 10 84 47 

*The average activation energy of linear stage and nonlinear stage. 

Table 4. 
Deduced activation energies from the slopes in Figure 14. 

a combined action in the removing of oxide film, which can induce the spreading. 
Two spreading stages for Al 6061 at 700°C also indicate these two reaction mecha-
nisms. Especially for the latter stage, the reduction reaction mechanism may play a 
major role on the moving of the triple line corresponding to the prolonged precursor 
film in this stage. Therefore, the apparent activation energy in Al 6061 is so different 
from Al 4043 and almost an order of magnitude larger. 

In Al/TC4 system, such apparent activation energies should relate to the energy 
change of reaction. As suggested by Chen et al. [18], Gibbs energy changes of 
reaction per mole of reactants for the formation of Ti7Al5Si12 and Al3Ti in the range 
of 600–750°C are ~− 48 kJ/mol and ~− 30 kJ/mol, respectively. For the nonlinear 
stage, Ti7Al5Si12 decomposition may play a dominant role in the change of interface 
tension corresponding to the apparent activation energy of 10–38 kJ/mol; for the 
linear stage, the decomposition of Ti7Al5Si12 and the formation of Al3Ti may play 
the role for the change of interface tension corresponding to the apparent activation 
energy of 62 kJ/mol. The relatively higher activity of Si in Al 4043 (due to the higher 
concentration) may slow down the decomposition of Ti7Al5Si12, and then decrease 
the apparent activation energy. Further, the residual Ti7Al5Si12 beneath the drop and 
above on Al3Ti reaction layer at the close of the triple line (Figure 11(c)) should be 
one of the indicators that two reaction mechanisms together played a role on change 
of interface tension. Also, in Al/TA2 system, the apparent activation energies 
indicated that the whole wetting process is controlled by the above mechanism. 
Therefore, the activation energies (47–84 kJ/mol) may be also corresponding to the 
decomposition of Ti7Al5Si12 and the formation of Al3Ti. 

4. Conclusions 

Aluminizing of steel or Ti alloys can increase the ability of anti-corrosion, the 
service time and the working temperature, significantly. The wetting of Al alloys 
plays an important role in the aluminizing process, and thus studied in this work. 
The following conclusions can be drawn: 

1. In Al/steel, the wettability was improved by intermetallic formation which 
would lead to the replacement of the oxidized surface by a clean surface of 
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an intermetallic compound, also due to the reduction by Al with oxide film; 
However, the final wettability of pure Ti (TA2) and Ti alloys (TC4) by Al was 
less affected by the oxide film, but was determined by the reaction products at 
the liquid/solid interface. Enhanced peritectic reaction of Ti7Al5Si12 caused the 
different interfacial structures of TA2 and TC4. 

2. The alloying elements in Al 6061 alloy (with Mg addition) and Al 4043 alloy 
(with Si addition) resulted in distinctly different interfacial structures, the 
formation of precursor film and spreading dynamics. Mg played a role like 
gas flux and reduced the oxide film on the surface of substrate. Si segregated 
at solid/liquid interface which satisfied the thermodynamic model. Such a 
thermodynamic model also can be used for predicting the element segregation 
at the interface. 

3. The precursor film in these reactive wetting systems is an extended reaction 
layer. The formation of it satisfies subcutaneous infiltration mechanism. 

4. The spreading dynamics of these systems can be described by RPC model, and 
the activation energies are related to the removing of oxide film covered the 
substrate or the reaction at interface. 

Acknowledgements 

This work is supported by National Natural Science Foundation of China 
(no. 51665031), “Kaiwu” Innovation Team Support Project of Lanzhou Institute of 
Technology (no. 2018KW-05). 

Conflict of interest 

We have no conflicts of interest to declare. 

60 



 

 

  
 

  

Wetting of Al Alloys for Hot Dipping Coating Process 
DOI: http://dx.doi.org/10.5772/intechopen.81282 

Author details 

Qiaoli Lin1*, Ran Sui2 and Weiyuan Yu1 

1 State Key Laboratory of Advanced Processing and Recycling of Non-ferrous 
Metal, Lanzhou University of Technology, Lanzhou, People’s Republic of China 

2 Department of Materials Science and Engineering, Lanzhou Institute of 
Technology, Lanzhou, People’s Republic of China 

*Address all correspondence to: lqllinqiaoli@163.com 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/ 
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

61 

http://creativecommons.org/licenses
mailto:lqllinqiaoli@163.com
http://dx.doi.org/10.5772/intechopen.81282


  
 

  
 

  
 

  
  

 
 

 
  

 

 
 

 
 

 

   
 

 
 

 

 

  
 

  

  
 
 

 

 

  

 

  

 

 

 

   
  

 

Wettability and Interfacial Phenomena - Implications for Material Processing 

References 

[1] Young T. An essay on the cohesion of 
fluids. Philosophical Transactions of the 
Royal Society of London. 1805;95:65-87. 
DOI: 10.1098/rstl.1805.0005 

[2] Yong-Taeg O, Fujino S, Morinaga K. 
Fabrication of transparent silica glass 
by powder sintering. Science and 
Technology of Advanced Materials. 
2002;3:297-301. DOI: 10.1016/s1468-
6996 (02)00030-x 

[3] Eustathopoulos N, Nicholas MG, 
Drevet B. Wettability at High 
Temperatures. Oxford: Elsevier; 1999. 
106 p 

[4] Lin Q, Qiu F, Sui R. Characteristics 
of precursor film in the wetting of 
Zr-based alloys on ZrC substrate at 
1253 K. Thin Solid Films. 2014;558: 
231-236. DOI: 10.1016/j.tsf.2014.02.074 

[5] Be'er A, Lereah Y, Taitelbaum H. 
Reactive wetting of Hg-Ag system at 
room temperature. Materials Science 
and Engineering: A. 2008;495:102-107. 
DOI: 10.1016/j.msea.2007.11.095 

[6] de Gennes PG. Wetting: Statics 
and dynamics. Reviews of Modern 
Physics. 1985;57:827. DOI: 10.1103/ 
RevModPhys.57.827 

[7] Li ZK, Ma GF, Fu HM, Sha PF, Zhang 
B, Zhu ZW, et al. The spreading kinetics 
and precursor film characteristics of 
Zr-based alloy melt on W substrate. 
Materials Letters. 2013;98:98-101. DOI: 
10.1016/j.matlet.2013.02.005 

[8] Lemmens B, Gonzalez Garcia Y, 
Corlu B, De Strycker J, De Graeve 
I, Verbeken K. Study of the 
electrochemical behaviour of 
aluminized steel. Surface and Coatings 
Technology. 2014;260:34-38. DOI: 
/10.1016/j.surfcoat.2014.06.064 

[9] Gupta SP. Intermetallic compound 
formation in Fe–Al–Si ternary system: 

Part I. Materials Characterization. 
2002;49:269-291. DOI: 10.1016/ 
S1044-5803(03)00006-8 

[10] Protsenko P, Terlain A, Traskine 
V, Eustathopoulos N. The role 
of intermetallics in wetting in 
metallic systems. Scripta Materialia. 
2001;45:1439-1445. DOI: 10.1016/ 
S1359-6462(01)01181-2 

[11] Durandet YC, Strezov L, Ebrill N. 
Formation of Al-Zn-Si coatings on low 
carbon steel substrates. In: Proceedings 
of the 4th International Conference 
on Zinc and Zinc Alloys Coated Steel 
Sheet (GALVATECH '98). Chiba: The 
Iron and Steel Institute of Japan; 1998. 
pp. 147-151 

[12] Barin I. Thermochemical Data of 
Pure Substances. 3rd ed. Weinheim: 
Wiley-VCH Verlag GmbH; 1995. 702 p 

[13] Miller CJ, Pa P. Fluxless aluminum 
brazing. US Patent: 3373483; 1968 

[14] Zhuang H, Lugscheider E. High 
Temperature Brazing. Beijing: National 
Defense Industry Press; 1989. 158 p 

[15] Perrot P. Aluminum—silico 
n-titanium. In: Effenberg G, Ilyenko S, 
editors. Light Metal Systems, Part 4: 
Selected Systems from Al-Si-Ti 
to Ni-Si-Ti. Berlin-Heidelberg: 
Springer-Verlag; 2006. pp. 1-15. DOI: 
10.1007/11008514_2 

[16] Zhang RF, Sheng SH, Liu BX. 
Predicting the formation enthalpies 
of binary intermetallic compounds. 
Chemical Physics Letters. 2007;442: 
511-514. DOI: 10.1016/j. 
cplett.2007.06.031 

[17] Ishida T. Spreading kinetics of 
liquid metals on mild steel. Journal 
Materials Science and Technolog. 
1988;4:830-835. DOI: 10.1179/ 
mst.1988.4.9.830 

62 



 
  

  
   

  
  

Wetting of Al Alloys for Hot Dipping Coating Process 
DOI: http://dx.doi.org/10.5772/intechopen.81282 

[18] Chen S, Li L, Chen,Y, Liu D. 
Si diffusion behavior during laser 
weldingbrazing of Al alloy and Ti alloy 
with Al-12Si filler wire. Transactions 
of Nonferrous Metals Society of 
China. 2010;20:64-70. DOI: 10.1016/ 
S1003-6326(09)60098-4 

63 

http://dx.doi.org/10.5772/intechopen.81282


65

Chapter 5

Influence of Al2O3 Processing on
the Microtexture and Morphology
of Mold Steel: Hydrophilic-
to-Hydrophobic Transition
Kelvii Wei Guo

Abstract

The surface of mold steel was processed by the simple Al2O3 surface processing, 
and the influence of processing time on the surface morphology was studied by 3D 
profilometer and scanning electron microscopy (SEM). Moreover, the wettability
of the Al2O3 microtextured surfaces of mold steel was also investigated. The results
show that the surface morphology of mold steel varies with Al2O3 processing time. 
It reveals that the initial surface without any Al2O3 processing treatment behaves
as a hydrophilic surface. With the increment of Al2O3 processing time, the surface
roughness of the processed surface with the microtextures increases correspond-
ingly. At the same time, the wettability of the microtextured surfaces changes
from the hydrophilic to the hydrophobic. When Al2O3 processing time reaches
60 min, the contact angle reaches its maximum at which the relevant surface
roughness is the minimum. It indicates that mold steel with an Al2O3 microtextured 
surface can be a potential application in the mold releasement.

Keywords: surface morphology, Al2O3, microtexture, wettability, hydrophilic,
hydrophobic, processing, roughness, mold steel

1. Introduction

Conventionally, the surface finishing of metal molds is always done by hand 
lapping after processing and/or electrical discharge machining in order to attain
small surface roughness without microcracks. However, in this process, operator
shortcomings cause these manual processing methods to have a number of limita-
tions. Meanwhile, consistency and repeatability are also required. Consequently, 
the process is extremely time consuming, which leads to high cost [1].

While automated processes suitable for the finishing of closed dies, they are
limited in their application. For example, precision machining using a single point
diamond tool is slow, requires conditions not readily available in an industrial 
environment, and is limited to flat surfaces [2–4]. Chemical micromachining and 
electrochemical micromachining are limited in their application and can be difficult
to control [4–9]. The laser has also been widely used as a machine tool to modify the
surface of the engineering materials, such as laser surface alloying, laser cladding, 
surface texturing, laser physical vapor deposition, laser polishing, etc. [2, 10–20].
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tions. Meanwhile, consistency and repeatability are also required. Consequently, 
the process is extremely time consuming, which leads to high cost [1]. 

While automated processes suitable for the finishing of closed dies, they are 
limited in their application. For example, precision machining using a single point 
diamond tool is slow, requires conditions not readily available in an industrial 
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electrochemical micromachining are limited in their application and can be difficult 
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surface of the engineering materials, such as laser surface alloying, laser cladding, 
surface texturing, laser physical vapor deposition, laser polishing, etc. [2, 10–20]. 
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Ultimately, surface modifications or surface treatments are vitally important for 
increasing service life of the critical components and devices used for engineering 
and structural functions. Numerous surface engineering approaches are employed 
such as thermal, chemical, mechanical, as well as hybrid treatments to improve or 
vary/change the surface finish. 

In this study, the influence of alumina-based surface processing on the micro-
texture, morphology, and wetting behavior of mold steel has been investigated. The 
morphology of initial as well as processed surfaces was investigated as a function 
of processing time. After being processed, the influence of processing time on 
the surface morphology of mold steel was studied by 3D profilometer and scan-
ning electron microscope (SEM). The wettability of the processed surface is also 
investigated. 

2. Materials and methods 

2.1 Materials 

The chemical composition of mold steel tool steel is shown in Table 1. 

2.2 Methods 

The materials were processed into 25 mm × 25 mm × 5 mm slabs and carefully 
cleaned with acetone and pure ethyl alcohol to remove any contaminants on its 
surface. 

The planetary mono mill “Pulverisette 6” (Made in Germany) was used for 
surface processing in the stainless steel processing bowl (volume: 500 ml). The pro-
cess was performed under the vacuum to prevent contaminations for time periods 
ranging between 15 and 180 min at a processing speed of 250 rpm. All the processed 

Element C Si Mn Cr W V Fe 

(wt.%) 0.9 0.3 1.2 0.5 0.5 0.1 Bal. 

Table 1. 
Chemical composition of mold steel. 

Figure 1. 
Morphology of the original surface of mold steel. 
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Figure 2. 
SEM of the initial mold steel surface. 

specimens were ultrasonically cleaned in an acetone bath for 10 min with 28–34 Hz 
frequency and carefully dried. The surface morphology of surfaces was observed by 
Taylor Hobson profilometer/Talysurf PGI, optical microscope (OM), and scanning 
electron microscope (SEM) JEOL/JSM-5600. Contact angle (CA) measurement 
was taken by an advanced contact angle goniometer with DROPimage Advanced 
(ramé-hart Model 500) attached with a charge-coupled device video camera (with a 
resolution of 768 × 494 active pixel) and an environmental chamber with tempera-
ture control. The volume of the droplet was 10 μL. 

Figure 1 shows the Talysurf 3D topography of the original mold steel tool steel 
specimen, while Figure 2 shows its corresponding 2D SEM morphology. 

3. Results and discussion 

3.1 Morphology of the processed surface as a function of processing times 

3.1.1 Processing time: 15 min 

The morphology of the processed surface after 15 min processing is shown in 
Figure 3, and its related SEM image is expressed in Figure 4. 

The results indicate that the processed surface is smoother than its initial surface 
(Figures 1 and 2). According to Figures 3 and 4a, some small ridges were found distrib-
uted on the processed surface. The grooves on the surface had disappeared to a certain 
extent, together with some smaller island-form ridges (such as labels A and B) due to the 
shorter processing time. The big ridges cannot be detected and the remained chippings 
disappear (Figure 2), resulted in the smooth processed surface as shown in Figure 4a. 

Moreover, the magnified parts of Figure 4a are shown in Figure 4b and c, and 
crack can be found on the processed surface as shown in Figure 4c (label C) as a 
result of the effect of processing balls. 

3.1.2 Processing time: 30 min 

The morphology of the processed surface after 30 min processing time is shown 
in Figure 5, its corresponding texture is shown in Figure 6a, and its magnification 
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Figure 3. 
Morphology of processed surface after 15 min processing time. 

Figure 4. 
Processed surface after 15 min processing time. 

parts are shown in Figure 6b and c. Although processing balls remove most high 
plateaus from the original surface of the specimens (cf. Figures 2 and 6), the 
island-form ridges were found to be still distributed on the processed surface. As 
expressed in Figure 6b and c, micropits and cracks can be observed on the surface 
of the substrate because the balls did not mill sufficiently. 

3.1.3 Processing time: 60 min 

With the increase of processing time, the processed surface becomes more and 
more smooth as shown in Figure 7, and the formed ridges become smaller and 
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Figure 5. 
Morphology of processed surface after 30 min processing time. 

Figure 6. 
Processed surface after 30 min processing time. 

distribute uniformly as shown in Figure 8 where the magnifications of Figure 8a 
are shown in Figure 8b and c. It illustrates the uniform changes of the surface 
topography after 60 min processing time. The variation of the topography of the 
surface processed at 60 min is distinct. It is observed that the mold steel surface was 
processed effectively without any defects (cf. Figures 4, 6, and 8). 

Generally, increase in processing time simultaneously improves the properties of 
the surface substrate. However, too longer processing time will be likely to destroy 
the surface of the substrate which subsequently changes the surface topography and 
mechanical properties of the steel specimens. 

69 

http://dx.doi.org/10.5772/intechopen.84584


  
 

   
 

  
 
 
 

 

 

Wettability and Interfacial Phenomena - Implications for Material Processing 

Figure 7. 
Morphology of processed surface after 60 min processing time. 

Figure 8. 
Processed surface after 60 min processing time. 

3.1.4 Processing time: 120 min 

When compared with the processed surface of 60 min processing time (Figure 8), 
the processed surfaces (Figures 9 and 11) of longer processing time give relatively 
coarser surface. Also, its SEM image (Figures 10a and 12a) and the further magni-
fied counterparts (Figures 10b, c and 12b, c) show the sign of ridges regrowing 
bigger, some microparticles aggregating loosely, and microcracks scattering on the 
processed surface. Such surface topography with scattering of microaggregation and 
micro ball-like amorphous features (Figure 10c) implies that there is some level of 
change of properties of the mold steel surface. This change is not really anticipated 
since it is initially expected that the properties of the processed surface topography 
would be the same as its as-received condition or higher than the initial one. 
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Figure 9. 
Morphology of processed surface after 120 min processing time. 

Figure 10. 
Processed surface after 120 min processing time. 

3.1.5 Processing time: 180 min 

A longer processing time (i.e., 180 min), besides the morphology of the pro-
cessed surface changes obviously (Figure 11), relatively more severe cracks appear 
as shown in Figure 12b and c, which are likely to change the properties of the initial 
surface drastically. 

3.2 Determination of surface roughness 

Figure 13 shows the relationship between the arithmetic mean surface roughness 
Ra and the processing time. Results indicate that the initial increase in processing 
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Figure 11. 
Morphology of processed surface after 180 min processing time. 

Figure 12. 
Processed surface after 180 min processing time. 

time accompanies with the increase in surface roughness until the processing time 
reaches 60 min at which the surface roughness is the minimum. Then, a further 
increase in the processing time increases the roughness once again which agrees well 
with morphology as shown in Figures 3–12. 

3.3 Wettability of milled surface 

The variation of CA during the processing process is shown in Figures 14 and 15. 
It is noted that the evolution of CA is related to the processing time. For the 
initial surface of mold steel, its wettability is hydrophilic. When the processing 
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Figure 13. 
Correlation between Ra and processing time. 

increases, the wettability of the surface varies obviously. The wettability changes 
from hydrophilic to hydrophobic when the processing time is 60 min, which is an 
attractive characteristic potential for model release. Moreover, CA increases with 
the increment of processing time at the early processing period. However, when the 
surface is processed with longer time, such as 120 and 180 min, the wettability of 
the surface will be hydrophilic again as shown in Figure 15. 

It is well known that there is a distinction between the “actual surface” of 
an interface and the “geometric surface,” which is measured in the plane of the 
interface. At the surface of any real solid, the actual surface will be greater than the 
geometric surface because of surface roughness. Due to this distinction, the contact 
angle will be influenced by the roughness. When the surface roughness is consid-
ered, the contact angle and droplet profile will change to keep the equilibrium. To 
evaluate the effect of roughness on surface wettability and calculate the new contact 
angle of θ’ on the rough surface, two different models were proposed by Wenzel and 
Cassie-Baxter. Both models emphasize on the geometry feature of solid surfaces 
that acts as a critical factor in determining the wettability. 

A system with a droplet placed on a rough solid surface is considered as shown in 
Figure 16, in which the surface texture feature size is much smaller than the droplet, 
so the influence of liquid weight on an indentation can be neglected when compared 
to that from surface tension. In traditional theory, whether air can be trapped 
between liquid and the solid surface is determined by the surface tension of liquid. 
The liquid intends to exhibit its intrinsic contact angle (θ0) on the edge of islands. 
On a hydrophilic substrate (θ0 < 90°), concave menisci form in the indentations, and 
the result of liquid surface tension is directed downward and drives the liquid to fill 
the indentations as much as possible, as shown in Figure 16a. On the other hand, for 
a hydrophobic substrate (θ0 > 90°), convex menisci form, and the surface tension 
of liquid is directed upward and pushes the liquid to be suspended on indentations, 
as shown in Figure 16b. Considering of that θw is smaller than θ0 for hydrophilic 
materials and θc is larger than θ0 for hydrophobic materials, as a result, on an ideal 
patterned surface, the contact angle would always decrease when θ0 < 90° and be 
increased when θ0 > 90°. Therefore, one can make the option of the processing time 
with the ideal surface property according to the practical applications. 

3.4 Preliminary computations 

During the processing process, the mean value of the magnitude of the critical 
torque ̄τcritical can be expressed as: 
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τ̄critical = λτ dt⟦Fn + 3 fadhesion⟧ (1) 

where λt is a constant in the range 0.5 < λt < 1, dt is the distance parallel to the 
plane from the center to one of the asperities in contact, fadhesion is an adhesive force 
at each contact, and Fn is the normal body forces. 

_2 
3 3|P + fadhesion| 2 ( ) 4 E∗ √R∗ 

∅̄critical = λ∅ (2) 3 dt 

Figure 14. 
Variation of contact angle (CA) at different processing times. (a) CA of the initial mold steel surface, (b) CA 
of the surface at 15 min processing time, (c) CA of the surface at 30 min processing time, (d) CA of the surface 
at 60 min processing time, (e) CA of the surface at 120 min processing time, and (f) CA of the surface at 
180 min processing time. 
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Figure 15. 
Correlation between CA and processing time. 

Figure 16. 
Schematic representation of the cross section of the droplet-substrate system in indentations. (a) Hydrophilic 
substrate, (b) hydrophobic substrate, and (c) overhang on a hydrophilic surface with microscopic roughness. 

∅̄critical is the critical angle at which critical torque ̄τcritical occurs, 0.63 < λØ < 1, P is 
R1 R2 E1 E2 the total load, R 

∗ 
= is the reduced radius, and E∗ =  is the reduced 

R1 + R2 E1(1 − ν2
2) + E2(1 − ν2

1) elastic modulus. 

75 

http://dx.doi.org/10.5772/intechopen.84584


                

                              

                   

        

  
   

 
 
 

  
 

  
 

  
  

 
  

 

 
 

 
  

 
  

  
  

 
 

 

Wettability and Interfacial Phenomena - Implications for Material Processing 

¯¯ (3) τdecelerating = −�� 

|2 where γ = −2ξηn |dt n2π. 
¯¯  is the damp-τdecelerating is the decelerating torque, ξ is the coefficient (ξ < 1, or ξ ≪ 1), ηn 

ing coefficient, ω is the angular velocity, n2π is the number of asperities per revolu-
tion, and γ is the adhesive force. 

The model consists of expressions for the critical angle and torque at which a ball 
starts to mill, as well as the rate at which they decelerate. Because of the stochastic 
nature of surface roughness, it is impossible to accurately reproduce all behavior in a 
model simple enough to be used in the ball processing phenomena reconstructions. 
While average processing effect can be accurately replicated, the contact between a 
real ball and the substrate will not necessarily follow this average due to the details of 
the geometry. However, in a system of many balls, it is often the case that the average 
behavior dominates. While variations around the average may have a large effect 
on the motion of each individual ball, the statistical behavior of a system of many 
balls will not be significantly changed. The model has been derived for the contact 
between a ball and a plane. The contact forces in contacts between two balls will be 
different, and effects such as interactions between asperities make the system far 
more complex, but the general principle upon which the model is based still applies. 
The proposed model can provide an adequate approximation of processing effects in 
the surface processing when torque is dominated by the largest scale of roughness. 

4. Conclusions 

The morphology of mold steel varies with the different processing times. 
Increase in processing time simultaneously makes the wettability of processed 
surface changed from hydrophilic to hydrophobic. Meanwhile, the initial increase 
in processing time accompanies with the increase in surface roughness until the 
processing time reaches 60 min at which the surface roughness is the minimum. 
However, with the increment of processing time, the wettability of the surface will 
be hydrophilic again. What is more serious is that longer processing time will be 
likely to destroy the surface of the substrate which subsequently changes the surface 
morphology and mechanical properties of the steel specimens, which is not really 
anticipated since it is initially expected that the properties of the processed surface 
morphology would be the same as its as-received condition or higher than the initial 
one, especially during the mold releasement. 
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Chapter 6

Interfacial Phenomena in the
Synthesis Process of Barium
Sulfate Particles Precipitated
in a Lobed Inner Cylinder
Taylor-Couette Flow Reactor:
Effects of Fluid Dynamics
Lu Liu, Guang Li, Xiaogang Yang, Xiani Huang
and Chenyang Xue

Abstract

Three different kinds of morphology with various sizes of barium sulfate parti-
cles were produced by reactive precipitation in a Taylor-Couette flow reactor. It is
found that particle morphology transition is strongly related to the hydrodynamics
in the reactor, clearly indicating an interfacial interaction between feed solutions
and aggregated particles. At low concentration, particle morphology transition is
observed at the onset of turbulent Taylor-Couette flow. Such morphology transition
also appears at the onset of turbulent Taylor vortex flow at high concentration.
Based on different transition status, supersaturation is found to play an important
role in nucleation and growth processes. In addition, it is revealed that the
synthesized particle reduces its size as the consequence of the transition in particle
morphology, indicating the effect of variation of the feeding rates. Experimental
results have confirmed that controllable synthesis of barium sulfate particles with a
particular morphology can be achieved through suitable selection of the controlling
parameters such as the rotational speed of inner cylinder of Taylor-Couette flow
reactor, reactant feeding rate and supersaturation ratio.

Keywords: barium sulfate, Taylor-Couette reactor, particle morphology,
flow pattern, supersaturation, agglomeration

1. Introduction

Precipitation is a traditional industrial process to produce solid particles. It has
been used in many applications. Typical examples can be found in fabrication of
pigments, ceramics, pharmaceuticals and bio-chemicals among others. For various
purposes, the requirements of particle property are different. As particle size and
morphology play important roles in determining particle property [1], many previ-
ous studies have paid attention to realization of particle size distribution control and
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to acquirement of a particular morphology [2–4]. As many factors can affect final 
particle property, such as reactant concentration, feeding modes, additives, and 
reactor system, their interrelationships are complicated so that many precipitation 
mechanisms have been proposed [5]. However, none of these proposed precipita-
tion mechanisms can fully address the dynamic processes involved for synthesis of 
the particles given a particular reactor system. The present work focuses on the 
effects of three main parameters, rotational speed, feeding rate and supersaturation 
when employing a Taylor-Couette reactor for synthesis of particles on the change of 
particle morphology, in particular investigating barium sulfate system. Even though 
the synthesis of barium sulfate particles has been extensively studied [6–8], con-
trollable synthesis of the particles is still not fully understood, which requires 
further investigations. 

Barium sulfate is a sparingly soluble salt, whose crystallization kinetics has been 
widely studied. Also, its precipitation system from aqueous barium chloride and 
sodium sulfate is available according to a series of studies by Nielsen [9–11]. In 
terms of particle morphology, a number of studies have been conducted to investi-
gate different aspects of the potential possible factors. Many morphologies were 
observed in connection with the synthesis processes, involving tabular particles (or 
flat particles), dendritic particles, round-shaped particles (or spherical particles), 
rhombic particles and rice-shaped particles. Barresi et al. [12] produced barium 
sulfate particles in a continuous Couette reactor, and they observed dendritic tabu-
lar crystals and tabular crystals with pyramidal by changing supersaturation, rota-
tional speed and internal diameter of inner cylinder at the same time. They 
suggested that supersaturation was the dominant factor in determining particle 
morphology and size. However, they failed to reveal the effect of each individual 
variable. Marchisio et al. [13] found a series of morphology change from tabular 
particles, then dendritic particles to rounded-shaped particles with increase of 
sodium sulfate concentration. They indicated that the excess of species had a stron-
ger effect on particle morphology due to the preferential absorption of the excess 
ion. The effect of additives, such as EDTA, phosphate, and lanthanum, has been 
widely investigated experimentally in their study. From the results as reported by Li 
et al. [14], various morphologies of barium sulfate particles were exhibited when 
treatment is done by using polyacrylic acid, such as ellipsoids, monodisperse 
spheres and rose-like aggregates. They contributed the occurrence of these mor-
phologies to the interactions between carboxyl groups of the additive and inorganic 
ions. However, the mechanism of randomly coiled conformation of the additive was 
not clearly illustrated, which results in controllable preparation of each morphology 
in industrial application to be still questionable. By means of barium sulfate precip-
itation system, Baldyga and his co-workers [15–17] have experimentally conducted 
a number of studies using the mixing tank and numerically explored the mixing 
behavior, aiming at fundamentally reveal the mechanism involved. During this 
process, they found that various parameters, including feed volume ratio, stirred 
speed, feeding time, volume ratio, initial concentration and stoichiometric ratio 
have impacts on particle size distribution and morphology. Also, they proposed a 
mixing-precipitation model which reasonably described the interaction between the 
micro-mixing timescale and reaction timescale, consistent with the experimental 
results. Pagliolico et al. [18] have also illustrated the effect of the mixing on the 
production of various morphologies of barium sulfate, including dendritic particles, 
tabular particles, rose aggregates. They proposed shape factors for qualitative 
description of different morphologies. It can be seen that the abovementioned 
studies have focused on the effect of both solution conditions (typically excessive 
species, additives or supersaturation) and operating parameters (typically stirred 
speed, feeding point location, or addition time) on particle properties. However, 
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most of deductions in these studies only focused on the change of particle size with 
the parameters as mentioned while the obtained results just showed the morphology 
for a particular condition. Little attention has been paid on how the morphology 
transits with respect to the variations of operating parameters and the correlations 
between the morphology and these parameters, in particular flow field environ-
ment and initial solution conditions. 

Taylor-Couette reactors have been employed to prepare different kinds of 
particles due to its advantages [3, 6, 19]. As no stirrer is involved, the breakage of 
particles due to the elastic collision can be avoided. Taylor-Couette flow reactor 
consists of two co-axial cylinders, whose internal cylinder is rotating while the 
external cylinder is usually kept stationary. The typical characteristics of hydrody-
namics of the reactor are a narrow shear rate distribution and relatively uniform 
kinetic energy dissipation. An increase in the rotational speed can effectively 
enhance the mixing efficiency. Jung et al. [3] employed a Taylor-Couette reactor to 
prepare calcium carbonate particles in a gas–liquid system. After comparing the 
effects of species excess and shear stress, they suggested that the excessive species 
have a stronger effect on synthesized particle size and morphology while the effect 
of flow dynamics on the synthesis can be negligible. It should be pointed out, 
however, that their analysis focused on the aspect of mass transfer, and overlooked 
the effect of shear rate variations. Mayra and Kim [20] and Thai et al. [19] have 
systematically conducted a series of studies on the synthesis of Ni-rich hydroxide 
crystals, a kind of cathode material for lithium ion battery, by using the Taylor-
Couette crystallizer. They have clearly demonstrated that under the condition that 
the Taylor-Couette reactor operates in the range of the critical Reynolds number 
based on different gap sizes (Rec = 128.5–219.4), the formed Taylor vortices pro-
mote the mixing and enhance the mixing residual time, which yields the uniform 
agglomerate particles with high tap density. This clearly indicates that the hydro-
dynamics of the Taylor-Couette flow reactor will have a significant impact on the 
synthesis of particles and the particle crystals growth. 

Even though reactive precipitation processes are very fast, Barresi et al. [12] have 
demonstrated that mixing, especially micro-mixing, has a significant influence on the 
precipitation process itself. The mixing in mixing vessels that is caused by shear can 
be characterized by macro-mixing, meso-mixing, and micro-mixing. According to 
engulfment-deformation-diffusion model (EDD) as proposed by Baldyga and Bourne 
[21], engulfment due to the micro-mixing generates the local supersaturation and 
dilution of species. Such local supersaturation is the driving force for crystallization. 
Macro-mixing occurs on the scale of the reactor, functioning to convey the reactive 
solutions throughout the entire available space of the reactor [22]. Macro-mixing 
provides the environment for the following mixing processes, and affects the distri-
bution of supersaturation. Meso-mixing refers to the exchange of fresh feed and its 
surroundings on a coarse scale, lager than Kolmogorov scale, but smaller than integral 
scale of turbulence. It can influence micro-mixing by changing the local environment 
[23]. Micro-mixing brings the fluid elements into contact, followed by molecular 
diffusion. It controls the generation of supersaturation. 

The aim of the present study is to investigate the morphology transition process 
of barium sulfate precipitated in a Taylor-Couette reactor with a lobed internal 
cylinder [24]. The effects of three parameters, rotational speed, feeding rate, and 
supersaturation, on the synthesized particle morphology are assessed and the 
correlations are obtained. In order to examine the effect of hydrodynamics charac-
terized by shear rate which closely associates with the rotational speed, a wide range 
of rotational speeds were chosen varying from 25 to 1000 rpm. The interrelation-
ship of shear rate and final particle morphology is acquired. Then, results will be 
discussed from the perspective of micro-mixing, as precipitation process is 
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triggered by supersaturation, whereas micro-mixing controls the generation of local 
supersaturation. The experimental data obtained from current work can be used for 
the further validation of multiphase micro-mixing model. 

2. Wettability and interfacial phenomena—implications for barium 
sulfate particle precipitated using a lobed inner cylinder 
Taylor-Couette flow reactor 

The role of surface phenomena and contacts can play significant roles in the 
transitions of particle morphologies during precipitation. From the preceding section, 
it can be seen that the formation of different types of particles is related to interfacial 
phenomenon between liquid and particles. The effects of fluid behavior on particles 
are embodied mainly from two aspects. On one hand, fluid flow in the reactor 
contributes to the interfacial ion concentration distribution, thus affecting the mass 
transfer to the aggregated crystal nuclei for formation of barium sulfate particles. 
Concentration gradient between nuclei surface (so referred to as equilibrium con-
centration) and bulk solution (so called bulk concentration) is the driving force for 
particle growth. During this process, in spite of molecular diffusion, convection 
dispersion resulted from fluid flow has a dominant effects. Many previous studies 
(e.g., [25–27]) have adopted Sherwood number, defined as the ratio of convective 
mass transfer to diffusive mass transport, to characterize the mass transfer contrib-
uted from turbulence on fluid-particle interface for particle size ranging from macro-
particles to micro-particles. This contribution comes from eddy fluctuation, thus 
indicating that the shear caused by turbulent eddies may play an important role in the 
formation of particles in the precipitation. Armenante and Kiwan [28] proposed the 
correlation with Sherwood number for estimation of the mass transfer coefficient for 
description of the dissolution process of AgCl crystal. They have reaffirmed the effect 
of turbulence by applying different power input to the mixing tank reactor, and 
obtained an improved correlation between the Sherwood number and Reynolds 
number. Furthermore, Jung et al. [3] have obtained different calcium carbonate 
morphologies by changing the wall shear stress of the Taylor-Couette flow reactor 
used in their study. They interpreted this phenomenon from the point of view that 
ion adsorption takes place on the particle surface while the concentration gradient of 
adsorbed ions is also caused by shear stress. Thus, interfacial turbulence induced 
shear has an impact on aggregation. Bubakova et al. [29] proposed an equation to 
describe the relationship between aggregate size and average shear rate of turbulent 
eddies formed in the mixing process. Similarly, for the process of Ni-rich hydroxide 
preparation, Mayra and Kim [20] have also confirmed the parameters that are 
strongly associated with the fluid shear can have significant influence on agglomera-
tion process. They have indicated that individual crystals can stack together to form 
irregular aggregates with fluid flow (mainly characterized by turbulent eddy 
motion), and then shear force generated by turbulent eddies can facilitate these 
aggregates to bind together to form regular agglomerates. Thus, it may be concluded 
that interfacial ion concentration and interfacial fluid shear between the solution and 
particles have significant influences on particle growth and aggregation. 

3. Theoretical modeling 

3.1 Precipitation process dynamical model 

The chemical reaction between aqueous solutions of barium chloride and sodium 
sulfate obeys the following equation, 
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BaCl2 aq þ ! BaSO4 s þ 2NaCl aq (1) ð Þ  Na2SO4 aq ð Þ  ð Þ  ð Þ  

The precipitation process of barium sulfate involves four main steps, nucleation, 
growth, agglomeration and breakup. The driving force of nucleation is supersatu-
ration, which has effects on subsequent processes. Supersaturation σ is defined as 
the ratio of molar chemical potential φ (the molar Gibbs free energy) in supersatu-
rated solution to the potential in saturated solution [23], being expressed by the 
activities of ions, a, 

φ � φeq a 
σ ¼ ¼ ln (2) 

RT aeq 

where aeq is the activity in equilibrium, R is gas constant, and T is absolute 
temperature. The relationship between ion activity and concentration can also be 
described as follows: 

a ¼ γ�c (3) 

where γ� is the activity coefficient. Estimation of γ� has been proposed by Debye 
and Huckel [30], and the modified equation is usually adopted, given by 

pffiffi  ! 
I pffiffi 

lgγ� ¼ �0:511zþz� pffiffi � 0:2 I (4) 
1 þ I 

where z is the charge number, and I is the ionic strength, calculated by the 
following equation 

n 1 2 I ¼ ∑ ciz (5) i 2 i¼1 

where ci is the molar concentration of species i. Since supersaturation is often 
expressed as the concentration difference Δc with saturation ratio S defined as the 
ratio of dissolved concentration to the equilibrium solubility and Sa as a relative 
saturation ratio, then 

Δc ¼ a � aeq (6) 
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 

a aBa2þaSO2� 

S ¼ ¼ 4 (7) 
aeq KSP 

Sa ¼ S � 1 (8) 

where Ksp is the solubility product of barium and sulfate ions in the equilibrium 
state (�1.1 � 10�10 mol2/L2 at 20°C). In the present work, we used S to describe the 
supersaturation of the system for the following calculation. 

During precipitation, new particles are created by nucleation. Molecules of the 
reactants are combined to generate embryos when the energy required excesses 
energy barrier ΔG. During this process, there is an induction period which is the 
necessary time to form a characteristic, significant number of nuclei. This time can 
also be regarded as the time elapsed from the mixing of reactants to the appearance 
of nuclei [31], an empirical expression for barium sulfate reaction [32] can be used 
to estimate tN 

lgtN ¼ 15:5lg�2S � 4:2 (9) 
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Nucleation rate can be described using the following equation 

n J ¼ kN Δc (10) 

where n is the kinetic order of nucleation. In barium sulfate system, for 
Δc < 0.01 mol/L, kN = 6  � 1014, n = 1.775; for Δc > 0.01 mol/L, kN = 2.53 � 1039, 
n = 15 [15]. 

Once nuclei have been formed, they start to grow to a particular shape and size. 
This process can be integrated into two steps: the mass transfer to the solid–solution 
interface, and the surface integration of growth units diffused into the crystal 
lattice. The total growth rate given by 

2 B ¼ kgðS � 1Þ (11) 

where kg is growth coefficient. At a temperature of 20°C, kg = 4  � 10�11 m/s. 

3.2 Taylor-Couette vortex flow 

Flow pattern in a Taylor-Couette flow reactor can be characterized using the 
Reynolds number, defined by 

ωiriδeq Re ¼ (12) 
ν 

where ωi is the rotational speed of the inner cylinder, ri is the equivalent radius 
of inner cylinder, estimated based on the ratio of four times of the inner cylinder 
cross-section area to the wetted perimeter of the cylinder, δeq is the equivalent gap 
between the inner cylinder and outer cylinder and ν is the kinematic viscosity of 
suspension, the ratio of the dynamic viscosity to the density of the fluid. The 
dynamic viscosity can be measured using a viscometer. For a fixed outer cylinder, 
with the increase of the rotational speed of inner cylinder exceeding a critical 
Reynolds number, the circular Couette flow becomes unstable, and Taylor vortices 
appear in pairs. Taylor vortex flow is a kind of secondary flow, superimposed on the 
laminar Couette flow. The velocity profiles of Couette flow and Taylor vortex are 
shown in Figure 1 respectively. Radial and axial velocities manifest once Taylor 
vortices appear. 

At low rotational speed, the driven flow can be considered as laminar Couette 
flow, and the fluid velocity is mainly determined by azimuthal velocity, as the 
highest radial and axial velocities are less than 15% of azimuthal velocity [33]. The 
azimuthal velocity profile in the gap for incompressible fluid takes the form of 

B 
uθ ¼ Ar þ (13) 

r 

where uθ is the azimuthal velocity. A and B depend on the radius ratio η = ri/ro 

and the cylinder angular velocity ratio ζ = ωo/ωi. 

2 ζ � η2 ri ð1 � ζÞ 
A ¼ ωi , B  ¼ ωi (14) 

1 � η2 1 � η2 

Then, further increase in rotational speed leads to series of instabilities occurs, 
changing from laminar flow including Taylor vortex flow, wavy Taylor vortex flow, 
modulated wavy Taylor vortex flow, to turbulent flow including turbulent Taylor 
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Figure 1. 
(a) Azimuthal velocity profiles of circular Couette flow, and (b) axial velocity of Taylor vortex. 

vortex flow and fully developed turbulent Taylor flow. These flow patterns are 
influenced by the use of different aspect ratio and radius ratio. DiPrima et al. [34] 
have summarized the effects of a series of radius ratio on the flow patterns and 
some previous studies have investigated the transition points of these patterns 
[35–37]. At high rotational speed, radial and axial velocities cannot be ignored due 
to the enhanced effect of Taylor vortices. The mean velocity can be approximately 
estimated by. 

2ωir2 ˜ i 3 3 2 u ¼ ˜ ° ri þ 2r � 3rir Þ (15) o o 3 r2 
o � r2 

i 

4. Experimental 

In the current work, the reactive precipitation of barium sulfate particles was 
realized with aqueous barium chloride and aqueous sodium sulfate. Barium chloride 
(BaCl2�2H2O) and sodium sulfate (Na2SO4) (analytical grade) were prepared with 
deionized water, respectively. Sodium pyrophosphate was chosen as the dispersant, 
added into sodium sulfate, which corresponds to a 10% (w/w) theoretical yield of 
barium sulfate products. In order to remove solid impurities, all solutions were 
filtered with filter prior to the storage in containers. 

The schematic diagram of experimental setup is shown in Figure 2(a). Experi-
ments were carried out in a Taylor-Couette reactor. It consists of two coaxial 
cylinders, where the plexiglass outer cylinder keeps static and the aluminum alloy 
inner cylinder rotates. The dimensions of the Taylor-Couette reactor employed in 
this study are described in Table 1, where the radius ratio is η = ri/ro = 40.19/ 
50.00 = 0.80 and the aspect ratio is Γ = L/δeq = 300.00/9.81 = 30.58. The total 
volume that can be used for reaction is 922 mL. According to Soos et al.’s study [38], 
the use of lobed inner cylinder can eliminate or reduce low velocity or shear rate 
regions, thus improving mixing and mitigating the segregation of particles with 
different size and density. Therefore, a lobed inner cylinder was chosen for current 
study. The cross-section profile of both cylinders is shown in Figure 2(b). Due to 
the feature of lobed inner cylinder, the radius of the inner cylinder will change 
along the circumferential direction of the cylinder and an equivalent radius 
based on Eq. (16) is used for evaluation of the gap between the inner and outer 
cylinders, i.e., 
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Figure 2. 
(a) Schematic diagram of experimental setup for barium sulfate reactive precipitation in a Taylor-Couette flow 
reactor with the lobed inner cylinder; and (b) cross-section profile of both outer and inner cylinders. 

Equivalent radius of lobed inner cylinder, ri (mm) 40.19 

Radius of outer cylinder, ro (mm) 50.00 

Gap size, δeq (mm) 9.81 

Reactor length, L (mm) 300.00 

Table 1. 
Dimensions of Taylor-Couette reactor. 

2Ai δeq ¼ (16) 
Ri 

where Ai is the cross sectional area of the inner cylinder, and Ri is the perimeter. 
All experiments were conducted at room temperature of 20°C. Barium chloride 

served as the bulk solution, which was fed into the reactor firstly at the bottom of 
the reactor before the precipitation reaction takes place by peristaltic pump. The 
rotational speed of the inner cylinder was controlled by a servo motor, and feeding 
rate was well-controlled by a constant flow peristaltic pump. They have been 
carefully calibrated before the experiments. After the rotational speed was adjusted 
to a particular value, the flow was gradually developed to become steady and the 
feeding rate of tank solution, sodium sulfate was also adjusted to a required value 
and was then pumped into the reactor to induce the reaction. 

Three parameters were involved in these experiments, including rotational speed, 
feeding rate, and supersaturation. Two initial concentrations (i.e., two supersatura-
tions) of reactants were prepared at 0.1 and 1 mol/L, respectively. At low concentra-
tion, rotational speed had a wide range from 25 to 1000 rpm, and feeding rate 
changed from 5 to 80 mL/min. In total, 49 runs were carried out. At high concentra-
tion, rotational speed varied from 50 to 1000 rpm, and feeding rate changed from 5 to 
60 mL/min. There were 32 runs were carried out. All parameters and their values 
have been summarized in Table 2. In addition, in order to ensure the repeatability of 
the experiments, some of the experiments were repeated at least two times. 
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cBaCl2 (M) cNa2 SO4 (M) Rotational speed (rpm) Feeding rate (mL/min) 

25 5, 10, 15, 20, 40, 60, 80 

50 5, 10, 15, 20, 40, 60, 80 

100 5, 10, 15, 20, 40, 60, 80 

Low concentration 0.1 0.1 300 5, 10, 15, 20, 40, 60, 80 

600 5, 10, 15, 20, 40, 60, 80 

800 5, 10, 15, 20, 40, 60, 80 

1000 5, 10, 15, 20, 40, 60, 80 

50 5, 10, 40, 60 

100 5, 10, 40, 60 

200 5, 10, 40, 60 

High concentration 1.0 1.0 300 5, 10, 40, 60 

400 5, 10, 40, 60 

600 5, 10, 40, 60 

800 5, 10, 40, 60 

1000 5, 10, 40, 60 

Table 2. 
Operating conditions. 

During each experiment, suspension samples were taken continuously from the 
outlet located at the top of the reactor, and at the end of each run they were quickly 
diluted with deionized water to quench the reaction. After conducting each exper-
iment, the reactor was cleaned by diluted hydrochloric acid to remove barium 
sulfate particles that have stuck on the wall of the reactor, then rinsed twice with 
deionized water. Collected samples were washed three times to sufficiently dissolve 
sodium chloride co-produced in the reaction and other excessive ions. Products 
were then filtered with mixed cellulose ester microporous membrane filter (pore 
size 0.22 μm), dried in the oven at 100°C for 24 hours. For even smaller particles, a 
0.1 μm pore filter paper was used. Selected samples were then analyzed by SEM 
(Scanning Electron Microscope). Before taking the SEM observation, the samples 
were slightly ground. In order to increase the electrical conductivity, silicon wafer 
was stuck onto carbon tape. Barium sulfate particles were dispersed into ethanol, 
then dropped on the surface of silicon wafer. Prepared samples were dried in the 
oven about 10 minutes before conducting SEM observation. Particle size was mea-
sured and characterized by the software, Image J, which should establish a coordi-
nate system based on the scale in SEM images. For each reaction condition, at least 
three images were selected, and 200 particles were measured in each image. 

5. Results and discussion 

As it has been mentioned before, final particle properties are influenced by 
many factors. With no additional additives in the system, the properties of particles 
are directly influenced by the surroundings where the crystals create and grow. 
Feeding rate affects the local amount of the fresh reactant fed to the system per unit 
time, which reflects the meso-mixing efficiency in the Taylor-Couette reactor. 
Rotational speed controls the dispersion degree of fresh reactant, bringing the 
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unpremixed reactants into contact at a molecular level. It reflects the micro-mixing 
efficiency of the system. Reactant concentration is the other factor that affects the 
formation of supersaturation of solution, resulting in the supersaturation being the 
driving force for the local nuclei formation. Thus, it can be suggested that particle 
morphology will be controlled by at least these three parameters. 

The formation of different morphologies results from the mixing behavior 
throughout the whole nucleation process, while mixing is caused by fluid shear. 
Fluid shear generating velocity gradient can re-disperse species, and create eddies. 
Thus, shear has significant effects on fluid behavior, such as mixing and mass 
transfer. For a laminar flow, shear rate in the gap can be estimated from the 
derivative of Eq. (13) 

�duθ B 
G ¼ ¼ A � (17) 

dr r2 

The lowest shear rate at outer cylinder wall and the highest shear rate at inner 
cylinder wall at laminar flow are shown in Table 3. Due to the narrow gap of Taylor 
reactor, the shear rate difference between inner cylinder wall and outer cylinder 
wall is not significant. Therefore, shear rate in Taylor reactor can be seen as uni-
form, which can be reasonably expressed by the average shear rate. This feature is 
also one good performance of this reactor. However, when fluid becomes turbulent, 
shear rate is not only dominated by tangential velocity due to the enhanced radial 
and axial velocities induced by Taylor vortex. Also azimuthal velocity is different 
from the one at laminar state. For turbulent Taylor vortex flow, the local shear rate 
caused by turbulent eddies with Kolmogorov length scale can be estimated from 
turbulent energy dissipation rate, given by 

rffiffiffi 
ε 

G ¼ (18) 
ν 

The exact turbulent energy dissipation rate is difficult to determine but the 
mean turbulent energy dissipation can be estimated from the following equation for 
Taylor-Couette reactor [26]. 

P πLr4 
i ω

3 
i f h iε ¼ ¼ (19) 

ml V 

In addition, the friction factor f is given as a function of δeq/ri and the Reynolds 
number [39]. 

� �0:35 δeq 0:53 f ¼ 0:80 Re� (20) 
ri 

Rotational speed 
(rpm) 

Inner cylinder wall shear 
rate (s�1) 

Outer cylinder wall shear 
rate (s�1) 

Average shear rate 
(s�1) 

25 12.17 9.56 10.87 

50 24.35 19.11 21.73 

100 48.70 38.23 43.46 

Table 3. 
Shear rate in laminar Taylor-Couette flow system. 
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The change of shear rate at different rotational speed for current study is shown 
in Figure 3. It can be seen from Figure 3 that shear rate has a sharp increase when 
the flow pattern changes from laminar flow into turbulent flow. 

5.1 Particle morphology at a low concentration of 0.1 mol/L 

At a low concentration of 0.1 mol/L, the rotational speed was varied from 25 to 
1000 rpm with the feeding rate being given ranging from 5 to 80 mL/min. There 
were three kinds of particle morphology observed from the SEM images in the same 
magnification as shown in Figure 4. The appearance of these particles looks like 
flake, transition mode and granule, respectively. Figure 5(a) shows the changes of 
morphology under the influence of the rotational speed and feeding rate. The 
obtaining of the transition mode particles was marked by connecting those data 
points that can be clearly distinguished from the other two states. It can be seen from 
the Figure 5(a) that the flake particles are mainly formed at low rotational speed 
while granule particles tend to be presented with the increase of rotational speed at 
low feeding rate. It is thus indicated from Figure 5(a) that the flake particles are 
expected to be generated when applying the high feeding rate (the top left region of 
line AB) and granule particles are formed with the high rotational speed (the bottom 
right region of line DE). However, it cannot be identified that whether or not there 
exists an intersection point with the development of line AB and line DE. 

It has been suggested that beyond a transition Reynolds number at ReT = 1.3 ̃  104, 
the flow in the reactor becomes turbulent Taylor flow [40], this corresponding to 
the rotational speed of 313 rpm (with the aspect ratio Γ = 30.58) in current study. 
From Figure 5(a), transition state appears at the rotational speed of 300 rpm, which 
is in a good agreement with the transition to turbulent Taylor flow as predicted. 

5.1.1 Mechanism of granule particles formation 

The formation of granule particles with high rotational speed can be explained in 
terms of the mixing efficiency and agglomerative bonding force. It can be seen from 
Figure 5(a) that the minimum value of rotational speed at which granule particles 
appear is 600 rpm, and the flow has already developed into fully turbulent Taylor 
flow. Also, the feeding rate is low enough to form granule particles at this point. As 
micro-mixing of the fresh feed and bulk solution has significant effects on the final 
products, the mixing process of two solutions can be explained by the micro-mixing 

Figure 3. 
Shear rate at different rotational speeds. 
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Figure 4. 
Three representative morphologies of barium sulfate particles at low concentration. (a) ω = 25 rpm; 
Q = 20 mL/min, flake; (b) ω = 300 rpm; Q = 40 mL/min, transition; and (c) ω = 600 rpm; Q = 5 mL/min, 
granule. 

Figure 5. 
(a) Morphology distribution at various rotational speed (Reynolds number) and feeding rate at low 
concentration; (b) Morphology distribution for transition status where the transition boundary has been 
marked by curve fitting. 

model. Many theoretical models have been proposed to describe the micro-mixing 
behavior in the reactors, such as diffusion model [41], deformation-diffusion model 
[42], eddy engulfment model [21], and incorporation model [43]. Among these 
models, the engulfment model proposed by Baldyga and Bourne [21] has been 
widely adopted. The engulfment rate is defined as 

˜ °1=2 ε 
E ¼ 0:058 (21) 

ν 

Based on this model, two species are considered as two shrinking slabs [15]. In 
case of turbulent Taylor vortex flow, once the fresh reactant Na2SO4 has been added 
into the Taylor-Couette flow reactor, two reactant slabs are in contact and interact 
each other with the turbulent eddies being stretched due to turbulent vorticity and 
generating a local turbulent shear. The scale of eddies can be approximately 
considered as being proportional to Kolmogorov length scale, defined by 

˛ ˝  
ν3

1=4 

λeddy ¼ Ceddy ε 
(22) 

Fluid velocity fluctuation increases with intensified turbulence. More small 
eddies generate and dissipate. It can be seen from Eq. (22) that the length scale is 
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reduced with the increase of energy dissipation rate. The incorporation of fresh feed 
after finishing the processes of engulfment and deformation will finally become 
small fluid elements, smaller than Kolmogorov length scale. Accordingly, at high 
rotational speed, the contact area between fresh solution and bulk solution 
increases, leading to the acceleration of the molecular diffusion. The characteristic 
diffusion time can be estimated according to Baldyga and Bourne [44], given by 

˜ °1=2 ν 
tD ¼ 2 arcsinhð0:05SCÞ (23) 

ε 

where Sc is Schmidt number. Based on this model, the characteristic time by 
engulfment on the course of mixing is roughly equal to E�1, 

˜ °1=2 ν 
tm ¼ 12 (24) 

ε 

In our experiment, this characteristic time (estimated to range from 0.711 to 
0.0075 s based on different rotational speed) was about 17 times larger than diffu-
sion time (estimated to range from 0.041 to 0.0004 s). Therefore, it is suggested 
that the engulfment may control the micro-mixing process which can be seen as the 
rate-determining step and tm can be seen as the typical micro-mixing time. 

The time constants are of importance in assessing the influence of mixing on 
reactive precipitation. It has been suggested by Baldyga and his co-workers [23] that 
when the mixing time, tm is shorter than the induction time tN, tm < tN, nucleation 
step cannot be affected by mixing intensity, as the local region has uniformly dis-
persed with reactants before nucleation. While when tm > tN, nucleation would occur 
in a non-uniform region. Under this condition, the effect of mixing on precipitation 
can be crucial. Since the BaSO4 reactive precipitation is fast by nature, reactants 
contact quickly once the Na2SO4 has been added into the Taylor-Couette flow reac-
tor, resulting in the generation of local supersaturation. Then, nuclei are formed in 
the duration of induction. The induction time was about 0.0014 s, which was smaller 
than the micro-mixing time 0.0075 s at 1000 rpm. Therefore, reactive precipitation 
can be controlled by mixing condition achieved by fluid shear. Because the induction 
period is independent with the micro-mixing process, the precipitation reaction takes 
place and the rest of fresh reactants is incorporated and diffused into the vortices at 
the same time. Therefore, the maximum nucleation rate attains at the first contact of 
two species due to the dilution of supersaturation. This in fact indicates that after a 
number of nuclei are formed, the growth rate decreases with the reduced supersatu-
ration as there is little amount of reactant left for nuclei to grow further. 

At the end of the primary process of crystallization, secondary process takes place, 
having a determining effect on particle qualities. Nuclei grow into grains then crys-
tallites. This process is dependent on the mass transfer, while mass transfer is caused 
by interfacial concentration gradient. Convective mass transfer and diffusive mass 
transfer coexist in the system simultaneously. Here the Sherwood number, Sh derived 
by Armenante and Kirwan [28] as a function of Reynolds number and Schmidt 
number can be used to illustrate the interfacial mass transfer during nuclei growth. 

ð25Þ 

As granule particles are formed at a relative high rotational speed, an increase in 
Sherwood number indicates an enhanced convection mass transfer from bulk solu-
tion to solid surface. It can be deduced that an intensified interfacial mass transfer 
can facilitate the formation of granular particles. Additionally, Peclet number, Pe is 
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used here to determine the dominant effect on the interaction among particles, 
expressed as a function of Reynolds number and Schmidt number which is given by 

riωiδeq Pe ¼ ReSC ¼ (26) 
D 

where D is the diffusion coefficient, including the effects of Brownian motion 
and molecular diffusion. The range of Pe applicable in the present experiments was 
9.7 � 105 < Pe < 3.9 � 107, which was much greater than 1 (Pe >> 1). Larger Pe 
values indicate that the particle collision is dominated by the convective mass 
transfer due to Taylor turbulent eddy transport. Such convection effect can also be 
improved by the intensification of turbulent eddies, realized by increasing the 
rotational speed of the inner cylinder. 

Due to the entrainment of these crystallites by the turbulent eddies, the self-
assembled aggregation makes them closer, leading to the agglomeration of crystal-
lites which further results in the formation of final particles. In Aljishi et al.’s study 
[6], they described crystallites as the primary grains and final particles as the 
secondary grains. The joint effect of micro-mixing and crystallization on the for-
mation of the particles and its mechanism are illustrated in Figure 6. For powder-
like particle preparation, agglomeration becomes an important growth mechanism 
due to a large number of nuclei created. The final particle morphology is a result of 
the relative rates of chemical reaction, nucleation, growth and agglomeration. Dur-
ing this process, the motion of two or more crystallites in suspension makes them 
closed and then aggregate. Furthermore, once the crystals have stayed together for a 
sufficient long time, the agglomerative bonds can be formed due to intergrowth 
[45]. An empirical formulation of the net agglomeration rate (including bond mak-
ing and breaking) was proposed 

Figure 6. 
Mechanism of particle formation in fluid. 
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Kaggl ¼ βagglε
pSqf ðlm; lnÞ (27) 

where βaggl is agglomeration efficiency, lm and ln denote the sizes of the binary 
agglomerating particles. It can be seen clearly from this equation that the agglom-
eration rate is influenced by the turbulence dissipation rate and supersaturation. 
Therefore, for a given rotational speed, the average shear rate is a constant while 
along with the nucleation process based on our analysis before, the supersaturation 
is reduced. This can then result in the reduction of agglomeration rate. Accordingly, 
the particle size cannot increase continuously as the agglomeration rate reaches its 
limit at a given condition. This is consistent with the results obtained in the exper-
iments. At the granule state, particles morphologies are similar and their size were 
kept at around 180 to 200 nm no matter the change of rotational speed. This result 
is consistent with the finding of Dehkordi and Vafaeimanesh [46]. They also 
obtained a constant final particle size. Moreover, especially at high rotational speed 
of 1000 rpm, application of the higher feeding rate can still promote the generation 
of granule particles because at this feeding rate, the mass dispersed is saturated 
while the reaction process remains the same, thus resulting in the particle size 
unchanged. This can explain why the particle morphologies and sizes are similar at 
granule state no matter how the feeding rate and rotational speed change. 

In addition, at transition state, we also measured the particle size, and found that 
the particle size exhibits a reduction trend with increase in the rotational speed at a 
constant feeding rate as shown in Figure 7. Based on the Reynolds number calcu-
lated before, at the rotational speed of 300 rpm, turbulent Taylor vortex flow has 
been formed. Particle morphology shows a significant difference from the previous 
large blocks with irregular shape. The rotational speed of 300 rpm almost corre-
sponds to the point where turbulent Taylor vortex flow began to form. Thus, the 
disturbance effect of feeding rate cannot be ignored. Fluid is sensitive to any small 
perturbation, as this perturbation will lead to big velocity fluctuation, then create 
small eddies. Aljishi et al. [6] observed in their experiment that with increase in 
axial flow intensity, the onset of flow pattern instability is significantly delayed. 
Also, it can be seen from Figure 5(a) that at 600 rpm, the beginning point of 
granule particles formation are observed at a low feeding rate, where the distur-
bance effect is weak. Therefore, it is suggested that the appearance of particle size 
reduction trend can be seen as an indicator for morphology transition. 

Figure 7. 
Change of particle size with rotational speed (Reynolds number) at transition state at low concentration. 
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5.1.2 Mechanism of the formation of flake particles 

It can be clearly seen from Figure 4(a) that the formation of big flake particles 
resulted from the stable agglomeration of smaller particles. The blurred boundary 
marked at point 1 and the small particles attached at point 2 indicate that the big 
flake particle is the product of small particles aggregation then agglomeration or 
level by level accumulation. This formation process is strongly influenced by the 
flow dynamics. In order to elaborate on this phenomena, Figure 8 shows the 
morphology of the formed flake particles at various rotational speeds. Figure 8(e) 
also shows the transition mode particles for comparison. 

Firstly, many small particles are formed and suspend in the mixture solution. 
When low rotational speed is applied, the entrainment on the fresh feed by eddies is 
not strong and the formed particles can disperse quite uniformly. Because at lami-
nar state, velocity is dominated by azimuthal velocity. The effect of Taylor vortex is 
not significant. Therefore, mixing behavior is not strong. Accordingly, the contact 
area between the bulk solution and the fresh feed is not big enough instead more 
mass transfers to the formed small particle surface, leading to the local accumula-
tion. The length scale of particles is smaller than minimum vortex scale. Fluid shear 
induced by the velocity gradient acted on particle agglomeration. Therefore, the 
small particles generated under this condition are still larger than those in high 
rotational speed. Also, weak shear decreases the engulfment of bulk solution and 
fresh feed, which means the exchange between the bulk solution entrained by 
eddies and fresh feed is poor at the inlet. This phenomenon becomes notable at a 
high feeding rate. For a particular small region, enhanced collision can promote the 
generation of agglomeration bonds. This kind of agglomeration is gradually reduced 
as shown from Figure 8(b)–(e), consistent with the analysis above. It should be 
noted that as can be seen from Figure 8(a) where there is no influence of the 
turbulent eddies due to zero rotational speed of the inner cylinder, few formed 
small particles can be still observed. At this condition, the droplets of fresh Na2SO4 

feed directly contact with bulk BaCl2 solution from the inlet and are diffused into 
the bulk solution, the reactive product as agglomerated big flakes sinks to the 

Figure 8. 
Development of the flake particles with increase of the rotational speed. (a) ω = 0, flake; (b) ω = 25 rpm, flake; 
(c) ω = 50 rpm, flake; (d) ω = 100 rpm, flake; and (e) ω = 300 rpm, transition. Note: the magnification of 
image (a) is 2.00 k, and the others are 20.00 k. 
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bottom of reactor. This is likely caused by a local saturated diffusion in which many 
formed small particles agglomerate to form the big flakes. 

Secondly, the effect of eddy shear on flake particles is different from granule 
particles. At high rotational speed, micro-mixing takes place at Kolmogorov length 
scale, which is larger than the size of granule particles. Therefore, larger turbulent 
eddies only affect the mixing process of two species, indicating that the particles 
passively follow the vortex motion. Here we use Stokes number, St to describe the 
trapping of particles by an eddy [47]. 

d2 ρp ut 
St ¼ (28) 

18μl 

where ut is the terminal velocity of particles [48], and l is the suitable length 
scale for the vortex. For small eddies in Taylor reactor, l can be chosen as Kolmo-
gorov length scale for the calculation of St. At high rotational speed for the 
formation of granule particles with the diameter of 200 nm, St is approximately 
1.1 � 10�9, which is much smaller than 1.0. As indicated by Crow et al. [42], 
St <<  1.0 represents the case that particles are well following the eddy. However, 
for low rotational speed, Kolmogorov length scale increases, and the scale of formed 
flake particles is in the order of eddies. Vortex and flake particles are all at micron 
scales. Therefore, eddy shear strongly interacts with the flake particles. If shear 
force is strong enough, the size of flake particles will be smaller than Kolmogorov 
length scale as the particle surface will be ripped off. This is consistent with the 
observation from the semi-batch precipitation experiment of Baldyga et al. [15] in 
which they suggested that rotational speed had no influence on particle size at a 
relatively weak turbulence. Barresi et al. [12] also agreed with this argument from 
their variation coefficient analysis. 

Based the analysis above, both rotational speed and feeding rate have effects on 
final particle morphology. Also, the transition region in Figure 5(a) indicates an 
ellipse-like shape when the both parameters are combined. In order to obtain 
quantitative information about particle morphology, a fitting equation is proposed 
involving shear rate (rotational speed) and feeding rate, shown in Figure 5(b). 

ð29Þ 

The relationship is expressed in a semi-natural log coordinate. In order to unify 
the dimension, shear rate here refers to the entire volume shear rate, η_V for the 
Taylor reactor, defined as. 

ð30Þ 

Eq. (28) can be seen as an indicator for particle morphology. Inside the ellipse, 
transition mode takes place, while in the top left region of the ellipse, flake particles 
can be created, and in the bottom right region, granule particles are formed. 

5.2 Particle morphology at a high concentration of 1.0 mol/L 

In order to elaborate on this transition phenomenon, experiments at a higher 
concentration of 1.0 mol/L were also carried on. The rotational speed was varied 
from 50 to 1000 rpm, and the feeding rate was changed from 5 to 60 mL/min. Three 
similar morphologies as at low concentration were observed as shown in Figure 9. 
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Figure 9. 
Three representative morphologies of barium sulfate particles at high concentration. (a) ω = 50 rpm; Q = 5 mL/ 
min, flake; (b) ω = 100 rpm; Q = 5 mL/min, transition; and (c) ω = 800 rpm; Q = 10 mL/min, granule. 

Also, a transition region was identified to distinguish the other two states as shown 
in Figure 10. Compared with that shown in Figure 5(a) at 0.1 mol/L, the transition 
region is exhibited to be narrower while the beginning points and ending points fall 
into the range of relatively lower rotational speeds. Particle size at transition state 
were measured, also illustrating a reduction trend as shown in Figure 11. Thus, the 
size reduction can be considered as an indicator for morphology transition. 

At low concentration, the change of kinematic viscosity means the change of 
Reynolds number even at the same rotational speed. The kinematic viscosity at 
1.0 mol/L is about 1.85 times as high as 0.1 mol/L. According to the radius ratio of 
η = 0.80, the critical Reynolds number to generate Taylor vortex flow is 97.33 [34]. 
The generation of turbulent Taylor vortex flow is at a Reynolds number ratio of 
R = Re/Rec˜35 as indicated by Bubakova et al. [29], corresponding to the rotational 
speed of 89 rpm. Therefore, turbulent Taylor vortex flow occurs at the rotational 
speed of 89 rpm, roughly corresponding to the beginning of transition state at 
100 rpm in this case. Also, fully turbulent flow is formed at the rotational speed of 
581 rpm, roughly corresponding to the ending of transition state with the rotational 
speed of 600 rpm. We thus deduce that the morphology transition is correlated 
with the flow patterns in the reactor. Based on engulfment model, a good mixing of 

Figure 10. 
Morphology distribution at various rotational speed (Reynolds number) and feeding rate at high concentration. 

98 



Interfacial Phenomena in the Synthesis Process of Barium Sulfate Particles Precipitated… 
DOI: http://dx.doi.org/10.5772/intechopen.85647 

Figure 11. 
Change of particle size with rotational speed (Reynolds number) at transition state at high concentration. 

two species needs high energy input. As mentioned earlier, formation of flake 
particles is the result of the poor dispersion of reactants. When the transition was 
observed, the micro-mixing was improved. In the present work, the transition state 
was observed at least under the condition of turbulent flow. 

5.3 Influence of the low concentration and high concentration on particle 
formation 

It was noticed that the onset of the transition state is different for different 
concentrations. At low concentration, transition state was observed at turbulent 
flow regime at 300 rpm while at high concentration, such transition appears at 
turbulent Taylor vortex flow regime at 100 rpm. Also, the transition range becomes 
smaller at high concentration. To keep the Reynolds number unchanged, the 
increase in kinematic viscosity means that the rotational speed has to be increased 
to maintain the same fluid pattern. This implies that the transition state should be 
observed at a higher rotational speed than that in low concentration. Also, based on 
the mechanism of various morphologies formation at low concentration, the onset 
of turbulent flow is essential for the creation of transition particles. However, at 
high concentration, transition state appeared at a much lower rotational speed. The 
final granule particle size at high concentration was approximately measured as 
130–150 nm, which is smaller than that at low concentration. 

The above observed results should also result from the increase in local super-
saturation, which was the only varying parameter in the comparison experiments. 
Since the nucleation and growth are directly dependent on supersaturation, the 
effect of supersaturation is crucial on morphology transition. As can be seen from 
Eqs. (10) and (11), the order of magnitude of nucleation rate is much higher than 
growth rate, indicating that nucleation is more sensitive to supersaturation than 
growth. Many studies have been suggested that an increase in supersaturation may 
result in the nucleation process to be dominant [12]. In the experiments of Barresi 
et al. [12] and Marchisio et al. [13], they all observed tabular particles to form at low 
concentration and dendritic particles at high concentration. Baldyga et al. [15] 
suggested that the formation of tabular shape is the consequence of surface nucle-
ation, leading to the overgrowth of crystal surface. While with improvement of flow 
environment (increasing flow rate in jet) round-shaped particles can form [13]. In 
our experiment, granule particles were observed with the increase of the rotational 
speed (likely corresponding a strong local turbulent shear due to the turbulent 
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eddies). Since with the increase in supersaturation, the mass brought into the 
system is more than that at low supersaturation for the same small droplets. In such 
environment, the available reactant molecules mainly function to form nuclei. 
Thus, the nucleation significantly increases. It is thus concluded that a higher 
nucleation rate facilitates the creation of a large number of nuclei which is beneficial 
to the formation of small particles. On the other hand, as mentioned in the part 
5.1.1, an increased interfacial concentration gradient can facilitate the formation of 
granular morphology. Therefore, in general, a high supersaturation results in the 
formation of small granule particles. It should be noticed that agglomeration is an 
important part on the course of nucleation. It is usually significant at low mixing 
rate [46]. At low rotational speed, agglomerative bonding force is strengthened due 
to weak shear and large vortex scale, more primary crystallites agglomerate to form 
large flake particles as discussed earlier. It can thus be inferred that the supersatu-
ration can be seen as a primary factor in determining particle morphology while the 
effect of agglomeration is the second place but it cannot be ignored at low rotational 
speed. Furthermore, from the analysis of particle formation mechanism mentioned 
above, the creation of agglomerative bonds requires a close distance and sufficient 
long time. With the increase of rotational speed, fluid motion becomes more sig-
nificant. The formation of agglomerative bonds was reduced, followed with the 
number decrease of crystallites to agglomerate. Therefore, it is suggested that the 
appearance of particle size reduction trend can be seen as an indicator for mor-
phology transition. 

Based on the analysis and discussion above, it can be suggested that when using 
Taylor-Couette flow reactor for synthesis of the particles, mixing affects the whole 
process especially for the mixing of individual reactant solution through the 
engulfment and the subsequent chemical reaction. Supersaturation has the effect on 
crystallization process when reactants are in contact but this effect may surpass the 
flow environment. It is conjectured that agglomeration can be seen as a conse-
quence of flow dynamics and supersaturation when working on crystallites. Last 
but not the least, interfacial phenomenon between liquid and solid particles exists 
throughout the whole precipitation process. It includes mainly two aspects. One is 
from the interfacial concentration distribution, which determines the mass transfer 
process from liquid to solid, thus nuclei growth process, and the other is the surface 
treatment of fluid shear on final agglomerates. 

6. Conclusions 

In the present work, a Taylor-Couette reactor was employed for the purpose of 
controllable production of barium sulfate particles with various morphologies. The 
morphologies obtained include flake particles, transition particles and granule par-
ticles. During the reactive precipitation process, three main control parameters 
were assessed. The presence of a particular morphology results from the combined 
effect of these parameters. For different solution conditions, the influence of fluid 
dynamic environment inside the Taylor-Couette reactor on particle morphology 
may change. In general, morphology transition is suggested to be related to the 
change of flow pattern that the turbulent eddies strongly interact with the particle 
crystals. Considering the joint effect of fluid dynamics and supersaturation, it can 
be deduced that micro-mixing caused by fluid shear plays a primary role in species 
dispersion, which determines the formation of various morphologies, while the 
supersaturation controls the crystallization process, which determines the onset of 
transition state. Both fluid shear and supersaturation can finally affect the interfa-
cial concentration distribution, thus particle growth. Then particle agglomeration 
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can be controlled by interfacial shear force. It is thus concluded that interfacial 
phenomenon plays significant roles in the transition of particle morphologies 
during precipitation. More specifically, the following conclusions have been drawn 
from the current study: 

1. At low supersaturation, the morphology transition mode is observed at fully 
developed turbulent Taylor flow, and it appears at turbulent Taylor vortex 
flow at high concentration. It is indicated that turbulent shear creating 
isotropic small eddies can assist controllable synthesis of particles, which 
results in the generation of relatively regular morphology. This is due to the 
enhanced mixing intensity and interfacial mass transfer caused by shear at 
turbulent flow. However, anisotropic vortex shear in laminar state has the 
potential to create irregular particle morphology. On the other hand, 
agglomeration as a part of crystallization, can be enhanced by both low mixing 
intensity and high supersaturation, leading to the formation of flake particles. 

2. The decrease in particle size with the increase of rotational speed at transition 
state results from the disturbance effect of the feeding rate. Fluid is sensitive to 
any small perturbation especially at high rotational speed, then more small 
isotropic eddies will be created. 

3. Compared the transition results at both low and high concentrations, 
supersaturation will lead itself to the formation of smaller particles, and the 
transition at lower rotational speed. Although the use of high supersaturation 
can increase the agglomeration for a given rotational speed, it facilitates the 
formation of a large number of nuclei but leaves little mass for further particle 
growth. A high interfacial concentration also enhances the mass transfer 
between fluid and solid particles. Thus, it can be inferred that the 
supersaturation has a stronger effect than the agglomeration in determining 
the particle morphology. 

Nomenclature 

a ion activity, mol/kg 
Ai cross sectional area of the inner cylinder, m 
B growth rate, m/s 
c molar concentration, mol/L 
Δc concentration difference, mol/L 
d diameter of particle, m 
D molecular diffusion coefficient, m2/s 
E engulfment rate, s˜1 

f friction factor 
G shear rate, s˜1 

I ionic strength, mol/kg 
J nucleation rate, m/s 
kaggl agglomeration rate 
Kg total growth coefficient, m/s 
Ksp thermodynamic solubility product, mol2/L2 

l length scale, m 
lm size of agglomerating particle m, m 
ln size of agglomerating particle n, m 
L reactor length, m 
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n kinetic order of nucleation 
Pe Peclet number 
Q feeding rate, mL/min 
ri equivalent radius of the lobed inner cylinder, m 
ro radius of the lobed outer cylinder, m 
R gas constant, J/(mol˜K) 
Re Reynolds number 
Ri perimeter of the inner cylinder, m 
S saturation ratio 
Sa supersaturation ratio 
Sc Schmidt number 
Sh Sherwood number 
St Stokes number 
tD diffusion time, s 
tN induction time, s 
tm micro-mixing time, s 
T absolute temperature, K 
ut terminal velocity of particle, m/s 
uθ azimuthal velocity, m/s 
V volume of reactor, m3 

z charge number 

Greek letters 
βaggl agglomeration efficiency 
γ° activity coefficient 
δeq equivalent gap, m 
Γ aspect ratio 
ε turbulent energy dissipation rate, m2/s2 

ζ angular velocity ratio 
η radius ratio 
η_V volume shear rate, mL/s 
λeddy eddy length scale, m 
μ viscosity of the fluid, kg/(m˜s) 
ρd density of particle, kg/m3 

σ supersaturation 
υ kinematic viscosity of the fluid, m2/s 
φ molar chemical potential, J/mol 
ωi rotational speed of the lobed inner cylinder, rad/s 
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Abstract 

Viscosity modeling for pure metals and alloys is widely studied, and many 
solutions for dependence of viscosity on temperature can be found in the literature 
for pure metals and alloys. Many of these depend on experimental data for pre-
exponential and exponential coefficients. Two key models include: (i) Kaptay 
model for pure metals, which is completely independent of experimental data and 
depends only on general constants A and B for a large set of pure metals with few 
exceptions and (ii) Kaptay viscosity model for liquid alloys derived on the same 
principles, a temperature-dependent viscosity only as a function of thermophysical 
properties of the alloy components. In the case of surface tension, the main avail-
able models are divided into four groups: Butler formulation-based models, density-
functional models, semi-empirical models, and thermodynamic geometric models. 
Considering the absence of adequate models for surface tension, in this work, two 
equations relating surface tension and viscosity for pure metals are analyzed as a 
function of temperature. Regarding the Egry surface tension-viscosity relation for 
pure metals, a new relation equation for multicomponent alloys is proposed. By 
applying the proposed equation, the surface tension is calculated and plotted as a 
function of temperature for ternary and quaternary aluminum alloys. 

Keywords: viscosity, surface tension, thermophysical properties, 
multicomponent alloys, surface tension-viscosity correlation equation 

1. Introduction 

Surface tension is a phenomenon that occurs whenever a liquid is in contact with 
other liquids or even gases; then, an interface is established and it acts like a 
stretched elastic membrane. A surface is called wet if the contact angle is less than 
90° and nonwet otherwise. A substrate, like dust or pollution, can contribute ener-
getically to the membrane, decreasing its contact angle. Another feature is the 
magnitude of the surface tension σ (N ˜ m °1). An important effect is the creation of 
curved meniscus, leading to capillary rise or depression. Viscosity, on the other 
hand, is a measure of the certain fluid’s resistance to flow due to its internal friction. 
A high viscosity fluid has a trend to resist its motion, such as engine oil, while a fluid 
with low viscosity flows easily, such as water. Viscosity is a function of fluid’s shear 
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stress and its velocity gradient, and its magnitude η is expressed in (Pa � s). Both 
viscosity and surface tension are thermodynamic properties of a fluid, and, conse-
quently, can be derived by means of thermodynamic relations. 

Many solutions can be found in the literature concerning the viscosity depen-
dence on temperature for pure metals [1–7] and for alloys [8–15]. Budai et al. have 
reviewed the existing models used to predict dependence of viscosity on tempera-
ture of alloys, for cases where the viscosities of pure components are already known 
[10, 15–18] and those that are independent of experimental data [19]. Budai et al. 
extended the Kaptay unified equation [10] for the viscosity of alloys, which has 
been named BBK model [20]. The BKK model was shown to fail in the prediction of 
viscosity for alloy systems with components that melt congruently [21]. 

Solutions for surface tension as a function of temperature are generally based on: 
Butler formulation [22–25]; statistical thermodynamics surface density-functional 
theory [26–28]; semi-empirical thermodynamic model [29]; and thermodynamic 
models [30, 31]. All these models are normally specific for certain binary or ternary 
alloy systems, or they are general but considerably difficult to apply. 

In 1992, Egry [32] derived a relation between surface tension and viscosity 
deduced from statistical mechanics for the melting temperature, based upon the 
expressions of Fowler [26] for surface tension and Born and Green [33] for viscos-
ity. Both expressions are expressed as integrals over the product of interatomic 
forces and the pair distribution functions. The author extended this relation to a 
finite temperature range by using data available in the literature [34]. 

In this work, by using a straightforward solution for viscosity for molten pure 
metals [7] and alloys [10], a comparison between numerical simulations and exper-
imental data for the surface tension and viscosity of pure liquid metals and liquid 
alloys is provided, in order to validate Egry’s relation for pure molten metals [34]. 
An extension of this relation is derived for multicomponent alloys. The surface 
tension is calculated and plotted against temperature for ternary and quaternary 
aluminum alloys. 

2. Modeling 

The modeling section is divided into models dealing with the viscosity of pure 
metals and multicomponent alloys, and with the surface tension-viscosity relation 
equations for pure liquid metals and alloys. 

2.1 Model for the viscosity of pure liquid metals 

Kaptay [7] derived a unified equation for the viscosity of pure liquid metals as a 
function of temperature, which encompasses the activation energy and the free 
volume concept. Based on the Andrade’s equation [35] as a starting approach, the 
activation energy concept has been incorporated. By combining again with 
Andrade’s formulation with free volume concept, an equation for the dependence of 
viscosity of pure metals on temperature has been derived. As this equation obeys 
both concepts, the authors named it as a unified equation for the viscosity of pure 
metals. The derived equation for the viscosity of pure metals as a function of 
temperature is given by, 

M1=2 � T1=2 ˜ ° 

ηi ¼ A i � exp B � Tm, i (1) 
V2=3 T 

i 

where ηi is the viscosity of the liquid metal i, A and B are temperature-
independent semi-empirical parameters being approximately identical for all liquid 
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metals, Mi (kg � mol�1) is the atomic weight of the metal, Vi is the molar volume 
(m3 � mol�1), Tm,i is the melting temperature of the pure liquid metal i (K), and T is 
the temperature above the melting point (K). 

2.2 Model for the viscosity of multicomponent alloys 

An Arrhenius-type viscosity equation can be extended to deal with viscosity of 
multicomponent alloy, by applying Redlich-Kister polynomial to excess viscosity, 

m ˜ ° k ΔηE ¼ ∑∑ xi � xj ∑ Ak
i, j xi � xj (2) 

i j>i k¼0 

where xi and xj are the molar contents of the solute compounds ″i″ and ″j, ″ 

respectively. Ak
i, j are the polynomial parameters related to a binary ″i j″ system. The 

ideal viscosity term can be expressed as 

˜ ° 3 
˛ 

Ei ˝ 

ηideal A T; xi; xj ¼ ∑ xi � ηi 0 exp (3) 
i¼1 R � T 

where η0 is the pre-exponential factor independent of the temperature, 
interpreted as an asymptotic viscosity at very high temperature, Ei

A is the activation 
energy of viscous flow of the component i. By combining Eqs. (2) and (3), we 
obtain, 

˜ ° ˜ ° ¼ ηideal η T; xi; xj T; xi; xj þ ΔηE (4) 

then, we have, 

˜ ° 3 
˛ 

Ei ˝ 
m ˜ ° k 

η T; xi; xj; ⋯; xn ¼ ∑ xi � ηi 0 exp A þ ∑∑ xi � xj ∑ Ai
k
, j xi � xj (5) 

i¼1 R � T i j>i k¼0 

where Ak
i, j are parameters for the viscosity of binary systems, according to Zhang 

et al. [36]. 
Kaptay [10], based on the Seetharaman-Du Sichen equation, regarding the 

theoretical relationship between the cohesion energy of the alloy and the activation 
of viscous flow, proposed the following equation: 

˙ ˆ ˜ ° h � NAv ∑i xi � ΔG∗ 
i � α � ΔH 

η T; xi; xj; ⋯; xn ¼ � exp (6) 
∑i xi � Vi þ ΔVE R � T 

where h is the Planck constant (6:626 � 10�34 J:s), NAv is the Avogadro number 
(mol�1), ΔG∗ is the Gibbs energy of activation of the viscous flow ( J � mol�1), i 
defined as 

˙ ˆ 
ηi � Mi ΔG∗ ¼ R � T � ln (7) i h � NAv � ρi 

ΔVE is the excess molar volume on alloy formation (m3 � mol�1) and α is a ratio 
of a two properties ratios related to the melting temperature. The first ratio is 
between the measured activation energy and the melting point of pure liquid metals 
(38:4 � 2:7 J � mol�1 � K�1), and the second ratio is the cohesion energy of pure 
liquid metals and the melting points (248 � 17 J � mol�1 � K�1), providing 
α ffi 0:155 � 0:015 [10]. 
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2.3 Relation between surface tension and viscosity for pure liquid metals 

Egry [32] derived a relation between surface tension and viscosity deduced from 
statistical mechanics for a finite temperature range, based upon the expressions of 
Fowler [26] for surface tension (σÞ and Born and Green [33] for viscosity. Both 
expressions are expressed as integrals over the product of interatomic forces and the 
pair distribution functions. The Fowler expression is 

2 ð∞ π n dφ R 
R4 ð Þ  

σ ¼ dR � � g R  (8) ð Þ  
8 dR 0 

where n is the particle number density, φ is the pair potential, and g R  is the ð Þ  
correlation function. All these functions depend on the temperature. 

In a very similar way, Born and Green [33] derived an expression for the 
viscosity (ηÞ of a fluid using a kinetic theory, which can be expressed as 

rffiffiffiffiffiffiffi 
2 ð∞ m 2π n ð Þ  dφ R 

η ¼ � dR � R4 � ð Þg R  (9) 
k T  15 dR 0 

where m is the atomic mass, k is the Boltzmann’s constant, and T is the absolute 
temperature. As the integral terms of both integrals cancel each other, Egry [34] 
deduced the following relationship between density and viscosity for pure metals 
for a finite temperature above the melting point: 

rffiffiffiffiffiffiffi 
σi 15 k T  ¼ (10) 
ηi 16 m 

1 where σi is the surface tension in ðN:m� Þ, and ηi is the viscosity in ðPa:sÞ of a 
pure liquid metal i. 

In 2005, Kaptay [7] derived a surface tension-viscosity relation, as 

σi 0:182 � 211 þ Cp, i � Tm,i � 2 þ 0:182 � Cp, i � T ¼ (11) 
M1=2 ηi 1:61 � i � exp ð2:34 � Tm,i=TÞ 

� 1K�1� where Cp,i is the heat capacity of the pure liquid metal i in J:mol� . 

3. A surface tension and viscosity relation model for multicomponent 
alloys 

Based on the formula originally proposed by Egry [34], a new formula is derived 
for the relation between surface tension and viscosity for multicomponent alloys, 
that is, 

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi σa 15 1 ¼ Nav k T  �pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi (12) 
ηa 16 ∑n 

i¼1xi �Mi 

�1 where σa is the alloy surface tension in ðN:m Þ, ηa is the alloy viscosity in ðPa:sÞ, 
xi is the molar fraction of the i alloy component, n is the total number of compo-
nents of the alloy, and Mi is the molar weight of the alloy component i. 

Substituting Eq. (12) into Eq. (6), we get, 
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sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
� � 15 h � NAv R � T ∑i xi � ΔG∗ � α � ΔH i σa T; xi; xj; ⋯; xn ¼ � � � exp 

16 ∑i xi � Vi þ ΔVE ∑i
n 
¼1xi � Mi R � T 

(13) 

4. Results and discussion 

Figure 1 presents the viscosity of pure aluminum as a function of temperature, 
simulated by Kaptay [7] theoretical model compared to experimental data [37]. The 
model fits the experimental scatter well, but a correction in the melting temperature 
for pure aluminum was carried out according to the model description provided in 
[7], although, for the case of Al, no correction was applied by the author [7]. 
Figure 2 shows the evolution of viscosity of molten Cu as a function of temperature, 
where the theoretical model is compared to experimental results [37], where a 
deviation is noticed for temperatures close to the melting temperature. 

In Figure 3, the viscosity of pure molten silicon is plotted against temperature. 
As mentioned, the melting temperature of Si has been assumed as Tm corr,Si ffi 
596:85 K [22], which is less than the correction of melting temperature of pure Si 
proposed by Kaptay [7], that is, Tm corr,Si ffi 870 K. This correction was carried out 
by the author for some pure molten metals, so that the model could also fit the 
experimental scatter of these elements. As can be observed, a correction in the 
melting temperature was needed not only for Si, Ge, Sb, and Bi but also for pure 
molten Al, based on the same set of experimental data. 

In Figure 4, it can be seen that Kaptay’s model [7] well the experimental data 
well for the viscosity of molten magnesium as a function of temperature [38–40]. 

In Figures 5–8, the surface tension for pure Al, Cu, Si, and Mg is depicted as a 
function of temperature, calculated from surface tension-viscosity relations 
according to Egry [34] and Kaptay [7] formulations. For all cases, except for Si in 
Figure 7, the surface tension exhibits a trend to decrease as the temperature 
increases. It also can be noticed that for all cases, they diverge close to the melting 
point. For high temperatures, both models yield very close results. The best agree-
ment observed between the two models is that of pure Mg, as shown in Figure 8. 

Figures 9–12 show the evolution of viscosity as a function of temperature for all 
examined alloys, where it can be seen that the two models generally exhibit similar 

Figure 1. 
Calculated viscosities of the pure molten Al as a function of temperature compared to experimental data [37]. 
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Figure 2. 
Calculated viscosities of the pure molten Cu as a function of temperature compared to experimental data [37]. 

Figure 3. 
Calculated viscosities of the pure molten Si as a function of temperature compared to the experimental 
data [37]. 

Figure 4. 
Calculated viscosities of the pure molten Mg as a function of temperature compared to the experimental data. 
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Figure 5. 
Comparison between surface tension of pure molten Al as a function of temperature provided by both Egry’s and 
Kaptay’s surface tension-viscosity relation models. 

Figure 6. 
Comparison between surface tension of pure molten Cu as a function of temperature provided by both Egry’s 
and Kaptay’s surface tension-viscosity relation models. 

Figure 7. 
Comparison between surface tension of pure molten Si as a function of temperature provided by both Egry’s and 
Kaptay’s surface tension-viscosity relation models. 
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Figure 8. 
Comparison between surface tension of pure molten Mg as a function of temperature provided by both Egry’s 
and Kaptay’s surface tension-viscosity relation models. 

Figure 9. 
Simulations of viscosity of Al-6wt%Cu-1wt%Si as function of temperature: Arrhenius-type equation and 
Kaptay model. 

Figure 10. 
Simulations of viscosity of Al-6wt%Cu-3wt%Si as function of temperature: Arrhenius-type equation and 
Kaptay model. 
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Figure 11. 
Simulations of viscosity of Al-6wt%Si-3wt%Cu as function of temperature: Arrhenius-type equation and 
Kaptay model. 

Figure 12. 
Simulations of viscosity of Al-6wt%Si-3wt%Cu as function of temperature: Arrhenius-type equation and 
Kaptay model. 

Figure 13. 
Application of derived surface tension-viscosity relation for Al-Cu-Si ternary alloys and quaternary Al-Cu-Si-
Mg alloys as function of temperature. 
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results. The greatest deviation between the models can be observed for the Al-6wt% 
Cu-3wt%Si alloy, Figure 10; but even in this case, a relatively good agreement can 

’ 

be considered. This may be related to the non-ideal term of viscosity of the Redlich-
Kister equation, whose coefficients do not depend on the alloy composition but 

’ 

depend on the temperature [36]. 
Figure 13 shows the application of the derived surface tension relation equation 

for alloys, Eq. (13), to ternary Al-Cu-Si and quaternary Al-Cu-Si-Mg alloys. As can 
be noticed, the increase in the alloy Si content decreases the surface tension. The 
lowest surface tension profile is associated with the alloy having the highest Si 
content, that is, for the Al-12wt%Si-1wt%Cu-1wt%Mg quaternary alloy. 

5. Conclusion 

A solution for viscosity of alloys has been derived based on an extension of 
s surface tension-viscosity relation equation for pure metals [34] and Kaptay s 

s 
’ Egry 

[10] unified solution for viscosity of multicomponent alloys. Kaptay and Egry 
surface tension-viscosity relations were plotted against temperature. It was shown 
that for the pure metals analyzed in the present study, for lower temperatures, both 
relations deviated from each other. However, for higher temperatures, a better 
agreement has been achieved. The derived solution for surface tension was plotted 
against temperature for ternary Al-Cu-Si and Al-Cu-Si-Mg alloys. It was shown that 
with increasing Si alloy content, the surface tension of Al-based alloys decreases, 
which is in agreement with the casting practice of Aluminum-based alloys. 
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Natural and Artificial 
Superwettable Surfaces-
Superficial Phenomena: An 
Extreme Wettability Scenario 
Cristina Elena Dinu-Pîrvu, Roxana-Elena Avrămescu, 
Mihaela Violeta Ghica and Lăcrămioara Popa 

Abstract 

With the help of biomimetics, superficial characteristics were transposed, 
through various methods, onto artificially obtained materials. Many industrial 
fields applied surface architecture modifications as improvements of classic materi-
als/methods. The medico-pharmaceutical, biochemical, transportation, and textile 
fields are few examples of industrial areas welcoming a “structural change.” Anti-
bioadhesion was widely exploited by means of antibacterial or self-cleaning fabrics 
and cell culturing/screening/isolation. Anti-icing, antireflective, and anticorrosion 
materials/coatings gained attention in the transportation and optical device fields. 
Interdisciplinary approaches on extreme wettability include “solid-fluid” forma-
tions called liquid marbles, which will be further discussed as a superhydrophobic 
behavior exponent. 

Keywords: superficial phenomena, extreme wettability, special surface 
architecture, liquid marble 

1. Introduction 

Since ancient times, humans observed special features which helped plants 
and animals survive in harsh environments. These properties were unraveled with 
the help of microscopical investigative techniques, which led to a more thorough 
understanding of superficial phenomena. Natural unique superficial architectures, 
like the lotus and rose petal effect, became iconic. Empirical models of wettability 
were developed (Young, Cassie, and Wenzel) to fully explain the behavior of liquids 
in contact with special surfaces. 

Along with the fulminant expansion of technology during the last decades, a 
huge progress was also registered in surface sciences. Microscopical analysis tech-
niques revealed surfaces’ special architectures and solved many mysteries regarding 
plants and animals’ adaptation to harsh environments (e.g., Namib beetles’ survival 
in the desert). Extreme wettability (superhydrophobicity/superhydrophilicity) 
was assigned to many natural phenomena, such as raindrops not collapsing while 
dropping onto ash-covered soil and moss storing the exact amount of water needed 
to survive. In particular, superhydrophobic surfaces which display a contact angle 
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higher than 150°, a sliding angle smaller than 10°, and no hysteresis attracted 
researchers’ attention. Apart from theoretical aspects on wettability, which are a 
part of the paper, natural extreme wettability models will be discussed (lotus leaf, 
rose petal, and insect wings). 

Principles of biomimetics are included in this chapter, as special superficial 
properties were adapted to human necessities and used as a model in many indus-
trial areas, including nanotechnologies. Biomimetics is, in this case, “the thread that 
makes the dress complete,” or, in other words, “the scene that completes the movie.” 
Applications related to superhydrophobicity will be presented: development of self-
cleaning and low friction surfaces, satellite antennas, solar and photovoltaic panels, 
exterior glass, etc. Studies concerning superhydrophobic surfaces’ applications in 
various domains will also be submitted: prevention of bacterial adhesion, of metal 
corrosion, of surface icing in humid atmosphere and low-temperature conditions, 
blood type determination techniques, etc. Efficient, cost-effective, ecological, 
and reproductible methods are still developing so that mass production of quality 
materials becomes a fact. 

The chapter will also bring into attention an important exponent of superhy-
drophobicity: special structures called liquid marbles. The unique “solid-fluid” 
formations are regarded as soft objects, due to the microliter droplet encapsulated 
in hydrophobic particles. Practical uses include micro-reactors, miniature cell 
culturing, or screening devices, successfully replacing classical methods with cost- 
and reactive-efficient, low-toxicity analysis techniques. Other properties will be 
submitted along with applications in various fields. 

2. Biomimetics: biology vs. technology 

As human kind evolved, passing through the test of time, many necessities 
turned out as a result of convenience in everyday life activities. Thus, classical mate-
rials like wood, metal, and ceramic became no longer suitable and efficient, lacking 
performance in many domains (e.g., pharmaceutical, medical devices, weaponry, 
etc.). Aiming a more complex approach on artificial materials, the concept “materi-
als by design” came to life (Bernadette Bensaude-Vincent, 1997) [1]. The concept 
refers to developing “composite” materials, which reunite properties of already 
known ones: heat resistance and time durability of ceramics, lightness of plastic, 
hardness, and breaking resistance of metals. Depending on quality requirements of 
the final product, many design possibilities came out, exhibiting improved sustain-
ability, cost-effectiveness, durability, and an environmentally friendly character. 

Undoubtedly, a much older concept, “biomimetics,” also led to obtaining per-
formant structural materials and is intricated to the “materials by design” concept. 
The term itself (“biomimetics”) was firstly introduced by Otto Schmitt [1], but 
its principles are considered to be used since Leonardo da Vinci (1452–1519) while 
designing flying machines after analyzing bird’s ability to fly [2]. 

According to some beliefs, biomimetics is a transfer of ideas between biology 
and technology, aiming to obtain superior device. A more complex approach refers 
to it as being “a study of the formation, structure or function of biologically pro-
duced substances, materials, biological mechanisms and processes especially for 
the purpose of synthetizing similar products by artificial mechanisms which mimic 
natural ones” [2]. 

As expected, a lot of controversial interpretations arise from different 
approaches of biology and engineering, considered “baselines” of biomimetics. On 
the one hand, biology relates to living organisms (cells, plants, and animals) which 
evolve following a natural DNA-embedded cycle. On the other hand, engineering 

122 



  

 
  

 
 

  
 

 
 

 
 

 
 

    

 

   
 

   
  

 

                                

 

 
  

   

 
 

 
 

                                   

  

_______

_________

Natural and Artificial Superwettable Surfaces-Superficial Phenomena: An Extreme Wettability… 
DOI: http://dx.doi.org/10.5772/intechopen.84137 

relies on human intelligence which develops successive steps in order to obtain a 
final product [1]. 

Conflicts between biology and technology interpretations are classified 
through a Russian problem-solving system TRIZ (Teorija Reshenija Izobretatel’skih 
Zadach—“Theory of Inventive Problem Solving”), 40-standard features which 
offer solutions from both perspectives. For example, a few characteristics such as 
“keep poison out,” “self-cleaning,” “surface properties,” and “waterproof” became 
conflict nr. 30-“external harm affects the object” [1]. 

Therefore, it became appropriate to say that “superficial properties” is a concept 
which can be regarded in the light of both “biology” and “technology.” Structural 
investigation of natural (biological) surfaces is performed using microscopical 
techniques. Technical interpretations of these surfaces and empirical models arise. 
Examples include special wettable surfaces like the lotus leaf, rose petal, Salvinia 
leaf, insect eyes, wings, fish scales, etc. They provide templates in designing new 
engineered materials exhibiting improved properties compared to classical materi-
als. Such artificially obtained materials and coatings can be considered results 
of “materials by design” and “biomimetics” concepts, as a reunion of biological 
inspiration and human engineering. Even though many contradictory assessments 
take place, it is important to state that biology and technology functioned perfectly 
together when inventing the Velcro closure system according to the way burdock 
(Arctium sp.) spreads its seeds, the helicopter inspired by the body of the dragonfly, 
the submarine resembling a whale, etc. 

3. Extreme wettability: special patterns 

3.1 Understanding wettability 

As is well known, surface wettability characterizes interfacial phenomena 
between a liquid and a solid support. The liquid’s behavior on the studied surface 
is in fact an indicator of wettability, a superficial property which helps evaluate 
hydrophilicity/hydrophobicity of a solid. The quantitative indicator of wettability is 
represented by the contact angle, given by Young’s equation (Eq. (1)): 

SV SL cosθ = γ − γ (1) γLV 

where θ is the contact angle, γSV is the solid-vapor superficial energy, γSL is the 
solid-liquid superficial energy, and γLV is the liquid-vapor superficial energy [3]. 

The equation establishes an equilibrium between superficial energies at the 
solid-liquid-air interface. However, adaptations of Young’s equation were proposed 
by Wenzel [4] and Cassie-Baxter [5], after it was proven that the original equation 
only applies to homogenous, smooth surfaces and that the contact angle is influ-
enced by the support’s rugosities, as a surface roughness indicator. 

Wenzel’s equation (Eq. (2)) applies to non-smooth surfaces. Surface rugosity 
is interpreted through the roughness factor r, defined as ratio of the actual rough 
surface area to the geometric area projected on a relatively smooth surface. This 
adapted equation refers to an apparent contact angle θ′, as follows (Eq. (2)): 

r(γSV − γSL) cosθ′= = r cosθ (2) γLV 

Another relationship defining an apparent contact angle θ′ is similar to 
Wenzel’s equation, with the difference that the surface’s rugosities are separated 
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by impenetrable air pockets (Cassie-Baxter wetting model). The surface f in direct 
contact with the liquid is considered, as follows (Eq. (3)): 

f = ∑a (3) 
∑(a + b) 

where a and b are the contact areas with the drop (a) and, respectively, air 
(b). Considering (1 − f) the drop-air contact area and a contact angle of 180°, the 
calculation formula corresponding to the Cassie-Baxter wetting regime is shown in 
Eq. (4): 

cosθ′= f cosθ + (1 − f) cos180o = f cosθ + f − 1 (4) 

Empirical models of the Young, Wenzel, and Cassie-Baxter wetting states are 
presented in Figure 1. 

Other interpretations by Quéré et al. [6, 7] consider the Wenzel wetting regime 
as an equilibrium state of the Cassie model: a critical value of the fraction f deter-
mines a critical contact angle θc, determined by the following equation (Eq. (5)): 

1 − f cosθc = (5) 
r − f 

Since wettability studies continue to unfold, researchers recently proved that 
Wenzel and Cassie wetting regimes actually co-occur on the same support surface. 
Hydrophobic surfaces with linear or pillar patterns exhibit both a Cassie levitating 
state corresponding to drops placed on the support and also a Wenzel pinned state 
for drops which come into contact with the surface after the impact. Transitions 
between these states were also reported as a result of external stimuli influence 
[8, 9]. Wenzel to Cassie and Cassie to Wenzel transitions were analyzed through 
sequential squeezing and releasing between texture surfaces of nonadhesive 
plate. Results indicate that both regimes exist at the same time on a double-scaled 
textured surface, resembling natural micro- and nano-surface architecture: the 
Wenzel state is characteristic for the larger texture and Cassie to the smaller one [9]. 
Further investigations consisted in exploiting these characteristics and developing 
super-repellent materials, also based on natural models, following the principles of 
biomimetics. 

The “superwettability system,” briefly presented in Figure 2, includes a much 
extensive approach on wetting states, depending on the liquid type, the solid sup-
port’s architecture, and the environment in which the phenomenon is described. 
Thus, the terms discussed above (hydrophilicity/hydrophobicity) refer to water’s 
behavior in air and upon flat surfaces. Regarding low-surface liquids, such as 
oils, the “oleophilic/oleophobic” concepts are defining. Moreover, if the support 

Figure 1. 
Comparison between wetting regimes: (a) Young, (b) Wenzel, and (c) Cassie. 
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Figure 2. 
The “superwettability” system. 

exhibits a nano-/micro-rough architecture, then the behavior of liquids when 
contacting such a surface is known as “superhydrophobic/superhydrophilic” and 
“superoleophobic/superoleophilic.” Corresponding wetting behaviors under water 
for structured rough supports are known as “superoleophobic/superoleophilic” 
and “superaerophobic/superaerophilic.” If placed under oil, then the appropriate 
approach refers to “superhydrophobicity/superhydrophilicity” and also “superaero-
phobicity/superaerophilicity” [10]. 

3.2 Natural designs 

Natural special surfaces transposed as survival skills in animals and plants 
captivated attention of researchers. They investigated and applied in practice what 
nature provided. Apart from scientists, novelists like Jules Verne were fascinated by 
certain elements from the environment and used them as inspirational sources to 
imagine innovative devices, mostly designed as transformational means and consid-
ered eccentrical in that era: the Nautilus submarine whose shape resembled a whale, 
the eponymous Steam House—a mechanical elephant, the helicopter imagined 
starting from insects’ flight mechanisms and shapes, etc. 

Apart from mechanical devices, natures’ kingdom offered humans the pos-
sibility to improve artificial materials, based on the evolution of SEM analysis 
techniques in the 1960s. Detailed investigations of surface structure and proper-
ties were performed. As a result, surface architecture was held responsible for 
many phenomena which were not explained at that time: how plants maintain 
clean in marshy environments and how their water needs are satisfied during 
high-temperature exposure. From this category, two types of surface structures, 
designed as micro- and nano-scaled patterns, confer superhydrophobicity to the 
leaves of certain plant species: lotus, rice, and taro. Another model which confers 
water repellency was attributed to a unitary structure of 1–2 μm fibers (Chinese 
watermelon, Ramee leaves). Also, vertical/horizontal hairs were attributed in 
the property of water repellency in case of Alchemilla vulgaris and, respectively, 
Populus sp. [11–13]. 
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The iconic plant superhydrophobic behavior belongs to the lotus leaf (Nelumbo 
nucifera). Surface wettability of the leaves is considered to be derived from the 
Cassie-Baxter wetting model: convex micrometric papillae along with nanometric 
wax needles determine water contact angles higher than 150°. This special architec-
ture, also known as “The Lotus Effect,” allows dust particles and other impurities to 
be collected by raindrops while rolling off (Figure 3) [14]. 

The other side of the lotus leaf presents no waxy crystals, but has tabular nano-
groove convex lumps which confer inverse wettability [15]. 

An example of unique structural characteristics is the carnivorous plant 
Nepenthes alata. Its prey is caught due to oleophobic features which allow insects to 
slide down to the digestive cavity, capturing them [16]. Contributing to the survival 
of the Cladonia chlorophaea lichen are hydrophobic strains ending in cup-shaped 
structures which limit water storage, preventing excessive accumulation and 
further damage to the plant [17]. 

An exponent of plant adaptation to harsh environment conditions is repre-
sented by Salvinia molesta, the water fern, who gave rise to “The Salvinia Paradox”: 
hydrophobic hairs ending in hydrophilic peaks retain an air film while submerged, 
allowing respiration [18]. The thin air film retained at the air-water interface also 
enables Oryza sativa (rice) to carry on photosynthesis, enhancing gas exchange and 
diminishing Na+ and Cl− intrusion through submerged leaves through salt-water 
floods [19, 20]. 

“The Rose Petal Effect” reveals how nano-folds covered with micro-papillae of 
rose petals confer contact angle values of 152°, resembling the Cassie impregnating 
model: water droplets maintain their spherical shape, adhere to the surface, and 
do not slip when turned upside down. Compared to the lotus leaf architecture, 
this wetting regime is characterized by a liquid film which impregnates the papil-
lae, leaving only some dry areas. A dependence was observed between the drops’ 
volume and surface tension: the equilibrium is ruined and the drop falls if it exceeds 
10 μL in volume. Thus, smaller drops stay stable, while raindrops slide off, since 
they are bigger [21]. Figure 4 illustrates a comparison between the rose petal (a) 
and the lotus leaf (b) surface structure [22]. 

Transitioning from the plant to the animal kingdom, it is important to state that 
apart from “slippery” surfaces discussed above, “adherent” superhydrophobic sur-
faces were also noted: the gecko lizard’s finger structures confer them the ability to 
climb even perfectly vertical walls, due to micrometric lamellae divided into nano-
metric setae. A drop placed on this surface retains its shape even in an antigravity 

Figure 3. 
Lotus leaf structure. Dirt particle removed by rain. 
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Figure 4. 
(a) Rose petal surface structure (Cassie impregnating wetting state) and (b) lotus leaf surface structure 
(Cassie state) [22]. 

position [23, 24]. The gecko feet model inspired climbing a glass building using 
Kevlar and polyurethane special gloves [25]. The group of adhesive superhydropho-
bic natural surfaces includes also the rose petals, as previously discussed. 

Regarded at first from a different angle, the insects’ ability to fly, to maintain 
impurity and water-free wings, was later attributed to superhydrophobicity. 
Microscales hierarchically disposed on insect wings are responsible for maintaining 
them dry (Figure 5) and also exhibit, in some cases, antibacterial activity (cicada 
wings are bactericidal against Gram-negative bacteria) [26, 27]. 

For some insects, patterns joining superhydrophobicity in alternation with 
superhydrophilicity represent an adaptation to harsh environmental conditions: 
Stenocara gracilipes (the Namib desert beetle) shows on its back a real storage system 
which captures water from atmospheric humidity, due to superhydrophobic waxy 
edges and superhydrophilic peaks [17]. In relation with survival skills, Argyroneta 
aquatica (the diving spider) creates around itself a hydrophobic artificial lung, 
which is permeable to gases and allows underwater living [10]. 

3.3 Engineered superwettability—materials and coatings: practical applications 

Moving on from the theoretical field, extreme wettability is regarded an open 
gate for numerous everyday life and also industrial applications. 

Following biomimetic principles and varying surface templates, innovative 
materials are fabricated, depending on qualitative requirements. The first artificial 
superhydrophobic materials appeared in the early 1990s: the submicrometer-
roughed glass plates hydrophobized with fluoroalkyl trichlorosilane (CA = 155°) 
[28], fractal surfaces covered in n-alkyl ketene (CA = 174°) [29, 30], and ion-plated 
polytetrafluorethylene (PTFE) coatings with nanometric rugosities [31]. In the 
2000s, surface topography studies were correlated with surface chemistry, leading 
to patterned silicone surfaces with low wettability [32]. 

Figure 5. 
Insect wing-microscaled superhydrophobicity. 
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Techniques used to confer surface roughness are still improving, along with 
transparency, permeability, resistance, and color change imparting methods 
[33–35]. Nature proved that hierarchical surface structures are responsible for 
surface special wettability, and not fluorocarbon derivatives, as it was considered at 
that time [36]. 

The most popular known procedures used to artificially obtain superhydropho-
bic surfaces include chemical reactions in a humid atmosphere [37], thermic reac-
tions [38], electrochemical deposition [39], individual/layer-by-layer assembling 
[40], etching [41], chemical vapor deposition [42], and polymerization reactions 
[43]. Substrates include glass, metals (Cu, Ti, Zn), and cotton, and resulted struc-
tures exhibit CA > 150°, mimicking natural patterns [44]. For example, the rose 
petal was used as template in order to obtain polymeric coatings, resulting in “adhe-
sive” superhydrophobicity [21]. Patterns resembling surface design of the lotus leaf 
were also fabricated through eco-friendly methods, without toxic solvents [45]. 

Fluorocarbon and silicone derivatives were preferred as substrates in fabricat-
ing superhydrophobic surfaces, assuming that the larger the number of flor atoms, 
the higher is the hydrophobicity [46]. Nowadays, these materials are replaced with 
biodegradable ones, such as agricultural residues [47]. Recent studies indicate 
that lignocellulose can be successfully used in obtaining fire-proof coatings [48]. 
Another example of eco-friendly superhydrophobic coatings includes waterborne 
resins from aqueous silanes and siloxane solutions with silica nanoparticles applied 
as protective coatings to cultural heritage (marble, sandstone, cotton, ceramic 
artifacts) [49]. 

The Slippery Liquid-Infused Porous Surface (SLIPS) technology includes smooth 
coatings applied onto military uniforms and medical gowns in order to avoid 
biological fluid contamination, due to surface fluids incorporated into a micro-/ 
nano-porous substrate [50, 51]. The field of anti-bioadhesion also involves protein 
adsorption, bacterial adhesion, and cell culturing media, all of them wettability-
dependent phenomena [52]. Thus, in vitro studies regarding platelet adhesion on 
implants reveal that no adhesion happens on TiO2 nanotube-covered supports. 
Moreover, polydimethylsiloxane (PDMS) surfaces with various sized-rugosities, 
superposed scale plates, submicron structures, and nanostructured and smooth 
surfaces, proved the highest effectiveness against blood platelet adhesion in 
superposed scale plate surface [53]. Antibacterial cellulose fibers modified with 
siloxanes and silver nanoparticles show durable activity against Escherichia coli and 
Staphylococcus aureus [54], while bactericidal action against Pseudomonas aeruginosa 
was discovered for fluoroalkyl silane-hydrophobized glass [55]. 

The result of joining extreme wettability surfaces are patterns which promote 
development of cells planted as hydrogels/solutions in the hydrophilic zone. 
Advantages of the method include lack of lateral contamination risks due to hydro-
phobic separative borders, efficiency, economic analysis method, the possibility of 
real-time screening, and noninvasive diagnosis [56–58]. 

Other high-impact applications of superhydrophobic surfaces include anti-icing, 
antireflective, and low friction properties, mostly popular in the marine and aviation 
transportation fields, mirrors, and lens industry [59–62]. These properties along 
with a low adhesion degree, a high contact angle, and a low sliding angle allow 
impurity collection, while rolling off represent desired characteristics for wind-
shields, exterior windows, and solar panels [63]. 

Since metal corrosion is a contemporary problem, superhydrophobic anticor-
rosion treatments were developed: coating techniques (microwave chemical vapor 
deposition, followed by immersion) with fluorochloride silanes of magnesium alloys 
and substrate modifications (Al with hydroxides, Zn immersed in superhydrophobic 
solutions), proving resistance against acids, alkaline, or saline solutions [64]. 
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Closely following the corrosion issue is friction reduction, which is of interest in 
aeronautics and ships. The shark skin and the lotus leaf are models in designing 
continuous surface films with self-contained air bubbles, able to reduce laminar and 
turbulent liquid flow, lowering friction forces. Moreover, recent progress includes 
high-pressure-resistant special surfaces, with a high impact in the submarine industry 
[65]. Apart from enhancing classical transportation devices, inspirational novel ones 
were developed flowing the water strider’s model. Prototypes of miniature robots 
which walk-in straight-line and function as water-pollutant monitors, displaying high 
transport capacities [66, 67]. Water collecting/storing systems are still developing as a 
solution for dry areas, starting from the Namib beetle’s back special architecture [68]. 

Interdisciplinary researches on surface extreme wettability will be continued by 
discussing an intrinsically superhydrophobic behavior, characteristic for versatile 
structures entitled liquid marbles. 

4. Small exponent—big impact: liquid marbles 

4.1 State of the art 

Liquid marbles are non-wettable structures, formed as a result of physical 
interactions between solid particles and a liquid drop. The formations are in fact 
represented by a liquid core covered in a particle shell (Figure 6) and exhibit a 
superhydrophobic-like behavior, without the intervention of surface modifications. 

Among the first intents to obtain liquid marbles were carried out by Aussillous 
and Quéré [69], by rolling water droplets (1–10 mm3) in a hydrophobic silica-
covered Lycopodium powder bed (20 μm), as presented in Figure 7. 

When compared to plain water drops, the manufactured liquid marbles did 
not wet the support, due to the fact that the liquid-solid interface (water-glass) is 
replaced with a solid-solid interface (Lycopodium particles-glass). They resemble 
raindrops falling on lotus leaves and collecting dust particles while rolling off, as 
previously discussed (The Lotus Effect) [70]. 

Liquid marbles’ formulations are versatile, including various powders which 
differ in color, wetting degree, electrical charge, and even therapeutic activity. 

Figure 6. 
Liquid marble structure. 
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Figure 7. 
Obtaining liquid marbles by rolling water drops into a Lycopodium powder bed. 

Literature data indicates natural and synthetical powders such as Lycopodium, 
soot [71], respectively, polyvinylidene fluoride (PVDF), polytetrafluoroethylene 
(PTFE), polyethylene (PE) [72], polymethyl methacrylate (PMMA) [73], and 
hydrophobic copper powder [74]. The hydrophobic particle wall thickness varies 
depending on the particles, which are linked by van der Waals forces and distribute 
as mono- or a multilayers. In time, the wall undergoes changes depending on envi-
ronmental conditions: multilayered shells correspond to “long surviving marbles,” 
due to the possibility to stretch of particles surrounding the circumference, main-
taining the system’s integrity. Moreover, since large particles do not provide liquid 
core’s flexibility and protection, nanoparticles are recommended as shell formers 
which fill in the gaps formed through compression [75]. 

Similar to superhydrophobic surfaces, liquid marbles can also exhibit special 
structural architectures, depending on their components. Particular cases include 
porous shells made of hydrophobic poly-high internal phase emulsion (HIPE) poly-
mer, with particles interconnected by “gigapores” of micronic dimensions, resem-
bling natural organisms like radiolarians (protozoa-producing mineral microtubes) 
or diatoms (microalgae with cells interconnected by tubes) [76]. After the CuSO4 
solution (core) evaporates through the shell, a CuSO4 shell remains. The method is 
proposed as the model in designing spherical objects. Among liquid marbles with 
curious properties are the ones guided using electric fields which resemble Janus 
particles. They are obtained by forcing together two marbles with different shells, 
resulting in a bigger marble: half covered in carbon black and the other in Teflon 
(Figure 8) [77]. 

Liquid marble’s interior phase usually includes high-surface tension liquids 
like water or glycerol, but literature data also suggests low tension liquids such as 
ethanol, methanol, toluene, hexadecane, and 1,4-dioxane [78]. It is possible for 
the shells’ particles to remain at the liquid-gas interface or to be engulfed by the 
liquid core, resulting in stable marbles [72]. Other particular liquid marbles include 
Galinstan (eutectic liquid mixture of gallium, indium, tin) covered in Teflon, 
isolators (SiO2), or semiconductors (CuO, ZnO, WO3). They are resistant to high 
temperatures, float on water, but must be obtained in a diluted hydrochloric acid 
solution, as an unwanted reduction reaction takes place in air [79]. 

Cases of hydrophilic particle-covered liquid marbles are possible due to air 
trapped between particles, resulting in aggregates which cover the droplets [80]. 

Figure 8. 
Liquid marbles resembling Janus particles. 

130 



 
 

 

  
 

  

 
 
 

 

 

 

 
   

 
 

  

 
 

 

 
  

  
 

 
 
 

 

Natural and Artificial Superwettable Surfaces-Superficial Phenomena: An Extreme Wettability… 
DOI: http://dx.doi.org/10.5772/intechopen.84137 

When discussing liquid marbles obtaining procedures, the most popular manu-
facturing method is the droplet rolling in a powder bed, as previously presented. 
Continuous research is developed concerning this domain since the proposed 
method is inefficient and time-consuming; irregularly covered marbles are formed 
and cannot be transposed at an industrial level. Methods including condensation 
and drop nucleation were recently reported: the liquid core is placed in a container, 
warmed by a heat source underneath. Hydrophobic particles (Cab-O-Sil fumed 
silica and micronic-sized Teflon) are distributed in a thin layer at the liquid-air 
interface. As the liquid boils, vapors condense and are covered by the particles. 
Micronic liquid marbles are formed. By heating these “parent-marbles,” much 
smaller liquid droplets called “child-liquid marbles” are formed (“liquid marbles 
sweating”). The “child-marbles” roll off the “parent-marbles” and are more robust. 
Advantages of the method include industrially applicability of the technique and 
possibility to adapt conditions depending on the desired result [81]. Wrapping 
drops in transparent glass fibers, avoiding fluid evaporation, is a proposed design 
in developing new controlled drug release systems, water purification membranes 
[82]. Another automatized method is considered revolutionary by using instead of 
hydrophobic powders a superhydrophobic cloth of nanofibers. The drop is covered 
after impacting the cloth, resulting in highly resistant liquid marbles, with no 
internal phase loss [83]. 

Regarding their formulation, liquid marbles are versatile structures. The chal-
lenge is represented by choosing the appropriate components and experimental 
parameters of the fabrication/manufacturing process. 

4.2 Liquid marbles: superhydrophobic entities with unique properties 

Experimentally formed liquid marbles exhibit slightly different properties 
compared to naturally formed ones. Raindrops fall from big heights and get covered 
with particles due to internal currents and to kinetic energy [84]. Thus, the marbles 
exhibit elastic-solid and also fluid properties, known as a double “solid-fluid” char-
acter. The assumption that liquid marbles’ elasticity is related to replacing liquid-
solid (support) interface with solid (shell)-solid (support) interface is sustained 
by the absence of colored traces left by sodium hydroxide liquid marbles rolled on 
a phenolphthalein surface [85]. Moreover, shape changes occur for viscous marbles 
placed on an inclined plane: centrifugal forces determine marbles to slide off, 
while acceleration leads to the transformation of the spherical shape into “peanut,” 
toroidal/“doughnut” shape [86], as presented in Figure 9 [87]. 

Other experiments on liquid marbles’ shape and elasticity proved how gradual 
compression of the marbles resulted in successive cracking and ultimately breaking 
of the shell, followed by collapse. Before the collapse, marbles allowed a compres-
sion up to 30% from the initial dimension [88]. 

Coalescence of the drops and possibility to engulf exterior objects may also be 
related to elasticity. As a result of applying exterior forces, two different liquid 
marbles connected through a glass bar undergo coalescence, forming a bigger 
structure and sharing a divided shell, as illustrated in Figure 10(a). Regarding the 
possibility to “swallow” other objects, organic liquid covered in FD-POSS marbles 
is injected with another organic fluid. As long as the condition of immiscibility 
between the liquids is respected (proposed liquid pairs: toluene/DMSO, hexadec-
ane/water), “encapsulating liquid marbles” are formed (Figure 10 (b))  [89]. 

Other liquid marbles’ curious properties reside from freezing and drying in 
extreme temperature conditions. Experiments on PTFE-covered liquid marbles 
reveal surface aggregates, and multilayers are formed at the liquid-air interface, 
triggering wall thickening and shrinkage during evaporation. Thus, slow evaporation 
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Figure 9. 
Rolling liquid marbles: (a) “peanut” shape, (b) “doughnut” shape, and (c) transformation of “doughnut” into 
“peanut” shape, as the plane is removed [87]. 

Figure 10. 
(a) Liquid marble coalescence: (b) FD-POSS liquid marble encapsulating DMSO. 

of water results in prolonged resistance of the microparticle-covered marbles, with 
emerging applications in microfluidics [90]. The liquid marbles’ shell layering raised 
curiosities: a mono-stratified shell determines the marbles to dry faster than a plain 
drop. The explanation lies in the fact that heat generates shrinkage at the liquid-air 
interface in case of the uncovered drop, while solid particles block interface com-
pression during drying. Marbles covered in a multilayered shell dry harder than 
uncovered drops, depending on the thickness of the particle layer. Studies reveal the 
importance of environmental temperature and humidity in investigating evapora-
tion: humid air delays evaporation of the liquid marble’s internal phase [91, 92]. 

On the opposite pole of heating marbles are freezing ones, which were firstly 
reported as Lycopodium-covered water on a silicone support at −8°C. The marbles 
changed their shapes, as they flatten and extend sides: the “dome” shape evolves 
into a “flying saucer” shape, while the freezing process begins at the bottom and 
advances toward the top (Figure 11) [93]. 

Liquid marbles’ behavior while floating on a liquid surface was also considered in 
recent experiments, since not only the liquid support surface deforms but also the 
marble itself. Particles covering the marble are packed between two fluids (liquid 
marble’s core and carrier liquid) and change distribution leading to the marbles’ 
collapse and release of the core into the support liquid. This phenomenon happens 
in normal conditions. In humid atmosphere, marbles maintain their shape many 
days while floating [94]. As expected, the deformation of the interface increases, 
consecutive to larger drops [95]. 

After floating investigations, self-propelling of liquid marbles became of interest, 
when an autonomous movement similar to Leidenfrost droplets was reported for 
water and alcohol marbles covered in extremely hydrophobic fumed silica. Supports 
include Petri dishes with water, and straight-line movement was observed. Taking 
into account the particles separating the core from the exterior, in the floating case, 
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Figure 11. 
Shape changes in freezing liquid marbles: Initial, “dome,” and “flying saucer.” 

a vapor layer is responsible for marbles’ support, similar to the Leidenfrost effect. 
The layer forms as ethanol evaporates (from the core). The Marangoni flow is 
triggered by ethanol condensation on the water support surface. Thus, the marbles 
begin to move without rolling. Fumed silica and Teflon-covered Janus marbles pres-
ent no black traces while moving [96]. 

4.3 Small-scaled superhydrophobicity with innovative applications 

Due to their versatile formulations and their special superhydrophobic-like 
properties, liquid marbles exhibit promising applications in various domains. 

In the pharmaceutical domain, liquid marbles are known as precursors of hollow 
granules, microcapsules, and Pickering-like emulsions. Polytetrafluoroethylene 
(PTFE), aerosil, and Ballotini spheres as shells and binders (PVP, HPMC, HPC) 
are used to form liquid marbles which are dried through various methods: moist 
air at 24°C, freezing at −50°C, and dry air at 60°C, 80°C, 100°C). Hollow granule 
formation is promoted by high drying temperatures, nanometric particles, and high 
binder concentrations. Therefore, aerosil proved successful regarding spherical 
shape generation, when used together with HPMC and drying at 100°C forming 
ideal-shaped hollow granules [97], as presented in Figure 12 [87]. 

Moreover, liquid marbles are able to include low solubility and hydrophobic 
active ingredients, representing formulation alternatives in case of substance 
incompatibilities and targeted release drugs (e.g., intestine and not stomach). The 
active ingredient’s protection is mandatory against local acidity/enzymes and patho-
gens/other substances competing for binding sites and can be achieved by choosing 
the ideal development process while following Quality by Design Guidelines [87]. 

Microcapsules can also be obtained from liquid marbles: exposed to sol-
vent vapors, submicrometer-sized polystyrene particles (PDEA-PS) covering 

Figure 12. 
Hollow granule [87]. 
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poly(2(diethylamino)ethyl methacrylate) cores undergo a polymerization reaction, 
forming a filled capsule. After the core evaporates, the now empty microcapsule 
maintains its shape, representing an important idea for further design of modified 
drug release systems [98]. 

Liquid marbles have also been reported as precursors of Pickering-like emul-
sions. The difference between classical and Pickering emulsions stands in the lack 
of added stabilizing agents. Pickering emulsions are stabilized by solid particles 
adsorbed at the internal and external phase interface. These adsorbed particles 
are attached to the drop they cover and are wetted in both the watery and the oily 
phases, conferring integrity to the immersed drop [99, 100]. Stabilizer particles 
include clays, latexes, calcium carbonate, carbon black, magnetic particles, pro-
teins, and even bacteria. Hydrophobic particles stabilize water/oil emulsions, and 
hydrophilic ones stabilize oi/water emulsions [99]. Stable Pickering like emulsions 
containing Lycopodium-covered liquid marbles were obtained in PDMS, as pre-
sented in Figure 13. 

Experiments show good stability of marbles immersed in less polar liquids 
(silicone fluids, aromatic solvents), while collapse is a trigger in polar solvents. 
Pickering-like emulsions find their applicability in cosmetic formulations due to 
no allergenic, cytotoxic, or hemolytic stabilizers. Topical use of caffeine Pickering 
emulsions in controlled studies revealed higher absorption than the other phar-
maceutical forms, due to silica-covered liquid marbles, which promote epidermal 
caffeine absorption from the aqueous phase of the emulsion [101]. Also, retinol 
included in the oily phase of a Pickering-like emulsion is stabilized against UV 
radiation and only penetrates the corneous layers of the epidermis [100]. 

Sticking to the field of topical application, liquid marble formulations represent 
a basis in foundation, antiperspirants/deodorants, solar protection products, and 
some drug formulation. Easy application is followed by a moisture and cooling sen-
sation due to internal phase liberation. Among components, the most popular are 
deionized/floral water (50–90%) mixed with polymers/copolymers (PVP), wetting 
agents (hyaluronic acid), hydrosoluble vitamins, preservatives, and antioxidants. 
Such formulations are recommended for oily skins, due to a low oil content (<10%). 
Therapeutic agents may be added: antibacterial, antifungal, analgesic, keratolytic, 
corticosteroids, etc. 

A novelty in blood typing is represented by liquid marbles as biological micro-
reactors: hydrophobic-precipitated CaCO3-covered blood drops are injected with 
antibody solutions (anti-A, anti-B, anti-D). If the color changes from red to dark 

Figure 13. 
Pickering-like emulsion. 
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Figure 14. 
Hemagglutination reaction inside a blood liquid marble [87]. 

red, the hemagglutination reaction is considered positive, as illustrated in Figure 14, 
and the blood type is immediately identified. If the color does not change, the reac-
tion is negative, and another drop is tested using another antibody. The technique is 
considered innovative: low contamination risks and reagent costs and necessity of 
small blood samples, which is beneficial for patients [102]. 

PTFE liquid marbles were also used as cell culturing medium: spheroids suc-
cessfully developed from HepG2 hepatocellular cancer cells. Advantages include 
promoting cell aggregation due to restricted space and no human intervention. In 
order to screen cell development inside the marble, magnetic particles are proposed 
for shells, leaving an observation section open when a magnetic field is near. These 
methods are used in cell physiology screening or tissue engineering [103], stem cells 
evolution into embryoid bodies [104], and bacterial culturing especially for anaero-
bic species [105]. 

Liquid marbles are providers of 3D spherical space with adjustable volume and 
formulation and can also be regarded as chemical micro-reactors, hosting differ-
ent chemical reactions resulting in toxic/explosive unwanted products, in small 
amounts, and isolated. Intervention from the outside is possible for “intelligent 
marbles” covered in magnetic particles, in order to inoculate a new reagent into the 
reaction, collect a product, identify, or quantitatively evaluate a certain compound. 
Indicators of core chemical reactions include color changes, chemiluminescence, 
and precipitation reactions [106]. Besides hosting chemical reactions, some marbles 
called “plasmonic liquid marbles” are covered in Ag/Au nanoparticles and represent 
special analytical platform precursors. They function as qualitative and also quantita-
tive detectors for waste products resulted from industrial spills, being able to trace 
compounds in concentration of femto- or ato-molar concentrations (10−15, 10−18) 
[107]. “Cleaning agent stimuli-responsive liquid marbles” detect pollutants and signal 
their presence by shell breakage. The core eliminates a detoxifying agent (1 N-oxone 
covered in Cab-O-Sil T-530 shells) which cleans oil-contaminated water [108]. 

5. Conclusions 

This chapter is an interdisciplinary approach on extreme wettability, granting 
particular attention to superhydrophobic natural and artificial surfaces and to liq-
uid marbles, as exponent. Literature data is reunited in order to offer a unique and 
complex understanding of superficial properties from a theoretical point of view, 
in correlation with examples from the natural environment. An extensive picture 
illustrates how superhydrophobicity was initially interpreted, how its understand-
ing evolved, becoming of large exploitation in many industrial fields. Superficial 
properties and liquid marbles are linked through conceptual similarities, as an 
opening gate to numerous applications. 
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Liquid marble exploration substantially advanced during the last years, from 
the phase of basic understanding through wetting models to more complex inter-
pretations, obtaining methods and applications. Studies revealed a “non-wetting” 
contact with solid supports and many unexpected properties, such as versatility 
in choice of cores and shells, recoverable deformability, ability to float on water, 
low evaporation rate, and significant advantages derived from a well-confined 
compartment. Emerging applications discussed in this chapter are diverse and offer 
a rich variety of further exploitation possibilities, arising from complex structural 
designs. 
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