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Abstract 

Materials in powder form find vast applications that range from structural applications to 
food items. Many situations demand different or even contradicting set of bulk 
characteristics and surface characteristics of powders employed in certain applications. 
The solution of this problem is an appropriate surface engineering process to tailor the 
properties of the powders according to the particular set of required characteristics. 
Various processes developed for this purpose include physical as well as wet chemical 
methods. Chemical Vapor deposition (CVD) has many advantages over other 
competing processes like rigorous mixing, excellent heat and mass transfer, 
homogeneous temperatures and consequently uniform coating. Fluidized Bed Chemical 
Vapor Deposition (CVD-FBR) process, a variant of CVD is a novel method for coating of 
powders and whiskers. This paper reviews some of the important processes used for 
this purpose. The salient features of the major processes used for surface modification 
have been discussed with a reference to their areas of application. The limitations of the 
processes have also been highlighted.  

 

1. Introduction 

Surface engineering is a strategic 
technology for the effective and efficient 
exploitation of materials for structural as 
well as functional applications.  Surface 
modifications result not only in the 
enhancement of performance of 
substrate materials for engineering 
applications, but also designing of 
advanced and novel materials. New 
coatings are being developed to meet 
the high performance demands for 
variety of materials and different areas 
of applications. This is enabling material 
scientists and engineers to design 
efficient systems for challenging 
applications in their areas of interest. 
This biggest tonnage of metal and 
ceramic powders is in powder 
metallurgy (P/M) where powders after 
consolidation and processing into a near 
net shape part find use as structural 

components. Apart from P/M the wide 
areas of their applications include their 
use as metallic pigments, chemicals, 
rocket propellants, photovoltaic thick film 
pastes, refractories, adhesives, 
sealants, coatings and explosives, to 
name a few.  

The surface modification of powders is 
an exciting area that offers new 
possibilities. Surface coating of powders 
help  mask flavors or odors (medicines), 
add color (foods), as well as improve the 
reactivity (catalysis), solubility, flowability 
(powder metallurgy) and wetting 
characteristics of the particles (chemical 
processing)1. To date, a variety of 
coating technologies have been 
developed for this purpose. Many of the 
methods reported in literature for 
coatings on powders fail to achieve the 
required threshold to be considered for 
commercial applications. Among the 
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methods employed on commercial level 
for the surface coating of powders, 
based on their process requirements 
and process capability, have certain 
pros and cons for different application 
areas. In the following pages we review 
the main technologies used for surface 
engineering of powders and their 
applications. 

   

2. Solid-State Processing 

Dry-coating processes offer the 
possibilities of composite particles with 
pertinent end-use characteristics. 
Selected examples include, but are not 

limited to, particles size reduction, shape 
modification, controlling flowability, 
wettability (hydrophilic or hydrophobic 
properties), or tailoring of electrostatic or 
magnetic or optical properties, and 
coating fine powders called as guest 
particles (0.1-50 µm) on courser one 
called as host particles (1-500 µm). The 
process is of particular significance in 
applications where material or process 
constraints restrict the use of solvents. 
The schematic in Figure 1 shows the 
mechanics of formation of composite 
powder particles using dry-coating 
processing.  

 

 

Figure 1. Schematic of dry-coating process. 

The Hybridizer NSH0 of the Nara 
machinery and Cyclomix high shear 
mixer granulator of Hosokawa are two 
commonly used machines working on 
the principle of energy impact coating. In 
Hybridizer a 12 cm rotor with six blades 
is housed in a cooled stator and a 
powder re-circulation pipe. The 
maximum speed of the rotor is up to 
16000 rpm. Host and guest particles are 
re-circulated in the machine through the 
recycle tube (Figure 2). Coating results 
from the embedding of the guest 
particles onto the surface of the host 

particles. The Cyclomix as shown in 
Figure 3, a conical high shear mixer has 
four pairs of flat-bladed impellers set in 
series on an axially located shaft. The 
impellers rotate close to the inner vessel 
wall with high speed of rotation (~ 2500 
rpm) induce an upward motion, resulting 
in intense mixing by friction.  Upon 
reaching the top, the powers flows 
downwards and are recycled. The 
working of the equipment and principles 
of coating have been thoroughly studied 
by Ouabbas 2. 
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Figure 2. Schematic of the Hybridizer Nara.  Figure 3. The Cyclomix high shear mixer. 

Magnetic Assisted Impaction Coating 
(MAIC, pronounced as “mace”), is an 
alternative method used for this 
purpose. It utilizes the oscillating 
magnetic field generated by the coil to 
accelerate and spin the large magnetic 
particles mixed with the host and guest 
particles. This promotes collisions 
between the particles and with the walls 
of the vessel. This high speed impact 
results in coating of the powders. The 
uniformity of mixing achieved using 
these techniques has been compared 

with V-blending and hand mixing3. A 
number of studies have been made 
based on this method, both for particle 
shape modification and for coating of 
particles. MAIC is used to coat smaller 
particles (guest particles) onto larger 
particles (host powder). In this system 
smaller coating particle and a large core 
particle are added into the assembly of 
the oscillating magnets. The coating of 
guest particles on host powder is 
achieved by energy impact coating. 

 

 

Figure 4. Experimental setup of MAIC. 
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Figure 4 shows a schematic diagram of 
the MAIC apparatus. The oscillating 
magnetic field generated by the coil 
accelerates and spins the large 
magnetic particles mixed with the host 
and guest particles promoting collisions 
between the particles and with the walls 
of the vessel. Since the magnetic 
particles ‘‘fluidize’’ the host and guest 
powders, ‘‘soft’’ coating occurs by 
powder impaction. The weight ratio of 
magnets to host and guest particles is 
usually 3 to 1. During processing the 
small magnets in an oscillating magnetic 
field are made to move at higher 
velocities resulting in coating of larger 
particles by smaller particles. The 
method can also be employed for even 
coating of particles by a liquid.  The 
process is capable of handling a variety 
of materials e.g. glasses, pigments, 
metals, metal oxides, polymers, and 
organic and inorganic powders. The 
impact of powder through the MAIC 
processing results in cold welding of 
particles that remain bonded in the dry 
state or even being put in dispersions. 
The MAIC process has also found to 
enhance the flowability of the powder 
very efficiently. The process has also 
been used in combination with other 
surface treatment processes for 
enhanced results. For instance, MAIC 
has been utilized to coat powders onto a 
thermoplastic core particle and then 
melt-bonded the core particles by a 
suitable thermal treatment process. 

Spheroidizing of titanium powder by 
employing hydrogenation–dehydroge-
nation (HDH) titanium powder using this 
method increased the bulk density of Ti 
powder from 1.15 gcm-3 to 1.73 gcm-3 
and its fluidity index from 46 to 71. 
Consequently the sintered samples 
made from shaped modified powders 

were found superior to those products 
made original powders4. The spheroid-
izing of electrolytic copper with and 
without Al2O3 reinforcement has also 
been reported with significant change in 
physical properties of the powder4-5. The 
technique demonstrated a significant 
increase in the aerosolization properties 
of different drugs dry coated with 
relatively low levels (5%, w/w) of 
magnesium stearate6. 

 

3. Solution Processing 

Solution processing technologies 
because of their inherent high-
throughput, low-cost, and low tempera-
ture deposition processes are attractive 
means of functionalizing surfaces. In 
addition it offers wide range of synthetic 
possibilities. The solution processing for 
coatings of powders therefore finds wide 
range of applications in those situations 
that demand lower cost, higher 
performance, and compatibility with a 
variety of substrates7. The uses of 
solution based technique in addition to 
coatings include doping the surface of 
nanopowders8.   

Amongst the solution processing 
methods of surface coatings, sol-gel 
processes are very popular due to their 
high chemical homogeneity, low 
processing temperatures, good compos-
itional and microstructure control and 
the possibility of synthesizing monoliths, 
films, fibers and mono-sized particles. 
Materials with novel properties have 
been developed using sol-gel route. The 
application areas of these materials 
range from optical and laser materials to 
biomedical sensors, and materials for 
delayed drug delivery. One of the 
leading application areas of sol-gel is 
thin film deposition using spin coating or 
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dip coating methods. Variety of 
functional coatings has been applied to 
glass, metal and other types of 
substrates using this method. Because 
of the unique features of the sol-gel 
processing, it has generated lot of 
interest and many novel sol-gel-based 
applications for powder surface 
modifications have been reported.  

Different variants of sol-gel dip 
processes are being used on 
commercial scale for deposition of oxide 
films. Major advantages of this process 
include high degree of uniformity and 
easy film thickness control. Economy of 
the process increases with substrate 
size. The added advantage of the 
process is its ability to produce multi-
layer coatings. The sol-gel dip 
processes can also be used to coat 
tubes, pipes and rods and fibers. The 
examples of commercial applications of 
sol-gel coated products include, 
coatings on rear view mirrors for 
automobiles (TiO2 -SiO2 -TO2), aimed at 
increasing the contrast and reducing the 
glare from quartz-halogen headlights, 
and solar reflecting coatings TiO2 (Pd). 
The Schott Glaswerke produces and 
sells about another fifty different optical 
coatings based on sol-gel processed 
coatings9. Apart from the application in 
optics the sol-gel coating route has 
extensively been used for the coatings 
of biomedical implants. One such 
example in this area is coating on Ti-
6Al-4V alloy, a popular and well 
accepted material as hard tissue implant 
with hydroxypapatite (Ca10(PO4)6(OH)2 
or HAp) employing  dip coating route10-

12.   

The application of sol-gel coatings has 
been successfully extended for the 

surface engineering of different type of 
powders to achieve novel products13-17 

and fibers18. The coating of Y2O2S:Eu 
red phosphor powder with silica (SiO2) 
using hetro-coagulation technique is one 
such example19

. Because of the inherent 
capability and flexibility, sol-gel 
processing has started finding 
applications in molecular and nano-
materials processing. Attaching 
functional groups to the nanotubes is 
very promising in controlling its surface 
properties. The surface modification of 
multi-walled carbon nanotubes by 
attaching, –COOH and –OH, using sol–
gel reaction increased its interfacial 
compatibility with the PMMA resin20. The 
synthesis of nanocomposite is yet 
another area where the inherent 
flexibility of sol-gel method has been 
exploited for the synthesis of host of 
advanced functional coatings for various 
applications21-23.  

 

4. Plasma Processing 

The interest in use of plasma for surface 
modification of powders include sphero-
idization, layer deposition, enhancement 
of optical, mechanical, and thermal 
functionality. Spheroidization is the 
transformation of agglomerated and 
angular powders into spherical powder. 
The process of spheroidization 
employing induction plasma technology, 
as shown in Figure 5 is based on in-
flight heating and melting of feed 
material followed by its subsequent 
cooling under controlled environment. 
The process of spheroidization results in 
improved powder flow properties, 
decreased porosity, increased density, 
decreased powder friability, and 
enhanced powder purity. 
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Figure 5: Schematic of speroidizing process using Plasma Processing. 

Laha et. al
24 reported the successful 

spheroidization of ceramic powder 
particles using plasma spray 
atomization. In their study irregularly 
shaped aluminum oxide particles were 
plasma atomized to get spherical 
nanostructured powders in a narrow size 
range distribution. Very high cooling 
rates, on the order of 106 to 108 K/s 
helped the formation of nanosize 

crystallites, metastable phase, and 
amorphous phase formation in the 
powders. In another study on WC 
powder, spheroidization resulted in an 
increase of tap density from 8.12 g.cm-3 
to 10.2 g.cm-3, while a 22% increase in 
flowability of the powder. The degree of 
spheroidization achieved using this 
process is shown in Figure 6. 

 

  

Figure 6. Spheroidizing of WC powder using plasma processing.  
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Advancements in the area of plasma 
processing include both increased 
process capability to handle versatile 
materials and integration of plasma 
processes with other surface 
modification processes. The develop-
ments in this area include development 
atmospheric pressure plasma and 
plasma enhanced chemical vapor 
deposition (PECVD). PECVD has 
emerged as an excellent technique 
because of its lower temperature 
capability compared to that of thermally 
driven CVD method. The other attractive 
features include good step coverage, 
uniformity and relatively low cost. 
Integrating this with circulating fluidized 
beds (CFB) reactor opens new 
processing possibilities. TiO2 thin films 
have been deposited on the silica 
powder25-26. The plasma surface 
modification has now started finding 
applications for polymeric substrates. 
The recent advances in pulsed plasma 
and atmospheric pressure plasma 
processing equipment have opened new 
possibility of applying plasma surface 
modification to continuous web 
processing as well as polymer powders 
without expensive vacuum equipment27. 

 

5. Vapor Processing 

Vapor processing routes have the 
advantage of having capability of 
producing coatings with microstructure 
control. Physical Vapor Deposition 
(PVD), (e.g. evaporation, sputtering and 
ion plating) and Chemical vapor 
Deposition (CVD) are two well 
established techniques. PVD techniques 
are generally employed for coating of 
simple geometries. The PVD process 
has many associated limitations e.g. 
difficulty in depositing coatings onto 

complex shapes and difficulty for large 
area depositions, poor stoichiometric 
control of deposited films and being 
relatively expensive.  

CVD involves the chemical reactions of 
gaseous reactants on or near the vicinity 
of a heated substrate surface. Many 
factors make CVD a better choice for a 
host of coating applications. These 
include excellent composition and 
microstructure control, and its ability to 
deposit composite, and functionally 
graded coatings at low processing 
temperatures on complex shape 
engineering components. Because of 
these features they find wide range of 
applications, including semiconductors 
microelectronics, optoelectronics, 
energy conversion devices; dielectrics 
and various types of protective 
coatings28.   

CVD using Fluidized Bed reactors 
(CVD-FBR), a variant of CVD is used for 
coating of powders and whiskers (Figure 
7). CVD has many advantages over 
other techniques including high 
deposition rates, high throwing power, 
relatively simple equipment, and relative 
ease in coating complex 3-D objects29. 
The development of continuous fluidized 
bed coaters has generated new 
possibilities. The fluidized bed micro-
encapsulation is now increasingly being 
applied in many different areas30. 
Microencapsulation for engineering 
material is another area that has drawn 
attentions of researchers in the field of 
powder surface engineering. The 
process developed at GM. Micro-
encapsulation because of its attractive 
features like high green strength and 
good particle to particle insulation is 
particularly suited for manufacturing thin 
walled parts and parts having complex 
geometries31.  
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Figure 7. Schematic of a CVD-FBR 

Among the innumerable applications of 
fluidized bed reactors, the fabrication of 
tristructural-isotropic (TRISO) fuel 
particles for high-temperature gas-
cooled reactors (HTGRs) and modular 
helium-cooled reactors remains a high-
tech and cutting-edge example of 
coatings on powder particles using 
fluidized bed reactor-CVD process. 
These small fuel particles have a kernel 
of enriched uranium or plutonium in the 
form of an oxide (or oxycarbide). The 
spherical UO2 or PuO2 particle (or 
kernel), is coated with a porous carbon 
layer that accommodates gaseous 
fission products. A second layer of 
pyrolytic, high-density carbon is provides 
structural strength. On this carbon-
coated kernel, a SiC layer is deposited 
that increases its strength and makes it 
resistant to chemical attack. In addition it 
serves as containment for both gaseous 
and metallic fission products. The outer 
most layer of pyrolytic carbon besides 
providing a bonding surface for making 
fuel compacts enhances the strength of 
SiC layer32. The TRISO composite fuel 
particles have high strength and are 

highly resistant to irradiation. The 
graphite coatings on UO2 or PuO2 
particle are impervious to moisture for 
very long periods of time. The fission 
products therefore cannot be leached 
easily making them a preferred choice 
compared to metallic containers used for 
storage of radioactive wastes arising as 
a result of processing of spent fuel. This 
eases out lot of issues related to safety 
of nuclear waste management. 

  

Conclusions 

1. Powder surface engineering is a 
strategic tool in controlling the 
physical and chemical behavior of 
powders both for their structural and 
functional applications. 

2. Only the foremost methods in 
practice have been discussed in this 
review. Many other methods with 
varying degree of applications are 
practiced in different industries.  

3. Comparing the performance of 
different surface coating processes, 
one can conclude that semi-molten 
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processing methods such as plasma 
spraying and thermal spraying tend 
to produce coatings that have 
significant porosity. This is an 
undesirable feature where strength 
is a concern. Wet chemical 
processes are generally suitable 
only for thick coatings. Sol-gel 
coatings in spite of their attractive 
characteristics are unfortunately 
marred by the tendency to develop 
cracks. 

4. CVD-FBR due to its intrinsic 
attractive features remains a better 
choice for a wide range of 
applications for surface coatings of 
powders. 
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