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Abstract: Just as the diverse as the various substrates that can be coated is the choice of several coating 
methods by which the coating can be applied to these pretreated surfaces. They include the manual 
methods, where great skills and experience is needed, on the other hand there are automated and robotics 
coating control methods where coating can be applied with more precise manner. Sol-gel process is one of 
the promising bottom up nano-coating technologies to develop thin film over various metallic substrates. The 
property and characteristic of the resulting film is strongly influenced by the various parameters and reaction 
conditions of the sol-gel process and of course on the deposition techniques. In this review, we have thrown 
some lights on different coating application processes covering theoretical principle, advantages, 
disadvantages, and special various parameters controlling the final film quality. 
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1. INTRODUCTION* 

In recent time sol-gel process is being considered as one of 
the simplest technique to develop thin films, which can offer 
almost any single- and multi- component oxide coating on 
metal and glass [1, 2]. Sol-gel derived coating can be 
employed in electronics, optical, magnetic or coating having 
chemical functions [3]. Sol-gel derived ceramic film are now 
being extensively used for protection from corrosion and 
oxidation of stainless steel, aluminum, copper, zinc, and 
magnesium substrates [4]. A huge acceleration in the 
development of coating in the recent years is due to the 
availability of different coating methods, which can control the 
critical properties of the resulting thin film such as 
morphology, adhesion, barrier property, composition, 
structure etc. [5]. A solid material is said to be in thin film form 
when it is grown on the surface of a solid substrate by 
controlled condensation of the individual atomic, molecular or 
ionic species. There are several dozens of techniques are 
available for thin film deposition for forming the layer in the 
thickness region of a few Nano meter to approximately ten 
micrometers. But the classification of different deposition 
technique can be simplified by limiting the number of 
techniques to be considered [6]. The two most important and 
                                                
*Reserach & Development Department, Tata Steel Ltd., India; Tel: 91-657-
6648885, 91-8092088390; E-mail: tkrout5@yahoo.com 

traditional techniques are physical vapor deposition (PVD) 
and chemical vapor deposition (CVD). The PVD process 
normally uses inorganic elements or compounds or gases. 
Whereas, CVD process, spin coating, dip coating processes 
use liquid inorganic compounds, organic compounds and 
gases. The liquid compounds and gaseous compounds are 
directly purchased from the suppliers because in these cases 
no special preparation scheme is required. But the solid 
compounds must be compact and in suitable shape, free 
from any kind of gas inclusion and often have to be prepared 
according to a specific recipe. Moreover target must also 
have some specific structural characteristics such as 
appropriate grain size and texture [7]. In the following section 
different useful and important aspects of individual technique 
have been outlined, starting from simple manual techniques 
like brushing, rolling, widely used dip coating, spin coating, 
flow coating and finally highly sophisticated techniques like 
CVD and spray coating. 

2. MANUAL COATING METHOD 

2.1. Brushing 

Application of coating with the help of a brush is as necessary 
as ever for small parts, for retouching the surface. The 
material and shape of the brush should be chosen according 
to coating material and the object. Thus flat brushes are 
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useful for low viscosity strippers and paints, whereas round 
brushes are more suitable for more viscous coating or paints, 
e.g. pigmented coatings. Different brush materials should be 
used for waterborne and solvent borne coatings.  

The advantage of brushing are i) it can be used for any shape 
of subject, ii) good wetting and covering of surface defects, iii) 
low coating losses. 

The disadvantages and limitations of brushing are i) labor-
intensive, ii) flow of coating is difficult and risks of brush 
marks, iii) uniform coating thickness is difficult to achieve [8]. 

2.2. Rolling 

As with brushing, in rolling too the choice of the tool should 
be made according to coating material. The advantages are i) 
rolling is much less labor intensive, ii) the film thickness is 
more uniform as compared to brushing, iii) very smooth 
surface can be achieved as no brush marks are left. 

The disadvantages related to rolling process are i) the 
substrate surface should be even, ii) wetting of substrate is 
not as good as with brushing and iii) rapid rolling may cause 
spattering of coating [8]. 

3. SPIN COATING 

3.1. Spin Coating Process Theory and Description 

Spin coating is being widely used for several past decades 
for the application of thin film having a thickness in the range 
of micrometers to nanometers [9, 10]. A typical spin process 
consists of a step in which the coating fluid is deposited onto 
the substrate surface, a high speed spin process for thinning 
the fluid and a drying step to evaporate the excess solvent 
from the final thin film [9]. In most of the cases coating 
material is polymeric and is applied in the form of a solution 
[11]. 

Generally two methods of spin coatings are commonly used, 
static dispense method and dynamic dispense method. In 
static dispense method a small puddle of fluid is deposited on 
the center of the substrate. This can range from 1 to 10 cc 
depending on the fluid viscosity and the substrate size to be 
coated. A larger puddle is required for higher viscosity and 
larger substrate to ensure full coverage of the substrate 
during high spin speed. In the case of dynamic dispense, the 
substrate rotates at a low speed and the resin is dispensed 
on it. In this process a speed of about 500 rpm is commonly 
used. After this dispense step the spinning substrate is 
accelerated to higher spin speed to thin the fluid and to 
achieve desired film thickness. The spin speed in this step 
generally lies in the range of 1500-6000 rpm. A separate 
drying step is often required after high speed spin step to 
further dry the film without thinning it. This can be especially 
advantageous for thick film, as long drying period may be 
necessary to stabilize the film before handling [9, 10, 12, 13]. 
Sequential steps are mentioned in Figure 1.  

3.2. Important Factors Controlling the Final Film 
Properties 

3.2.1. Spin Speed 

Spin speed is one of the most important factors in spin 
coating process. The centrifugal force applied to the liquid 
coating and the characteristics turbulence of the air 
immediately above the substrate is affected remarkably by 
the speed of the substrate. The final film thickness is defined 
by the high speed spin step. Minor variation of spin speed by 
approximately 50 rpm at this stage can cause 10% change in 
resulting film thickness. The final film thickness is a result of a 
balance between the force applied to shear the fluid towards 
the edge of the substrate and the drying rate [9, 14, 15].  

3.2.2. Spin Acceleration 

The acceleration towards the final spin speed influences the 
coated film properties. Since the resin begins to dry during 
the first part of the spin cycle, hence it is very essential to 
control the acceleration. In most cases, 50% of the solvent 
evaporates out from sol in the first few seconds of the 
process. 

Acceleration also plays an important role in the coating 
properties of the patterned substrates. In many cases 
topographical features are retained from the previous 
processes. Hence it is always advised to coat the resin 
uniformly and through these features. While the spin speed 
offers an outward radial force to the coating, the acceleration 
provides a twisting force to the resin. This twisting force 
allows dispersal of the resin around the topography [9]. 

3.2.3. Drying 

In the course of the spin process the drying rate of the 
coating fluid is pre-decided by the nature of the fluid and the 
volatility of the solvent used. However the drying rate also 
depends on surrounding temperature of the substrate. It is 
clearly known that, the factors such as air temperature and 
humidity determine the coated film properties. However, it is 
very important that the airflow and associated turbulence 
above the substrate should be strictly minimized or held 
constant. 

Slower rate of drying causes increased film thickness and 
uniform coverage across the substrate surface. In spin 
process, the fluid gradually dries out as it moves towards the 
edge. As a consequence the viscosity of the coating fluid 
changes from the center towards the edge of the substrate. 
Hence, a non-uniformity in film thickness also occurs with 
change in viscosity from the center towards the edge. 
However, by slowing down the rate of drying it is possible to 
achieve more or less a constant viscosity across the 
substrate surface.  

Drying rate and final film thickness is also dependent on 
ambient humidity. A small change in humidity in the 
surrounding atmosphere can lead to a significant change in 
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film thickness. To avoid this difficulty, recently many spin 
coater system is associated with a “closed bowl” facility 
providing an airtight environment. If the spinning is carried out 
in a closed bowl system, the solvent vapor is retained in the 
bowl and most of the problems due to humidity variation in 
atmosphere can be eliminated. Hazardous effects due to air 
flow around the spinning substrate can also be avoided by 
this closed bowl method. Various factors such as turbulence 
and eddy currents are generated from this air flow. Drastic 
alteration in downward flow of air can be created by minor 
changes in environment. If the bowl is closed with a smooth 
lid, then all these disturbing factors can be eliminated [9]. 

 
Figure 1: Sequential steps in a spin coating process [17]. 

3.3. Graphical Presentation of Film Thickness vs. 
Different Process Parameters 

The following graphs are shown in Figure 2 represent the 
trend of variation of film properties with various process 
parameters. In Figure 2a the trend of variation of film 
thickness with spin time and spin speed has been shown 

respectively whereas in Figures 2b, 2c represent the 
variation of thickness uniformity and Figure 2d film thickness 
with exhaust volume respectively. In most of the cases the 
film thickness is inversely proportional to spin speed and spin 
time. Moreover, the final film thickness and film uniformity is 
somewhat dependent on the exhaust volume. However the 
effect of these parameters vary remarkably for different 
coating materials and substrates. There are no any hard and 
fast rules for this process, but most common observations 
have been mentioned as general guideline [9]. 

3.4. Some Common Problems in Spin Coating Method 
and Their Solutions 

Here some common difficulties that often arise during a spin 
coating process have been mentioned. The probable reason 
and the possible solutions have been given in tabular form 
[9]. 

3.5. Advantage and Disadvantage 

Spin coating has several advantages in coating operations. 
The most important point is to get thin film at a controllable 
coating solution rheology and by tuning the spin speed. One 
can obtain progressively more uniform film thickness by using 
this technique. Another point is equally important for the 
industry where this technique is a kind of fast operating 
system at a reasonable cost.  

Spin coating technique has few disadvantages but they are 
becoming more and more important as the substrate size 
increases. Large substrates cannot be spun at a sufficient 

 
Figure 2: (a) Film thickness with spin time, (b) Film thickness with spin speed, (c) Film thickness uniformity with exhaust volume & (d) Film 
thickness with exhaust volume.  



Journal of Coating Science and Technology, 2016, Volume 3, No. 1 

 

12 Bera et al. 

Table 1: Reasons and Solutions for too Thin Final Film  

Probable Reason Method to Overcome 

Spin speed is too high Lower speed should be selected 

Spin time is too long Decrease high speed spinning time 

Inappropriate choice of resin with very low viscosity A resin with suitable viscosity should be selected 

 
Table 2: Reasons and Solutions for too Thick Final Film 

Probable Reason  Method to Overcome 

Spin speed is too low Higher spin speed should be selected 

Spin time is too short Time duration of high speed spin should be increased 

Exhaust volume is too high Exhaust volume should be adjusted 

Viscosity of the resin is very high Resin with lower viscosity should be chosen 

 
Table 3: Reasons and Solutions for Appearance of Pinholes in the Final Film 

Probable Reason Method to Overcome 

Air bubbles in dispense fluid Bubbles should be eliminated by slight heating or substitution by inert gas or centrifuge 

Particles in fluid Particles should be carefully removed from fluid 

Particle exist on substrate surface prior to dispense Proper surface preparation prior to dispense so that the surface is free from any foreign particles 

 
Table 4: Reasons and Solutions for Poor Reproducibility 

Probable Reason Method to Overcome 

Variable exhaust condition Exhaust lid should be adjusted and fully closed 

Substrate is not loaded properly Substrate should be placed properly before operation 

Dispense volume is not sufficient Dispense volume should be increased 

Balance between time and speed parameter is not stable Increase speed/decrease time or vice versa 

 
Table 5: Reasons and Solutions for Poor Quality Final Film  

Probable Reason Method to Overcome 

Exhaust volume is too high Exhaust lid should be adjusted 

Insufficient dispense volume Dispense volume should be increased 

Balance between time and speed parameter is not stable Increase speed/decrease time or vice versa 

Acceleration is too high Lower acceleration should be selected 

Inappropriate choice of coating Coating with good quality should be used 

 

spin, hence the film thinning procedure is difficult to achieve. 
Material utilization is low in this process, only 2 to 5% coating 
is dispersed on the substrate, whereas, the remaining portion 
is flung off into the bowl and disposed. 

4. DIP COATING METHOD 

The sol-gel dip coating technique simply consists of 
immersion of a substrate into the fluid sol and then 

withdrawing the substrate from the sol with a well- defined 
velocity under controlled condition of temperature and 
pressure [16]. After the withdrawal step, the solvent is 
evaporated accompanied by further condensation reaction, 
resulting in the deposition of the solid film [18] as shown in 
Figure 3. Dip coating method can be considered as a more 
advantageous method for thin film deposition than the 
conventional methods like chemical vapor deposition, 
evaporation or sputtering, as it requires considerably less 
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equipment and is less expensive. In this section the 
fundamental physics and chemistry of dip coating method 
has been reviewed. 

4.1. Physics and Chemistry of Dip Coating Technique 

The thickness of the final film is strongly dependent on i) 
withdrawal velocity, ii) viscosity of the coating fluid and iii) 
solid content of the liquid. There are six forces that act on the 
coating simultaneously during withdrawing, 1) the moving 
substrate imparts an upward viscous drag on the liquid, 2) 
force of gravity, 3) resultant force of surface tension in a 
concavely shaped meniscus, 4) inertial force of the boundary 
layer liquid present at the deposition region, 5) disjoining or 
conjoining pressure (specially important for films having 
thickness less than 1 nm) and finally 6) surface tension 
gradient [18, 19, 20].  

4.1.1. Thin Film Equation and Boundary Condition 

Let us assume, the flow of an incompressible fluid of density 
ρ, viscosity µ and surface tension σ, which is entrained by the 
flat plate when it is moved vertically upward with a velocity 
U0 from the infinite bath solution, in (X,Y) plane. The 
gravitational force acts in the downward direction. As a 
consequence of this withdrawal the thin film is divided into 
three separate regions. The region close to the fluid bath is 
considered to be static and mentioned as static meniscus 
region. As the fluid is entrained by the moving plate, it can not 
exist in the static phase. However, near fluid bath surface, the 
surface tension becomes dominant over the viscous force. As 
a result it resists the liquid to flow. On the contrary, the 
surface tension effect remains inactive far above from the 
fluid bath surface. Therefore, when the film reaches the 
region far above the liquid bath, free surface of the film is in a 
parallel plane with the plate movement. Since the film 
thickness in this region remains constant, it is called constant 
thickness region. In between these two regions, there is a 
dynamic region where developing flow condition exists [21].  

 
Figure 3: Schematic illustration of three separate regions in the thin 
film due to the vertical withdrawal of substrate from coating bath [21]. 

When the liquid viscosity η and the substrate speed U0 are 
high enough to lower the curvature of the meniscus, the 
deposited film thickness h balances the viscous drag and 
gravity force.  

h = c1(!U0 / "g)1/2             (1) 

as viscous drag is proportional to (!U0 / h ) 

where c1 is a constant having a numerical value about 0.8 for 
the Newtonian fluid. When the substrate speed and viscosity 
are, often observed in the case of sol-gel coating, the balance 
is adjusted by the ratio of viscous drag to liquid vapor surface 
tension γ L,V following the relationship derived by Landau and 
Levich [21, 22].  

h = 0.94(!U0)2/3 / (" L,V )2/3(#g)1/2           (2) 

4.2. Effect of Substrate Speed 

From equation (1) & (2) it is evident that an increase in the 
film thickness occurs with the increase in substrate speed U0. 
Naturally thicker film will take a longer time to dry as most of 
the solvent evaporation occurs from the exterior surface of 
the entrained sol. This leads to a higher aging period. A 
second effect of the substrate speed is the shear effect 
induced on a particle within the depositing sol. When the 
shear effect experienced by a sol particle is greater than its 
deposition coefficient, the mutually repulsive particles will be 
oriented in closed packed plane parallel to the substrate 
surface. 

The withdrawal speed can affect the film structure in another 
way, increased withdrawal speed results in increase in 
thickness of the resulting film, which leads to increased 
drying time. As a finite time is required for the alignment and 
orientation of the repulsive particle in crystal like structure, so 
the ordering of the repulsive particle can be achieved by 
increasing the drying time. On the other hand, in case of 
reactive sols increased drying time is one of the reasons of 
increased stiffening of the silicate structure, prior to final 
drying of the film. This results in generation of more porous 
film. Hence to control the porosity of the final film the coating 
rate should be tuned properly. 

4.3. Effect of Viscosity of Liquid 

In the process of dip coating when the substrate is dipped 
into coating and it is pulled out, the excess coating is drained 
off the object and solvent is evaporated during this stage. 
During the draining of the coating off the object, a variation of 
film thickness occurs. Generally it has been found that, the 
coating thickness at the top of the substrate is lower than at 
the bottom. For minimizing the variation of film thickness, 
care must be taken in selecting solvents for dip coating. 
Change in viscosity of coating results in change in film 
thickness. Consistent results can be achieved by keeping the 
viscosity of the coating constant. But to keep the viscosity 
constant is difficult due to the volatility of the solvent. Hence 



Journal of Coating Science and Technology, 2016, Volume 3, No. 1 

 

14 Bera et al. 

to achieve constant viscosity of coating solvent must be 
added to replace the solvent lost from coating reservoir. 
Viscosity can be increased not only due to the evaporation of 
solvent but also by the chemical reaction of the coating 
components [23]. If some crosslinking reactions occur in the 
coating bath, viscosity increases. The extent of such 
reactions of the coating components must be minimal. The 
crosslinking reactions between the metallo-organic 
compounds can be slowed down by addition of a chelating or 
complexing agent like acetyl acetone (acac), ethyl aceto 
acetate (EAA), acetic acid, methacrylic acid etc [24, 25]. 

4.4. Effect of Atmosphere 

In dip-coating process the evaporation of the solvent is 
affected by various atmospheric condition. The evaporation of 
the solvent causes destabilization of the sol, which results in 
a gel formation process. Because of this gelation process, 
particles of small sizes are formed in the sol (in nanometer 
range) and a transparent film is formed. This resulting 
transparent film should be densified by thermal treatment at 
well-defined densification temperature, which is often decided 
by the composition of the sol. In the following figures as 
mentioned in Figure 4, the sequential steps of dip coating 
process and the gelation process have been depicted.  

4.5. Other Controlling Factors 

Several other factors may be responsible for the deviation 
from the predicted results in various pH and viscosity regions. 
Equation (1) and (2) have been derived by assuming the 
Newtonian viscosity and any other effects of evaporation 
have been ignored. However due to evaporation of the 
solvent, the concentration of the sol increases progressively, 
which leads to increase in the viscosity of the sol. As a 
consequence, a stiff network will be formed having non- 
Newtonian behavior and one can get difference between the 
theoretical and experimental results [26,27]. In sol-gel film 
deposition, evaporation generally solidifies the coating. The 
most important factor is rate of diffusion of the vapor from the 

film [21], which in turn is dependent on the movement of the 
gas within a very thin layer (~ 1 mm). The rate of evaporation 
is expressed in terms of empirical mass transfer coefficient, k, 
according to  

m = k(pc ! pi)              (3) 

where, pc is the partial pressure of the volatile substance in 
equilibrium with the surface and pi is the partial pressure at a 
distance l away. During dip coating, the substrate speed can 
strongly affect the evaporation rate. But practically, k and 
(pc ! pi)  are strongly influenced by the uncontrolled current 
above the bath [21,28].  

The composition of the liquid bath is generally unaffected by 
evaporation rate. But greater the substrate speed, thinner will 
be the film. As a consequence, much thinner film will 
experience an increase in concentration; so greater will be 
the overlap of the deposition and drying stage. According to 
Scriven [20] the overlap of the deposition and drying stages 
may cause a flow driven by a gradient in surface tension, 
which is also referred as Marangoni effect [29]. This 
phenomenon results from differential evaporation of the more 
volatile component causing a potential gradient in the surface 
tension. Other factors that may influence the expected results 
are Van der waals forces [30] and capillary pressure [31]. 

4.6. Advantage and Disadvantage 

Advantages: Most of the industries are using dipping process 
for the coating as it is convenient for fast production, cost 
effective, more uniform coating as coating is completely 
penetrated and off course, does not need adequate skilled 
operator and experience.  

Disadvantages: Sometimes the following observations are 
noticed while processing the strip through the dipping vessel. 
The observations are; it is difficult to obtain uniform coating 
thickness as coating thickness is very sensitive towards the 
viscosity of the solution and withdrawal speed.  

 
Figure 4: Sequential steps in a dip coating process [25]. 
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5. SPRAY COATING 

Spray coating technique is widely used in industry for coating 
the irregularly shaped substrates like lamp or container glass, 
pressed glass parts etc. but spray technique offers several 
advantages over dip coating technique, such as, the 
processing speed is almost ten times faster than that of dip 
coating method, the waste of coating sol is much smaller. 
Atomization process consists of breakup bulk liquids into 
drops into fine droplets [32]. On the basis of the substrate to 
be coated and technological requirements, a number of 
atomization methods are available in recent time, by which it 
is possible to achieve excellent coating quality and 
reproducibility. The methods can be mainly categorized as 
follows [8]. 

5.1. Atomization without Electrostatic Charging 

The mechanical force alone achieves atomization of coating 
without electrostatic charging. However this process is greatly 
dependent on the speed of the air jets, of combination of 
rapid coating flow and air jets and arising speed from 
centrifugal forces [8]. 

5.1.1. Pneumatic Atomization (Compressed Air Spray) 

In this method the coating liquid is supplied through the 
coating nozzle and is controlled by injector, the compressed 
air required for the atomization is released by the trigger 
guard and then emerges from the air circuit and entrains the 
coating from the coating nozzle. After this, atomization of the 
coating takes place by extremely rapid air jet, depending on 
exchange of impulse between air and coating [8]. 
Compressed air guns are one of the most important tools and 
are widely used for following advantages (1) very fine 
atomization and good surface quality can be achieved, (2) 
uniform coating thickness and almost defect free surface is 
achievable and (3) wettability is enhanced by air pressure. 

However, with good atomization capacity, the method is also 
not free from the following disadvantages such as material 

losses due to overspray, risk of surface defects due to spray 
mist and adequate skill is required for this operation. 

5.1.2. Hydraulic Atomization  

In airless hydraulic atomization method a very high pressure 
of about 200-400 bar is applied on the coating material, 
through a fine nozzle. The high speed and turbulences cause 
the jet of coating material to be torn apart and atomized 
immediately after leaving the nozzle [8, 31, 32]. 

By air assistant hydraulic atomization the droplets are 
achieved with greater uniformity and with same particle size. 
A lower coating pressure (approx. 60 bar) is required for the 
atomization [31, 32]. 

There are low spray mist formation which is leading to less 
overspray and high material yield as an advantage of this 
method. Operational skill set is less as compared to 
pneumatic method is noticed. 

Some mentionable disadvantages are inferior atomization 
process, coating quantity cannot be controlled during 
application and water borne coating cannot be deposited by 
this technique as there is a possibility of dispersion damage 
by high shear. This process causes extremely noise at shop 
floor and expensive plant is required. 

5.2. Atomization with Electrostatic Charging 

The energy required for spray application of coating materials 
can also be electrical. If charged liquid particles with the 
charge Q are brought in the contact of an electrical field of 
strength E, a force F1 acts on them. As a result, the material 
is attracted by the electrode of opposite charge [32-34]. 

F1 = Q.E             (4) 

The electrical force is directly proportional to the charge of 
the liquid and the electrical field strength. Because the 
frictional force F2 acts in the opposite direction  
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F2 = 6.π.η.r.u            (5)  

η = dynamic viscosity 

r = radius of the nozzle 

a stationary state is soon established according to the 
Stoke’s Law. The electrically charged particles achieve a 
speed u and moves along the field line. 

u = Q.E
6.! .".r

             (6) 

In spray coating process, the spray equipment transfers the 
electrical charge to the liquid for droplet formation and the 
transport to the counter electrode. A sufficiently strong 
electric field has to be generated by connecting a direct 
voltage between the atomizer and the object to be painted. 
Hence, the whole process of electrostatic paint application 
can be divided into the following steps: 

• Generation of an electrical field 

• Charging of the coating material 

• Formation of paint droplets 

• The transport to the object and discharging of the film 

5.2.1. Purely Electrostatic Atomization 

In pure electrostatic atomization technique electrical energy is 
applied to liquid coating at nozzle tip and the liquid column is 
broken down into fine droplets. The charge transfers to the 
fluid and the repulsive force between the atomizer and the 
fluid triggers off the droplets and the droplets are directed 
from the atomizer to the substrate to be coated. One of the 
important factors in electrostatic atomization method is the 
electrical conductivity of the coating material, which can be 
adjusted by the appropriate choice of solvent and additive, 
according to the requirement [8, 32, 35, 36]. 

5.2.2. Electrostatically Assisted Atomization (Pneumatic 
and Hydraulic Application) 

Depending on the paint two different types of charging 
process have been found to be effective. Internal charging 
takes place either before atomization or after exiting the 
spray head (after the completion of droplet formation) by 
external charging. In the case of pneumatic application 
internal charging process is used. The coating material 
passes a high voltage electrode in an electrically insulated 
gun and receives the electrical charge as shown in Figure 5. 
Since the droplets that are formed already carry a charge, the 
surface tension is reduced due to the repelling electrical 
forces and a better atomization takes place. But internal 
charging is only possible when the coating material 
possesses a specific resistance in the range of 106-1010 Ω 
cm. This internal charging can be carried out with a higher 
spray viscosity, lower spraying air pressure and lower 
emission. However the external charging method results in 
material loss due to overspray [8, 22, 32]. 

 
Figure 5: With ordinary spray guns (left) coating should be sprayed 
from different angles but with electrostatic spray guns (right) coating 
is adhered to a wide area from a single spray direction [22]. 

Electrostatic atomization technique provides good coating 
yield and almost 100% application efficiency at a reasonable 
throwing power. There are no wear on spraying edges due to 
reduction in mechanical stress. The limitations of this process 
are low flow rate of coating and risks of excess coating at 
edges.  

5.3. Factors Affecting the Spray Coating  

5.3.1. Discharge Speed 

Droplet formation by liquids after discharge from nozzles is 
affected by the speed relative to the air. If a liquid is 
discharged very slowly out of nozzle a continuous line of 
liquid is initially formed which is then constricted after a 
minimum length is reached, before attaining a 
thermodynamically stable state of dripping. A further increase 
in discharge speed results oscillation in the line of the liquid. 
This oscillation is produced due to the friction between the 
liquid droplets with the ambient air. Under this condition, the 
droplets are formed by splittering. If the discharge velocity is 
further increased, the air friction is also increased and the line 
of liquid is converted into transverse waves. With even 
greater pressure, the primary droplets collide with 
significantly slower air and the dynamic pressure of air 
deforms the primary droplets. This deformation of the primary 
droplets causes secondary atomization and relatively smaller 
droplets are formed [32, 37]. When the liquid coating is 
breakup into droplets by the application of extremely high air 
pressure or fluid pressure, “Overspray” may occur. Higher the 
pressure, higher is the forward velocity of air. Some of the 
droplets approach the surface to be coated and bounce back 
by eddy current of air. This phenomenon is known as 
“Overspray”. For minimizing this effect, spray pressure should 
be adjusted to an optimum value [22, 38, 39]. 

5.3.2. Rheology of Coating Solution 

Surface Tension: Surface tension tends to stabilize a liquid 
and the breakup of liquid into smaller droplets is prevented. 
Everything else being equal liquid having higher surface 
tension will tend to have larger average droplet size, 

Viscosity: Viscosity of a fluid resists its agitation and will 
impart similar influence on droplet size as surface tension. A 
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more viscous coating solution will breakup into larger droplet 
size upon atomization. 

Density: Density causes a fluid to resist acceleration. Similar 
to surface tension and viscosity, higher density of coating 
fluid will result in the formation of larger droplet size [33, 40]. 

5.3.3. Distance between Spray Gun and the Substrate 

The average time of the droplet flow and thus the solvent 
content of the resulting film is influenced significantly by the 
distance of the gun to the substrate to be coated. If the 
distance is short, it results in wet and low viscous paint 
droplets. On the other hand, with a relatively greater distance, 
the droplets become too dry because they are in motion for a 
longer period [22, 32]. Some droplets may fall out of the 
spray pattern under the force of gravity. Larger the spray 
pattern and distance between the spray gun and the surface 
to be sprayed, higher will be the fall out rate. This distance 
also has a very important role in balancing solvent 
evaporation rate with the particular spray equipment and 
procedure. Higher distance from the spray gun orifice to the 
substrate, greater will be loss of solvent due to evaporation. 
Coatings are formulated best on the substrate at a specific 
distance between the gun and the surface. This distance 
should kept as constant as possible throughout the spraying 
operation [32]. In practice the spray gun is kept at distance of 
25-30 cm away from the object for achieving best 
compromise between the evaporation properties and the 
rising amount of overspray with increasing distance [32, 41]. 

5.3.4. Mathematical Equations Relating the Liquid Flow 
and the Variables Affecting the Flow 

The droplet size is a function of nozzle width and the coating 
rheology such as surface tension, viscosity and density. The 
variables which characterizes the flow such as density, flow 
rate, viscosity and surface tension can be merged together to 
form dimensionless number. The numbers are the Reynolds 
Number (Re), the Webers Number (We) and Ohnesorge 
Number (Ohz). 

Re = u.d.!
"

            (7) 

W e = u
2 .d.!
"

             (8) 

Ohz = We
Re

             (9) 

Where, u is the discharge velocity, d is the nozzle diameter, ρ 
is the density of the coating solution, η is the dynamic 
viscosity of the coating solution and σ is the surface tension 
of the liquid. 

In the absence of any other influencing variables the droplet 
size can be calculated. There are various references in 
literature for calculating the droplet size. Among the various 
methods the Walzel’s method provides a simple and 

straightforward formula for calculating the droplet size and is 
as follows 

d32 = 51.Re
!0.39 .We!0.18 m coating

m air
"

#
$

%

&
'

0.29

.dD         (10) 

d32 is the mean droplet size. The Reynolds number and 
Weber number contain relative speed of air and the variables 
affecting the liquid flow such as density, surface tension and 
viscosity. These variables are supplemented by the ratios of 
flow rates m coating and m air and the nozzle diameter dD 

[32]. 

5.3.5. Effect Of Spray Parameters And Coating 
Characteristics On Final Coating [22, 32] 

In Figure 6 the influence of various coating properties like 
viscosity, surface tension, density and flow rate of coating on 
the droplet size distribution during pneumatic atomization has 
been shown schematically.  

 
Figure 6: Influences on droplet size distribution during pneumatic 
atomization [8, 31]. 

6. ROLL COATING 

The roll coating system is used to deposit liquid layers on 
continuous moving objects. This application method is mainly 
used for flat or cylindrical surfaces [22]. Continuous, large-
scale application is possible if appropriate equipment and 
coating supply systems are used [32]. Relatively slow 
evaporating solvents must be used to avoid viscosity build up 
on the rolls of the coater. The pot life of the coating must be 
long enough, since the rate of turnover of coating through the 
system is relatively lower [22]. There are many types of roll 
coating procedures such as two-roll coater, three-roll coater, 
forward roll coater and reverse roll coater. 

6.1. Two-Roll Coater & Three-Roll Coater  

The planer objects to be coated is first transported 
underneath the fixed transfer roll by a conveyor. The coating 
material is first taken from the storage by a rotating 
dispensing roll, known as the ‘pick-up roll’. The coating is 
then transferred from pick up roll to the applicator roll, which 
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is also rotating. This applicator roll transfers the coating 
material to the moving object to be coated. Roll coater 
consists of pick-up roll and applicator roll are commonly 
referred as two roll coater shown in Figure 7 (left). However 
to provide better conditions to ensure a smooth film three roll 
system is used. All the three roll systems have a metering roll 
in between the pick-up roll and applicator roll as shown in 
Figure 7 (right). Each roll is driven individually and their 
speeds can be regulated independently [32]. 

6.2. Forward Roll Coating & Reverse Roll Coating 

If the applicator roll turns in the same direction as the 
conveyor then it is known as forward roll coating or direct roll 
coating but if it turns in the opposite direction of the conveyor 
then it is termed as reverse roll coating as shown in Figure 8. 
One of the major drawbacks of forward roll coating is 
incomplete and uneven transfer of the coating onto the 
substrate because of the film splitting phenomenon. Film 
splitting always produces almost a non-uniform, visually 
distorted coating that is known as ribbing defect. Ribbing is a 
commonly used term describing the nonuniform coating 
condition consisting of somewhat regularly spaced concentric 
ridges of heavier coating on the coating roller.  

However by the reverse roll coating process efficient and 
accurate transfer of coating on the substrate is secured. A 

wide variety of film thickness (from 3 to 100 µm) can be 
achieved and the coating solution with higher viscosity can be 
deposited on the work piece. Hence unlikethe forward roll 
coating, high-gloss, texture free and uniform surface can be 
obtained with reverse roll coating method [8]. The reverse 
metering action of a reverse roll coater provides a smoother, 
more uniform metered film by avoiding the film split pattern 
and the ribbing phenomenon. 

6.3. Rheological Properties of Solvent for Roll Coating 

For roll coating technique the solvent must have slow 
evaporation rate to avoid viscosity buildup on the rolls of the 
coater. To minimize the solvent loss on the rolls and to keep 
the viscosity low the coating should be formulated properly so 
that it exhibits a Newtonian flow. If the coating possesses 
thixotropy, the rate of the recovery of the low shear viscosity 
should be as slow as possible [22]. Apart from having very 
low evaporation rate, the solvent must have very good 
solvent power for film forming agents. As well as the 
rubberized transfer roll should not be swelled when comes in 
contact with the solvent. Practically it has been found that, 
rolls of butyl rubber and solvents such as methyl glycol 
acetate, butyl glycol acetate or butyl diglycol acetate give 
very satisfactory results [32, 42]. 

Table 6: Effect of Change in Spray Parameter and Coating Characteristics on Final Coating Properties [8] 

Change in Spray Parameter and Coating Characteristic Effect on Final Coating 

If nozzle diameter is changed from large to small 
Average particle size is changed from large to small 

Coating viscosity is changed from high to low 
 if spraying air pressure is changed from low to high 

Overspray proportion is changed from large to small 
Surface quality is changed from poor to excellent 

Coating speed is changed from high to low 

 
Table 7: Fluid Properties Affecting the Spray [33] 

Fluid Property Liquid Droplet Size Reason 

Viscosity increases Increases  Resists agitation of the fluid and tends to prevent its breakup 

Surface tension increases  Increases  Tends to stabilize a liquid and prevents its breakup into smaller droplets 

Pressure increases Decreases  Higher pressure results small droplets 

 
Figure 7: Picture of a two rolls coater (left) & three rolls coater (right) [41].  
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7. CHEMICAL VAPOR DEPOSITION 

Chemical vapor deposition is one of the mostly used 
techniques for material processing. The major application of 
this method is thin film coating on the substrate. In simple 
words, it can be said that CVD process involves flowing of 
precursor gas or gases into a chamber containing the heated 
substrate to be coated [44]. A chemical reaction takes place 
near or on the hot substrate surface followed by the 
deposition of the thin film on the surface to be coated. The 
chemical by product, that is produced during the thin film 
deposition method and the unreacted precursor molecules 
are exhausted out of the chamber. A large variety of 
precursor molecules can be deposited as thin film by CVD 
process, such as, metal halide, metal-halo-hydrides, metal 
hydrides, metal-organic compounds, organometallic 
compounds etc. The metal-organic compounds have got 
some advantages over the metal hydrides and metal halides 
e.g. the metalorganic compounds need lower reaction and 
deposition temperature and are less toxic then metal halide 
or metal hydride [44-46].  

7.1. Processes, Principle and Deposition Mechanism  

A CVD process is composed of the following fundamental 
steps [47]: 

7.1.1. Production of Gaseous Reactive Precursors 

In this step, precursor vapor is generated and then directed 
towards the reactor. Depending on the nature of the 
precursor (whether, gaseous, liquid or solid) the reactor is 
constructed. The sublimation of the solid precursor depends 
upon the surface area of the solid and contact time. A bubbler 
is often used to vaporize the liquid precursor. Flash 
evaporation method is also employed to vaporize the liquid 
precursors. The liquid precursor is metered with the help of a 
syringe pump into the flash evaporator, when the liquid 
substance is vaporized instantaneously. 

7.1.2. Transport of the Gaseous Precursors to the 
Reaction Chamber  

In this step the precursor vapor is moved to the reaction 
chamber. Generally a carrier gas is used carry on the vapor 
to the reactor. A reactive gas such as H2 or inert gases like 

argon, neon are used to carry the vaporized reactant into the 
reaction chamber. The pressure over the source, the source 
temperature and the flow rate of the carrier gas control the 
flow rate of the reactant. The gaseous reactant and the 
carrier gases remain in almost 99.9999% pure state during 
the transport. They are carried towards the reactor from high-
pressure gas cylinder. To eliminate the possibility of 
contamination, the gases are often purified further to remove 
even small traces of oxygen or moisture. 

7.1.3. Vaporized Reactant Undergoes Gas Phase 
Reaction to Form Intermediate Species 

The vaporized intermediate species can undergo 
homogeneous gas phase reaction above deposition 
temperature, resulting in the formation of powders and 
volatile by products. The powder are collected on the 
substrate surface, whereas, the gaseous by products are 
exhausted out of the deposition chamber. On the other hand, 
if this gas phase reaction takes place below the deposition 
temperature, then this intermediate species forms a thin layer 
near the substrate surface [48-51]. 

Adsorption of the gaseous substance onto the heated 
substrate and a heterogeneous reaction takes place at gas-
solid interface accompanied by the production of deposits 
and gaseous by products. 

7.2. Criteria of A Suitable Chemical Precursor 

The chemical precursor for coating application through CVD 
process must have possess stability at room temperature, 
low vaporization temperature and high saturation vapor 
pressure. The vapor should be stable at room temperature 
before it undergoes decomposition or chemical reaction at 
higher temperature. It should be low toxicity, inflammability, 
explosively and inflammability as the desirable characteristics 
for large scale industrial application. Most of the metal-
organic compound provides aforementioned criteria. This 
factor has fueled the usage of the metal-organic compounds 
as protective coating. The CVD technique leads to a mean of 
obtaining thin film by using pre-selective low cost precursor 
as the starting material for the deposition, and precursors are 
readily available in highly purified form [52-55].  

 
Figure 8: (a) Schematic of forward roll coating (left), (b) reverse rollscoating (right) [41]. 
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7.3. Various Process Parameters Controlling the Film 
Deposition 

7.3.1. Deposition Temperature 

The deposition temperature at which the film is deposited is 
very important parameter as it controls the thermodynamics 
and kinetics of the coating process. The deposition 
temperature must be controlled in such a way so that, the 
reaction takes place strictly on the substrate only and not in 
the gas phase. A minor change in the temperature may 
change the reaction kinetics and may result in inferior coating 
[44, 56]. 

7.3.2. Atmospheric Pressure 

CVD process is carried in the range of atmospheric pressure 
to high vacuum. At atmospheric pressure the growth process 
is transport controlled. To eliminate the high sensitivity of the 
growth process and film composition on the pressure, CVD 
process is carried out at a pressure lower than ~1 atm. The 
total pressure inside the reactor and the pressure of the 
reactants and products should be controlled appropriately to 
obtain a film having uniform thickness and good adhesion 
[45]. 

7.3.3. Coating Uniformity 

Non-uniformity in the resulting coating may arise from the 
depletion of the precursors. This problem can be avoided by 
i) rotating the substrate and ii) mixing the precursors properly 
by stirring or reversing the gas flow direction [45, 56, 57]. 

7.3.4. Coating Substrate Adhesion 

The adhesion of the coating on the substrate can be 
improved by i) eliminating all type of substrate contamination 

such as inherent oxide layer due to oxidation of the substrate, 
ii) the attack of unused precursors or chemical by products 
forming stable but weakly bonded compounds on the 
substrate coating surface, iii) depletion of gaseous precursors 
creating a difference in gas composition [58-62]. 

7.4. Advantages and Disadvantage of CVD Process 

Although CVD process is a very complex process, but due 
the following advantages the process is being considered as 
one of the widely used and highly sophisticated techniques 
for the thin film formations. For this reason this method has 
been extensively studied and well documented [45, 63-70]. 
Coating with highly dense and pure materials is obtainable. 
The thin film with excellent adhesion and good reproducibility 
is possible with high deposition rates. It is also possible to 
coat uniformly the complex shaped objects as CVD is a non-
line-of-sight process. This coating process is also have 
certain limitations such as use of toxic, corrosive, flammable 
precursor gases can cause some chemical or safety hazards 
and difficult to deposit multicomponent materials with well 
defined stoichiometry as different chemical precursors have 
different rates of evaporation. 

8. FLOW COATING 

In the flow coating technique the liquid coating system is 
poured on substrate to be coated. In this method the 
substrate is inclined at an angle about 400 to 500with the 
vertical in front of the operator. The coating thickness 
depends on the inclination angle of the substrate, the coating 
liquid viscosity and evaporation rate. As a variation of this 
process, spinning of the substrate may be required in order to 

Table 8: An Overview of Methods of Application 

Method of 
Application 

Surface Quality Restriction in 
Surface 

Dimension 

Operating 
Speed 

Application 
Efficiency 

Application Area 

Brushing  Moderate to 
good 

Small areas Very low Very good Long wearing protective coating for metal sheets 

Rolling  Good Small areas Moderate  Very good  In steel industries for high temperature annealing 
process, in paper industry for the formation of the 

paper from wet pulp 

Dip coating Moderate to 
good 

Small areas  High  Very good Anti corrosive coating for steel sheets, detector, 
sensors, antireflection coating, ceramic protective 

coating 

Spin coating Good  Small areas  High  Low  Magnetic devices, solar cell devices, CD, DVD ROM  

Spray coating Good  _ Moderate  Good  Automotive, decorative, marine, abrasion and 
corrosion resistance purpose, photoconductor coating 

Flow coating Moderate  Restricted working 
width 

Very good  
high 

High  Industrial liquid coating to cover multi dimensional 
surfaces of carbon steel, aluminum, pipeline coating, 

wood coating,  

CVD Good   _ Very good _ Semiconductors, dielectric and metallic films, optical 
fibers,  

Roll coating Moderate to very 
good 

Restricted working 
width 

Very good High  Wood panels, hard board, plastic foils, cardboard, 
paper or metal coils 

Curtain coating Very good Restricted working 
width 

High  Very good Wall panel, metal doors, cupboards etc. 
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achieve more uniform and homogeneous film. If no spinning 
is applied, the film thickness can be changed from top to 
bottom of the substrate [8, 31]. 

9. CURTAIN COATING 

Curtain coating is specially used to coat plane surfaces. The 
coating is applied by transporting the work piece on a 
conveyor belt through curtain of coating material flowing from 
a narrow adjustable slit. Adjusting the width of the slit and 
throughput rate of the object the thickness of the coating film 
can be controlled. Film thickness achieved by curtain coating 
comes in the range of 20 to 500 µm. Curtain coating can 
produce very good surface quality and almost 100% yield but 
it is only applicable for planer or slightly convex surfaces [8]. 

10. AN OVERVIEW OF THE METHODS OF APPLICATION 

In the following section a concise overview of different 
application methods, their different criteria, application areas 
have been summarized in a tabular form:- 

11. CONCLUSION 

This review has thrown a light on current and potential 
application techniques to fabricate thin film by sol-gel 
process. The effect of variation of different process 
parameters on final sol-gel film composition has been 
described. The information in this review will help to identify, 
how all the different parameters should be controlled 
appropriately in order to obtain a final film with good 
coverage, uniform thickness, good adhesion and free of any 
defects such as cracks, pores, blisters etc. The selection of 
coating process should be done according to the final 
requirements of application and hence, the advantages and 
disadvantages of each technique should be judged carefully. 
However, a mention-worthy fact regarding this article is that, 
apart from the application techniques mentioned in this 
review, there are various sophisticated and potential 
application methods are available for thin film deposition. But 
this review has confined its discussion to the processes, 
which are applicable and suitable for sol-gel thin film 
deposition only. 
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